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Using hydrographic data and moored current meter records and the ADCP observed
current dataduringMay—June 1996, amodified inver semethod isapplied tocalculatethe
Kuroshio east of Taiwan and in the East China Sea and the currents east of Ryukyu
Islands. There arethree branches of the Kuroshio east of Taiwan. The Kuroshio in the
East China Sea comesfrom the main (first) and second branches of the Kur oshio east of
Taiwan. The easternmost (third) branch of the Kuroshio flows northeastward to the
region east of Ryukyu Islands. The net northward volume transports of the Kuroshio
through Section K, southeast of Taiwan and Section PN in the East China Sea are 44.4 x
106 and 27.2 x 108 m3s1, respectively. The western boundary current east of Ryukyu
Islands comes from the easternmost branch of the Kuroshio east of Taiwan and an
anticyclonic recirculating gyre more east, making volume transports of 10 to 15 x 10°
m3s. At about 21°N, 127°E southeast of Taiwan, there is a cold eddy which causes
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branching of the Kuroshio there.

1. Introduction

The region east of Taiwan is very important for un-
derstanding the Kuroshio, the Kuroshio Countercurrent and
other subgyresin Western North Pacific becauseall western
ends of the subgyres mergetogether there, as pointed out by
Hasunuma and Y oshida (1978). There have been some
studies on the Kuroshio east of Taiwan (Chu, 1974; Guan,
1978,1985; Liuetal.,1986; Y uania, 1988; Y uanetal., 1996,
1998) and the currentseast of Ryukyu Islands (Nitani, 1972;
Yuan et al., 1990, 1991, 1994, 1995). There are some im-
portant current characteristics of the Kuroshio east of Tai-
wan. For example, (1) Chu (1974) pointed out fluctuations
of the Kuroshio Current axis and pattern, and changes of its
maximum velocity east of Taiwan on the basis of CSK data
obtained during severa cruises; (2) part of the Kuroshio
made a cyclonic meander on the eastern side of a cold eddy
northeast of Lanyu Island during the winter season (Guan,
1985; Yuan and Xia, 1988); (3) Guan (1978) reported the
anticyclonic deflection of the Kuroshio across a submarine
ridge adjacent to the northern coast of Taiwan; (4) based on
a dynamic calculation, Liu et al. (1986) pointed out that
thereisevidence of the band structure southeast of Taiwan;
(5) Yuanetal. (1996, 1998) showed that therearemulti-core

structures of the Kuroshio current and several branches of
theKuroshioeast of Taiwan. Furthermore, Y uanetal. (1998)
pointed out that there is an easternmost branch of the
Kuroshio east of Taiwan, flowing northeastward to the east
of Ryukyulslandsand becoming part of thewesternboundary
current east of Ryukyu Islands during October 1995.
However, no branch of the Kuroshio flowed into theregion
east of Ryukyu Islands during early summer of 1985 (Y uan
et al., 1996). Yuan et al. (1996, 1998) further pointed out
that the above Kuroshio current patterns are closely related
to the strengths and positions of cyclonic and anticyclonic
gyres in the adjacent region.

In this paper, using hydrographic data, moored current
meter recordsand towed-ADCP current dataobtained during
the early summer of 1996, a modified inverse method is
applied to calculate the Kuroshio east of Taiwan and in the
East China Sea and the currents east of Ryukyu Islands
(Ryukyu Current). The current features of the Kuroshio east
of Taiwan and in the East China Sea and the problem of the
origin of the western boundary current east of Ryukyu
Islands are also discussed. Furthermore, we make a com-
parison between results obtained during the present and the
previous cruises.
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2. Dataand Numerical Calculation

The modified inverse method described in Yuan et al.
(1992) is applied to calculate the current structure and
volumetransport and thestream functioninthecomputational
region(Fig. 1). A brief explanation of thismethodispresented
inthe Appendix. Thehydrographic datawere obtained from
two cruises, viz., a cruise of China-Japan Cooperative Re-
search on subtropical gyre during May 10 to June 4, 1996
(hereafter called cruise 1) and acruise during April 23-May
21,1996 by theR.V. Chofu-Mar u (hereafter called cruise 2).
There are five boxes in the area east of Taiwan and east of
the Ryukyu Islands (hereafter called area 1). There is one
box in the East China Sea (hereafter called area 2). The
computational points are taken at the mid-points between
neighboring hydrographic stations. All boundary sections
of the computation boxes are divided into layers according
toisopycnal ot valuesof 25,27, 30 and 33. Theseisopycnal
values correspond to the depths of about 150, 300, 650 and
1200 m. According to the study of Yuan et al. (1992), the

density convection-diffusion equation is considered for all
layers, and the salt convection-diffusion equation for all
layers except for the surface layer. One or two boundary
sections surrounding individual boxes have no CTD points
except edges of the section. We can get only a rough
estimation of the volume transport across these boundary
sections. It should be noted that most of them are devised to
extend in parallel with mean currents.

This calculation uses CTD data at all sections, which
form boxes 1, 2, 3, 4 and 5, and the following parameter
values are selected. The wind data during the May—June
cruise of 1996 were obtained inthe area 1 from the observa-
tions by R.V. Xiangyuanhong 14. The average wind direc-
tion and speed were 145° and 7.1 m s during this cruise.
Because of thelack of accuratewind data, asteady, uniform
wind field with above-average values is assumed. Accord-
ing to the study of Yuan et al. (1992), the vertical eddy
viscosity A;and thevertical eddy diffusivity Ky aretakento
be 100 cm3s! and 10 cm?sL. For different values of A, (50
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and 100 cm?2s1) and Ky (1 and 10 cm2s™?) calculated ve-
locities and volume transports both change less because the
effect of A; and K, is mainly confined to the surface and
bottom Ekman layers.

For the choice of an optimum reference level, we use
the Fiadeiro and Veronis's method (1982). According to
their method, an optimum reference level istaken to be the
2000 mlevel inthe areawhere floor depths are greater than
2000 m, and to bethefloor depth wherefloor depthsareless
than 2000 m, asin area 1. In area 2, an optimum reference
level istaken to be the 800 m level for floor depths greater
than 800 m, and to be the floor depth for floor depths less
than 800 m.

Direct current measurements by thetowed-type ADCP
(Kaneko and Koterayama, 1988) were carried out on the
observationlinesmarkedinFig. 1to comparewithresultsof
the inverse and dynamic calculations. The ship speed was
about 9 knots (4.5 m s1). Depth bin and sampling interval
were set to 8 m and one minute, respectively. The range of
ADCP measurement was accidentally reduced from 300 m
to 60 m, due to electric noise introduced by the ship’'s
engine. In addition, velocity measurements often became
lessaccurate becausethe ship’ scourse deviated appreciably
from a straight line. For these reasons, we present only the
ADCP datafor Section K4 obtained under the best ship op-
erating conditions.

3. Major Featuresof theKuroshioand CurrentsEast

of Ryukyu Islands

In this section we present the horizontal distribution of
temperature in the whole region of area 1 and the velocity
distributions at Sections Kz, K3, K4, S1, PCM1-E, OK, PN
and E (see Fig. 1). Mgjor features of the Kuroshio east of
Taiwan and in the East China Seaand eddies east of Taiwan
are discussed and compared with the results of the mea-
surement and cal culation.

3.1 Horizontal distribution of temperature

The horizontal distribution of temperature at 600 m
depth is shown with the contour plot in Fig. 2. Masses of
warm water exist to the east of Ryukyu Islands and around
the region centered in (20°N, 124°E). On the other hand,
cold water masses are seen to the east of Taiwan and around
(21°N, 127°E). A branch of the Kuroshio Current east of
Taiwan is well traced with the isotherms of 7.5 and 8.0°C
extending southward from Ishigaki Island.

3.2 Section Kz

Section K3 is located southeast of Taiwan (Fig. 1).
Figure3showsthevel ocity distribution at Section K». There
arethreecurrent coresof the Kuroshio. Thefirst coreisnear
the southern tip of Taiwan, and its maximum velocity is
about 196 cm s1 at the surface of computational point 1. At
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Fig. 2. Horizontal temperature distribution at the 600 m level during May—June of 1996 (unit: °C).
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Fig. 3. Velocity distribution at Section K2 during May—June of 1996 (positive: northward, unit: cm s™).

computational point 1 the velocity is greater than 100 cm
s1in the upper 150 m. The second core is near computa-
tional point 5, and its maximum velocity is about 61 cm
s1at thesurface. Thethird coreisnear computational point
7 where the isotherms of 7.5 and 8.0°C are located. The
maximum velocity of this core is about 58 cm s at the
surface. There is a weak northward flow at computational
point9, anditscoreislocated at asubsurfacelayer. Thereare
southward flowsin the upper 350 m of computational point
6, in the upper 250 m of computational point 8, the upper
2000 m of computational point 10, and below the Kuroshio.

3.3 Section K3

Section K3 islocated just north of Section K (Fig. 1).
Themain branch of theKuroshioislikely to flow northward
through an areawest of Section K s, but other branchesof the
Kuroshio flow northward through Section K3 (Figs. 4 and
12, below). Their maximumvelocity isabout 92cms at the
surface of computational point 6 and placed on the iso-
thermsof 7.5and 8.0°C (seeFig. 2). At computational points
1to 4, weak southward and northward flows alternate above
a 400 m level. These may both be part of eddies. The
horizontal temperature distribution shows that cold water
appears below a500 m level between computational points
1 and 5 (not shown here). Its cold water center islocated at
the hydrographic station K32 (22°20' N, 122°20' E) at the
600mlevel (Fig. 2). Theaboveresultsprovideevidencethat
other branchesof the K uroshio makeacyclonic rotation east
of the cold eddy when they pass through Section K3. This
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phenomenon (i.e., the cold eddy and the cyclonic rotation of
Kuroshio stream path northeast of Lanyu Island) also ap-
peared during thewinter season (Guan, 1985; Y uanand Xia,
1988).



Finally, asfor northward flowsat computational points
6 and 7, both construct part of an anticyclonic recirculating
gyre east of Ryukyu Islands (see Figs. 4 and 12, below).
Flows passing through an area near computational point 6
are occupied by a branch of the Kuroshio, as mentioned
above. Thusthe northward flow around computational point
6 isstrengthened through acombined effect of the Kuroshio
and the recirculation gyre east of it.
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Fig. 5. (@) Velocity distribution at Section K4 in May 1996
(positive: northward, unit: cm s71), (b) ADCP observed cur-
rent vectors at Section K4 in May 1996.

3.4 Section K4 and the mooring station M

SectionKislocated east of Suao. Asin SectionK s, the
main branch of the Kuroshio is likely to flow northward
through an areawest of Section K4 (see Fig. 12, below). As
mentioned above, other branches of the Kuroshio make a
cyclonicrotation east of thecold eddy at Section K3, andthen
most of them flow northward through Section K4 (Figs. 5(a)
and 12, below). The Kuroshio across Section K4 forms two
cores at computational points 3 and 6. The velocities at the
surface of computational points 3 and 6 are 30 and 48 cm
s, respectively. Part of the northward flow near computa-
tional point 6 is supplied by the anticyclonic recircul ating
gyre.

We make a comparison between the above cal culated
current and the ADCP observed surface current at Section
K4 (Figs. 5(a) and (b)). Figures 5(a) and (b) both show that
there is a branch of the Kuroshio at the eastern part of
Section K4. The position of thisbranchisput onthe 7.5 and
8.0°C isotherms of Fig. 2. A weak northward flowing core
around computational point 3 is also found in the ADCP
data.

On the other hand, there are no other branches of the
Kuroshio at the western part of Section K4. The current
measurements with moored current meterswere carried out
atthemooringstationM (24°26.18' N, 122°27.27' E, thefloor
depth is 870 m) southwest of Yonakuni Island (Fig. 1)
during May 18-June 1, 1996 (Y uan €t al., in preparation).
Figure 6 shows the progressive vector diagrams of the
observed daily currents. The low-pass filtered currents at
290 m and 594 m depths are both quite steady during the
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Fig. 6. Progressive vector diagrams of the observed daily
currents.(2) 290 m depth; (b) 594 m depth at the mooring
station M.
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wholeperiod of observation. Theaveragevelocities(V, 6) at
290 m and 594 m depths of the station M are, respectively,
(42.6 cm s, 0.5°) and (22.0 cm s, 14.9°) during May 18
to June 1, 1996 (@isthedirection measured clockwise from
due north). This result reveals that the Kuroshio surely
existsat station M and isnot so weak, even at deeper depths.

According to the above results, our speculation is that
themain branch of theK uroshio flowsnorthward throughan
areawest of Section Ky, it rideson asubmarineridge east of
Taipei and Suao, it is deflected anticyclonically, as under-
stood from the potential vorticity conservation (e.g., Guan,
1978), and then part of it reaches the mooring station M. It
appears that the bathymetric chart around Taipei and Suao
also serves to support this speculation (see Fig. 1).

3.5 Section §

Section S; islocated at 125°E (Fig. 1). Figure 7 shows
the velocity distribution in Section S;. In the 500 m layer of
Section S, eastward flows are dominant at computational
points 1-6 and around computational point 9. The former
eastward flow is part of an anticyclonic recirculating gyre
devel oping on the southern side of Ryukyu Islands (seeFig.
12, below).

3.6 Sections PCM1-E and OK

Section PCM1-E is located southeast of Okinawa |s-
land. Figure 8 shows that there is a northeastward current
between computational points 1 and 2, and its current core
islocated at the 200 m level with amaximum vel ocity of 25
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cmsL. Thereisasouthwestward flow around the computa-
tional point 3.

Becausethe CTD observation at Section OK wasmade
29 days before the CTD observation at Section PCM1-E,
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Fig.9. Veloci ty distribution at Section OK (positive: northward,
unit: cm s71).

Section OK cannot form a box, so the velocity distribution
at Section OK has been calculated by the dynamic method
withareferencelevel of 2000 m. Figure9 showsthevel ocity
distribution at Section OK. Thisfigure showsthat part of the
section is occupied by three northeastward flowing areas
with cores of different maximum velocity. Thefirst coreis
between 500 and 700 m levels over the area of maximum
slope of the bottom and its maximum speed is49 cm s at
the 600 m level. Other cores are at computational points 4
and 8. The above current features southeast of Okinawa
Island are similar to those found in previous studies (Y uan
et al., 1990, 1991, 1994, 1995).

3.7 Sections PN and E in the East China Sea

Section PN isafamiliar section in the East China Sea
and Section E lies north of Section PN (Fig. 1). Figures 10
and 11 show thevelocity distributionsat SectionsPN and E,
respectively. There are afew velocity cores at Section PN.
Themain Kuroshio current coreislocated at computational
point 14 at the shelf break, and its maximum velocity is
about 108 cm s~ at the surface (Fig. 10). At Section E, there
isavelocity core, located at computational point 8, and its
maximum velocity is about 103 cm s at the surface (Fig.
11). There are weak southwestward currents below the
Kuroshio across Sections PN and E.

4. Stream Function and Volume Transport

Figure 12 showsthedistribution of stream function and
total volume transport. The Kuroshio is located west of
123°40' E at Section K, which is almost the same position

Computation Points

1 2 3 4 5 6 7 8

2 16 17 18 20 21
9 10 1112 I3l4|5 SE —

<~ NW

2004

4001

£ 600]
=
=
D
[=)]
8004
1000 PN
40 km
—_
12004

%%%

Fig. 10. Velocity distribution at Section PN during April-May of 1996 (positive: northward, unit: cm s71).
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asthe Kuroshio during October of 1995 (Yuan et al., 1998).
The net northward volume transport (VT) of the Kuroshio
through Section K is about 44.4 x 10% m3s1 during early
summer of 1996, which is almost the same as the Kuroshio
transport at Section K, 45.0 x 108 m3s1, during early
summer of 1985 (Y uan et al., 1996). When flowing through
Section K>, the Kuroshio branches into three parts, sug-
gesting that themain branch of theK uroshioflowsnorthward
through an areawest of Section K4, then it rides on aridge
east of Taipei and Suao, it makes an anticyclonic deflection
of stream path, and finally it enters the East China Sea
through a channel west of Yonakuni Island. As for the
second and third branches, we have the following sugges-
tion. The second branch of the Kuroshio makes a cyclonic
rotation dueto acold eddy northeast of Lanyu Island, which
isvery similar to the current pattern obtained by the R.V.
Komahashi during Feburuaby—March of 1940 (Guan, 1985;
Y uan and Xia, 1988), then flows through Section K4, and
finally entersthe East China Seathrough achannel between
Yonakuni and Iriomote Islands. The easternmost (third)
branch of the Kuroshio flows through Sections K3 and K,
then flows continuously northeastward to a region east of
Ryukyu Islands and becomes part of the western boundary
current east of Ryukyulslands. Another originof thewestern
boundary current east of Ryukyu Islands comes from the
anticyclonic recirculating gyre (see Figs. 2 and 12).

To the south of thisgyrethereisacold, cyclonic eddy
centered around 21°N, 127°E. In comparison with the cur-
rent patternsduring early summer of 1985 (Y uanetal., 1996)
and during October 1995 (Y uan et al., 1998), there are the
following three different points: (1) A cold, cyclonic eddy
liesat different positionsfor these three cruises, although it
has not been identified as the same one. It lay near Section
PCM 1-E during early summer of 1985. It moved westward
andlay south of Iriomoteand I shigaki | slandsduring October
1995. However, it moved southward and its center was
located at about 21°N, 127°E during early summer of 1996;
(2) An anticyclonic recirculating gyre lies at different po-
sitions for these three cruises, although it has not been
identified as the same one. It was located east of the above
cold, cyclonic eddy during early summer of 1985, and it
moved southwestward during October 1995. It further ex-
tended westward and reached the eastern parts of Sections
K2, K3 and K4 during early summer of 1996; (3) There was
no branch of the Kuroshio to flow into the region east of
Ryukyu Islands during early summer of 1985. Thisfeature
differsfrom the patterns of circulation during October 1995
and early summer of 1996.

Section PCM 1-E is a short section of the May—June of
1996 cruise. The northeastward and southwestward volume
transports at Section PCM1-E are about 10.0 x 106 and
2.6 x 108 m3s1, respectively. The northeastward and south-
westward volume transports through Section OK are about
15.6 x 108 m3s and 6.3 x 10 m3s? (areference level of

2000 m), respectively. Section PCM 1-E also constructs part
of the fifth computational box (see Fig. 1). The volume
transport line of 45 x 108 m3s1 passes the computational
point 1 of section PCM 1-E, located in almost the same place
as the computational point 3 of section OK. There is a
northeastward volume transport of about 10 x 106 mds?
between computational points 1 and 3 of Section OK. This
means that the northeastward volume transport of 5-10 x
106 m3s? east of Ryukyu Islands comes from the third
branch of Kuroshio east of Taiwan. The remaining
northeastward volume transport across Section OK isfrom
theanticyclonic recirculation gyre south of Ryukyu Islands.

Thenorthward VT of the Kuroshio through Section PN
inthe East ChinaSeaisabout 27.2 x 105 m3s1 during early
summer of 1996. The VT is in good agreement with the
results of direct velocity observation obtained by the towed
ADCPsat Section F about 100 km southwest of Section PN
(Kaneko et al., 1990, 1993).

5. Summary

The modified inverse method has been applied to
hydrographic data gathered in early summer of 1996 for
calculating the Kuroshio east of Taiwan and in the East
China Sea and the currents east of Ryukyu Islands. In
combination with the moored current meter records and the
towed ADCP current data during May—June 1996, the fol-
lowing results have been obtai ned, including the reasonable
speculationsin (5) and (6).

(1) Thenet northward VT of the Kuroshio at Section
K 2 southeast of Taiwanisabout 44.4 x 106 m3s-1 during early
summer of 1996, which is aimost the same VT as the
Kuroshio at Section Kz, 45.0 x 108 m3s, during early
summer of 1985 (Yuan et al., 1996), but islessthan the VT
at Section K during October 1995 (Y uan et al., 1998).

(2) The northeastward VTs at Sections PCM 1-E and
OK southeast of Okinawa Island are about 10.0 x 10° and
15.6 x 10% m3s1, respectively.

(3) Thenorthward VT of the Kuroshio through Sec-
tion PN isabout 27.0 x 10° m3s,

(4) Thereisananticyclonicrecirculatinggyreseast of
Ryukyu Islands and a cold eddy centered at about 21°N,
127°E.

(5) There are three branches of the Kuroshio east of
Taiwan. Themain branch of the Kuroshio rideson theridge
east of Taipei and Suao, forms an anticyclonic deflection,
and then entersthe East China Seathrough the channel west
of Yonakuni Island. The second branch of the Kuroshio
makes acyclonic rotation east of the cold eddy northeast of
Lanyulsland, and then entersthe East ChinaSeathroughthe
channel between'Y onakuni and Iriomotelslands. Thismeans
that the Kuroshio in the East China Sea comes from the
above two branches of the Kuroshio east of Taiwan. The
easternmost (third) branch of the Kuroshio flows
northeastward to the region east of Ryukyu Islands.
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(6) The western boundary current east of Ryukyu
Islands comes from the easternmost branch of the Kuroshio
east of Taiwan and the anticyclonic recircul ating gyre south
of Ryukyu Islands during early summer of 1996. The anti-
cyclonic recirculating gyre during early summer of 1996 is
extended more westward than those during early summer of
1985 and October of 1995.
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Appendix

Inthemodifiedinversemethod proposed by Yuanet al.
(1992), the following three assumptions are applied:

(1) The vertical friction term in the momentum con-
servation equation is significant in the surface and bottom
Ekman layerswherethe geostrophic balanceisnot satisfied.
Then, the total velocity v may be divided into three parts as

V=V, +Vg + V. (A7)
Thev;isthevelocity component of the surface Ekman layer
subject to the wind stress T and vg is the geostrophic ve-
locity, i.e.,

bO —i ZO@dZ

A2

VG:

where b isthe value of vg at the referencelevel zy. The vg
is the bottom Ekman layer velocity component.

(2) All convection terms and the vertical diffusion
term are considered in the mass and momentum conserva-
tion equations, but the horizontal diffusion terms are ne-
glected.

(3) When the heat flux ge at the sea surface is un-
known, the following constraints are imposed, i.e.,

qe,l < qe < qe,2 (A3)
where ge1 and ge2 are, respectively, the minimum and
maximum monthly average values in the survey area. We
take the values of ge1 and ge2 as given by the Institute of
Oceanography and Geography of AcademiaSinicain 1977.
Positive val ues of geindicate heat transfer from the ocean to
atmosphere, and negative values of ge give the heat transfer
in the reverse direction.

Under the inequalities (A3), this is a mathematical
problem for quadratic programming.
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