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Quasi-stationary banded structure in the mean zonal
geostrophic current regimes of the western North Pacific
by Warren B. White 1 and Keiichi Hasunuma 2

ABSTRACT
Two data sets are used to reveal the quasi-stationary nature of the banded current structure
in the western North Pacific. The first consists of all hydrographic data taken in the region,
archived at the Japanese Oceanographic Data Center (JODC). The second consists of routine
meridional hydrographic transects conducted by the RV Ryofu Maru each winter in the
western North Pacific from 1967 to the present along 137E, from 33N to the equator, with
similar transects made in summer after 1972 along both 137E and 155E. From both data sets,
the vertical density structure has been mapped at 1 ° latitude intervals down to a depth of
1000 m , from which both surface dynamic height anomaly (0/1000 db) and surface zonal
geostrophic current speeds have been computed.
The long-term annual mean meridional profile of zonal geostrophic flow displays a quasistationary banded current structure. In the North Equatorial Current (8-19N), this banded
structure was manifested as two high velocity cores of 2-3° latitude width at ION and 16N;
the first with peak speeds of 25 cm / second and the second with a peak speed of 12 cm/second,
separated by regions of zero speed. Hence, a kind of southern intensification of the North
Equatorial Current existed. In the Subtropical Countercurrent (20N-30N) banded current structure was very similar to that in the tropics, with two high velocity cores at 23N and 28N
(corresponding to peak speeds of 8 cm/ second and 6 cm / second, respectively), with zero
speed in between.
The summer and winter long-term mean meridional profiles of zonal geostrophic flow, taken
from the RV Ryofu Maru data, display a greater degree of banded structure in summer than
winter. Furthermore, in summer, the principal bands of westward and eastward flows of both
the North Equatorial Current and the Subtropical Countercurrent, respectively, were separated
by a much larger region of weak flow than in winter. Individual summer meridional profiles
taken at 137E and 155E demonstrate the zonal coherence of individual synoptic bands, while
at the same time displaying significant interannual variability. As such, the strength of the
synoptic bands is seen to have been 2-3 times that of those observed in the annual long-term
mean profile.

1. Introduction

The presence of a quasi-stationary banded structure in the mean zonal flow of the
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Figure 1. The long-term, annual mean, surface dynamic height (0/1000 db) topography in units
of dynamic meters, produced by Hasunuma and Yoshida (1978). The location of the repeated
RV Ryofu Maru meridional sections are superimposed.

tropical and subtropical western North Pacific is confirmed between 30N and the
equator. The bands of intensified flow speed are 1-3 ° latitude wide, generally separated from one another by regions of very weak flow. Such a banded structure
had been suggested by earlier studies, such as Tsuchiya (1961), Yamanaka et al.
(1965), and Masuzawa (1968), but not until this study has its quasi-stationary
nature been confirmed. In the long-term mean, the banded structure is much weaker
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than in the synoptic picture, due to the large degree of annual and interannual
variability in the bands and due to the presence of mesoscale noise contamination.
However, this latter effect has made it difficult to confirm the presence of these
bands in any other analysis than in the long-term mean presented here.
Earlier, Hasunuma and Yoshida (1978) constructed the long-term annual mean
of surface dynamic height in the western North Pacific between 0-45N and found
it to contain a quasi-stationary zonal banded structure, with a meridional separation
length of approximately 5° of latitude. This can be seen in Figure 1. It shows, for
example, the Subtropical Countercurrent regime comprised of two branches, a south
branch near 22N and a north branch near 28N. However, the presence of eddy
activity in the map suggested that the banded structure could have been an artifact
induced into the map by a kind of spatial aliasing. In this study, this possibility is
shown not to be true.
Furthermore, the results of these earlier studies suggest that the annual cycle of
surface current behavior might have tended to smooth out this banded structure in
the long-term annual mean. So, an attempt is made here to investigate the summer
and winter structure of zonal flow in this region. And, sure enough, the summer
surface currents show much more banded structure than the winter picture. Moreover, the banded structure in the latter is shifted 1-2 ° latitude from that in the
former.
This latter study is made possible because of a special set of meridional hydrographic transects made by the RV Ryofu Maru. Each January, from 1967 to the
present, the RV Ryofu Maru made a meridional transect along 137E from 33N to
the equator, with stations at one degree latitude intervals to a depth of 1000 m.
In 1972, another set of repeated meridional transects were instituted in June of
each year along both 137E and 155E from 30N to the equator. Further information
on the conduct of these hydrographic cruises can be obtained from Masuzawa
(1967).
Earlier studies based upon this data set by Masuzawa (1967), Masuzawa (1968),
Akamatsu and Sawara (1969), Masuzawa et al. (1970), and Nagasaka and Sawara
(1972), defined the boundaries of the major zonal current regimes in the western
North Pacific, with the Kuroshio located between 31-33N; the Kuroshio Countercurrent between 29-3 lN; the Subtropical Countercurrent between 20-30N; the North
Equatorial Current between 8-19N; and the North Equatorial Countercurrent between 3-8N. In this earlier body of work, evidence was given that the Subtropical
Countercurrent regime was composed of two or more separate eastward flows of
2 0_3 ° latitude width. Support for the idea that the North Equatorial Current was
divided into two parts comes from Nagasaka and Sawara (1972), in a summary of
the RV Ryofu Maru cruises up to 1971.
The present study begins with a confirmation of the banded structure contained
in Figure I. Then, the winter/ summer banded structure is investigated individually
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by appealing to the repeated sections along 137E made by RV Ryofu Maru. Finally, the individual summer meridional sections from 1973-1977 at 155E and
137E are displayed together to show the year-to-year variability in the strength and
location of the banded structure, and to demonstrate the within-year zonal coherence in the banded structure.

2. Long-term, annual mean current profile

The long-term annual mean profile of zonal geostrophic current speed (0/ 1000
db) over the longitude range 130-155E is constructed from the same data set used
to construct Figure 1 (Hasunuma and Yoshida, 1978). In addition, the standard
deviation and the standard error were constructed. Near the southern end of the
section (i.e., 5N) there were 75 stations per latitude used in the mean, increasing
monotonically to 200 stations per latitude at 25N and to 1200 stations per latitude
at 30N.
The meridional profile of mean zonal geostrophic current speed is given in Figure
2, together with the standard error. Significant bands of intensified zonal current
speed in the North Equatorial Current and Subtropical Countercurrent are numbered. At 4N, the intensified eastward flow of the North Equatorial Countercurrent
occurred. At 8-14N was the broad band of intensified westward flow associated
with the North Equatorial Current (labeled # 1). Another band of intensified westward flow associated with the North Equatorial Current existed at 16N (labeled
#2). Bands of intensified eastward flow associated with the Subtropical Countercurrent at 23N and 28N can be seen (labeled #3 and #4, respectively). Between
each of the aforementioned bands, the zonal geostrophic flow was not significantly
different from zero.
The meridional profile of the zonal current speed of the North Equatorial Current, which extends from 8-19N, illustrates a current that was intensified on the
south, with a maximum speed of 24 cm/ second. This southern intensification of
the North Equatorial Current can also be seen in the seasonal and annual longterm mean maps of surface dynamic topography by Wyrtki (1975), and in Figure 1.
North of 14N, westward flow was practically nonexistent except for a very narrow
band at 16N. This band displayed a maximum speed of 12 cm/ second. In Figure 1,
the two bands at 1ON and 16N were separated by a region of weak flow associated
with intense mesoscale eddy features which did not obscure the bands. However,
north of there from 17N and 21N, the banded activity was obscured either by the
transient eddy activity or the quasi-stationary meander activity.
The meridional profile of the Subtropical Countercurrent, which extends from
20-30N, illustrates a current that was also intensified on the south, with a maximum
speed at 23N of 8 cm/second. This band of intensified eastward flow (labeled #3)
was very much less in magnitude than the North Equatorial Current and portrays
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LONG-TERM ANNUAL MEAN
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Figure 2. Long-term, annual mean, meridional profile of relative geostrophic zonal current
(0/ 1000 db) in units of cm/ second, averaged from data used to construct Figure 1 between
130-155E.

accurately the relative weakness of the subtropical currents as compared to the
tropical ones. North of there, at 28N, another band of intensified eastward flow
existed Qabeled #4), with a maximum speed of 5 cm/second. These two quasistationary bands that make up the Subtropical Countercurrent were separated by
a region of flow that did not differ significantly from zero.
3. Long-term, monthly mean, current profiles at 137E

The repeated hydrographic section along 137E was made both in summer and
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winter each from 1972-1977 by the RV R yofu Maru. On this section, hydrographic
stations were taken at 1 ° latitude intervals, centered at the whole latitude degree
(e.g., 1.0°, 2.0°, 3.0 °). Nansen bottles, with reversing thermometers attached, were
located at standard depth levels. From the resulting temperature and salinity information, the surface dynamic height (0/ 1000 db) was computed at each station.
Zonal geostrophic flow was computed according to the geostrophic relation.
The summer and winter meridional profiles of mean zonal geostrophic current
speed (0/1000 db) is given in Figure 3, computed from 6 individual profiles taken
from 1972-1977. This was a very small subset ( < 5 % ) of the data used to construct
the profile in Figure 2. Regardless, both of these seasonal profiles display banded
structure similar to that contained in the long-term annual mean (Fig. 2), but with
the summer profile displaying greater magnitude than the winter profile. Furthermore, these profiles extend to 33N and, so, allow for the intense eastward flow of
Kuroshio south of Japan to be seen.
The location of the North Equatorial Countercurrent was shifted south to 3-4N in
summer from its winter location of 6-7N. Associated with this southward displacement was an increase in maximum speed from 48 cm/second in winter to 57 cm/
second in summer. This increase in maximum zonal speed was not significant, but
the increase in average speed taken over the width of the current was. This increase
had little to do with an increase in slope of the thermocline; rather, it was related
to the decrease in Coriolis parameter associated with the southward displacement
of the current.
The banded zonal current structure in the North Equatorial Current (i.e.,
8N-19N) was very intense in summer and weak in winter. During both seasons,
the North Equatorial Current displayed southern intensification. In each season,
the band of intensified westward flow at 9-1 ON (labeled # 1) displayed maximum
speed (32 cm/ second in summer and 27 cm/ second in winter). At 13N, the summer profile displayed a band of intensified westward flow Oabeled A) that did not
appear in winter, nor in the annual mean (Fig. 2). Also, the band at 16N in summer (labeled #2), which was also seen in the annual mean profile, was not seen
in the winter profile. In fact, it appears that the banded structure seen in the annual
mean profile of the North Equatorial Current was dominated by the banded structure found during the summer. This banded structure was largely missing in winter,
although in both seasons the southern intensification of the current was clearly visible. Because the banded structure in the North Equatorial Current appears to
have been seasonally dependent, it is not surprising that the artnual mean dynamic
height structure in Figure 1 displays a somewhat ambiguous banded structure.
In summer, the North Equatorial Current and Subtropical Countercurrent
were both stronger and were both shifted northward 1-2 ° of latitude, as compared
to winter. Moreover, they were much more separated from one another by a region
from 17-23N where the flow was not significantly different from zero. In winter,
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Figure 3. Long-term, seasonal mean, meridional profiles of relative geostrophic zonal current
(0/ 1000 db) in units of cm/ second for winter and summer at 137E.
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this zone of weak flow separating these two current regimes was absent. Therefore,
a different character of the current structure in this region was seen in summer,
as compared with that in winter.

4. Summer synoptic current profiles at 137E and 155E

Persistence of banded structure in individual meridional current profiles of
the RV Ryofu Maru is a difficult thing to observe for two reasons. First, large interannual changes in the current profiles existed due to short-term climatic changes
(White and Hasunuma, 1980). Second, large synoptic changes in the current profiles existed due to the presence of mesoscale eddylike variability (Nitani, 1972).
This latter reason has frustrated previous attempts to confirm the quasi-stationary
banded current structure concept; and, it is only because the banded structure occurs in the mean pictures shown in Figures 2 and 3 that it is known to exist at all
as a quasi-stationary feature.
The presence of mesoscale eddylike variability and interannual variability in
geostrophic flow makes the mean pictures shown in Figures 1, 2, and 3 display
uncharacteristically weak mean banded structure, relative to the expected synoptic
picture. At present, this synoptic picture is not possible to construct because of the
lack of zonal spatial coverage in the data distribution. However, it can be inferred
from an investigation into the near simultaneous meridional sections taken along
137E and 155E during summer of 1973, 1975, 1976, and 1977 by the RV Ryofu
Maru (Fig. 4).
Earlier, White et al. (1982) had determined that interannual variability in dynamic height (0/ 400 db) was highly coherent with longitude. Therefore, it may be
expected that the interannual variability in the zonal flow regime would be coherent with longitude. Therefore, the banded structure should . be observed simultaneously at both the 137E and 155E sections. Upon inspection of Figure 4, this is
shown to have been true. Where possible, corresponding maxima and minima in
zonal geostrophic flow have been labeled alphabetically in Figure 4. Generally, the
flow speed extrema at 155E were displaced 1-2° latitude north of the corresponding ones at 137E. In the Subtropical Countercurrent regime, this is consistent with
the northward displacement of the mean currents reported by White et al. (1978).
Agreement between sections is better in the tropics than in the subtropics, consistent with the observation by White et al. (1982) that zonal coherence decreases with
increasing latitude north of 17 .SN.
Year-to-year changes in banded structure displayed in Figure 4 explains the
difficulty in observing banded structure in the mean, and in separating it from
mesoscale noise in repeated yearly sections. In the individual sections shown in
Figure 4, the magnitude of intensified zonal flow was generally > 25 cm/ sec, 2-3
times greater than that reported in the mean pictures (Figs. 2 and 3). This is more
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Figure 4. Synoptic meridional profiles of relative geostropbic zonal current for summer at 137E
and 155E. Alphabetical labeling emphasizes the locations of common bands of intensified
zonal flow.
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true in the subtropics (north of 17 .SN) due to the greater amount of interannual
variability observed there. In the subtropics, eastward speeds in the synoptic bands
ranged from 20-30 cm/second, while in the tropics, westward speeds ranged from
30-50 cm/second.

5. Discussion
Nitani (1972), in discussing the works of Yamanaka et al. (1965) and Masuzawa (1967), found it possible to interpret their results concerning multiple currents
in the North Equatorial Current in two ways, either in terms of bands of flow and/
or in terms of transient mesoscale eddies. In the present study, it is shown that the
current structure can be interpreted as bands of intensified zonal flow. First, the
bands were quasi-stationary, revealed in the long-term annual mean current profiles
(Fig. 2) and in the horizontal map of dynamic height (Fig. 1). Second, they were
located in the mean at nearly the same latitude regardless of the season (winter or
summer at 137E). Third, they existed synoptically both at 137E and at 155E at
nearly the same latitude during summer, with similar relative strengths. The synoptic
bands displayed speeds of 25-50 cm/second, separated from each other by narrow
regions where speeds were generally less than 10 cm/second. On an interannual
basis, these bands displayed significant changes in magnitude, of the same order
as the mean.
In past works, this quasi-stationary banded current structure has been misinterpreted as transient mesoscale features. In work by Roden (1977), for example, a
meridional profile of dynamic height (0/1500 db) in the western North Pacific along
154E shows the characteristic banded structure seen in the RV Ryofu Maru sections. Yet, Roden chooses to interpret the quasi-stationary banded current structure
as transient Rossby waves. The fact that Roden finds similar features ("waves")
in the central North Pacific at I 68E and 177W suggests an eastward extension of
this banded structure into the central North Pacific. This possibility is supported
by the work of Seckel (1968), who noted the presence of quasi-stationary "striations" in the North Equatorial Current south of Hawaii. Unfortunately, little about
the time-space character of these features was reported.
Certainly, it is of some interest to determine whether this banded structure is
consistent with the forcing by the overlying wind field. If so, it indicates that present methods for measuring the wind field may be in error due to lack of meridional
resolution. Furthermore, because the meridional scale of these bands is so narrow,
it suggests that the physics of the ocean's interior may be complicated by instability
mechanisms that are now not taken into consideration. It may be that more momentum is dissipated through instability processes in the ocean interior than previously thought. The small scale of the banded structure suggests that more rapid
changes can take place, driven by the wind, than is possible at larger scales.
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