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ABSTRACT

This paper investigates the internal tidal energy distribution in the southwestern Japan/East Sea using
vertical round-trip travel time (7) data from 23 pressure-sensor-equipped inverted echo sounders (PIES).
The 7 records are analyzed by bandpass filtering to separate time-dependent variability of the semidiurnal
and diurnal bands. The semidiurnal internal tides exhibit a horizontal beam pattern of high energy, propa-
gating into the open basin. They originate from a restricted portion of the shelf break where the Korea Strait
enters the Ulleung Basin. The generation appears to occur at ~200-m water depth near 35.5°-35.7°N and
130°-131°E, where the slope of bottom topography matches that of the wave characteristics, coinciding with
the location where the semidiurnal barotropic cross-slope tidal currents are strongest. Maximum vertical
displacement of the thermocline interpreted as a long-wave first baroclinic mode from the measured 7 is
about 25 m near the generation region. Annual and monthly variations of the propagation patterns and
generation energy levels are observed, and these are closely associated with changes in the mesoscale
circulation and stratification. Eastward (westward) refraction is observed when a warm (cold) eddy crosses
the path of internal tide propagation. Moreover, when the generation region is invaded by cold eddies that
spoil the match between shelf break and thermocline depth, the internal tidal energy level decreases by a
factor of about 2. A simple geometric optics model is proposed to explain the observed horizontal refraction
of the beam of semidiurnal internal tides in which stratification and current shear play essential roles. In
contrast, diurnal internal tides are observed to be trapped along the continental slope region around 36°N.
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1. Introduction

The Japan/East Sea (JES) is a semi-enclosed basin
located between Korea, Japan, and Russia (Fig. 1). It
has a maximum depth of about 3700 m and connects
with the North Pacific Ocean through three straits, all
with sill depths shallower than 150 m. The warm Pacific
water enters into the JES through the Korea Strait as
the Tsushima Warm Current. After passing the strait,
this inflow splits into two or three branches: one, called
the East Korean Warm Current (EKWC), flows north-
ward along the Korean coast and another, called the
Offshore Branch, flows east-northeastward along the
Japanese outer shelf. Cold freshwater flows southward
from the northern JES along the east coast of Korea in
the North Korean Cold Current, meeting the EKWC
around 38°-40°N. At the confluence, the two currents
turn east and leave the coast to form the subpolar front
(SPF).
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Recently, Mitchell et al. (2005a) presented mesoscale
circulation patterns, including evolution and propaga-
tion of the Ulleung Warm Eddy (UWE) and the Dok
Cold Eddy (DCE) in the southwestern JES, which is
called the Ulleung Basin (UB). They used temperature
maps at 100-m depth that were obtained from an array
of 23 pressure-sensor-equipped inverted echo sounders
(PIES). The PIES measures bottom pressure (Py,)
and round-trip acoustic travel time (1) from bottom to
surface, which together determine barotropic and baro-
clinic variations of the water column above the PIES.
The PIES experiment in the UB was originally de-
signed to investigate mesoscale ocean circulation vari-
ability. For that purpose, 5-day low-pass filtering was
initially applied to the hourly P, and 7 records to focus
upon geostrophic signals. However, the PIES data are
also useful for the study of shorter-time-scale (<1.5
days) phenomena such as barotropic and baroclinic
tides, for which we use the hourly Py, and 7 records
prior to low-pass filtering. Some 7 records collected
near the continental slope of the UB showed relatively
high spectral energy in the semidiurnal and diurnal fre-
quency bands. Barotropic tidal amplitudes at these fre-
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Fi1G. 1. The Japan/East Sea. Solid triangles indicate PIES, and bathymetry contours are in
meters. Open triangles indicate PIES sites at which an instrument was lost or few data were
obtained. The site identification numbers (Pnn) are shown.

quencies are about 0.05 m, and the associated variations
in 7 (~70 us) are very small relative to variations due to
internal tides that we observe in this region (neverthe-
less we removed them exactly from 7 using Py, mea-
surements).

Internal tides are caused by the interaction of the
barotropic tide with bottom topography generating in-
ternal waves of tidal frequency (e.g., Wunsch 1975).
Internal tide models show that the generation process is
largest where the slope of the bathymetry (s) matches
the internal wave characteristic slope (e.g., Baines
1982), defined as

where o is the wave frequency, f is the inertial fre-
quency, N is the buoyancy frequency, and z is the ver-
tical coordinate. The internal wave energy propagates
along the ray paths represented by the characteristics .
Propagating internal waves exist when f < o < N(z)
from Eq. (1). In contrast, if the internal wave period is
larger than the inertial period, the internal wave will be
trapped around the generation region.

Watts and Rossby (1977) showed that 7 is insensitive
to all but the lowest baroclinic mode vertical structure.
They also showed that 7 variations are mainly influ-
enced by displacements of the main thermocline. Cart-
wright (1982) demonstrated internal tides may be stud-
ied from 1 measurements if the surface tides are accu-
rately known, for example from P, Recently, T was
used to examine the time-varying characteristics of in-
ternal tides at the M, frequency near the Hawaiian

Ridge (Mitchum and Chiswell 2000; Chiswell 2002).
Chiswell (2002) confirmed that T measures the ampli-
tude of the first baroclinic mode well, even in the pres-
ence of higher vertical-mode signals.

Little attention has been drawn to the tides in the
JES, including the internal tides, because of the small
tidal amplitude except within the Korea and Tatar
Straits. Lie et al. (1992) reported on the semidiurnal
internal tides from a 2-month thermistor chain mooring
near 37°N off the east coast of Korea. They showed the
amplitude of internal tides was on the order of 10 m.
However, their mooring site was just 1.5 km away from
the coast and its depth was about 27 m. Isoda and Mu-
rayama (1993) reported first-mode coastal-trapped
waves with diurnal period from two current meters
moored for one-and-one-half months at the continental
shelf and shelf break along 132°E off the Japanese
coast. They showed the waves were generated by the
barotropic diurnal tidal oscillations on the shelf break
and trapped there because w < f.

Until now, most internal tide studies from observa-
tions have focused on two-dimensional propagation of
waves in (x, z) space, where the x axis is along the
propagation direction. Usually, variations along the y
axis, across the propagation direction, have been ne-
glected. However, horizontal internal tidal energy fields
may be modulated significantly through interactions
with mesoscale structures such as eddies and fronts.
Although there are several theoretical investigations
regarding how horizontal inhomogeneities modulate
the internal wave field (e.g., Miropol’sky 2001), no
comprehensive observational studies about this have
been reported.
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In this paper, we will investigate the internal tides in
the semidiurnal and diurnal frequency bands using the
7 data measured by the PIES in the UB. The PIES sites
were well situated to observe spatial variations of the
internal tide fields for 2 yr. The 7 records are analyzed
with a bandpass filter (Butterworth) to test for tempo-
ral changes of internal tidal amplitude. We construct
the horizontal maps of internal tidal energy distribution
using the bandpass-filtered results and compare these
maps with the mesoscale circulation patterns, thus re-
vealing interactions between the semidiurnal internal
tides and mesoscale circulation patterns. These obser-
vations provide a new perspective on how a beam of
internal tides can be generated and refracted in hori-
zontal two-dimensional space.

2. Data and methods

An array of 25 PIES, having 55-60 km spacing to
cover all of the UB, was deployed from June 1999 to
July 2001. Figure 1 shows their location and gives their
identification numbers. The PIES measured hourly
with 0.05-ms accuracy and hourly P, with better-than-
1-mm resolution. Two PIESs at P32 and P41 were lost
because of deep crab-fishing activity, and P15 only
measured 7 for 2 months. Fortunately, the PIES at P32
was discovered by a Korean fisherman more than 2 yr
after the recovery cruise and both 7 and Py, data at P32
were recovered successfully. Thus, we use 23 datasets of
hourly r and Py, in this study. Every dataset has 17 712
values from 0100 UTC 16 June 1999 to 0000 UTC 23
June 2001. More details of the moorings and data pro-
cessing are given in Mitchell et al. (2005a).

The 7 records provide proxy estimates of the vertical
profiles of temperature (7'), salinity (S), and specific
volume anomaly (8) (Watts et al. 2001). In the JES,
seasonal variations extend throughout the shallow ther-
mocline waters. In contrast with other regions where
a gravest empirical mode (GEM) technique can esti-
mate vertical profiles of 7, S, and & from 7, in the JES
a simple GEM cannot distinguish between seasonal
and mesoscale circulation variations. Therefore, Park et
al. (2005) applied a new approach to estimate the ver-
tical profiles from multi-index lookup tables as a func-
tion of 7, sea surface temperature (SST), and pressure,
referred to as the MI-GEM (Park et al. 2005). We es-
timate three-dimensional daily time series of 7, S, and
6 fields in the UB for 2 yr using the MI-GEM tech-
nique.

We examine the circulation patterns in the UB by
mapping the depth of the 5°C isotherm, Zs, instead of
the temperature at 100 m, 7', as had been done by
Mitchell et al. (2005a). The T}, maps may misrepresent
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the intermediate layer structures within the deeper
thermocline, such as those caused by intrathermocline
eddies (Gordon et al. 2002). The isotherm Zs is pre-
ferred for our purposes, because it represents the
boundary between surface water and intermediate wa-
ter in the UB (e.g., Kim et al. 1991). The time series of
Zs reveal not only the mesoscale circulation patterns
but also changes in stratification during the 2 yr.

We correct the effect of free surface displacement (n)
of barotropic tides on the t data, using the P, data.
The pathlength of sound propagation varies with m,
which changes 7 by 2n/c, with sound speed ¢ assumed to
be 1505 ms~!. We determined the barotropic semidi-
urnal and diurnal tides from the P, data using the
response analysis method (Munk and Cartwright 1966).
The estimated tidal fluctuations of n were converted to
acoustic round-trip travel time and subtracted from .
In this study, we use the barotropic-tide-corrected
records, which retain variations associated with internal
tides.

We carry out a filtering procedure to extract the os-
cillating variabilities of T at semidiurnal and diurnal fre-
quency bands. We use a third-order bandpass Butter-
worth filter with cutoffs at 11.50 and 12.92 h for the
semidiurnal frequency band and at 23.00 and 26.80 h for
the diurnal frequency band. The filtering is carried out
in the forward direction, and then the filtered sequence
is reversed and run again through the filter in order to
eliminate all phase shifts.

3. Interpretation of 7 fluctuations from first
baroclinic mode

The propagation equation for linear internal waves
(e.g., Munk 1981) is

d* o \2[ N(2) — o

d_z2+<5>[ e ]5_0’ ?
where ¢ = {(z)e"**~“) represents the vertical displace-
ment, and C is the horizontal propagation speed of in-
ternal waves. Numerical solutions of Eq. (2) for the
semidiurnal internal tides are obtained by solving the
vertical-mode eigenvalue problem with N(z) calculated
from the 7 and S profiles, for the M, tidal frequency w
= 1.405 X 10~*s™!, and with boundary conditions { =
0atz = 0and z = —H, where H is the water depth. We
consider only the first baroclinic mode to estimate the
vertical displacement from 7, choosing to focus upon
the first baroclinic mode because it typically has signifi-
cant internal tidal energy. Our measurements are well
suited for this study because T is sensitive to predomi-
nantly the first baroclinic mode (Watts and Rossby
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1977). We assume for simplicity that density from 500
dbar to the bottom is homogeneous because the MI-
GEM technique estimates profiles only down to 500
dbar (Park et al. 2005), and the deeper stratification of
the JES is very weak (Kim et al. 1991).

If we now assume that the variations in Z5 and 7 are
solely due to first-baroclinic-mode amplitude changes,
we can derive a simple relationship between variations
in Zs and variations in 7. Given any basic-state profile
To(z) and Sy(z) in water depth H, and the first baro-
clinic mode ¢;(z), which is normalized to have maxi-
mum amplitude of 1 m, the perturbation of 7, 7/, may be
calculated as the difference

o -H C[So(z + mgy), To(z + mey), z]

[
- g CISu(z), To(2), 21| 3)

Here 7' varies linearly with small amplitude vertical
displacements, so we can solve for the multiplicative
amplitude m that would be required to change r
by 7'. We define s to be the perturbation displacement
of Zs for ¢;, and hence ns = m X {(z = Zs). For ex-
ample, the ns, induced by 0.5-ms 7 change, is plotted in
Fig. 2 for the UB, using the real topography H(x, y)
from 2-min-resolution Global Seafloor topography data
(Smith and Sandwell 1997) and the 2-yr mean strati-
fication that we observed, Sy(x, y, z) and Ty(x, v, 2).
The maximum ms is shown near the North Korean
Cold Current region (northwestern corner of the do-
main) since the cold upper layer at this region needs
more vertical movement to effect a 0.5-ms 7 change.
The rms of m5 all over the UB is 12.0 m. We convert the
monthly rms and annual rms 7 fluctuations into s fluc-
tuations using the first baroclinic mode in the following
section.

4. Results

a. Bandpass-filtering results

Figure 3 exhibits examples of bandpass-filtering
analysis results for sites P22, P24, P31, P33, P42, P52,
and P53 (see inset Fig. 3) for the semidiurnal frequency
band. First notice how different most of the records are
from each other and from the barotropic tides (exem-
plified in the bottom panel). The bandpass-filtered re-
sults of P22 and P24 and those of P31 and P33 show no
similarity, though each pair is located at the same lati-
tude. However, almost every event at P42 exhibits sig-
nificant correspondence to that at P52 in time and en-

PARK AND WATTS 25

38°N

37°N 1

36°N 1

129°E

Fi1G. 2. Vertical displacement increase of Z5 (m) caused by 0.5-
ms change of 7, using the first baroclinic mode at the semidiurnal
frequency. Solid triangles indicate PIES sites. Three white dia-
monds indicate Ulleung Island, Dok Island, and a seamount, from
west to east, respectively.

velope shape. Some events at P33 correspond to those
at P42 and P52.

The strongest internal tidal energy occurs at site P52
and has maximum fluctuation of 1.12 ms (~25-m 7))
during the 200 days. The 7 records at P31 and P53 ex-
hibit less semidiurnal variability than the other records,
with internal tides at P31 being largest during an inter-
val when they are smallest at P33.

P53, although located close to P52 (~60-km dis-
tance), reveals additional lower-frequency fluctuations.
Therefore, we also ran bandpass filtering on 7 at P53 for
the diurnal frequency band, as exhibited in Fig. 3. For
comparison, the barotropic tidal variation in P, at P53
is shown. Clearly, the internal tides at site P53 are
dominated by diurnal fluctuations (rather than semidi-
urnal), and these may be strongly related to the baro-
tropic tides, as we discuss in section 4d.

b. Background fields

During the period from June 1999 to June 2001, the
UB showed five characteristic circulation patterns in
the upper ocean (Mitchell et al. 2005a). The pattern
changes were associated with the size, shape, and posi-
tion of the UWE, generation and propagation of the
DCE, strengthening and weakening of the East Korean
Warm Current and the Offshore Branch, and north-
ward and southward migration of the SPF. Mitchell et
al. (2005a) demonstrated that those pattern changes
were associated with volume transport variations of the
Korea Strait during the 2 yr. Yearly mean Z5 maps
in the upper panels of Fig. 4 illustrate the annual
circulation pattern during each year. During year 1
(June 1999-June 2000) of the PIES deployment,






























