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Abstract

The near-inertial waves (NIWs) are important for energy cascade in the ocean. They are usually significantly
reinforced by strong winds, such as typhoon. Due to relatively coarse resolutions in contemporary climate
models, NIWs and associated ocean mixing need to be parameterized. In this study, a parameterization for NIWs
proposed by Jochum in 2013 (J13 scheme), which has been widely used, is compared with the observations in the
South China Sea, and the observations are treated as model outputs. Under normal conditions, the J13 scheme
performs well. However, there are noticeable discrepancies between the J13 scheme and observations during
typhoon. During Typhoon Kalmaegi in 2014, the inferred value of the boundary layer is deeper in the J13 scheme
due to the weak near-inertial velocity shear in the vertical. After typhoon, the spreading of NIWs beneath the
upper boundary layer is much faster than the theoretical prediction of inertial gravity waves, and this fast process
is not rendered well by the J13 scheme. In addition, below the boundary layer, NIWs and associated diapycnal
mixing last longer than the direct impacts of typhoon on the sea surface. Since the energy dissipation and
diapycnal mixing below the boundary layer are bounded to the surface winds in the J13 scheme, the prolonged
influences of typhoon via NIWs in the ocean interior are missing in this scheme. Based on current examination,
modifications to the J13 scheme are proposed, and the modified version can reduce the discrepancies in the

temporal and vertical structures of diapycnal mixing.
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1 Introduction

Near-inertial waves (NIWs) are the internal gravity waves
with a frequency around the inertial frequency (f = 2{2sing;
where ¢ is the latitude, Q=7.29x10-% rad/s), which are ubiquitous
in the ocean interior (Alford et al., 2016; Webster, 1968). NIW is a
major funnel for wind energy that goes into the ocean and about
2/3 of near-inertial energy is generated due to surface wind for-
cing (Fu, 1981). It is estimated that the wind energy of 0.3-0.7 TW
(1 TW=10!2 W) enters the upper ocean via NIWs every year
(Alford, 2020; Watanabe and Hibiya, 2002) which is approxim-
ately 1/6 of the total energy flux (~3 TW) from winds into the Ek-
man layer (Wang and Huang, 2004) and a significant amount of
the total energy of 2 TW needed for maintaining the global ocean
stratification (Munk and Wunsch, 1998; Wunsch and Ferrari,
2004). The energy of NIWs also penetrates the ocean interior, re-

inforcing the vertical shear and nourishing the ocean mixing
(Alford and Gregg, 2001; Kunze et al., 1990; Munk and Wunsch,
1998; Sloyan and Rintoul, 2001). During extreme meteorological
conditions such as tropical cyclones, the NIWs are significantly
enhanced, and a series of ocean dynamic and thermodynamic
responses can be triggered (Price, 1981), such as the enhance-
ment of near-inertial currents characterized by opposite phases
in the mixed layer and the thermocline (Zhang et al., 2016).
Therefore, the NIWs are one of the most important forms of en-
ergy transport from the atmosphere to the ocean, an important
component of the energy cascade in the ocean interior, and an
important energy source for diapycnal mixing.

The NIWs have been captured in many in-situ observations.
These waves and their interactions with the subtropical front
were documented during FRONTS’80 (Kunze and Sanford, 1984).
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Many progresses in the understanding of NIWs have been
achieved as a result of the Ocean Storms Experiment (D’Asaro,
1995). Qi et al. (1995) estimated various properties of NIWs using
data from the Ocean Storms Experiment, such as the response
timescale, horizontal and vertical wavelengths, and group velo-
cities. Particularly, they found a striking feature that the near-in-
ertial responses below the mixed layer lagged those in the mixed
layer by about a week (Levine and Zervakis, 1995). This feature
was also captured by a mooring in the eastern Pacific as shown in
Alford et al. (2012) and by the Electromagnetic Autonomous Pro-
filing Explorer (EM-APEX) floats (Sanford et al., 2011). Upon the
arrival of a tropical cyclone (TC), the NIWs in the upper layer are
reinforced rapidly. However, the energy seems to be trapped in
the upper boundary layer without shedding continuous beams
into the deep ocean. Approximately, 70%-90% of NIW energy dis-
sipates in the upper layer (Furuichi et al., 2008). Several days
later, the high-mode NIWs with relatively small vertical wavelen-
gths suddenly penetrate through the bottom of the upper layer
and rapidly propagate downward. Due to the small vertical scale,
the vertical shears and ocean mixing at the bottom of the bound-
ary layer and below are greatly enhanced (Hebert and Moum,
1994; Silverthorne and Toole, 2009; van Haren and Gostiaux,
2012). In contrast, in many numerical simulations, the vertical
propagation of NIWs is usually continuous and gradual even in a
high-resolution model, which is a clear discrepancy from obser-
vations (Levine and Zervakis, 1995; Simmons and Alford, 2012).
In addition, the simulated vertical shear due to NIWs around the
bottom of the boundary layer is usually weaker than observa-
tions, which results in weaker mixing and biases in the simulated
NIW decay (D’Asaro, 1985; D’Asaro et al., 1995; Simmons and
Alford, 2012).

Since the NIWs are one of the major energy sources for ocean
mixing (the other one is the internal tide; Munk and Wunsch,
1998), they play an important role in climate models. Nowadays,
the horizontal model resolutions are high enough for resolving
the NIWs. For example, Zhai et al. (2007) used a modified ver-
sion of Modular Ocean Model (MOM) with a horizontal resolu-
tion of (1/12)°. However, since the vertical scale of high-mode
NIWs is about 10-100 m (van Haren and Gostiaux, 2012), the ver-
tical structure of NIWs can hardly be fully resolved in contempor-
ary models. As a result, the decay of NIWs in the boundary layer
and their energy propagation into the deep ocean are still chal-
lenges for the ocean general circulation models (OGCMs). In ad-
dition, the detailed mechanisms for NIW’s penetration through
the upper boundary layer and the consequent mixing are not well
understood (Alford et al., 2016). Therefore, an appropriate para-
meterization for NIWs in an OGCM is desired. Jochum et al.
(2013) proposed a parameterization (referred to as J13 scheme
hereafter) for NIWs and applied it to the community climate sys-
tem model, version 4 (CCSM4). The results showed that the mix-
ing due to NIWs deepened the boundary layer. On the global
scale, the adoption of the NIW parameterization had pro-
nounced impacts on mean sea surface temperatures (SSTs),
which were large enough to modulate the intertropical conver-
gence zone (ITCZ), especially showing a major improvement in
the chronic double-ITCZ bias that plagues the state-of-the-art
climate models (MacKinnon et al., 2017). This parameterization
is widely used. For example, the J13 scheme was adopted in an
energetically consistent model developed by Olbers and Eden
(2013). The J13 scheme was also examined as a major NIW para-
meterization by the Climate Process Team (MacKinnon et al.,
2017). However, this scheme has not been compared with obser-
vations yet.

In this study, mooring observations were conducted in the
South China Sea (SCS) in 2014 and Typhoon Kalmaegi was cap-
tured. Such observations provide a unique opportunity to exam-
ine the NIW parameterization during typhoon, such as the J13
scheme, and this is the motivation of this study. It is shown in the
following analyses that there are three important differences
between the J13 scheme and the observed NIWs:

(1) The observed NIWs are trapped in the upper boundary
layer for about 3 d without significant penetration into the ocean
interior.

(2) The observed NIWs remains pronounced below the
boundary layer for about 10 d after the TC leaves the moorings
and the NIWs diminish in the upper boundary layer.

(3) Diapycnal mixing associated with NIWs has two peaks in
the vertical which is different from the single peak in the J13
scheme.

It is also shown below that these discrepancies cannot be re-
moved merely by increasing the model resolution. Instead, a bet-
ter parameterization for NIWs is still desired even for state-of-
the-art climate models. Thus, the J13 scheme is modified based
on in-situ observations during typhoon, and all above discrepan-
cies are reduced. In this study, no numerical modellings are con-
ducted. Instead, the observations are treated as model outputs
and are used to examine the J13 scheme in each step.

In the following, Section 2 provides details of the observa-
tions. Section 3 introduces and compares the J13 scheme with
observations. Section 4 proposes improvements to the NIW para-
meterization which can yield a better match with the observa-
tions. Section 5 presents the summary and discussion.

2 Data

In 2014, five buoys and four subsurface moorings were de-
ployed at five stations in a cross shape from July to November in
the SCS (Fig. 1). The locations are listed in Table 1. The array cap-
tured Typhoons Rammasun, Matmo, and Kalmaegi in 2014, but
were also severely damaged by typhoon. Buoys #2 and #4 had
complete records during Typhoon Kalmaegi (Zhang et al., 2016,
2018). There were no current data at Buoys #3 and #5, and no
temperature and salinity at Buoy #1. Thus, only data from Buoys
#2 and #4 are used in this study. The meteorological variables
(wind speed, humidity, air temperature, precipitation, air pre-
ssure) were measured by an Airmar WS-200WX Weather Station
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Fig. 1. Five buoys deployed in the South China Sea in 2014 and
the trajectory of typhoon Kalmaegi. The locations of the buoys
are listed in Table 1. Buoys #2 and #4 are used in this study and
they are marked with red squares. Other three buoys (gray
squares) were destroyed by the typhoon and the data were not
complete. The purple square denotes the location of observa-
tions using the VMP-250 in 2019. The colors on the typhoon tra-
jectory indicate the maximum wind speed.
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Table 1. Locations of the buoys deployed in the South China Sea
in 2014

Buoy ID Latitude Longitude
1 19.70°N 116.00°E
2 18.20°N 115.50°E
3 18.70°N 116.50°E
4 19.20°N 117.50°E
5 17.70°N 117.00°E

Note: The locations are also marked in Fig. 1.

Instrument (AirMar-200WX), which was deployed at 4 m above
the sea surface. The sampling period was 10 min on Buoy #2 and
1 h on Buoy #4. The accuracy for wind speed is 0.5 m/s plus 10%
of reading during low wind speeds (0-5 m/s) and 1 m/s plus 5%
of reading during high wind speeds (5-40 m/s). For wind direc-
tions, the accuracy is 5° during low wind speeds (2-5 m/s) and 2°
during high wind speeds (>5 m/s). The accuracy for the air tem-
perature is 1.1°C and that for the barometric pressure is 1 mbar
(1 hPa). The seawater temperature and conductivity were meas-
ured by fifteen SeaBird 37 sensors on each buoy. These sensors
were deployed at depths of 0 m, 20 m, 40 m, 60 m, 80 m, 100 m,
120 m, 140 m, 170 m, 200 m, 240 m, 280 m, 320 m, 360 m, and
400 m. The sampling period was 2 min. The temperature accur-
acy was 2 x 10-3°C and the electrical conductivity accuracy (for
salinity) was 3x10-* S/m. Ocean currents were observed by the
Acoustic Doppler Current Profiler (ADCP). On Buoy #2 (#4), a
150 kHz (300 kHz) downward-looking ADCP was mounted at the
surface and binned into an interval of 8 m (4 m) with the first bin
at 14 m (8 m). The velocity accuracy for the 300 kHz ADCP was
0.5% of the water velocity relative to ADCP + 0.5 cm/s (here writ-
ten as 0.5% * 0.5 cm/s), and the accuracy for the 150 kHz ADCP is
1% + 0.5 cm/s.

In May 2019, a continuous 2-d microstructure observation ex-
periment was conducted on the continental slope in the north-
eastern SCS at 21.8°N and 118°E, using a vertical microstructure
profiler, the Light-Weight Coastal Vertical Profiler-250 (VMP-250;
Rockland Scientific International, Victoria, Canada). Due to the
VMP-250 cannot be performed during typhoon, only observa-
tions under normal weather conditions are available. The VMP-
250 is equipped with two shear probes which measure the micro-
scale velocity shear at a frequency of 512 Hz (Wolk et al., 2002).
Based on these microscale shear data, the turbulent shear spec-
tra are computed to estimate the turbulent kinetic energy dissip-
ation rate ¢. Using ¢ and buoyancy frequency N, the vertical

Table 2. Definitions of key variables

turbulent eddy diffusivity can be estimated following the diffusiv-

I'e

ity model x= -, where I'=0.2 is the nominal flux coefficient

(Osborn, 1980). Then the vertical structure of diffusivity is
obtained, which is compared with the J13 scheme for the mixing
intensity below the boundary layer.

Tropical cyclone tracks are obtained from the best track data-
set of the China Meteorological Administration (http://tcdata.
typhoon.org.cn; Ying et al., 2014).

3 Comparisons between observations and the J13 scheme

All components in the J13 scheme are examined with in-situ
observations. In this study, the model simulations with and
without the J13 scheme in an OGCM are not compared with the
observations. This should be done in the future. But we believe a
reasonable match of the NIW parameterization with observa-
tions (after possible improvement to the parameterization
thereby) should be a prerequisite for a comprehensive evalu-
ation of the influences of parameterization in an OGCM.

To facilitate the comparisons between observations and the
parameterization, all variables (i.e., an arbitrary variable X) for
observations carry a subscript “obs” (i.e., Xobs) and the ones for
parameterization carry a subscript “para” (i.e., Xpara). In addition,
an arbitrary variable X that carries a subscript “1”, “h” and “d”
denotes the one at the sea surface, at the boundary layer depth,
and below the boundary layer, respectively. All variables with a
superscript n denote the ones without NIWs (obtained after a
lowpass filtering with a cutoff period of 40 h), and the variables
with a superscript i denote a near-inertial component. The im-
portant variables are listed in Table 2.

3.1 Wind energy input into the ocean
Following Jochum et al. (2013), the near-inertial energy from
winds to the ocean is expressed as

E=i.7 1

where #'=(u/, V') is the near-inertial ocean current vector at the
sea surface, u and v are the zonal and meridional velocities, re-
spectively; and ?:(rx, ry), 7y and 7y are zonal and meridional sur-
face wind stress, respectively. They are estimated from the obser-
vations using the bulk formula, i.e., 7= Cp |ii10| U10, where
pa=1.29 kg/m” is the air density, Cp is the drag coefficient, and &1
is the wind velocity at 10 m. Cp is taken from Li and Qian (1989),

Variable Definition Variable Definition
u,v zonal and meridional ocean current velocities in gf,a,a energy dissipation due to NIWs in the boundary layer in the
observations J13 scheme
Uparar Upara  NN€AI-inertial velocities in the J13 scheme Elbs energy dissipation due to NIWs in the boundary layer in
observations
Ug,e Vops  Dear-inertial velocities in observations Eparanew  €nergy dissipation due to NIWs in the boundary layer in
modified scheme
uf, i velocities without NIWs at the sea surface Epara near-inertial energy input available for mixing below the
o boundary layer in the J13 scheme
up Vi near-inertial velocities at the sea surface Eobs near-inertial energy input available for mixing below the
boundary layer in observations
up v, velocities without NIWs at the boundary layer depth éparanew  pear-inertial energy input available for mixing below the
boundary layer in modified scheme
ul, v,  near-inertial velocities at the boundary layer depth Kpara diffusivity due to NIWs in the J13 scheme
Ppara boundary layer depth in the J13 scheme Kobs diffusivity due to NIWs in observations
hops boundary layer depth in observations Kparanew  diffusivity due to NIWs in modified scheme
hpaanew  boundary layer depth in modified scheme
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Cp takes the median value when the wind speed is in a certain
range. 10 is calculated following the logarithmic law (Fleagle
and Businger, 1980),

_ - In(10/z)
T In(4/z) ’

—

Uio

3

where iy is the observed wind speed at 4 m and z,=2x10~* m is
the roughness length (Troen and Petersen, 1989).

From observations, &/ is obtained with a Butterworth band-
pass filter between 0.7fand 1.3f, where f is the Coriolis paramet-
er at the buoys’ locations. For example, i, at -22 m from Buoy
#2 is shown in Figs 2a and b with red lines. In the J13 scheme, it is
assumed that the NIWs dominate the temporal tendency of
ocean velocities. Thus, ﬁi,ara can be estimated with the difference
between two adjacent records and one has approximately as
follows:

o lu()—v(t-AY
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where At is the time interval between two records, 4 and v are
the total ocean current velocities in observations. The sampling
period of pseudo-simulations (actual observations) is 3 min
(Buoy #2 and Buoy #4) or 15 min (Mooring #2 and Mooring #4).
When Af is small, variabilities with high frequencies (higher than
J) are energetic and diminish the near-inertial variabilities. Vari-
ous running mean smoothing (every 1h,2h,3h,4h,6h,8h,12h,
and 24 h) are examined to suppress the high-frequency variabilit-
ies. It turns out that with a running mean of 12 h, ﬁf,m (blue lines
in Figs 2a and b) obtained from Eq. (4) has the best match with
il especially after typhoon Kalmaegi from September 15 to 21
when the NIWs are strong near the surface. The vertical profiles
of inertial zonal and meridional velocities at Buoy #2 are com-
pared in Figs 2c and d. The consistency between the observa-
tions (colors in Figs 2c and d) and the parameterizations (con-
tours in Figs 2c and d) is distinct. Therefore, the parameteriza-
tion for @ in the J13 scheme works well if an appropriate smooth-
ing is applied to the model outputs.

For the energy input into the ocean, following Eq. (1), EL, is
calculated with &}, - 7 (red lines in Fig. 3). Similarly, b, is es-
timated with &}, - 7, where i}, is obtained with Eq. (4) after a
12-h running mean (blue lines in Fig. 3). Since ill,,,, matches i,
(Fig. 2), especially during the typhoon period, E;',am has a good
agreement with E., .. However, a caveat in the accuracy of Eq. (1)
during typhoon is that the surface elevation can be much larger
than 10 m and #1o can hardly be defined accurately. Moreover,
the NIWs in the J13 scheme work well in the boundary layer, but
the differences mainly reside in the phase lag between the NIWs
in the boundary layer and those below the boundary layer.
Therefore, a better parameterization scheme for NIWs is still
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Kalmaegi had a direct impact on the buoy array. Para: parameterization, obs: observation.
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-7; blue lines). See the main text for details. All data are obtained from Buoy #2. Since the energy input is much

larger during typhoon, the vertical scale for b is different from the vertical scales for a and c.

needed in high-resolution models.

3.2 Boundary layer depth in the upper ocean

The boundary layer is created by turbulent mixing through
convective and wind-driven shear instabilities, Langmuir circula-
tions, breaking waves, and the convergence of advected fronts
(Ten Doeschate et al., 2017). Based on the K-profile parameteriz-
ation (KPP; Large et al., 1994), the boundary layer is determined
by the bulk Richardson number (Rib), when Rip less than a critic-
al value is dynamically unstable. Near the bottom of the bound-
ary layer in the upper ocean, vertical shears are greatly enhanced
due to high-mode NIWs (Alford et al., 2016). Thus, the boundary
layer depth is critical for the enhanced ocean mixing caused by
NIWs. From observations, the boundary layer depth Aobs is estim-
ated based on the bulk Richardson number, following the classical

(b1 — by)h

(r —up)® + (v — wp)°
u and v are the total observed current velocities, b is the buoyancy.
All variables with a subscript 1 denote the ones at the sea surface,
and the subscript & denotes the boundary layer depth. All vari-
ables in this equation are estimated with observations. When the
bulk Richardson number is smaller than a given critical value
(Rip), which is set to 0.3 in this study (Jochum et al., 2013), the
shear instability is supposed to occur and the ocean mixing is re-
inforced. The vertical profiles of |#, | at Buoy #2 in 2014 are
shown in Fig. 4a (color shades), and the Brunt-Viisili frequency
(N?) is shown in Fig. 4b. Due to the strong disturbance since
September 15, the mixed layer in the upper 40 m is more uni-
form and N? becomes smaller than that before typhoon. Mean-
while, the stratification is reinforced around 60 m near the bot-
tom of the boundary layer, which lasts from September 15 until

KPP (Large et al., 1994), and Ri;, = , where

early October. Since the ocean is well mixed and N2 is small in
the upper 40 m, the bulk Richardson number is calculated from
40 m to the deep ocean with each vertical profile of ocean cur-
rents and N2. The depth at which the bulk Richardson number
becomes smaller than 0.3 for the first time is chosen as the
boundary layer depth (Fobs). Fobs at Buoy #2 are shown in Fig. 4a
with a blue line.

In the J13 scheme, the parameterization of boundary layer
depth was modified from KPP (Large et al., 1994). In KPP with no
NIWs, the boundary layer depth is parameterized as

Rio [ (u — )" + (v = vp)°]
b, — by, ’

)

no__
hKPP -

where Riy=0.3. All variables with a superscript n denote the ones
without NIWs (obtained after a lowpass filtering with a cutoff
period of 40 h). Note that, in the original KPP scheme (Large
et al., 1994), ocean currents with all frequency components were
considered. However, due to the low resolution of climate mod-
els at that time, the NIWs were actually much weaker than obser-
vations (Jochum et al., 2013). All variables in Eq. (5) are calcu-
lated with observations. For example, by, is the buoyancy at the
bottom of boundary layer from the observations. hypp at Buoy #2
is shown in Fig. 4a with a black line. It is much deeper than hobs
(blue line in Fig. 4a) during typhoon, which indicates that the ve-
locity shear is underestimated due to the removal of NIWs ("
and ", in which the NIWs are removed). Since the simulated
near-inertial velocity shear is usually too weak in OGCMs, an ex-
tra velocity shear associated with NIWs is added to the KPP (hgpp)
in the J13 scheme. Hence, the boundary layer depth is paramet-
erized as
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following the classical KPP scheme (Eq. (21) in Large et al. (1994)). The black line shows hit,,,, in Eq. (5), the purple line shows h,,r, in
Eq. (6), and the red line sShows A, new in Eq. (11). b. The buoyancy frequency N? at Buoy #2. All data are smoothed with a 12-hour

running mean. Para: parameterization, obs: observation.

Riy, [(u{’ +cub — uZ)2 + (v? + ot — UZ)2 + Y]
by — by, ’

6

hpara =

where 7 is the unresolved shear (Large et al., 1994), but it is ig-
nored here; ¢=0.8, is the constant coefficient; the superscript i de-
notes a near-inertial component. fpara calculated at Buoy #2 is
shown in Fig. 4a with a purple line. During Typhoon Kalmaegi
from September 15 to 21, hpara is shallower than hgpp (black line
in Fig. 4a), due to the added near-inertial velocity shear (cu! and
cv! in Eq. (6). However, Apara remains deeper than Fons (blue line
in Fig. 4a) during September 15-21, which implies that the vertic-
al shear of NIWs during typhoon in the J13 scheme is still smaller
than observations. In the wake of Typhoon Kalmaegi from
September 22 to 30, hpara is comparable with hgpp, since near-in-
ertial velocities in the upper layer (¢} and v}) become very weak
(colors in Fig. 4a). Meanwhile, both hpara and hypp are still signi-
ficantly deeper than hobs, which indicates again that vertical velo-
city shear in the J13 scheme is much weaker than observations
and the boundary layer depth in the J13 scheme tends to be too
deep during typhoon.

3.3 Near-inertial energy flux through the boundary layer

The NIWs are an efficient way for wind energy to propagate
into the ocean interior. After penetrating the upper boundary lay-
er, the near-inertial energy can either spread to remote regions or
dissipate locally, and the latter is critical for the enhancement of
local mixing.

In the J13 scheme, the near-inertial energy input available for
mixing (¢) below the boundary layer is estimated as

Epara = géara (1 - bf) lf, (7)

where Sfmm is the near-inertial energy entering the boundary lay-
er from winds; b; = 0.7 denotes the fraction of near-inertial en-
ergy dissipated in the upper boundary layer (Alford and Whit-
mont, 2007); ;= 0.5 represents that half near-inertial energy dis-
sipates locally beneath the boundary layer (Furuichi et al., 2008).
e;ara in the upper boundary layer is estimated based on the
changes of total kinetic energy between two records, i.e.,

" |Kp (£) — Ky, (t — At)]

Ehara = 0+ AK) = A , (8)
" _
where Kh:/ 50 (¥*+17) dz and @ =0.05 is a scaling factor. ey,

at Buoy #2 is shown in Fig. 5a with a blue line. The change of
near-inertial kinetic energy in the boundary layer (Kj,) between
two records is assumed to be the dissipation of near-inertial

h
energy, and Ki,= % (U +v3,) dz. Therefore, e}y is estim-
0
K30~ K (t-a0)

ated with AKi= and it is shown in Fig. 5a

At
with a red line.

Before the arrival of Typhoon Kalmaegi on September 14 and
after the passing of the typhoon on September 24, eéam in the J13
scheme is generally comparable with ¢, ; (Fig. 5a). However, dur-
ing typhoon, sf,ara is much smaller than &, which implies that
the NIWs account for more energy dissipation than what is as-
sumed in the J13 scheme. The ratio o’ :AK’A/AK;L is shown in
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Fig. 5b, which represents the same thing and could be compared
with a. Over the typhoon period from September 14 to 24, &' is
much larger than 0.05, which is the assumed value for the ratio «
in the J13 scheme. The maximum of @’ is about 0.6, which indic-
ates that about 60% energy dissipation in the upper boundary
layer is attributable to NIWs during Typhoon Kalmaegi.

Below the boundary layer, the energy dissipation due to
|K, (1) — K, (t—Av)|
At
(ugzbs_g_yfbs) dz, where h is the boundary layer depth and

NIWs (€obs) is estimated by eops=lf x and K, =

‘P
h 2
d=180 m is the depth below which NIWs are very weak (Fig. 4a).

&obs and &para (Eq. (7)) are shown in Fig. 5¢. Before September 15
when Typhoon Kalmaegi hits the moorings, €obs and épara are
similar to each other. Under the influence of the typhoon, both
€obs and épara increase before September 18, while the former in-
creases much faster than the latter. The small &para is mainly at-
tributable to small aima in the upper boundary layer (Eq. (7)).
After September 18, due to the persistence of large NIWs below
the boundary layer (colors in Fig. 4a and more discussion in Sec-
tion 4), &obs remains large until early October. In contrast, &para re-
duces after September 18 along with the decrease of near-inertial
velocities in the upper boundary layer. After September 21 when
Typhoon Kalmaegi leaves the moorings and the near-inertial ve-
locities become small in the upper layer, épara decreases signific-
antly to a level which is comparable with the dissipation before
typhoon. Therefore, the large energy dissipation in the wake of
the typhoon (after September 18) is missing in the J13 scheme.
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Such discrepancy is reduced with the modification to the J13
scheme in Section 4.

3.4 Diffusivity due to near-inertial waves

According to the J13 scheme, below the boundary layer, dif-
fusivity that is caused by the downward-propagating NIWs is
computed as

Epara

F

Kpara = r

(©))

where 7'=0.2 is the mixing coefficient, and F(z) is a vertical struc-
ture function,

elz—h)/¢

FO= ey

(10)

where the vertical scale (=2 000 m and £ is the boundary layer
depth in the J13 scheme (Eq. (6)). All variables with a subscript i
denote the ones at the bottom of the boundary layer. Note that
épara 1S @ parameterization for the energy dissipation beneath the
boundary layer, and the vertical structure of «para is determined
by F(z). For observations, the diffusivity is calculated with

Eobs (Z)

Kobs=1" N

in which the vertical structure of kobs is mainly de-

termined by &obs(2) and N?.
During Typhoon Kalmaegi, xobs (Fig. 6a) is pronounced in the
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Fig. 5. The comparison of near-inertial energy dissipation. a. Near-inertial energy dissipation in the upper boundary layer estimated

with observations (¢!, , red line) and with the J13 scheme (gi;m,

blue line) at Buoy #2. b. o/ = AK,/AKj,, which indicates the ratio

between the energy dissipation associated with the NIWs and the total energy dissipation in the upper boundary layer; the red line
shows the ratio of 0.05, which is used in the J13 scheme. c. Near-inertial energy dissipation below the upper boundary layer estimated
with observations (g,ps, red line) and with the J13 scheme (¢para, blue line) at Buoy #2. See the main text for the detailed methods to

estimate the energy dissipation.
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upper boundary layer from September 14 to 24, which is consist-
ent with the energy dissipation shown in Figs 5a and c. The en-
hancement of xobs below the boundary layer occurs several days
after the arrival of Typhoon Kalmaegi. However, the large xobs
lasts until early October, which is much longer than it is in the
upper boundary layer. In the J13 scheme, the temporal variation
of Kpara depends on that of para (blue line in Fig. 6b), and the ver-
tical structure of xpara depends on F(z) which is shown in Fig. 6c.
Due to the small energy dissipation associated with NIWs
(Fig. 5¢), Kpara is generally smaller than obs. Moreover, since F(z)
reaches maximum at the bottom of the boundary layer, xpara also
reaches the maximum therein, which does not agree with obser-
vations (Fig. 6a). In addition, F(z) does not have a large enough
variability in the vertical. As a result, the vertical profiles of xpara
are more uniform than those of xops. F(z) is modified in Section 4
and the vertical structure is improved, compared with the obser-
vations.
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4 Modifications to the NIW parameterization

With the increase of horizontal spatial resolutions in climate
models, the simulation of NIWs in the upper boundary layer has
been greatly improved. For example, near-inertial velocities were
largely reproduced by Simmons and Alford (2012) using a nom-
inal horizontal resolution of (1/8)° in both latitude and longitude.
Therefore, the parameterization for near-inertial currents in the
upper layer works well (Fig. 2), and it may seem not necessary to
parameterize the near-inertial horizontal velocities in high-resol-
ution climate models. However, the comparisons between the
J13 scheme and the observations unveil some important discrep-
ancies near and beneath the upper boundary layer, which re-
quire a better NIW parameterization.

4.1 Boundary layer depth
As shown in Fig. 4a, the boundary layer thickness (Apara,
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Fig. 6. The comparison of diffusivities. a. Vertical profiles of 1g s at Buoy #2, where ;. = 1 Eobs (2) is the diffusivity. b. gpar, (blue

NZ

line) in Eq. (7) and &para new (red line) in Eq. (12) at Buoy #2. c. Vertical profiles of F(z) at Buoy #2. The boundary layer depth (k) in F(z)
is set to hpary (Eq. (6) and purple line in Fig. 4a). d. Vertical profiles of 1gxpar,. €. Vertical profiles of 1g xpara_new- The unit for all

diffusivities is m?2 /s.



Hong Weidqi et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 10, P. 41-53 49

purple line) is deeper than the observations (hobs, blue line),
since the vertical shear of NIWs in the J13 scheme is too weak,
especially after September 21 when the near-inertial kinetic

energy decays in the boundary layer. The J13 scheme assumed

. . S\ 2 . )
Riy [(u{‘ + Cnewlt] — Ul — Cnewlt),)” + (U} + CnewVl — U — Crewl,) ]

that the near-inertial velocity at the boundary layer depth
could be neglected. However, the observations suggest other-
wise (Fig. 4a). Therefore, the boundary layer depth can be modi-

fied as

hparafnew =

where u}, and v/, are the near-inertial velocities at the bottom of
the boundary layer, and all other variables carry the same mean-
ings as in Eq. (6). The constant coefficient ¢pew in Eq. (11) has the
same meaning as the coefficient c in the J13 scheme (Eq. (6)).
However, the best fit to observations can be achieved when
Cnew=2.6 (red line in Fig. 4a), rather than ¢=0.8 in the J13 scheme
(Eqg. (6)). Due to the enhanced vertical shear of NIWs in Eq. (11),
Npara_new (red line in Fig. 4a) is more consistent with Aobs (blue
line in Fig. 4a), especially in the wake of Typhoon Kalmaegi from
September 22 to 30.

Meanwhile, the KPP (Large et al., 1994) is an important basis
for the J13 scheme. The observed boundary layer thickness in a
numerical study by Large and Grawford (1995) was well repro-
duced, which adopted the KPP and a vertical resolution of 2 m.
However, the vertical resolution in observations is about 20 m,
and in this way, an insufficient vertical resolution may also be the
reason for the deeper boundary layer depth. Overall, the empiric-
al coefficient ¢ (also cnew) depends on the vertical resolutions in
observations and models. More examinations and calibrations
should be conducted to new in the future.

4.2 Phase lag of NIWs in and below the boundary layer

During typhoon, there is a clear phase lag between the en-
hancement of NIWs in the boundary layer and those below the
boundary layer. As shown with colors in Fig. 4a, when Typhoon
Kalmaegi reached the buoy array on September 15, the near-in-
ertial kinetic energy was reinforced rapidly. The wind speed of
Typhoon Kalmaegi was about 30 m/s around the buoy array. Its
impact on the upper layer lasted for about 7 d until September
21. However, the NIWs below the boundary layer were not en-
hanced immediately along with the arrival of Typhoon Kalmaegi.
Instead, for 3 d from September 15 to 17, the NIWs were trapped
in the upper boundary layer and almost no near-inertial energy
penetrated the bottom of the boundary layer. On September 18,
the near-inertial energy suddenly broke into the ocean interior.
According to the linear internal wave theory (Pedlowsky and
Miles, 2004), the downward group velocity of near-inertial intern-
al waves is about 2.04 x 10~* m/s and it takes about 7.9 d to reach
200 m. However, as shown in Fig. 4a, after September 18, the ver-
tical spread of NIWs in upper 200 m was too fast to be clearly re-
solved in the observations with a sampling period of 3 min. Such
a feature was also captured by Hebert and Moum (1994).
However, in high-resolution simulations, near-inertial energy
propagates downward following the ray paths of theoretical near-
inertial gravity waves, which is smooth and gradual from the sea
surface to the ocean interior. Therefore, the fast vertical down-
ward propagation of NIWs cannot be resolved even in modern
high-resolution models. In the J13 scheme, the near-inertial en-
ergy is solely determined by the surface wind stress. As a result,
the responses below the boundary layer are in high consistency
with surface winds, which is different from observations.

In addition, the energy partition in the vertical after it enters
the ocean from typhoon is re-examined between the J13 scheme
and the observations. As discussed in Section 3.3, the scaling

by — by, ’ an
factor =0.05 (red dashed line in Fig. 5b) in sfjara (Eq. (8)) is signi-
ficantly smaller than it should be in nature (0new =0.35 is the av-
erage of &’ (black line in Fig. 5b) during the typhoon period from
September 14 to 30), which indicates that the near-inertial en-
ergy carries more weight in the total kinetical energy during
typhoon. Furthermore, Alford et al. (2012) showed that up to 50%
of the NIW energy could escape the boundary layer and spread
into the ocean interior, which leads to a reduction of b=0.7 in the
J13 scheme (Eq. (7)) to bx,,,,=0.5 . As a result, the near-inertial en-
ergy and associated dissipation below the boundary layer is en-
hanced. This is consistent with the evidence that &.bs (red line in
Fig. 5¢) is much larger than épara (blue line in Fig. 5c) in the J13
scheme during typhoon.

The phase shift shown in Fig. 6 is also considered for the
modification. Although the mechanisms for the trapping of NI-
Ws in the upper boundary layer and the fast spread of NIWs in
the ocean interior are still open questions, a modification to the
J13 scheme can reproduce the phase lag of NIWs in and below

t—tg

vthe boundary layer by introducing a factor of e () , where £,

is the time when dissipation reaches the maximum, and tis a
timescale for the decay of near-inertial energy below the bound-
ary layer. Being estimated with observations during Typhoon
Kalmaegi in the SCS, £, is seven days and 7 is five days, and they
are consistent with the timescales estimated in Chen et al. (2013)
and Park et al. (2009).

Overall, the parameterization of the near-inertial energy dis-
sipation below the boundary layer can be modified as follows
(corresponding to Eq. (7)):

; ~(5u)’
Epara_new = €para_new X (1 - bfnew) X lf X e ‘ ) (12)
where ei)arainew = Onew - AKj, (corresponding to Eq. (8)). Mean-
while, &para_new is shown in Fig. 6b with a red line, and the phase
shift from &para (blue line in Fig. 6b) is distinct.

4.3 Vertical profile of diffusivity

In the J13 scheme, the diapycnal mixing is assumed to be en-
hanced due to strong vertical shear associated with NIWs (i.e.,
the bulk Richardson number reaches 0.3) near the bottom of the
upper boundary layer. Then the diffusivity decreases both up-
ward and downward following the vertical structure function
F(z). However, in observations, there are two peaks of xobs in the
vertical (Fig. 6a). One peak is in the boundary layer, which is at-
tributable to the direct stirring by surface winds. The other peak
is well below the boundary layer bottom. In fact, during Typhoon
Kalmaegi, xobs is relatively small around the bottom of the
boundary layer (~60 m; blue line in Fig. 4a), probably due to the
increase of N2 (Fig. 4b) at that depth. Therefore, the vertical
structure of kobs is not reasonably represented by F(z). In 2019,
the fine-structure observations were conducted in the SCS
(purple square in Fig. 1), and nine casts are shown in Fig. 7. The
peaks below the bottom of the boundary layer are obvious in



50 Hong Weidqi et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 10, P. 41-53

both the energy dissipation rate (black lines in Fig. 7) and the dif-
fusivity (red lines in Fig. 7), although the specific depth changes.
These peaks cannot be simply explained by the weak stratifica-
tion since the stratification reduces gradually and almost mono-
tonically below the boundary layer (not shown). The VMP-250
casts were not obtained during typhoon, since the microstruc-
ture observations cannot be performed manually during
typhoon. It is hardly possible to separate the influences of NIWs
from the fine-scale observations using VMP-250 in Fig. 7, either.
However, the large diffusivities (kobs) are discernible below the
boundary layer in Fig. 6a during Typhoon Kalmaegi, as estim-
ated from the vertical shears of the NIWs. The similarity between
the vertical structure of VMP-250 profiles and the estimated ones

lg & /(m*'s7%)

g & /(m>s73)

in Fig. 6a implies that the peak of the enhanced diapycnal mixing
during typhoon should be well below, rather than near, the bot-
tom of the boundary layer. Therefore, it is reasonable to assume
that the enhanced diapycnal mixing due to NIWs has a second
peak below the upper boundary layer, which is not captured in
the J13 scheme.

A modification to the vertical structure function F(z) in the
J13 scheme is proposed as

e(z_hl)/c

e (13)

Fnew(z) =

where i, and £, denote the center depths for the enhanced ocean

g & /(m?>s73)
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Fig. 7. lg¢ and Ig« of nine casts. Black lines show Ig ¢, where ¢ is the turbulent kinetic energy dissipation rate and is computed by the
shear spectra that are observed by the VMP-250 in the SCS in 2019. Red lines show corresponding lg «, where x= % is the diffusivities.
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mixing in and below the boundary layer, rather than a uniform
boundary layer depth /4 in Eq. (10); all other variables carry the
same meanings as in Eq. (10). The vertical structure function
Fhew(z) is shown in Fig. 8a with a blue line and the time-average
F(z) is shown in Fig. 8a with a black line. Adopting the modified
parameterization for near-inertial energy dissipation and the ver-
tical structure function, the parameterization for diffusivity is
WIitten as Kpar ew =1’ MFnew(z). The results during Typhoon

N?

Kalmaegi are shown ifthihg. 6e. For the best fit between the
parameterization and the observations, &, is 28 m and h, is 118 m.
With the modified structure function Fhew(2) and dissipation
€para_new below the boundary layer, the diapycnal mixing, which is
the goal of a NIW parameterization, is improved. The new struc-
ture function Frew(2) captures two peaks of dissipation and dif-
fusivity in the vertical, and the new dissipation below the bound-
ary layer (€para new) reproduces the time lag in the NIWs above
and below the boundary layer depth. Therefore, the discrepan-
cies in the temporal and vertical structures of diapycnal mixing
between the modified version and observations are reduced.

Since the J13 scheme is designed for climate models, the
mean diffusivity over a long time is also important. In Fig. 8b, the
mean diffusivities obtained with different methods during the
typhoon period from September 14 to 30 are compared. The red
line is from the observations. The black line is obtained with the
original J13 scheme. The variation of the black line is not discern-
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ible, since the values are too small compared with the observa-
tions. After the modification, the vertical profile of diffusivity is
represented with the blue line in Fig. 8b. Obviously, the modified
scheme has a much better rendition of diffusivity.

5 Discussion and conclusions

The NIWs are ubiquitous in the global ocean and contribute
greatly to diapycnal mixing. Due to insufficient understanding of
the detailed mechanisms and the limitation of vertical resolution
in models, an appropriate parameterization for NIWs and associ-
ated diapycnal mixing are still inevitable in contemporary ocean
and coupled climate models. A parameterization of NIWs was
proposed in Jochum et al. (2013) (the J13 scheme), which con-
sists of five major components: (1) near-inertial ocean currents,
(2) near-inertial energy input from winds, (3) the upper bound-
ary layer depth, (4) energy dissipation beneath the boundary lay-
er, and (5) diapycnal diffusivity due to NIWs. All components in
the J13 scheme are compared with observations in the SCS, espe-
cially the in-situ data obtained during Typhoon Kalmaegi in 2014.
The near-inertial velocities in the upper layer and the wind en-
ergy input into the ocean obtained from the J13 scheme are com-
parable with observations. However, the parameterized bound-
ary layer thickness is deeper than observations, which indicates
that the vertical velocity shear is still weak in the J13 scheme. As a
result, the energy diffusion at the bottom of the boundary layer is
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Fig. 8. The comparison of the vertical structure function and the mean diffusivity. a. Vertical profiles of F,,, (z) (blue line) and F(z)
(black line) at Buoy #2. b. Time average 1g r,ps (red line), 1g xpara (black line) and 1g xpara_new (blue line) from September 14 to 30. The

unit for all diffusivities is m2/s.
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also weaker in the J13 scheme than in observations. The
diapycnal mixing is the goal of a NIW parameterization. There
are discrepancies in the spatial and the vertical structures of
diapycnal mixing between the J13 scheme and observations. The
NIWs are rapidly reinforced upon the arrival of typhoon.
However, the near-inertial energy is trapped in the upper layer
for the first several days (e.g., September 15 to 17 for Typhoon
Kalmaegi). When NIWs penetrate through the upper layer, the
near-inertial energy propagates very fast in the vertical and lasts
longer in the ocean interior than it does within the upper layer.
Therefore, the enhanced ocean mixing due to NIWs persists for
more than 10 d after the typhoon passes. In contrast, the para-
meterized diapycnal mixing in the J13 scheme is bounded to the
surface wind stress, thus para in the whole water column gets en-
hanced when the typhoon arrives and diminishes when typhoon
leaves. In the vertical, the large diapycnal mixing is assumed to
occur at the bottom of the boundary layer and decreases with the
increase of depth (denoted with a structure function F(z)).
However, in observations, the ocean mixing reaches the maxim-
um below the bottom of the boundary layer, which is signific-
antly deeper than the parameterization.

All above discrepancies are significantly reduced with the
modifications to the original J13 scheme that we propose in this
study. Particularly, the boundary layer depth decreases, since the
near-inertial velocities at the bottom of the boundary layer are
considered and the vertical shear is reinforced. The phase lag of
the NIWs above and below the bottom of the boundary layer is
reproduced by introducing a new expression for energy dissipa-
tion (Eq. (12)). As a result, the prolonged influence of typhoon-
induced NIWs in the ocean interior is captured. The vertical
function F(z) is modified (Eq. (13)), so that the two maxima of dif-
fusivity can be represented with the modified scheme.

The NIWs and associated ocean mixing are greatly enhanced
by strong winds, such as tropical cyclones and typhoon. The dif-
ferences between the J13 scheme and the observations are pro-
nounced during typhoon. Although the typhoon period is relat-
ively short in a whole year, it has been well recognized that
typhoon can play an important role in modulating the large-scale
ocean heat content and circulation, as well as rectifying the glob-
al climate change (D’Asaro et al., 2014; Fedorov et al., 2010; Knut-
son et al., 2010; Zhang et al., 2020). Therefore, a better paramet-
erization for NIWs is highly desired for ocean and climate mod-
els, and the modifications to the J13 scheme are proposed. Al-
though they are not included in a model for testing yet, they have
better matches with observations compared to the J13 scheme
during typhoon. For example, the new parameterization for dif-
fusivity can capture two peaks in the vertical and reproduce the
time lag in NIWs above and below the boundary layer depth.

Besides the local impacts, remote forcing and meridional
propagation of NIWs may also be important for the stratification
before typhoon arrives, which has not been considered so far.
Much more observations are also required for improving and cal-
ibrating the NIW parameterization, especially during strong
winds like typhoon. The vertical resolution for traditional obser-
vations on ocean currents, temperature, and salinity should be
increased in the upper several hundred meters, so that the
boundary layer depth and the vertical shear can be well resolved.
In addition, fine-structure measurements should be conducted
during typhoon, so that the parameterized diapycnal mixing can
be fully calibrated. Obviously, since typhoons are not conducive
for in-situ observations, some novel autonomous technology and
instruments will be greatly helpful. Besides observations, a better
understanding of the dynamics of NIWs is also required. For ex-

ample, the fast downward spreading of near-inertial energy be-
low the upper boundary layer is well-documented in observa-
tions in the SCS, as well as in many previous studies (such as
Jaimes and Shay, 2010; Levine and Zervakis, 1995; Simmons and
Alford, 2012). However, the simulation and proper parameteriza-
tion of such fast-downward spreading are still challenging, as in-
dicated with current comparisons between the J13 scheme and
the observations. Overall, a better understanding of the dynam-
ics and dedicated observations of NIWs are necessary for design-
ing a better parameterization of NIWs, which will benefit more
accurate climate models in the future.
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