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Numerical experiments of inertial oscillations
in the Kuroshio, west of Okinawa

Kye-Young Kim* and Jong Yul CHUNG”

Abstract : NAKAJIMA et al. (1994) reported that inertial oscillations were generated in the
Kuroshio, west of Okinawa by the typhoon in August and September, 1990 and that they were
found at the underlying region of the Kuroshio as well as the surface Ekman layer. To simulate
observed inertial currents and to investigate the main factors controlling the temporal and
spatial structures of inertial oscillations, numerical modelings with ideal and real wind forcing
were carried out, separately. According to the numerical results of ideal forcing, inertial
oscillations are mainly controlled by the temporal variation of wind and mean flow. As the mean
flow becomes stronger, inertial oscillations tend to be weakened. Temporal variation of the wind
is very important as well because it is closely related with addition or removal of momentum
generated by surface stress. In addition, the way of representing the turbulent process is
important in simulation of inertial oscillations.

Numerical results with real wind forcing showed discrepancy with the observed inertial
currents (NAKAJIMA et al., 1994). Compared with the observed results, it has small amplitudes of
inertial currents and large phase differences. This inconsistency seems to be derived from the
various factors such as stratification, mean flow, wind data and characteristics of numerical
model. It also suggests that simulation of the vertical structure of inertial oscillations is

impractical.

1. Introduction

Inertial oscillations have been widely ob-
served in the ocean and they are known to be
produced by sudden changes of the surface
wind stress associated with the local wind field,
passage of a hurricane, sea breeze and interac-
tion of the barotropic tide with bottom topog-
raphy (CHEN et al, 1996). The wind-generated
inertial oscillations are observed to be intensi-
fied near the surface and reduced as the mixed
layer deeper (GILL, 1982). They transfer kinetic
energy downward and make the mixed layer
deepen (MELLOR and DURBIN, 1975 ; KLEIN, 1980 ;
MARTIN, 1985 ; SHAY et al., 1992 ; TROWBRIGE,
1992). Sometimes, the inertial energy can oscil-
late the deep water through the thermocline
(KROLL, 1975 ; NOWLIN ef al., 1986; NAKAJIMA et
al., 1994).

To examine the factors determining tempo-
ral and spatial structures of inertial oscilla-
tions, numerical modelings have been
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performed by several investigators. Using one -
dimensional model, POLLARD (1970) generated
inertial waves by winds. He suggested that the
amount of energy put into inertial oscillation is
nearly independent of the stratification and of
the horizontal scale of the wind but is strongly
influenced by the temporal variation of the
wind. Also, he pointed out that the changes in
the wind field are very important in both gen-
erating and destroying inertial oscillations.
KLEIN (1980) simulated the deepening of the
mixed layer generated by inertial oscillations
and reported that the thermal and dynamic
structure of the marine upper layers are af-
fected by the periodicity of the wind sequences
as well as the wind forcing. Similarly, CHEN et
al. (1996) related the generation of inertial os-
cillations with the temporal variation of the
surface wind stress. They reported that a sim-
ple mixed layer model, when the downward
transfer of the near-inertial energy to the deep
stratified layer is small, shows agreement with
the near—inertial currents in the mixed layer.
On the contrary, according to the results of
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Fig. 1. Locations of the ADCP mooring (M2) and JMA buoy (R) (NAKAJIMA ef al., 1994).
The location of M2 is 27°04’ N, 126°21’ E and that of R is 28°10' N, 126°20" E. The
depth of station M2 is about 1500 m and the depth of the moored ADCP is 398 m
in August and September, 1990. The sampling interval of M2 is 30 minutes and it
was recorded at 16 m intervals. The wind at R was measured at 8 m height above

the sea surface every 3 hours.

two—dimensional numerical model in a recent
paper (CHEN and XIE, 1997), the cross—self gra-
dient of surface elevation and the vertical gra-
dient of Reynolds stress control the inertial
oscillations. While the temporal and spatial
structures of inertial oscillations in the open
ocean depend on the local wind field, thickness
of the mixed layer and vertical stratification,
they are constrained by the coastline and are
modified due to the bottom topography in the
coastal region (CHEN et al., 1996).

Recent studies about inertial oscillation in
the Kuroshio mainly introduced their genera-
tions by typhoons (TAIRA et al., 1993; NAKAJIMA
et al., 1994; TAKANO et al., 1994; MAEDA et al.,
1996). Especially, NAKAJIMA ef al. (1994) ana-
lyzed one-year term moored ADCP data ob-
tained in the Kuroshio west of Okinawa and
explained inertial oscillations in relation with

the wind data of Japan Meteorology Agency
(JMA) buoy robot (Fig. 1). They reported that
strong inertial oscillations were observed not
only in the surface Ekman layer but also in the
underlying region of the Kuroshio during the
typhoon period and that they were also accom-
panied by significant reduction of the Kuroshio
energy at the surface layer.

The purpose of this study is to examine the
important factors mentioned above for the gen-
eration of inertial oscillations using a numeri-
cal model and to simulate the inertial
oscillations with the observed values of
NAKAJIMA et al. (1994)

2. Numerical Model

The model used in this study is the Princeton
Ocean Model (POM) developed by BLUMBERG
and MELLOR (1987). It uses a sigma coordinate
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Fig. 2. Schematic of the structure of the numerical model; The solid circle indicates the
location of computed velocities shown in Fig. b and 6.

in the vertical direction and a Cartesian coordi-
nate in the horizontal directions. It has a “mode
splitting” technique to calculate the external
mode and internal mode separately.

The model consists of the continuity, mo-
mentum, hydrostatic, temperature and density
equations :
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Where (u, v, w) are the velocity components
in the (z, y, z) directions, respectively; P is the
pressure; T is the temperature; S is the salinity;
p is in situ density; po(=constant) is the refer-
ence density; f is the Coriolis parameter; g is the
gravitational acceleration; K» is the vertical
eddy viscosity; K» is the vertical eddy
diffusivity; F“? is the horizontal eddy friction
terms; and F™ is the horizontal eddy diffusion
terms. The equations of (1)-(6) are trans-
formed into the sigma coordinate system de-
fined by o =(@&—n)/(H+ n), where n and H
are the surface elevation and the water depth,

respectively.

The horizontal viscosity coefficient Ax and
Ay are set to 500 m?/s and the vertical eddy vis-
cosity and diffusion coefficients are calculated
from the level 2.5 turbulent kinetic energy clo-
sure (MELLOR and YAMADA, 1982). For simplic-
ity, frictional coefficients are assumed to be
constant in time; C.=0.0025.

The model domain is a rectangular basin of
constant depth 1500 m, of which z and y—axis
are 45° rotated clockwise from the north (Fig.
2). The northern and southern boundaries are
opened to consider the Kuroshio. The grid
spacing is b km at the x and y-direction, respec-
tively and it has a distance of 150 km and a
width of 150 km. To compare with the ADCP
observations described by NAKAJIMA et al.
(1994), A o =0.011 of vertical spacing is used
above 395 m and A ¢ =0.033 was used between
395 m and 1500 m (49 points in the vertical).
According to the typical CFL condition given
by BLUMBERG and MELLOR (1987), the external
time step used in this study is 12 seconds and
the internal time step is 180 seconds.

The numerical experiments were run with
ideal and real wind forcing, separately. In case
of ideal wind forcing (Table 1), the basic distri-
bution of temperature was given by a simple
equation (Fig. 3a),

T=5.0+25.0Xe#/3* ®
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Table 1. Summary of the numerical experiments in case of ideal wing forcing ; T, temperature ; K, vertical eddy
viscosity ; Ky, vertical eddy diffusivity ; Ws, wind speed in Eq. 9; Wa, direction of wind blowing;
Vmean, mean flow in the v—direction ; A T, internal time step : MY, level 2.5 turbulent kinetic energy clo-
sure (MELLOR and YAMADA, 1982),

Experiment T KuandEa Ws Wa Vmaan AT Description
P Cc) (m/sec) (m/sec) (sec) p
1 Eq. 8 M-Y 20 South 0.0 180 Basic case
2 20 M-Y 20 South 0.0 180 Homogeneous
3 Eqg. 8 M-Y 20 South 0.0 180 Weak stratified
(T=5.0+12.5xe?*")
4 Eq. 8 0.001 20 South 0.0 180 Ky=Ky=0.001m"/s
5 Eq. 8 0.01 20 South 0.0 180 Kyw=Ky=0.01m?"/s
6 Eq. 8 M-Y 30 South 0.0 180 Strong Wind
7 Eq. 8 M-Y 20 West 0.0 180 Constant wind
8 Eq.8 M-Y 20 West 0.0 180 Different direction of wind blowing
9 Eq. 8 M-Y 20 South 0.1 180 Mean flow of 0.1 m/s
10 Eqg. 8 M-Y 20 South 0.2 180 Mean flow of 0.2 m/s
11 Eqg. 8 M-Y 20 West 0.2 180 Experiment 8+Mean flow of 0.2 m/sec
12 Eq. 8 M-Y 20 South 0.0 540 Large internal time step
Salinity (PSU)
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Fig. 3. Initial distribution of (a) temperature in case of ideal wind forcing, (b) temperature
(thick line) and salinity (dashed line) in case of real wind forcing, (¢) ideal wind
speed (d) mean flow in the direction of Kuroshio in case of real wind forcing.
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Fig. 4. Wind vectors of a JMA buoy robot (No.22001) at R station
in Fig. 1 during August 28 to September 7, 1990 when the ty-
phoon T9015 passed the site.

where H is the water depth and salinity was set
to 35 psu. On the contrary, in case of real wind
forcing, the initial distribution of temperature
and salinity was given by a vertical profile
of observed data from NODC oceanographic
database. The sampling location is 27° 00 00" N,
126°22' 59” E and the sampling date is July 28,
1990 (Fig. 3b).

In case of ideal wind forcing, the form of
Gaussian function is used (CHEN and XIE, 1997),
ie,

)t

W=We # )
where Wsis the amplitude of the wind velocity,
a is a time of the maximum wind and b is the e
—folding time scale. In our experiments, ¢ was
taken as 24 hours and b was 6 hours (Fig. 3c).
The data of real wind was taken from a buoy
robot (No. 22001) of the JMA during the same
period of the ADCP mooring (Fig. 4).

For most of the experiments, free radiation
condition was used, while the external and in-
ternal velocities were specified at the open
boundaries in some cases (Table. 1). In case of
real wind forcing, the flow field of Kuroshio
was taken from the velocity distribution dur-
ing autumn in 1991 (YUAN et al., 1994) and it
was imposed at the open boundaries (Fig. 3d).

According to NAKAJIMA et al. (1994), the iner-
tial period at the station M2 is 26.3 h and hence,
to compare with the ADCP observations, the

band—passed filter admitting periods between
25 and 30 hours was used in calculating inertial
currents. After the wind blowing stopped (Fig.
3c¢), the model was run for 5 days in cases of
ideal wind forcing. for real wind forcing, the
model was run for 10 days except the spin—up
time.

3. Model Results and Discussion

Numerical experiments of ideal wind forcing
were carried out to study the dependence of
the response on stratification, vertical eddy vis-
cosity and diffusivity, wind speed, wind direc-
tion, mean current and numerical time step
(Table 1).

The effect of stratification was examined by
stratified and homogeneous cases. Experiment
1 (Fig. ba) shows the basic case of model re-
sponse to the wind stress, caused by the wind
pattern of Fig. 3c. The amplitudes of the iner-
tial currents at the upper layer above 50 m
were greater than 0.3 m/s and it gradually de-
creased when water depth increased. On the
contrary, in homogeneous case, near—inertial
currents are very weak and they decayed rap-
idly after the wind stopped (Fig. 5b). In addi-
tion, the oscillations in the upper layer were
almost in phase with the lower layer, while
they were 180° out of phase in stratified case
(Fig. 5a). The effect of reduced stratification is
shown in Fig. 5c and it seems that the down-
ward transfer of energy from the upper layer
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Fig. 5. Time series of the band-passed inertial currents at the surface
layer of Fig. 2 from (a) experiment 1 with a basic stratified case,
(b) experiment 2 with a homogeneous case, (c) experiment 3
with a weak stratified case, (d) experiment 4 with K,,=Kx=0.001
m?/s, (e) experiment 5 with K=K ,=0.01m?/s, and (f) experi-
ment 6 with strong wind. The contour represents the v—velocity.

was more active than that of experiment 1. It
coincides with the result of POLLARD (1970)
that the stratification controlled the rate at
which energy at near—inertial frequencies dis-
persed downwards out of the forced layer.
Experiment 4 and 5 shows the effects of dif-
ferent parameters for vertical eddy viscosity
and diffusivity. According to the result of ex-
periment 4 with constant vertical eddy viscos-
ity and diffusivity, K»=K#»=0.001 m?/s, sharp
gradients of inertial currents appear at the
upper layer and rapidly decay as time goes on
(Fig. 5d). Velocities of experiment 4 are
stronger than those of experiment 1 during
only few hours after wind had stopped. On the
other hand, in experiment 5 with Kx=Kz=0.01
m?/s, inertial oscillations are very weak (Fig.

5e). ALLEN et al. (1995), in the numerical simu-
lation of the upwelling circulation at Oregon
continental shelf with different parameteri-
zations for vertical eddy viscosity and diffu-
sivity, pointed out that the across— shelf
circulation with constant coefficients differs
considerably from that in the basic case with
the MELLOR—YAMADA level 25 closure. Simi-
larly, our results of experiment 4 and 5 show
the importance of the particular representation
of turbulent processes used in the model and it
implies that the simulation of inertial currents
with real wind field can be very difficult.
Effects of different wind speed and duration
are shown in Fig. 5f and 5g. In experiment 6 of
the strong wind case, the inertial velocities are
stronger than those of experiment 1 and the
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Fig. 5. (Continued)(g) experiment 7 with constant wind, (h) experi-
ment 8 with westward wind (i) experiment 9 with mean flow,
Vmean="0.1m/s, (j) experiment 10 with mean flow, Vimean=0.2m/s,
(k) experiment 11 with mean flow, Vimean=0.2m/s and westward
wind and (1) experiment 12 with large internal time step.

downward transfer of energy seems to be more
effective (Fig. bf). However, in experiment 7 of
constant wind blowing instead of impulsive
wind forcing, the inertial velocities are very
weak (Fig. bg), which clearly shows that iner-
tial oscillation is strongly influenced by the
time dependence of wind blowing (POLLARD,
1970). The duration of wind blowing is the im-
portant factor in determining whether the mo-
mentum will be added or removed from the
oscillations.

When wind is blowing westward, the vertical
distribution of v—velocity is similar to that of
experiment 1 (Fog. 5h). However, if numerical
experiments of inertial oscillations were run in
shallower regions with varying depths, it
would be dependent on the direction of the
wind (CHEN and XiIE, 1997).

When a mean current of 0.1 m/s exists, iner-
tial oscillations become weaker than those of
experiment 1 (Fig. 5i). In experiment 10, a
mean current 0.2 m/s is used and inertial cur-
rents become much weaker (Fig. 5j). Similarly,
when the wind is blowing westward and the
mean current of 0.2 m/s exists (Fig. 5k), ampli-
tudes of inertial currents are smaller than those
of experiment 8 (Fig. 5h). According to CHEN
and XIE (1997), when the wind phase was oppo-
site of diurnal tidal currents, the interaction of
wind- and tide—induced currents tends to re-
duce the amplitude of near-inertial oscillations.
In our experiments, even though there is no di-
urnal tidal current, the mean current plays a
role in reducing the amplitude of inertial cur-
rent.

In experiment 12, of which numerical time
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Fig. 6. Time series of the band-passed inerlial currents at the depth from
0 to 150 m of Fig. 2 from (a) observed ADCP velocities (b) calcu-
lated velocities with real wind forcing between August 28 and
September 7, 1990. The contour represents the v-velocity.
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step is three times of experiment 1, the vertical
distribution of inertial currents become
stronger (Fig. 51). This result shows that the
simulation of inertial oscillation is not so sim-
ple. In our experiments, three—dimensional ve-
locities were calculated at every internal time
step and the same profile of wind stress (Fig.
3c) as experiment | was used. However, differ-
ent amplitudes of inertial oscilations were gen-
erated simply because the time interval of
calculating three—dimensional velocities was
defferent from that of experiment 1. The result
seems to be strange at first sight, but it was
proved by GILL (1982) using a simple equation
that the amplitude of inertial oscillation is
strongly dependent on the time of the wind
variation.

Figure 6a represents the near—inertial cur-
rents observed from a moored ADCP during a

typhoon attacked the station M2 (Fig. 1) in
August and September, 1990 and the down-
ward propagation of inertial oscillations is well
expressed. As expected from our previous nu-
merical experiments of ideal wind forcing, nu-
merical results with real wind forcing are in
poor agreement with the observed (Fig. 6b).
The amplitudes of inertial currents are rela-
tively small and they have large phase differ-
ences with the observed ones. In addition,
downward propagation of inertial oscillations
seems to be hindered after September 2, 1990.
The reasons for this poor result can be consid-
ered as follows.

First, as pointed out by ALLEN ef al. (1995),
the representation of turbulent processes used
in the numerical model is important. When a
wind stress begins to act on the surface of a
stratified fluid, momentum is mixed rapidly
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downwards by turbulence to create a well—
mixed layer. Additionally, when the mixed
layer is very weakly stratified, momentum is
spread fairly evenly through it (POLLARD,
1970). As shown in our results of experiment 2
and 3 (Fig. 5b and 5c¢), the effect of stratifica-
tion on the downward transfer of momentum
cannot be ignored. In addition, the initial distri-
bution of temperature and salinity (Fig. 3b)
may not be appropriate to the simulation be-
cause the sampling location and period is not
exactly the same as those of the ADCP mooring
site. However, it is clear that the selection of pa-
rameters like vertical eddy viscosity and
diffusivity is more important in turbulent proc-
ess (Fig. 5d and 5e). In Princeton Ocean Model
(POM) used in this study, vertical eddy viscos-
ity and diffusivity are calculated using the
level 25 turbulent Kkinetic energy closure
(MELLOR and YAMADA, 1982) and ALLEN et al.
(1995) reported that the results of simulation
with constant coefficients differed considera-
bly from that with this turbulence model.
Moreover, MARTIN (1985) pointed out that the
calculated mixed layer depths are too shallow
in this turbulence model. Therefore, it can be
concluded that simulation of inertial oscillation
with real wind forcing is dependent on the
characteristics of numerical model itself.

Secondly, because of the temporal variation
of wind, the simulation of inertial currents has
limits on representing not only its vertical
structure but also its surface layer. As pre-
sented in the results of the experiments 6 and 7,
it is natural that increase of wind speed (Fig.
5f) and the duration of wind (Fig. bg) are the
important factors in determining inertial oscil-
lations. However, the result of experiment 12
with different numerical time step confirms
that the amplitude of inertial oscillation is
strongly dependent on the time of the wind
change. It also implies that comparisons of
simulated inertial oscillations with the ob-
served are impractical. In addition, the location
of wind buoy, which is about 100 km apart
from that of the ADCP mooring, can be one of
the reasons for poor results. It appears that the
3-hour interval in measuring wind is too long
to apply it to numerical modeling.

4. Conclusion

Inertial oscillations in the open ocean are
mainly controlled by the temporal variation of
the wind, mean flow and stratification. In the
generation of inertial oscillations, stratification
plays a role in controlling the rate at which en-
ergy is transferred downwards out of the
forced layer, but the temporal variation of the
wind and the mean flow are more effective in
controlling its rate. As the mean flow strength-
ens, inertial oscillations tend to weaken and
they are almost independent of wind direc-
tions. The temporal change of the wind is
closely related with addition or removal of mo-
mentum generated by surface stress and it is
more important than any other factors in deter-
mining the generation of inertial oscillations.
In addition, the way of representing the turbu-
lent process is very important in simulation of
the inertial oscillations. Numerical experiments
with constant vertical eddy coefficient show
the considerable differences from the case with
the MELLOR-YAMADA level 2.5 closure. It is be-
cause the transfer of the momentum from the
upper layer is calculated with the vertical eddy
coefficient in numerical modeling.

Numerical results with real wind forcing
show discrepancy with the observed results.
The calculated amplitudes of inertial currents
were relatively small and showed large phase
differences with the observed. This appears to
result from the combined effects of all parame-
ters such as stratification, mean flow, wind
data and characteristics of numerical model.
Furthermore, it clearly shows that it is imprac-
tical and difficult to simulate the vertical struc-
ture of inertial oscillations with real wind
forcing and to compare it with the observed.
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