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ABSTRACT

Twenty-two years {1967-88) of hydrographic data collected by the Japan Meteorological Agency along the
137°E meridian and surface wind data compiled by Florida State University (FSU) were analyzed to study the
interannual variability in the western North Pacific.

In the midlatitude region north of 22°N, the dominant signal in the dynamic height field was the interannual
path variations of the Kuroshio. Whereas the eastward transport of the Kuroshio itself had no significant changes
between the straight-path and meander-path years, the net transport of the Kuroshio system including recir-
culations showed a 30% increase during the meander-path years. In the straight-path years when the net transport
was small, the Kuroshio tended to take a straight path with a strong recirculation developed to the south. The
interannual path variations of the Kuroshio strongly influenced the water-mass movement in the midlatitudes.
During the Kuroshio meander years, we found that a significant portion of the North Pacific Intermediate
Water east of the Kuroshio meander was blocked from subducting farther westward. In the middepth layer of
1500-2500 m, analysis of the 6~ relation revealed a water-mass movement negatively correlated to the upper-
layer Kuroshio path changes, implying a possible compensating flow in the middepth layer for the cold-core
eddy emerging north of the Kuroshio.

In the low-latitude region along 137°E, fluctuations in the surface height anomaly field had a meridionally
coherent structure, and large surface height drops coincided with the ENSO events in the tropical Pacific.
Accompanying the surface height drops in the ENSO years was an increase in the transport of both the North
Equatorial Current (NEC) and the North Equatorial Countercurrent (NECC) and a southward shift in the
boundary of the NEC and NECC. Based on the FSU surface wind data, we found that these interannual
fluctuations of the NEC and the NECC were highly correlated to the Sverdrup transport fluctuations estimated
from the basinwide wind-stress curl field. Using a reduced-gravity model and simplified patterns of wind forcing,
we showed that this high correlation came about because the center of the interannual signal of the wind-stress
curl field is close to the western Pacific (near the date line) and because the thermocline tilt in the NEC region
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attenuates the strong latitude dependence of the phase speed of the long baroclinic Rossby wave.

1. Introduction

Interannual variations in sea level and surface dy-
namic height of the North Pacific have long been rec-
ognized as accounting for a significant portion of the
total variability. Using sea level observations from the
central North Pacific, Wyrtki (1974) found that the
surface flows in both the North Equatorial Current
(NEC) and the North Equatorial Countercurrent
(NECC) fluctuated +25% from their respective means
in the interannual frequency band. In the midlatitude
North Pacific, analyses of historical hydrographic and
bathythermograph data by White (1975, 1977) also
showed that the interannual changes in the dynamic
height varied about 25% from the mean values.
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In the North Pacific west of 140°E, the midlatitude
interannual signal is largely represented by the bimodal
path variations of the Kuroshio: A straight path denotes
the Kuroshio flowing along the Japan coast, whereas
a meander path denotes that it is taking a stable south-
ward detour (e.g., Shoji 1972; Taft 1972). One of the
crucial factors in determining the path bimodality is
thought to be the interannual fluctuation of the Ku-
roshio transport. Whether or not the Kuroshio trans-
port decreases during the meander period has been a
subject of debate over the past decade. Based on hy-
drographic surveys from 1955 to 1968, Nitani (1972)
found that the geostrophic transport of the Kuroshio
south of Japan (along 135.5°E with a reference level
at 1000 db) decreased during the meander period of
1959-63. His result had a profound impact upon later
theoretical and numerical studies aiming to explain
the interannual variations of the Kuroshio path. Studies
by White and McCreary (1976), Masuda (1982}, Chao
and McCreary (1982), and Yasuda et al. (1985) have
all shown that the Kuroshio takes a meander (straight)
path when the upstream transport of the Kuroshio is
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small (large). On the other hand, analyses of the Ku-
roshio transport at the upstream region in the East
China Sea (using hydrographic data by Saiki 1982)
and across the Tokara Strait (using sea level data by
Kawabe 1980) showed that the Kuroshio transport is
larger in the meander-path years than in the straight-
path years. By including a more realistic inclination of
the Japan coast relative to the due east in numerical
calculations, several recent studies have shown that a
larger upstream transport is more likely to induce the
Kuroshio meander (Chao 1984; Yoon and Yasuda
1987; Akitomo et al. 1991).

With the reoccurrence of meander events in 1982-
84 and 1987-88, it is now possible to reexamine the
relationship between the interannual variations of the
Kuroshio transport and its path changes. Another point
addressed in this study is how the Kuroshio path vari-
ations are related to fluctuations of subsurface water
masses such as the North Pacific Intermediate Water
(Reid 1965; Masuzawa 1972), and of the water-mass
movement below the thermocline. Clarifying these re-
lations not only is important to our understanding of
these water masses, but also sheds light on causes of
the Kuroshio path bimodality.

In the low-latitude North Pacific, many authors have
studied interannual fluctuations in sea level and dy-
namic height and their connections with the El Nifio—
Southern Oscillation (ENSQ) events of the tropical
Pacific (Wyrtki 1975, 1979; Masuzawa and Nagasaka
1975; White and Hasunuma 1980; Meyers 1982; White
etal. 1985a,b; Kessler and Taft 1987). For the western
North Pacific in particular, White and Hasunuma
(1980) showed that the NEC and the Kuroshio Coun-
tercurrent fluctuated in phase, whereas their fluctua-
tions were out of phase with those of the NECC. Within
the data period of 1954-74, they found the NEC tended
to weaken during ENSO events. In contrast, Wyrtki
(1979) showed that in the central Pacific the NEC and
the NECC fluctuated in phase and their transports were
large during ENSO periods.

Most studies on the interannual fluctuations of the
western North Pacific have been based on tidal station
data or dynamic height data from ship observations
averaged in a 2.5° latitude by 5° longitude box. Their
ability to resolve velocity profiles and transports of the
ocean currents was thus rather poor, especially consid-
ering that some of the major currents in this region
have a width of only a few degrees and that they may
migrate considerably in the meridional direction. Ini-
tiated as part of the Cooperative Study of the Kuroshio
(CSK) to monitor the ocean circulation in the western
North Pacific, hydrographic surveys have been con-
ducted by the Japan Meteorological Agency along the
137°E meridian every winter since 1967 and every
summer since 1972 (Masuzawa and Nagasaka 1975;
Andow 1987). Accumulation of these repeated surveys
provided us a new opportunity to look into the inter-
annual fluctuations in the low- and midlatitude western
North Pacific.
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Based on these hydrographic surveys, this paper first
describes the mean structures along the 137°E meridian
together with a brief comparison with the rest of the
North Pacific (section 3). In section 4, interannual
fluctuations in the Kuroshio and the Kuroshio Coun-
tercurrent, as well as their relation to Kuroshio path
changes, are investigated. Also investigated in this sec-
tion is the relation between the Kuroshio path changes
and water-mass variations at a depth of 1000-2500 m.
Section 5 focuses on the interannual fluctuations in
low latitudes: transports of the NEC and the NECC,
anomalies in the surface height and upper-layer thick-
ness fields, and their connections to the ENSO events.
Since the interannual fluctuations in the low latitudes
are plausibly caused by changes in the wind-stress curl
at the sea surface (Wyrtki 1975; Wyrtki and Meyers
1976), the FSU wind data are analyzed in section 6.
A simple model is used to further clarify connections
between the interannual fluctuations in the western
North Pacific and in the basinwide wind-stress curl
field. Conclusions are summarized in section 7.

2. Data
a. Hydrographic data

The biannual hydrographic surveys by the Japan
Meteorological Agency are along 137°E near the west-
ern periphery of the tropical and subtropical gyres of
the North Pacific (Fig. 1). The hydrographic section
crosses from the coast of Japan (34°N) to New Guinea
(1°S). Stations along the hydrographic section are lo-
cated approximately 0.5° apart in the tropical region
(1°S-8°N) and 1° apart for the remaining northern
region. Nominal vertical sampling is 20-50 m for the
surface-250-m layer and 100-200 m to a depth of
1000-1500 m. Deeper observations, extending to a
depth of 4000 m, were also performed but had a poorer
resolution in both vertical ( 500-1000 m) and horizon-
tal (5°) directions. For most of the winter cruises, the
RV Ryofu-Maru also carried out detailed surveys of
the Kuroshio south of Japan. Hydrographic data in the
vicinity of 137°E from these supplementary measure-
ments were also used in our study.

Hydrographic data from 22 winter cruises (1967-
88) and 17 summer cruises (1972-88) were used in
this study. To remove spurious outliers in the data, we
first grouped the observational stations into seven bins,
each of which had a 5° width and was centered at 2°N
1o 32°N. In each bin, a mean curve of the potential
temperature versus the salinity (6-S) was determined
using the cubic spline fit (Armi and Bray 1982) and
standard deviation values from this mean curve were
then calculated. Data outside the two-standard-devia-
tion boundaries were automatically rejected, whereas
those falling between the one- and the two-standard-
deviation boundaries were discarded subjectively only
when the datum was isolated on the §-S diagram.
About 0.5% of the data were eliminated according to
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FiG. 1. Sverdrup transports in the Pacific Ocean based on the FSU surface wind data
averaged from 1961 to 1987. Units are 10 m? s~ (=Sv). The dots along the 137°E meridian
denote the hydrographic stations by the RV Ryofu-Maru of the Japan Meteorological Agency.

these rejection criteria. Figure 2 shows the mean 6-S
curves in the seven bins recalculated after removing
the questionable data.

After quality control, the irregularly spaced station
data in the meridional section were interpolated and
smoothed onto a common grid. The grid had a hori-
zontal resolution of 0.5° for the upper 1500-m layer
and 1° for the layer below. Vertical resolution was 25
m for the surface-250-m layer, S0 m for the layer be-
tween 250 and 1500 m, and 250 m for the layer below
1500 m. Spacings in both directions were essentially
determined by available observations. To estimate 6
and S values on the grid point, the observational data
were first linearly interpolated in depth and then
smoothed horizontally using the objective analysis
scheme described by Levitus (1982). The influence ra-
dii used in the objective analysis were 1.5° latitude for
the upper 1500-m layer and 5° latitude for the layer
below.

b. Wind data

Monthly wind-stress data over the entire Pacific
Ocean between 30°S and 30°N have been produced
by the Mesoscale Air-Sea Interaction Group at Florida
State University (FSU) based on ship winds subjec-
tively analyzed onto a 2° latitude by 2° longitude grid
(Goldenberg and O’Brien 1981). This wind dataset
was used in the present study to elucidate possible re-
lations between the atmospheric forcing and the inter-
annual variability observed in the western North Pa-
cific. The pseudostress values of the FSU wind data
were converted to stress using a value of 1.5 X 1073
for the drag coefficient and the wind-stress curl was
calculated using central differencing. The Sverdrup
transport based on the FSU wind-stress data averaged
from 1961 through 1987 is shown in Fig. 1. The trans-

port pattern resembles that estimated by Kessler and
Taft (1987, their Fig. 26), who used a 3-year (1979-
81) average of the FSU wind-stress data.

3. Mean structures along the 137°E meridian

As a basis for understanding the variability along
the 137°E meridian, we will start with the mean oceanic

140 L l T
34.1 342

T

34.7

' T —r T '_]' —1 'I T
3843 344 345 346
S

FIG. 2. 0-S relations averaged in the seven 5° width bins along
the 137°E meridian. The center latitude for each binis 5° X n — 3°,
where 7 is the bin number and is denoted next to the corresponding
6-S curve in the figure.
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features along this meridian and briefly discuss their
relationship to the rest of the western North Pacific.
The main thermocline along 137°E is most intense
between 5°N and 10°N with the isotherms spreading
progressively apart to the north and south (Fig. 3a).
The ridge of the thermocline, situated at 7.5°N in this
region, forms the boundary between the North Equa-
torial Current and the North Equatorial Countercur-
rent. Based on the distributions of the 20°C isotherm
depth, Kessler (1990) has shown that the mean position
of this thermocline ridge is nearly zonal (between 7.5°N
and 10°N) across the entire North Pacific. In regions
of 20°~30°N between the seasonal and the main ther-
moclines (170 and 400 m), a water mass with a min-
imum in the vertical potential density gradient exists.
This water mass, known as the Subtropical Mode Water
(Masuzawa 1969, 1972), forms in the northern edge
of the subtropical gyre through wintertime convective
mixed-layer processes and is believed to be advected
to the western Pacific by the westward-flowing Kuro-
shio Countercurrent (Hanawa 1987; Suga et al. 1989).
In Fig. 3a, the thermocline rises sharply near the coast
of Japan, corresponding to the western boundary cur-
rent, the Kuroshio.

In the equatorial region along the 137°E meridian,
the isotherms are essentially horizontal, indicating that
no equatorial undercurrent, as a time average, exists
at this western portion of the equatorial Pacific. This
feature, also noted by Toole et al. (1988) using histor-
ical temperature and salinity data, is different from the
meridional distributions of the mean water temperature
observed in the central equatorial Pacific, where the
isotherms at the 200-m depth bulge vertically in con-
nection with the Equatorial Undercurrent (EUC) (e.g.,
Wyrtki and Kilonsky 1984; Lukas and Firing 1984).
A recent observational study by Tsuchiya et al. (1989)
indicated that a major portion of the New Guinea
coastal undercurrent (centered at the 200 m depth)
reaches the equator north of Papua New Guinea and
deflects to the east to feed the EUC. Absence of the
EUC in Fig. 3a suggests that the eastward deflection of
the New Guinea coastal undercurrent largely occurs
east of the 137°E meridian.

The salinity structures along the 137°E meridian are
characterized by the existence of three extrema and a
broad uniform salinity region in the midlayer low lat-
itude (Fig. 3b). The salinity maximum near the equator
has a core (with a salinity maximum > 35.4 psu) along
the New Guinea coast at a depth of 150 m. This max-
imum salinity water is possibly influenced by the New
Guinea coastal undercurrent, which transports high-
salinity, high-oxygen water from the Solomon Sea into
the western equatorial Pacific (Tsuchiya et al. 1989).
A second salinity maximum has a core around 15°N
at a depth of 150 m (maximum salinity > 35.0 psu).
This salinity maximum also appears in the mean sa-
linity distribution across the central Pacific (around
160°W; Reid 1965; Robinson 1976; Wyrtki and Kii-
onsky 1984 ) and it is caused by excess of evaporation
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over precipitation and by long residence of the surface
water in the central Pacific (see Masuzawa 1972),

A prominent salinity minimum region can be seen
in Fig. 3b to extend through the subtropical gyre from
the NEC to the Kuroshio (see Fig. 4). It has a core at
24°N and 750-m depth and lies on the 26.80, (125 cl
t~') isopycnal surface along the 137°E meridian (Fig.
3c¢). This salinity minimum water is commonly known
as the North Pacific Intermediate Water (NPIW) and
is shown by Reid (1965) to exist over most of the mid-
latitude North Pacific on the 26.84, isopycnal surface.
Reid speculated that the NPIW is formed in the sub-
arctic region, where vertical mixing and atmospheric
cooling cause low-salinity surface water to deepen and
be transmitted southwestward through lateral mixing
and advection. Recently, Talley (1991 ) suggested that
the low-salinity water mass of the NPIW may have its
origin in the Okhotsk Sea.

From the temperature and salinity distributions
shown in Fig. 3, mean zonal geostrophic flow relative
to 1000 db was computed (Fig. 4). Due to small values
of the Coriolis parameter, geostrophic flows near the
equator indicated large and unrealistically swift fluc-
tuations, and were consequently excluded from the
present study. This exclusion prevented us from esti-
mating the transports of the South Equatorial Current
and the New Guinea coastal undercurrent, but it had
negligible influence on the NECC that has its main
body north of 2°N. The mean transport values of the
NECC (eastward flow from 2°N to 7°N) and the NEC
(westward flow from 7°N to 25°N) in Fig. 4 are 42.1
Sv and —59.4 Sv, respectively. In evaluating the trans-
port for the NECC, many former studies have defined
it as the eastward flow above a particular isotherm/
isopycnal: for example, the 14°C isotherm by Wyrtki
and Kilonsky (1984), the 12°C isotherm by Toole et
al. (1988), and the 23.50, isopycnal by Delcroix et al.
(1987). Eastward flow below such an isotherm/iso-
pycnal is known as the Northern Subsurface Counter-
current ( Tsuchiya 1975). Along the 137°E meridian,
the transport of the mean NECC reduces to 28.0 Sv
(Sv = 10 m3 s7') if the 12°C isotherm, which lies at
the base of the thermocline, is chosen.

The mean geostrophic transport across 137°E can
be compared to the mean Sverdrup transport diver-
gence by integrating the Sverdrup balance zonally from
the eastern boundary and examining meridional dif-
ferences. In the NEC region of 7°-25°N, the geo-
strophic transport (—59.4 Sv) is close to that from the
Sverdrup balance (—63 Sv, Fig. 1). While the transport
of the NECC from the geostrophic calculation (42.1
Sv) is about 50% larger than that estimated from the
Sverdrup relation (about 28 Sv), this Sverdrup trans-
port value agrees with the geostrophic transport value
if the NECC is defined as an eastward flow above the
12°C isotherm. This difference will be further discussed
in section 6.

Within the zonal band of 20°-28°N, individual
geostrophic flow profiles indicated weak currents, with
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FI1G. 3. (continued)

a magnitude of a few centimeters per second, flowing
alternately to the east and west (not shown). A semi-
permanent eastward flow exists in this region and is
sometimes called the subtropical countercurrent
(Yoshida and Kidokoro 1967). Its existence, however,
is only barely discernible in the mean flow pattern of
Fig. 4. A more systematic westward flow, the Kuroshio
Countercurrent (KCC), exists between 27.5° and
29.5°N and is a recirculating portion of the Kuroshio
south of Japan. The transport values for the mean Ku-
roshio and KCC in Fig. 4 are 36.1 Sv and —3.7 Sv,
respectively. Due to extensive lateral excursions of the
Kuroshio, these transport values, estimated from geo-
graphically fixed regions, are much smaller than those

established by previous studies. Notice that the total
mean transport of the Kuroshio and the KCC remains
approximately the same whether it is estimated from
a geographically fixed coordinate (32.4 Sv from Fig.
4) or a stream coordinate (33.0 Sv, see section 4). Not
surprisingly, this transport is close to the Sverdrup in-
flow of the subtropic gyre (~36 Sv from Fig. 1).

4. Midlatitude interannual variability

To investigate the interannual variability in the
western North Pacific, we first computed the surface
dynamic height for the 39 cruises and constructed the
mean surface dynamic height profiles for the winter






