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CURRENT STRUCTURE AND ITS VARIATION IN THE
EQUATORIAL AREA OF THE
WESTERN NORTH PACIFIC OCEAN*

Guan Bingxian( 455 %t )
(Institute of Occanology,Academia  Sinica, Qingdao, China)

Abstract

Based on the currenl measurcment data from the R/V Ryofu Maru of JMA in the cquatorial arca along
137°E (1972—83) and 155°E (1972—79) the structures of the zonal velocity of the Equatorial Undereurrent
(EUC) and the North Equatorial Countereurrent (NECC) and their varialions are systematically analyzed in

detail,
AU 155°E, the current at the equator and 100—300 m depth was a typical castward EUC, it intensified in

1973—15, i.c., in the non-El Nino period. While the corresponding current at 137°E was moslly westward,
and the origin of the EUC shifted to north of the equator around 0.5—1.5°N owing to the influence of the
New Guinca Coust. The EUC origin disappearced in early July, 1982. Comparing with the EUC disnppearance
at 159°W, the averuge speed of an castward iravelling wave would Dbe~L.Inys.

The velocity core of the NECC at 137°E generally shified northward in winter and southward in
suminer, and was stronger in suminer and weaker in winter. The fluctuations of the NECC were closely
rclated to thosc of the wind stress curl over the region 2—I10°N, 160°E—150°W.

INTRODUCTION

The western tropical Pacific Ocean is a heat pool and has been known as the origin of
inducing the El Nino in the eastern cquatorial Pacific Ocean, which is an extreme
hydroclimatic anomaly. Theoretical and modeling studies suggest that oceanic circul-
ation, especially equatorial circulation, has an important role in the formation of such an
anomaly by altering the patterns of sea-surface temperature through advection (Meyers &
Donguy, 1984). Among which the western cquatorial North Pacific is a key region for the
study of the equatorial ocean circulation because it is the origin of the eastward and the
end of the westward cquatorial currents.

Since the sixties, oceanographers, especially the Japanese and Irench have made
many important contributions to the study of the circulation of the western equatorial
and /or tropical Pacific Ocean (for example, Akamatsu & Sawara, 1969; Chaen, 1982;
Colin et al., 1973; Donguy & Henin, 1983; Donguy et al., 1984;Masuzawa, 1967; Masuzawa
& Nagasaka, 1975; Nagasaka, 1980, 1983; Nagasaka & Sawara, 1972; Tsuchiya, 1961;
etc.).

But the circulation of the western equatorial Pacific Ocean is found to be less studied
than the circulation of the central and eastern equatorial Pacific Ocean. Therefore, the

*Project Supporl.cd by the Science Fund of the Chincse Academy of Sciences.
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circulation of the western equatorial Pacific Ocean is worth further and thorough study,
especially for elucidation on the mechanism of the El Nino.

Based on the upper 500m current measurement data from the R /V Ryofu Maru of
JMA in the equatorial area along 137°E (in winter and summer, 1972—83) and 155°E (in
summer, 1972—79) the structures of the zonal velocity of the Equatorial Undercurrent
(EUC) and the North Equatorial Countercurrent (NECC) and their variations (especially
in the period of 1982—83 El Nino Event), are systematically analyzed in detail. Fig.1
shows the section location chart of the Ryofu Maru, JMA, in 1972—383.

130° 140~ 1507 E

T L T T T

10°S

Fig..l Section location chart, Ryofu Maru, 1972—83 (137°, 145’,and 155°E)

The main results are as follows:

STRUCTURES OF THE CURRENTS AT THE EQUATOR AND OF
THE EUC ‘

The structures of the currents at the equator at 155°E and 137°E, owing to their
different geographical locations relative to the western boundary and the New Guinea
Coast, are quite different. Meridional distributions of zonal velocity components (cm.s™ 1
positive eastward) at 155°E and 137°E in summer, 1973 are shown in Fig. 2a, b,
respectively. :

At 155°E, the current at the equator and thermoclinic depth (~ 100—300 m)was a
stronger and typical eastward EUC, symmetrial with respect to the equator. Above the
EUC was the surface layer current, the direction of which was occasionally eastward or
westward. Below the EUC was the westward Equatorial Intermediate Current (EIC
Hisard and Rual, 1970). While at 137°E, the current at the equator and thermoclinic,
depth was mostly westward. The eastward current was observed north of the equator,
around 0.5° ~ 1.5°N. Sometimes it appeared as an isolated current core, and sometimes
extended northward with the NECC, It is weaker and of smaller scale compared with the
EUC at 155°E. It is the origin or embryonic form of the EUC east of 137°E. In the
following discussion, we name it “‘the origin of the EUC” (after Nagasaka & Sawara,

1972).
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Fig. 2 Meridional distribution of zonal velocity components {cm - s~ !, positive eastward) at 155°E (a) and 137°E (b) in

summer, 1973.
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SEASONAL AND INTERANNUAL VARIATIONS

The structures of the zonal velocity components at the equator and 155°E and 137°E
sections revealed many pronounced seasonal and interannual variations.

1. Fig. 3 shows the zonal velocity components on the equator at 155°E in summer,
1972—1979. 1t is evident that the velocity of the EUC in the summers of 1973 and 1975
(no observation in 1974) may reach a maximum of 80—90 cm - s~ ! at 100—250m depths.
Therefore, the EUC at 155°E intensified in the post-and pre-El Nino period of 1972 and
1976, respectively. During this period, stronger than normal equatorial trade winds
caused a build-up of the sea level in the western Pacific that strengthened the EUC.

1972 1973 1974 1975 1976 1977 1978 1979
0 T 1] T T L
@ O =/
/ 0
50 F © TN
=~
. -~
100 B o <
* <
. N
-~ 1.
150 + ( -. . 40 ————/
"N\ :
o\
200 . C
i . . 60 d -
250 |- /
S— 40 ——
300 -
S~ \
350 F \
0\
400 :
N 7/
-
450 .
No observation \
500 :

Fig. 3 Zonal velocity éomponenl (cm-s™!, positive eastward) on the equator at 155°E in summer, 1972—1979.
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Fig. 4 Zonal velocity components (cm- s™!* positive eastward) on the equator at 137°E in winter and summer. 1972—

1979 (a) and 1980—1983 (b).

2. Fig. 4 shows the zonal velocity components on the equator at 137°E in winter and
summer, 1972—1979 and 1980—1983, respectively. In this period, except for the upper
100 m layer (in which the current moved .occasionally eastward or westward) the current at
the thermoclinic depth (100—300 m) mostly flowed westward. Data are not available at
the equator in the summer of 1979. The sole exception of eastward current in 0—360 m
depths was observed in winter, 1982, but its velocity was rather weak, around 10 cm - s~ *
at the thermoclinic depth. Below the 300 m depth, it was still predominant with weak
westward current, but sometimes weak eastward flow appeared. Therefore, in 100—500 m
depth, it was extremely dominated with westward current either in summer or in winter.

(1) The directions of the surface layer current varied with the seasons. Fig. 5 shows
the fluctuations of the zonal velocity components averaged in the 10—50 m layer on the
equator at 137°E in winter and summer, 1972—83. With few exceptions, the currents
mostly flowed eastward in winter (it is the so-called “New Guinea Coastal Current”) and
westward in summer (it is the South Equatorial Current (SEC)). The seasonal average
velocities are eastward in winter and westward in summer, and stronger in summer (27.5
em-s”') and weaker in winter (18.2 cm-s”Y).
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Fig. 5 Fluctuations of the zonal velocity components (cm- s~ !, positive eastward) averaged in the 10—50 m layer on the

equator at 137°E in winter and summer, 1972—83.
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Fig. 6 Fluctuations of the maximum westward velocity components in the 100—300 m layer on the equator at 137°E in

winter and summer, 1972—83.
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(2) The westward velocities in the 100—300 m layer revealed significant szzsonal
variations, too. Fig. 6 shows the maximum westward velocity component in this layer on
the equator at 137°E in winter and summer, 1972—83. Its average velocity was —38.5
cm-s~ ! in winter and —55.6 cm - ~! in summer. Such a seasonal variation (stronger ir:
summer than in winter) coincides with that of the SEC, an evidence for identificatic:i of
the westward current being the SEC.

ORIGIN OF THE EUC AT 137°E

As mentioned above, during the period 1972—83 (with the exception of the summer
of 1982, which will be analysed separately) the origin of the EUC shifted to north of the
equator around 0.5°—1.5°N. Such stationary northward displacement can not be pro-
duced by the north-south oscillation of the EUC itself, or by the effect of the meridional
component of the wind (Gill, 1982). It is suggested that such displacement may probakly
have been caused bv the boundary effect of the New Guinea Coast on the EUC. It is less
than 90 nautical miles from the equator at 137°E to the New Guinea Coast. As a result of
the boundary obstruction, the water will pile up along the coast, depressing the thermoc-
line in the vicinity of the coast. The associated additional poleward pressure gradient
corresponds to an increase of the current north and a reduction south of the equator. In
other words, the core of the origin of the EUC was shifted northward (Gill, 1982). Fig. 7
shows the current vectors at thermoclinic depths at 137°, 145° and 155°E, respectively. It
is clear the eastward EUC began to appear, at least at 145°E, where the distance from the
equator to the coast is ca. 240 nautical miles, hence the coastal effect would be much
reduced than that at 137°E.

In the winters and summers of 1972—383, the origin of the EUC also had pronounced
fluctuations. Either the location or the strength of its core varied seasonally and interan-
nually. The case in the summer of 1982 was especially noteworthy. Fig. 8 shows the
meridional distribution of zonal velocity components at 137°E in summer, 1982. Tt i
evident from the figure that in the range of 1°5—2°N the westward current occupied the
whole water column at the 100—300 m depth. The maximum westward velocity reachea
69.2 cm - ! at 0—2N. Therefore, the origin of the EUC was virtually absent i the
observation period June 30—July 2, 1982, at and close to the equator. In other words, the
reversal of zonal current (from eastward to westward) in the main thermocline appeared &:
137°E in early July, 1982.

The area of equatorial low-level westerly wind anomalies first appeared in the far
western equatorial Pacific (~ 140°E) in June, 1982, then progressed steadily eastward for
an entire year until it reached the eastern Pacific (Rasmusson et al., 1983). The disap-
pearance of the origin of the EUC at 137°E in early July of 1982 is closely related to the
first appearance of the anomalous westerly wind in the western Pacific in June, 1982. In
the 1982—83 El Nino event, the EUC at the equator and 159°W disappeared and =
westward flow appeared in September, 1982 ( Firing et al., 1983). Therefore, from 137°F
to 139°W the disappearance of the EUC propagated eastward with an average velocity of
ca. 1.1 m-s™ 1. At 110°W the onset time of the EUC disappearance was nearly 4.5 moriths
later than at 159°W. So the average eastward propagation velocity of this phenomenon
from 159°W to 110°W wound be 0.5 m-s~! (Halpern, 1983).
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Therefore, in the 1982—83 El Nina event, the ocean currerit anomalies that appeared
from the far western equatorial Pacific to the eastern Pacific were comparable to the
corresponding atmospheric anomalies. Both included reversals in the normal direction of
flow. The phenomenon of ocean current anomalies also propagated from west to east, with
an average speed ca. 1.0~0.5 m-s™'. In addition, the average speeds of an eastward
travelling wave from the far western equatorial Pacific to the eastern equatorial Pacific are

reconcilable each other.

NORTH EQUATORIAL COUNTERCURRENT AND ITS VARIATIONS

In the winters and summers of 1980—=83, the NECC was the most powerful current in the area
of 8—0°N. It had the highest speed, widest width and deepest penetration. Fig. 9 shows the
meridional distribution of zonal velocity components at 137°E in winter (a) and summer (b), 1981.
Generally, it has only one current core (nucleus) in the horizontal direction. Sometimes double
cores appeared with a some weak region in between. But in the vertical direction, there are two
eastward current cores, one deeper and the other shallower. Underneath the NECC, and on the
southern side, the deep eastward current core with its centre around 3°N , is the Northern
Subsurface Countercurrent (NSCC, Tsuchiya, 1975). On the northern side of and underneath the
NECC (200—500 m), the other core with its centre around 5°—6°N, on the contrary, isa westward
current which was first recognized by Tsuchiya (1961) on the temperature and dynamic sections.

On both sides of the NECC are the North Equatorial Current (NEC) and SEC. The
upper layer current north of the NECC is generally a westward flow, i.e., NEC. But at
greater depth, especially around 8°N, a relatively strong and deep penetrating eastward
current often appeared as in 1981 (Fig. 9a, b). Sometimes, it was still dominated with
westward current as in 1982 and 1983 (figure not shown).

Therefore, the current structure in the Equatorial area of the western North Pacific
has some outstanding feastures. Though similar in general with that'in the central and
eastern Pacific, and chiefly in line with the traditional idea, it is more complicated. With
the location, depth and strength of the maximum velocity of the zonal component (i.e. the
current core) as indexes, the seasonal and interannual variations of the NECC at 137°E in
1972—83 are shown in fig.10.

1. In the great majority of cases, the current core shifted northward (the average
location was ca. 5.3° N) in winter and southward (ca. 3.8° N) in summer, quite regularly
oscillated in the range 6°—3°N, The maximum speed of the N-S oscillation of the NECC
axis may reach 55 km/mon, or 2 km/day.

2. The average depth of the current core is about 90 m, it deepens as its strength
weakens, and vice versa.

3. On an average, the velocity of the current core was higher in summer (ca. 111.8 cm
. s71) than in winter (ca. 105.4 cm-s~*). The maximum (188.7 cm-s~!) appeared in
summer, 1980. The second-maximum appeared in summer, 1976 (144.6 cm-s~?!) and in
winter, 1977 (135.0 cm-s~*). It is worth noting that, in the period 1972—83, there
appeared three El Nino events, i.e., the 1972—73, 1976—77, and 1982—83 events.
Except for the summer of 1976 and the winter of 1977, the core velocity of the NECC was
not so strong.Especially, since the core velocity reached the peak value in summer, 1980,
the velocity continued to decrease and remained at a low-level till the end of the obser-
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Fig. 9 Meridional distribution of zonal velocity components (cm . s™1, positive eastward) at 137°E in winter (a, Jan 31—
‘Feb 1) and summer (b, June 30—July 2), 198l.
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Therefore, in the 1982—83 El Nina event, the ocean currerit anomalies that appeared
from the far western equatorial Pacific to the eastern Pacific were comparable to the
corresponding atmospheric anomalies. Both included reversals-in the normal direction of
flow. The phenomenon of ocean current anomalies also propagated from west to east, with
an average speed ca. 1.0~0.5 m-s~!. In addition, the average speeds of an eastward
travelling wave from the far western equatorial Pacific to the eastern equatorial Pacific are

reconcilable each other.

NORTH EQUATORIAL COUNTERCURRENT AND ITS VARIATIONS

In the winters and summers of 1980—83, the NECC was the most powerful current in the area
of 8—0°N. It had the highest speed, widest width and deepest penetration. Fig. 9 shows the
meridional distribution of zonal velocity components at 137°E in winter (a) and summer (b), 1981.
Gererally, it has only one current core (nucleus) in the horizontal direction. Sometimes double
cores appeared with a some weak region in between. But in the vertical direction, there are two
eastward current cores, one deeper and the other shallower. Underneath the NECC, and on the
southern side, the deep eastward current core with its centre around 3'N , is the Northern
Subsurface Countercurrent (NSCC, Tsuchiya, 1975). On the northern side of and underneath the
NECC (200—500 m), the other core with its centre around 5°—6°N, on the contrary, is a westward
current which was first recognized by Tsuchiya (1961) on the temperature and dynamic sections.

On both sides of the NECC are the North Equatorial Current (NEC) and SEC. The
upper layer current north of the NECC is generally a westward flow, i.e., NEC. But at
greater depth, especially around 8°N, a relatively strong and deep penetrating eastward
current often appeared as in 1981 (Fig. 9a, b). Sometimes, it was still dominated with
westward current as in 1982 and 1983 (figure not shown).

Therefore, the current structure in the Equatorial area of the western North Pacific
has some outstanding feastures. Though similar in general with that in the central and
eastern Pacific, and chiefly in line with the traditional idea, it is more complicated. With
the location, depth and strength of the maximum velocity of the zonal component (i.e. the
current core) as indexes, the seasonal and interannual variations of the NECC at 137°E in
1972—83 are shown in fig.10.

1. In the great majority of cases, the current core shifted northward (the average
location was ca. 5.3° N) in winter and southward (ca. 3.8° N) in summer, quite regularly
oscillated in the range 6°—3°N, The maximum speed of the N-S oscillation of the NECC
axis may reach 55 km/mon, or 2 km/day.

2. The average depth of the current core is about 90 m, it deepens as its strength
weakens, and vice versa.

3. On an average, the velocity of the current core was higher in summer (ca. 111.8 cm
. s71) than in winter (ca. 105.4 cm-s™'). The maximum (188.7 cm-s~!) appeared in
summer, 1980. The second-maximum appeared in summer, 1976 {144.6 cm-s~!) and in
winter, 1977 (135.0 cm-s™'). It is worth noting that, in the period 1972—83, there
appeared three El Nino events, i.e., the 1972—73, 1976—77, and 1982—83 events.
Except for the summer of 1976 and the winter of 1977, the core velocity of the NECC was
not so strong.Especially, since the core velocity reached the peak value in summer, 1980,
the velocity continued to decrease and remained at a low-level till the end of the obser-
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Fig. 9 Meridional distribution of zonal velocity components {cm . s~ %, positive eastward) at 137°E in winter (a, Jan 31—

Feb 1) and summer (b, June 30—July 2), 1981.
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vation period. Therefore, the contribution of the NECC to the castward transportation of
water in the 1982—83 El Nino event seems to be not so great as usually conjectured, so far
as the variation of its core velocity is concerned.

But the situation was quite different to the east, for example, at 160°E. The eastward
surface flow of the NECC was stronger than normal from June to December, 1982. At
approximately the same time, an enhanced eastward flow was observed in the central cnd
eastern Pacific. Thereafter, the NECC diminished to an extremely weak level by March
1983 and remained weak until June 1983 (Meyers & Donguy, 1984). The above mentioned
different tendencies of the interannual variation of the NECC at 137°E from 1979 to 1983
suggest that the variability of the currents in the western most part of the equatorial North
Pacific Ocean has some peculiar features.

4. Fig. 11 shows the time series (1950—75) of the sea level difference across the NEC
(a), NECC (b) and the wind stress curl over the sea region 2°—10°N, 160°E—150°W/(c).
Curves a and b (after Wyrtki, 1979) depict the fluctuations of the velocities of the NEC
and NECC, respectively. Comparison shows that the fluctuations of the NECC and NEC
(they fluctuate synchronously, Wyrtki, 1974) approach to be coincident with those of the
wind stress curl over the sea region 2°—I10°N. Except the initial parts (1950—353),

1930 ' 935 1960 1965 1970 1975
50 A A A T
T AL a
2 3t
2 20 -
.::_’) 10k NEC
S0
~ ot b
E_’)_, 0r
Fowg NECC
0
[/ Curl ‘0.5%
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— ' 4 » " L " P

1830 1955 1960 1965 1970 1975

Fig. 11 Time series (1950—73) of sea level difference across the NEC {a) NECC (b) and the wind stress curl (c) over the
sea region 2°—10°N, 160°E—130°W. Curves give the 12-month running mean (Curves a and b after Wyrtki,
1979).
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significant peaks and troughs of these three curves nearly approach coincide one another.
Therefore, in the period 1953—1972, the fluctuations of equatorial currents of the North
Pacific Ocean were controlled mainly by the fluctuations of the wind stress curl field over

the

(1]

(21

(31

4]

B

(6]

(7]
(8]

(9]
[10]
(1]
[12]
[13]
[14]

(13]

(16]

(17]

(18]

(19]

sea region north of the equator.
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Abstract

Regarding the current pattern in winter in the ncar-sca region of Zhejiang, Fujian and Guangdong
(including the western and central parts of the Taiwan Strait), oceanographers both at home and abroad had
considercd unanimously that under the intense influcnce of the northerly monsoon, the current (not only at
the surface but also in the dccp and ncar-bottom laycrs) flows southwestward with the wind, It was not until
the cnd of the fifties that scientists began to question such a traditional concept.

In this paper, based on the results of more than 20 years® studies on the currcnt patterns of the East
China and South China Scas, all kinds of current data available are reanalysed comprelicnsively. These data
include: 1) current mecasurements at day—night anchored stations, and with mooring buoys, collected mostly
from 1959 to 1982 by many Chinesc oceanograplic and fisheries organizations; 2) current vectors derived
from the ship-drift of Japanese naval vessels in the period from 1910 to 1921; and 3) geostrophic current
velocities deduced from hydrographic observations in the periods of the CSK and 19751976 conducted by
the Fishcries Rescarch Station, Hong Kong, and the SOA. A combination of all the evidences revealed in tho
above data suggests and confirms that, besidos the China Coastal Current flowing southwestward at a shallow
layer of a zone closely adjaccnt 1o the coast, there also exists a northeastward counter-wind-current in winter
off the southeast coast of China (Lhough its surface current may be weakencd or evon covered up by the drift -
current when the northerly monsoon strengthens). Furtherinore, the two parts of the winter counter—wind
currcnt in the South China Sca and the East China Seca are connected through the Taiwan Strait. This
suggestion now has becn confirmed by the recent observations in the Taiwan Strait, i.c., 1) with sca-bod
drifters rcleascd in 1984 (Zhang, 1985) and 2) with current meter moorings deployed in 1983 (Chuang,
1985).

It is suggested that dctailed field investigation in winter for filling the gap of observations should be
needed to give further confirmation of this important new finding. At the same time, dynamical, numerical
and experimental studies should also be carried out for a better understanding of the mechanism of this
counter-wind current, and its variations and correlation with the adjacent currents, such as the southward
flowing coastal current and the northward flowing Kuroshio Branch.

1. INTRODUCTION

Regarding the current pattern in winter in the offshore region of Zhejiang, Fujian
and Guangdong (including the western and central parts of the Taiwan Strait), ocean-
ographers both at home and abroad have considered unanimously that under the intense
influence of the northerly monsoon, the current (not only at the surface but also in the
deep and near-bottom layers) flows with the wind from northeast to southwest. In
addition, the northern part of the current may have originated from the Chinese offshore
area of the East China Sea and the Huanghai Sea, and the southern part may extend even

* The paper was presented at the symposium sponsored by the Chinese Society of Oceanology and Limnology in

November, 1978, Qingdao. Seme recent contents were supplemented before publication. Contribution No. 1364
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to the coastal area off the Indo-China Peninsula. The two parts constitute the China
Coastal ““Cold” Current flowing first from north to south and then from northeast to
southwest. To the best of the author’s knowledge, no one has ever reported that besides
the current flowing with the wind there still exists a current flowing against the wind in
this region in winter.

It was not until the end of the fifties that scientists began to question such a
traditional concept.

More than 20 years ago, while the Chinese national comprehensive oceanographic
survey (1958—1960) was conducted, a more systematic survey was made in the offshore
area of the western East China Sea and the northern South China Sea. Besides monthly
hydrographic observations at oceanographic stations, day-night current measurements
from the surface to the deep and near-bottom layers at many anchored stations were also
made. A set of better quality residual current data was thus obtained. Some new and
important findings concerning the winter current pattern which had not been discovered
in the past foreign investigations in this area were revealed, such as:

1. In the offshore region off eastern Zhejiang, besides the East China Sea Coastal
Current flowing with the wind in the area closer to the coast, there existed a current
flowing northeastward and against the wind from the near-surface layer (~5 m) down to
the bottom in the area a little farther away from the coast. This flow has been known as the
“Taiwan Warm Current” (Guan and Chen, 1964)

2. In the nearshore region off Shantou (east of 116°E), there also existed a current
flowing northeastward and against the wind. Its velocity was so strong that the tidal
current there was no longer the predominant component of the overall current (Guan &
Chen, 1964).

3. In the coastal area northeast of Hainan Island, the counter-wind current was also
observed. At that time, the northeastward flowing currents observed in the nearshore
regions off Shantou and northeast of Hainan Island were considered to be connected with
each other and were known as the “Nanhai (South China Sea) Warm Current” (Guan &
Chen, 1964).

After the completion of the Chinese national comprehensive oceanographic survey,
current measurents by the departments concerned (especially thoge carried out in the
northern South China Sea in the early seventies by the South China Sea Division of the
State Oceanic Administration (SOA)) provided further evidences for the existence of the
Nanhai Warm Current (Guan, 1978 b). Furthermore, through an analytical study of the
CSX (Cooperative Study of the Kuroshio and Adjacent Waters) data collected by the R/V
Cape St. Mary of the Fisheries Research Station of Hong Kong during the winter of the
years 1966—1968, a strong, narrow and band-like northeastward current was discovered
on the geostrophic current field south of the Tropic of Cancer, 19—22°N, i.e. in the open
sea off Guangdong (Guan, 1978 a). It was considered that this current was the main stream
of the Nanhai Warm Current, while that discovered at the end of the fifties was only a
weaker left flank of the Nanhai Warm Current in comparison with this (Guan, 1978 a, b).

In the early sixties, based upon the preliminary observation results of the two above
mentioned counter—wind currents, i.e. the Taiwan Warm Current and the Nanhai Warm
Current, the author considered such problems, as ““where is the end of the China Coastal
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. Current which flows with the wind in winter ?”, “‘is the direction of the deep and near—
bottom currents in the Taiwan Strait consistent with that of the surface current?”’, and so
on. At that time, the author conceived that there might also exist in the deep and near—
bottom layers of the western part of the Taiwan Strait a northeastward counter—wind
. current. And it was further considered that should this suggestion be confirmed by the
future observations, then off the southeast coast of China, besides the large amounts of
cold water flowing southward with the wind in winter there should exist at the same time a
part of warm water flowing northward against the wind from the coastal area east of
. Hainan Island, passing through the near-sea region of eastern Guangdong and the wes-
tern part of the Taiwan Strait, and reaching the near-sea region of Fujian and Zhejiang, It
suggests that , at least a part of the water of the Nanhai Warm Current flowing against the
wind in winter might be connected with the northeastward current in the offshore region
" of eastern Zhejiang through the Taiwan Strait (Guan et al, 1964, MS)*.

Regarding the idea of a counter-wind current in winter off the southeast coast of
China suggested about 20 years ago, the author is still imbued with confidence, especially
so in view of the new information of the winter current condition collected in the western
part of the Taiwan Strait (Chen, 1978; Guan, 1980) and the recent
data from the sea-bed drifters released by the Institute of Oceanology, Academia Sinica,
Qingdao, in the middle and northern parts of the Taiwan Strait (Zhang, 1985) and from
the current meter moorings depioyed by Institute of Oceanography, Taiwan University,
Taibei, China in the eastern Taiwan Strait(Chuang, 1985).

Based on the results (obtained since the end of the fifties) of investigations on the
offshore current patterns of the East and South China Seas, this paper presents a compre-
hensive reanalysis of the data of the current measurements and seawater mass distribution
collected during a period of more than 20 years. Some evidences of the existence of a
current flowing against the wind in winter off the scutheast coast of China will be
suggested and demonstrated in order to confirm preliminarily my idea conceived about 20
years ago of such a current (Guan, 1983, 1984).

II. EVIDENCES FROM THE CURRENT MEASUREMENT DATA

In this aspect, there are current cbservation data collected by the Chinese organiza-
tions concerned since the end of the fifties, and ship—drifts data collected by Japanese
naval vessels during the early part of this century.

1. In Fig. 1, the solid vectors show the residual currents at the 10 m depth in winter
(Nov., Dec. and Jan.—Mar.) in the offshore area of Guangdong, and off western Taiwan
and eastern Zhejiang. Most of these current measurements were taken in the periods of
1959—1960, 1971—1973 and 1977—1978. The largest solid arrow located southeast of
Shantou shows the resultant velocity of the current measurements taken at a mooring
station in the deep water region(~ 1000 m) in February, 1982 under very intense north-

* Guan Bingxian, Ding Wenlan and Mao Hanli, 1964. The winter surface current systems of the southern Huanghai

Sea and the northern East China Sea and discussions of some related problems (MS, in Chinese).
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east winds by the South China Sea Institute of Oceanology, Academia Sinica, Guangzhou
(Guo et al., 1985).

Current vectors derived from ship-drift data

Ll

Northeastward and easterly current vectors
from day-night anchored or mooring
buoy stations

—  Southwestward and westerly current

L2 A

vectors from day-night anchored stations

25°

1
110° ©115° 120°E

Fig. 1  Observation results of the current in winter off the southeast coast of China.

2. Concerning the winter current regime of the western side of the Taiwan Strait,
observations since the late fifties showed that the current did not entirely flow southwest-
ward; the southward East China Sea Coastal Current appeared only at a shallow layer
(<10 m) of a zone closely adjacent to the Zhejiang and Fujian coast (depth <25 m). Its
maximum velocity generally did not exceed 30 cmy%, and only during the strongest
northeast wind did it reach to the neighbouring area off Quanzhou and ‘the layer deeper
than 10 m. And the current in the offshore region (depth>25 m) and at‘a deeper layer
(> 10 m) in the western part of the Strait still flowed against the wind, i.e. it flowed
northeast ward or northward as in spring and summer (Chen, 1978; Guan, 1980).

3. Figs. 2 a, b were reproduced from the “Meteorological and Ocean Current Charts
in the Adjacent Sea of Japan” (Figs. 20 and 23. JHO, 1925). The current vectors on these
charts were compiled based on the observation reports of Japanese naval vessels in the
period from 1910—1921. The current part consisting of four charts gives the surface
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currents in winter (February), spring (May), summer (August) and autumn (November),
respectively. Each vector on the charts represents one observation. The speed of the
current is shown in 5 scales. The superiority of these charts is that they may be considered
as original data sets indicating the current conditions that were actually happening then.
On the other hand, the other prevalent current charts were compiled through a process of
taking scalar or vector averages of vectors of currents observed in a longitude and latitude
grid. Therefore, the fewer vectors of non—predominant currents are covered up by the
more numerous vectors of predominant currents so that the non-predominant currents
are not displayed on the charts. In order to make a special effort to anzlyse (besides the
current flowing southward with the wind ) whether or not there exists a counter—wind
current in winter off the soutnheast coast of China, only the current vectors directing
northward (along the Guangdong, Fujian, Zhejiang and Taiwan coasts) and eastward are
reproduced in the Figs. 2 a, b; while the vectors directing southward along the coasts and
westward are not reproduced.

It is evident from a cemparison of the above mentioned figure that the information
of the winter current conditions off Guangdong, Fujian and Zhejiang provided by thece
two sets of data collected more than half a century apart is quite similar. The current
vectors derived from shipdrift (observed in 1910—1921) and those from current measure-
ments at day-night anchored stations (observed in 1959—1982) all indicate that, oif the
eastern part of Hainan Island and Guangzhou, aleng the eastern Guangdong coast and the
western coast of Taiwan, and off eastern Zhejiang, there really exists a counter—wind
current flowing from southwest to northeast. It is in obvious contrast to the traditional
concept that the current there totally flows from northeast to southwest. Judging from the
density (dense or scarce) of the distribution of current vectors, these two sets of data
supplemented each other. For example, the northeastward vectors derived from ship—
drift are scarce in the area off Guangdong, but those from current measurement are
relatively numerous. The current measurement data in the coastal area from Xiamen to
Wenzhou are scarce, while the northeastward vectors derived from ship-drift are com-
paratively numerous there. In the coastal zone of eastern Guargdong and southern Fujian,
both these kinds of data are sufficient. Because the ship-drift data from Japanese Current
Charts are limited to the area north of 20°N, the current regime in the area east of Hainan
Island can only be explored from the data of current measurements and geostrophic
current deduced from the water mass distribution.

The autumn-winter current regime in the area off central Fujian shown by Chen
(1978) also agrees with that deduced from the ship-drift data.

Therefore, the counter-wind current flowing northward in winter which has been
observed for more than 20 years (since the late fifties) is not an accidental phenomenon as
it was also observed about half a certury ago. However, it was covered up by the majority
of observation results of the predominant southward drift current and had not attracted
people’s attention.

In order to get a more eye—catching and continuous impression, the vectors derived
from the ship-drift in Fig. 2 a (February) are overlapped in Fig. 1. In this figure, the
northeastward vectors derived from day-night observations at anchored stations accoun-
ted for more than 36 in the period from November to March, and those derived from the
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ship—drift accounted for 31 in February. Hence, the northeastward currents were ob-
served nearly 70 times in winter altogether. Therefore, the trend of counter—wind current
originating from the area east of Hainan Island and flowing northeastward seems more
apparent. At the same time, it is also shown that the Kuroshio branch entering the South
China Sea through the Bashi Channel in winter flows northward mairly along the west
coast of Talwan, moving side by side with the above mentioned counter-wind current
flowing " northward along the coast of Guangdong, Fujian and Zhejiang.

It may be been from the current measurement data in Fig. 1 that the velocity of the
counter—wind current was around 50 cm/s (~1 knot the strongest) off the eastern
Guangdong coast, around 20 em /s (~ 0.4 knot) immediately northeast of Hainan Island,
around 15 cm /s (~0.3 knot the weakest) off eastern Zhejiang. The current velocity
in Fig. 2 was deduced from ship-drift data. Though its accuracy is less than that of direct
current measurement, the figure shows that the northward speed off eastern Guangdong
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and southern Fujian is still rather strong.

The author believes that the main stream of the Nanhai Warm Current may meet its
left flank off eastern Guangdong, thereby strengthening the northeastward velocity of the
current there and forcing a part of the Nanhai Warm Current to flow through  the
western side of the Taiwan Strait. And this part of water may extend farther to become the
northeastward current off eastern Zhejiang. The author would like to point out that in the
open sea off eastern Zhejiang in winter, the possibility of the existence of a Kuroshio
branch (separated from the Kuroshio main stream northeast of Taiwan) at the subsurface
layer is not excluded. But the northeastward current in the near—shore region of eastern
Zhejiang should have originated mainly from the western side of the Strait.

Fig. 3 shows the vertical structures of the velocity at some day-night anchored and
mooring buoy stations over which this counter—wind current flowed. Stations A,B,C,D
and E are located in the offshore regions of eastern Zhejiang, Quanzhou, Shantou, east of
Hainan Island and in the deep-water area southeast of Shantou, respectively.

Some characteristics may be seen from the vertial profiles of the current vectors at
different levels in Fig.3.

1. Except for the surface layer of individual stations, current directions of the upper
and lower layers are basically the same and the variation of the speeds is also not large.
This suggests that except for the surface layer, this current is rather homogeneous
vertically, or its barotropic nature (or barotropy) is relatively evident.

2. The maximum velocity appears at the 5>—30 m layer in the offshore region of
Quanzhou and Shantou where the water is shallow, and at the 30—50 m layer in the
offshore or open sea region of eastern Zhejiang, Guangdong and east of Hainan Island
where the water is deep.

3. The velocity of the near-bottom current is relatively small, and the nearer to the
bottom, the closer the current direction approaches NNE or  NE.

4. At some stations, the direction of the surface current is different from that of the
current below, and the velocity is also smaller because of the co(.mter—wind movement of
this current. Therefore, when the northeast wind strengthens this current will very likely
be covered up by the drift current and will disappear at the surface layer. However, the
depth of the wind effect is not large.

It. may be seen from the above-stated characteristics that the distribution of the
residual currents at the 10 m depth in Fig. 1 is more representative of the current
condition there.

-1II. EVIDENCES FROM THE WATER MASS FIELD DATA

To make up for the fewer current measurements and lack of ship-drift data in the
offshore region east of Hainan Island, the water mass field, that is the geostrophic current
data of two sections southeast of Hainan Island, was used to demonstrate the existence
there of a northeastward current almost all the year round.

In the period of 1975—1976, systematic hydrographic observations on two parallelly
spaced sections between Hainan Island and the Xisha and Zhongsha Islands were conduc-
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ted by the South China Sea Division of the SOA and time series data covering 20 months
were obtained. The respective month by month fluctuations of the maximum surface
velocity of the northeastward component of the geostrophic current at the two sections are
shown in Figs. 4 a, b. The maximum differences of the dynamic height (A D, 0,/500 db,
dyn. m.) between two adjacent stations of the section are used as the index of the current
velocity. The differences were calculated from the dynamic height of the right station Dr
(in the down-stream direction) minus that of the left one De, with the positive values
indicating northeastward current (Guan, 1981).
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Fig. 4. Maximum surface velocity of the northeastward component of the geostrophic current (A D, dyn. m., 0,/500 db)

at two sections southeast of Hainan Island (Guan, 1981).

It is evident from Fig. 4 that except for the cases in May and August, 1976, the
northeastward current appeared at these two sections all the year round. In addition, the
velocity in the winter half of the year (October—March) was generally higher than that in
the summer half of the year (April—September). For example, the maximum of the
northeastward current at two sections appeared in October and November, respectively.
The respective AD of two stations 42 nautical miles apart reached 0.28 and 0.18 dyn.m,
(equivalent to velocities of 84 and 55 cm /s around 15°—18°N). Therefore, the northeast-
ward counter-wind current is rather strong. The location of the maximum velocity is also
relatively stable. It generally appears around the central part of the sections.

Therefore, there is no doubt that in the area between Hainan Island and the Xisha
and Zhongsha Islands there exists a northeastward counter—wind current in the winter
half of the year on the geostrophic current field. Of course, on both sides of the northeast-
ward current there also exist the southwestward currents flowing with the wind.

The hydrographic data obtained during the CSK (No. 72) by the R /V Cape St. Mary
of the Fisheries Research Station of Hong Kong in the south part of the Taiwan Strait
from January 9—10, 1966, also provided evidences of the existence of a northward
current in the western part of the Taiwan Strait. From the density (o,) and geostrophic
current distributions of the W-E section Hong Kong—Heng Chun, as shown in Fig. 5 a,
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b, it is evident that the northward current on the left side of the section (between St. 2—3)
corresponds to the northeastward current observed in the open sea south east of Shantou,
while the northward current on the right side (between St. 4—5) may be the Kuroshio
branch entering the South China Sea flowing northward along the west coast of Taiwan; or
it may be the same as that between St. 2—3, this needs to be further identified. The
geostrophic current velocity in Fig. 5 b is calculated with reference to a level which is the
maximum observation depth common to the neighbouring station pair.
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Fig. 5 Density (a, 0,) and geostrophic current velocity (b, cm /s, positive northward) of the W-E section Hong Kong—
Heng Chun, in Jan., 1966.
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IV. EVIDENCES FROM THE RECENT INFORMATION

The above two northward currents revealed in the geostrophic current section on
both sides of the Taiwan Strait agree with the recent information obtained from the data
of sea-bed drifters and current meter moorings in the Strait during the northerly wind
period. '

1. Results from sea-bed drifters. )

In the period of February—August, 1984, 3,050 sea-bed drifters were released in the
area of the Taiwan Strait and north of Taiwan Province by the Institute of Oceanology,
Academia Sinica in cooperation with the Fujian Fisheries Research and Fujian Ocea-
nography Institutes. The recovery percentage of the sea-bed drifters attained 4%. Most of
the drifters were recovered after 30 days of drifting in the sea, so their representation of
the current condition may be considered acceptable. Preliminary analysis of the data of
sea-bed drifters indicates that the drifters released in winter (February—March) all
moved northward; especially those released in the northern Strait, the drifting direction
was even more consistently northeastward, their drifting speed was around 1—4 nautical
miles per day. The velocity of the drifters released in March was evidently higher than that
in February. The drifters released in spring (April—June) also moved in a northerly
direction. -

The above-mentioned drifting direction of sea—bed drifters suggests that, in winter
and spring (February—June), the deep and near-bottom water in the Taiwan Strait
moves northward, that is to say, there exists a northeastward current flowing from
southwest to northeast along the direction of the Strait. The northernmost part of this
current may reach the area near the estuary of the Oujiang River. In the deep and near—
bottom layer of the sea area north of Taiwan there also exists a northwestward current

which may reach the area near Zhoushan Islands (Zhang Yiken, 1985).

2. Results of the current meter mooring observations.

Two current meter moorings were deployed in the Taiwan Strait from April 3 to May
5, 1983, by the Institute of Oceanography, Taiwan University, Taibei, China. One (St. B)
was located in the northern part of the Strait and the other (St. C) at the head of the
trough between Taiwan and Penghu Island. Their respective depths were about 55 m and
100 m. A current meter (Aanderaa RCM-4) was attached to each mooring at 14 m and 20
m above bottom at these stations. The average wind stress (0.07 dy,/cm], corresponding
to a wind speed of only about 4 knots) during the study period was toward the southwest,
though it was in the transition period from NE to SW monsoon wind.

Analysis shows that the mean currents at St. B and C are strongly affected by local
geographic conditions. The mean current flows northward at St. C (2°, 24, 2 cm/s) and
northeastuard at St. B(51°, 28.6 cm/s). The magnitude of the speed is about 20% greater
at St. B where the water is shallower. As the wind and the mean along-strait current are in
opposite directions, they do not appear to be directly related. The observed persistent,
up-Strait drift (at 25 cm/s, and the accompan—ying large volume transport to the East
China Sea) must be induced by some forcing mechanism other than the wind (Chuang
WenSi, 1985). The observation results confirm that there also exists a significant counter—
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wind current in the deep and near-bottom layers of the eastern part of the Taiwan Strait
under the northeast wind in spring. '

V. DISCUSSION AND REMARKS

In conclusion, two problems will be discussed briefly in the following paragraphs.

1.Why has this northeastward cunter-wind current in winter been overlooked for
such a long time in the past?

In the sea area studied in the paper, especially for the surface layer, southwestward
currents were observed to flow with the prevailing wind in winter. The northeastward
current flowing against the wind is relatively strong in some local regions but rather
narrow in width and flanked by southwestward currents on either side just as mentioned
in the paper entitled “The Warm Current in the South China Sea” (Guan, 1978 a, b).
Therefore, under the action of the intense northeast wind, this counter—wind current is
likely covered up by the surface drift current, and can not appear in the near-surface layer
temporarily. .

The knowledge of the current system is derived mostly from the data of ship—drift
and current bottle—drift to this day, As mentioned above, through a process of taking
scalar and vector averages of current vectors observed in a grid region, the predominant
current sticks out while the non-predominant current is covered up. The data of current
bottle—drift mainly reflect the direction of the predominant drift current at the surface
layer, and could hardly reflect the narrow counter—wind current which sometimes may be
covered up. In addition, the drifting path of the current bottles is still unavoidablely
influenced more or less by the wind effect. Therefore, this counter-wind current in winter
has not been reflected in these two kinds of data for a long time. But, as a matter of fact,
indications of this non—predominant and counter—wind current can be seen, though
indistinctly, on the current charts attached with current scale and stability(vector result-
ant velocity /scalar resultant velocity) or current roses. For example, on the chart of
“Oceanographic and Meteorological Observations in the China Seas and in the Western
Part of the North Pacific Ocean” (Royal Netherlands Meteorological Institute, 1935), the
stability of resultant velocity in grids of the above-stated sea area in winter is relatively
small. At the same time, its current roses also consist of northward or northeastward
components.

2. How should we assess the quality of the current data derived from ship—drifts?

There is no doubt that the current data derived from ship—drifts are less accurate
than that of currént measurements. Hence, data sets of northeastward vectors in Fig. 2 a,b
might be suspected to be random phenomena that do not reflect real conditions. A rough
statistical analysis of the current data in autumn and winter in the above Japanese current
charts has been made in order to check their quality. In the near—sea area along the
Guangdong coast west of 116°E, (except for the left flank of the counter-wind Nanhai
Warm Current appearing farther away from the coast) the currents obsorved with current
meters since the end of the fifties almost all flowed southwestward with the wind. In
addition, on the Japanese current charts, in the corresponding area west of 116°E, about



No. 4 COUNTER-WIND CURRENT OFF THE COAST OF CHINA 331

40 current vectors derived from ship-drift data in February and November (except for one
to two vectors directing northeastward) are almost all directed southwestward, too (JHO,
1925). Furthermore, on either side of Taiwan, current data derived from ship—drift depict
nearly without exception the patterns of the intense Kuroshio flowing northward along
the coasts of Taiwan. Therefore, in this area the current conditions depicted by the
ship-drift data agree with what were actually happening.

Let us consider the current situation in the sea area east of 116°E and northward
along the coast of Guangdong, Fujian and Zhejiang. There are nearly 90 current vectors
derived from ship—drift data in February and November, respectively. Among these,
there are about 30 current vectors (ca. one third) directed northeastward, depicting the
counter~wind current. The other vectors depict southwest current flowing with the wind.
At the same time, it may be seen from Figs. 2 a, b that in general, the geographic
distribution of such counter-wind current vectors is apparently continuous and not
isolated. Therefore, regarding again the situation in the sea area west of 116°E and on both
sides of Taiwan, in spite of the less accurate quality of the current vectors derived from
ship—drift data, the reality of current characteristics depicted by the vectors in the area
east of 116°E and northward along the coast of Guangdong, Fujian and Zhéjiang is also
beyond doubt; to say nothing of the fact that the current conditions depicted by these
vectors agree too with the observed in the neighbouring area.

Current measurement results reveal that in the above-described area, when the
northeast wind becomes stronger and stronger, the surface current flows southwestward
with the wind, but the sub—surface current below the 5 m depth still flows northeastward.
During the period of weak northeast winds, this counter-wind current even appears on
the surface layer. It is speculated that the northeastward current vectors in Figs. 2 a, b
were likely for the most part observed under conditions of weak northerly winds. These
northeastward current vectors provided valuable information for our research on the
existence of this counter—-wind current which was not noticed for more than half a
century. .

On the basis of a combination of all the data mentioned above, it may be confirmed
that there exists a northeastward and northward counter-wind current in winter in the
offshore region of the South and East China Seas. Furthermore, the two parts of the
winter counter—wind current in the South China Sea and the East China Sea are connected
together through the Taiwan Strait. This hypothesis has been affirmed by the results of
current meter mooring observations in the Taiwan Strait entitled “EXIST” (Experiment
in the Strait of Taiwan) conducted recently by the Institute of Oceanography Taiwan
University, Taibei, China (Wang, D.P. 1985, Personal communication).

Notwithstanding the facts stated above, the data collected in this paper are still not
very sufficient and comprehensive: especially as current measurement data are still lac-
king for some local regions.

It is suggested that further field investigations in winter with CTD, with current
meters and /or mooring buoys are needed for filling the gaps of observation in order to
further confirm this important and new finding. Besides these, dynamical, numerical and
experimental studies should also be carried out for a better understanding of the mecha-
nism of this counter—wind current and its variations and correlations with the other
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currents in the surrounding area, such as the southward flowing coastal current and the
northward flowing Kuroshio Branch.

It is considered that the finding and the confirmation of the existence of this
counter-wind current would, in a greater dagree change the traditional concept of the
current system, especially the coastal current system of the China Seas. A joint study (i. e.
field work plus dynamic investigation) of the mechanism of this current would help much
in raising our country’s rescarch level in shallow water oceanography.
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ABSTRACT

On the basis of the data of the trade wind ficld in the Pacific Occan (1950-1972) it is shown that
the Kuroshio meander and the El Nino cvent are not scparate phenomena but related with the same air-
sca system. It is found from analysis of the data that the cyclonic curl of .the tropical wind stress is
highly correlated with the anticyclonic curl of the subtropical wind stress, When the intertropical
convergence zone (ITCZ) migrates towards the cquator from its mean location and reaches its climax,
both the cyclonic and anticyclonic curls of trade wind stress rcach their maximums while the El Nino is
prevailing.  When the ITCZ runs rapidly northward against the cquator or reaches an extreme
point, both the cyclonic and anticyclonic curls of trade wind stress decrcase sharply and then the:
Kuroshio meander occurs.

INTRODUCTION

The Bl Nino west of Peru and the Kuroshio meander south of Japan are two remarkable
occanic phienomena in the Pacific Occan. Anomalous warm water in a large area ol the coast-
al region of Peru induced by the El Nino and anomalous cold water along the coast of Honshu
of Japan induced by the Kuroshio mcander have caused the reduction of rice and the decline
of fishery. At present it is gencrally accepted that the El Nino is not an event in Jocal region
but a phenomenon all over the tropical Pacific Ocean.

There are many papers describing the El Nino and the Kuroshio meander respectively.
Attention of the present article is concentrated to the relation of the two phenomena.

The maps of the bimonthly trade wind stress vector compiled by Wyrtki and Meyerst!!
are very helpful for this study. They cover ca 5 million wind observations from the merchant
ships, which were averaged over the grids of 2° latitude and [0° longitude and last about onc
fourth of a century (1950-1972). The results of the article are based on this data with a cal-
culation of the wind stress ficld.

For the cause of the El Nino cvents and the Kuroshio meander, it s generally accepted
that the former is correlated with the collapse of strong southeast trade wind!*}  while the lat-

ter is a consequence of the variation of the subtropical wind stress curlt*), The problem
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about the mechanism of both phecnomena, however, is still open. The relation between them
will be explored in the following sections through an analysis of the rclation between tropical
and subtropical wind stress curls and, of course, this is mercly onc of clements that affccts the

mechanism of the El Nino cvents and the Kuroshio. mcander.

I. THE KUROSHIO MEANDER

Among the studies of causes of the Kuroshio meander, one is on the influence of the varia-
tion in the subtropical wind stress curl, as suggested by Guan Bingxian. He holds that, when
the sca surface wind stress curl over the region of 22°-28°N and 175°E~165°W is continuously
increased for several years or sharply increased to a peak, the volume transport of the Kuro-
shio in the East China Sea would likewise reach a peak before long; meanwhile, the Kuroshio
menader would occur to the south of Japant®),

The results of calculation of the trade wind stress curl all over the northern Pacific Ocean
help us find out that the variation of the Kuroshio is govcrncd, in fact, by the wind stress curl
over the whole subtropical ocean. The region discussed by Guan Bingxian is merely a central
area. When enlarged by 1.5 times towards the cast and the west, the larger region (22°-
28°N, 160°E~150°W) covers an area greater than one third of the latitudinal belt of 22°-
28°N (Fig. 1). Curve(a) in Fig. 2 shows thc annual mean wind stress curl over the large
region, whose fluctuation .is in agreecment with that over the smaller region calculated by
Guan Bingxian. By contrasting the Kuroshio mecander period (thick, black line with M in
Fig. 2) with curve (a), we can also see that thc Kuroshio meander occurs soon after the

wind stress curls have increased continuously or increasec sharply to a peak value.
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Fig. 1. The regions for calculating mecan wind stress curls.

Therc are two main systems of mean wind stress curl over the northern Pacific Ocean from
the equator to 30°N. One is the cyclonic wind stress curl from the equator to 10°N (herein-
after called “tropical cyclonic curl” for short), and the other is the anticyclonic from 15°N
I” for short). Curve (b) in Fig. 2

is the counterpart of curve (a) in the corresponding tropical region (2°-10°N, 160°E-150°W,

to 30°N (hereinafter called “‘subtropical anticyclonic cur

sce Fig. 1). It is found from Fig. 2 that the variation of tropical cyclonic curl, curve (b), is
correlated with that of subtropical anticyclonic curl, curve (a), and the correlation cocfficient
- 0.57 is remarkable -on the level 0.01.

For further examination, the 6-bimonthly running mean values of wind stress curl are
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calculated over the belt of 2°-10°N and of 22°-28°N, respectively (Fig. 3). The running
- mean values represent- the intcrannual fluctuations of the wind stress curl. 1t is shown from
Figs. 3 and 2 that (i) thc pattern of the variation of the mean wind stress curl over the wholc
latitudinal belt is similar to that over the larger region of the belt; (ii) like both the larger
regions in the tropics and subtropics, the 6~bimonthly running mean values of cyclonic wind
stress curl over the whole 2°~10°N  belt arc positively rclated to those of anticyclonic wind
stress curl over the whole 22°-28°N belt. The tropical cyclonic curl, (b), leads to the subtro-

pical anticyclonic curl, (a) in Fig. 3. The maximum coeflicient remarkable on the 0.01 level

has a phase lag of less than 2 months.
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Fig. 2. Annual mcan wind stress curl (10— dynfcm?).
a. the region of 22°-28°N, [60°E-150°W,
b. the region ol 2°-10°N, 160°E-150°W,
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Fig. 3. a. Running mean wind stress curl over 22°-28°N belt (10-* dynfem?);
b. Running mean wind stress curl over 2°~10°N belt (10-* dynfcm?);

c. Position of the ITCZ;
M. The period of the Kuroshio meander; £, The period of the El Nino. .

The curves (a) and (b) in Fig. 3 show that the wind stress curl in tropical region is coherent
with that in subtropical region. As the tropical cyclonic curl increases, the increase of-the
subtropical anticyclonic curl follows, and vice versa.

According to the previous description, it might well be said that the tropical cyclonic-curl
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in the:northern: Pacific.Occan-would strongly increasc while the. subtropical anticyclonic curl

is also:strongly increasing; shortly after both wind stress curls reach thcir maximums, the Ku-

roshio meander is-likely to occur.

Il. THE EL NINO EVENT

‘There are also many descriptions about the El Nino cvents.  Wyrtkit?  has developed
a well-known mechanism-of-the El Nino cvent in the point of view of air-sea interaction.
Thc mechanism as given by him is, in bricf, that thc occurrence of the El Nino is a consequence
of the collapsc ol the strong Walker circulation.  During such a strong circulation, a large
gradicnt between the subtropical high pressure centered at Easter Island and the Indonesia low
pressure (i.e. the strong southern oscillation) makes the equatorial easterlics strong, inducing
the divergence of the cquator warm water and the upwelling of the cold water.

Warm water accumulates in the western part of the west Pacific Ocean. Mcanwhile,
the weakness of air ascent results in a weak Hadley circulation®®), inducing the weaker equa-
torial convergence of atmosphere.  During this period, it is cold and dry in the (ropics, cspe-
cially in the castern part of the dateline.  Once the Walker circulation collapscs the equatorial
casterlies get weaker, the equatorial warm walter converges, and the accumulated warm water
in the western Pacific Ocean flows o the west of Peru mounding. Intensc air ascent in the
equatorial rcgion resulls in a strong Hadley circulation, strengthening the equatorial conver-
gence of atmosphere.  During this period it is hot and wet and thus the EI Nino occurs.

Both the tropical cyclonic curl and the position of the ITCZ calculated from the trade wind
field can be made use of in monitoring the occurrence of the El Nino events.  The two clements,
as will be seen later, are helpful Tor cxplaining the Wyrtki’s mechanism.

There is an obvious narrow belt at about 7°N in the vector maps ol intcrannual mean
wind stress over the northern Pacific Ocean.  Along the belt the meridional components of
wind stvess are zero. This belt is the so-called intertropical convergence zonctl.  The curve (¢)
in Fig. 3 shows the 6-bimonthly running mean position of the ITCZ. Comparing curve (c) with
curve (b), we can find out that the fluctuation of the tropical cyclonic curl is intimately linked
to the north-south migration of ITCZ. As the ITCZ migrates southward the tropical cyclonic
curl strengthens, and vice versa.  We can see from Fig. 3 that the seven EI Nino periods {rom
1950 to 1972 totally correspond to the maximum of the tropical cyclonic curl and the peaks of
the southern position of ITCZ; in oihcr words, all the peaks of the southern position of ITCZ
and the maximums of the tropical cyclonic curl, except the case ol 1959, correspond to the
periods ol the EI Nino. It is concluded, thercfore, that the maximum of the tropical cyclonic
curl and the maximum of the southern position of the ITCZ are good indexcs of occurrence
of thc El Nino.

The ITCZ migration towards the south, which surely incrcases the cquatorial atmosphere.
convergence, is the symbol of strengthening of the Hadley circulation. The idea that the ma-.

ximum of the southern position of ITCZ serves as an index of occurrence of the El Nino is, -
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therefore, in agreement with Wyrtki’s mechanism.

The fact that the maximum of the tropical cyclonic curl corresponds to the period of the
El Nino can be regarded as the cflect of the extra cquatorial warm water. Reiter (1978) showed
that the incrcase of the cycloﬁic wind stress curl in (ropical region 1s @ way to transport extra
equatorial warm water towards the subtropical regiont.

The 23-ycar sequence of mean sca surface temperature in the region sensitive to the El
Nino (5°S-5°N, 175°-165°W) and that of mean wind stress curl in the tropical region (I°~
9°N, 175°-125°W) arc given in Fig. 4. The contribution of annual variation of the mean
values is filtered. Shown in Fig. 5 is the correlation coeflicients, with which the sea surface
temperature leads to the wind stress curl.  The maximum of the coeflicients remarkable over
the 0.01 level corresponds to 2-3 months of the phase difference. Figures 4 and 5 show that
increasing of the sca surfacc temperature in tropical area cast of the datcline can induce
the strengthening of wind stress curl over the region, and vice versa.

With the tropical cyclonic curl and the position of ITCZ as indexes, the Wyrtki’s mechanism
can be modificd as follows: as the Walker circulation collapses, the equatorial easterlies be-
come weak and ITCZ moves quickly towards the equator so that thc warm water converges in
the central and eastern part of the cquatorial region. Following thc warm-water convergence,
the tropical cyclonic curl strengthens to make the warm water diverge.  When the convergence

overwhelms the divergence, the El Nino occurs.
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Fig. 4. a. Mecan sea surface temperature in tropical Fig. 5. Correlation coceflicients with which
region 5°S-5°N, 175°-165°W(°C); b. Sca the sca surface temperature leads
surface wind stress curl in tropical region to wind stress curl,

fe-9eN, 175°-125°W (10-*dynfcm?),

II. RELATION BETWEEN THE KUROSHIO MEANDER AND THE EL NINO

The tropical cyclonic curl and the subtropical anticyclonic curl, as well as ITCZ, belong
to onc system—the trade wind field in the northern Pacific Occan. We can sce from Fig. 3
that the variations of the three clements arc almost synchronous. The occurrence of the El
Nino and the Kuroshio mcander, on the other hand, is coherent to the three clements. It is

reasonable, therclore, that both the El Nino cvent and the Kuroshio meander are dominated
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by the same large-scale air-sca system in the northern Pacific Occan.

In the respect of occurrence time, the Kuroshio meander always follows the EI Nino;
on the other hand, there is no El Nino occurring in the duration of thec Kuroshio mcander.
Seven times of the El Nino corresponded to the southcrn maximum position of the ITCZ, but
the two times of the Kuroshio mcanders (1953, 1959) and a quasi-meander (1969) and a short-
time meander (1965) appeared in the traveling way of the ITCZ rapidly running northward
from its southcrn maximum position.

In the respect of mechanism, the relation between the El Nino and the Kuroshio meander
can be described as follows: during the strong Walker circulation, cquatorial casterlies are
strong; tropical cyclonic curl and subtropical anticyclonic curl arc moderate; warm water is
mounded in the west Pacific Occan; and colder water occupies in thc central and castern
cquatorial region. At the same time, the El Nino docs not occur, nor docs the Kuroshio mean-
der. Oncc the strong Walker circuiation collapses, the equatorial casterlics weaken; 1TCZ
moves towards the cquator; and warm water converges in the central and castern parts of the
cquatorial region, then the El Nino occurs.  The tropical cyclonic curl and subtropical
anticyclonic curl, meanwhile; rapidly increasc and reach their maximum. Then, if tropical
cyclonic and subtropical anticyclonic curl sharply deerease with ITCZ moving northward by a
big margin, thc Kuroshio mecander is likcly to occur.

A descriptive model is suggested, consisting of the threc elements ~the tropical cyclonic
curl, the subtropical anticyclonic cur! and the southern position of the 1TCZ, i.e., their ma-
ximum corresponds to the period of the El Nino; the sharp decrease from the maximum corres-
ponds to the period of the Kuroshio mcander.

According to the statistical relation mentioned in the last section, the decrcasc ol both
tropical cyclonic curl and subtropical anticyclonic curl scems to be dependent on the equatorial
extra warm water. After the cxtra warm water is transporticd towards the subtropical region,
the tropical cyclonic curl also rapidly decreascs itsclf. The transport of the equatorial extra
warm water off the equator, which implics the weakening of the El Nino, induces the decrcase
of the tropical cyclonic and subtropical anticyclonic curl and, furthermore, induces the Kuro-
shio meander.  So, a conclusion can be derived that the Kuroshio meander may be due to the

wcakening of the EI Nino.

1V. DISCUSSION

Generally speaking, the wind stress field in the northern Pacific Ocean should be affected
by many other natural clements. The thrce elements of the wind stress field are not exactly
synchronous because of various disturbances.  The relation between cach of the three elements
and the Kuroshio meander mentioned in the last section, therefore, is not corresponding one
to onc. For example, after the El Nino in 1965, the ITCZ rapidly moved northward and the
tropical cyclonic curl sharply decreased rom the maximum but the Kuroshio meander was

obscrved only for a few months; then, disappcared®). This -meander, as merely a short-time
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one, should not bc foxmally callcd Lhc Kuroshio mcandcr The causc may be as follows:

(1) the ITCZ pcak was shorter at Lhat time and it corresponded to the weaker El Nino in
1965; (ii) the pcak of the sublropical anticyclonic curl was also smaller than others and its
following dccrcase from Lhe peak was rather small.  Another cxample is the case in 1969,
The Kuroshio meander then lasted less than a yecar, and thus it is called the Kuroshio quasi-
mcandcr.  Although the tropical cyclonic curl and the subtropical anticyclonic curl at that
time dccreased sharply from the maximum, the ITCZ did not move rapidly northward-it
moved in this dircction for a short distance, and thcn turncd its hcad and rapidly ran
southward so that the strong El Nino in 1972 followed. In the light of the casés in 1954
and 1959, thc favourable condition for the occurrcnce of the Kuroshio meander is the syn-
chronous decrease from the peak of tropical cyclonic curl and the subtropica! anticyclonic
curl as well as from the southern maximum position of the ITCZ.

The present rclation between the El Nino and the Kuroshio meandcr is only suggcstcd-
from analysis of the wind stress ficld.  Further studics, cspecially the studics of the phase re-
lation of various links arc nceded with shorter time interval obscrvations ol wind, current, sca

water temperaturc and sca lcvel.
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Abstract

Thisis a brief introduction of the Kuroshio in the East China Sea (ECS). The main results of the study for
this part of the Kuroshio system in recent vears are reviewed and presented with emphases placed on the major
features of the current structure, annual and inter-annual variations of the velocity and volume transport of
the Kuroshio in ECS, and the relation between the variation of the Kuroshio in ECS and that of the Kuroshio
south of Japan. And finally, an indirect relation between the variation of the Kuroshio in ECS and that of the
North Equatorial Current system is suggested. It is shown that the fluctuation of the Kuroshio in ECS is also
correlated with that of the North Equatorial Current and North Equatorial Counter—current. Ties of the above

relation are the wind stress curl field over the tropical and subtropical belts.

Kuroshio, a western boundary’ current, is not only the most important link of the whole
subtropical circulation system of the North Pacific, but also the leading component of the current
pattern of the East China Sea (ECS) (Fig. 1). In addition, it may exert some influences on the Yellow,
Bohai and South China Seas. Therefore, it may be considered as one of the key points of the
WEPACICS study.

The Kuroshio referred to here is the section of the Kuroshio System between Suao—

Yonakunijima Island in the south and the Tokara Strait in the north, and is called *“Kuroshio in
ECS”.

I. MAJOR FEATURES OF THE CURRENT STRUCTURE OF THE KUROSHIO

The results of GEK observations and geopotential topography at the sea surface (0 /1200 dbar)
in the CSK period in summer, 1965 are shown in Fig. 2 (Nitani, 1972). It is evident from the
comparison of the figures that the maximum observed velocity is located at the western boundary of
the maximum geopotential gradient zone. This suggests that the Kuroshio movement is essentially
of a geostrophic or quasi—geostrophic nature.

There are some high velocity areas in the path of the Kuroshio in ECS. For example, at its
entrance (somewhere northeast of Taiwan) to and exit (somewhere southwest of Yakushima Island)
from ECS, and at the in-between region (somewhere northwest of Okinoerabujima Island), the
maximum velucity of the Kuroshio reaches 3.3-3.8, 3.3-3.4 and 3.0-3.6 kt, respectively.

So far as the “climatological” condition of the Kuroshio is concemea, the measurements in the
area northwest of OkinoerabujimaIsland, i.e., on section G (PN) since 1956 may be taken as a typical
exarple. The distribution of the surface current of the Kuroshio and that of its counter—current in
ECS, are quite stable. The maximum velocity (i.e., current axis) is located near the place where the
bottom slope is steepest, that is, near the inflection point of the profile of the bottom as shown in Fig.
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3. The current axis frequently varied within a range of 20 nautical miles. Its width was usually
maintained at 40—60 nautical miles. [ts direction generally varied within 40°—60°. It is, therefore,
justifiable to say that the Kuroshio in ECS appears to be a western boundary current with relatively
stable direction and narrow width. This phenomenon is closely related to the submarine topography

of ECS (Guan, 1964, 1979).

¢ 120°

Fig. 1 Schematic representations of (a) the major current systems in the Bohai, Yellow, and East China Seas and the adjacent

area in winter and (b) the surface current systems in summer

The vertical current structure of the Kuroshio in the central part of ECS along 125°E is shown
in Fig. 4. The upper panel shows the E-W component of the calculated geostrophic current (referred
to 1200 m) in the summer of 1967 and the lower panel shows the relative current (referred to 1000 m)
measured directly by means of two current meters at a few stations along this section in the same
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Fig. 3 Relationship of surface velocity distribution of the Kuroshio in ECS with submarine topography (After Guan, 1979)

period (Takahashi and Chaen, 1971). In general, the agreement between the calculated and observed
results is satisfactory. In the upper 400 m, the velocity of the Kuroshio decreased slowly with
increasing depth, but it still maintained a strong speed of about 1.5 kt (78 cm/s) at the bottom of this
layer.

The results of deep—bottom current measurement in the area of the Okinawa trough (depth
= 1060 m) in June~October, 1984 are shown in Fig. 5 and Table 1 (Yamashiro, Ichikawa, 1985)."
Even at a great depth and near—bottom layer, the current direction is still toward the northeast, that
is, the same as that of the surface Kuroshio current. The average speed in a period of 100 days at a
depth of nearly 600 m exceeds 20 cm/s. It is obvious that the Kuroshio in ECS extends through to a
great depth. A counter—current in the near-bottom layer has not been observed to date.

As compared with the coastal and shelf water in China Seas, the Kuroshio water in ECS is
characterized by higher temperature and salinity. Its surface temperature in sultry summer inay
reach to as high as 30°C. The highest salinity (~34.9 or more) is located in sub—surface water layer (
~150-250 m) and lowest salinity (~ 34.3 or less) in intermediate water layer (~600 m). Because of
its isolation from the Pacific by a submarine ridge, the temperature of the deep and bottom water of
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Fig. 4 Vertical current structure of the Kuroshio along 125°E in summer of 1967

a.

E-W component {em.s™ ') of the calculated geostrophic current referred to 1200 m

b. Relative current vector (cm.s™ ') referred to 1000 m measured directly by means of two current meters (After

Takahashi and Chaen 1971)

Table 1 Results of deep—bottom current measurements (After Yamashiro and Ichikawa, 1985)

KGIU KGIM KGIL
Set depth (m) 595 8C1 1007
Record duration (days) 100 15 89
P (cm/s) 23.6 2.9 4.1
Direction (degree) 37.7 16.6 30.3
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a. Observation Jocation b. Observation results

the Okinawa trough is generally 1.5°C higher and the salinity is usually 0.1 lower than that of the
Pacific water at corresponding depths below the sill. (Nitani, 1972).

Former observations from stations spaced at larger intervals showed that the Kuroshio axis had
only a single current core. But recent temperature observations with XBT along section G(PN) at
station intervals of less than 5 miles revealed that the Kurashio in ECS usually has plural bands of
strong current or multiple current cores (Akamatsu, 1979) as shown in Fig. 6.

Regular seasonal observations made in the past 25 years or so showed that the Kuroshio path in
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ECS did not change much and that there was no significant meander of considerable dimension such
as the case south of Japan. But it was only recently that the meander of the Kuroshio along the edge
of ECS continental shelf was revealed by the water temperature data of the marine meteorological
Buoy Station No. 4 (28°20'N, 126°05'E) of IMA. The temperature fluctuated largely between 16° to
22°C from January to April every year, with a prominent period of about 20 days as shown in Fig. 7.
The buoy was located in the frontal zone between the Kuroshio water and continental coastal or shelf
water. As such alarge and rapid temperature fluctuation cannot be explained by the normal seasonal
variation, it is suggested that the meander of the Kuroshio caused this fluctuation of water
temperature (Shibata, 1983).

II. ANNUAL AND INTER-ANNUAL VARIATIONS OF THE KUROSHIO

In the following, the time dependent phenomena of the Kuroshio in ECS will be treated with
emphasis placed on the annual and inter—annual variations of its velocity and volume transport

(VT).
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mean monthly variations (c) (After Lu, 1983)

1. Variations of the Velocity
Since the early fifties, surface current measurements with GEK have been made extensively by
Japanese oceanographers in the Kuroshio area of ECS, especially along section G(PN) and section ]
“(southwest of Yakushima Island). GEK measurements have continued for more than 20 years
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(Guan, 1979; Lu, 1983).

Observation results show that the variations of the axial position, and the direction and width of
the Kuroshio are indeed not large. On the other hand, variations of the velocity of the Kuroshio are
quite large.

The fluctuation range of the surface velocity at the Kurashio axis on both sections is more than
2 kt, while the overall mean is about 1.9 kt, so that the amplitude of the fluctuation is equal to, or
even exceeds the average velocity a little during this period (Guan, 1979).
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The time series of surface velocity (component perpendicular to the section) at the Kuroshio
axis on G(PIN) and J sections, and their respective mean monthly variations are shown in Fig. 8. It is
evident from the figure that the fluctuations of the surface velocity at both sections had a similar
tendency. Their mean monthly variations, with a lag of about a month, approached to coincide with
each other. The general scasonal variation is strongest in spring, moderate in summer and winter,
and weakest in autumn (Guan, 1979; Lu, 1983).

The time series of the differences of MMSL between two sides of the Kuroshio rortheast of
Taiwan and in Tokara Strait, 1974—75, and their relation are shown in Fig. 9. According to the
geostrophic equation, the variations of such differences of MMSL represent those of surface velocity.
Evidently, a significant linear correlation (with a time lag of some months) exists between the
variations of the Kuroshio in Tokara Strait and those northeast of Taiwan (Guan, 1982).

The above mentioned relations clearly indicate that the velocities of the Kuroshio east of
Taiwan, in ECS and Tokara Strait tend to fluctuate in unison but with a lag of a few months {rom one

another (Guan, 1982).
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2. Yariations of VT

The magnitude of VT is one of the most important and evident indices characteristic of the
variations of the Kuroshio. Since the sixties, the variation of VT of the Kuroshio in ECS and its.
relation to the appearance of the large meanders south of Japan have been studied by many authors.
In the following, the general variation characteristics of VT, and its cause and relation to the
appearance of the large meander south of Japan will be briefly discussed.

Hydrographic observations made on the section G(PN) from July, 1955 through September,
1978 reveal that the maximum VT (referred to 700 dbar) was 35 SV (April, 1977), and that the
overall mean was 21.3 SV with ¢, = 5.36 SV. The frequency distribution of the occurrence of VTis
almost a Gaussian type distribution. The annual and mean monthly values of VT of the Kuroshio for
this period are shown in Fig. 10 (Guan, 1982).

Since the end of the seventies, in the studies on the annual and interannual variations of the
Kuroshio, a significant teleconnection (with a time lag of about 2 months to 1 year) has been found
between the variations of the surface axis velocity and VT of the Kuroshio east of Taiwan and in
ECS, and the corresponding variations of the sea surface wind stress curl over the central subtropical
region of the North Pacific (22°—28°N, i.e., the area adjacent to the Hawaiian Islands), as shown in
Fig. 11 (Guan, 1979, 1981, 1982). ‘

This important result suggests that it is the wind stress field between the northeast trade wind
and the westerlies that chiefly governs the fluctuations of the Kuroshio east of Taiwan and in ECS,
and this relation may serve as a clue for the prediction of the variation tendency of the Kuroshio in
this region (Guan, 1979).

Seasonal observations in a decade (1972-81) show that the average VT of the Kuroshio through
section G(PN) is 25.5 + 2.75 SV (referred to 700 dbar, Fujiwara et al., 1982), that both mean
seasonal variations of the surface velocity and VT of the Kuroshio are stronger in spring and
summer, and weaker in winter and fall, and that they appear to be of the two peaks type.

Conerning the inter—annual variation of VT, there were four periods (i.e., 195962, 1970, 1973
and 1975-78) in 24 years (1955-78) when the annual value of VT of the Kuroshio was greater than
the average. The maximum was observed in 1976, the minimum in 1935 and 1974. Cn the whole, VT
of the Kuroshio in ECS remained at a low level from 1963 through 1974. The VT peak periods of the
Kuroshio in ECS coincided with the periods of the occurrence of large or quasi-large meanders of
the Kuroshio south of Japan. The two periods (195962, and 1975-78), when VT of the Kuroshio
remained greater than the average for several years, coincided respectively with the periods of large
meanders of No. 2 and No. 3 after World War 11. A meander of medium degree occurred south of
Japan about 1970 (Fig. 10b). As revealed by the above relations, the large meanders of the Kuroshio
south of Japan were often accompanied by a peak value VT of the Kuroshio in ECS, and hence,
accompanied by & peak value of wind-stress curl over the central subtropical region of the North
Pacific. This relation may be a significant clue for studying the mechanism of the large meanser of
the Kuroshio south of Japan (Guar, 1982).

II. RELATION BETWEEN THE VARIATION OF THE KUROSHIO IN ECS
AND THAT OF THE NORTH EQUATORIAL CURRENT SYSTEM

The Kuroshio is generally considered to be a continuation of the North Equatorial Current
(NEC) and to have originated from an area southeast of Taiwan Island and east of Bashi Strait and
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Luzon Island. Therefore, a close relation between them may be expected to exist cértainly. But up—
to—date, adequate data sets are not available to analyse their direct relation. In the following, an
indirect relation throngh the wind stress curl is suggested.

Figure 12 shows the time series (1950-75) of the sea level differences (cm) across NIEC (a),
North Equatorial Counter—current (NIECC, b), and the time series (1950-72) of the wind stress curl
(107 '3N/cem?) over the sca region 2°-10° N(c), 22°-28° N, respeetively. Curves a and b give 12—
month running means (after Wyrtki, 1979). Curves ¢ arid d give 6~himonthly running means (Lin
and Guan, 1986). The running means represent the inter—annual {luctuation. Therefore, curves a
and b depict the inter-annual {luctuations of the velocities of NEC and NECC, and curves cand d
the inter—annual fluctuations of the wind stress curl over the tropical and subtropical regions,
respectively.

NEC and NECC are two major ocean currents in the equatorial North Pacific, and are located
north and south of the counter—current trough (~ 10°N), respectively. Comparison shows that the
fluctuations of NEC and NECC are not only synchronous (Wyrtki, 1974), but also approach to be
coincident with those of the wind stress curl over the tropical sca region (2°~10°N). Besides the
initial part (1950-53), significant peaks and troughs of these three curves (a,b and ¢) nearly approach
to coincide with one another. Thercfore, in the period 195372, the fluctuations of NEC and NECC
were closely related to the fluctuations of the cyclonic wind stress curl field over the sea region to the
north of the equator (Guan, 1986).

Comparisen also shows that the tropical cyclonic wind stress curl (c) is positively correlated
with the subtropical antieyelonic wind stress curl (d), and leads the latter. The maximum coefficient
remarkable on 0.01 level has a phase lag of less than 2 months. Therefore, the wind stress curl in
tropical region is coherent with that in subtropical region, that is, as the tropical cyclonic curl
increases, the increase of the subtropical anticyclonic curl follows, and vice versa (Liu and Guan,
1986).

Combining the results mentioned above, that is, 1) the fluctuation of the Kuroshio in ECS is
positively correlated with that of the subtropical anticyclonic wind stress curl, 2) the fluctuation of
NEC (and NECC) is positively correlated with that of the tropical eyclonic wind stress curl, and 3)
the tropical cyclonic wind stress curl is positively correlated with the subtropical anticyclonic wind
stress curl, it follows that the fluctuation of the Kuroshio in [CS is also corretated with that of NEC
and NECC. Ties of the above relations are the wind stress curl ield over the tropical and subtropical
belts.

These results (though they are preliminary and qualitative) strongly support the classical
wind—driven ocean circulation theory and demonstrate stutistica”y that water which goes west or
east must then go north or south to close the gyre, and that the permanent ocean turrents arc related

to the wind stress curl ficld over.the ocean.
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Fig. 3 Ten -=rature (°C) and salinity (%o) distribution at 200m layer in the
area adjacent to the Mindanao Cold Eddy
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VARIATION OF THE MINDANAO EDDY AND ITS RELATION
WITH EL NINO EVENT* <

Guan Bingxian

(Inseitute of Oceanology, Academia Sinica, Qingdao)

ABSTRACT

Mindanao Cyclonic Eddy (MCE) is one of the most striking phenomena in the sea regiom
between Mindanao and New Guinea.

Based on the hydrographic data in the southwestern part of the North Pacific Ocean in
winters from 1965 to 1974 and monthly sea level data from 1975—1983 in the adjacent area, the
variation of MCE and its relation with El Nifio event are discussed in some detail in this paper.

Geopotential topography of the sea surface (relative to 1000db) in winters of late sixties in:
the area east of the Philippines and north of New Guinea shows that a trough was displayed
between the westernmost parts of North Equatorial Current and North Equatorial Countercur—
rent in winters of 1965—1969. Judging from its horizontal extent, MCE was stronger (east—
ward expanding) in winter of 1965—1966, moderate in winter of 1969, weaker (westward re-
ducing) in winter of 1968 and weakest in winter of 1967.

The above-mentioned variation of MCE is evidently consistent with the classification of
El Nifio events, that is, MCE became stronger in the moderate El Nifio period (1965-—1966),.
moderate in the weak El Nifio period (1969), weaker or weakest in the non-El Nifio period (1968,
1967). .

This relation is further examined with hydrographic observations along 137°E in the period
1970—1974 and with time series of monthly sea level anomalies at Malakal for the period
1975—1983.

Results show that the relation between the variation of MCE and El Nifio deduced from
the hydrographic data of late sixties (including El Niffo events of 1965—1966, and 1969) also
holds for the periods of El Nifio events in the seventies and early eighties (including El Nifio
of 1972—1973, 1976—1977, 1979—1980 and 1982—1983). That is to say, during the period of
El Nifio, the steric sea level of the core of MCE and/or the sea level in the adjacent area are
lower than normal; and hence, MCE becomes more intense. On the contrary, during the pe-
riod of non-El Nifio, the steric sea level of the core of MCE and/or the sea level in the adja-
cent area are higher than normal; and hence, MCE becomes weaker. However, the degree of ——
the sea level drop or of the steric sea level reduction (and hence, the degree of the intensification
of MCE) does not always correspond to the strength of El Niffo. It is due to the fact that
El Nifio is only one of the main factors controlling or influencing the variation of MCE.

Finally, the mechanism of this relation is briefly discussed and concluded that such a local
and mesoscale relation between the variation of MCE and El Niffo is consistent with the general
and large scale relation between oceanographic and meteorological fluctuations in the equato-

rial Pacific.

* Contribution No, 1692 from the Institute of Oceanology, Academia Sinica.
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CURRENT STRUCTURE AND ITS VARIABILITY IN THE AREA
EAST OF TAIWAN AND PHILIPPINES IN WINTER

Guan Bingxian

(Instituze of Oceanology, Academia Sinica, Qingdao)

ApsTrRACT

In this paper, based on CSK hydrographic data and atlas (JODC, 1967 ~1977) the current
structure and its variations in the area east of Taiwan and Philippines in winters of 1965~1969
are systematically analyzed in some detail. .

In the area west of 140°E and north of 15°N the Western Subtropical Gyre (WSG) in in-
deed not a single one as traditionally described, it splits into two or more subgyres. But its stru-
cture is not totally alike as that shown by Hasunuma and Yoshida (1978). The Subtropical Gyre
shown by them reveals three major ridges and two troughs, and the three ridges come in contact
at their western end. But the basic structure of WSG in winters of 1965~1966 and 1967 ‘reveals
only two major ridges and one trough, and the two ridges are not joined together near the wes-
tern boundary. Therefore, though WSG splits into subgyres, its synoptic “fine” structure is
not fixed or regular, but changes seasonally and yearl.y. The winter of 1965~1966 is the pe-
riod during which the model of two ridges and one trough well developed.

The Subtropical Countercurrent (STCC) is evidently displayed at lower subtropical latitu-
des in winter. Its path is more continuous in winters (1965~1966, 1967) than in summer (1965).
It is evident from the pattern of stream-lines-that STTC seems to be a branch separated from
eastern boundary of the Kuroshio east of Taiwan.

In the area east of Mindanao Island and west of Palau Islands, a cyclonic eddy existed
among the North Equatorial Current'(NEC), Mindanao Current and North Equatorial Counter-
current (NECC) throughout the period. The variation of the Mindanao Cyclonic Eddy is closely
related with the El Niffo event, which has been discussed in a separate paper.

The major zonal geostrophic currents of this area are well defined in their boundaries and
display a pronounced banded structure of quasi-stationary nature. The relation of the current
banded structure with the overlying wind fields is analyzed by using the trade wind stress data
(Wyrtki and Meyers, 1975). Results show that, qualitatively speaking, banded structure of
the major mean zonal currents along 137°E from Equator to 28°N (including NECC, NEC
and STCC) is closely related to the meridional distribution of the zonally averaged wind stress
curl. This is a good example of air-sea connection.



Vol .8 No.2 CHIN. J. OCEANOL. LIMNOL. 1990
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Abstract

The deep water ( 1000—3000 m) circulation in the area east of Taiwan and the
Philippines has been little studied . Moriyasu (1972) and Reid (1981) discussed the 3000 db sur-
face (3000/1200 db ) and 2000 db surface (2000/3500 db ) circulations of the Philippine Sea Ba -
sin , respectively . They both showed that there may be a northward current close to the western
-margin of the Sea Basin . Recent analyses of two sets of deep sea hydrographic data yielded
quite different results. i. e.. at deep waters in the area east of Taiwan and the Philippines
southward countercurrents flow under the upper northward currents .

The possible causative mechanism of these southward deep countercurrents is the blocking ef
fects of the submarine ridge east of Suao” and of the Ryukyu Islands Shelf on the northward
flowing upper currents .

The above- mentioned preliminary deductions were wholely based on consideration of the
relative geostrophic current and calculation. though the reference surface (3500 db ) was very
deep . It is suggested that direct measurements of the deep currents in the study area are needed
to verify these results .

In this short report, the mid-depth circulation or current pattern in the area
east of Taiwan and the Philippines is briefly discussed . According to the working
definition suggested by Reid (1981), mid-depth waters are those found between
about 1 and 3 km in middle and low latitudes. But the mid-depth waters are
called deep waters for short in this paper .

Moriyasu (1972), in the study of “ deep waters in the western North Paci-
fic", discussed the 3000 db surface circulation of the Philippine Sea Basin and
showed that there might be a northward current close to the western margin
which. might have been regarded by us as western boundary current as in the
Stommel and Arons (1960) model (Fig. 1).

Reid (1981), in the study of “the mid-depth circulation of the world ocean”,
discussed the 2000 db surface circulation of the Philippine Sea Basin and presented
the steric height topography at 2000 db relative to 3500 db as shown in Fig. 2.
Evidently , the 0.7 dyn. m. contour also exhibits a northward current close to
the western boundary .

Recent analyses of two sets of data from deep sea hydrographic observations
yielded quite different results . '

The station chart of the first set of data is shown in Fig. 3. There were 14

* Contribution No . 1750 from the Institute of Oceanology . Academia Sinica . This paper was presented at
the PRC /USA Symposium on Western Pacific Air-Sea Interaction ( Nov.. 1988 . Beijing ). This project
was supported by the National Natural Science Foundation of China .
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Fig. 1 Geopotential topographic chart (referred to 1200 db ) of the 3000 db surface
(After Moriyasu, 1972, in dyn. m )

Fig. 2 Steric height topography (2000 /3500 db )
(After Reid , 1981, in dyn. m. )
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Fig. 3 Station map of the R/V Takuyo Maru (July 1—Sept. 13, 1966 )

deep water stations between 124 °E and 130 °E from which observations were
taken in July-September, 1966, by the R/V Takuyo Maru. The deepest observed
levels of these stations all reached 3500 m or more. The dynamic height topogra-
phies of the sea surface and the 1500 db and 2000 db surfaces (referenced to 3500
db surface ) are shown in Fig. 4a—c.

The reasons for selection of the 3500 db surface as the reference level are as fol -
lows . First of all, just as shown by Reid (1981), the shear field is weak over
the area in this depth range and it seems useful to consider it a thick layer. Se-
cond, it is the deepest common level of the observations of these 14 stations.
Third , we hope to compare the results with those of Reid (1981), who also se-
lected the 3500 db surface as the surface level of no motion.

What a contrast between the flow pattern of the sea surface and that at the
1500 db and 2000 db levels! The most striking difference between them is that on
the sea surface topography, there is a strong anticyclonic and mainly
northeastward flow in the area north of 13 °N and a southwestward flow to the
south (Fig. 4a ) , while on the 1500 db and 2000 db level topographies , there is
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a cyclonic and mainly southward flow in the area north of 13 N and an eastward
flow to the south (Fig. 4b, ¢ ).

125° 130°E

Fig. 4 Geopolential topographies (referred to 3500 db ) of the sea surface
(a), 2000 db surface (b), and 1500 db surface (c), in dyn m.
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In order to compare the results with those of Reid (1981), we will discuss

the flow pattern of the 2000 db surface in some detail. It is evident from
Fig . 4b that the steric height topography of the 2000 db surface slopes up west -
ward, that is, on the east side, the dynamic height relative to 3500 db is less
than 0.7 dyn. m., while, on the west side , it is equal to or more than 0.7
dyn. m. Therefore, there exists a southward deep flow , though it is very weak .
contour indicates a southward current in the area east of
Taiwan and the Philippines. It is the same as in Reid’s map of the area east of
125 °E. But, as concerns the area close to the western boundary ( west of

The 0.7 dyn. m.

125 °E), the 0.7 dyn. m.

Depth(m)

contour on Reid's map indicates a northward flow .
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Fig. 5 Differences of dynamic heights (dyn -m ) between station pair 1-103 and 14-103 .
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The vertical profiles of geostrophic velocities between Station pair 1—103 and
14-103 show that the boundary between the upper northward flow and the deep
southward flow is located at the ca. 800—900 m depth. The thickness of the
counter flow is about 1500 or more meters (Fig. 5).

The striking difference between the flow pattern at the sea surface and that at
the deep level is consistent with the mass fields corresponding to the upper and
deep level waters. Temperature distributions at 200 m and 2500 m are shown in
Fig. 6. Evidently, the cyclonic southward flow in the northern part of the 2000
db surface is closely related to a large patch of cold water mass below that sur-
face (2500 m depth ).

125° 130°E

25°

25° a

2Ar

15°k

10°

50

Fig .6 Temperature distributions (C ) at 200 m (a) and 2500 m (b ) depths

The station chart of the second set of data is shown in Fig. 7. There are
four deep water stations, constituting a section approximately along 21°30 '-22°
N in the area southeast of Taiwan. Evidently, this section partly cuts
latitudinally across the Kuroshio (the intense western boundary current of the
North Pacific Ocean ). Observations were taken from these four stations on May
24—-27, 1969, by the R/V Seifu Maru. The deepest observed levels of these sta-
tions all reached 4000 m , even to 5000 m at two stations.

Temperature section of these four stations is shown in Fig. 8. It is evident
from the figures that at the three western stations, the isotherms below
700 m begin to slope down westward, which is quite contrary to those above
700 m . It means that under the intense northward surface Kuroshio Current,
there exists a countercurrent which flows southward from ca. 600 m down to
2000 m (between Stations 4—3 ) and to 3500 m (between Stations 3—2). The
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Fig. 7 Station map of the R/V Seifu Maru (May 7—June 14, 1969 )
Table 1 Geostrophic current velocity (cm/s ) (Relative to 3500 db surface)
St . pair
Depth (m) No. 4-3 No.3-2 No.2-1
0 155 24.0 ~22.5
50 16.3 23.9 —=22.8
100 17.5 22.1 =23.2
150 16.6 18.3 —21.2
200 15.7 13.9 —-18.8
250 14.9 10.2 —16.5
300 - 13.4 7.9 —15.0
400 8.6 3.6 —=11.4
500 3.1 1.0 - 7.6
600 -0.9 =17 - 34
700 —2.4 ol 1/ =248
800 =2:6 =2.0 - |.8
1000 —=2:4 —-3.4 0.8
1200 -3.9 -3.4 1:§
1500 ~4.5 =2.7 0.8
2000 =1.8 —-2.4 - 0.8
2500 -0.5 =8 - 0.9
3000 =0.3 ={.5 — 0.4
3500 0 0 0

(Positive northward , negative southward )
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Fig. 8 Temperature (T ) section southeast of Taiwan .

southward current between Stations 2—1 penetrates deeply too.

To quantify the velocity structure of the Kuroshio Current, the geostrophic
current velocities ( cm /s ) between station pairs of this section were calcu-
lated (referenced to 3500 db surface) and are shown in Table 1. The maximum
countercurrent velocity below 600 m may reach 4.5 cm/s. The thickness of the
countercurrent under the Kuroshio is very large, about 2500 —-3000m .
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The results from the above two sets of deep sea observation data are in agree-
ment and show that at mid-depth or deep waters in the area east of Taiwan and
the Philippines, southward countercurrents of the above surface northward cur-
rents exist .

Concerning the existence of countercurrents in the coastal area east of Taiwan,
Fan (1979) and Guan (1984 ) held that , owing to the opposite directions of the
inclinations of the isotherms below and above 200 m ( Fan) or 600—700
m (Guan), there might be a reversal of the current direction under the northward
flowing surface boundary current in the immediate vicinity of the Taiwan coast.

The possible mechanism of the appearance of southward flowing current under
the northward flowing surface Kuroshio Current and its neighbouring currents may
be the blocking effect of the submarine ridge east of Suao and that of the Ryuku
Islands Shelf on the northward flowing surface and upper currents .

The submarine ridge east of Suao runs nearly perpendicular to the extension di-
rection of the east coast of Taiwan. Its depth decreases abruptly from 1000 — 2000
m at the northern and southern sides to ca. 500 m ; the shallowest part at its
western end is less than 200 m (Guan, 1978). Therefore, although the up-
per (500 m thick ) water column of the Kuroshio can flow over the ridge to-
wards the East China Sea, a considerable part of the deep Kuroshio water cannot
pass over the ridge owing to the blocking effect of the submarine ridge, so when
it collides with the submarine ridge, it sinks down and rebounds backward to
form a southward deep recirculation as shown in Fig. 9.

== ]Surfacc and upper flow

J

v
! }CC)unlcr flow
)

Fig. 9 Schematic diagram of the flow pattern

The above mechanism can also be used to elucidate the blocking effect of the
Ryukyu Islands Shelf which stands as a barrier or wall to the northward flowing
surface currents in the area east of the Kuroshio . ‘

Of course, the possible occurrence of a deep eastward or northeastward current
along the barrier or wall is not excluded, but such observational data are not
available as yet .

Deep countercurrents under the strong surface Kuroshio Current were observed
in the area south of Japan by Worthington and Kawai (1972), Taft (1978), and
Fukasawa and . Teramoto ( 1986) , and in the area south of Kyushu by
Takematsu et al. ( 1986). Therefore, it is reasonable to deduce that a
countercurrent under the surface Kuroshio Current may also exist in the area east
of Taiwan .

But , deep-bottom current measurements in the area of the Okinawa Trough
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(depth=1060 m ) in the East China Sea in June- October, 1984 (Yamashiro and
Ichikawa , 1985) showed that even at great depth and near the bottom lay-
er (1000 m ) , the current direction was still northeastward , or the same as that
of the surface Kuroshio Current. As concerns the Kuroshio in the East China
Sea , a countercurrent in the deep-bottom layer has not been observed to date.

It is a baffling problem for us to elucidate the different causative mechanisms
of the occurrence of these currents and countercurrents in the above areas.

The existence of a southward flowing countercurrent under the northward
flowing Kuroshio and adjacent currents is wholely deduced from the consideration
of the relative geostrophic current and by calculation, though the reference
surface (3500 m ) is very deep. It is suggested that direct measurements of the
deep currents with moored currentmeters or other more advanced instruments in
the area east of Taiwan and the Philippines are needed to clearify the above
phenomena .
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A SKETCH OF THE STUDY OF THE SUBTROPICAL
COUNTERCURRENT IN THE PAST TWO DECADES

Guan Bingxian

(Institute of Oceanology, Academia Sinica)

Abstract

Two decades have elapsed since the existence of an eastward flow at lower
latitudes (the Subtropical Countercurrent) has been discovered from the surface
wind stress and hydrographic data (Yoshida & Kidokoro, 1967 and Uda &
Hasunuma, 1969). This new {inding has deepened the understanding of the
circulation structure of the world ocean. It is one of the most important events
in the history of the ocean circulation study. Through the efforts of the world-
wide oceanographers, an essential and significant progress has been achived.
The idea that the Subtropical Countercurrent is quite widespread and mnot a
local phenomenon, and it could be a manifestation of one of the very basic
features of the ocean circulation has more and more been accepted by the
people.

The study on the Subtropical Countercurrent in the past twenty years is
briefly reviewed in this paper. Emphases are laid upon to show the investiga-
tions of the basic features of the Subtropical Countercurrent, such as the chara-
cteristics of its global distribution, band structure and coexistence with the
Subtropical Front. Finally, some possible mechanisms of the Subtropical Coun-
tercurrent suggested by some authors are also briefly introduced.
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Some Features of the Current Structure and Alr and Sea

Correlation In the Area of lov Latituces of Yestern florth Pacific Ocean

Guan Bingxian
(Institute of Oceanology, Academia Sinica,Qingdao)
Abstract

Baced upon the stucies mace by the authcr in recent years, some

‘features of the current structure and air and sea correlation In the

area of low latitudes of western HNorth Pacific COcecan are Dbriefly
+

1 c

cepicted in this paper. Emphases are laid upon the following topics:

(1) Current structure of the western Subtropical Gyre: N

(2) Banded structure of the geostrophic current field;

(3) Variation of the Mindanao Cold Fddy and its relation with El Niros

(4) Variaticn of the Equatorial Undercurrent and its relation with
El Ninos and

(5) Deep currents in the area east of Taiwan and the Philippines.
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