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Splitting of the Subtropical Gyre in 
the Western North Pacific* 

Keiichi HASUNUMA and Kozo YOSHIDA** 

Abstract: Examined here is a hypothetical idea of the splitting of the subtropical gyre in 
the western North Pacific on the basis of two independent sources of data, i.e., the long- 
term mean geopotential-anomaly data compiled by the Japanese Oceanographic Data Center 
and the synoptic hydrographic (STD) data taken by the Hakuho Maru in the source region 
of the Kuroshio and the Subtropical Countercurrent in the period February and March 1974. 
Both of the synoptic and the long-term mean dynamic-topographic maps reveal three major 
ridges, which indicate that the western subtropical gyre is split into three subgyres. Each 
subgyre is made up of the pair of currents, the Kuroshio and the Kuroshio Countercurrent, 
the Subtropical Countercurrent and a westward flow lying just south of the Countercurrent 
(18~176 and the northern part of the North Fquatorial Current and an eastward flow 
at around 18~ The subgyres are more or less composed of a train of anticyclonic eddies 
with meridional scales of between 300 and 600km, so that the volume transport of the sub- 
gyres varies by a factor of two or more from section to section. The upper-water character- 
istics also support the splitting of the subtropical gyre; the water characteristics are fairly 
uniform within each subgyre, but markedly different between them. The northern rim of 
each subgyre appears as a sharp density front accompanied by an eastward flow. The bifur- 
cations of the sharp density fronts across the western boundary current indicate that the 
major part of the surface waters in the North Equatorial Countercurrent is not brought into 
the Kuroshio. The western boundary current appears as a continuous feature of high speed, 
but the waters transported change discontinuously at some places. 

1. Introduction 
The most pronounced feature of the general 

circulation of the ocean is the subtropical gyre, 
the western margin of which is composed of 
an intensified current such as the Kuroshio or 
the Gulf Stream. The general motion over the 
interior of the gyre has long been thought to 
be slow and changeless. Besides the recent 
discoveries of the energetic meso-scale eddies 
in the interior oceans, which should certainly 
be of first-rank importance in oceanography, 
we may point out another type of fundamental 
departure from the quasi-permanent structure 
of the interior subtropical gyre hitherto believed. 
This feature had been entirely overlooked be- 
fore YOSHIDA and KIDOKORO (1967a, b) pointed 
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its possibility. They predicted the presence of 
an eastward current, the Subtropical Counter- 
current, in the midst of the interior region of 
the subtropical gyres in various oceans. The 
important points in their predictions are the 
possibility that the subtropical gyre could be 
split into two gyres, north and south, and the 
suggestion that we might have to reexamine 
the interior structure of the gyre which could 
differ fundamentally from that hitherto con- 
sidered. 

Various papers supporting the existence of 
the Subtropical Countercurrent  and consequently 
of the splitting of the subtropical gyre have 
appeared since around 1969. UDA and HASU- 
NUMA (1969) presented evidences for the counter- 
current to be persistent throughout the year 
from hydrographic and ship-log data. A thermo- 
cline-depth topography computed from bathy- 
thermograph (BT) data (ROBINSON, 1969) re- 
veals a steep southward deepening at around 
20~ Indications of the eastward counter- 
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current are clearly seen on the synoptic maps 
of dynamic topography obtained during the 
Cooperative Study of the Kuroshio (CSK) Pro- 
gram (Japanese Oceanographic Data Center, 
1967, 1968, 1969, 1970). WYRTKI (1974a, 1975) 
mapped the dynamic topographies relative to 
500 db and 1,000 db for the entire Pacific Ocean 
using all available hydrographic data. Although 
the gross feature of his dynamic topography is 
similar to those presented by REID (1961) and 
REID and ARTHUR (1975), a notable difference 
has revealed in the interior of subtropical gyre. 
The map of the annual mean dynamic height, 
as well as the bimonthly mean, shows a well- 
defined topographic feature, the north equatorial 
ridge (WYRTKI, 1974b), which extends east at 
about 20~ from just east of Taiwan and forms 
the U-shaped ridge together with the ridge 
associated with the Kuroshio. The northern 
slope of the north equatorial ridge gives a sound 
evidence of the Subtropical Countercurrent. 

Later findings of YOSHIDA (1970) based on 
the CSK data indicated that eastward currents 
appeared at various latitudes and revealed a 
banded structure with somewhat regular intervals 
of about 300 km over the latitudes between 20~ 
and 30~ This new feature has even suggested 
multi-gyre splitting rather than the two-gyre 
hypothesis. RODEN (1977) prepared long me- 
ridional dynamic-height sections of closely spaced 
stations in the North Pacific Ocean and found 
that wave-like disturbances of dynamic height 
with length scale between 400 and 600 km are 
common over the North Pacific and particularly 
pronounced in the west. The baroclinic currents 
associated with the disturbances are often an 
order of magnitude faster than the mean flow. 

Concerning the splitting of the gyre, a further 
analysis of the CSK data as well as the past 
data was undertaken by the present authors. 
The authors made dynamic height maps of the 
western subtropical North Pacific for winter and 
summer seasons. Their maps indicated the 
presence of two separated regions of high dy- 
namic topography rather than a continuous 
U-shaped ridge shown by WYRTKI (1975) for 
the both seasons. The two ridges, the north 
equatorial ridge and the ridge associated with 
the Kuroshio (Kuroshio ridge), seemed to be 
disconnected from each other because the water 
characteristics forming the ridges are consider- 

ably different. 
Most of hydrographic sections made in the 

past were terminated at a latitude of 20~ 
covering either to the north or to the south of 
this arbitrary-boundary latitude, where the north 
equatorial ridge is centered. For example, the 
data from the NORPAC and the CSK pro- 
grams are distributed north of 20~ and that 
from the EQUAPAC and the IGY covers south 
of the latitude. Therefore, further analysis of 
existing data should not allow us to derive a 
firm evidence of the splitting of the subtropical 
gyre. A carefully designed field experiment 
was needed in order to make clear whether or 
not the splitting of the subtropical gyre in the 
western North Pacific is a real feature. Thus, we 
made a special cruise (ship time was shortened 
from the original plan by two weeks because 
of the 1973 oil crisis) with the R.V. Hakuho 
Maru during February 6 to March 22, 1974 
over the area between 15~ and 26~ and 
west of 134~ A major point of the present 
article is to show that the western subtropical 
gyre of the North Pacific is not formed by 
single gyre but by several subgyres on the basis 
of the two different kind of data, the synoptic 
data from the Hakuho Maru cruise and the 
long-term mean data compiled by the Japanese 
Oceanographic Data Center. 

2. Data 
The primary objective of the Hakuho Maru 

cruise was to make a synoptic observation of 
the western North Pacific subtropical region in 
order to test the idea concerning the possible 
splitting of the subtropical gyre and to examine 
the features of the Subtropical Countercurrent. 
In this first stage of the investigation, we con- 
fined the focus of our observational plan into 
one of many aspects of possibly desirable ap- 
proach. We, therefore, attempted to examine 
more or less simultaneous (or instantaneous) 
pictures of the thermohaline structure of this 
rather broad region, to see whether or not the 
thermohaline structure associated with the Sub- 
tropical Countercurrent could be verified, and 
perhaps more curiously to see if the western 
edge of the subtropical gyre could be found to 
reveal double-gyre or multi-gyre structure with 
two or more distinguished ridges (or peaks) in 
the surface dynamic topography. We chose 
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this type of simple approach first. 
The  existing data suggest that  the Subtropical 

Countercurrent  is a relatively shallow phenom- 
enon and that  the appreciable changes in the 
thermohaline structures are confined to the 
depths of the thermocline or to the surface 
layers above 1,000m. Because the dynamic- 
topographic features in the region of present 
interest are determined by the density distri- 
bution in the shallow surface layer,  the vertical 
thermohaline structure must  be observed dense- 
ly. Thus the vertical distributions of tempera- 
ture and salinity were measured with a contin- 
uous sal ini ty-temperature depth recorder (STD, 
Plessy model 9006). 

The  STD was lowered at a speed of 0.5 m s -1 
down to 1,000 m. The  output  was recorded in 
both digital and analog forms, and the digitized 
data were taken every one second. Seven 
meridional sections were made at the longitudes 
134~ 131~ 129~ 127~ 125~ 
124~ and 122~ between the latitudes 15~ 
and 26~ The  STD stations were taken at 
intervals of 40 nautical miles on all sections. 
On the eastern three sections, expendable 
bathythermographs  (XBT probes) were launched 
between the STD stations to back up the coarse 
spacing of STD stations. 

Also used in the present paper is another 
source of data to be compared with the results 
of the Hakuho Maru cruise. This is a long- 
term mean (LTM) data of geopotential anomaly 
provided by the Japanese Oceanographic Data 
Center (JODC). In  view of most of recent 
indications from various data source (JODC, 
1966-1969; WYRTKI, 1975), it appears likely 
that  the splitting of the gyre into two or more 
subgyres is the semi-permanent  feature well 
recognizable even from the climatological mean 
pictures. To substantiate this further,  we have 
constructed a map based on the data from finer 
grid. 

3. Long-term mean field of geopotential 
anomaly 
In  order to seek the possibility of the double 

gyre structure for the subtropical gyre,  various 
data have carefully been examined.  The  dy- 
namic-height map constructed by REID (1961) 
did not clearly reveal these features because it 
was drawn on the basis of scarce data for this 

region. The  CSK Atlases (JODC, 1966-1969) 
have provided some evidence of the features. 
Recent maps of L T M  dynamic topography 
presented by WYRTKI (1975) and JODC (1975) 
gives further evidence for the splitting of the 
subtropical gyre.  W y r t k i ' s  map is based on the 
values averaged over areas of 2 ~ of latitude and 
longitude. 

For  the discussions of the dynamic topography 
in the region of present interest,  we would need 
the finer scale structure and believe it desirable 
to construct a map based on the data from 
finer grids. W e  present such a L T M  data of 
geopotential anomaly provided by the JODC in 
Fig. 1, which gives the dynamic topography of 
the sea surface relative to the 1,000-db surface. 
This map is based on the same data used for 
the map prepared by JODC (1975), and drawn 
on the values averaged for the 1 ~ mesh of 
latitude and longitude, and also on 21,055 obser- 
vations. Because the JODC's  map is drawn in 
a smoothed way,  we redrew the contours so as 
to follow the original values as correct as 
possible. 

In  the area north of 20~ and west  of 150~ 
each grid may have sufficient data to describe 
the L T M  field of dynamic height,  while the 
grids east of 155 ~ have only limited numbers 
of data. In  addition to the paucity of data, 
the map could be biased by the seasonal change 
because all the data in each grid are simply 
averaged without  regard to the season when 
the data were collected. According to WHITE, 
HASUNUMA and SOLOMON (1978) the subtropi- 
cal front shows a remarkable  seasonal variabili ty;  
it is twice as s trong in spring as in fall, and 
its maximum north-south displacement reaches 
•  ~ of latitude. The  interpretat ion of the map,  
then, has its l imitations on these points. 

The  topographic features would not be 
changed considerably with various choices of 
reference levels greater  than 1,000 db, because 
the deep water  in the Nor th  Pacific is so uni- 
form in tempera ture  and salinity that  the 
resulting baroclinic structure is little below the 
level. The  geopotential  topography of the 
1,000 db surface referred to 3,000 db ranges in 
a narrow values between 1.1 and 1.2 dynamic 
meter  in the area of present interest  ( e . g . ,  see 
REED, 1970; REID and ARTHUR 1975), and yet,  
the values higher than 1.15 dynamic meter  are 
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Fig. 1. Long-term mean geopotential anomaly at the sea-surface relative to the 1,000-rib 
surface, in dynamic meters (10 j kg-l). Based on 21,055 observations. 

found only in a restricted region along the off- 
shore side of the Kuroshio south of Japan. 
Therefore,  the contours drawn at intervals of 
0.05 dynamic meter  may be meaningful. 

The  general feature of the dynamic height 
revealed on the new map is similar to that  of 
W y r t k i ' s  map (1975, Fig. 1). Our map also 
clearly reveals the presence of the two ridges, 
the Kuroshio ridge which appears along the 
right hand side of the Kuroshio and the north 
equatorial ridge which forms the northern 
boundary of the Nor th  Equatorial  Current .  
There  is no remarkable  difference between the 
dynamic height values of the two ridges. In  
between the two ridges a well-defined trough 
deeply penetrates westward from 33~ 155~ 

to very close to the western boundary.  The  
northern slope of the trough indicates the 
Kuroshio Countercurrent ,  which flows south- 
westward intervening between the Kuroshio 
and the Subtropical Countercurrent .  

Concerning the structure of the north equa- 
torial ridge, the present map (Fig. 1) reveals a 
new feature which is not shown in W y r t k i ' s .  
According to our map, the north equatorial  
ridge appears to be composed of two zonal 
ridges of high geopotential  anomaly in the 
western tropical region; one of the ridges 
appears slightly north of 20~ and the other 
extends eastward along around 17~ I t  is 
indicated that  the two ridges come in contact 
with each other at their western end. The  
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southern ridge is less distinctive in both dynamic 
heights and eastward extent, but it seems 
evident that the presence of this ridge is also a 
semi-permanent feature. Although the topo- 
graphic features of the ridges and troughs are 
considerably smoothed off through the averaging 
process, the dynamic height differences between 
the ridge and the troughs on both sides are 
still larger than the marginal value of 0.05 
dynamic meter. It is worth pointing out that 
these two ridges are clearly depicted not only 
in the LTM chart but also in the synoptic charts 
from C, SK cruises (NITANI, 1972, Fig. 4 ) a n d  
the Hakuho Maru cruise as will be shown in 
the next section. 

As a matter of course, another trough appears 
along about 19~ between the two ridges form- 
ing the north equatorial ridge. This new topo- 
graphic feature reveals two zonal currents which 
have not drawn much attention so far. The 
northern slope of the trough between about 
19~ and 22~ gives evidence for the presence 
of a westward flow which is as strong as the 
Subtropical Countercurrent and separated from 
the North Equatorial Current. The southern 
slope between about 17~ and 19~ on the 
other hand, indicates an eastward flow inter- 
vening between the two westward flows, the 
one stated above and the North Equatorial 
Current. 

For the convenience of the later discussions, 
the following names will tentatively be applied 
to the topographic features. Because it is found 
that the north equatorial ridge is composed of 
two different ridges, the name of the North 
Equatorial Ridge will be applied only to the 
southernmost ridge. Actually it forms the 
northern limit of the North Equatorial Current 
in the western North Pacific (NITANI, 1972, p. 
151). The northern ridge (centered at around 
22~ associated with the Subtropical Counter- 
current will be referred to as the Tropical Ridge. 
The other ridge, the Kuroshio Ridge, spreads 
along the right hand side of the Kuroshio and 
merges into the southern two ridges east of 
Taiwan. The two troughs north and south of 
the Tropical Ridge will be named the Sub- 
tropical Trough (about 23~ at 130~ and 30~ 
at 155~ and the Tropical Trough (centered 
at around 19~ 

These ridges in dynamic topography indicates 

that the western subtropical gyre is split into 
three subgyres which are made up of a pair of 
eastward and westward currents. Each subgyre 
will have the same name as that of the ridge, 
i.e., the Kuroshio Subgyre, the Tropical Subgyre 
and the North Equatorial Subgyre. 

Synoptic maps of dynamic topography (JODC, 
1966-69) seem to reveal that each subgyre is 
composed of a train of anticyclonic eddies. Our 
LTM dynamic topography (Fig. 1) also shows 
some anticyclonic eddies in every subgyre. 
Although most of the eddies within the Tropical 
and the North Equatorial Ridges may not be 
real features, some of them in the western 
boundary region seem to be real. Such cases 
of the more reality are the peaks of dynamic 
height centered at (30~ 134~ (23~ 125~ 
and (27~ 131~ These peaks manifest the 
presence of stable and persistent anticyclonic 
eddies being about 500km in diameter. In 
spite of the outstanding feature only little 
attention has been drawn on these eddies. 

The eddy south of Japan (30~ 134~ 
the most outstanding, and the LTM temperature 
field (JODC, 1975; WINTERFELT and STOMMEL, 
1972) substantiates it. The first description on 
the eddy was given by UDA (1949) in relation 
to the cold eddy formed by the Kuroshio me- 
ander, but since then no particular investigation 
has been done. NITANI (1972) discussed the 
anticyclonic eddy east of Taiwan (23~ 125~ 
and estimated that the eddy transport amount 
to about 10z 108m 8 s -~. It is easily conjectured 
that the volume transport and the water charac- 
teristics of the Kuroshio change from place to 
place even at a given time because of these 
eddy activities. 

The Kuroshio ridge rather abruptly loses its 
feature at around 155~ while a well-defined 
trough appears south of the ridge and pene- 
trates deeply westward. This change of dynamic 
topography indicates that the Kuroshio Counter- 
current principally originates in this region. 
UDA and HASUNUMA (1969) presented four 
seasonal maps showing zonal components of 
the surface currents on the basis of ship-log 
data. These maps also indicate that the Kuro- 
shio Countercurrent begins at around 155~ 
and that the Countercurrent appears in a rela- 
tively small area west of 155~ and north of 
20~ 
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The dynamic height of the Kuroshio ridge 
sharply decreases at around 138~ To the 
east of this longitude the variability of the 
dynamic height is so large (WYRTKI, 1975; 
JODC, 1975) that the topographic features may 
be flattened there through the averaging process. 

4. The results of the Hakuho Maru cruise in 
February-March 1974 
In the tropical region the dynamic topographic 

features are almost determined by the amount 
of low density water confined in the surface 
layer shallower than 200m. Therefore, the 
currents associated with the Tropical and the 
North Equatorial Subgyres are relatively shallow 
phenomena. The midwinter season was chosen 
for the observation because in other seasons a 
well-developed seasonal thermocline may mask 
the essential features of the Subtropical Counter- 
current and oceanographic structures associated 
with the current. 

4.1. Geopotential topography 
The obtained dynamic topography of the sea 

Fig. 2. Geopotential anomaly at the sea-surface 
relative to the 1,000-db surface, in dynamic 
meters (10j kg-l). Hakuho Maru, February- 
March 1974. 

surface relative to the 1,000-db surface is shown 
in Fig. 2. Basic features revealed on the map 
are an outstanding peak just east of Taiwan, 
three zonal ridges and two troughs. The peak 
east of Taiwan exhibits a considerably high 
peak value exceeding 2.4 dynamic meter, demon- 
strating presence of an anticyclonic eddy. It 
seems to be identical with the eddy appeared 
east of Taiwan on the LTM map shown in 
Fig. 1. 

It appears from Fig. 2 that the zonal ridges 
spread from the peak. The southernmost ridge 
extends southeast and then east around 17~ 
east of 125~ decreasing its dynamic height 
with increasing distance from the peak. This 
ridge seems to correspond to the North Equa- 
torial Ridge which is the newly found feature 
on the LTM topography and defined in the 
previous section. The most outstanding ridge 
in Fig. 2 extends east also from the peak be- 
tween 20~ and 23~ this must be the Tropi- 
cal Ridge in question. These features stated 
above show strong resemblance to the LTM 
dynamic topography in Fig. 1. There is the 
third ridge which is weakly developed but 
continuous between 24~ and 26~ 

It is of particular interest to point out that 
the Kuroshio Ridge, which should be the most 
pronounced ridge to be found around the Ryu- 
kyu Islands and south of Japan, was not clear 
at all in the area surveyed. It is indicated that 
the Kuroshio Ridge is not a continuous feature 
from the Tropical Ridge but a separated one 
by a trough of low geopotential. This new 
observed feature accords with the hypothesis of 
the splitting of subtropical gyre. 

Between the three ridges stated above, we 
clearly recognize the presence of two distinct 
troughs within this survey area; one lies roughly 
between 23~ and 25~ and the other around 
18~ east of 127~ extending northwestward 
to 22~ around 124~ As defined before, these 
seem to correspond to the Subtropical and the 
Tropical Troughs, respectively. The Tropical 
Trough indicates the presence of two zonal 
currents which have not drawn much attention. 
The northern slope of the Trough, i.e., the 
southern slope of the Tropical Ridge between 
about 18~ and 22~ indicates a westward 
flow as strong as the Subtropical Countercurrent. 
NITANI (1972, p. 153) found a continuous west- 
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ward  flow just  south of the Subtropical Counter- 
current.  NAGASAKA and SAWARA (1972, Figs. 
3 and 4) also found a concentrated occurrence 
of westward flux south of the eastward current.  
This current seems to form the counterpart  of 
the Subtropical Countercurrent  in the train of 
anticyclonic eddies which make the Tropical 
Ridge. On this westward flow, NITANI (1972, 
p. 154) gives a notable statement that  it does 
not join the Kuroshio.  The  southern slope of 
the trough, on the other hand, indicates another 
eastward flow. YAMANAKA, ANRAKU and 
MORITA (1965)found frequent occurrence of 
an eastward current at around 18~ in the 
western Nor th  Pacific. NITANI (1972) detects 
the eastward flow on the CSK data, and de- 
scribed it as a current associated with the warm 
core to the north of the Nor th  Equatorial 
Current.  The  current  system deduced from 
the dynamic topography in Figs. 1 and 2 shows 
a good agreement with Nitani ' s  description 

(1972) except some minor features. 
One can see from the map shown in Fig. 2 

a "banded s t ructure"  of the geopotential topog- 
raphy with ridges and troughs.  A remarkable  
feature revealed is the zonal continuity of the 
topographic features. The  ridges and troughs 
continue more than 1,000km. The  troughs 
north and south of the Tropical Ridge penetrate 
well west and reach to the western boundary 
region. Both the distances between the two 
troughs or between the three ridges in Fig. 2 
are 500 to 600km. This meridional scale is 
the same as that  of the perturbations of dynamic 
height recently found by RODEN (1977). 

Al though there may be several bands of topo- 
graphic ridges in synoptic maps,  the significant 
ones are Kuroshio Ridge, the Tropical  Ridge, 
and the Nor th  Equatorial  Ridge, which are 
identified even on the long-term mean basis as 
described in the preceding section. I t  should 
be noted that  each of the ridges composes a 

Fig. 3. Zonal components of geostrophic flow 
at the sea-surface relative to the 1,000-db 
surface in cm s -x. Dashed lines indicate the 
geopotential anomaly contours shown in Fig. 
2. Shaded part indicates westward component. 
Hakuho Maru, Ferbuary-March 1974. 

Fig. 4. Zonal components of relative transport 
referred to the 1,000-db surface, in 108 m 3 s -1. 
Dashed lines indicate the geopotential anomaly 
contours shown in Fig. 2. Shaded part incicates 
westward transport. Hakuho Maru, February- 
March 1974. 
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subgyre in the western subtropical gyre.  These 
subgyres are made up of the pairs of easterly and 
westerly currents,  the Kuroshio and the Kuro-  
shio Countercurrent ,  the Subtropical Counter-  
current  and the newly found westward flow 
lying south of the Countercurrent ,  and the 
easterly current associated with the northern 
slope of the Nor th  Equatorial  Ridge and the 
northern part of the Nor th  Equatorial  Current .  

4.2. Current speed and volume transport 
Zonal component of geostrophic flow and 

volume t ransport  referred to the 1,000-db sur- 
face were calculated for all the sections. In  
this paper,  however,  most of the discussions 
will be limited to the eastern four sections to 
which currents cross nearly at r ight angles. 
The  zonal components of geostrophic flow at 
the sea surface and the relative t ransport  referred 
to the 1,000db surface are shown in Figs. 3 
and 4, respectively. There  are four continuous 
zonal currents in relation to the dynamic topog- 
raphy.  In  order to identify the four currents 
at each section, dynamic-height  contours in Fig. 
2 are superposed on the figures. 

W e  see, for every section, frequent change of 
zonal current direction. None of zonal current 
has a width exceeding 160 nautical miles, and 
yet each current  is continuous over 1,000 km 
or more as is shown by the dynamic height 
contours. This feature indicates that  the Nor th  
Equatorial  Current  known as a stable westward 
current  is limited south of 15~ in the  western 
Nor th  Pacific. The  Ryofu Maru sections at 
137~ (MASUZAWA, 1967; NAGASAKA and 
SAWARA, 1972) also support that  the Nor th  
Equatorial  Current  is a narrow feature confined 
south of 15~ 

The  clearest eastward flow takes place along 
the contour of 2.2 dynamic meter ,  and this 
may correspond to the principal stream of the 
Subtropical Countercurrent .  A t  125~ the 
eastward maximum speed of the Countercurrent  
is 2 5 c m s  -1, while at 127~ it accelerates as 
fast as 57 cm s -1 within the short  distance. As 
we go further east, the maximum speed de- 
creases to 23 cm s- '  at 134~ The t ransport  
shows similar longitudinal variation; between 
the sections at 125~ and 127~ it increases 
suddenly from 7.5 • 106m 8 s -~ to 17.2 • 10em 3 s -~, 
then decreases to 9.7 • 108m a s - '  at 134~ This 
range of the t ransport  shows a good agreement 

with the result,  8 to 18x106 m 3 s -1, calculated 
by UDA and HASUNUMA (1969) for the summer 
of 1965, and suggest that  its t ransport  varies 
by a factor of two or more at various sections. 
These values of t ransport  are considerably large 
in comparison with that  of the equatorial cur- 
rents.  For  the further measurement  of the 
t ransport  the station spacing should be closer 
than 40 miles because the eastward t ranspor t  
occurs in a narrow band of about 80 miles, 
although the eastward current  appears in a 
slightly wider zone at the sea surface. 

Just south of the Subtropical Countercurrent ,  
there is a westward current  which forms the 
counterpart  of the Subtropical Countercurrent .  
The  maximum speed of this current decreases 
westward,  4 4 c m s  -~ at 134~ to 2 6 c m s  -1 at 
127~ The  t ransport  is about 23x10Smas - l ,  
and does not show appreciable downstream 
change. As mentioned before this current is 
separated from the Nor th  Equatorial  Current  
and has n o  name as yet. The  large amount  
of the westward flux requires more at tention 
to this current.  

The  eastward flow associated with the Nor th  
Equatorial  Ridge is relatively weak and minor 
though accompanied by a sharp density front. 
The  t ransport  is 3.3• a s - i  at most,  and 
at some sections the relative t ransport  over 
1,000 m is westward because the current  direc- 
tion reverses below the main thermocline. In  
the low latitudes the main thermocline deepens 
toward north and the current  field basically 
has westward components associated with the 
thermal  structure.  The  main par t  of the east- 
ward  currents,  which flows against  the basic 
westward component,  . are limited upper 300m 
(UDA and HASUNUMA, 1969). Fig. 5 shows 
vertical current  structure at 131~ Eastward 
currents at 17~ and 22.5~ are accompanied 
by a sharp density front (see Fig. 6). 

4.3. Water characteristic in the surface layer 
Each subgyre has its characteristic water  in 

the surface layer.  This feature can be clearly 
seen in the distribution of density or thermo- 
steric anomaly. The  thermosteric anomaly 
section at 131~ (Fig. 6) reveals two well- 
defined fronts at 17~ and 23~ which are 
located near the northern rims of the subgyres. 
The  waters  south of 17~ and between the 
two fronts belong to the Nor th  Equatorial  
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Fig. 5. Vertical section of zonal geostrophic flow 
(cm s -1) at 13I~ Shaded zone shows west- 
ward flow. Hakuho Maru, February 1974. 

Fig. 6. Vertical section of thermosteric anomaly 
(cI t -l) at 13I~ Hakuho Maru, February 
1974. 

Fig' 7. Thermosteric anomaly (cl t -I) at a depth 
of 200m. Hakuho Maru, February-March 
1974. 

Fig. 8. Thermosteric anomaly (cl t -1) at a depth 
of 80 m. Hakuho Maru, February-March 1974. 
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and the Tropical Gyre, respectively. In each 
subgyre temperature and salinity of the surface 
mixed water varies a little, but its thermosteric 
anomaly is kept uniform ; thermosteric anomalies 
of the surface waters are slightly higher than 
520clt -1 in the North Equatorial Gyre and 
about 450 clt -I for the Tropical Gyre. These 
low density waters concentrated in the upper 
200m are essential to form these ridges in 
dynamic topography, so that the pattern of 
the thermosteric-anomaly distribution at 200 m 
(Fig. 7) shows a good resemblance to that of 
dynamic height. The winter-surface water of 
the Kuroshio Gyre is known by its uniformity 
and referred to as the Subtropical Mode Water 
(MASUZAWA, 1969), thermosteric anomaly of 
which is about 290 cl t -1. 

The two density fronts in Fig. 6 are con- 
tinuous features over the area observed. In 
order to show the continuity of the fronts the 
thermosteric-anomaly distribution at 80 m, near 
the bottom of the surface mixed layer, is shown 
in Fig. 8. The northern density front associated 
with the Subtropical Countercurrent seems to 
be a continuous feature across the entire North 
Pacific Ocean. The sea-surface density map in 
winter (REID, 1969, Fig. 6) reveals a front 
crossing the North Pacific Ocean at slightly 
north of 20~ The characteristic density of 
the front, centered at about 24.0 g 1-1 in sigma-t 
(392 cl t-l), is in good agreement with that of the 
front associated with the Subtropical Counter- 
current. As is evident from Figs. 5 and 6, the 
major part of eastward transports occurs just 
south of the density fronts. 

The bifurcation of the sharp density fronts 
from the western boundary region (see Fig. 8) 
implies that the water transported by the western 
boundary current suddenly changes at some 
places. The northern part of the North Equa- 
torial Current turns its course northward off 
the Philippine Islands to form the western 
boundary current. The low density water, 
higher than 480 clt -1 in thermosteric anomaly, 
in the North Equatorial Current is transported 
northward as a part of the western boundary 
current as far north as 20~ but most of the 
low density water turns its course there and 
flows eastward along the southern density front. 
The same situation also takes place on the 
western boundary current after passing through 

the Ryukyu submarine ridge east of Taiwan. 
The high thermosteric-anomaly water higher 
than 400 cl t -1 are carried into the southern tip 
of the East China Sea by the western boundary 
current, but immediately turns its course south- 
ward. A part of the water may recirculate 
into the anticyclonic eddy east of Taiwan, but 
the major part of the water seems to join the 
Subtropical Countercurrent. Only a little of 
the low-density water is entrained into the 
Kuroshio forming the narrow warm core on 
the right hand side of the Kuroshio. Across 
the front the thermosteric anomaly changes from 
higher than 460 cl t -1 to lower than 390 cl t -1. 
These branchings of density fronts across the 
western boundary current indicate that the water 
characteristics change discontinuously at the 
place. 

Geostrophic fluxes by water characteristics 
have been calculated by MASUZAWA (1964, 
1965, 1967, 1972) and NITANI (1972) at various 
sections. The mode of geostrophic flux on the 
T-S diagram change in accordance with the 
present discussion. The thermosteric anomalies 
of the surface water transported by the North 
Equatorial Current is higher than 500clt -I 
throughout the year and forms a significant 
mode on the geostrophic fluxes (MASUZAWA, 
1964, 1967). In the east of Taiwan the mode 
appears in evidently low thermosteric anomaly 
about 450 cl t -I even in summer (NITANI, 1972). 
In the Kuroshio south of Japan the surface- 
water flux mode appears between 300 cl t -1 and 
350 clt -1 (MAsuZAWA, 1965, 1967). 

Although the western boundary current may 
appear as a continuous feature, the waters 
transported by the current are not continuous. 

5. Discussion 
The synoptic dynamic height chart from the 

Hakuho Maru cruise as well as the long-term 
mean chart are shown to substantiate our more 
or less hypothetical idea of the splitting of the 
subtropical gyre. There is a strong possibility 
that the western subtropical gyre is split into 
several, most likely three, subgyres; the three 
dynamic topographic ridges manifest them. The 
structure of the subtropical gyre in the North 
Pacific is dramatically different from that hitherto 
believed. The splitting of the subtropical gyre 
should lead to the necessity of a fundamental 
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reexamination of the dynamics of the ocean 
circulation, in particular, of the Kuroshio. The 
present analysis indicates that the Kuroshio is 
not fed by the North Equatorial Current, but 
rather by the Kuroshio Countercurrent. 

It is suggested that there is little exchange 
of surface water between the subgyres because 
each gyre has its own particular surface water. 
In winter, there are striking differences between 
the characteristics of the surface waters trans- 
ported by the North Equatorial Current (higher 
than 500 clt-J), the Subtropical Countercurrent 
(400-450clt -1) and the Kuroshio (about 300 
clt-1); the major part of surface water trans- 
ported by the North Equatorial Current cannot 
be found in the Kuroshio nor in the Subtropical 
Countercurrent. 

Because each subgyre is formed more or less 
by a train of anticyclonic eddies, the transport 
of the current changes by about a factor of 
two in a short time or in a short distance. On 
the basis of 32 hydrographic sections of the 
Kuroshio made at 135~ in the period from 
December 1951 to November 1953, MASUZAWA 
(1954) presented a time sequence of the trans- 
port referred to the 1,000-db surface. According 
to it, the transport changes between about 30 
and 60'xl0Bm a s -1 within two or three months. 
In addition, the subgyres or the eddies are sub- 
ject to change by local disturbances because 
they cover only small areas compared with the 
whole subtropical gyre. The current systems 
might be more variable than we considered 
before. 

The splitting of the subtropical gyre presents 
interesting problems that how the subgyres are 
linked up and how oceanographic variations 
propagate from one subgyre to the others. 
According to the present analysis it is question- 
able that the variations in the North Equatorial 
Current propagate directly into the Kuroshio. 
The region east of Taiwan is considered to be 
crucial to understand these problems because 
all the western ends of the subgyres together 
there. In addition to the mutual relationships, 
the time dependent features of the subgyres and 
individual persistent eddies have to be investi- 
gated. Under the monsoon regime they may 
show remarkable seasonal changes in their 
location, spatial extent, current speed and volume 
transport. Although it had been postulated that 

the central part of the subtropical gyre is quiet 
and stable, WHITE et al. (1978) has found a 
large seasonal change in the location and the 
intensity of the Subtropical Countercurrent. 

In this paper only shallow features are de- 
scribed concerning the split of the subtropical 
gyre, but the split is still discernible at greater 
depths, about 1,000 m. A dynamic topographic 
map at the 1,000 db surface referred to 3,500 db 
(REID and MANTYLA, 1978) shows up two ridges 
extending eastward along about 20~ and 35~ 
all across the Pacific Ocean from the western 
boundary. The large-scale oxygen distribution 
can be explained better with the current pattern 
deduced from the dynamic topography (REID 
and MANTYLA, 1978). 
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