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On the Pacific upper-water circulation
by Mizuki Tsuchiya1
ABSTRACT
By mapping the distributions of the geostrophic flow and various water properties on the
surface where thermosteric anomaly equals 240 X 10-s m 3 kg-1 (CT, 25.60 kg m-"), the circulation in the upper layer of the Pacific Ocean has been studied with emphasis on the subtropical
anticyclonic gyres in both hemispheres. The North Pacific shows a double-cell subtropical
circulation pattern with the poleward cell along about 30N and the equatorward cell along
20-25N, both extending eastward from the western boundary, where the two cells are joined
together. The poleward cell is associated with the Kuroshio and its westward return flow and
terminates at 180-170W, while the equatorward cell extends all the way to the coast of Baja
California. The salinity and oxygen fields in the west of the subtropical gyre are highly uniform.
However, salinity is generally higher in both cells than in the area between them, and oxygen
is generally higher in the poleward cell and in the northern half of the equatorward cell than
elsewhere.
The South Pacific exhibits a single huge subtropical anticyclonic gyre, which extends across
the ocean and is roughly symmetric with the equatorward cell of the North Pacific. There is
no obvious indication of a poleward cell in the South Pacific.
The eastern sectors of the subtropical gyres in both hemispheres are strongly influenced by
inflows of low-salinity, high-latitude waters. This influence is stronger in the North Pacific
subtropical gyre, where the low-salinity, high-latitude water extends equatorward in the eastern
sector to about 25N and then as far west as 150E on the southern edge of the gyre. In the
South Pacific, the influence of the low-salinity, high-latitude water is felt equatorward to about
20S only near the eastern boundary.

1. Introduction
The purpose of this study is to examine the circulation in the upper layer of the
Pacific Ocean, to relate it to the fields of water properties, and to compare the
circulation and property fields in the North and South Pacific. Since the circulation
of the upper waters in the intertropical Pacific bas been studied in detail (Tsuchiya,
1968), the present study is focused on the circulation around the subtropical anticyclonic gyres in both hemispheres.
As noted by Reid and Mantyla (1978), there has been some deviation from the
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earlier picture of the North Pacific upper-water circulation, which consists of a
large anticyclonic gyre in subtropical latitudes, a cyclonic gyre in high latitudes, and
generally zonal equatorial currents in low latitudes. The deviation is a strong southwestward return flow of the Kuroshio turning again to the east at about 20N near
the western boundary. This return flow and the eastward flow to the south of it were
deduced almost entirely from the field of geopotential at the sea surface (Reid and
Arthur, 1975; Wyrtki, 1975; Japan Oceanographic Data Center, 1975; Hasunuma
and Yoshida, 1978). The eastward flow, in particular, was believed to be a shallow
feature limited to the near-surface layer (Uda and Hasunuma, 1969). However,
Reid and Mantyla's (1978) work cited above and a more recent study by Reid
(1981) indicate that basically the same circulation can be found in the mid-depth
(1-2.5 km) geopotential field across the North Pacific and that this circulation
pattern is matched by the distributions of water properties. Moreover, Reid's
(1981) study also shows a similar mid-depth circulation pattern in the eastern South,
Pacific. In view of these studies, it is particularly interesting to investigate the
geostrophic circulation and its correspondence to the fields of water properties in
the upper layer of both the North and South Pacific oceans.
· In the present study, the isanosteric surface where thermosteric anomaly equals
240 x 10-s m 3 kg- 1 ((Ti 25.60 kg m- 3 ) has been chosen to represent this layer. In
middle and low latitudes of the North Pacific and in low latitudes of the South
Pacific, this isanosteric surface generally lies in the thermocline and thus receives
rio direct influences of the sea surface; in higher latitudes, it outcrops at the sea
surface in both hemispheres throughout the year. In the western subtropical North
Pacific, it lies within the thermostad of the Subtropical Mode Water (Masuzawa,
1969), the Pacific equivalent of the 18°C Water in the Sargasso Sea (Worthington,
1959, 1976). In contrast, this surface lies above the thermostad of the Subantarctic
Mode Water (McCartney, 1977), which is the South Pacific counterpart of the
Subtropical Mode Water. The circulation of the Subtropical Mode Water in the
North Pacific was studied by Masuzawa (1969, 1972), but remains largely obscure.
On and near this isanosteric surface, the fields of properties in the interior of the
subtropical gyres are fairly uniform, but there is an influence of low-salinity waters
of high-latitude origin along the eastern and equatorward edges of the gyres (Barkley, 1968; Masuzawa, 1969, 1972). In the eastern North Pacific, this low-salinity
water forms a vertical minimum of salinity at about 240 x 10-s m 3 kg- 1 (McGary
and Stroup, 1956; Reid, 1965, 1973; Kenyon, 1978) and spreads well into the
equatorial region as far west as near the western boundary. In the eastern South
Pacific, the low-salinity water from high latitudes forms a similar minimum at a
lower thermosteric anomaly (about 200 X 10-s m 3 kg- 1 ) and extends into the
equatorial region but not so far west as in the northern hemisphere (Reid, 1965,
1973).
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_ Maps of depth, acceleration potential relative to 10 MPa (1 MPa = 100 dbar),
salinity2 , oxygen, phosphate,- silica, and nitrate have been prepared on the 240 x
' 10-s ml kg- 1 isanosteric surface for both northern summer (May-October) and
-:northern winter (November-April) with use of the data selected from all available
hydrographic observations. Except for the areas where this isanosteric surface is
shallower than about 100 m (especially, the eastern intertropical Pacific), the sum,mer ~d winter maps agree well in large-scale features of present interest. It is
gener~lly ·difficult to tell whether the minor differences found between the summer
and -winter maps represent a seasonal variation. All the northern-summer maps are
presented in Figures 1-7, but only the northern-winter maps of depth, acceleration I
pote~tial, and salinity are shown in Figures 8-10. There is a unique relationship
,between salinity and temperature on an isanosteric surface. The values of tem0per~ture corresponding to the isohalines drawn on the salinity maps are given in
Table L
. In the following sections, the circulation and fields of properties on this midthermocii.ne J.Sanosteric surface are discussed and briefly compared with those at
.othet deeper and shallower surfaces.

2. North Pacific subtropical gyre
The depth maps (the 300 m isobath in particular) for both summer and winter
clearly exhibit a separation of the North Pacific subtropical gyre into two cells of
,great depth, though connected together in the west (Figs. 1 and 8). Over the entire
Pacific o ·cean, the 240 x 10-s ml kg- 1 surface is deepest in the northern cell, the
:maximum depth being greater than 400 m. The greatest depth in the southern cell
'is about 400 m. The axis of the northern cell lies at about 30N and extends east:ward as far as 170E. The northern cell is associated with the Kuroshio and its
'westward return fl.ow. The southern cell, with its axis along 20-25N, extends farther
eastward than the northern cell. At 20-30N in the eastern Pacific, a broader trough
of the 240 x 10_.8 ml kg- 1 surface almost reaches the coast of Baja California.
This trough appears to belong to the southern cell to the west rather than to the
northern cell to the westnorthwest. Suggestions of a similar double-cell topography
can be found in the depth of the 250 x 10-s m 3 kg- 1 isanosteric surface mapped
by Masuzawa (1969) and the cr1 = 25.4 kg m- 3 (oT = 259 X 10-s m 3 kg- 1 ) isopycnal surface mapped by Barkley (1968), although the ridge that separates the
two cells is not everywhere well defined.
The map of acceleration potential (Fig. 2) at 240 X 10-s m 3 kg- 1 relative to
10 MPa for northern summer indicates a similar circulation pattern with two high
'Sal~ity is a dimensionless quantity defined by the ratio of the mass of dissolved material to that
of sea water (International Association for the Physical Sciences of the Ocean, 1979). All the values of
salinity given in this paper have been multiplied by 103 •
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Figure 1. Depth in 100 m of the surface where thermosteric anomaly equals 240 X 10---<1 m' kg-',
northern summer (May-October).

cells(> 18 m 2 s- 2) . The minimum of acceleration potential separating the two high
cells is reasonably well defined, despite the limited number of stations in the minimum. The return flow of the Kuroshio begins at about 30N, 180° and continues
westward to 25N, 135E. South of Japan, this return flow has long been known to
exist principally from the distributions of temperature and geopotential at various
levels and has been referred to as the Kuroshio Countercurrent (Uda, 1935; Koenuma, 1937). The eastward flow south of the return flow is also evident. This
eastward flow is identified as the Subtropical Countercurrent first suggested by
Yoshida and Kidokoro (1967) and later described by Uda and Hasunuma (1969)
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Figure 2. Acceleration potential in m•s-•, relative to IO MPa, on the surface where thermosteric anomaly equals 240 X 10-a m• kg-1, northern summer (May-October). The heavy
dashed lines represent the outcrops of this surface at the sea surface.

on the basis of hydrographic and set-and-drift data. On this map, the high cell
defined by the isopleth for 18 m 2 s- 2 is connected to each other in the west, but the
connection is weak and not certain. The northern-winter map of acceleration potential (Fig. 9) shows the southern cell only marginally, but the westward return
flow south of the Kuroshio is well developed from about 32N, 170W to 25N, 130E.
The northern cell in Figures 1, 2, 8 and 9 approximately coincides with the area
of maximum development of the Subtropical Mode Water as represented by the
thickness greater than 150 m of the layer between 16°C and 19°C (Masuzawa,
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SALINITY, 10- l

Figure 3. Salinity multiplied by 10° on the surface where thermosteric anomaly equals 240 X
10_,, m' kg-1 , northern summer (May-October). See Table 1 for the corresponding values of
temperature. The heavy dashed lines on this map and other maps in Figs. 4-7 represent the
outcrops of this surface at the sea surface. The isopleths in the areas where the entire water
column is denser than 240 X 10_,, m• kg-1 are based on the sea-surface values.

1972; see also Fig. 11), suggesting that the circulation of the Mode Water is limited
mainly to the interior region of the northern cell.
There are some small but definite local anomalies in salinity and oxygen in the
west of the subtropical gyre, where otherwise the distributions are highly uniform
(Figs. 3, 4, and 10). The correspondence between these anomalies and the doublecell structure found in the depth and acceleration-potential maps is not quite
straightforward. Nevertheless, the northern cell has generally high salinity (> 34.7)
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Figure 4. Oxygen in cm• dm-a on the surface where thermosteric anomaly equals 240 -x
lo-" m' kg-•, northern summer (May-October).

Table 1. Values of temperature corresponding to the isohalines drawn in Figs. 3 and 10.
S

X

10'

Tl°C

S

X

10'

Tl°C

32.4
32.6
32.8
33.0
33.2
33.4

5.4
6.7
7.8
8.9
9.8
10.7

33.8
34.0
34.2
34.4
34.6
34.7

12.4
13.2
14.0
14.7
15.4
15.7

33.6

11.6

34.8

16.1

S

X

10'

35.0
35.2
35.4
35.6
35.8

T/°C
16.8
17.4
18.0
18.6
19.2

784

. Journal of Marine Research

[40, Supplement

and low oxygen(< 4.5 ems dm- 3), and t~e ridge in the topography of the 240 X
10-s ms kg- 1 surface (or the minimum in acceleration potential) that divides the
subtropical gyre into the northern and southern cells shows generally low salinity
(< 34.7) and high oxygen (> 4.5 ems dm- 3). The southern cell also tends to have
high salinity (> 34.7), but appears to have low oxygen (< 4.5 ems dm-s) in the
north and high oxygen(> 4.5 ems dm-s) in the south.
These high-salinity anomalies in the subtropical gyre are all isolated from highsalinity water south of the equator, indicating the importance of vertical mixing in
the downward transfer of salt from the overlying high-salinity water (Tropical
Water), which exhibits a vertical maximum of salinity at 300 to 400 X 10-s ms kg- 1
(Masuzawa, 1972, section 3.2). The low oxygen in the northern cell is consistent
with advection of low-oxygen water from low latitudes by the Kuroshio and with
the suggestion that the water in the northern cell circulates within it remaining there
for a long time. Low-salinity, high-oxygen water brought in from the northeast by
the westward return flow contributes to the low salinity and high oxygen between
the. cells. The low oxygen in the north and the high oxygen in the south of the
southern cell can be accounted for by advection of low-oxygen water of low-latitude
origin in the eastward Subtropical Countercurrent and by advection of high-oxygen
water of high-latitude origin in the westward flow (the North Equatorial Current)
farth.er south.
·On the maps of phosphate, silica, and nitrate (Figs. 5- 7), the North Pacific
subtropical gyre is generally characterized by a vast domain of low nutrient concentrations. Figure 6 suggests that silica is higher (> 10 µmol dm-s) along the
western boundary and in the northern cell than in the southern cell and elsewhere
in the gyre. The maps of phosphate and nitrate (Figs. 5 and 7) do not exhibit a
feature that seems to reflect the double-cell circulation pattern, but this may be due
to the smaller number of nutrient stations.
Reid's (1981) work cited before includes an extensive review of previous studies
that suggest a double-cell subtropical gyre in the density and geopotential field.s in
the world ocean. He calls this pattern the C shape, because the two cells are ~on-·
nected together at the western boundary and form the shape of the letter C.
Although emphasis is on the mid-depth (1-2.5 km) circulation, he also discusses the
circulation in shallower layers with reference to the poleward shift of the subtropical
gyres with increasing depth (Reid and Arthur, 1975). In the North Pacific, the
C-shaped circulation pattern is evident at the mid-depth (1-2 km), but the maps of
acceleration potential at 180 and 160 x 10-s ms kg- 1 (400-700 m in the west
of the subtropical gyre) relative to 10 MPa do not show a feature that suggests a C
shape except for a hint of the southern cell near 23N, 140E at 160 x 10-s ms kg- 1
(Reid, 1973; Tsuchiya, 1981). The choice of the reference at 10 MPa may be too
shallow to reveal a C shape at these layers. Reid (1981) notes that basically the
same C-shaped pattern is observed at various depths in the North Atlantic (Leetmaa
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Figure 5, Phosphate in µmo! dm-a on the surface where thermosteric anomaly equals 240 X
lo-" m' kg-1, northern summer (May-October).

et al., 1977; Stommel et al., 1978; Reid et al., 1977; Reid, 1978, 1979, 1981) and
points out that this pattern is not a new feature derived from new data sets but is in
fact consonant with all_of the earlier maps of density and geopotential (Reid, 1978).

3. ·south Pacific subtropical gyre
· Unlike the northern hemisphere, the southern hemisphere does not show any
obvious evidence of a double cell or a C shape in the subtropical gyre at 240 X
10-s m 3 kg- 1 • On ·the maps of the depth ·and acceleration potential (Figs. 1, 2, 8
and 9), a huge single anticyclonic gyre extends across the ocean from Australia
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Figure 6. Silica in µmol dm-a on the surface where thermosteric anomaly equals 240
10--a m' kg-1 , northern summer (May-October).

X

South America. The interior of this gyre is dominated by water of high salinity,
low nutrients, and intermediate oxygen (Figs. 3- 7, and 10). The zonal axis of the
gyre on the acceleration potential maps is located farther poleward than that of
the trough of the 240 X 10-s m 3 kg- 1 isanostere and lies slightly south of 20S
with a gradual poleward shift east of 140W. This gyre is interpreted to be the
counterpart of the equatorward cell of the North Pacific gyre, because they are
approximately symmetric about the equator and both extend across the ocean. This
is admittedly a simplistic interpretation, for there may be no special reason to
expect a symmetry about the equator.

'I
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NITFWE, l'g-at i- 1

Figure 7. Nitrate in ,-imol dm-• on the surface where thermcsteric anomaly equals 240 X
10_. m' kg-1 , northern summer (May-October).

The geostrophic circulation at the sea surface of the subtropical South Pacific is
much like that at 240 x 10-s m 3 kg- 1 , although the axis of the gyre at the sea
surface lies slightly equatorward of that at 240 x 10-s m 3 kg- 1 • Reid and Arthur's
(1975) map shows an anticyclonic gyre with its axis lying at about 15S between
150W and 170W and at 20-30S east of 140W. At 25-35S on the poleward side of
this gyre, the eastward flow is stronger than at 35-45S. A similar intensification of
the eastward flow appears to occur at about 30S on the 240 X 10-s m 3 kg- 1 surface (Figs. 2 and 9), but a lack of meridional sections in the southern hemisphere
precludes a definite conclusion. Farther poleward, the eastward flow is intensified
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Figure 8, Depth in 100 m of the surface ,where thermosteric anomaly equals 240 . X 1
northern winter (November-April).

m• kg-1,

again in the Antarctic Circumpolar. Current. Wyrtki's (1975) surface gee.potential
maps exhibit basically the same feature. Merle et al. (1969) studied the zonal
geostrophic flow at 170E and reported the presence of an eastward flow between
15S and 20S with a maximum speed of 5-35 cm s- 1 essentially within 200 m of the
sea surface (20S was the southern limit of their study). Their GEK (Geomagnetic
Electrokinetograph) and current-meter measurements were consistent with the eastward geostrophic flow, and they referred to it as the South Tropical Countercurrent.
Rotschi (1973) suggested that the South Tropical Countercurrent corresponds to the
Subtropical Countercurrent in the North Pacific, but the South· Tropical Counter-
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Figure 9. Acceleration potential in m's-•, relative to 10 MPa, on the surface where thermosteric anomaly equals 240 X 10_,, m• kg-•, northern winter (November-April). The heavy
: dashed lines represent the outcrops of this surface at the sea surface.

current Merle et al. (1969) observed represents only an equatorward portion of the
broader eastward flow at 20-35S, as can be seen in the geopotential maps of Reid
and Arthur (1975) and Wyrtki (1975).
Thus, it appears that the equatorward cell of the subtropical gyre in the upper
laye_rs of the South Pacific is strongly developed but that the poleward cell with a
westward flow on its equatorward flank is lacking. However, a closer examination
of the present maps indicates two features that might possibly be considered as the
poleward cell in the South Pacific. One feature is a small area of high acceleration
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SALINITY. 10· >

Figure 10. Salinity multiplied by 10" on the surface where thermosteric anomaly equals
240 X 10---a m 3 kg-1 , northern winter (November-April). See Table 1 for the corresponding
values of temperature. The heavy dashed lines represent the outcrops of this surface at the
sea surface. The isohalines poleward of the outcrops are based on the sea-surface values.

potential (or a trough of the isanostere) near 35S just east of Australia (Figs. 1, 2,
and 9). The same feature is seen more clearly on the surface-geopotential map of
Reid and Arthur (1975). It represents the poleward East Australian Current and its
offshore return flow toward the north to northeast or a detached anticyclonic eddy
frequently observed in this area (Hamon, 1965; Boland and Hamon, 1970), although the stations used for the present maps are hardly enough to depict the detail
of the circulation there. This high cell is much smaller than, but analogous to, the
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poleward cell of the North Pacific subtropical gyre in that it is associated with
the western boundary current and its return flow. Furthermore, a thick thermostad
similar to that of the Subtropical Mode Water in the North Pacific has been observed at temperatures 17-18°C in anticyclonic eddies near 35S (Hamon, 1965;
Andrews and Scully-Power, 1976; Nilsson et al., 1977). Examination of Haman's
cruise data (Commonwealth Scientific and Industrial Research Organization, 1963)
indicates that salinity and thermosteric anomaly in the tbermostad are also uniform
at35.8 and 190 x 10-a m 3 kg- 1 • H amon (1965) notes, however, that a thermostad
of this type is not always present in anticyclonic eddies detached from the East
Australian Current. Despite these similarities to the poleward cell of the North
Pacific gyre, the high cell east of Australia is much smaller with a meridional
extent of several hundreds of kilometers and does not extend offshore from the
western boundary as does the northern-hemisphere counterpart. Would it be difficult to regard it as the poleward cell of the South Pacific subtropical gyre?
, Another feature that might be related to a poleward cell of the South Pacific
subtropical gyre is a tongue of low salinity extending westward along about 45S
(near the outcrop of the 240 x 10-s m 3 kg- 1 isanosteric surface at the sea surfac~)
from the coast of South America (Figs. 3 and 10). The tongue extends to about
120W and possibly farther, but owing to the sparsity of stations, it is impossible to
define its western end. There is no indication of such a tongue on the maps of the
other properties (Figs. 4-7). The recent surface-salinity map of Deacon (1977) exhibits a similar low-salinity tongue from the South American coast as far west as
160W. This distribution led him to support McGinnis' (1974) hypothesis that there
is an anticyclonic circulation, with a westward flow at 40-45S and an eastward flow
farther south, in the upper 500 m of the eastern subantarctic Pacific. On the other
hand, the geopotential field at the sea surface does not show evidence of this ·anticyclonic gyre (Burkov, 1968 ; Reid and Arthur, 1975 ; Wyrtki, 1975), but the data
are few in this area. Neshyba and Fonseca (1980) presented additional data for the
westward flow and argued that the low-salinity tongue must be due to westward
advection of fresh water, because its axis does not coincide with that of the excessive rainfall zone. The existence of the westward flow, however, has not yet been
confirmed. If this anticyclonic gyre in the upper 500 m is real, it would contain the
thermostad (at 5-6°C; 95 to 105 x 10-s m 3 kg- 1 ) of the eastern Pacific Subantarctic Mode Water (McCartney, 1977) but would not be associated with a
western boundary current.
At greater subsurface depths, a double cell is recognized in the subtropical South
Pacific also. As was pointed out by Reid (1981), Burkov's (1968) map of geopotential anomaly at 8 MPa relative to 15 MPa shows a well-defined C shape with
two arms, at 30S and 45-50S, protruding eastward from New Zealand to about
120W. There are also two smaller high cells near 30S and 40S in the Tasman Sea
west of New Zealand. Burkov's (1968) geopotential map at 5 MPa relative to 15
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MPa shows less well-defined high cells at about the same latitudes. Neither map
indicates a strong poleward flow on the west side of the C shape.
4. Circulation of low-salinity, high-latitude water into lower latitudes
To compensate the large excess of precipitation over evaporation in high latitudes;
there must be an equatorward flux of low-salinity water in excess of a simultaneous
poleward flux of high-salinity water in each hemisphere. A manifestation of this
flux of low-salinity water is the equatorward spreading of the North Pacific and
Antarctic intermediate waters, which are characterized by vertical minima of salinity
a:t intermediate depths over large areas of the Pacific (Reid, 1965). Another manifestation is found on the present maps of salinity (Figs. 3 and 10) as low-salinity
waters extending equatorward along the eastern boundary in both hemispheres. The
circulation of these waters of high-latitude origin into the subtropical gyres has
important influences on the distributions of properties in the gyres. However, because the 240 x 10-s m 3 kg-r isanostere intersects the sea surface at different
latitudes in the North and South Pacific during winter in each hemisphere, there is
a difference in the degree of these influences between the North and South Pacific.
~- Nor(h Pacific Ocean. Figure 8 indicates that the 240 X 10-s ms kg- 1 isanostere

outcrops at the sea surface along about 35N west of 160W and alop.g about 150W
between 35N and SON during northern winter. The acceleration-potential map
(Fig. 9) suggests that the low,-salinity water that enters the subtropical gyre in the
eastern Pacific originates at the sea surface near 35-SON, 145-160W, where the
outcrop runs more or less meridionally. (Eastward from 160W, the surface sal.injty
decrease,s toward the coast while the temperature remains about the same, so that
surface isanosteres shift to successively lower temperatures, i.e., to the north.) Lowsalinity water with this thermosteric anomaly is present farther northwest during
(northe~) summer (Fig. 3), but it is made denser in winter by local cooling and
d~s not contribute to the 240 x 10-:- 8 ms kg- 1 surface to the south and southeast
of the. w,inter outcrop. Thus, the flux of the subarctic low-salinity water into the
subtropical gyre is limited to the area east of 160W. An explanation for why tbe
winter outcrop determines water properties on an isanosteric surface in the subtropical gyre has .been given by Stommel (1979). The intense meridional salinity
gradient along the winter outcrop in the source area tum~ into a fairly intense
zoµal gradient on the eastern .side of the subtropical gyre, as the water circulates in
the gyre. The low-salinity water appears to extend beyond 20N along the coast of
North America, while it starts turning to the southwest at about 25N farther offshore (Figs. 2, 3, 9, and 10). Far downstream along the southern limb of the gyre,
theJow-salinity water is recognized as a tongue with its axis along ION as far west
as 150E. Another smaller tongue of low salinity extends eastward from 126W along
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about SN on the northern-winter salinity map (Fig. 10). This tongue suggests that
:part of the low-salinity water leaves the subtropical gyre west of 126W and retums1
~astward in• the North Equatorial Countercurrent. The oxygen map is not partic-:I
:ularly useful for deducing the circulation of the high-latitude water into th~
:subtropical gyre, although there is some indication of a southward penetration of
high-oxygen water from the north at about 30N just off the eastern boundary (Fig.I
.4). This is because the difference in the surface-water oxygen content is not very!
large. between the subarctic and subtropical regions. On the other hand, there is a
strong contrast in the concentrations of nutrient salts between the subarctic and
;subtropical surface waters (e.g. , Reid, 1962), and the maps of phosphate, silica, and;
nitrate (Figs. 5-7) are consistent with the circulation of the high-latitude water
indicated by the salinity maps (Figs. 3 and 4) in that they show relatively high
concentrations on the north, east, and south sides of the subtropical gyre.
On deeper surfaces the inflow of the low-salinity, high-latitude water to th~
eastern sector of the North Pacific subtropical gyre is much weaker as can be seen
on the maps of salinity at 180, 160, 125, and 80 x 10-s m 3 kg- 1 (Reid, 1965;
1973; Tsuchiya, 1981; see also Barkley, 1968). The intensified inflow at 240 X:
.10-s m3 kg- 1 creates a vertical minimum of salinity near this thermosteric anomaly
I
in the northeastern and eastern sectors of the subtropical gyre. This minimum is
often referred to as the shallow minimum as opposed to the deeper minimum of
the North Pacific Intermediate Water, and the distribution and characteristics of the
shallow minimum have been studied in detail by Reid (1973). Over the area ex..:
,tending from the winter outcrop of the 240 x 10-s m 3 kg- 1 surface east of 160W
'toward the southeast to about 20N and then southwestward to about l0N, 160W;
along the outer edge of the anticyclonic gyre, the minimum occurs at a thermosteri~
.anomaly of roughly 240 x 10-s m 3 kg- 1 (Fig. 11). In his area, the water that
<,>verlies the minimum is higher in salinity because it originates at the sea surface
south of the outcrop and has been subject to more evaporation. The water that
underlies the minimum is higher in salinity because the inflow of the high-latitude
water is weaker.
As was shown by Reid (1965 , 1973), a shallow minimum is also present in a
band extending from about 130W to the western boundary between 1ON and the
equator (Fig. 11). The thermosteric anomaly at the minimum, however, is lower at
180 to 200 x 10- 8 m 3 kg- 1 • The immediate cause of the minimum in this region
is the westward penetration of high-salinity eastern equatorial Pacific water with
thermosteric anomaly near 160 x 10-s m 3 kg- 1 into the water column of the
western equatorial Pacific, where salinity decreases downward from the maximum
of the Tropical Water (300 to 400 x 10-s m 3 kg- 1). This penetration gives rise to
a weak salinity maximum at 140 to 160 x 10-s m 3 kg- 1 and an accompanying
minimum at 180 to 200 x 10-s m 3 kg- 1 (the difference in salinity between the
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Figure 11. The area (stippled) where the vertical separation between l6°C and 19°C is greater
than 150 m, adapted from Masuzawa (1972, Fig. 13), and the approximate areas (hatched)
where the shallow salinity minima are present with isopleths of thermosteric anomaly in
IO-" m 3 kg-1 at the minima, adapted from Reid (1973, Fig. 1).

maximum and the minimum is generally less than 0.2). The maps of salinity and
acceleration potential at 180 x 10-s m 3 kg- 1 (Reid, I 973) indicate that the water
at the minimum is low in salinity as a result of lateral mixing rather than advection.
Thus, the shallow minimum that occurs between I ON and the equator west of about
130W is formed through a process different from that for the shallow minimum to
the northeast and should not be considered as its westward extension. The much
lower values of thermosteric anomaly at the minimum also suggest a different origin.
The source of the high-salinity water that creates the underlying maximum is the
South Pacific, and the route and mixing of this water in the low-latitude region
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where both eastward and westward zonal flows are present have been discussed
previously (Tsuchiya, 1968).
b. South Pacific Ocean. The winter outcrop of the 240 x 10-a ms kg- 1 isanostere
at the surface of the South Pacific Ocean occurs at higher temperatures (i.e., at
lower latitudes) than the North Pacific winter outcrop because of the generally
higher surface salinity in the South Pacific (Figs. 1 and 8). It runs from 35S east of
Australia, to 30S near 180°, and southeastward to 45S at the coast of South America (Fig. 1). The low-salinity, high-latitude water that enters the South Pacific
subtropical anticyclonic gyre originates at the outcrop east of 140W (Fig. 3). As
far as the present limited data indicate, the seasonal changes in the position of the
outcrop and in salinity in the eastern South Pacific are small (Figs. 8 and 10). From
this source area along the outcrop east of 140W, the low-salinity water flows first
eastward in high latitudes and then equatorward in middle latitudes around the
outer edge of the anticyclonic gyre. Along the eastern boundary, it extends to 20S
or slightly farther equatorward. In this area, the 240 X 10-a ms kg- 1 surface is
shallow(< 100 m) and actually outcrops at the sea surface during (southern) winter
(Fig. 1). Vertical mixing of high-salinity surface water may limit the equatorward
extension of the low-salinity water along the coast. There is no indication for the
low-salinity water to turn offshore and to extend westward as a tongue on the
equatorward side of the gyre as in the North Pacific (the low-salinity tongue extending westward a few degrees of latitude south of the equator is derived from northernhemisphere water). The absence of a low-salinity tongue in the South Pacific is a
result of lateral mixing with the high-salinity water that is derived from the sea
surface in the middle-latitude area north of New Zealand and that circulates anticyclonically in the interior of the gyre. (In the North Pacific, no middle-latitude,
high-salinity water is introduced to the 240 X 10-a ms kg- 1 surface directly from
the sea surface; see Fig. 10.) Vertical mixing with the overlying high-salinity surface
water (Tropical Water), which shows the highest salinities (> 36.0) at 15-25S between IOOW and 160W (Reid, 1969), may also be effective in raising the salinity
at 240 X 10-a m 3 kg- 1 in the northeastern sector of the subtropical gyre.
The oxygen map does not reflect the flow of the subantarctic water into lower
latitudes, but evidence of renewal of oxygen from the sea surface by vertical mixing
is clearly seen off Peru (Fig. 4). On the maps of phosphate and nitrate, the inflow
of the water of subantarctic origin is indicated by relatively high concentrations
(PO 4 0.5-1.0 µmol dm- 3 ; NO 3 5-10 µmol dm- 3 ) extending along the eastern and
equatorward edges of the subtropical gyre (Figs. 5 and 7). The concentration of
silica is too low and too uniform (1-5 µmol dm- 3) in the gyre to deduce the flow
pattern (Fig. 6).
In contrast to the limited extension of the low-salinity water into lower latitudes
at 240 x 10-s m 3 kg-1, deeper layers exhibit much stronger influences of the
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low-salinity, high-latitude water upon the subtropical gyre. All the maps of salinity
between 80 and 180 x 10-s ms kg- 1 (Reid, 1965; Tsuchiya, 1981; Barkley, 1968)
show the low-salinity water from high latitudes extending equatorward as far as
20S in the gyre east of about 130W and then turning westward to reach nearly the
western boundary. The strongest inflow of the low-salinity, high-latitude water to
the subtropical gyre appears to occur at about 200 X 10-s ms kg-1, where a
shallow minimum of salinity (relative to the deeper minimum of the Antarctic
Intermediate Water) is found in 'the eastern South Pacific (Reid, 1973). The shallow
minimum originates at about 43S in the low surface-salinity area near the coast of
South America and extends equatorward to about 15S along the coast (Tsuchiya,
1981, Fig. 15). It continues westward at a somewhat lower thermosteric anomaly
(160 to 180 x 10-s ms kg- 1 ) between lOS and 20S as far as 160W (Fig. 11).
This shallow salinity minimum in the eastern South Pacific and that in the eastern
North Pacific are similar in their process of formation, although they occur at different thermosteric anomalies. The geographic distributions of the two minima,
beginning in high latitudes of the eastern Pacific, extending around the subtropical
anticyclonic gyres, and fading out at about ION, 160W in the north and lOS, 160W
in the south, are similar and symmetric about the equator except for the area east
of 120W and between the equator and 10s; where the minimum is very weak. A
-minimum that corresponds :to the low-latitude· shallow minimum between ION ·and
the equator in_the North Pacific does not exist in the South Pacific.

5. Summary

The upper-water circulation of the Pacific Ocean has been studied by mapping
the distributions of the geostrophic flow and various water properties on the ~40 x
.10-s m 3 kg- 1 isanosteric surface. , The North Pacific shows a double-cell or Cshaped geostrophic-circulation pattern in the subtropical anticyclonic gyre. The
-poleward cell e_xtends from the western boundary to 180°-l 70W and is associated
with the Kuroshio and its . return flow. The thermostad of the Subtropical Mode
Water develops within this cell. The equatorward cell extends from the western
boundary, where it is connected to the poleward cell, all the way to the coast of
Baja .California. The maximum acceleration potential in the west of the equatorward cell is much weaker than that in the poleward cell and, hence, can be defined
only with a network of closely spaced stations.
·.. The _distributions of salinity and oxygen in the west of the subtropical gyre , are
highly uniform, and the correspondence between the double-cell circulation and the
property fields is not quite straightforward. Nevertheless, the poleward cell tends .to
show higher salinity and lower oxygen; the equatorward cell also tends to show
higher salinity, but appears to have lower oxygen in the north and higher oxygen
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i.Ii-tli~ ·south. Between the two cells, salinity is generally lower and oxygen is generally )ligher.
:

. The South Pacific exhibits only one large subtropical anticyclonic gyre across the
ocean. This gyre is interpreted to be the counterpart of the equatorward cell of
the North Pacific gyre, because they are approximately symmetric about the equator. There is no obvious indication of a poleward cell in the South Pacific, but there
are two features that may possibly be considered as the poleward cell. One feature
is a small cell of high acceleration potential near 35S east of Australia. It is
associated with the East Australian Current and its offshore return flow or with an
anticyclonic eddy detached from the East Australian Current. This cell is much
smaller than, but similar to, the poleward cell of the North Pacific gyre in that it is
associated with the western boun-dary current and its return flow and in that it often
shows a well-developed thermostad in it. The other feature is a hypothetical anticyclonic circulation, with a westward flow at 40-45S and an eastward flow farther
south, in the eastern sector of the subantarctic Pacific (McGinnis, 1974). Although
the salinity distribution is suggestive of this anticyclone, its existence has not been
confirmed.
The eastern sectors of the subtropical gyres in -both hemispheres are strongly
i.I)iluenced by inflows of low-salinity, high-latitude waters. This influence is stronger
in the North Pacific, where the low-salinity water of high-latitude origin is found
not only in the eastern sector but along the southern edge of the gyre as far west
as 1SOE. In the South Pacific subtropical gyre, the influence of the low-salinity
water of high-latitude origin is felt equatorward to about 20S only near the
eastern boundary.
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