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ABSTRACT

Wind-induced near-inertial oscillations (NIOs) have been known to propagate their energy downward and equatorward,
yet few observations have confirmed this in tropical regions. Using measurements from a moored ADCP in the tropical north-
western Pacific, we report an energetic NIO event associated with Typhoon Rammasun in May 2008, when an anti-cyclonic
warm eddy existed around the mooring site. Our analyses reveal that the anti-cyclonic eddy traps the NIO energy at two layers
around 120 and 210 m where the buoyancy frequency show high values. The NIO energy continuously decays at layers below
its maximum at 210 m, and disappears at depths below the thermocline. During their propagation from 137 to 649 stretched-
meter depths (equivalent to 100 - 430 m), NIOs shift their frequencies from 0.92f to 1.05f probably due to the effective f,
which changes its magnitude from smaller to larger than local inertial frequency fin the anti-cyclonic eddy. In addition, their
vertical energy propagation becomes faster from 0.17 to 0.64 mm s'. Decomposition of downward and upward NIO energy
propagation shows that the typhoon-induced NIOs remain 29% of their energy in the upper layer, and transfer 71% to the
subsurface layers. Our results suggest that typhoon-induced NIOs interacting with meso-scale eddies can play an important

role in providing the energy source available for ocean mixing in the tropical regions.
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1. INTRODUCTION

Wind-induced near-inertial oscillations (NIOs) are
ubiquitous in the open ocean. After being generated NIOs
generally propagate equatorward, yet they propagate north-
ward up to a ‘turning latitude’ and then turn equatorward due
to the S-effect (Anderson and Gill 1979; Alford 2003). They
also propagate downward with different characteristics de-
pending on wind strength, thickness of the mixed layer, and
buoyancy frequency (Gerkema and Shrira 2005; Park et al.
2009; Byun et al. 2010). NIO breaking plays an important
role in undermining the thermocline strength contributing
to vertical mixing (Sriver and Huber 2007; Jaimes and Shay
2010). Background current fields can modify NIO propaga-
tion. For example, anti-cyclonic eddies create waveguides
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trapping and amplifying NIOs (Kunze 1985; Lee and Niller
1998; Park and Watts 2005). In addition, large-scale cur-
rents, such as the Gulf Stream and the Kuroshio, advect and
disperse NIOs (Zhai et al. 2004; Park et al. 2010).

Previous studies, including those mentioned above, are
mostly about measurements of NIOs near the continental
shelf or at mid and high latitudes in the open ocean (e.g.,
Alford 2003; Alford and Whitmont 2007), probably due to
rare opportunities to observe them at low latitudes. In this
study, we report an energetic typhoon-induced NIO event
in the tropical northwestern Pacific, based on data from a
moored upward-looking 75-kHz acoustic Doppler current
profiler (ADCP). In addition, we also discuss NIO energy
and period, both of which vary during vertical propagation,
as well as the impact of the background currents on the dis-
persion of NIOs around the mooring site.
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2.DATA AND METHODS

A subsurface buoy system had been moored at a site
(15.8°N, 134.6°E) with 3080 m of the water depth in the
tropical northwestern Pacific from October 8, 2007 to June
16, 2008; the mooring site was located near the core of the
most frequent typhoon passages (Fig. 1a). The observation
device consisted of a 75-kHz upward-looking ADCP at 525
m. The ADCP was set to have a bin thickness of 16 m, and
hourly currents were obtained after the ensemble averag-
ing 10 pings per hour. Due to a tilting of the mooring line,
the bin depths of ADCP measurements varied over time.
Thus, the current measurements were interpolated into 10 m
intervals between 50 and 500 m. Then, to focus on NIOs,
the data were band-pass filtered with cut-off frequencies be-
tween 0.73f and 1.22f, where f'is the local inertial frequency
(=397 x 107 s™).

Buoyancy frequencies were calculated using in-situ
temperature-salinity profiles from an ARGO profiling float
(S/N 2900628) which was located within 45 km of the
mooring site during the passage of Typhoon Rammasun.
Buoyancy frequency can change the amplitude and verti-
cal wavelength of NIOs as it propagates vertically (Leaman
and Sanford 1975). Thus, the filtered velocity profiles to
delineate NIOs are normalized in terms of WKB (Wentzel-
Kramers-Brillouin) approximation scheme (Leaman and
Sanford 1975). The normalized velocity (u,) is given by

u(z)

VINGE)/N]

where u(z) is the raw velocity component for a given pro-
file at depth z, N is the time-mean buoyancy frequency cal-

u,(z)= ey
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Fig. 1. (a) Mooring site (M) in the tropical northwestern Pacific Ocean and the track of Typhoon Rammasun which occurred in May 2008. Back-
ground arrows show the monthly mean surface current field calculated from AVISO data in May 2008. Filled color circles show the central positions
of Rammasun every 6 hours from the Joint Typhoon Warning Center track data, and color represents typhoon category. Small box shows Typhoon
passage frequency per year in each 2.5° x 2.5° grid area for the period 1945 ~ 2010. Black circles ( @ ) near the mooring site indicate the locations
of an ARGO profiling float (S/N 29000628) and the violet circle ( @ ) indicates its last location. Surface current fields calculated from AVISO data

on (b) May 7, 2008, (c) May 14, 2008, and (d) May 21, 2008.
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culated from ARGO float, and N, is a reference buoyancy
frequency equal to 3.85 cph (mean buoyancy frequency
between 15 and 995 m depths). The vertical coordinate is
stretched by the differential law

d.==x )

where z and z, are the physical and stretched coordinates,
respectively. Table 1 compares depths between the two co-
ordinates.

In order to estimate the vertical propagation speed of
NIOs triggered by a typhoon, average NIO kinetic energy
density with a local inertial period (= 43.9 hours) is calcu-
lated as follows (Zheng et al. 2006):

3)

E:%[&]

20+1

where p is seawater density calculated from the ARGO
float data during the typhoon passage, k and 7 are time series
number of data point and sequential number in a window,
respectively, and the duration (2/) used to obtain an aver-
aged value is similar to the local inertial period, implying
that / equals to 22.

Effective Coriolis frequency, f,; = f + {/2, where f and
¢ are local inertial frequency and relative vorticity (Kunze
and Sanford 1984) respectively, were calculated using ve-
locity fields from the data-assimilated HYbrid Coordinate
Ocean Model (HYCOM) outputs with the spatial resolution
of 1/12°E x 1/12°N and the temporal resolution of 1 day
(Wallcraft et al. 2009). Details of the HYCOM simulations
are found at their website (http://www.hycom.com). In or-
der to obtain the relative vorticity around the mooring site,
zonal gradient of north-southward current v (= dv/dx) and
meridional gradient of east-westward current u (= du/dy) are
calculated.

QuikSCAT daily-mean winds, produced by the French
Research Institute for Exploration of the Sea (IFREMER)
near the mooring site before and after passage of the ty-
phoon, were analyzed to investigate the relationship be-
tween the local winds and the occurrence of NIOs.

3. TYPHOON RAMMASUN AND THE OCEANO-
GRAPHIC SETTING

Typhoon Rammasun originated on May 6, 2008 near
7.2°N, 134.2°E and finished its lifetime as a tropical storm
on May 13 near 33.4°N, 146.8°E (http://www.usno.navy.
mil/JITWC). It grew to be a category 3 and 4 typhoon during
May 10 - 11,2008, and then moved northward along 132°E
(Fig. 1a). At the closest approach on May 10, 2008, it was
270 km to the west of the mooring site with a minimum sea

level pressure of 929 hPa and a maximum sustained wind
speed of 33 m s™'. The radius of a maximum sustained wind
speed (R,,,,) was about 70 km, and the radius of winds with
17.5 m s or greater was between 268 and 287 km. Time
series of QuikSCAT daily-mean winds interpolated at the
mooring site show easterly winds of about 5 m s or less
before the passage of typhoon Rammasun (Figs. 1a and 3b).
Strong southeasterlies with speeds of 12 - 16 m s™! occurred
during the passage of typhoon (May 9 - 11); weaker south-
easterlies to southwesterlies with speeds of about 6 m s or
less continued for a week after the passage.

The upper bound of the thermocline measured by the
ARGO float (Fig. 2a) deepened from 80 to 120 m during
May 5 - 25, and the thicknesses of the mixed layer and
the thermocline are 120 and 340 m, respectively (Fig. 2b).
Deepening of the thermocline is mainly due to the passage
of an anti-cyclonic eddy as shown in the time series of sur-
face current fields from AVISO data (Figs. 1b - d). Deepen-
ing of the mixed layer on May 15 seems to be a signature of
the typhoon, but the 10-day interval of ARGO profiler is not
enough to detect the typhoon response in detail. The mean
buoyancy frequency profile estimated using two hydrocasts
on May 15 and 25 after the passage of typhoon reveals three
peaks near 135, 210, and 390 m, and two minimal values
near 174 and 330 m (Fig. 2b). At the mooring site, the spec-
tral frequency of the vertically-averaged zonal currents
between 50- and 100-m depths is 3.73 x 10° s! (= 0.94f),
which is smaller than the local inertial frequency (Fig. 3a)
although there is a limitation that the frequency resolution
in the spectral analysis cannot resolve the exact frequency
of NIO. The time-varying spectra of NIOs estimated by the
wavelet on the vertically-averaged zonal component of cur-
rents between 50 and 100 m begin to appear after a strong
wind event due to Typhoon Rammasun on May 9, and then
show the peak on May 12 (Fig. 3b).

NIOs occurred after May 7,2008, when the tropical de-
pression grew to the tropical storm (Figs. 4, 5a, and 5b), and
an anti-cyclonic eddy (Figs. 1b to d) existed in May 2008
when Typhoon Rammasun passed overthe mooring site. To
understand the relationship between the eddy and typhoon,
ADCEP data are traced since May 1, 2008, for oceanic condi-
tions before the passage of the typhoon (Fig. 5). May 1 is set
-4 in time/IP where time is in Julian day with the basic date
of May 7, 18:00 being day ‘0’; IP is the local inertial period
(=43.9 hours). The progressive vector diagram (Fig. 4) at all
depths from May 1 to 29 displays a change in flow direction
from a northwestward to southwestward which seems to be
caused by the anti-cyclonic eddy. The directional change of
the major currents is related to the westward propagation of
the anti-cyclonic eddy at the mooring site (Figs. 1b to d); it
is northwestward when the center of anti-cyclonic eddy is
located to the northeast of the mooring site (Fig. 1b), and
southwestward when its center is to the northwest (Fig. 1d),
respectively. In addition to the low-frequency motion, the
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diagram also shows high-frequency motions related with
NIOs. In the progressive vector diagram (Fig. 4), T (= May
10, 2008) indicates the point when the typhoon approaches
the closest to the mooring site, E (= May 16, 2008) indicates
the changing point in current direction from northwest to
southwest by an anti-cyclonic eddy, and I; and I, indicate
the start and end-points of a few cycles in near-inertial mo-
tion used to calculate the frequency. I, and I, are technically
defined as the turning points in meridional direction to span
complete 3 or 4 inertial cycles, which are arbitrarily chosen
from a progressive vector track with an hourly interval data.
The mean frequency of the near-inertial motion at each depth
is averaged for the selected 3 or 4 cycles (Table 2), which
increases from 3.85 x 107 s' at 100 m to 4.36 x 107 s’
at 350 m. The ratio of the mean frequency to the local iner-
tial frequency (= 3.97 x 107 s') also increases from 0.97 to
1.1 with increasing depth.

The zonal currents, low-pass filtered with the cut-off
frequency at 0.73f (= 60.1 hours), are predominantly west-
ward (Fig. 5¢). The meridional currents (Fig. 5d) are north-
ward before May 16 and changes southward after May 16.
These results indicate that typhoon-induced NIOs occurred
during the period when the mooring site was located near
the southern boundary of the anti-cyclonic eddy. Surface
geostrophic currents estimated from altimeter data show that
an anti-cyclonic eddy with a diameter exceeding 200 km
around the mooring site propagates westward in May 2008
(Figs. 1b to d).

Horizontal components of the NIOs (Figs. 5¢ and f)
show propagations of downward energy and upward phase
at depths from 59 to 725 stretched meter (sm) during May
10 - 30 after the passage of Typhoon Rammasun. The verti-
cal distribution of NIOs is classified into three layers accord-
ing to the maxima and minima of the buoyancy frequency.

Table 1. Camparision of real (z) and streteched (zn) depth levels at the mooring site (sm: stretched meter).
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Fig. 2. (a) Time series of temperature (line contours) and salinity (colored contours) profiles observed from the ARGO float from April 15 to June
14,2008. Dates of x-axis are observation times cast by ARGO float with 10-day interval. (b) Mean vertical profiles of temperature (black), salinity
(blue), and buoyancy frequency (red) estimated using two hydrocasts on May 15 and May 25, 2008 after the passage of Typhoon Rammasun.
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Fig. 3. (a) Wavelet power spectra calculated from the vertically- averaged zonal component of currents between 50 and 100 m during the whole
observational period. Spectral values lower than the 95% significance level are omitted. Dotted lines indicate M, and K, tidal periods, and local
inertial period (IP). (b) Time-series of QuikSCAT daily-mean winds nearest the mooring site during the observational period.

Progressive vectors
6000 T T T T ‘ T T T I T T T

4000

2000

Meriodional displacement (km)

1 | 1 1 1 ‘ | | 1
-6000 -4000 -2000 0
Zonal displacement (km)

Fig. 4. Progressive vector diagram at each depth, calculated using current measurements between May 1 and May 29, 2008. T ( @ ) indicates when
the typhoon approaches closest to the mooring site, E ( @ ) indicates the change of current direction by an anti-cyclonic eddy, I, and I, indicate the
start and end-points of arbitrarily-chosen (3 or 4) cycles of near-inertial motion used to calculate the periods.
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Fig. 5. Panels showing zonal and meridional velocity components: zonal (a) and meridional (b) velocities of raw ocean currents, zonal (c) and me-
ridional (d) velocities of low-pass filtered currents (0.73f cut-off frequency), and zonal (e) and meridional (f) velocities of band-pass currents (0.73f
to 1.22f) normalized by the WKB. Vertical coordinate is stretched by the WKB method. The labels on upper x-axis are the dates calculated from
time/IP, where IP (= 43.9 hours) is the local inertial period at the mooring site, and time is in Julian day: ‘0’ represents the day of May 7, 2008 (at

18:00) when it grew from tropical depression to tropical storm.

Table 2. Mean periods of near-inertial motions by 50 m interval between 100 and 350 m calculated from the current mea-

surements. Ratio is calculated by dividing the mean frequency by the local inertial frequency (= 3.97 x 107 s).

Depth (m) Time 2::1 s[t(zix;;h l;]o]int Ig) Time :11: Fgglﬁz;nt (Ig) Cycles Mez(x:(l i‘l(‘)iq:le;ncy Ratio
100 11/07 16/21 3 3.85 0.97
150 14/17 20/05 3 3.99 1.01
200 16/08 21/17 3 4.06 1.02
250 16/08 21/11 3 427 1.07
300 16/05 22/22 4 433 1.09
350 16/02 22/17 4 439 1.10

NIOs appear at the layer around 59 sm during the early stage
of the typhoon, and gradually disperse into the eddy core
over time. At depths around 383 sm (= 230 m) NIOs persist
for the longest duration until May 31.

Table 3 lists conventional non-dimensional storm and
air-sea parameters used in this study. These parameters are

estimated from the scale analyses proposed by Price (1983)
and Price et al. (1994). Wind-driven horizontal and vertical
velocities in mixed layer are 0.27 m s and 0.47 mm s,
respectively. Burger numbers on mixed-layer and thermo-
cline, the degree of pressure coupling between the mixed-
layer current and the thermocline current (Price et al. 1994),
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Table 3. Air/sea papameters and scaling on Typhoon Rammasun.

Parameter Value

Independent variable scales
Density of air p, =126kgm?
Maximum wind speed U,y=33ms"!
Radius to maximum wind stress R=70km
Storm translation speed U,=75ms’!
Wind stress 7= 0,049 +0.065U,)) x10° U,*=3.62Pa
Mixed-layer thickness hy =120 m
Thermocline scale thickness b=340m
Bottom depth D =3080 m
Reduced gravity ¢ =002ms?
Mean seawater density across thermocline P, =1024.8 kg m*
Density change across thermocline Ap =4.18 kg m?
Coriolis frequency at 15.8°N f=397%x10°s!
Local inertial period at 15.8°N IP = 27/f = 43.9 hours
Reference buoyancy frequency Ny=3.85cph
Vertical wave length Ap=115m
Horizontal wave length Av=4R =280 km
Mean zonal current speed u=-029ms"
Meridional mean current speed v=-021 ms’'

Dependent variable scales
Wind-driven horizontal velocity
Wind-driven vertical velocity
Horizontal particle displacement
Energy
Isopycnal displacement
Pressure
Geostrophic velocity

Non-dimensional parameters
Nondimensional storm speed
Mixed-layer Burger number
Thermocline Burger number
Air/sea aspect ratio
Rossby number

Vertical aspect ratio

U =R/ pyh,Uy=027 m s
Uh/R=7/pyUy=47x 10 m 5!
Ulf = TR/ pofh Uy = 6.9 km

U*h, = ©°RY p,*h, U2 = 9.1 m? 52
N =1/pfUy=119m

ng = & 1/ 0,fUy =024 m*s>
ngfR= g v/ pf?UR=0085ms"

S =U,2Rf=1235

M = g h/4f?R* (1 + 1/8*)=0.12
T = Mblh, = 0.34

C = R/h, = 583

Q=31 p,mUf) =023

A =h/D =004

are much smaller than one such as 0.12 and 0.34, respec-
tively. These conditions indicate that the study region may
influenced by large-scale atmospheric forcing (Dukhovskoy
et al. 2009). The Rossby number is also small (= 0.3) in the
region, implying that non-local and advective effects are less
important during the forcing stages (Dickey et al. 1998).

4. OBSERVATION OF TYPHOON-INDUCED NIOS

The NIO motions are generally dominated by clock-

wise rotation in the northern hemisphere. To extract rotat-
ing energy components of the NIO, the rotary spectra on
the WKB normalized velocity components are calculated
between 2 IP (May 11, 10:00) and 7 IP (May 20, 14:00) in
the time-domain. Clockwise and anti-clockwise energies in
each WKB normalized depth layer are selected on spectrally
resolved frequency, 0.545 day™! (44-hour period), where it
is similar to the f. Clockwise energy is greater in the order
of 1 than anti-clockwise energy each layer (Fig. 6a). The
rotary coefficients of horizontal direction of propagation are
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over 0.7 in almost the whole layers except below 650 sm.
The positive values mean clockwise rotating in the northern
hemisphere. These results confirm that the energetic fluc-
tuations are caused by the NIOs.

Time series of the kinetic energy (Fig. 6b) calculated
using band-pass-filtered zonal currents from May 9 to 30
show three peaks: 11 J m? at 50 m on May 11, 07:00 when
the typhoon developed its maximum strength, 17 J m™ at
120 m on May 16, 06:00, and 18 J m? at 210 m on May 18,
13:00. Even on May 21, 01:00, 10 days after the passage of
the typhoon, the kinetic energy is 4 J m* at 350 m, which is
higher than the background energy level before the typhoon
event. The peaks of the averaged NIO kinetic energies are
observed above 400 m in depth and the vertical locations
of peaks except at the surface are consistent with buoyancy
frequency peaks (Fig. 2b). The NIO kinetic energy becomes
a little below 400 m and appears to be trapped in the lower
boundary of the anti-cyclonic eddy (Fig. 6b). A similar ef-
fect has been noted in the numerical experiment by Lee and
Niller (1998), where the NIO energy is trapped in the core
of anti-cyclonic eddy and reaches its maximum at a critical
layer where the effect of relative vorticity diminished.

Dissipation rates (&) of kinetic energy are estimated
using ARGO float hydrocasts and ADCP data for quantify-
ing the turbulence and mixing processes in an anti-cyclonic
eddy from the equation by Lueck and Osborn (1986).

ev(5e) (5]

where p is seawater density, v is kinematic viscosity, and
the terms in the bracket are vertical current shears. Figure 7
shows the dissipation rates on May 5, 15, and 25, 2008, re-
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spectively, the typhoon passed near the mooring site on 15.
They are small through the entire layers on May 5, increase
over 4 x 10* W m? in upper layers and 1 x 10* W m™ be-
tween 240 and 280 m below thermostad of the anti-cyclonic
eddy core on May 15 and are large over 3 x 10* W m?
between 200 and 250 m on May 25. The vertical structure
of dissipation rates in the anti-cyclonic eddy is influenced
by the propagation of NIOs. The trapped energy of NIOs at
210 m decays downward probably owing to the dissipation
induced by turbulence in the anti-cyclonic eddy. The NIO
energy gradually vanishes between 200 and 250 m before
May 30.

The NIO energy propagates into deeper layers faster
with increasing depths (Fig. 6b): 0.17 mm s from two ki-
netic energy peaks between 50 and 120 m, 0.44 mm s’ be-
tween 120 and 210 m, and 0.64 mm s between 210 and
350 m. The vertical propagation speed (0.44 mm s) in the
middle layer is consistent with the vertical group veloc-
ity (C,.), 0.46 mm s, calculated from theoretical analysis
(Rossby and Sanford 1976) as follows:

C.=-2xfxoxm' (5)

where a is the departure from f, which is set 0.05 (-0.05)
following Jaimes and Shay (2010) on downward (upward)
energy from Fig. 8a. The vertical propagation speed is simi-
lar to the value from the scale analysis (Table 3).

In order to examine the frequencies of NIOs propagat-
ing vertically from the sea surface, power spectral analysis
is applied on the WKB normalized raw zonal components
(Fig. 8a). Maximum peak of power spectrum exists at 347 sm
(210 m). As the NIO propagates into deeper layers, the fre-

Time/IP

12 14 16 18 20 22 24 26 28 30
Time ( days of May 2008)

10

Fig. 6. (a) Energy distribution of local inertial frequency band (0.545 day™) resolved from horizontal rotary spectra each layer between 2 nd 7 IP
(May 11, 10:00 ~ May 20, 14:00), dotted and thin curves are anti-clockwise and clockwise energies, respectively, and thick curve is rotary coef-
ficient on local inertial frequency band. (b) Propagation of the average kinetic energy density of NIOs calculated by Zeng’s (2006) equation.
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Fig. 7. Dissipation rate of kinetic energy estimated using ARGO float hydrocasts and ADCP data. The dotted, black, and gray curves show the en-
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Fig. 8. (a) Change of NIO frequency (in units of the local inertial frequency) estimated from the wavelet spectrum with the WKB normalized zonal
speeds. Thick curves denote 95% significance. (b) Ratios of the effective Coriolis frequency to the local Coriolis frequency, dotted and thick curves
show before and after Typhoon Rammasun, respectively, and gray lines of (a) and (b) show the local Coriolis frequency as the ratio ‘1°.

quency at the peak of spectral density becomes higher such
that it is 0.73f at depths from 84 to 118 sm, 0.92f from 137
to 202 sm, 1.0f from 281 to 365 sm, and 1.05f from 443 to
649 sm, respectively. A similar change of NIO frequency
was found by Jaimes and Shay (2010): they show that the
frequencies of Katrina-induced NIOs increased from 0.95f
at the sea surface to 1.05f at depths below 300 m (f = 6.85 x
107 s at 27.998°N).

NIO frequencies estimated from the observed ADCP
currents are affected by the change of f,; (= f + {/2) with
depth. To understand the effect of f,y, the data-assimilated
HYCOM outputs (not normalized by WKB scheme) are
used to calculate §. The { values change from negative in
the upper layers (< 280 m) to positive in the lower layers
(> 280 m). The ratio of f4 to f gradually increases with in-

creasing depth as shown in Fig. 8b. Difference of the ratio
between 100 and 400 m becomes larger after Rammasun
than before. The ratio changes 0.96 to 0.89 at 125 m, and
changes 1.04 to 1.03 at 400 m after the typhoon. The f,; is
smaller than f in the upper layers both before and after the
typhoon with increasing amplitudes after the typhoon. Depth
of ratio ‘1’ deepens from 200 to 280 m after the typhoon.
The increase of f,; with depth is caused by the decrease of
£ amplitude because the anti-cyclonic eddy becomes weak
with depth.

Vertical energy fluxes are calculated with the proce-
dures of Leaman and Sanford (1975) and Jaimes and Shay
(2010) on the WKB normalized band-pass filtered compo-
nents between 3.5 IP (May 14, 03:00) and 5.5 IP (May 17,
18:00), following
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E;.(m)=E(m)xC,(m) (©)

where E(m) is the energies of vertical rotary spectrum of
m-th wavenumber. Downward (upward) energy fluxes are
calculated from clockwise (anti-clockwise) energy in verti-
cal rotary spectrum.

The kinetic energy densities of the vertical rotary
spectrum are dominant in clockwise energies more than
anti-clockwise energies, and the ratios of clockwise to anti-
clockwise energies range from 1.8 to 2.8 between vertical
wavelengths 112 and 337 sm (Fig. 9). Downward and up-
ward energies integrated over the vertical wavelength are
13.7 x 10> W m? and 5.6 x 10> W m?, respectively, on the
mean seawater density in thermocline layer (1024.3 kg m™)
estimated from ARGO data. Percentage of downward clock-
wise energy out of the total energy fluxes (19.3 x 10> W m?)
is 71% and percentage of upward anti-clockwise energy is
29%, and the ratio of clockwise to anti-clockwise energies
on total energies is 2.4. The result in anti-cyclonic eddy is
similar to the vertical energy flux by tropical cyclones Ka-
trina and Rita in Loop current (Jaimes and Shay 2010). This
result suggests that 71% of Rammasun-induced near inertial
energy propagates downward to be trapped in the core of
eddy, and 29% of it may provide an energy source contrib-
uting to vertical mixing in the upper layer.

5. CONCLUSIONS

This study presents an energetic NIO event in the tropi-
cal northwestern Pacific generated by Typhoon Rammasun

in May 2008 using a moored ADCP. Observations of NIOs
in this region have been rarely reported. The characteristics
of anti-cyclonic eddy influence the propagation of NIOs.
In general, NIOs propagate horizontally at the surface lay-
er in the cyclonic eddy; on the other hand, they propagate
vertically downward and are trapped in the anti-cyclonic
eddy (Lee and Niller 1998). An anti-cyclonic eddy exists
in mooring region when NIOs were generated by the ty-
phoon and vertically propagated. The buoyancy frequency
in the anti-cyclonic eddy varies due to the modification of
water column structure, which can be also detected by the
non-uniform characteristics of temperature and salinity in
the eddy.

The typhoon-induced NIOs are trapped in depths of
buoyancy frequency peaks during their downward propa-
gation with a maximum (= 18 J m?) at 210 m. The NIOs
occurred by Rammasun transfer 71% of their total energy
(19.3 x 10 W m?) into eddy core, and remain 29% in the
upper layers. The concentrated NIO energy at the depths
of 120 and 210 m persisted for about two weeks within the
eddy. Vertical propagation speed of NIO energy becomes
gradually faster with increasing depths and the frequency
of NIOs increases gradually from 0.92f to 1.05f in the anti-
cyclonic eddy. The increased vertical propagation speed is
caused by the anti-cyclonic eddy existing near the mooring
site during the period of the measurements. The change of
NIO frequencies appears to be related to the relative vortic-
ity in the anti-cyclonic eddy, which changes its magnitude
from smaller to larger than local inertial frequency. The
modification of the frequency of NIOs is identified when
they interact with mesoscale eddies during their downward
propagation in the open sea, which is similar to the previ-
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Fig. 9. Vertical rotary spectra of the WKB normalized velocity components between 3.5 and 5.5 IP (May 14, 03:00 ~ May 17, 18:00). Dotted curve
is anti-clockwise component, thin curve is clockwise component, and thick one is the ratio of clockwise to anti-clockwise energies.
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ous results measured by Morozov and Velarde (2008) and
Jaimes and Shay (2010).

Kunze (1985) suggests that NIOs are trapped and
amplified in the regions of negative vorticity such as anti-
cyclonic eddies where the intrinsic frequency of NIO can
be less than the effective Coriolis frequency. The ratio of
effective to local Coriolis frequencies, the former of which
is calculated from the data-assimilated HYCOM output, is
smaller after the typhoon than before, and the depth where
the effective Coriolis frequency is equivalent to the local
frequency deepens from 200 to 280 m after the typhoon. Ty-
phoon-induced NIOs are not scattered in the surface due to
the change of effective Coriolis frequency by anti-cyclonic
eddy, and propagate vertically downward and trapped in the
eddy core. NIOs can penetrate down to 280 m where the
ratio of effective to local Coriolis frequencies becomes one.
They appear to lose their energy by turbulence at depths
below 240 m as Kunze et al. (1995) suggested.

Our results in this study suggest that typhoon-induced
NIOs interacting with meso-scale eddies can play an impor-
tant role in providing the energy source available for ocean
mixing in the tropical regions. Further studies using obser-
vations and numerical simulations are needed for better un-
derstanding of the associated physical processes.
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