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ABSTRACT

Five long-term current records are analyzed to investigate the temporal
variability for deep flows, from a single mooring fitted with two current
meters on the slope inshore of the southern end of the Kuril-Kamchatka
Trench southeast of Cape Erimo, where the Oyashio and a deep western
boundary current are considered to flow southwestward together. At 3000
m the spectral peaks of eddy kinetic energy were found at about 2 weeks in
al current records. The flow variability with period of 2 weeks at 3000 m
was more energetic than that at 1000 m. By applying topographic Rossby
wave theory, this variability is thought to be due to bottom-trapped
topographic Rossby waves.

1. Introduction

Hallock and Teague (1996) pointed out that a deep western boundary current
(DWBC) in the North Pacific basin flows southward along the continental
slope inshore of the Japan Trench. Uehara and Miyake (1999, hereafter UM)
also discussed the possibility of a southward DWBC aong the slope inshore of
the southern end of the Kuril-Kamchatka Trench from the existence of more
energetic mean flows under the Oyashio in the analysis of data collected by
direct current measurements at 41°30'N, 144°30’E, which is the same station
discussed in this paper. Furthermore, they pointed out that the topographic 8
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effect is not negligible in the steep bottom slope for deep flow variability of
period less than 30 days.

In the North Atlantic, Thompson and Luyten (1976), Johns and Waitts (1986), Pickart and Watts (1990), and many other
scientists have reported that topographic Rosshy waves (TRWS) are observed on the continental rise near Cape Hatteras in
the region of a southward deep western boundary current, based on moored time series data. However, in the North Pacific,
there are very few reports about TRWs in the DWBC region. In these regions, steep bottom slopes exist, such as the Japan
Trench and the Kuril-Kamchatka Trench. It is considered that DWBCs are influenced significantly by the steep bottom slope
leading to the trenches. In this paper, we investigate the biweekly periodic deep flow variability found from direct current
measurements on the steep bottom slope inshore of the Kuril-Kamchatka Trench southeast of Cape Erimo, and then discuss
the possibility of TRWSs. This paper is the first attempt to detect TRWSs in the region of a DWBC in the North Pacific.

2. Data

The mooring station named ER-2 (41°30'N, 144°30'E) is shown by the closed circle in Fig. 1 ©=. ER-2 is located on the
steep bottom slope inshore of the sourthern end of the Kuril-Kamchatka Trench, where the water depth is about 3500 m and
the direction of the local isobaths is roughly 220°T. The bottom topography near ER-2 along the cross-isobath direction is as
sketched in Fig. 2 ©=. Bathymetric data were obtained from the routine hydrographic observation made by the Hakodate
Marine Observatory (Oceanographic Observation Report 1997). In the vicinity of ER-2, the bottom slope is almost constant,

about 4.8 x 1072 (Fig. 2 @=).

The mooring system installed at ER-2 was fitted with two current meters (Aanderaa, RCM-4) at nominal depths of 1000
m and 3000 m asiillustrated in Fig. 2 ©=. The current measurements were conducted from June 1989 to March 1995. We
then obtained five current records of 10-11 months duration each. Details of the observation periods are shown in Table 1
C=. Time series of water temperature and current vectors obtained at 1-h intervals were smoothed by alow-pass Gaussian
filter with an 81-h half-power point to remove high-frequency fluctuations such as tides and inertial oscillations. Daily mean
velocity vectors and temperature were then derived. According to UM (Fig. 5 in their paper), the flow fluctuations at 3000
m are predominantly along the local isobaths in the direction of 220°T. We therefore decomposed the flow vectors into their
alongslope component u (220°T) and the downslope component 17 (130°T), as shown in Fig. 1 &=

Routine hydrographic observations have been made by the Hakodate Marine Observatory four times a year at 20" spatial
intervals along the 41°30'N latitude from 141°40’E to 147°E. We use their CTD data to calculate the Brunt-Véisda
frequency (N) at 41°30'N, 145°00’E (Oceanographic Observation Report, 1989-95).

3. Biweekly periodic deep flow variability

To examine the flow variability, we computed frequency autospectra using the Blackman-Tukey method for the
alongslope components u (220°T) and the downslope components1r (130°T), removing the mean, windowing with a
Hanning (cosine) window containing 10 degrees of freedom. The results are shown in Fig. 3 ©=. Confidence limits of 90%
are shown in each figure.

At 1000 m, energy levels of spectra of u and 1? components are of similar magnitude at all frequency regions, and there
are some spectral peaks in each observation period (Figs. 3a—€ ©=). However, specific spectral peaks for a common
frequency in each observation period are not evident. On the other hand, at 3000 m spectral energies of u components are
larger than those of 11 components for periods longer than about 10 days (Figs. 3f- ©=). These suggest that in the lower-
frequency region the flow variability at 3000 m is predominant along local isobaths (220°T). Spectral peaks of u components
at 13-15 days (biweekly; 0.077-0.066 cpd) occur during each observation period, as marked by downward arrows (Figs.
3t ©=).

We focus on the biweekly variability apparent in the deeper current records by calculating bandpass filtered velocities,
using a 2-day box filter with a 6-day half-power point and a 13-day box filter with a 27-day half-power point. Vector stick
plots and temperature of the bandpassed series are shown in Fig. 4 ©O=; the periodic flow reversals between 220°T and 40°T
at 3000 m are clearly seen, and the amplitudes of the reversals are generally larger than those at 1000 m. Especialy, for
ER2-L-91 the amplitude of the periodic flow variability is clearly larger than that in ER2-U-91 (Fig. 4 ©=). Maxima of these

values at 3000 m are about 5 cm s L or more. These biweekly periodic deep flows appear to fluctuate simultaneously with
the shallow flows. This is supported by computing cross-spectra of the flows between 1000 and 3000 m as shown in Fig. 5
©=. The biweekly deep flow variabilities found in the autospectra of u components have relatively high and significant values
of coherence-squared functions, as marked by downward arrows, which exceed the 95% significance level (left panelsin
Fig. 5 @=). The phases of the u components between 1000 and 3000 m at the biweekly periods are small values from about
2to 42 hiin all records (right panelsin Fig. 5'@=). In particular, it is seen that u components at 3000 m lead those at 21000 m
in ER2-90, 91, and 93. In contrast, the coherence-squared values of 1 components at the biweekly periods are smaller than
the 95% significance level, athough we do not show this here. We can therefore conclude that the biweekly periodic deep



flows are motions along the slope (220°T) and are coherent in the vertical direction over the depth range 1000 to 3000 m.

On the other hand, as shown in Fig. 4 &=, amplitudes of the biweekly temperature variabilities at 3000 m are quite small,
less than £0.005°C, whereas those at 1000 m show £0.2°C or less. Johns and Watts (1986) reported that mean
temperatures at about 3000-m depth near Cape Hatteras are 2.2°-3°C and their standard deviations are 0.066°—0.096°C. In
Thompson and Luyten (1976), measured temperature also ranges from about 2.9 to about 3.3°C. However, temperature in
our study areais quite low in itself, so its variability is aso quite small. Temperature statistics of the daily mean flows are
shown in Table 2 ©=. The mean values of temperature at 3000 m are 1.3°C and their standard deviations are 0.00°-0.03°C.
These standard deviations are smaller than the current meter accuracy of £0.05°C. We therefore cannot discuss temperature
variability.

From Figs. 4 ©= and 5 ©=, the biweekly deep flow variabilities apparent in the deeper current records, which are coherent
in the vertical direction, are considered to be bottom-trapped TRWSs because their amplitudes decrease with increasing height
off the bottom due to increased stratification. In the next section, we discuss the evidence supporting this hypothesis.

4. Topographic Rosshy waves

In the vicinity of ER-2, the bottom topography is as sketched in Figs. 1 ©= and 2 ©=. We assume that the bottom near

ER-2 is a plane with southwest (220°T)—northeast (40°T) isobaths, with a constant downward slope of I" = 4.8 x 1072, The
Brunt-Vaisdla frequencies N at 41°30'N, 145°00’E near ER-2 were averaged over 5 years from 1989 to 1995, overlapping
the periods of the current measurements, then were plotted in Fig. 6 ©=. We also assume that N is a constant because the

variation of N in the vertica direction is very small below 1000 m. We choose N = 103 (sfl) as areasonable value (Fig. 6
©O=). When the water depth isH = 3500 (m) and the Coriolis parameter isfy= 104 (s_l) at 41°30'N latitude, the value of
topographic  becomes 1.4 x 10°° (m_1 s_l). This value is two orders of magnitude larger than planetary f of 1.7 x 10 11

at the same latitude. Therefore, we can neglect the planetary f effect. In this situation, a linear topographic Rossby wave
model shows that the vertical structure of the bottom-intensified low-frequency wave motions is proportional to

kN
V =V, cosh| —:z |, (1)

J 10

where V is the horizontal velocity component, x = (k2 +12 )1/2 is the horizontal wavenumber, and z is measured upward
from —H at the bottom (Rhines 1970). At this time, the dispersion relation for topographic Rossby waves in a stratified
ocean neglecting planetary £ can be written

, kHN
@ = I'N sinf coth| — |, (2)

)

where w is frequency, and @ is the orientation angle of the wavenumber vector from downslope (Rhines 1970). From Eq.
(1), we can therefore calculate the ratio of kinetic energy at the upper depth (z)) to that at the lower depth (z,), R, as

follows:

I 52
kN
cosh| —z,
fl!
R = . (3)
K
cosh| —z,
\ 0 J

If topographic Rossby waves are observed, we obtain R < 1 at [z;| < [z,|. That is, kinetic energy at the lower depth is
larger than that at the upper depth.

To estimate the wavenumber from Eq. (3), we computed the ratio of the spectra at 1000 m to those at 3000 m (Fig. 7
©=). The ratios around the biweekly period for 220°T components are smaller than 1 in all observations (Fig. 7 ©=). That is,
the kinetic energies of the biweekly flow variabilities at 3000 m are larger than those at 1000 m. On the other hand, for 130°



T the ratios around the biweekly period are not smaller than 1, except for ER2-91 and ER2-93. Because the biweekly
variabilities of the deep flow are predominant in the direction of 220°T and the ratios of the kinetic energy spectra of the
biweekly variabilities along 220°T are smaller than 1 in all observations, we used the ratios of the 220°T component spectra
for solving Eq. (3). Table 3 ©= shows the ratios R, derived x, the wave length (1), the phase speed, C = w/x, and the
stability parameter, kNH/f ), for the biweekly period. Of course, ratios smaller than 1 exist for other than the biweekly

periods. We discuss this in section 6.

Thompson and Luyten (1976) showed that principal axes of bandpassed current ellipses and wavenumber vectors are
nearly perpendicular. To estimate the wavenumber vectors of the biweekly TRWs, we computed the direction of the

principal major axis ¢' which is measured anticlockwise from 220°T, as a function of frequency as follows (Fof onoff
1969):

oK
tan2p = ——t 4
n2é =g, )

i

where K, is the cospectrum of the u and v components, and S, S, are the autospectra of the u, 1 components at 3000

m, respectively. The current ellipses of the biweekly period at 1000 and 3000 m are plotted in Fig. 8 ©=, which are based on
the standard deviations along the principal major and minor axis components for the bandpassed flows. In addition, since the
greatest horizontal velocity fluctuation is in the plane of the wave front, the estimated wavenumber vectors are also plotted,
perpendicular to the ellipse orientations. Magnitudes of the vectors are based on spectral estimates. At 3000 m the
bandpassed current ellipses are flattened close to the direction of the local isobaths (220°T, dashed linesin Fig. 8 ©=) and

the magnitudes of the long axes (amplitudes are 1.3-2.2 cm s_l) are larger than those at 1000 m in all cases (Fig. 8 ©=).
Furthermore, the estimated wavenumber vectors deviate slightly from the downslope (130°T).

It is of interest to compare the direction of the wavenumber vectors estimated from our observations with those predicted
from theory. From Eg. (2), we calculated the predicted orientation angles of the wavenumber vector, 6, as follows:

27T kNH
tanh| —
TN fo

. (3)

# = sin!

using observed T (period), derived x and other parameters as mentioned previously. Table 4 ©= shows the direction of the
wavenumber vectors estimated from the principal major axes computed from Eq. (4) and those predicted from Eq. (5).
Since 6 is the orientation angle from downslope (130°T), the estimated orientation angles are measured in the same way (

¢'d). The ¢'d in ER2-89, ER2-90, and ER2-91 are in good agreement with theory (dlightly smaller than ). On the other

hand, those in ER2-93 and ER2-94 are larger than theory, and not in such good agreement with theory (Table 4 ©=).
However, when considering the uncertainty in determining the correct angle of the isobaths from Fig. 1 ©= and the
accuracy of flow directions measured by the current meters (£5°), these values are somewhat more reasonable. Therefore,
the biweekly deep flow variability observed at ER-2 can be reasonably explained as bottom-trapped TRWS, propagating with
the coast on the right hand and with the wave lengths () and the phase speeds (C) listed in Table 3 ©=.

In ER2-94 the wavenumber « is much smaller than that in the other cases, so the wave length is very large, 506 km
(Table 3 ©=). Here the value of the stability parameter, xNH/fO, islessthan 1; then cosh(chH/fO) = 1. Therefore, the

vertical structure is amost uniform; that is, the motions in ER2-94 are considered to be more barotropic due to the long
wave. In this case, stratification is not so important.

In contrast to the above, in ER2-90, ER2-91, and ER2-93 the wavelengths are on the order of 100-150 km (Table 3 ©=).
Since these are kNH/f ; > 1, cosh(xNH/f ;) > 1. The horizontal velocities therefore decay rapidly upward from the bottom. In

particular, in ER2-91 kNH/f ; has the large value of 2.21, so it is considered that the wave is more baroclinic due to its short

wavelength. According to UM, the Oyashio extended to depths of 3000 m throughout the measurement period in ER2-91.
This suggests a possibility that the TRW in ER2-91 is influenced by the vertical structure of the Oyashio.

5. Mean deep flows and biweekly TRWs

Uehara and Miyake reported that the deep flows (3000 m) at ER-2 are in part a deep western boundary current in the
North Pacific basin from their analyses of energy statistics. We here discuss the biweekly TRWs in relation to the mean
deep flows or the total fluctuating components. It is important to know ratios of kinetic energy of the biweekly TRWsto
kinetic energy of the mean flows (KE) or the total fluctuating components (eddy energy, KE').



Table 5 @= shows the ratios of the kinetic energies of the bandpass filtered flows shown in Fig. 4 ©O= (KE;gw) to KE and
KE'. Here KE{p,,, Was calculated from the variance of the bandpassed flow; KE and KE' were used from UM’s results. In
ER2-89 and ER2-94, KE,,, & 3000 m are smaller than those at 1000 m. As shown in Fig. 8 = thisis because the

current ellipses at 1000 m are more circular than those at 3000 m, although magnitudes of the alongslope components at
1000 m are smaller than those at 3000 m. We emphasize here that KE,,, a 3000 m are ailmost the same magnitudes of

about 2 cm? s 2, except for ER2-L-89, regardless of the magnitudes of KE (Table 5 ©=). According to UM’ s results, the
intense mean deep flows are observed when their directions are southwestward along the local isobaths (ER2-L-90, -91, and
-93). In contrast, when the mean deep flow has positive northward component (ER2-L-89) and is not along the local
isobaths (ER2-L-94), it is weak. In ER2-L-90, 91, and 93, therefore, the ratios of KE,,, to KE at the lower depth are

smaller than 1; that is, the mean deep flows exceed the biweekly TRWSs. On the other hand, in ER2-L-89 and 94 the ratios
are larger than 1. In any case, even if the ratios are smaller than 1, the biweekly TRWs are comparable to the mean deep
flows with ratios exceeding 0.60.

We find that the ratios of KE |, to KE' are much smaller than 1 in all cases. That is, the biweekly TRWs are not

predominant fluctuations relative to the total fluctuating components of the deep flows. We do not discuss this point here,
but it isimportant to investigate what the predominant fluctuations are; further problems lie in this region.

6. The orientation angles of the wavenumber vector as a function of period

The ratios of the kinetic energies R [Eq. (3)], which are smaller than 1, are aso found at other frequencies besides the
biweekly period (Fig. 7 ©=). In particular, R in ER2-90 and ER2-91 are smaller than 1 in the lower-frequency regions (Figs.
7b.c ©@=). Therefore, we discuss here the relationships between the orientation angles from downslope computed from Eq.
(5) and the angles of the principal major axis computed from Eq. (4) for al frequency regionsat R < 1.

When « is large, that is for short waves, tanh(xNH/f ;) tends to 1, so Eq. (5) becomes

2
Hmzm = Sin_] % - (6)

Equation (6) is an upper bound for the magnitude of . To compare the orientation angles of TRWs estimated from our
observations with those predicted from theory, we plotted the angles measured from downslope resulting from Eq. (4),
from Eqg. (5), and upper bounds of the angles calculated from Eqg. (6) as a function of period (day) in Fig. 9 ©=.

For al observations, in the higher frequency region (periods shorter than about 10 days) the observed angles vary widely
as shown by open circles, and the changes in orientation of those versus period do not agree with those predicted from
theory as shown by asterisks and crosses (Fig. 9 ©=). This suggests that the flow variabilities at 3000 m for short periods,
which are larger in spectral energy than that at 1000 m, are not TRWs but some different motions. On the other hand, in the
lower-frequency region (longer than about 10 days) the observed angles are close to the predicted ones, in comparison with
those in the shorter periods. In particular, in ER2-90 and ER2-91, we can say that the changes in orientation of the observed
angles roughly agree with those predicted, except for around 20 days period. These suggest the existence of long-term
bottom trapped TRWSs, longer than the biweekly period, with periods such as 40 and 120 days. However, in ER2-93 and
ER-94, the observed angles are larger than the upper bounds for the longer periods. These angles disagree with predicted
values even if we consider uncertainties in the observations and the spectral estimates. Pickart and Watts (1990) observed a
40-day TRW, which is in good agreement with theory, at Cape Hatteras within the DWBC in the western North Atlantic,
using a moored array. They compared the change of the orientation angle of the principal axis as afunction of period with
that predicted from the dispersion relation [Eg. (2)]. Their result showed that the change of the observed angle is not in
agreement with that of the predicted angle. They then explained these causes as the temporal variability of the DWBC itself
and the upper-layer Gulf Stream. In our observations, it is considered that these disagreements between the observed and the
predicted values are possibly due to the variability of the DWBC and the upper-layer Oyashio, but the cause is unknown. To
clarify the cause, we need to observe widely in the horizontal direction, especially in the direction across the isobaths. Then
the relation between the DWBC and the upper-layer Oyashio will be clarified, and we can find the variability of the DWBC
itself if TRWs are clarified by observing widely in space.

7. Conclusions

We have investigated the periodic deep flow variability from five long-term current records on the steep bottom slope
inshore of the Kuril-Kamchatka Trench southeast of Cape Erimo. From spectral estimates, we focused on the biweekly deep



flow variabilities at 3000 m commonly found in al records. Their amplitudes are clearly larger than those at 1000 m.
Moreover, these biweekly deep flow variabilities are predominant along the slope and coherent in the vertical direction. We
therefore hypothesized that these deep motions, which are more energetic, are due to bottom trapped TRWs. We then
estimated the wavenumber vectors based on the orientation angles of the principal magjor axis of the bandpassed current
elipses. We found that the orientations of estimated vectorsin ER2-89, 90, 91 are in very good agreement with those
predicted from theory. In ER2-93 and ER2-94 the two are not in such good agreement. However, when considering
uncertainty in determining the correct angle of the isobath and the accuracy of the current meter, their estimated values are
considered to be reasonable. We can therefore explain that the biweekly deep flow variabilities observed at ER-2 are due to
bottom trapped TRWSs.

Recently, mean horizontal deep circulations of the North Pecific have been gradually clarified by observing deep flows
directly using mooring systems (Warren and Owens 1985, 1988; Hallock and Teague 1996; Uehara and Miyake 1999).
However, we found that biweekly TRWs are comparable to the mean deep flows from energy statistics. In addition, these
biweekly variahilities are less energetic than the total fluctuating components of the deep flows. Hence to understand the
temporal variability of the DWBC itsdlf, it is necessary for us take the effect of the TRWs into consideration first, when we
observe DWBCs in the North Pacific.
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Tables

Table 1. The period and instrument depths of current measurements at ER-2 off Cape Erimo




ER2-U-90 ER-2 1000 2 Jun 1990-17

ar 1991 6946

ER2-L-90  ER-2 3000 2 Jun 1990-2 Apr 1991 7342
ER2-U-91  ER-2 1000 2 Jun 1991-3 Apr 1992 7363
ER2-L-91 ER-2 3000 2 Jun 1991-3 Apr 1992 7360
ER2-U-93  ER-2 1000 6 Apr 1993-10 Mar 1994 8166
ER2-L-93  ER-2 3000 6 Apr 1993-2 Feb 1994 7314
ER2-U-94  ER-2 1000 2 Jun 1994-2 Apr 1995 7298
ER2-L-94  ER-2 3000 2 Jun 1994-2 Apr 1995 7298

Click on thumbnail for full-sized image.

Table 2. Temperature statistics. (T )1/2 shows mean value over the entire series; &, ¢ show the standard error and standard
deviation, respectively. In ER2-L-89 statistics were not cal culated because the temperature data are bad datain part

T Data
Data name °C) € o number

ER2-U-89 (1000 m) 2.8 0.02 0.07 278
ER2-L-89 (3000 m) — — — 286
ER2-U-90 (1000 m) 2.9 0.05 0.16 287
ER2-L-90 (3000 m) 1.3 0.01 0.03 303
ER2-U-91 (1000 m) 26 0.02 0.08 304
ER2-L-91 (3000 m) 1.3 0.00 0.01 304
ER2-U-93 (1000 m) 26 0.07 .19 338
ER2-L-93 (3000 m) 1.3 0.01 0.03 302
ER2-U-94 (1000 m) 2.8 0.08 0.20 302
ER2-L-94 (3000 m) 1.3 0.00 0.02 302

Click on thumbnail for full-sized image.

Table 3. Characteristics of the biweekly TRWS: Roo0 istheratio of the spectra of u components at 1000 m to those at 3000 m, x

isthe horizontal wavenumber derived from Eq. (3); 1 isthe wavelength. The phase speed, C = w/k, is calculated from Eq. (2) and
derived +x-, and ;cNH/f0 indicates the stability parameter

C
Data Period A K (km
name (day) Ry, kNH[f,  (km) (1 km") day ")
ER2-89 14.0 0.55 1.01 217 0.029 16
ER2-90 13.3 0.23 1.75 126 0.050 9
ER2-91 13.3 0.13 2.21 100 0.063 8
ER2-93 13.3 0.30 1.47 146 0.043 11
ER2-94 15.0 0.89 0.42 506 0.012 34

Click on thumbnail for full-sized image.

Table 4. Comparison of the orientation angles of the wavenumber vectors estimated from Eq. (4) and those predicted from Eq.
(5). The estimated angles (¢' d) and 0 is measured from downslope

u 4

Data name (deg) (deg)
ER2-89 2 3.0
ER2-90 4 6.2
ER2-91 3 6.4
ER2-93 21 5.9
ER2-94 19 23

Click on thumbnail for full-sized image.

Table 5. Theratios of the biweekly kinetic energies of the band-passed flows (K ETRW in szs—z) to the kinetic energies of the

mean deep flow ((KE )1/2 in szs_z) and the eddy kinetic energy (KE' in cmzs_z). The values of (KE )1/2 and KE' are quoted from
Ueharaand Miyake (1999)

_ KEppy/ KEqgw/
Data name KEgw KE KE' KE KE'

ER2-U-89 (1000 m) 1.34 0.34 10.52 3.93 0.07
ER2-L-89 (3000 m) .14 0.64 4.68 1.78 0.24

ER2-U-90 (1000 m) 2.40 1.00 18.16 240 013
ER2-L-90 (3000 m) 282 422 18.63 0.67  0.15

ER2-U-91 (1000 m) 0.58 9.39 5.04 0.06 0.12
ER2-L-91 (3000 m) 2.02 2.41 9.43 0.84 0.21

ER2-U-93 (1000 m) 1.56 8.68 12.04 0.18 0.13
ER2-L-93 (3000 m) 2.11 293 8.00 0.72 0.26

ER2-U-94 (1000 m) 2.44 2.13 15.82 1.15 .15
ER2-L-94 (3000 m) 2.10 1.45 13.95 1.45 .15

Click on thumbnail for full-sized image.
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Fig. 1. Map showing the areaiin the vicinity of ER-2. The closed circles denote the mooring station ER-2. The arrows indicate
the alongslope (220°T) and the downslope (130°T) directions. The solid line running from Cape Erimo to the southeast showsthe

line along the vertical bottom topography shown in Fig. 2 &=
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Fig. 2. Vertical bottom topography along the line shown in Fig. 1 ©=, and our mooring system at ER-2. Closed squares show
the current meters moored in both the upper depth (1000 m) and the lower depth (3000 m)
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Fig. 3. Power spectral densities of the daily mean flows at ER-2 computed by the Blackman—Tukey method: (a) ER2-U-89, (b)
ER2-U-90, (c) ER2-U-91, (d) ER2-U-93, (e) ER2-U-9%4, (f) ER2-L-89, (g) ER2-L-90, (h) ER2-L-91, (i) ER2-L-93, and (j) ER2-L-94. Solid
thick lines and thin solid lines indicate the alongslope components (220°T) and downslope components (130°T), respectively. A
vertical stick in each figure denotes a confidence limit of 90%. An arrow in each figure shows about 13-15 days period

Click on thumbnail for full-sized image.

Fig. 4. Vector stick plots of the bandpassed flows at the center point of the 13-day period from ER-2. Notice that 220°T isup on
these plots. Magnitude indicators of the flow vectors are shown on top of the figure
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Fig. 5. Coherence-squared and phase functions of u components (220°T) between 1000 and 3000 m. Horizontal linesin
coherence functionsindicate the 95% confidence limit. An arrow in each bottom figure denotes the biweekly period asin Fig. 3

= Two vertical linesin each figure show 20-day and 10-day periods, respectively
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Fig. 6. Brunt—Viisila frequency profile at 41°30'N, 145°E averaged over five years. Two horizontal lines denote the current
meter depths at ER-2. The vertical line showsthe value of 1.0 x 1073 (sfl)
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Fig. 7. Ratios of power spectral densities at 1000 m to those at 3000 m at ER-2: (a) ER2-U/L-89, (b) ER2-U/L-90, (c) ER2-U/L-91,
(d) ER2-U/L-93, and (e) ER2-U/L-94. Thick solid lines and thin solid lines indicate the along-sl ope components (220°T) and the
downslope components (130°T), respectively. Arrows indicate the biweekly period, for which the energy ratio is smaller than 1

Click on thumbnail for full-sized image.

Fig. 8. The current ellipses of the biweekly period from ER-2 a 1000 m (thin ellipses) and the 3000 m (thick elipses) in (a) ER2-
89, (b) ER2-90, (c) ER2-91, (d) ER2-93, (€) ER2-94. These ellipses are plotted from the standard deviations of the principal major
axisand minor axis of the band-pass filtered flow shown in Fig. 4 ©=. The arrow in each figure represents the estimated
wavenumber vector with magnitude based on spectral estimates and direction perpendicular to the principal major axis of the
bandpassed flows. Dashed lines indicate the direction of the local isobaths (220°T). Magnitude indicator of the wave lengths of
100 km is shown on top of the panels of ER2-89
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Fig. 9. Orientation angles of the estimated wavenumber vectors from the principal major axis of the current variance asa
function of period (day) at 3000 m, compared with theoretical wavenumber vector orientations. These are only plotted when R< 1
asshown in Fig. 7 @=. Time axes are shown by logarithmic scale: (a) ER2-89, (b) ER2-90, (c) ER2-91, (d) ER2-93, and (€) ER2-94
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