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The variability of the East Sakhalin Current induced by
winds over the continental shelf and slope

by Genta Mizuta1, Kay I. Ohshima2, Yasushi Fukamachi2 and
Masaaki Wakatsuchi2

ABSTRACT
Long-term current measurements of the East Sakhalin Current (ESC) in the Sea of Okhotsk are

analyzed using the technique of empirical orthogonal functions (EOFs) in the frequency domain. The
first and second EOFs at subtidal frequencies represent motions over the continental shelf and slope,
respectively, corresponding to the variability of the two cores of the intense ESC. The first EOF can
be explained by the first-mode coastal trapped wave (CTW). The structure of the second EOF is
similar to that of the second-mode CTW to the first approximation. According to the distribution of
the cross-spectra between EOFs and the wind stress over the whole area of the Sea of Okhotsk, the
first EOF is correlated with the alongshore component of the wind stress over the northern and
western shelves. The distribution of the phase of the wind stress, which is correlated with the first
EOF, indicates that a resonance between the CTW and wind stress drives the motion represented by
the first EOF at lower frequencies. At higher frequencies the phase of the wind stress correlated with
the first EOF is almost uniform in space, being consistent with the greater speed of phase propagation
of the EOF compared with that for the free CTW at these frequencies. The second EOF is correlated
with the wind stress curl in the central part of the Sea of Okhotsk. The motion by the second EOF is
confined over the slope at lower frequencies and becomes large over the shelf at higher frequencies.
This change in the structure of the second EOF is consistent with the results of the numerical
experiment of the flow induced by the offshore forcing by Chapman and Brink (1987). The phase of
the wind stress curl which is correlated with the second EOF changes clearly in space at some
frequencies, suggesting that the motion represented by the second EOF propagates along the isobath
with the coast to the right. The wind stress curl contains the wavenumber resonant with the lowest
two or three modes of CTWs.

1. Introduction

The Sea of Okhotsk is a marginal sea adjacent to the North Pacific (Fig. 1) and the
formation region of dense shelf water which is an important source of the ventilation of
North Pacific Intermediate Water (Kitani, 1973; Talley, 1991; Yasuda, 1997). The
circulation in this sea consists of a northward flow in the eastern part and a southward flow
along the western boundary, the East Sakhalin Current (ESC) (Leonov, 1960; Moroshkin,
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1966). Dense shelf water (Gladyshev et al., 2003) and sea ice (Parkinson and Grads, 1983;
Kimura and Wakatsuchi, 2000) are advected by the ESC. The short-term variability of the
ESC is potentially important for the sea ice distribution, which often changes largely in a
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Figure 1. A map with locations of current meter moorings (solid circles). Contours indicate isobaths
based on the General Bathymetric Chart of the Ocean (GEBCO).
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few days, and the precise prediction of oil spill from oil fields over the Sakhalin shelf.
Bottom topography of the Sea of Okhotsk is characterized by the Kuril Basin deeper than
3000 m in the southern part and a rather shallow region in the central and northern parts.
Because of this shallow depth and the large Coriolis parameter with small variation in high
latitudes, the topographic beta effect dominates the planetary beta effect in most parts,
suggesting stronger control of the circulation by the former effect.

Recent observations in 1998–2000 showed that the ESC is distributed over the
continental shelf and slope and extends from the surface to at least depths around 1000 m
(Mizuta et al., 2003). The ESC transport varies seasonally with a maximum of 12.3 �
106 m3 s�1 in February, a minimum of 1.2 � 106 m3 s�1 in October, and an annual average
of 6.7 � 106 m3 s�1. Different cores of intense flow exist in the ESC (Ohshima et al., 2002;
Mizuta et al., 2003). The first and second cores are centered over the slope and shelf,
respectively. Most of the transport of the ESC is maintained by the first core. The
geostrophic circulation in the central part of the Sea of Okhotsk is nearly in Sverdrup
balance, and the first core of the ESC is arguably the western boundary current of the
circulation driven by the wind stress curl (Ohshima et al., 2004). The second core is
intensified in fall and associated with less dense water provided by the Amur River
discharge (Mizuta et al., 2003). On the other hand, it is shown in both barotropic and
continuously stratified models that the alongshore component of the wind stress generates a
southward flow over the shelf (Simizu and Ohshima, 2002; Simizu, 2003). Another core
that is intensified toward the bottom exists near the northern shelf associated with dense
shelf water formed there (Mizuta et al., 2003). This core becomes weak toward the south.

While these works clarified the mean structure and seasonal variability of the ESC, the
variability in time scales shorter than a season has not been fully explored. The theory of
coastal trapped waves (CTWs) excited by the alongshore wind stress has often been used to
explain the short-term variability of alongshore velocity and temperature observed in
various coastal areas in the world (e.g. Brink, 1982). On the other hand, Chapman and
Brink (1987) studied numerically a flow over the shelf and slope induced by an oscillating
forcing in the deep, offshore region in the form of a specified pressure field. They showed
that the distribution of the flow changes drastically with the frequency of the forcing. When
the frequency of the forcing is higher than about 0.1 cpd, strong resonances of CTWs with
the forcing occur to induce a strong flow over the shelf. At lower frequencies, the flow is
confined over the slope because the flow over the shelf is dissipated by bottom friction
which is strong in shallow regions.

In this study, the short-term variability of velocity in the ESC is examined, using
velocity data obtained by moored current measurements off the east coast of Sakhalin as
part of a joint Japanese-Russian-U.S. study. Of interest here is whether there is any
short-term variability confined in some regions such as that found in the mean flow and
what is the driving mechanism of such variability. Coastal trapped and topographic waves
are the possible causes of the variability. To examine the structure of such variability, the
technique of empirical orthogonal functions (EOFs) in the frequency domain is used
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(Wallace and Dickinson, 1972). The EOFs obtained with this technique are complex and
can express not only the amplitude but also the phase propagation of variability at different
sites. Then the relationship between the EOFs and the wind stress and its curl is examined.
In Section 2 the current velocity data, and the method we used to obtain the EOFs are
described. The structure of the EOFs is examined and compared with that of CTWs in
Section 3. Then the relationship between the EOFs and the wind stress is also examined
there. Results are summarized with additional discussion in Section 4.

2. Data

Since velocity data over both the continental shelf and slope were obtained simulta-
neously at two different latitudes, 49.5N and 53N from July 1998 to September 1999,
velocity data obtained were analyzed for this period (Fig. 1, Table 1). Details of mooring
locations, periods, and instruments are described in Mizuta et al. (2003). The two cores of
the ESC over the slope and shelf were clear at these mooring sites, while the core
associated with dense shelf water was weak. At each mooring site, current meters and
ADCPs were moored at water depths around 200 and 450 m and/or near the bottom. The
vertical resolution of velocity data was 4 or 8 m at depths where ADCP data were available
and 200 to 400 m at other depths. To eliminate the difference of the vertical resolution with
instruments only one depth bin for each ADCP was used. Velocity data used to obtain
EOFs are listed in Table 1. Velocity data were missing in part of the observation period at
the third depth at site M3 and the second depth at M6. The missing part at these sites was
filled with velocity data obtained at the second depth at the same site for M3 and by linear

Table 1. Current velocity data used to obtain EOFs. The 6th and 8th column denote the nominal
depth at which velocity data were obtained and the area of the segment in the cross sectional area
along 53N and 49.5N. See the text for details.

Station Level
Lat
(°N)

Lon
(°E)

Bottom
depth
(m)

Nominal
depth
(m) Period

Area
(106 m2)

M1 1 53.0 144.0 100 60 98/Jul/28–99/Jul/10 4.4
M2 1 53.0 144.4 480 200 98/Jul/29–99/Sep/06 7.4

2 430 98/Jul/29–99/Sep/06 3.8
M3 1 53.0 144.8 970 170 98/Jul/29–99/Sep/06 11.2

2 460 98/Jul/29–99/Sep/06 12.4
3 870 99/Jan/17–99/Sep/06 17.0

M4 1 53.0 145.5 1720 200 98/Jul/30–99/Sep/02 16.4
2 480 98/Jul/30–99/Sep/02 63.4

M5 1 49.5 144.5 130 60 98/Aug/02–99/Jul/14 20.9
M6 1 49.5 146.5 790 180 98/Aug/03–99/Sep/03 47.3

2 480 98/Aug/03–99/May/11 39.9
3 750 98/Aug/03–99/Sep/03 32.9
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interpolation in the vertical direction for M6. Hence, the length of the velocity data became
350 to 400 days.

The velocity data were filtered with a tide eliminating filter (Thompson, 1983) and
subsampled at 12-hour intervals. Then we obtained a cross-spectrum matrix that consists of
cross-spectra for all possible combinations of velocity, after dividing the velocity data into
about 12 overlapping segments whose length is 64 days, removing the mean value, and
applying the Hanning filter. To increase statistical confidence four adjacent frequencies
were grouped into a band and cross-spectra were averaged in each band. Thus cross-spectra
were averaged for both segments and frequency bands. Mean values of averaged frequen-
cies were 0.039, 0.10, 0.16, and 0.23 cpd for the lowest four frequency bands, correspond-
ing to periods of 64-16, 12.8-8, 7.1-5.3, and 4.9-4 days, respectively. In this study, these
four frequencies are referred to as subtidal frequencies and the motion at these frequencies
is examined. From the cross-spectrum matrix we obtained eigenvectors, which correspond
to EOFs, and eigenvalues, which correspond to the variability explained by EOFs, for each
frequency. The interval in which velocity data were obtained differed slightly between
sites (Table 1). To use as much data as possible, cross-spectra between two velocities were
calculated in the entire period in which both velocities were obtained. Thus the period used
to calculate cross-spectra was slightly different for each velocity pair. Cross-spectra and
EOFs were also calculated only for the common interval in which all velocities were
obtained but the EOFs depend little on the change of the interval.

Since the spatial distribution of velocity data is not uniform, velocity data were weighted
when cross-spectra were calculated. The weight was defined so that the sum of the variance
of the weighted velocity becomes the total kinetic energy integrated in the two vertical
cross sectional areas along 49.5N and 53N. To do this, these cross sectional areas were
divided into segments by using vertical and horizontal lines that are in the middle of two
adjacent sites and nominal depths in Table 1, respectively. Since the integral of kinetic
energy can be approximated by the sum of the velocity variance in each segment multiplied
by the area of the segment, the velocity weight was defined as the square root of the
segment area. The value of the area is listed in the last column in Table 1. Then the
orthogonality condition for EOFs of weighted velocity indicates that the EOFs are
energetically independent of each other and, hence, the total kinetic energy is expressed as
the sum of the variance of each EOF.

3. Results

a. Structure of variability

As an example of the filtered velocity data, stick plots of velocity observed at site M2 are
examined (Fig. 2). Subtidal and seasonal variability existed in the ESC. This subtidal
variability was visually correlated in the vertical direction with its amplitudes at the two
depths similar to each other. The power spectral density of along-isobath velocity at all
mooring sites basically decreased monotonically with frequency at most sites without any
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significant peaks (Fig. 3). The power spectral density at sites M1 and M5, located over the
shelf, was higher than that at the other sites at all frequencies. The power spectral density
was almost uniform with depth at sites M2 and M3 at frequencies lower than 0.15 cpd,
whereas the power spectral density was slightly higher at the second depth than the other
depths at higher frequencies. At sites M4 and M6, the power spectral density was higher at
the shallowest depth than at the other depths. The total kinetic energy of motion at subtidal
frequencies corresponded to about 40% of that at tidal frequencies and is not small.

About 50%, 15–20%, and 10–15% of total kinetic energy at frequencies lower than
0.48 cpd are explained by the first, second, and third EOFs, respectively (Fig. 4). The
coherence between the first EOF and along-isobath velocity is high at sites M1 and M5
which are located over the shelf (Fig. 5a). It is not surprising that the coherence between
the first EOF and along-isobath velocity is higher at M5 than M1, since the weight of
velocity at M5 is about two times larger than that at M1 (Table 1). The coherence between
the second EOF and along-isobath velocity is generally low over the shelf and high at sites
M2, M3, and M6 which are located over the slope and M4 which is located in the rather flat

Figure 2. Stick plots of filtered velocity observed at mooring site M2 at depths of 200 m and 430 m.
A velocity stick is drawn for each day.
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region offshore (Fig. 5b). The variance ellipse of the first EOF is large over the shelf and
linearly polarized with the major axis of the ellipse almost parallel to the isobath (Fig. 6a).
The variance ellipse of the second EOF is large over the slope at 53N except at a frequency
of 0.23 cpd (Fig. 6b). The variance ellipse is again linearly polarized. The major axis of the
ellipse is generally parallel to the isobath over the slope, while across-isobath motion is
evident especially at site M4 at the lowest frequency. Therefore, the first and second EOFs
represent the motion confined over the shelf and slope, respectively, corresponding to the
variability of the two cores of the intense flow of the ESC (Ohshima et al., 2002; Mizuta et
al., 2003). The vertical change of the motion is less significant at most sites for both the
first and second EOFs.

The phase relationship of velocity at different sites is shown in Figure 6. The real part of
the velocity shown by bars corresponds to velocity that is in phase with the EOFs. For the
sake of the later analysis the phase of along-isobath velocity for the first and second EOFs
was set to zero at sites M1 and M2, respectively, since the motion by the EOFs is typically
represented by along-isobath velocity at these sites. Thus along-isobath velocities at these
sites were made real and in phase with the EOFs.

The relative importance of the lowest three EOFs for the variability over the shelf and
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Figure 3. The power spectral density (cm2 s�2 cpd�1) of along-isobath velocity at the first (solid
lines), second (dashed lines), and the third (dotted lines) depths at mooring sites M1–6 versus
frequency (cpd). The vertical axis is on a logarithmic scale. The vertical bars with the crosses
indicate the 95% confidence interval.
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slope are examined, by using percentages of kinetic energy at sites M1 and M2 (Fig. 7).
More than 50% of kinetic energy at site M1 is explained by the first EOF which represents
the motion confined over the shelf at frequencies lower than 0.35 cpd. At higher
frequencies, the first EOF is confined to site M5 (not shown) and the percentage of kinetic
energy at site M1 becomes small. Except for frequencies between 0.28 and 0.35 cpd, the

Figure 4. Percentages of the total kinetic energy explained by the first (solid line), second (dashed
line), and third (dotted line) EOFs versus frequency.

Figure 5. Coherence between along-isobath velocity and (a) the first EOF and (b) the second EOF at
frequencies of 0.039 (solid lines), 0.10 (dashed lines), 0.16 (dotted lines), and 0.23 cpd (dash-
dotted lines). The first and second digits of numbers for the horizontal axis denote the number of
mooring site and depth, respectively. The dotted horizontal lines indicate the 95% confidence
limit.
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largest part of kinetic energy at site M2 is explained by the second EOF which has large
amplitude over the slope. Thus, the second EOF is important for the variability over the
slope.

b. Comparison with a CTW model

The phase difference between along-isobath velocities of the first EOF at sites M1 and
M5, where the motion represented by the first EOF is large, is compared with the phase
difference calculated from a CTW model (Brink and Chapman, 1987) in Figure 8a. The
profile of density and bottom topography used in the model were determined from CTD
measurements and the bottom depth measured at CTD stations around the mooring sites,
respectively. The model did not include variation of density profile and bottom topography
in the along-isobath direction, a mean flow in the background, nor modification of the
structure and propagation speed of CTWs by dissipation. The phase of the first EOF at site

Figure 6. Variance ellipses of velocity (cm s�1 cpd�1) of (a) the first EOF and (b) the second EOF at
frequencies of 0.039 (upper ellipses), 0.10 (upper middle ellipses), 0.16 (lower middle ellipses),
and 0.23 cpd (lower ellipses). The first and second digits of numbers for the horizontal axis denote
the number of mooring site and depth, respectively. The arrows and bars headed by them for each
ellipse indicate the direction of rotation and the real (in phase) part of velocity, respectively. Here
the solid, open, and no arrows are drawn when the coherence between the EOF and the velocity
along both the major and minor axes, only the major axis, and none of the axes exceeds 95%
confidence limit, respectively. See the text for the definition of the real part of velocity.
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M5 is smaller than that at M1 for all frequencies, indicating that the phase of the first EOF
propagates from M1 to M5 (Fig. 8a). At the lowest three frequencies the phase difference
of the first EOF coincides with that of the free, first-mode CTW calculated with bottom
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Figure 7. Percentages of kinetic energy at mooring sites (a) M1 and (b) M2 explained by the first
EOF (solid line), second EOF (dashed line), and the third EOF (dotted line) versus frequency.
Vertically averaged kinetic energy was used for site M2.
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topography at 53N (solid line) and 49.5N (dotted line). At higher frequencies the former is
smaller than the latter, suggesting the effects of forced motion. The phase difference
between along-isobath velocities of the second EOF at sites M2 and M6 is compared with
the phase difference for free CTWs (Fig. 8b). The phase difference of the second EOF
contains larger errors than that of the first EOF. Nevertheless, the phase difference for the
second EOF lies between those calculated from the first- and third-mode CTWs (solid and
dotted lines, respectively) and roughly close to the phase difference of the second-mode
CTW calculated with bottom topography at 53N (dashed line) and 49.5N (thin dashed
line).

The phase speeds of the first- and second-mode CTWs are 5.4–8.5 and 2–2.5 m s�1,
respectively. Since these phase speeds are larger than the speed of the ESC which attains a
maximum of 0.37 � 0.09 m s�1 in January (Mizuta et al., 2003), advection by the ESC is
expected to be negligible for these waves to the first approximation. Effects of the seasonal
change of stratification on properties of CTWs are also examined, using strong stratifica-
tion observed in fall and weak stratification in winter. Stratification was determined in
winter by assuming that stratification observed in fall is weakened by mixing down to a
depth of 150 m, since cold water that is a remnant of a winter mixed layer is found at depths
of 100–150 m. The change of the phase speed of CTWs with these variations in
stratification is less than 10% and thus negligible to the first approximation.

Variance ellipses of CTWs at each mooring site are examined (Fig. 9), where the
amplitudes of CTWs were normalized with the alongshore component of the kinetic energy
flux at both 53N and 49.5N (Brink, 1989). The motion of the first-mode CTW is confined to
sites M1 and M5 and strongly polarized with the major axis of the ellipse parallel to the
isobath. These features are also found for the first EOF (Fig. 6a). Thus the first EOF can be
explained by the first-mode CTW. The amplitude of the second-mode CTW is large at site
M2 at 53N which is located near a maximum of along-isobath velocity of this CTW. The
variance ellipse is linearly polarized with the major axis parallel to the isobath there. These
features are also found for the second EOF (Fig. 6b). On the other hand, there are some
differences between the second-mode CTW and second EOF. That is, strong across-
isobath motion is found at site M4 at a frequency of 0.039 cpd for the second EOF (Fig.
6b), while such motion is not found for the second-mode CTW. The motion by the second
EOF at site M1 is larger and in phase with that at M2 at higher frequencies. A large
variance ellipse is obtained at site M5, which is closer to the coast than the other sites, for
the second-mode CTW (Fig. 9b), and the ratio of the motions at M5 and M6 (not shown)
for the second-mode CTW is larger than that for the second EOF. These features indicates
that the second EOF cannot be reproduced only by the inviscid, second-mode CTW but
they are expressed as a mixture of second and other modes of CTWs.

c. Relationship between the first EOF and wind stress

To clarify the driving mechanism of the motion represented by the EOFs, we examine
the relationship between the EOFs and the wind stress, (�x, �y), where superscripts x and y
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indicate the eastward and northward components, respectively. The wind stress was
obtained from 10-m winds of the European Centre for Medium-Range Weather Forecasts
reanalysis data (ERA-40) with Gaussian (N80) grid and a drag coefficient reduced to
neutral stability by Large and Pond (1981). Although the Sea of Okhotsk is a seasonal ice
zone, the change of the drag coefficient by sea ice was neglected for simplicity. Then
cross-spectra between the EOFs and each component of the wind stress were calculated at
each grid point of the ERA-40. Divided by the amplitude of the EOF, the cross-spectra
represent the spectra of the wind stress correlated with the EOF. The coherence and phase
between the EOFs and �x and �y were also calculated from the cross-spectra.

The wind stress correlated with the first EOF is expressed by variance ellipses in Figure
10. The coherence between the EOF and wind stress, �L, parallel to the major axis of the
variance ellipse is also indicated by contours. Note that the direction of �L changes in space
and with frequency. Except for a frequency of 0.23 cpd, the wind stress which is correlated
with the first EOF is large over the northern and western shelves. The wind stress is
polarized with the major axis nearly parallel to the coast in those regions. The 95%
confidence limit of the coherence between EOFs and �L is 0.27. The coherence is
significant in most parts of the Sea of Okhotsk, with large values occurring over the shelf
where variance ellipses are large.

The direction of �L and the phase relationship between the first EOF and �L are

-8

-6

-4

-2

0

2

4

6

8

 1 1

 2 1

 2 2

 3 1

 3 2

 3 3

 4 1

 4 2

 5 1

 6 1

 6 2

 6 3

Mooring Site, Depth

A
m

pl
itu

de
 

-8

-6

-4

-2

0

2

4

6

8

 1 1

 2 1

 2 2

 3 1

 3 2

 3 3

 4 1

 4 2

 5 1

 6 1

 6 2

 6 3

Mooring Site, Depth

A
m

pl
itu

de

(a) (b)

1st mode 2nd mode

A
lo

ng
 is

ob
at

h

Across isobath

F
re

qu
en

cy
 (

cp
d)

0.039

0.10

0.16

0.23

Figure 9. The same as Figure 6 except for variance ellipses of (a) the first-mode CTW and (b) the
second-mode CTW. The vertical axis is scaled by 10�7.

1028 [63, 6Journal of Marine Research



examined (Fig. 11). The real part of the flow at site M1 by the first EOF is almost parallel to
the isobath and directed in the propagation direction of CTWs (see variance ellipses in Fig.
11). Thus the direction of �L over the northern and western shelves was chosen so that �L

also has the along-isobath component oriented in the propagation direction of CTWs, by
using the fact that �L can be rotated by 180° arbitrarily. The phase of �L leads that of the
first EOF over the northern and northwestern shelves at all frequencies, except for a small
delay over the northwestern shelf at a frequency of 0.039 cpd. The value of the phase
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Figure 10. Variance ellipses of the wind stress correlated with the first EOF (N m�2 cpd�1) at
subtidal frequencies. As in Figure 9 the arrows and bars indicate the direction of rotation and real
part of the wind stress, respectively. Contours indicate the coherence between the first EOF and the
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shading indicates land. Caribration vectors for the wind stress are shown at the top of each panel.
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decreases in the propagation direction of the CTW along the northern and northwestern
shelves and becomes nearly zero over the western shelf near site M1. The spatial change of
the phase, �, over the northwestern shelf increases with frequency, f. The mean phase
speed, c, between two locations is expressed in terms of the phase difference, ��, and the
distance, �y, between these locations as c � 2�f�y/��. The CTW is nondispersive when
its wavelength is greater than the width of the shelf. This relationship between � and f is
qualitatively consistent with the dispersion relation of CTWs. Thus it is suggested that a
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resonance between the CTW and the alongshore wind stress over the northern and
northwestern shelves occurs to drive the motion represented by the first EOF.

The dispersion relation indicates that the wavelength of the free CTW and, hence, the
scale of the wind stress that is resonant with the CTW decreases with frequency. On the
other hand, to estimate the typical horizontal scale of the wind stress at each frequency, the
coherence of the wind stress at two different points was calculated with varying the
distance between the points. The e-folding scale of the coherence was 700–1000 km and
changed little at the frequencies of the lowest four EOFs. Thus it is suggested that the
amplitude of the wind stress that is resonant with the CTW changes with frequency. In fact
the amplitude of �L decreases over the northern and northwestern shelves at higher
frequencies (Fig. 11). At a frequency of 0.23 cpd �L is large mostly over the western shelf
where the phase of �L is almost uniform in space (Fig. 11d). Note that the phase difference
between 53N and 49.5N of the free, first-mode CTW is 50–70° at a frequency of 0.23 cpd
(Fig. 8a). The spatial change of the phase of �L is smaller than this. The distribution of �L is
more confined over the western shelf with its phase being uniform in space at frequencies
higher than 0.23 cpd (not shown). This uniform phase of the wind stress can account for the
discrepancy between the phase changes of the first EOF and free CTW (Fig. 8a), since the
phase propagation of a wave excited by an uniform forcing is twice as fast as that of a free
wave. That is, the amplitude, 	, of a CTW excited by a wind forcing, Y, is determined from

	y �
1

c
	t � Y, (1)

where y is the distance along the coast, t is time, and c is the constant propagation speed of
the CTW. If Y is applied uniformly in space in the area y � 0 and expressed as

Y � � 0 at y � 0
Ae�i
t at y � 0 (2)

with a boundary condition being 	 � 0 at y � 0, then

	 �
2cA



sin


y

2c
e�i
/2c��y�2ct�. (3)

Thus the propagation speed of 	 excited by the uniform wind stress is twice as large as that
of the free CTW. This is consistent with the phase difference between the first EOF and the
first-mode, free CTW (Fig. 8a) at higher frequencies.

d. Relation between the second EOF and wind stress

The coherence between the wind stress and second EOF is significant (Fig. 12). The
coherence at a frequency of 0.16 cpd is smaller than that at the other frequencies but still
exceeds the 95% confidence limit of 0.27 in some regions. The coherence with the second
EOF is high in the central part of the basin whereas that with the first EOF is high over the
shelf. The major axis of variance ellipses of the wind stress correlated with the second EOF
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is not necessarily parallel to the coast. Thus it is suggested that the driving mechanisms of
the motion represented by the first and second EOFs are different.

The coherence between the wind stress curl at each grid point of ERA-40 and the second
EOF is examined (Fig. 13). The coherence is high in the area where the curl of the wind
stress shown in Figure 12 seems to be large. At all frequencies except for 0.16 cpd the
coherence is most high in the central part of the basin. Large areas of high coherence are
located over the northern shelf and in the central part of the basin at 0.039 cpd and over the
eastern and northern slopes at 0.10 and 0.23 cpd. The continental slopes in the northern and
eastern parts are broader than those in the western part. Except for the high coherence over
the northern shelf at a frequency of 0.039 cpd, the high coherence regions noted above are
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located over or near the broad slopes in the northern and eastern parts. The circulation
induced by the wind stress curl in these regions tends to be elongated along the isobath by
the topographic beta effect. When the wind stress curl is positive, it tends to induce an
elongated cyclonic circulation, causing an along-isobath flow in the propagation direction
of a CTW near the coast. This direction of the flow relative to the isobath coincides with
that of the real part of the flow at site M2 (see variance ellipses in Fig. 13). The phase
relation between the wind stress curl and the second EOF will be discussed later.

At a frequency of 0.039 cpd the coherence is also high in a region over the northern shelf
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(Fig. 13a). This high-coherence region disappears, when the second EOF is calculated
without the velocity data at site M4. Other features of the distribution of the coherence
depends little on this change of the second EOF at all frequencies. Thus the high-coherence
region over the northern shelf found at a frequency of 0.039 cpd is related only to the
variability of velocity at site M4 at this frequency (Fig. 6b).

Chapman and Brink (1987) numerically investigated the flow over the shelf and slope
induced by a forcing in the deep, offshore region. They showed that the distribution of the
flow changes drastically with the frequency of the forcing: the flow is confined over the
slope due to bottom friction at frequencies lower than about 0.1 cpd, while the flow over
the shelf increases at higher frequencies. As shown in Figure 6b the motion by the second
EOF is strong over the slope at lower frequencies, while the motion is strong over the shelf
at the highest frequency of 0.23 cpd. These features of the second EOF are consistent with
the argument by Chapman and Brink (1987).

The phase relationship between the second EOF and the wind stress curl is examined
from the phase of their cross-spectra (Fig. 14). In the central part of the basin the phase of
the wind stress curl leads that of the second EOF at all frequencies. In the region where the
coherence is higher than 0.4, the phase changes clearly in space at a frequency of 0.23 cpd,
decreasing from south to north over the eastern slope and from east to west over the
northern slope. At a frequency of 0.10 cpd the phase in the high coherence regions is
60–140° over the eastern slope and decreases to �40–0° over the northern slope. This
relatively large difference of the phase in the two regions appears to be related to the fact
that the wind stress curl tends to take opposite signs between these two regions (Fig. 12b).
The spatial change of the phase found at frequencies of 0.10 and 0.23 cpd suggests that the
motion represented by the second EOF propagates along the isobath from the eastern and
northern slopes to mooring sites. Note that even at a depth of 1000 m the topographic beta
effect over the northern and eastern slopes is about 10 times stronger than the planetary
beta effect.

In the following, the distribution of the phase is examined more precisely. For the wind
stress correlated with the first EOF the spatial change of the phase of the wind stress
increases with frequency, being consistent with the dispersion relation of long CTWs (Fig.
11). The spatial change of the phase is also found in the wind stress curl correlated with the
second EOF at frequencies of 0.10 and 0.23 cpd (Fig. 14). However, the magnitude of the
change of the phase decreases with frequency. The region of high coherence is smaller for
the second EOF than that for the first EOF, indicating that the forcing region of the second
EOF is smaller than that of the first EOF (Figs. 10 and 13). Hence, if the Fourier
transformation in space is applied, the forcing to the second EOF in the wavenumber
domain is distributed over a broader range of wavenumbers than that of the first EOF. The
wavenumbers of the wind stress curl at subtidal frequencies are compared with dispersion
curves of CTWs over the shelf and slope in the northern and eastern parts (Fig. 15). The
ETOPO5 from the National Geophysical Data Center was used for bottom topography.
Crosses in the figure indicate the wavenumbers, lf � ��/�y, of the wind stress curl
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determined from Figure 14, where �y is the distance along 1000-m isobath and �� is the
change of phase in �y. The lf is close to the wavenumber of the third-mode CTW at
0.10 cpd and between the wavenumbers of the first- and second-mode CTWs at 0.23 cpd.
Phase propagation is not clear at 0.039 cpd, indicating that lf  0 at this frequency. When
the wind stress curl is limited to a region that has a horizontal scale of L, the wind stress
curl in the frequency domain is extended typically within a scale of L�1 around lf. Since L
is estimated to be 300 km from the size of high coherence region in Figure 13, L�1

becomes  3 � 10�6 m�1 which is of the same order as lf. Thus although the
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wavenumbers of the forcing are different from those resonant to a particular mode of CTW,
the wavenumbers of the lowest two or three modes of CTWs exist within the wavenumbers
of the forcing, lf � L�1, at all frequencies.

4. Summary and discussion

We investigated the variability of velocity in the ESC over the continental shelf and
slope, focusing on the variability at the four subtidal frequencies of 0.039, 0.10, 0.16, and
0.23 cpd. By using the technique of empirical orthogonal functions in the frequency
domain, the distribution of the amplitude and phase of the velocity variability at different
sites and depths was examined at these four subtidal frequencies. The spectral power
density of the velocity was larger over the shelf than over the slope and offshore region at
all frequencies (Fig. 3). The first EOF represents this energetic motion over the shelf,
having large amplitude and high coherence with the observed motion over the shelf (Figs. 5
and 6). The second EOF represents variability over the slope, having large amplitude and
high coherence over the slope and explaining the largest part of kinetic energy there (Figs.
5, 6, and 7). The first and second EOFs, therefore, correspond to the variability of the two

Figure 15. Dispersion curves of the lowest three modes of CTWs. The solid, dashed, and dotted lines
indicate the dispersion curve of the first-, second-, and third-mode CTWs, respectively. The thick
and thin lines indicate the dispersion curves calculated with bottom topography of the eastern slope
around 53N and the northern slope at 148°E, respectively. The crosses denote the wavenumbers,
lf, of the forcing to the second EOF. The dotted horizontal lines indicate the four subtidal
frequencies.
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cores of intense flow of the ESC over the shelf and slope described in Ohshima et al. (2002)
and Mizuta et al. (2003). Variance ellipses of velocity are linearly polarized with the major
axes being parallel to the isobath, especially at sites where variability is large for both
EOFs (Fig. 6). The vertical structure of the EOFs is nearly barotropic.

The phase of the first EOF clearly propagates along the shelf in the propagation direction
of CTWs (Fig. 8). The phase change and valiance ellipses of the first EOF coincide with
those of the free, first-mode CTW calculated with realistic stratification and bottom
topography, except that the phase change of the former is smaller than that of the latter at
high frequencies (Figs. 6, 8, and 9). Thus the first EOF corresponds to the first-mode CTW.
The phase change and variance ellipses of the second EOF are similar to those of the
second-mode CTW, while some features of the second EOF over the shelf and offshore
region suggest that other modes of CTWs also influence the second EOF (Figs. 6, 8, and 9).

The distribution of the cross-spectra between the EOFs and the wind stress over the
whole area of the Sea of Okhotsk was examined (Figs. 10–14). The distribution of the
cross-spectra allowed us to identify the region where the wind stress excites the motion
represented by each EOF and the phase relation between the wind stress and the EOF at
each frequency. The first EOF is highly correlated with the alongshore component of the
wind stress over the northern and western shelves (Fig. 10). It is suggested that a resonance
between the CTW and the alongshore wind stress occurs to drive the motion represented by
the first EOF at lower frequencies (Figs. 10 and 11). At higher frequencies it is suggested
that the first EOF corresponds to the first-mode CTW excited by the uniform wind stress.
Such a CTW propagates at a speed twice as high as that of a free CTW, with being
consistent with the higher propagation speed of the first EOF at higher frequencies (Fig. 8).

The second EOF is not correlated with the alongshore component of the wind stress
(Fig. 12) but correlated with the wind stress curl in the central part of the basin (Fig. 13).
The motion over the shelf represented by the second EOF increases with frequency (Fig.
6). This feature of the motion is consistent with the results of the numerical experiment by
Chapman and Brink (1987) who studied a flow over the shelf and slope induced by an
offshore forcing. The wind stress curl correlated with the second EOF leads the second
EOF and tends to induce an along-isobath flow that is in the same sense as the flow of the
second EOF at site M2 near the coast (Fig. 14). At some frequencies the phase changes
clearly in space, suggesting that the motion represented by the second EOF propagates
along the isobath from the eastern and northern slopes to mooring sites with the shallower
side to the right. The wind stress curl contains the wavenumbers resonant to the lowest two
or three modes of CTWs at each frequency, because the wind stress curl was limited to a
rather small area.

The amplitude of the first and second EOFs changes seasonally and has a maximum in
winter, consistent with strong winds in winter (not shown). However, the seasonal
variability of the structure of the EOFs or the wind stress correlated with the EOFs was not
clear presumably due to the limited period of data. This study has focused on the variability
of currents at 53N and 49.5N off the east coast of Sakhalin Island, where two cores of
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intense flow of the ESC are clear. The variability at higher latitudes where another core of
the ESC associated with dense shelf water is clear (Mizuta et al., 2003) has not been fully
studied. These problems are left for future works.
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