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Mesoscale eddies observed by moored current-meters at abyssal

depths in the western North Pacific during 1978-1985

Shiro IMAwWAKTY * and Kenzo TAKANO?

Abstract: Observations by moored current-meters were carried out repeatedly in mid-ocean of
the western North Pacific, providing 50 velocity records. A continuous velocity record for al-
most seven years was obtained at 5000 m depth. The overall mean velocity is directed to the
north with a speed of less than 1 cm s’ The kinetic energy of low-frequency velocity-
fluctuations, or mesoscale eddies is more than 30 times larger than that of mean flow. Frequen-
cy spectra of eddy kinetic energy show that most of the energy is contained in mesoscale bands
(periods of 31-235 days), with zonal (meridional) dominance of energy in the longer (shorter)
period band. An array observation at 4000 m depth shows that the local change of relative vor-
ticity of mesoscale eddies is balanced mainly with the advection of planetary vorticity, although
the horizontal advection of relative vorticity and higher-order horizontal divergence may play
some role. Those results suggest that the mesoscale eddies are understood as primarily plane
barotropic Rossby waves with possible modification.
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1. Introduction

Synoptic current fluctuations having typical
temporal scales of weeks to months and horizon-
tal scales of tens to hundreds of kilometers are
called “mesoscale eddies.” They are also called
“low-frequency fluctuations” or “low-frequency
eddies.” Mesoscale eddies dominate in the mid-
ocean flow field (RoBNsoN, 1983). They were
first recognized from observations in 1959 by
neutrally-buoyant floats at mid-depths in the
North Atlantic (CreaSE, 1962). They have been
measured by moored current-meters and neu-
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trally-buoyant floats at depth, most intensively in
1970s and 1980s. The highlight was the Mid-
Ocean Dynamics Experiment (MODE) carried
out in 1973 in the western North Atlantic
(MODE Group, 1978). Mesoscale eddies at sur-
face layers have been measured by surface
drifting-buoys tracked by satellites (NILER, 2001).
Since the Topex/Poseidon satellite was launched
in 1992, mesoscale eddies have been intensively
measured by satellite altimeters; details of meso-
scale eddies with surface manifestation have
been revealed, especially for their global views
(Fu and Morrow, 2013).

To understand the nature of mesoscale eddies,
their mechanisms and their roles in ocean circu-
lation, observations at depth are necessary as
well as surface observations. A considerable
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fraction of velocity and temperature fluctuations
observed in the MODE area is accounted for by
a combination of barotropic and first-mode baro-
clinic Rossby waves (McWILLIAMS and FLIERL,
1976). In the Gulf Stream recirculation region in
the North Atlantic, a barotropic Rossby wave
modified by bottom topography was observed
beneath the thermocline (PRICE and ROSSBY,
1982). At a site called R to the east of the Izu-
Ogasawara Ridge in the western North Pacific, a
considerable fraction of mesoscale eddies at
abyssal depths is accounted for by a set of three
barotropic Rossby waves (IMAWAKI, 1985). Re-
cent studies show that fluctuations at the same
site having specific spectral peaks are explained
by plane topographic Rossby waves (MIYAMOTO
et al., 2017; 2019). Under the Kuroshio Extension,
topographic Rossby waves in a period band of
30-60 days were observed (GREENE ef al., 2012).

Examination of vorticity balance of mesoscale
eddies at 1500 m depth in the MODE area shows
that a 10-day mean balance is highly nonlinear
but a 60-day mean balance is marginally linear
(McWiLLiams, 1976). In the North Equatorial
Current region in the Atlantic, the local change
of relative vorticity is balanced with the advec-
tion of planetary vorticity in the thermocline as
well as in the deep layer, for a period band of
24-81 days (KEFFER, 1983). At the Site R to the
east of the Izu-Ogasawara Ridge, the local
change of relative vorticity is accounted for by
the advection of planetary vorticity at 5000 m
depth within the estimated error (IMAWAKI,
1983).

These studies suggest that the dynamics of
mid-ocean mesoscale eddies differs at locations,
depths and temporal/spatial scales, and further
examinations are required to understand the ed-
dy field. Intensive observations by moored cur-
rent-meters were carried out at abyssal depths
at more than 20 stations in the Site R during

1978-1985, in order to primarily investigate mes-
oscale eddies. The present paper provides de-
scription of the velocity measurements and re-
sults obtained mostly on mesoscale eddies.

The rest of the paper is organized as follows.
Section 2 describes the observation site, mooring
operations, current measurements and data
processing. Section 3 gives general statistics of
individual velocity records and describes com-
bining individual records. Section 4 shows fea-
tures of mean flows. Section 5 describes statisti-
cal features of mesoscale eddies. Section 6 shows
features of frequency spectra. Section 7 de-
scribes the vorticity balance of mesoscale eddies
using the current-meter data, with Subsection
7.1 on Array-83 and Subsection 7.2 on Array-84.
Sections 8 and 9 are discussions and summary,
respectively.

2. Current measurements

The observation site called R is centered at
30°N, 147°E in the western North Pacific. At
shallow depths, the site center is located about
400 km south of the Kuroshio Extension (Fig. 1)
and on the indistinct southern boundary of the
broad west-southwestward flowing Kuroshio
Countercurrent (UcHiDA and IMAWAKI, 2003). At
abyssal depths, it is sufficiently distant from the
weak deep western boundary current located
east of the Izu-Ogasawara Ridge (KAWABE and
Fugio, 2010). Like the MODE area, the observa-
tion site is located between a strong current re-
gion and the interior.

Figure 1 also shows bottom topography based
on ETOPOl1 (AMANTE and EAkiNs, 2009). The
site center is located about 500 km east of the
Izu-Ogasawara Ridge. The water depth varies
between 6000 and 6300 m within 100 km of the
center. The bottom topography is generally flat
with small gentle undulations and no apparent
large-scale slopes. Exception is several sea-
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Fig. 1 Location of mooring stations with bottom topography. Dots with station names show lo-

cations where current-meter data were obtained; the first “R” of station names is omitted.

Two open circles show locations where moorings were deployed but not recovered in Obs. 9.

Darker gray indicates shallower depth, with contours of 500 m interval. The rectangle within
the small-scale physiographic inset illustrates the location of the present study area relative
to both the Kuroshio system, whose mean path during 1993-2000 is shown by shading, and
the Izu-Ogasawara Ridge, whose horizontal extent at 3000 m depth is shown by dotted lines.

mounts, for example, a small seamount near Stn.
RR, which was not known at the observation
time.

Configuration of a used conventional inter-
mediate mooring is shown in Fig. 2 schematical-
ly. The mooring line with current-meters insert-
ed was designed to be held vertical in fluctuating
flows by both large buoyancy of a glass-sphere
cluster at the top and dead weight on the sea-
bed. The mooring was deployed by the so-called
“buoy-first/anchor-last” way. It was recovered
by releasing an anchor weight through a com-
mand from the ship to an acoustic release. When

the mooring line surfaced, a radio-transmitter
sent a radio signal to the ship to be located. The
mooring technology had been developed by the
Buoy Group of Woods Hole Oceanographic Insti-
tution (HEINMILLER, 1976) and was transferred to
Japan in mid 1970s.

Numbers of current-meters were moored
mostly at abyssal depths at various locations in
Site R (Fig. 1) repeatedly during 1978 through
1985. Table 1 shows the summary of mooring op-
erations. First moorings were deployed in Octo-
ber 1978. In March 1979, they were recovered
and second moorings were deployed on the same



70 La mer 56, 2018

Radio-transmitter float

Rope
i Glass sphere cluster
Rope
5000 m Current-meter
Rope
5020 m Current-meter
Rope

Glass sphere cluster
5800 m Acoustic release
Rope
6200 m Anchor weight

Fig. 2 Schematic view of an intermediate mooring,

deployed at 6200 m depth as an example.

cruise. Such recovery and deployment cruises
were repeated. Finally, last moorings were re-
covered in July 1985. As a result, nine mooring
observations were performed; they are called
Obs. 1 through 9.

Totally 44 moorings were deployed. Thirty-
two of them were recovered successfully to pro-
vide numbers of good quality records. Two oth-
ers were recovered without useful records. Ten
were not recovered, mostly in Obs. 3, probably
because anchor weights made of bundling cut-
rails were taken apart during mooring. There-
fore, the recovery rate of mooring is 77 % as a
whole; it increases to 87 % if Obs. 3 is excluded.
Data were not retrieved successfully from 13
current-meters on 12 recovered moorings; they
are not listed in Table 1. Totally 50 records are

available. Measurements were restricted mostly
to abyssal depths because our mooring technolo-
gy at that time did not allow us to obtain safe
and stable platforms at shallow depths.

Aanderaa RCM-5 current-meters were moor-
ed. The current-meter measured current speed
by a Savonius rotor and current direction by a
magnetic compass, which detected the direction
of the instrument body following the fluctuating
flow freely. The current-meter recorded current
speed, current direction and temperature on a
small magnetic tape at an interval of mostly one
hour.

After the recovery, the data were linearly in-
terpolated in time, in order to correct possible
gain or delay of the inside clock and provide the
data every hour on the hour, if recording had
continued until the recovery; the discrepancy
was typically less than one hour. The reference
of flow direction was transferred from the mag-
netic north to the true north; the magnetic north
was located to 2-3°W at the present site. Then
noises and doubtful data were removed by eye.

An example of raw data from a nominal depth
of 4000 m is shown in Fig. 3 (a). [The current-
meter depth is hereafter understood as “nomi-
nal.”] The velocity record shows very regular
oscillations, for example, during year-days —50
to —30; the flow direction changes clockwise
quite regularly. The average oscillation period
during that part is estimated to be 24.3 h, which
is close to the local inertial period (theoretical
period of inertial oscillation) at 30°N (23.93 h).
Those local inertial oscillations are ubiquitous in
velocity records obtained. Temperature data are
not used in the present study.

In the raw data, diurnal and semi-diurnal tidal
fluctuations are apparent as well as inertial oscil-
lations. Those high-frequency fluctuations in the
eastward (#) and northward (v) velocity-com-
ponents are filtered out by Godin filter (GODIN,
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Table 1. Summary of mooring observations at Site R during 1978-1985. Listed are 32 successfully recovered

moorings with at least one current-meter providing a good quality record. The time coordinate is Ja-

pan Standard Time.

Obs. S Location Water Nominal depth (m) Deployment Recovery Duration
tn.
No. Lat.(N) Long.(E) depth(m) of current-meter  Date and Cruise* Date and Cruise*  (days)

1 RA  29°59.2" 146°40.7' 6210 4000, 5000 1 Oct. 1978 H 17 Mar. 1979 H 167

RB 30°00.1" 147°08.6' 6240 4000, 5000 2 Oct. 1978 H 19 Mar. 1979 H 168
,,,,,,,,,,, RC  30°498 146°411' 6180 4000,5000 20ct 1978 H 17 Mar. 1979 H 166

2 RB 29°59.9" 147°07.6' 6220 4000, 4500, 5000, 5180 19 Mar. 1979 H 21 Nov. 1979 T 247
,,,,,,,,,,, RC 30°493 146°416 6170 4000 17Mar.1979H 21 Nov.1979T 249
,,,,,,,,,,, RB  20°564° 147°082 6210 4000 ~  21Nov.1979T 23 Aug 1980T 276

4 RA  30°01.8" 146°382' 6210 650, 1500, 3000, 5000 28 Sept. 1980 H 19 July 1981 T 294

RB 29°54.8" 147°08.3' 6220 5000 24 Aug. 1980 T 19 July 1981 T 329

RG 30°25.0" 146° 384 6180 5000 25 Aug. 1980 T 18 July 1981 T 327
,,,,,,,,,,,, Rl 30°022° 146°073 6110 5000 ~  25Aug.1980T  18July1981T 327

5 RB 30°02.0" 147°09.0' 6260 4980, 5000 19 July 1981 T 18 July 1982 B 364
,,,,,,,,,,,, Rl 30°0L7 146°075 609 5000 ~ 20July1981T  17July1982B 362

6 RB 30°02.1"  147°09.0' 6250 5000 18 July 1982 B 15 May 1983 H 301
,,,,,,,,,,,, RI 30028 146°079' 6070 5000  ~~ 19July1982B 13 May 1983H 298

7 RA  30°01.1' 146°394' 6230 4000, 4020 14 May 1983 H 25 Oct. 1983 B 164

RB 30°005" 147°09.1' 6250 4000, 5000 15 May 1983 H 25 Oct. 1983 B 163

R] 30°02.0" 146°54.1' 6260 4000, 4020 14 May 1983 H 25 Oct. 1983 B 164

RK  30°146' 146°54.0' 6210 4000 15 May 1983 H 24 Oct. 1983 B 162
. RL29°480° 146°540° 6150 4000,4020 14 May 1983 H 27 Oct.1983B 166

8 RB 30°024"  147°09.1' 6250 5000 25 Oct. 1983 B 2 July 1984 B 251
,,,,,,,,,,, RM 29573 TSN 6210 500 2O19SB  2Juyl98iB 219

9 RB 30°01.9" 147°08.9' 6260 5000 3 July 1984 B 1 July 1985 B 363

RN  30°024" 148°11.0' 6200 4000 5 July 1984 B 4 July 1985 B 364

RO 30°156' 147°55.8' 6180 4000 7 July 1984 B 2 July 1985 B 360

RQ 20°486' 147°55.5' 6230 4000 5 July 1984 B 4 July 1985 B 364

RR 30°29.1" 147°39.0' 6320 4100, 4120 7 July 1984 B 2 July 1985 B 360

RS 30°15.6" 147°40.0' 6180 4000, 4020 7 July 1984 B 2 July 1985 B 360

RT 30°02.0" 147°40.0' 6160 4000 6 July 1984 B 3 July 1985 B 362

RU 20°485"  147°40.1' 6160 4000, 4020 4 July 1984 B 3 July 1985 B 364

RV 20°352" 147°39.7' 6200 4020 4 July 1984 B 3 July 1985 B 364

RX 30°01.9" 147° 245 6250 4000 3 July 1984 B 1 July 1985 B 363

RY 20°485" 147°24.3' 6210 4000, 4020 4 July 1984 B 1 July 1985 B 362

* H: Hakuho Maru, T: Tokaidaigaku Maru II, B: Bosei Maru I1.

1972) for analyses on the low-frequency fluctua-
tions. Figure 4 shows the shape of Godin filter
and its power gain. The shape comes from tak-
ing running-means of hourly data three times
over 24, 24 and 25 data repeatedly; the filter con-
sists of 71 terms. Therefore, the filter guarantees
almost complete removal of diurnal and semi-
diurnal tidal fluctuations, although the response

with half power gain at 3.9 days is not satisfacto-
rily sharp. The inertial period at the present site
varies between 23.34 h (Stn. RC) and 24.24 h (Stn.
RV), and therefore, Godin filter can remove iner-
tial oscillations effectively as well. Figure 3 (b)
shows low-pass-filtered data of the raw data
shown in Fig. 3 (a).

After the high-frequency fluctuations are fil-
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Fig. 3 Time series of velocity and temperature observed at 4000 m depth at Stn. RA during Obs. 1. Panel (a)

is the raw data sampled at 30-minute interval and (b) their low-pass-filtered data. From top to bottom in

each panel, current speed (S;cm s

~1), current direction (D; degrees, clockwise from the true north), tem-

perature (T; degrees Celsius), eastward velocity-component (U; cm's™!) and northward one (V;cms™ 1)

are shown. The abscissa is time in year-day of 1979, or the serial day from 1 January 1979.

tered out, data are subsampled at midnight of Ja-
pan Standard Time to provide the daily data.
The aliasing due to fluctuations with periods be-
tween one and two days is small because the re-
sponse of the filter is not sharp. The measure-
ment error of these low-pass-filtered data is
estimated to be 0.43 cm s~ ! for both # and »
components, from standard deviations of differ-
ences between two sets of velocity data obtained
at almost same depths (only 20 m apart vertical-
ly) near 4000 or 5000 m depth on the same
mooring lines at eight stations (Table 2). For
those pairs of data sets, the raw data are also al-
most identical with each other.

3. General statistics and combining records
Table 2 shows the general statistics of all the

50 records obtained at 19 stations (Fig. 1). All
calculations are done for the low-pass-filtered
daily velocities. Statistics for Obs. 1 have already
reported (IMAWAKL, 1985). At abyssal
depths (at 4000 m or deeper), the mean flow is

been

weak and therefore, the kinetic energy per unit
mass for the mean flow, or mean kinetic energy
(Kyy) is small; it varies between 0.1 and 5.6 cm?
s~ 2 The kinetic energy per unit mass for meso-
scale eddies, or eddy kinetic energy (Kz) varies
between 5 and 24 cm? s~ % it is an order of mag-
nitude larger than the K. This indicates that
the site is located in the mid-ocean.

Time-space averages of those individual statis-
tics at abyssal depths are calculated with weight
of measurement duration and listed at the bot-

tom of Table 2. The present 47 records at abys-
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Fig. 4 Godin filter. Panel (a) shows the distribution of weights to be put

on 71 hourly data. Panel (b) shows the square of filter response factor

as a function of fluctuation period.

sal depths provide the sum of 11,660 day (32
year) data. Records obtained at several depths
at the same station may not be independent
from each other for the low-frequency fluctua-
tions and therefore, incomplete records are ex-
cluded first, if any, and then remaining complete
records are weighted to represent one record at
that station, except for Stn. RY, where the longer
record is chosen. The data used for calculation of
averages are totally 8830 day (24 year) data, and
therefore, those statistics are considered to be
representative values at the present site. The
time-space average # and v components (—0.29
and 0.71 cm s, respectively) are small. The
average zonal and meridional variances (10 and
11 cm? s~ % respectively) are almost equal to
each other. The Kz (11 cm? s™2) is about 40
times larger than the Ky (0.3 cm? s™2). Note
that the Ky listed in the table is calculated from
the average » and v components; the average of
individual Ky/s is 1.5 cm? s 2

For shallower flow field, three records were
obtained at 650, 1500 and 3000 m depths at Stn.
RA during Obs. 4. The record at 3000 m depth
shows very similar features to those at 5000 m
depth, in the time series of low-pass-filtered ve-
locity and the general statistics. The record at
1500 m depth is too short to discuss mesoscale
eddies but the hourly raw data shows an inter-

esting phenomenon of unusually long-lived iner-
tial oscillation. The flow direction continues to
change clockwise quite regularly for more than
40 days without any major disturbances or inter-
ruption (not shown here). The average oscilla-
tion period is estimated to be 22.8 h (41.8 days
for 44 cycles), which is a little shorter than the
local inertial period of 23.93 h. The record at
650 m depth shows quite different features;
zonal and meridional variances and Kz are sev-
eral times larger than those at 5000 m depth
(Table 2).

At Stn. RB, moored current-meters were
maintained continuously during all the nine ob-
servations; each mooring was located within 10
km from the mean position. By combining those
records, a long continuous record was obtained
at 5000 m depth for 2462 days (6.7 years) from
October 1978 through June 1985 as shown in Fig.
5. For Obs. 3, no current-meter was moored at
5000 m depth, and it is justifiably made up for by
the record at 4000 m depth, because low-pass-
filtered daily velocities at those abyssal depths at
the same station are similar to each other as
shown at beginnings of Sections 4 and 5. At Stn.
RC, a continuous record was obtained at 4000 m
depth for 411 days from October 1978 through
November 1979; each mooring was located with-
in 1 km from the mean position. At Stn. RI, a con-
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Table 2. Statistics of low-pass—filtered daily velocities from 50 individual records. Symbol # () denotes east-
ward (northward) velocity-component; overbar denotes temporal average over the record length
and prime denotes deviation from it; K3, (Kz) denotes mean (eddy) kinetic energy. Time-space
averages of those individual statistics at abyssal depths (see the text) are shown at the bottom.

Obs. S Depth e d d Duration  « v Ky u’ v K uv”
No. o (m) First data Last data (days) (ems™H)  (em?s?  (em?s?  (em?s™® (cm?s?)

1 RA 4000 4 Oct. 1978 16 Mar. 1979 164 1.1 0.3 0.6 56 77 6.6 -2.3

5000 4 Oct. 1978 3 Mar. 1979 151* 1.2 -03 0.8 56 80 6.8 -2.3

RB 4000 4 Oct. 1978 18 Mar. 1979 166 02 -04 0.1 90 95 9.3 04

5000 4 Oct. 1978 18 Mar. 1979 166 -00 -04 0.1 79 92 8.6 -0.2

RC 4000 5 Oct. 1978 15 Mar. 1979 162 -1.3 21 3.0 93 143 11.8 16

5000 5 Oct. 1978 15 Mar. 1979 162 -18 20 37 94 118 10.6 14

2 RB 4000 22 Mar. 1979 8 Oct. 1979 201" -08 -04 04 69 60 6.5 -1.7

4500 22 Mar. 1979 20 Oct. 1979 213° -03 -0.2 0.1 85 63 74 -09

5000 22 Mar. 1979 20 Nov. 1979 244 -03 02 0.1 85 76 8.1 -1.8

5180 22 Mar. 1979 20 Nov. 1979 244 -02 03 0.1 82 76 79 -19

RC 4000 19 Mar. 1979 19 Nov. 1979 246 -1.0 02 05 131  20.1 16.6 -2.6

RB 4000 24 Nov. 1979 22 Aug. 1980 273 -06 06 04 53 68 6.1 -1.0

4 RA 650 1 Oct. 1980 17 July 1981 290 0.0 12 0.7 386 331 359 6.8

1500 8 Nov. 1980 22 Dec. 1980 45* 0.1 0.1 0.0 79 18 4.8 0.9

3000 1 Oct. 1980 17 July 1981 290 -03 04 0.1 44 65 54 -2.0

5000 1 Oct. 1980 17 July 1981 290 -0.3 -06 0.2 48 78 6.3 =25

RB 5000 26 Aug. 1980 17 July 1981 326 -1.0 04 05 43 6.1 5.2 -19

RG 5000 28 Aug. 1980 16 July 1981 323 -0.7 -0.1 0.2 85 151 11.8 -2.1

RI 5000 27 Aug. 1980 17 July 1981 325 -09 23 30 43 168 105 -0.2

5 RB 4980 22 July 1981 23 Oct. 1981 94* 07 02 0.3 6.2 83 7.2 25

5000 22 July 1981 16 July 1982 360 -0.1 1.0 0.5 93 92 9.3 -2.8

RI 5000 23 July 1981 15 July 1982 358 -03 25 3.2 82 180 131 1.7

6 RB 5000 21 July 1982 13 May 1983 297 09 1.0 1.0 152 92 122 12

RI 5000 22 July 1982 12 May 1983 295 -07 29 43 40 55 4.8 -2.2

7 RA 4000 17 May 1983 23 Oct. 1983 160 -08 -1.1 0.9 116 54 85 21

4020 17 May 1983 23 Oct. 1983 160 -09 -14 1.3 141 73 10.7 14

RB 4000 17 May 1983 24 Oct. 1983 161 -0.8 1.3 12 117 78 9.7 39

5000 17 May 1983 24 Oct. 1983 161 -05 09 0.5 123 83 10.3 45

R] 4000 17 May 1983 23 Oct. 1983 160 -0.7 01 0.3 99 63 81 3.2

4020 17 May 1983 23 Oct. 1983 160 -06 00 0.2 112 51 82 1.7

RK 4000 18 May 1983 23 Oct. 1983 159 -1.1 0.2 0.6 133 70 10.2 0.2

RL 4000 17 May 1983 25 Oct. 1983 162 -0.3 -06 0.2 106 65 8.6 2.8

4020 17 May 1983 25 Oct. 1983 162 -04 -04 0.1 89 55 7.2 29

8 RB 5000 28 Oct. 1983 1 July 1984 248 -0.1 1.2 0.7 97 62 8.0 -3.3

RM 5000 30 Oct. 1983 1 July 1984 246 02 09 0.5 72 50 6.1 -15

9 RB 5000 6July 1984 30June 1985 360 04 10 06 127 120 124 29

RN 4000  8July 1984 2July 1985 360 10 -03 05 124 100 112 08

RO 4000 9July1984 1July1985 3586 18 01 16 159 173 166  -32

RQ 4000 8July1984 2July1985 360 23 02 26 91 94 93 15

RR 4100 10July 1984 1July 1985 357 29 -01 41 67 234 151 48

4120 10 July 1984 1July 1985 357 28 02 39 74 215 144 61

RS 4000 10 July 1984 30 June 1985 356 25 08 34 191 215 20.3 -4.3

4020 10 July 1984 2 Apr. 1985 267" 33 07 5.6 222 255 239 -6.5

RT 4000 9 July 1984 1 July 1985 358 -07 12 0.9 143 134 139 -22
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RU 4000 7 July 1984 1 July 1985 360
4020 7 July 1984 19 Oct. 1984 105
RV~ 4020 7 July 1984 18 Nov. 1984 135*
RX 4000 6 July 1984 7 June 1985 337"
RY 4000 6 July 1984 7 June 1985 337"
4020 6 July 1984 16 Mar. 1985 254"

Time-space average

=20 06 22 104 106 105 -06
28 15 51 143 33 88 09
=30 07 47 114 22 68 -04
-03 14 10 149 130 140 -05
-4 09 14 120 91 105 -12
-3 08 11 119 112 116 -09
-029 071 029 1019 1137 1079  -132

* Incomplete record which stopped before recovery due to battery trouble or instrumental failure

Table 3. Summary and statistics of long continuous records obtained by combining successive records. See Ta-

ble 2 for notations.

Mean location Water Meter First Last Duration
Stn. Obs. No.
Lat.(N) Long.(E)  depth(m) depth(m) deployment  recovery (days)
RB 30°00' 147° 08' 6240 5000* 2 Oct. 1978 1July 1985 1-9 2464
RC 30°50' 146° 41' 6170 4000 2 Oct. 1978 21 Nov. 1979 1,2 415
RI 30°02' 146° 08' 6090 5000 25 Aug. 1980 13 May 1983 4 -6 992
ot Meter First dat Last dat Duration « v Ky  u? 07 Kg uv’
n. irst data ast data —_— . —
depth (m) (days) (cms™) (em?s® (cm?s?) (cm?s?) (cm®s?)
RB 5000* 4 Oct. 1978 30 June 1985 2462 -012 072 0.27 98 85 9.2 -1.2
RC 4000 5 Oct. 1978 19 Nov. 1979 411 -106 073 083 116 189 153 -1.1
RI 5000 27 Aug. 1980 12 May 1983 989 -066 253 342 58 14.0 99 -0.2

* For Obs. 3, velocities at 4000 m depth are used instead of 5000 m (see the text).

tinuous record was obtained at 5000 m depth for
989 days (2.7 years) from August 1980 through
May 1983; each mooring was located within 2 km
from the mean position. Table 3 shows the statis-
tics of the three records. A part of the present
time series of daily velocity has already been
published (IMAWAKT and TAKANO, 1982; MIYAMOTO
et al, 2017).

4. Mean flows

Differences of mean velocities between 4000
and 5000 m depths at the same station are small
in five available comparison cases at Stns. RA,
RB and RC (Table 2); standard deviations of dif-
ferences of mean # and » components between
the two depths are both 0.40 cm s~ !, which is
the same level as the estimated measurement er-
ror (Section 2). That is to say mean velocities at

abyssal depths at the same station are similar to
each other.

Figure 6 shows horizontal distribution of mean
velocities at abyssal depths. A striking feature is
the large anticyclonic vortex observed during
Obs. 9 at 11 stations east of Stn. RB. This steady
vortex, however, is beyond the scope of the pres-
ent paper and described on a separate paper
(ImawAKT and TAKANO, 2019). The mean » com-
ponent at Stn. RI (2.5 cm s~ ') is remarkably
large. It comes from a stable mean flow toward
north-northwest; means of » component during
Obs. 4, 5 and 6 are 2.3, 25 and 2.9 cm s ™, respec-
tively (Table 2).

At Stn. RB, nine observations were carried out
continuously (Table 1 and Fig. 5). The mean ve-
locity during each observation is shown in Fig. 7.
Those mean velocities are weak and their maxi-
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Fig. 5 Time series of low-pass-filtered daily velocity obtained at 5000 m depth at

Stn. RB from 4 October 1978 through 30 June 1985. For Obs. 3, velocities at 4000
m depth are used. Each stick represents a daily velocity vector (upward north).
The abscissa is time in year-day. Arrowheads indicate exchange of moorings. Nu-
merals indicate observation numbers.

mum speed is only 1.4 em s~ ! during Obs. 6.
Their v components are positive, except during
Obs. 1. Their combined record shows followings
(Table 3). The overall mean velocity during sev-
en years is less than 1 cm s~ ! in speed and di-
rected to the north; the mean # (v) component is
-0.12 (072) cms™! (Fig. 7). The Ky (03 cm®
s %) is very small. Those statistics are quite
similar to the time-space averages of all individu-
al statistics at abyssal depths (Table 2).

Errors of those estimated mean # and » com-
ponents due to low-frequency fluctuations are

evaluated at the 95 % confidence level, following
ZENK and MULLER (1988) and TALLEY et al. (2011),
as follows. The standard error S, is given by
o0 /v Ny, where o is the standard deviation
of the original time series and /N; the degrees of
freedom. The degrees of freedom is given by
T, /t; , where T, is the record length and z; the
integral timescale estimated approximately by
integrating the autocorrelation function until its
first zero-crossing. Assuming normal distribu-
tion, the error & of the estimated mean at the
95 % confidence level is given by ¢ S, , where £,
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Fig. 6 Horizontal distribution of mean velocities at abyssal depths during individual observa-

tions (thin arrows; Table 2) and those from three combined records (thick arrows; Table 3).
Velocities at 4000 m depth are shown, except 5000 m depth velocities at Stns. RB, RG and RI,
and for Obs. 4 at Stn. RA. Three arrows at Stn. RA are for Obs. 1, 4 and 7. At Stn. RB, the
mean velocity during Obs. 9 is shown as well as that from the combined record. Selected sta-

tion names are shown with the first “R” omitted. Darker gray indicates shallower depth, with

contours of 500 m interval.

the Student’s t-variable is about 2.0 when the de-
grees of freedom is larger than 27. Those proper-
ties for the present combined record at Stn. RB
are shown in Table 4. The mean v component
(072 = 0.35 cm s~ 1) is positive significantly,
while the mean # component (—0.12 % 0.44 cm
s™1) is not significantly different from zero. Esti-
mated means also include the measurement er-
ror, which is not discussed here.

It is interesting to examine how a shorter-
term “mean” fluctuates around a long-term
mean, which is regarded to be closer to the true
mean, and how it converges with increasing data

used, on real data. The present seven-year long
data can provide many “means” estimated for
shorter durations. For example, “means” for 200
days can be estimated in 12 independent cases;
the “mean” # (v) components vary between
-16and22cms™' (-04and 1.7 cms™") with
standard deviation of 1.0 (0.6) cm s~ ' Depend-
ence of standard deviation of those “means” upon
the length of data used for estimation is shown
in Fig. 8. The figure also shows the standard er-
ror S, as a function of record length. The stand-
ard deviation decreases with increasing data
length quite similarly to the standard error, al-
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Fig. 7 Mean velocities for nine individual observa-
tions at 5000 m depth at Stn. RB. Numerals indi-
cate observation numbers. Also shown is the
mean velocity (M) from the long combined re-
cord (Fig. 5), with its estimated error at the 95 %
confidence level (broken line).

though the standard deviation is 1.2 (1.1) times
larger than the standard error for the u (v)
component, on an average, in the present case.

5. Statistics of mesoscale eddies

In some observations, records at both 4000
and 5000 m depths are available at the same sta-
tion. Their low-pass-filtered daily velocities are
very similar to each other and no significant dif-
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Fig. 8 Dependence of standard deviation of
“means” upon the length of data used for their es-
timations. Each numeral is the number of
“means” estimated for a certain data length. Two
lines show the standard error S, [=o o/ (t; /T,)
with o9 and z; in Table 4] as a function of re-
cord length (7). Dots and the solid line are for «
component, and open circles and the broken line
are for » component. The figure is drawn by uti-
lizing the seven-year long record at Stn. RB.

ferences are recognized in their time series (not
shown here); their statistics are basically similar
to each other (Table 2). It suggests that the ve-
locity field of mesoscale eddies is almost uniform
vertically at abyssal depths.

Figure 9 shows K£'s during individual obser-

Table 4. Estimating errors of mean # and » components for almost seven
years at 5000 m depth at Stn. RB.

u v
Standard deviation ¢ (cms™!) 31 29
Record length 7, (days) 2462 2462
Integral timescale r; (days) 12.3 87
Degrees of freedom N, 200 283
Standard error S, (cms™!) 0.22 0.17
Error on 95 % confidence level € (cms™ 1) 0.44 0.35
Mean (cms™ ) -0.12 = 044 072 = 035
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Fig. 9 Eddy kinetic energies during nine individual
observations at 5000 m depth at Stn. RB. Numer-
als indicate observation numbers. Partition of zo-
nal K (shaded box) and meridional Kz (blank
box) is also shown.

vations at Stn. RB (Fig. 5). Fluctuation of the K
is large; the maximum Kz (124 cm? s~ 2) is more
than two times larger than the minimum Kz (5.2
cm? s72). The figure also shows the partition of
zonal and meridional K£'s. Ratios of meridional
to zonal Kz's vary between 0.6 and 1.4, with a
mean of 0.9. The long combined record at Stn.
RB (Fig. 5 and Table 3) shows followings. The
flow direction of daily velocity changes mostly
counterclockwise. The zonal variance (10 cm?
s~ %) is similar to the meridional variance (9 cm?
s %). The Kr (9.2 cm? s™2) is more than 30
times larger than the Ky (0.3 cm? s™2). Those
statistics are quite similar to the time-space
averages of all individual statistics at abyssal
depths (Table 2).

For the combined record at Stn. RC (Table 3),
the meridional variance (19 cm? s™2) is large,
which results in large Kz (15 cm? s~ 2). Those
two are also large for individual records (Obs. 1
and 2) compared with other stations (Table 2).
For the combined record at Stn. RI, the meri-
dional variance (14 cm? s™2) is more than two

times larger than the zonal variance (6 cm?s™2).
At Stn. RR, both two records (separated by 20 m
in vertical) show that the meridional variance (22
em? s7?) is three times larger than the zonal
variance (7 cm? s™2), which is unique in the
present statistics. At Stn. RS, both two records
(separated by 20 m in vertical) show large Kg's
(20 and 24 cm? s™%), which are about twice of
the overall time-space average (Table 2).

6. Frequency spectra

The seven-year long velocity record at 5000 m
depth at Stn. RB (Fig. 5) gives statistically sig-
nificant estimates of frequency spectra for the
eddy kinetic energy (Fig. 10). Zonal and meri-
dional power spectral densities are estimated
from energy densities obtained by the fast Fouri-
er transform method and averaged over 10 fre-
quencies. Hence spectra for the zonal and meri-
dional Kz's are regarded as containing 20 de-
grees of freedom, and their 95 % confidence
limits are from 0.58 to 2.1 times individual esti-
mates. The spectrum for the total Kz is estimat-
ed as the sum of those two and therefore, its con-
fidence limits are somewhat narrower than that
range.

For convenience, each spectrum is divided in-
to six frequency bands. They are labeled “annu-
al/secular scale,” “mesoscale 1" “mesoscale II,”

” o«

“mesoscale III,” “monthly scale” and “rest.” Their
period ranges and Kx's contained in those bands
are shown in Table 5, which also shows ratios of
the meridional to zonal Kg's.

Most of the total Kz (78 %) is contained in the
mesoscale I, II and III bands (period range of
31-235 days). Therefore, the three bands as a
whole could be called an energy-containing or
eddy-containing band (MODE Group, 1978). In
the whole eddy-containing band, the zonal and
meridional Kz's are equal to each other (both,
35 cm? s~ 2). In the mesoscale I, the zonal Kpris
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Fig. 10 Frequency spectra of eddy kinetic energy estimated from the seven-year long record
at 5000 m depth at Stn. RB (Fig. 5). They are plotted in a variance-preserving form, i.e., an
area below the curve represents energy contents in the corresponding frequency range.
Symbol v denotes frequency in cycle per day. Spectra of zonal, meridional and total Kz's are
shown. Each spectrum is divided into six frequency bands, whose ranges are shown by dot-
ted lines and whose reference numbers are indicated by circled numerals. See Table 5 for de-
tails.

Table 5. Zonal, meridional and total eddy kinetic energies contained in six frequency
bands of the spectra shown in Fig. 10. Also shown are labels of frequency
bands, their period ranges, and ratios of meridional to zonal Kz’'s. Small discrep-
ancy among numerals is due to rounding lower digits.

Label of Period range Zonal Kz Meridional Kz Total Kg .
frequency band (days) (cm?s™?) ato
1 Annual/secular scale 235 - 4924 1.0 0.2 1.2 0.2
2 Mesoscale I 120 - 235 0.9 0.5 14 0.6
3 Mesoscale 1T 61 - 120 1.7 1.6 34 0.9
4 Mesoscale IIT 31 - 61 0.9 14 2.3 1.6
5 Monthly scale 16 - 31 0.3 0.3 0.6 1.3
6 Rest 2-16 0.1 0.1 0.2 1.2
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Fig. 11 Current ellipses of lowest eight frequency bands of spectra shown in Fig. 10.
Numerals at upper-right corner of each panel show the period range (in days) of
that frequency band. Solid lines are # and v axes, dashed lines are major and minor
axes, and dotted lines indicate the northwest/southeast direction.
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Fig. 12 Conceptual figures of dispersion relation of barotropic Rossby waves
(circles) for three periods and selected wavenumber vectors (arrows). Panel
(a) is for the period of 180 days and a wavenumber vector directed to the
north-northwest with a wavelength of 290 km, (b) for 90 days and the south-
west, with 360 km, and (c) for 45 days and the west-southwest, with 570 km.
Symbol £ (/) denotes the zonal (meridional) wavenumber.

secular scale, the zonal Kz is more than four
times larger than the meridional Kz In the
monthly scale, they are almost equal to each oth-

dominant, while in the mesoscale III, the meri-
dional Kz is dominant. In the mesoscale II, they
are almost equal to each other. In the annual/
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er. In the rest, they are trivially small.

Those spectral features are shown in a differ-
ent way as current ellipses based on rotary spec-
trum analysis (Fig. 11). In the annual/secular
scale and mesoscale I, the major axis is almost
parallel to the #z-axis, and zonal fluctuations are
dominant. In the mesoscale II (two panels), the
major axis is parallel to the northwest/southeast,
and zonal and meridional fluctuations are compa-
rable. In the mesoscale III (four lower panels),
the major axis is parallel to the north-north-
west/south-southeast, and meridional fluctua-
tions are dominant.

Both zonal dominance in the longer-period
bands and meridional dominance in the shorter-
period band are understood qualitatively by dif-
ference in phase propagation direction of fluctua-
tions, if the fluctuations are assumed as plane
barotropic Rossby waves having moderate
wavelengths of hundreds of kilometers, as point-
ed out by IMAWAKI and TAKANO (1982). The as-
sumption of plane waves is supported by
MivAMOTO et al. (2019). Figure 12 shows this sit-
uation conceptually. The plane Rossby wave of a
longer period (Panel a; mesoscale I) is able to
have a wavenumber vector (with a moderate
magnitude) directed nearly to the north or south;
its associated motion is dominantly zonal. On the
other hand, the Rossby wave of a shorter period
(Panel c; mesoscale III) is able to have a moder-
ate wavenumber vector directed nearly to the
west; its associated motion is dominantly meri-
dional. The Rossby wave of a moderate period
(Panel b; mesoscale II) is able to have a moder-
ate wavenumber vector directed to the south-
west or northwest; its associated motion is of no
dominance. The wavelengths shown in Fig. 12
are similar to those estimated by fitting a set of
barotropic Rossby waves to fluctuations at sev-
eral stations in the present site (IMAWAKI, 1985).

7. Vorticity balance

Theoretically, the motion of mid-ocean meso-
scale eddies is described as follows. Let x () be
the eastward (northward) coordinate, and (x, v)
the corresponding velocity components. The
Rossby number R, is defined as U/fL, where U
is a characteristic horizontal velocity scale, f the
Coriolis parameter and L a characteristic hori-
zontal length scale. Taking U =10 cm s !, f =
107" s " and L = 100 km, the R, is 0.01, which is
small enough for equations to be developed in an
asymptotic series in R, providing the quasi-
geostrophic regime (PEDLOSKY, 1996) as follows.

Under the Boussinesq approximation and hy-
drostatic approximation, the quasi-geostrophic
field is described as follows. The horizontal ve-
locity Vv is expanded as V = Vo + V1 +---, where
Vo = (up, vy) is the lowest order velocity and V¢
the first order velocity, being as small as R, Vo.
The lowest order velocity Vo is in geostrophic
balance and horizontally non-divergent.

foku X Vo= —p 'Vp (1)
V-vo=0. (2)

Here Ky is the upward unit-vector perpendicular
to the x-y plane, fy the Coriolis parameter at the
origin, o the water density and p the pressure, of
the lowest order. The equation for the vertical
component of relative vorticity = [vg,— ugy] of
the lowest order is

S+ vo VE+Bvg+ V- vy =0. (3)

Here notation ¢; means time derivative of a scal-
er property ¢, and ¢, (#,) means x (y) deriva-
tive of ¢. The parameter A is the meridional gra-
dient of Coriolis parameter at the origin; 3 is 0.20
x 1072 cm ™' s ! at 30°N. Equation (3) shows
that the local time change of relative vorticity is
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Fig. 13 Sequence of 10-day interval snapshots of 10-day mean velocities at 4000 m

depth during Array-83. The year-day of 1983 is shown at the upper-left corner of

each panel. On underlined days, vorticity balance is examined.

balanced with the sum of the horizontal advec-
tion of relative vorticity, horizontal advection of
planetary vorticity (beta-effect) and divergence
of the first order horizontal velocity (vertical
stretching). If the flow is associated with baro-
tropic planetary Rossby waves, the vorticity
equation becomes the linear non-divergent vor-
ticity balance, which is simply

§ + Bvg = 0. (4)

On the basis of this theoretical framework, we
examine how well the local change of relative
vorticity is balanced with the advection of plane-
tary vorticity [Eq. (4)] for actual mesoscale
eddies, using the present current-meter data.
Observed horizontal velocity Vops represents
mostly the lowest order velocity Vo because the
first order velocity vy is too small to be distin-
guished from measurement error. The diver-

gence of observed horizontal velocity V + Vops
estimated by finite difference includes an error
due to smaller-scale fluctuations which cannot be
resolved by the present observations, as well as
the measurement error. It means that the calcu-
lated divergence may not be zero, although the
divergence should be zero theoretically [Eq. (2)].
Therefore, the value of calculated divergence
can be regarded as an error in both measure-
ment and finite differencing (IMawAK1, 1983).

V - Vobs = Error. 5)
The first three terms in Eq. (3) can be estimat-
ed from observed velocities, but the last term
(vertical stretching) cannot be estimated direct-
ly.

To examine the vorticity balance, field meas-
urements were carried out twice. The first was a
set of five stations in a cross pattern centered at
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Fig. 14 Time series of various properties concerning the vorticity balance at
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Stn. RJ with zonal and meridional separations of
24 km (Fig. 1). It was carried out from May
through October 1983 as Array-83 (Obs. 7). The
second was a set of 13 stations in a diamond
shape centered at Stn. RT with separations of 25
km. It was carried out from July 1984 through
July 1985 as Array-84 (Obs. 9).

7.1 Array-83

Figure 13 shows a sequence of 10-day mean
velocities at 4000 m depth during Array-83. Ed-
dies having a speed of 10 cm s~ ! travel in the
site. Figure 14 shows variables concerning the
vorticity balance at Stn. RJ, at 20-day interval.
Estimated variables are temporally independent
from each other because the time interval is
much longer than integral timescales of # and v
components (Table 4). In this section, all varia-
bles are based on 20-day mean velocities; target-
ed eddies are having temporal scales of more

than several-ten days (periods longer than the
mesoscale III). Horizontal derivatives are esti-
mated by finite difference of velocities with a
spatial interval of 48 km, in a straightforward
manner. Their error is estimated to be 0.09 X
10" % s ! from the error (0.3 cm s~ !) of # and v
components. The station-spacing is fine enough
compared with the typical horizontal scale of
fluctuations, which is inferred from the lag
(70-90 km) of first zero-crossing of transverse
correlation function of velocity fluctuations.
After subtracting averages during the array
observation, horizontal derivatives ug, and g,
are estimated [Fig. 14 (a)]. They have general-
ly opposite signs and almost equal magnitudes;
their correlation coefficient (—0.89) is very high
in magnitude, and standard deviations of #¢, and
vgy are almost the same, suggesting that they
are balanced well with each other. Horizontal di-
vergence calculated from the two is shown in
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Fig. 15 Same as Fig. 13, but for Array-84 and serial year-day of 1984. At Stns. RB and RR, velocities at 5000

and 4100 m depths, respectively are used.

Fig. 14 (b). As shown in Eq. (5), the calculated
divergence is regarded as an error; lLe., its stand-
ard deviation (0.18 x 107%s™1) gives the error
in addition or subtraction of two similar horizon-
tal derivatives. Figure 14 (b) also shows the es-
timated relative vorticity ¢. Its standard devia-
tion (0.61 x 10"%s™!) is more than three times
larger than the estimated error.

The local change of relative vorticity &; is esti-
mated from difference of {'s separated by 20
days. The advection of planetary vorticity Avy is
estimated from the » component at Stn. RJ.
Those two are shown in Fig. 14 (c). The stand-
ard deviation of vy (0.43 x 1072 s72) is not
much different from that of &, (054 x 10 12s72),

but their correlation coefficient (—0.27) is rather
low. Figure 14 (d) shows the sum of these two,
which is the departure from the linear non-
divergent vorticity balance [Eq. (4)]. The sum
is small in half of six cases (for year-days 178,
238 and 258), being below or close to its estimat-
ed error (0.15 x 1072 s72), but large in other
cases, especially on year-day 218, for which a
large increase of ¢ from year-days 208 to 228 can-
not be accounted for by Bvy. The horizontal ad-
vection of relative vorticity cannot be estimated
from the Array-83 data.

As conclusion of this subsection, the local
change of relative vorticity is balanced basically
with the advection of planetary vorticity but oc-
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Fig. 16 Scatter plots of ug. versus vg, at five sta-
tions, whose names are shown at the upper-right
corner of each panel, during Array-84. Numerals
below station names are correlation coefficients of
16 cases each. Dotted lines indicate the perfect
out-of-phase correlation.

casionally some unknown terms are required to
complete the vorticity balance.

7.2 Array-84

Figure 15 shows a sequence of 10-day mean
velocities at 4000 m depth during Array-84. The
flow is very smooth horizontally and organized
well; for example, velocity vectors are like a
school of swimming-fish on year-days 242, 372
and 432, and well-organized anticyclonic eddies
are seen on year-days 252 and 402. The flow is
dominated by anticyclonic patterns. It is because
the flow is heavily biased by the steady vortex
(Fig. 6) having strong negative vorticity of —1.1
x 1076 s7! at Stn. RT and RP (IMAWAKI and
TAKANO, 2019). Time series of daily velocities at
all stations show that the flow direction changes
mostly counterclockwise (not shown here).

Bv (102 s

Fig. 17 Same as Fig. 16, but for plots of Bvy versus
¢;, and 15 cases.

In the following analysis, missing data at Stn.
RP (RW) are filled by averaging data from Stns.
RO, RN, RQ and RT (RR and RB). At Stn. RV,
data are available only during first 135 days, and
so we are forced to use data extrapolated linear-
ly from Stns. RT and RU for the remaining peri-
od. At Stns. RX and RY, the usable data stopped
before the end of array observation, and so the
analysis on vorticity balance is stopped at that
time (year-day 525).

After subtracting averages during the array
observation, analysis similar to Array-83 is car-
ried out for Stns. RS, RP, RT, RX and RU, using
data at five nearby stations separated by 25 km.
The results are shown as scatter plots (Figs. 16
and 17). Horizontal derivatives ug, and vy, have
generally opposite signs and almost equal magni-
tudes (Fig. 16). Their correlation coefficients are
very high in magnitude at all five stations. For
the overall average of 80 cases, the correlation
coefficient is —0.80, and standard deviations of
uor and vy, are similar to each other, suggesting
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Fig. 18 Time series of properties concerning the vorticity balance at Stn.
RT during Array-84. Panel (a) is for u#, (dots) and vy, (open circles), and
(b) for ¢ (dots) and calculated horizontal divergence (D ; open circles). In
each panel, a vertical bar on the right-hand side indicates corresponding

estimated error.

that the two variables are balanced very well.

Vorticity balances between the local change of
relative vorticity ¢, and advection of planetary
vorticity Bvg at the five stations are shown in
Fig. 17. The two properties have generally oppo-
site signs and almost equal magnitudes. Their
correlation coefficients are high at Stn. RS. They
are not so high at other stations but significantly
different from zero at the 95 % confidence level.
The overall correlation coefficient of 75 cases is
—0.61, which is high enough in magnitude to be
significantly different from zero at the 95 % con-
fidence level. The overall standard deviation of §;
is 0.65 x 107" s™?and that of By is 0.45 X
1071272

The same results as the scatter plot for Stn.
RT in Fig. 16 are shown as time series of #, and
vy in Fig. 18 (a). They have generally opposite

signs and similar magnitudes; their correlation
coefficient (—0.86) is very high in magnitude
and standard deviations of #g, and vy, are simi-
lar to each other, suggesting well-balanced varia-
tions. The time series of sum of the two, namely
the calculated horizontal divergence is shown in
Fig. 18 (b); its standard deviation (0.18 x 107
s~ 1) gives the error of the relative vorticity ¢
and is numerically the same as the correspond-
ing one in Array-83. The standard deviation of §
(0.69 x 107° s71) is almost four times larger
than the error.

Similarly, the same results as the scatter plot
for Stn. RT in Fig. 17 are shown as time series of
¢; and By in Fig. 19 (a). Their correlation coeffi-
cient (—0.57) is significantly different from zero
at the 95 % confidence level as mentioned above.
The standard deviation of Bvy (064 X 10”2572
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open circles), and (c) for the sum of those three (&, + Bvy + Vo' V). In
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is larger than that of ¢ (0.38 x 1072 s72). The mated error (0.15 x 1072 s72), but large on
sum of these two [Fig. 19 (b)] is small in about year-days 232, 372, 412, 432 and 452. Especially
half of 15 cases (for year-days 212, 252, 292, 332, on year-days 372, 412 and 432, the &, is over-
392, 472 and 492), being below or close to its esti- balanced by the large Sv.
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Fig. 20 Same as Fig. 14, but for Stn. RT during Array-84, using data at Stns.
RR, RN, RV, RB and RT to examine a larger-scale balance.

Figure 19 (b) also shows the horizontal ad-
vection of relative vorticity Vo * V¢, estimated
from the velocity at Stn. RT and gradient of ¢
over Stns. RS, RP, RU and RX. The advection of
¢ accounts for the above sum (¢, + Bvy) to some
extent in several cases (for year-days 312, 332,
352, 372, 392 and 452), but does not account for

in other cases, having large negatives (for year-
days 232, 412 and 432). In short, the horizontal
advection of relative vorticity accounts for the
imbalance between the local change of relative
vorticity and advection of planetary vorticity in
some cases, but makes the imbalance worse in
other cases.
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Finally, the vorticity balance is examined on a
larger scale, using data at five stations separated
by 50 km, namely Stns. RR, RN, RV, RB and RT.
Time series of #g, and vy, at Stn. RT are shown
in Fig. 20 (a). They have generally opposite
signs and almost equal magnitudes; their correla-
tion coefficient (—092) is very high in magni-
tude and standard deviations of #¢, and vy, are
almost the same. Figure 20 (b) shows the hori-
zontal divergence calculated from the two and &;
the standard deviation of & (050 X 10™%s™1) is
much larger than that of horizontal divergence
(0.15 x 107% s71), which gives the error of &
The Bvy (the same as the smaller scale) and &,
are shown in Fig. 20 (c¢). Their correlation coef-
ficient (—0.80) is much higher in magnitude
than the smaller scale. The standard deviation of
Buo is larger than that of &, (0.37 x 107'% s72).
The sum of these two [Fig. 20 (d)] is small in
about half of 15 cases but large on year-days 372,
412 and 432, where ¢, is again over-balanced by
the large Bvy. The relation between the two is a
little better on the larger scale than smaller
scale.

As conclusion of this subsection, the local
change of relative vorticity is balanced basically
with the advection of planetary vorticity on both
smaller and larger scales. In some cases, the hori-
zontal advection of relative vorticity accounts for
the imbalance between the two, but makes it
worse in other cases; the vorticity balance of
mesoscale eddies has not yet been completed.

8. Discussions

Records at 5000 m depth at Stn. RI show a sta-
ble north-northwestward flow. The station is lo-
cated at 40 km east of Stn. TA (30°00'N, 145°
45'E), where a strong south-southeastward mean
flow along local isobaths was observed during
1978-1982, with bottomward
namely the speed increase from 3.2 ¢cm s~

intensification,

Lat

4000 m depth to 7.2 cm s~ ! at 5800 m depth (50
m above the bottom) (Keisuke Taira, personal
communication; Miyamoto et al, 2019). The sta-
ble flow at Stn. RI might be a part of the local
circulation associated with this strong flow at
Stn. TA.

Records at 4100 m depth level at Stn. RR show
unique dominance of the meridional variance
over zonal variance. As shown in Fig. 1, the sta-
tion is located at the foot of western slope of the
seamount, which rises from 6300 m deep bottom
up to 5400 m depth. The meridional dominance
is probably due to preference of fluctuating
flows along local isobaths, although a remarkable
mean flow associated with the steady vortex is
directed to the seamount (Fig. 6). This local
dominance of meridional variance could disturb
the examination of vorticity balance but the pos-
sible distortion is not apparent in the Array-84
analysis.

A long velocity record for almost seven years
was obtained at 5000 m depth at Stn. RB. This is
probably one of the longest continuous records
from moored current-meters at depth in the mid-
ocean over the world, together with a similar
long record at 1000 m depth in the eastern North
Atlantic, where moorings were maintained dur-
ing 1980-1986 (ZeNk and MULLER, 1988). The
mean v component (0.72 cm s~ ') at 5000 m
depth at Stn. RB is almost exactly equal to that
of time-space average (0.71 cm s~ !) of statistics
of all records at abyssal depths in the present
site, the mean # component of the former (—0.12
em s~ !) is close to that of the latter (—029 cm
s 1), and the Kz of the former (9.2 cm?s™?) is
similar to that of the latter (10.8 cm? s™2), sug-
gesting that the record at Stn. RB represents the
flow field at the present site quite well. On the
other hand, the mean velocity at Stn. RB might
be under the effect of the local steady vortex
(Fig. 6;: ImawaKl and TAKANO, 2019). Therefore, it
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is hard to definitely judge its representativeness
of the site.

The eddy kinetic energy is compared with
other locations. The level of Kz at the present
site (11 em? s™2) is comparable with that (12
cm? s72) at 4000 m depth at similar latitudes
along 152°E (Scumrrz, 1984). The present level is
higher than that in the central North Pacific
(TAFT et al., 1981) but lower than that in the
Kuroshio Extension (ScumiTz, 1984). It is compa-
rable with the level of Kz at abyssal depths in
the MODE area (Schmitz, 1978). At Stn. RC, the
K is large, which might be due to the fact that
the station is relatively near to the Kuroshio Ex-
tension, considering that the Kz at 4000 m depth
along 152°E has the maximum (45 cm? s™2) at
35°N, namely the vicinity of the upper layer ex-
pression of the Kuroshio Extension (SchmiIrz,
1984).

The spectral features of mesoscale eddies ob-
tained in this study are compared with those of
the three-year long first-half of the present re-
cord (IMAWAKI and TAKANO, 1982). All the major
features of the first-half spectra are found in the
present spectra, with a finer resolution and in a
wider frequency range. The spectral analysis
shows zonal dominance of eddy motions in
longer-period bands and meridional dominance
in the shorter-period band. If the fluctuations are
associated with barotropic Rossby waves, the
dominance is understood in the vorticity balance
[Eq. (4)] as follows. If the period of waves is
longer (shorter), the local change of relative
vorticity ¢, is smaller (larger) and therefore, the
advection of planetary vorticity Avy is smaller
(larger), which means the meridional compo-
nent vy is smaller (larger), ie. the zonal (meri-
dional) fluctuations are dominant. Those spec-
tral features are also seen in spectra at 4000 m
depth in the western North Atlantic (RICHMAN et
al., 1977), although zonal dominance of energy

in the annual scale is not definite. The zonal
dominance of eddy fields in longer periods has
been suggested by theoretical works (e.g., RHINES,
1977). On the other hand, the meridional eddy ki-
netic energy is dominant in the temporal meso-
scale band and even in the annual band at 1000
m depth in the eastern North Atlantic (ZENK and
MULLER, 1988).

Concerning the vorticity balance, the local
change of relative vorticity is balanced primarily
with the advection of planetary vorticity, al-
though the advection of relative vorticity and
higher-order divergence may play some role in
the balance. It is consistent with the earlier re-
sults (IMAWAKI, 1983) obtained by using 10-day
mean velocities at 5000 m depth at five stations
in the present site, whose station-spacing is
somewhat similar to the present larger scale ex-
amination.

The present study shows that mesoscale ed-
dies at abyssal depths in mid-ocean are under-
stood basically as fluctuations associated with
plane barotropic Rossby waves. Recent studies
show that mesoscale fluctuations at the present
site having specific spectral peaks are explained
by topographic Rossby waves better than plane-
tary Rossby waves (MIYAMOTO et al., 2017; 2019);
the former are influenced by the topographic
beta-effect as well as planetary beta-effect. In the
present analyses, topographic Rossby waves are
indistinguishable from barotropic planetary
Rossby waves. It is because wavelengths cannot
be estimated from single-station data and there-
fore, the dispersion relation of Rossby waves
cannot be used for comparison. It is also because
the higher-order divergence in the vorticity bal-
ance, where the effect of bottom topography ap-
pears as well as the baroclinicity, does not seem
to be estimated reliably as the residual of first
three terms of Eq. (3).

In examination of vorticity balance during
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Array-84, missing data at three stations are
made up for by linearly interpolated or extrapo-
lated data. Scatter plots of g, versus vy, and
Bvop versus §; at five stations using those data
(Figs. 16 and 17) do not show any difference
among stations. Therefore, the interpolation and
extrapolation seem to have worked well. Objec-
tive analysis may improve filling the missing da-
ta as well as spatial smoothing.

9. Summary

Velocities at abyssal depths were measured
by moored current-meters in mid-ocean of the
western North Pacific during 1978-1985. Cur-
rent-meters were moored mostly at 4000 and
5000 m depths at various locations for several
months to one year repeatedly, providing 50 ve-
locity records. In the raw data, inertial oscilla-
tions are apparent as well as diurnal and semi-
diurnal tidal fluctuations. Those high-frequency
fluctuations are filtered out numerically and low-
pass-iltered daily velocities are used for the
present analyses.

Time-space averages of statistics of 47 individ-
ual records at abyssal depths show followings.
The average zonal and meridional velocity-

!in magnitude.

components are less than 1 cm s~
The average zonal and meridional variances are
almost equal to each other. The eddy kinetic en-
ergy is about 40 times larger than the mean Kki-
netic energy. Those statistics confirm that the
site is located in typical mid-ocean apart from in-
tense current zones. Both mean velocities and
fluctuating velocities at abyssal depths at the
same station are similar to each other.

A long velocity record for almost seven years
was obtained at 5000 m depth at Stn. RB. This is
probably one of the longest continuous records
from moored current-meters at depth in the mid-
ocean over the world. The overall mean velocity
is directed to the north with a speed of less than

1 em s~ 1. The mean meridional velocity-compo-
nent is positive significantly at the 95 % confi-
dence level, while the mean zonal component is
not significantly different from zero. The zonal
variance is similar to the meridional variance.
The eddy kinetic energy is more than 30 times
larger than the mean kinetic energy. Those sta-
tistics are quite similar to the time-space averag-
es of all individual statistics at abyssal depths
mentioned above, suggesting that the long re-
cord at Stn. RB represents the flow field at the
present site quite well, although the mean veloci-
ty might be under the effect of the local steady
vortex.

This long velocity record at Stn. RB gives stat-
istically significant estimates of frequency spec-
tra for the eddy kinetic energy. Most of the eddy
kinetic energy is contained in mesoscale bands I,
IT and III (period-rage of 31-235 days). In the
three bands as a whole, zonal and meridional en-
ergies are almost equal to each other. In the mes-
oscale I (120-235 days) the zonal energy is dom-
inant, while in the mesoscale III (31-61 days) the
meridional energy is dominant. In the annual/
secular scale (295-4924 days) the zonal energy
is highly dominant. Both zonal dominance in
longer-period bands and meridional dominance
in the shorter-period band are understood quali-
tatively by difference in phase propagation di-
rection of fluctuations, if the fluctuations are as-
sumed as plane barotropic Rossby waves having
wavelengths of hundreds of kilometers.

The vorticity balance of mesoscale eddies is
examined by using those current-meter data.
Relative vorticity is estimated from horizontal
derivatives of 20-day mean velocities. Its local
change during 20 days is compared with the ad-
vection of planetary vorticity, at five stations,
providing 75 independent comparison cases. The
overall correlation coefficient between the two
properties of those cases is —0.61, which is high
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enough to be significantly different from zero at
the 95 % confidence level. The overall standard
deviations of the two are not much different
from each other. Therefore, the local change of
relative vorticity is balanced primarily with the
advection of planetary vorticity, although the ad-
vection of relative vorticity and higher-order
horizontal divergence may play some role in the
balance.

Those results suggest that mid-ocean meso-
scale eddies at abyssal depths are understood as
primarily plane barotropic Rossby waves with
possible modification.
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Generation and propagation processes of near-inertial internal waves and
coastal-trapped waves in and around Toyama Bay, Japan,
calculated by high-resolution nesting ocean model
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Abstract: Characteristics of near-inertial fluctuations generated by typhoon in and around Toya-
ma Bay (TB) that opens its mouth toward the north were investigated by using results calcu-
lated by high-resolution nested ocean model which is usually operated for fisheries. From har-

monic, spectral and verticalmode decomposition analysis, we confirmed that density and

current fluctuations were fundamentally characterized by propagation of coastal-trapped waves
(CTWs) generated at seamount adjacent to the land tip of Noto Peninsula (NP) that is western
boundary of the TB. This result in counterclockwise phase distribution in density fields. Near-

inertial internal waves (NIWs) were also generated around land tip (Nyuzen) located at the

eastern boundary of the TB through topographical scattering processes of the CTWs. The NIWs

propagated the northwestward by way of center of the TB, finally were reflected along the east-
ern coast of the NP toward the northeast. The NIWs formed clockwise phase distribution in cur-
rent fields, which is opposite properties against that by the CTWs. The region of strong currents

confirmed around the Nyuzen was considered to be resonant-amplification of currents of the

CTWs and inertial oscillations.

Keywords: near-inertial coastal-trapped waves, near-inertial internal waves, deep bay, high-
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Fig. 3 Time series of (a) wind vectors at station A,
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line) current velocities at station B at the depth
of 30m, and (c) clockwise (solid line) and coun-
terclockwise (dashed line) spectra of current
with a period of 19-hours averaged horizontally
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cate the time when Typhoon 1004 passed the
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Fig. 4 Clockwise (solid line) and counterclockwise
(dashed line) spectra of current at the depth of
30m at station B calculated by the data from 9:
00JST, August 11 to 9:00JST, August 18.
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Fig. 5 Density anomaly (contour) and current (vector) of the period of
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respectively.
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Fig. 7 Horizontal distribution of phase for (a) the potential density anomaly and (b)
the clockwise component of horizontal current with a period of 19-hours calculated
from the data for 95 hours around 3:30, August 14 at the depth of 30 m. (¢), (d) are
same as (a), (b) but for the depth of 120 m. Dashed lines are the contour at the

bottom depth of 800m.
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Fig. 9 Vertical profiles of (a) potential density, (b) buoyancy frequency averaged
horizontally and temporally from 4:30, August 12 to 2:30, August 16, and the low-

est three internal modes of (c) potential density anomaly and (d) horizontal

velocity estimated from (b) interpolated linearly to lm intervals. Horizontal

dotted lines indicate the depth corresponding to the depth shown in Fig. 7.
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Fig. 10 Horizontal distribution of (a) the amplitude and (b) the phase for the first
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Fig. 13 Density anomaly at the depth of 120 m (contour line), current velocity at the depth of 120m
(red vector) and 6.5m (blue vector), and difference of current angle between the depth of 120m

and 6.5m (grayscale) at the time (a) trough and (b) crest of coastal trapped wave were located

around Nyuzen. Solid and dashed lines represent a positive and negative anomaly, respectively.

Contour intervals of density anomaly are every 2X 10 °kgm .
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A note on the abyssal circulation in the Japan Sea:
suggestion from rotating-tank experiments

Tomoharu SExJYU" and Jiro YosHma?

Abstract: In this study, we revisited the rotating-tank experiments reported by FALLER (1960)
and SENJYU (1988) and qualitatively discussed the abyssal circulation in the Japan Sea by focus-
ing on the geometric similarity of their partial barrier experiments. A point source of water near
the apex of the pie-shaped rotating-tank formed the so called STOMMEL-ARONS type circulation
pattern. The circulation in the partial barrier experiments basically consisted of a cyclonic circu-
lation and a western boundary current in the southern two basins separated by a partial barrier
extending from the rim. Recent observations on direct current in the abyssal Japan Sea have re-
vealed a cyclonic circulation and strong currents near the western boundary in the southern
two basins: the Yamato and Tsushima Basins. These similarities suggest the STOMMEL-ARONS
type circulation in the abyssal Japan Sea, though the complex bottom topography and eddy ac-
tivity are likely to modify the basic circulation pattern significantly.

Keywords : Rotating-tank experiment, deep circulation, deep western boundary current, direct
current observation

1. Introduction

The oceanic abyssal circulation is one of the
most important parts of the global climate sys-
tem, which transports cold deep water in a high-
latitude region to low-latitude areas. During the
course of this circulation, cold water gradually
upwells and eventually returns to the high-
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latitude region by the surface currents. There-
fore, abyssal circulation bears the lower part of
the meridional overturning or thermohaline cir-
culation (TALLEY et al, 2011).

The first dynamic model of the global abyssal
circulation was presented by STOMMEL (1958)
and STOMMEL and ARONS (1960a, b). Their basic
concept of the global abyssal circulation (here-
after, the SA-type circulation) is as follows: the
volume of cold water sunken in the high-latitude
regions (the northern North Atlantic and the
Antarctic) is compensated by the upwelling
over the world ocean. The vertical velocity (w,
positive upward) accompanied by the upwelling
induces positive (negative) relative vorticity
through stretching of water column (fow / 0z,
where f is the planetary vorticity) in the north-
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ern (southern) hemisphere. Since, in the steady
state, the relative vorticity must be balanced by
the advection of planetary vorticity (Bv, where
and v denote meridional derivation of f (df / dy)
and meridional geostrophic velocity positive
northward, respectively) to conserve potential
vorticity, poleward flow appears over the interi-
or region of each oceanic basin. To satisfy the
condition of continuity, a western boundary cur-
rent (WBC) is introduced toward low latitude in
each basin. The basic characteristics of the SA-
type circulation in the oceans, such as the deep
WBC, have been validated by many researchers
by using chemical tracers and neutral drifters
(e.g, BROECKER and PENG, 1982; SwALLOW and
WORTHINGTON, 1961).

The concept of the SA-type circulation was in-
itiated from a rotating-tank experiment with a
point source of water (STOMMEL et al., 1958). Be-
cause this experiment was very simple, addition-
al experiments were performed to examine sev-
eral conditions appearing in the real ocean, for
example lateral boundary (FALLER, 1960; SENJYU
1988), bottom topography (WELANDER, 1969; Kuo
and VERONIS, 1971), and nonlinear effects
(VERONIS and YANG, 1972). In this study, we re-
visit the partial barrier experiments by FALLER
(1960) and SEnjyu (1988) and discuss the deep
circulation in the Japan Sea by referring to the
results of the rotating-tank experiments.

The Japan Sea has its own thermohaline circu-
lation system with the formation of deep and
bottom waters (hereafter, the Japan Sea Proper
Water) which were surface water sunken in the
northwestern part of the sea, south of Vladivos-
tok (Fig.1) (Gamo and HoRBE, 1983; Supo, 1986;
SENJjyu and Supo, 1993 & 1994; SENjYU et al.,
2002). In addition, the Japan Sea has southern
and northern surface circulations with a WBC
(the East Korean Current in the south and the
Liman Current in the north) bounded by a sub-

arctic front, similar to the subtropical and sub-
arctic gyres in the Pacific and Atlantic oceans.
This indicates that the planetary S-effect is sub-
stantially important for basin-scale circulation in
the sea. These conditions make us expect the
SA-type circulation in the abyssal Japan Sea.
Furthermore, the bottom topography of the Ja-
pan Sea (Fig. 1) is similar to the geometry of the
partial barrier experiment (Fig. 2); a northern
basin NV corresponds to the Japan Basin, and two
southern basins SW and SE' correspond to the
Yamato and Tsushima Basins, respectively.
These two basins are bounded by a shallow
ridge extending from the Oki Islands to the Ya-
mato Rise (the Oki Spur), as well as its closed
configuration.

In the next section, we describe the principle
and method involved in the rotating-tank experi-
ments referring to results of the test experi-
ments of the SA-type circulation. Section 3 intro-
duces some results of the partial barrier experi-
ments by SENjyu (1988) weighted on the change
of flow pattern when the length and angle of the
partial barrier were varied. Section 4 provides a
qualitative discussion about the Japan Sea deep
circulation using the analogy of the partial barri-
er experiments. Finally, Section 5 presents con-
cluding remarks.

2. Test experiments of the SA-type circulation

Prior to the partial barrier experiments,
SENJYU (1988) performed a series of test experi-
ments of the STOMMEL et al’s (1958) SA-type
circulation. In this section, the principle and
method of the experiments are explained refer-
ring to the results of the test experiment.

A pie-shaped tank (Fig. 2, but without the
partial barrier) containing water was set on a
turntable and was rotated anticlockwise with re-
spect to the vertical axis at a constant angular
velocity (). Since the spin-up time scale t,= (h*
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Fig. 1 Bottom topography of the Japan Sea. /B, YB, TB, YR, and OS
denote the Japan Basin, Yamato Basin, Tsushima Basin, Yamato

Rise, and Oki Spur, respectively.

/ vw)V? was estimated to be about 100 s using

the water depth 2~0O (10 cm), viscosity v~O
(1072 cm®s™ 1Y), and w~0O (1 rad s™'), each ex-
periment was started after an hour rotation
(rigid-body rotation).

After achieving the rigid-body rotation state, a
small volume of dyed water was constantly in-
jected into the tank from a point source near the
apex of the sector (Sp), which corresponds to a
narrow source region of the deep water in the
real ocean. For the dyeing of water, a small vol-
ume of brilliant-blue was used. To minimize the
density difference between waters in the tank
and for the injection, the waters were put in the
same environment at least 12-h long before each

experiment. At last, the smallness of the density
difference was confirmed by vertical rigidity of
the injected water during the experiments, that
is, whether the injected water forms a TAYLOR'S
ink wall or not (e.g, Long, 1954).

The outlet of the dyed water was set at 1.0-1.5
cm below the water surface under the Ekman
layer; the thickness of the Ekman layer is 0z =
(v /20)Y?~0 (107! cm), if we adopt the above
values of v and w. In addition, the tank was cov-
ered with a clear acrylic lid to escape air stress
on the water surface. The flow pattern in the
tank visualized by the dyed injected water was
recorded by a camera installed on the turntable.

The water level before the start of rotation
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Fig. 2 Dimension of the experiment tank. N, SW,
and SE indicate three basins separated by a par-
tial barrier of length & and angle ¢ from the west-
ern boundary. Sp is a point source of water. The
tank is rotating anticlockwise at an angular veloc-
ity w with respect to the vertical axis.

was set at 8.3 cm. However, the free surface of
water during the experiments is a paraboloidal
shape, with a minimum at the apex and a maxi-
mum at the rim, because of the balance of pres-
sure gradient and centrifugal force. The planeta-
ry f-effect is approximately simulated by the
radial variation of the water depth (B=—2w (dh
/ dr)/ ho, where r denotes the radial distance
from the rotating axis and /g is the water depth
at » = 0). Hence, the apex side (rim side) of the
tank corresponds to the north (south) in the re-
al ocean, and thus, we use the words “north”,

” o« » o«

“south”, “east”, “west”, and so on to show the di-
rection.

Since there is no sink of water in the tank, the
water surface slowly rises with time in the ex-
periments, which simulates the upwelling in the
interior region of the real ocean, although

StoMMEL and ARONS (1960a, b) assumed the

steady state condition. This temporal change of
the water level influences the planetary S-effect
via the relation 8 =-2w (dh / dr)/ hy (t), now hg
is a function of time £ The injection rate of water
was set at about 1.0 cm® s 1, and the duration of
an experiment was about 30 min. Therefore, the
volume of injected water at the end of the ex-
periment reached 1800 cm®. Since the area of the
tank is 1025.2 cm? the difference of water level
before and after the experiment was about 1.8
cm. This corresponds 23% of the initial water
depth at the rotating axis (ko (0)=7.8 cm).
Therefore, we should keep on mind the fact that
the S-effect was reducing by about 20% during
the experiment.

Figure 3 shows time sequence of a test experi-
ment. A clockwise eddy near the point source
grew gradually (Fig. 3a-b), then a narrow and
fast flow along the western boundary (the WBC)
appeared from the eddy (Fig. 3c-d). The dyed
water flowed eastward along the southern boun-
dary accompanying a wide but sluggish north-
ward flow (the interior flow) after arriving at
the rim (Fig. 3e-g), finally a westward intensi-
fied cyclonic gyre (the SA-type circulation) was
confirmed (Fig. 3h).

STOMMEL et al. (1958) set the ROSSBY number
R,=V /(2Rw) (Vs the representative speed of
the WBC and R is the distance from the rotating
axis to the rim of the tank, 45 cm) to be O (10~3),
the same order of magnitude as that for the Gulf
Stream system. However, SENjyu (1988) adjust-
ed R,~O (1072 due to the limit of the experi-
mental equipment. The speed of the WBC tend-
ed to increase with increasing angular velocity
(w) and increasing injection rate (Sp). There-
fore, SENJYU (1988) carefully checked the speed
of the WBC in the test experiments and deter-
mined the ranges of w and So for the partial bar-
rier experiments in the next section.
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Fig. 3 Results of a test experiment for the SA-type circulation (So= 15 cm?®
s L, =079 rad s ). The photos show the distribution of dyed water at
(a) 44s (073 min), (b) 259s (432 min), (c) 514s (867 min), (d) 729 s

(1215 min), (e) 944 s (1573 min), (f) 1159 s (19.32 min), (g) 1414 s (2357
min), and (h) 1629 s (27.15 min) from the start of experiment.

3. Partial barrier experiments flat acrylic board of 4 mm thickness) was at-

tached in the tank in order to divide the sector
into three basins: N, SW, and SE (Fig. 2). The

For the partial barrier experiments, a meri-

dional (radial) barrier extending from the rim (a
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Table 1. Parameters for the partial barrier experiments

So (em®s™h) b (cm) B(=b5/36 cm) ¢ (°) o (rads™ )
Exp 1 0.2 15 042 30 0.79
Exp 2 0.5 15 042 30 0.79
Exp 3 10 15 042 30 0.79
Exp 4 15 15 042 30 0.79
Exp 5 1.0 10 0.28 30 0.79
Exp 6 1.0 20 0.56 30 0.79
Exp 7 10 15 042 20 0.79
Exp 8 1.0 15 042 40 0.79
Exp 9 1.0 15 0.42 30 0.70
Exp 10 10 15 0.42 30 0.90

experimental parameters were length of the bar-
rier (b) (we use a non-dimensional length scale
B which is the barrier length normalized by the
radial extent of the tank, 36 cm) and angle of the
barrier from the western boundary (@), as well
as injection rate of water at the point source (Sp)
and angular velocity (w) (Table 1). Basically,
the changes of injection rate (Exps 1-4) and an-
gular velocity (Exps 3 and 9-10) did not change
the pattern of circulation. On the contrary, signif-
icant changes in flow pattern were observed de-
pending on the length (Exps 3, 5-6) and the an-
gle of the meridional barrier (Exps 3, and 7-8).
Therefore, we show the results of Exps 3 and
5-8 below because our interest is how the SA-
type circulation pattern in the previous section
was modified by the partial barrier.

Firstly, the results of Exp 3 (the reference ex-
periment) are shown in Fig. 4 using streak lines
of the dyed injected water. In the first stage, the
injected water formed a clockwise eddy of 12-15
cm diameter near the point source (1-3 min af-
ter the injection). Then, a narrow and fast flow
along the western boundary appeared (4-5 min).
We call this flow the WBC-N as this is the WBC
in the N-basin. The WBC-N flowed into the STV-
basin along the western boundary as the WBC-
SW (6-7 min). The dyed water flowed eastward
along the southern boundary accompanying

northward flow component after arriving at the
rim (8-16 min). The northward interior flow
was wider but much slower than the WBC-SW.
At this time, a westward intensified cyclonic
gyre was confirmed in the STW-basin. Part of the
northward flow turned to the east at the tip of
the meridional barrier, then flowed into the SE-
basin forming a WBC (the WBC-SE) (17-20 min).
The water arrived at the rim in the SE-basin
flowed along the southern boundary accompany-
ing weak northward component, showing a cy-
clonic gyre similar to that in the STW-basin (21-27
min).

A clear cyclonic gyre was formed in both the
ST and SE-basins even when the length of the
barrier was changed (Figs. 4 and 5). However,
in the case of Exp 5, the WBC-SE was signifi-
cantly broad and the westward intensification in
the SE-basin did not fully develop (Fig. 5a),
though a similar westward intensified gyre was
formed in the ST and SE-basins in Exps 3 and 6
(Figs. 4 and 5b). This suggests that the short
barrier in Exp 5 did not work as a barrier. The
circulation pattern possibly approaches the SA-
type circulation in Fig. 3 with decreasing the
length of the barrier. Contrary, water of the
WBC-SE was directly supplied from the clock-
wise eddy at the point source in Exp 6 (Fig. 5b)
as the tip of the barrier is near the source region.
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Fig. 4 Flow pattern of Exp 3 (the reference ex-
periment) visualized by the dyed water. The
contours indicate streak of the injected dyed wa-
ter every 1 min. Numerals show the elapsed time
from the start of the experiment (min). The rul-
er on the western boundary is graduated at 5 cm.

In Exps 3 and 8, clear cyclonic gyre was
formed in both the SW and SE-basins (Figs. 4
and 6b). In contrast, the gyre in the SW-basin
was obscure in Exp 7, though a cyclonic gyre
was found in the SE-basin (Fig. 6a). A reason for
the obscure gyre in the STW-basin is that a zonal

flow toward the SE-basin was separated from
the WBC-N at 4-5 min and fed the WBC-SE to-
gether with the northward flow in the SW-
basin. The volume of southward-flowing WBC
equals the sum of the zonally-integrated north-
ward interior flow and the volume of upwelling
over the basin. Therefore, the volume of WBC-
SE is larger than that of WBC-SW in Exp 7. In
order to feed the larger volume of WBC-SE, the
zonal flow was separated from the WBC-N. How-
ever, crossing of the zonal flow with the north-
ward internal flows in the STW-basin disturbed
the streak of dyed water, which resulted in the
obscure gyre pattern in the basin.

4. Discussions

As pointed out earlier, the geometry of the
partial barrier experiment is similar to the top-
ography of the Japan Sea (Figs. 1 and 2). The N,
SW, and SE-basins correspond to the Japan,
Tsushima, and Yamato Basins, respectively. The
meridional barrier coincides with the Yamato
Rise and Oki Spur. In addition, the formation re-
gion of the Japan Sea Proper Water located on
the northwestern Japan Basin (SENJYU and Subo,
1993 & 1994; SENJYU et al., 2002) agrees with the

Fig. 5 Same as Fig. 4 except for Exp 5 (a) and Exp 6 (b).
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Fig. 6 Same as Fig. 4 except for Exp 7 (a) and Exp 8 (b).

point source of the N-basin in the experiments.
Therefore, if the bottom topography of the Japan
Sea were flat, with the simple topography of the
Yamato Rise and Oki Spur, similar circulation
pattern to the experiments is expected in the
abyssal Japan Sea.

Figure 7 shows the mean flow vectors in the
abyssal Japan Sea (> 1000 m) from direct cur-
rent observations; this is the updated version of
Fig. 3b in SENJYU et al. (2005b) adding our new
data as well as these of FukusuiMA and Kojima
(2011) and TEAGUE et al. (2005). By comparing
with the flow pattern of the partial barrier ex-
periments (Figs. 4-6), we found several com-
mon features.

The first is the cyclonic circulation in the
southern basins (the Tsushima and Yamato Ba-
sins). The cyclonic circulation has been inter-
preted as a flow trapped on the slope of the ba-
sin’ s periphery, seeing shallow region on its
right-hand side (Cror and Yoon, 2010). In fact,
the observed flows tend to follow the contours of
ambient potential vorticity (f / H, where H is
bottom depth), which indicates that the topo-
graphic fS-effect is more important than the plan-
etary S-effect.

The second common feature that is interesting
is the strong currents along the western boun-
dary in the southern basins. We can find strong
flows faster than 3 cm s ! along the southeast-
ern flank of the Yamato Rise in the Yamato Ba-
sin and the western periphery of the Tsushima
Basin east of the Korean Peninsula. These strong
flows are likely to be the WBC in each basin, a
characteristic feature of the SA-type circulation.

The third common feature is that the water in
the SE-basin is older than that in the SW-basin
(FALLER, 1960). It has been considered that the
Japan Sea Proper Water in the Yamato Basin is
the oldest water in the Japan Sea, because it has
the lowest concentration of dissolved oxygen in
the sea (Supo, 1986; GAMO et al; 1986, SENJYU and
Supo, 1993 & 1994; SENJYU et al., 2005a). Howev-
er, the reason is probably different from the ex-
periments. In the experiments, the WBC-SE was
fed by the northward flow in the STW-basin, ex-
cept in case of Exp 6 (Fig. 5b). While in the Ya-
mato Basin, the deep and bottom waters are sup-
plied directly from the Japan Basin, similar to
Exp 6. It is meaningful that if we normalize the
shallow ridge from the Yamato Rise to Oki Spur
(about 560 km) by the latitudinal extent of the
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Fig. 7 Distribution of the mean flow vectors in the abyssal Japan Sea (1000

m-bottom) from direct current observations. A vector length of 20 cm s~

is shown in the upper-left corner.

1000 km), the non-
dimensional length (B) is 0.56 as in Exp 6. Nev-

Japan Sea (roughly

ertheless, because of the narrow channel be-
tween the Japan and Yamato Basins, the water
exchange between the basins is limited (SENJYU
et al., 2013, SENJYU et al., 2017), and the water in
the Yamato Basin is a modified water that has
lower dissolved oxygen concentration due to the
closed circulation in the basin (SENJYU et al.,
2005a, b).

However, there are many different points be-
tween the experiments and observations. For ex-
ample, remarkable northward flows in the east-
ern Japan Basin cannot be explained by the SA-

1

type circulation. The basic SA-type circulation is
likely to be strongly modified not only by the
complex bottom topography, but also by eddy
activity (CHor and YOoN, 2010; YOSHIKAWA, 2012).

5 Concluding remarks

We have made a qualitative discussion
throughout, focusing on the geometric similarity
between the partial barrier experiments and the
Japan Sea. There are several common features
between the experiments and the observed deep
flow field in the sea. The cyclonic circulation and
strong currents near the western boundary in
the Yamato and Tsushima Basins suggest the
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SA-type circulation. However, the complex bot-
tom topography and eddy activity are likely to
modify the basic SA-type circulation pattern.

The key strategy to confirm the SA-type cir-
culation in the Japan Sea is to perform observa-
tions of the deep WBC in the Japan Basin. How-
ever, it flows in the North Korean territory
which is an inaccessible area due to political
problems at present. Data analysis of neutral
drifters, such as ARGO floats, may be an effec-
tive way. In addition, chemical tracer observa-
tions are useful in capturing the deep flow pat-
tern. Hydrographic observations in a wide area
including Russian and Korean territories are de-
sired.

Nowadays, studying geophysical fluid dynam-
ics with the help of rotating-tank experiments is
somewhat out-of-date. However, in general, labo-
ratory experiments have an advantage of pro-
viding an intuitive understanding of phenomena.
Therefore, we believe that laboratory experi-
ments including rotating-tank experiments are
still valuable not only in the field of education
but also in heuristic research, even though nu-
merical model experiments have highly pro-
gressed.
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