strated conclusively that the mineralogy
of the E, R, P, and D asteroids is consist-
ent with this theory.

In conclusion, the asteroid belt is sort-
ed into at least six compositionally dis-
tinct regions. It seems unlikely that the
gross features of this distribution can be
explained by the random transport of
objects over large distances from other
regions of the solar system; rather it
appears that the asteroids formed at or
near their present locations. When deter-
mined, the detailed chemical composi-
tion of the asteroids in each region can
be used to provide constraints on the
small-scale thermodynamic conditions of
the solar nebula in the transition region
between the terrestrial and Jovian plan-
ets,
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Low-Frequency Eddy Kinetic Energy Spectrum in the
Deep Western North Pacific

Abstract. The frequency spectrum for the low-frequency eddy kinetic energy is
estimated from a long-term current meter record obtained in a deep layer in the
western North Paclfic. The eddy field is characterized by three time scales: an
“annual scale’ with zonal dominance of eddy motions, a ‘‘temporal mesoscale’
with meridional dominance, and a "‘monthly scale’” with horizontal isotropy. About
two-thirds of the eddy kinetic energy is contained in the temporal mesoscale.

Mid-ocean mesoscale eddies, either
barotropic or baroclinic, seem to exist all
over the world ocean, having typical
time scales of weeks to months and
typical horizontal scales of tens to hun-
dreds of kilometers (/). Intensive obser-
vational studies of the eddies have been
made, most of them in the western North
Atlantic (I, 2). Year-long current mea-
surements have been made there and
frequency spectra for the low-frequency
fluctuations (frequencies less than one
cycle per day) have been estimated (3,
4). Several studies of the mesoscale ed-
dies in the Pacific have been based on
temperature and salinity measurements
(5), but very few studies have been based
on direct current measurements (6). We
report here, for the first time, the spec-
tral features of the low-frequency fluctu-
ations, including the annual fluctuations,
in the mid-ocean of the western North
Pacific on the basis of a long-term cur-
rent meter record.

A program of long-term deep current
measurements by moored meters was
started in October 1978 in the western
North Pacific as a part of a preopera-
tional survey of a proposed area for the

disposal of low-level radioactive wastes.
It is expected to continue over several
years. The observation site is centered at
30°N, 147°E in the mid-ocean; it is about
500 km south of the Kuroshio Extension
and about 400 km east of the Izu-Ogasa-
wara Ridge. The water depth is about
6200 m, and the bottom topography is
fairly flat with no pronounced slopes; the
water depth varies from about 6000 to
6400 m within 100 km of the site center.
The most prominent topographic feature
is a small hill with a depth of 4890 m,
located about 30 km north of the site
center. The existence of low-frequency
velocity fluctuations near the site was
suggested by an earlier current measure-
ment made over a period of about 3
months (7).

The mooring lines have been deployed
and recovered four times at several sta-
tions. From these measurements, a con-
tinuous current meter record for 1020
days has been obtained in the deep layer
at station RB, whose nominal position is
30°00'N, 147°08'E. It is the longest cur-
rent meter record ever obtained in the
mid-ocean of the world ocean (8). Aan-
deraa RCM-5 current meters were used.
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Fig. 1. Time series of daily mean current velocity observed at a nominal depth of 5000 m in the
western North Pacific (30°00'N, 147°08'E) from 3 October 1978 to 18 July 1981. Each stick
represents the daily current vector (upward north). The record from year day 327 in 1979 to year
day 236 in 1980 was not obtained. Here it is justifiably made up for by a record at a nominal
depth of 4000 m at the same station, because no significant differences in daily mean velocities
between nominal depths of 4000 and 5000 m are recognized at that station or at the other
stations at the site (10).
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Most of the data were sampled at inter-
vals of an hour. Diurnal and semidiurnal
fluctuations distinctly emerge from the
raw data. The data are averaged over 1
day for an analysis of the low-frequency
fluctuations; the period of the local iner-
tial oscillations at the site is 23.9 hours.
Figure 1 illustrates the time series of
daily mean velocity at a nominal depth of
5000 m at station RB. Low-frequency
fluctuations are clearly seen.

The zonal velocity component aver-
aged over the record length is -0.6
cm/sec (positive eastward), and the me-
ridional one is 0.3 cm/sec (positive north-
ward), giving a kinetic energy per unit
mass for the mean flow of 0.2 cm¥sec?.
(The per unit mass is hereafter under-
stood.) This very weak mean flow is an
indication that the site is located at the
mid-ocean. The zonal kinetic energy for
the low-frequency motions is about 3.2
cm¥sec’ and the meridional one is 3.6
cm?¥/sec?, giving a total kinetic energy
for the low-frequency motions of 6.8
cm?/sec?. The total kinetic energy for the
low-frequency motions is fairly large and
about an order of magnitude greater than
the kinetic energy for the mean flow.

The present long-term record gives
statistically significant estimates of fre-
quency spectra for these low-frequency
eddy kinetic energies. Figure 2 shows
spectra for the zonal, meridional, and
total eddy kinetic energies in a variance-
preserving form. The spectra are esti-
mated from energy densities obtained by
the fast Fourier transform method and
averaged over eight frequencies. Hence
the spectra for the zonal and meridional
kinetic energies are regarded as contain-
ing 16 degrees of freedom, and their 95
percent confidence limits are from 0.55
to 2.32 times the individual estimates.
The spectrum for the total eddy kinetic
energy is regarded as containing more
than 16 degrees of freedom, and its con-
fidence limits are somewhat narrower
than those of the zonal and meridional
kinetic energies.

For convenience, each spectrum is
divided into four frequency bands (Fig.
2). Band 1, ranging from 120- to 2040-day
periods, is tentatively labeled an ‘‘annual
scale.”” Band 2, ranging from 31- to 120-
day periods, is labeled a ‘‘temporal
mesoscale,” according to Schmitz (3).
The total eddy kinetic energy is largest in
the temporal mesoscale; this scale con-
tains about two-thirds of the whole eddy
kinetic energy, and might be called an
energy-containing band (/) or an eddy-
containing band (4). There, the meridio-
nal eddy kinetic energy is larger than the
zonal eddy kinetic energy; the former is
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about twice as large as the latter for this
record. In the annual scale, on the other
hand, the zonal eddy kinetic energy is
much larger than the meridional eddy
kinetic energy. Zonal dominance of eddy
motions in such low-frequency eddy
fields is also suggested by theoretical
work (9).

Both zonal dominance of eddy mo-
tions in the annual scale and meridional
dominance in the temporal mesoscale
can be accounted for qualitatively by the
phase propagation direction of the
Rossby wave with a moderate wave-
length; the Rossby wave whose phase
propagation is directed nearly parallel to
the meridian has a long period and the
associated motion is dominantly zonal,
whereas the Rossby wave whose propa-
gation is directed near to the west has a
shorter period and the associated motion
is dominantly meridional.

In band 3, ranging from 16- to 31-day
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Fig. 2. Decadal frequency (v) spectra for the
low-frequency eddy kinetic energy (Kg) per
unit mass estimated from the record shown in
Fig. 1, plotted in a variance-preserving form.
The top spectrum is the zonal eddy kinetic
energy spectrum, the middle spectrum the
meridional one, and the bottom spectrum the
total one. Numerals indicate the energies con-
tained in individual frequency bands, whose
ranges are shown by dashed lines and whose
reference numbers are the circled numerals at
the top.

periods, tentatively labeled a ‘‘monthly
scale,”’ the zonal and meridional eddy
kinetic energies are almost equal to each
other, an indication that the eddy field is
horizontally isotropic in this scale. It
might be remarked that a considerable
part of the kinetic energy in this scale
should come from a frequency band be-
tween 21- to 25-day periods, although it
is not significant with 95 percent confi-
dence levels. In band 4, ranging from 2-
to 16-day periods, the eddy kinetic ener-
gies are trivially small.

The above-mentioned features of the
low-frequency fluctuations in the deep
layer are also shown in the spectra from
a depth of 4000 m in the western North
Atlantic, although zonal dominance in
the annual scale is not definitely indicat-
ed (3, 4, 8). They are probably common
features of the eddy field in the deep
layer of the world ocean.

With respect to the annual scale, cur-
rent meter records available to date have
not been long enough. The present long
record enables us, for the first time, to
make statistically significant spectral es-
timates of the low-frequency eddy kinet-
ic energy in this scale.
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