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Mean transport and seasonal cycle of the Kuroshio east 
of Taiwan with comparison to the Florida Current 

Thomas N. Lee, • William E. Johns, • Cho-Teng Liu, 2 Dongxiao Zhang, • 
Rainer Zantopp, • and Yih Yang 2 

Abstract. Moored observations of Kuroshio current structure and transport variability 
were made across the channel between northeast Taiwan and the Ryukyu Islands at 24øN 
from September 19, 1994, to May 27, 1996. This was a cooperative effort between the 
United States and Taiwan. The moored array was designated PCM-1, for the World 
Ocean Circulation Experiment (WOCE) transport resolving array. The dominant current 
and transport variability occurred on 100-day timescales and is shown by Zhang et al. 
[2001] to be caused by warm mesoscale eddys merging with the Kuroshio south of the 
array causing offshore meandering and flow splitting around the Ryukyu Islands. An 
annual transport cycle could not be resolved from our 20-month moored record because 
of aliasing from the 100-day period events. Sea level difference data were used to extend 
the transport time series to 7 years giving a variation in the range of the annual transport 
cycle of 4-10 Sv, with a mean range closer to 4 Sv. The seasonal maximum of 24 Sv 
occurred in the summer and the seasonal minimum of 20 Sv occurred in the fall. A 

weaker secondary maximum also occurred in the winter. The cycle of Kuroshio transport 
appears to result from a combination of local along-channel wind forcing and Sverdrup 
forcing over the Philippine Sea. Our estimate of the mean transport of the Kuroshio at 
the entrance to the East China Sea from the moored array is 21.5 ___ 2.5 Sv. The mean 
transpacific balance of meridional flows forced by winds and thermohaline processes at 
this latitude requires an additional mean northward flow of 12 Sv with an annual cycle of 
_+8 Sv along the eastern boundary of the Ryukyu Islands. The mean transport and annual 
cycle of the Kuroshio were found to be in reasonable agreement with basin-scale wind- 
forced models. Remarkable similarities are shown to exist between the mean western 

boundary currents and their seasonal cycles in the Atlantic (Florida Current and Antilles 
Current) and Pacific (Kuroshio and boundary current east of Ryukyu Island chain) at the 
same latitude. However, detailed comparison shows that the mean Kuroshio is weaker and 
more surface intensified than the mean Florida Current, while the Kuroshio transport 
variability is significantly larger. 

1. Introduction 

The Kuroshio in the northwest Pacific and its counterpart, 
the Gulf Stream in the northwest Atlantic, are the two major 
western boundary currents in the Northern Hemisphere and 
important links in the global climate system. However, unlike 
the Gulf Stream, which has been intensively studied over the 
past several decades, many aspects of the Kuroshio remain 
relatively obscure. Knowledge of Kuroshio flow was previously 
based primarily on snapshots from hydrographic sections with 
inherent difficulties associated with referencing the geostro- 
phic currents and aliasing by meanders and eddies. Only re- 
cently have moored measurements of the Kuroshio transport 
been obtained (this study and off the southeast coast of Japan 
by Imawaki et al. [2001]). 

The Kuroshio in the East China Sea (ECS) is somewhat 

•Rosenstiel School of Marine and Atmospheric Science, University 
of Miami, Miami, Florida, USA. 

2Institute of Oceanography, National Taiwan University, Taipei, 
Taiwan. 

Copyright 2001 by the American Geophysical Union. 

Paper number 2000JC000535. 
0148-0227/01/2000JC000535509.00 

analogous to the Florida Current in the Straits of Florida in 
that both western boundary currents are separated from ocean 
basin interior processes by island chains, the Ryukyus and 
Bahamas, respectively. However, whereas a stable mean flow 
of 31.7 _+ 3 Sv (10 6 m3/s) has been well established for the 
Florida Current from a long history of intensive studies 
[Schmitz and Richardson, 1968; Niiler and Richardson, 1973; 
Molinari et al., 1985; Leaman et al., 1987; Schott et al., 1988; 
Schmitz and Richardson, 1991], estimates of the mean Kuro- 
shio transport in the ECS vary by as much as 12 Sv from -21 
to 33 Sv, inferred mainly from indirect methods [Nitani, 1972; 
Guan, 1981; Roemmich and McCallister, 1989; Bryden et al., 
1991; Bingham and Talley, 1991; Ichikawa and Beardsley, 1993]. 
Both current systems are the primary ocean conduits for the 
poleward transport of heat from the tropics to northern lati- 
tudes. However, because of the lack of deep water formation in 
the North Pacific the meridional heat flux is primarily con- 
tained in the shallow circulation of the wind-driven subtropical 
gyre [Roemmich and McCallister, 1989; Bryden et al., 1991]. The 
net meridional heat flux across 24øN is estimated at 0.76 +_ 0.3 

PW (1 PW = 10 •s W) poleward [Roemmich and McCallister, 
1989], with approximately half due to an Ekman overturning 
cell in the upper 700 rn and half due to the horizontal circu- 
lation of the subtropical gyre, also concentrated in the upper 
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Figure 1. Schematic of the western boundary currents and 
mean transports in the vicinity of the East China Sea. The 
study region containing the PCM-1 transport array site is high- 
lighted. 

700 m [Bryden et al., 1991]. One of the largest uncertainties in 
estimates of the net heat flux is the poorly resolved mean flow 
of the Kuroshio. In a similar fashion, uncertainties regarding 
seasonal and interannual variability of the heat flux across 
24øN is also related to the uncertainties of Kuroshio transport 
changes on these timescales. 

A schematic presentation of the current patterns in this 
region from Nitani [1972] is shown in Figure 1 with previous 
estimates of the mean volume transports from hydrographic 
data. According to this schematic and other estimates the sub- 
tropical gyre splits just south of the Ryukyus with ---20-30 Sv 
flowing northward through the East Taiwan Channel (ETC) 
between northeast Taiwan and the Ryukyu Islands on the 
average [Nitani, 1972; Worthington and Kawai, 1972; Roemmich 
and McCallister, 1989; Bryden et al., 1991; Ichikawa and Beard- 
sley, 1993] and part turning east into a subtropical counter 
current, then recirculating back into the North Equatorial Cur- 
rent and Kuroshio [Nitani, 1972; Hasunuma and Yoshida, 1978; 
White and Hasunuma, 1980]. North of the ETC the Kuroshio 
tends to follow the eastern edge of the continental shelf in the 
East China Sea, then exiting the East China Sea through the 
Tokara Strait. A small portion of the Kuroshio is believed to 
branch northwestward over the northern part of the East 
China Sea and form the Tsushima Current flowing north on 
the west side of Japan and the Yellow Sea Warm Current 
between Korea and China [Nitani, 1972; Guan, 1981]. The 
mean transport of the Kuroshio has been observed to increase 
significantly after exiting the ECS through the Tokara Strait 
[Nitani, 1972; Worthington and Kawai, 1972; Imawaki et al., 
2001], which indicates that a net northward flow must occur 
east of the Ryukyu Islands. Northward flow has been observed 
in sections east of Okinawa that range from 4 Sv [Bryden et al., 
1991] to 26 Sv [Worthington and Kawai, 1972]. 

Seasonal variation of Kuroshio transport at the Okinawa 

section analyzed by Guan [1981] was shown to have a semian- 
nual period with maximum flow in the spring and late summer 
and minimum in the early summer and fall. The seasonal range 
in transport was ---7 Sv, with a maximum of 25 Sv in April and 
a minimum of 18 Sv in September. Guan also found that the 
seasonally averaged transport was linearly correlated to the 
seasonally averaged wind stress curl near Hawaii. Qiu and 
Lukas [1996] used a reduced gravity model of the North Pacific 
from 5øS to 38øN forced with 32 years of Florida State Uni- 
versity (FSU) monthly winds and found a significant annual 
cycle of Kuroshio transport at 20øN with a maximum of 30 Sv 
in the spring and a minimum of 19 Sv in the fall that matches 
Guan's observational result. Monthly averages of Kawabe's 
[1988] 19-year record of sea level differences at Tokara Strait 
also show a significant seasonal variation with a maximum in 
summer and a minimum in fall. Kawabe's analysis shows con- 
siderable year-to-year variability in the seasonal cycle, but 
there is normally a maximum around July and a distinct min- 
imum in the fall. Kawabe estimates the annual transport 
change from his sea level differences to be ---6 Sv on the 
average, which is also close to the mean annual transport 
change of the Florida Current. However, Ichikawa and Beards- 
ley [1993] estimate a 20-30 Sv annual change in Kuroshio 
transport in the East China Sea from their 3 years of hydro- 
graphic data, with a maximum in the summer. 

Many of the circulation features discussed above for the 
North Pacific are comparable to analogous circulation patterns 
in the western boundary region of the subtropical gyre in the 
North Atlantic, where the Florida Current flows between the 
Florida coast and the Bahamas Islands and joins the Gulf 
Stream recirculation, north of the Bahamas, in the area of the 
Blake Plateau [Olson et al., 1984; Lee et al., 1985; Schott et al., 
1988; Lee et al., 1990, 1996]. There is a remarkable similarity in 
the annual sea level and transport cycle of the Kuroshio in the 
ECS to that of the Florida Current [Molinari et al., 1985; Lee 
and Williams, 1988; Schott et al., 1988]. Also, the northward 
flow pattern off the Ryukyus appears similar to the Gulf 
Stream recirculation that occurs off the Bahamas [Olson et al., 
1984; Lee et al., 1990, 1996]. 

In this paper we present results from the World Ocean 
Circulation Experiment (WOCE) PCM-1 moored current 
meter array deployed across the Kuroshio between northeast 
Taiwan and the Ryukyu Islands from September 1994 to May 
1996. In previous papers based on these data we presented the 
detailed methodologies of PCM-1 transport derivation [Johns 
et al., 2001], which are expected to have broad applications in 
other settings. The structure and modes of Kuroshio variability 
on timescales of days to several months were described by 
Zhang et al. [2001]. Efforts to establish sea level monitoring of 
the Kuroshio transport variability at the entrance to the ECS 
were also derived by Yang et al. [2001] and Johns et al. [2001]. 
Here we first describe the observed low-frequency flow vari- 
ability to show the influence of strong 100-day period mesocale 
processes that can alias season transport cycles. However, our 
primary focus is on the mean transport and seasonal cycle of 
the Kuroshio at this location and implications for the gyre 
structure in the North Pacific due to wind and thermohaline 

forcing. We also compare results with available model simula- 
tions, and a comparison is made with the mean and seasonal 
cycles of western boundary currents in the north Atlantic, the 
Florida Current, and the Antilles Current. We further com- 
pare the influence of mesoscale eddies on boundary current 
variability in both oceans. 
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Figure 2. The PCM-1 transport resolving moored current meter array. University of Miami moorings are 
M1-M4 and National Taiwan University moorings are T3-T6. (a) Mooring and CTD/ADCP station locations 
on the topography of the Suao Ridge. Also shown are the tide gauge locations at Suao (SA), Geng Fung (GF), 
Keelung (KL), and Ishigaki Island (IG). (b) Instrumentation configuration superimposed on mean down- 
stream flow field determined from moored current data from period A (September 1995 to May 1996). 

2. Observations 

The PCM-1 array consisted of 11 current meter moorings 
deployed from September 19, 1994, to May 27, 1996, along the 
Ilan Ridge that extends from northeast Taiwan to the Ryukyu 
Islands (Figure 2). The array instrument configuration is 
shown in Figure 2b superimposed on the mean downstream 
flow field derived from the moored current measurements. 

Details concerning instrument configuration, data recovery, 
and first order statistics are given by Johns et al. [2001]. Moor- 
ing and instrument locations, as well as instrument types and 
measurement periods, are given in Table 1. The array was 
designed with a 16-km average separation between moorings 
to resolve the instantaneous transport through the section to 
about +_2 Sv. This level of uncertainty was believed achievable 
based on experience with similar arrays in the Florida Current 
[Schott et al., 1988]. Sea level variations across the ETC were 
obtained from tide gauges deployed in Geng Fung and Kee- 
lung harbors (GF and KL, respectively, in Figure 2a) and a 
Japanese tide gauge located on Ishigaki Island (IG in Figure 
2a). Sea level gauges and dynamic height moorings are shown 

to be well suited as long-term transport monitoring tools by 
Johns et al. [2001], Yang et al. [2001], and this paper. 

For direct estimates of transports from the current meter 
array a gridded cross section of downstream currents (v) 
through the ETC was computed at 12-hour intervals by the 
following steps: (1) extrapolation of v to zero at the bottom 
from the deepest instrument at each mooring; (2) extrapola- 
tion of v to the surface from the upper current meter or 
acoustic Doppler current profiler (ADCP) bin using the verti- 
cal shear from below at that time; (3) interpolation of depth 
corrected v component profiles between instruments on each 
mooring using a shape-preserving cubic spline fit [Akima, 
1970]; (4) linear interpolation between moorings; and (5) ex- 
trapolation of v to zero at the sides of the channel. These 
gridded v component cross section fields were then used to 
derive volume transport time series by zonal integration across 
the array from the shallow Taiwan shelf to the Ryukyu Islands. 
For a more detailed explanation of the methods used to derive 
the gridded velocity fields and to compute transports the 
reader is referred to Johns et al. [2001]. Horizontal currents 
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Table 1. Mooring Locations and Instrument Depths and Types for PCM-1 Array Deployed East of Taiwan Between 
September 18, 1994, and May 28, 1996 

Mooring Latitude, Water Depth, Instrument Instrument 
ID Longitude m Depth, m Type a Duration (yyyymmdd) 

Record Length, 
days 

M1 24ø32.25'N, 464 65 SBE16 
122ø10.19'E 

315 b 
90 AACM 

285 b 
140 TSKA 

240 b 
190 VACM 
250 SBE16 
300 VACM 
400 VACM 

T3 24ø29.10'N, 452 50-390 ADCP 
122ø17.75'E 

415 SBE16 
30-390 ADCP 

M2 24ø22.39'N, 538 175 AACM 
122ø25.1'E 

355 b 
275 VACM 

375 VACM 
475 VACM 

T4 24ø18.82'N, 477 30-340 ADCP 
122ø33.58'E 

365 SBE16 
397 SBE16 

T5 24ø14.14'N, 950 371 SBE16 
122ø43.85'E 

867 AACM 

379 SBE16 
573 AACM 
771 AACM 
927 TSKA 

T6 24ø10.08'N, 830 703 AACM 
122ø51.42'E 

M3 24ø07.33'N, 595 
122ø59.9'E 

M4 24ø03.44'N, 484 
123ø06.86'E 

332 AACM 
611 AACM 
813 TSKA 

75 SBE16 

100 AACM 

150 TSKA 
200 VACM 

250 SBE16 

400 VACM 
594 SBE16 

95 SBE16 

120 AACM 

220 VACM 
270 SBE16 
345 TSKA 

420 VACM 
483 SBE16 

Sept. 18, 1994, to Oct. 9, 1995 387 

Oct. 10, 1995, to May 28, 1996 232 
Sept. 18, 1994, to Oct. 9, 1995 387 
Oct. 10, 1995, to Jan. 12, 1996 95 
Sept. 18, 1994, to Oct. 9, 1995 387 
Oct. 10, 1995, to May 28, 1996 232 
Sept. 18, 1994, to May 28, 1996 619 
Sept. 18, 1994, to May 28, 1996 619 
Sept. 18, 1994, to May 28, 1996 619 
Sept. 18, 1994, to Nov. 28, 1994 72 

Sept. 18, 1994, to May 22, 1995 247 

Sept. 19, 1994, to Oct. 8, 1995 385 
Oct. 9, 1995, to May 13, 1996 216 

Sept. 18, 1994, to Aug. 3, 1995 320 

Aug. 4, 1995, to May 28, 1996 298 
Sept. 18, 1994, to May 28, 1996 618 
Sept. 18, 1994, to May 28, 1996 618 
Sept. 18, 1994, to May 28, 1996 618 

Sept. 19, 1994, to May 5, 1995 228 

Sept. 19, 1994, to May 5, 1995 228 
May 6, 1995, to March 13, 1996 312 

Sept. 18, 1994, to Oct. 8, 1995 335 

Sept. 18, 1994, to June 30, 1995 286 
Oct. 14, 1995, to May 27, 1996 226 
Oct. 14, 1995, to May 27, 1996 226 
Oct. 14, 1995, to May 27, 1996 226 
Oct. 14, 1995, to May 27, 1996 226 

Sept. 18, 1994, to Jan. 23, 1995 128 

Feb. 11, 1995, to May 23, 1995 102 
Oct. 14, 1995, to May 27, 1996 226 
Oct. 14, 1995, to May 27, 1996 226 
Oct. 14, 1995, to May 27, 1996 226 

Sept. 19, 1994, to May 27, 1996 617 

Sept. 19, 1994, to March 10, 539 
1996 

Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to Dec. 5, 1995 445 
Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to May 27, 1996 617 

Sept. 19, 1994, to May 27, 1996 617 

Sept. 19, 1994, to Oct. 9, 1995 386 
Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to May 27, 1996 617 
Sept. 19, 1994, to May 27, 1996 617 

alnstrument types are AACM, Aanderaa current meter; VACM, vector-averaging current meter; ADCP, acoustic Doppler current profiler; 
SBE16, SeaBird CTD; and TSKA, temperature logger. 

blnstrument depth is after top float and current meter broke off. See text for further details. 
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Figure 3a. Subtidal time series of vertically averaged downstream currents (v components) from moorings 
M1-M4. Vertical event lines highlight the onshore flow event of February and March 1995. 

described in this paper have been rotated by 30 ø so that v is 
downstream and perpendicular to the alignment of the array, u 
is positive toward 120 ø, and v is positive toward 30 ø. 

3. Results 

3.1. Mean Flow Structure and Variability 
The mean structure of the downstream flow is shown in 

Figure 2b together with the instrument configuration. Mean 
flows reach speeds of 100 cm/s in a surface intensified axis 
located on the western side of the channel near the T3 site. 

Maximum mean horizontal (cyclonic) and vertical shears are 
also located on the western side of the channel, similar to the 
structure of the mean Florida Current. Standard deviations of 

the downstream and cross-stream flows are typically about the 
same magnitude and were either less than or equal to the mean 
flows at all instrument sites [Johns et al., 2001]. 

Time series of vertically averaged current components over 
the entire water column at mooring sites M1-M4 and temper- 
ature at 300 m are shown in Figures 3a, 3b, and 3c. The 
vertically averaged currents are shown to condense the visual 
display since the subtidal variations are for the most part highly 
coherent and in phase over the vertical extent of the measure- 
ments. As shown in Figure 2b, moorings M1 and M2 bracket 
the mean position of the Kuroshio axis, and M3 and M4 were 
located on the eastern side of the channel. The magnitude of 
the downstream vertical averaged currents were similar at M1, 
M3, and M4 but somewhat larger at M2, indicating a closer 
location to the axis on the mean. However, the amplitude of 

the downstream current fluctuations were similar at all moor- 

ings. The cross-stream current fluctuations were much larger 
on the eastern side of the channel than on the west and also 

comparable to or larger than the downstream current varia- 
tions. 

Spectral analysis shows the current variations to have three 
dominant energy peaks centered within period bands of 70- 
120, 30-40, and 12-20 days (Figure 4). Phase relationships 
between mooring sites indicate that downstream current fluc- 
tuations tend to be out of phase on the eastern and western 
sides of the channel, which is suggestive of horizontal mean- 
dering motions of the current axis. Zhang et al. [2001] used 
time domain empirical orthogonal function (EOF) analysis of 
the combined velocity and temperature fields to show that 
there are two dominant modes that together explain ---60% of 
the total variance. The first EOF mode explains 34% of the 
variance and represents a combined transport/meandering 
mode with a period of 100 days. The second EOF is charac- 
teristic of a meandering mode for fluctuations in the 30- to 
40-day period band as indicated by out-of-phase variation of 
the downstream velocity on either side of the current axis, with 
temperature fluctuations being in-phase (out-of-phase) with 
velocity fluctuations on the cyclonic (anticyclonic) sides. 

The most significant transport events in the Kuroshio tend to 
be associated with large-scale meandering of the current axis 
on the 100-day timescale. For example, hydrographic section 
data during the period of PCM-1 show that the Kuroshio 
meandered offshore during mid-March 1995 such that the axis 
was located on the eastern side of the channel (Figure 5a). 
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Figure 3b. Subtidal time series of vertically averaged cross-stream currents (u components) from moorings 
M1-M4. 

Within 2 months the jet had meandered back near the coast of 
Taiwan (Figure 5b). Our moored current data show that this 
offshore shift of the axis was preceded by strong onshore (west- 
ward) vertically averaged flow and decreased temperatures on 
the eastern side of the channel that began in early February 
and continued through mid-April (Figures 3b and 3c). Verti- 
cally averaged onshore flows maintained speeds of ---50 cm/s at 
M3 and M4 for nearly 1 month in late February and early 
March. This onshore flow event appeared later in a much 
weaker state at the western side of the channel in late Febru- 

ary. Downstream flows were near zero at the eastern sites 
during the strongest part of the onshore flow event and then 
increased downstream as the axis shifted offshore in mid 
March (Figure 3a). On the western side of the channel the 
downstream flow increased through February during the 
strong onshore flow event then decreased as the axis shifted 
toward the east in March (Figure 3a). The opposite occurred 
when the axis shifted back onshore in May 1995; that is, cross- 
channel flow and temperature increased across the entire 
channel, while downstream flow increased on the western side 
and decreased on the eastern side. At least five and possibly six 

such sequences of events occurred over the total 20-month 
measurement period giving an average of one event every 100 
to 120 days. Zhang et al. [2001] used model results and satellite 
altimeter data to Show that these eve0ts result from the prop- 
agation of warm anticyclonic eddies from the interior into the 
western boundary where they cause meanders of the KuroshiO 
and are advected northward with the meander into the ETC. 
Their average periodicity is ---100 days. 

3.2. Volume Transport 
Volume transport time series derived from the subtidal grid- 

ded downstream velocity fields are shown in Figure 6. Volume 
transports through the ETC ranged from a minimum of 11 Sv 
to a maximum of 36 Sv. Spectra of the transport time series 
show the dominant timescale of variability to occur in the 70- 
to 120-day period band, but there is also significant variability 
at periods of 30-•40 days and 12-20 days (Figure 7) as previ- 
ously shown in the current and temperature time series (Fig- 
ures 3 and 4). Minimum transport events occurred with in- 
creased cooling and onshore flow, indicative of offshore 
meandering of the current axis. 
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Figure 3c. Subtidal time series of temperature interpolated at 300 m at moorings M1-M4. 
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The record average transport was 21.5 Sv with a standard 
deviation of 4.1 Sv. The uncertainty of the transport derivation 
is +2.5 Sv as determined by Johns et al. [2001] from standard 
and bias errors. In the ECS a 10-year mean estimate of Kuro- 
shio transport of 25.5 Sv was made by Fujiwara et al. [1987] 
from geostrophic current data on a section west of Okinawa. In 
the ETC, shipboard-derived geostrophic transports referenced 
to the bottom between 1990 and 1995 were found to range 
from 8.5 to 16 Sv, with a mean of only 13.5 Sv, indicating that 
a significant barotropic transport must also be accounted for 
[Liu et al., 1998]. Transports derived directly from ADCP sec- 
tions in the upper 350 m taken at the same time as the geostro- 
phic transports give a mean transport of 19.7 Sv. Using 
geostrophy to extend the ADCP velocity profiles to the sea 
bottom, the mean transport becomes 22.6 _+ 3 Sv [Liu et al., 
1998], which is very close to our moored mean estimate of 21.5 
Sv. 

3.3. Annual Cycle 

Seasonal cycles of Kuroshio transport in the ECS have not 
been well resolved using snapshots derived from hydrographic 
measurements. Estimates of the magnitude of the annual 

transport variation range from as little as 6 Sv to as much as 20 
Sv and with considerable year-to-year variability [Guan, 1981; 
Kawabe, 1988; Ichikawa and Beardsley, 1993]. The uncertainty 
is likely due to the strong aliasing of shipboard survey data 
caused by the 100-day variability in Kuroshio transport. Kawabe 
[1988] found a strong seasonal variation in the sea level difference 
(SLD) across the Kuroshio at Tokara Strait with a maximum in 
summer and minimum in fall. Johns et al. [2001] showed that 
subtidal SLD time series across the ETC is significantly correlated 
with our 20-month moored transport record with a correlation 
coefficient of 0.70. Here we will use the Johns et al. regression 
relationship to derive transport from SLD across the ETC for our 
20-month moored period and over a longer 7-year period that 
provides better resolution of the annual cycle. 

Monthly averaged time series of moored transports are 
given in Figure 8a, together with transports derived from SLD 
across the ETC between Ishigaki Island and Keelung and Sver- 
drup transports derived from COADS winds over the Philip- 
pine Basin at 24.5øN, between 125øE and 142øE longitude. This 
zonal section was chosen to represent wind forcing over the 
Philippine Basin west of the Izu-Ogasawara and Mariana 
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M1-M4. 

Ridges, which are sufficiently shallow to serve as a blocking 
mechanism of barotropic Rossby waves generated by wind 
forcing east of the ridge. The negative values of Sverdrup 
transports are plotted for better visual comparison with west- 
ern boundary return transports in the ETC. There is generally 
good agreement between these monthly time series. The two 
fall minimum transports, two winter maximums, and single 
summer maximum are clearly evident in the measured and 
wind-driven transports. The most significant differences oc- 
curred during February 1995 when the Kuroshio transport was 
minimum due to strong interaction with a mesoscale eddy as 
discussed previously (and also discussed by Zhang et al. [2001]) 
and toward the end of the records. 

Annual cycles of PCM-1 moored transports, sea level differ- 
ences across the ETC and Sverdrup transports within the Phil- 
ippine Sea are compared in Figure 8b. The moored transports 
show peaks during winter, spring, and summer. Maximum 
transport of--•27 Sv occurred in winter (December). The sum- 
mer and spring maxima were --•25 Sv each. Transport minima 
were ---20 Sv in early spring and early summer and 19 Sv in fall. 
The annual transport pattern observed during this 20-month 
period is significantly correlated with the monthly averaged sea 
level difference across the ETC. The derived Sverdrup trans- 
ports also show significant correlation with the moored trans- 
port cycle, although the peaks in Sverdrup transports tend to 
lead the observed transport peaks by --•1 month. 

Because a significant 100-day variability was found in the 
Kuroshio transport time series (Figures 6 and 7) the observed 
annual cycle derived from our 20-month moored record could 
be significantly aliased. From transport measurements made 
previously off Abaco Bahamas, where there also occurred sig- 
nificant 100-day transport variations, we found that --•4 years of 
observations were required to clearly resolve the annual cycle 
[Lee et al., 1996]. Longer records of sea level differences across 

the ETC are available, and our moored transports provide an 
excellent calibration for estimating longer-term volume trans- 
port records from these sea level difference time series. There- 
fore we use the regression relationship derived by Johns et al. 
[2001] to estimate volume transport from SLD time series over 
a 7-year period from April 1989 to May 1996 from tide gauges 
located at the Japanese island of Ishigaki, on the east side of 
the ETC, and at Keelung, on the northern tip of Taiwan (Fig- 
ure 2). 

The annual cycle computed for this 7-year time series is 
shown in Figure 9a together with each individual year of the 
7-year SLD time series. The magnitude of the annual transport 
cycle computed over the 7-year period from SLD is --•4 Sv and 
consists of a maximum of 24 Sv in summer and a minimum of 

20 Sv in fall. A weaker secondary maximum occurred in winter. 
During the PCM-1 time period the transport change from the 
summer maximum to fall minimum was 6 Sv from the moored 

currents and a similar change is also indicated by the SLD 
(Figure 8b). The maximum transport for the 7-year period 
occurred in July, which is in-phase with a summer peak in the 
Sverdrup transport within the Philippine Sea from Compre- 
hensive Ocean-Atmosphere Data Set (COADS) winds (Fig- 
ures 9 and 10b). Minimum transport occurred in October for 
both the longer and shorter record lengths and for the Sver- 
drup transports for both time periods. Seasonal cycles of SLD 
derived transports for each individual year of the 7-year period 
show considerable year-to-year variability, which accounts for 
the decreased magnitude of the range of the annual cycle when 
the individual records are averaged (Figure 9a). However, the 
summer maximum transport and fall minimum are robust fea- 
tures that repeat in 5 out of the 7 years, although not neces- 
sarily in the same month. 

Monthly average transport time series from SLD for the 
complete 7-year period are shown in Figure 9b together with 
the negative of monthly average Sverdrup transports for the 
Philippine Basin. There is considerable agreement between 
these time series, but occasionally, there are also significant 
differences. The annual change of transport from SLD for the 
individual years ranges from --•4 to 10 Sv, whereas the pre- 
dicted Sverdrup transport cycles range from --• 15 to 30 Sv, with 
largest transports occurring in winter and minimum occurring 
in fall. This suggests that a significant annual transport cycle 
should occur east of the Ryukyu Island chain to help compen- 
sate for the wind forcing over the Philippine Sea. There is also 
a long-term trend of larger annual transport cycles occurring in 
both the SLD and Sverdrup time series during the first half of 
the 7-year record and decreasing over the second half of the 
record, during the PCM-1 moored measurements. The mean 
transport determined from the 7-year sea level difference 
record is 21.3 Sv, which compares well with our 21.5 estimate 
from the 20-month moored current data. The annual mean 

transport from the 7-year SLD time series ranged from a min- 
imum of 19.9 Sv in 1994 to a maximum of 23 Sv in 1991, with 
an interannual variability of 1-2 Sv. 

The annual transport cycle determined for the 7-year period 
is compared to available basin- and global-scale model results 
for the same time period (Figure 9c). The Naval Research 
Laboratory (NRL) 1/8 ø North Pacific model results were pro- 
vided by H. Hurlburt and J. Metzger. This is a six-layer prim- 
itive equation model forced only by European Centre for Me- 
dium-Range Weather Forecasts (ECMWF) daily winds from 
1981 to 1996, with the long-term mean replaced by the annual 
mean from Hellerman and Rosenstein [1983]. We also compare 
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Figure 5. Kuroshio geostrophic velocity structure across the PCM-1 moored array from hydrographic 
cruises of Taiwan R/V Ocean Researcher I on March 16 and May 4, 1995. Triangles show station locations 
(from Figure 3 of Johns et al. [1995]). 

results from two versions of the Semtner-Chervin global mod- 
el: the 1/4 ø Parallel Ocean Climate Model (POCM) provided 
by R. Tokmakian of the Naval Postgraduate School, and the 
1/6 ø Parallel Ocean Program (POP) model provided by R. 
Malone of Los Alamos National Laboratory. The POCM sim- 

ulation was run for a 3-year period, 1994-1996. These models 
are forced with 3-day average ECMWF wind stress and a 
surface heat flux climatology. All three models have been com- 
pared with satellite altimetry and appear to reasonably repre- 
sent the mesoscale variations in the Kuroshio extension region 
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Figure 6, Subtidal volume transport time series derived from direct extrapolation and integration of the 
downstream current field from the PCM-1 moored array. 
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Figure 7. Variance conserving spectra of PCM-1 moored 
transport time series. 

[Hurlburt et at., 1996; Mitchell et at., 1996; Stammer et at., 1996; 
McClean et al., 1997]. 

Over the 7-year time period both the NRL and POP models 
show annual transport cycles of the Kuroshio in the ETC that 
generally agree with that of the SLD time series (Figures 9c 
and 9a). The magnitudes of the annual transport cycles from 
the models are similar to that observed, except the NRL model 
has a stronger fall minimum transport and greater winter max- 

imum, and the summer maximum is spread out over the sum- 
mer and spring period. The annual cycle of the POP model is 
slightly weaker than observed, and the POCM cycle has a weak 
fall minimum, as well as a winter minimum that is not ob- 
served. 

4. Discussion: Comparison of the Kuroshio at 
24.5øN With the Florida Current 

Comparisons between the Kuroshio and Gulf Stream sys- 
tems have been made by many authors dating to the study of 
Worthington and Kawai [1972]. The Kuroshio in the East China 
Sea is analogous to the Florida Current where it is trapped in 
the Straits of Florida between the Florida peninsula and the 
Bahamas. The Florida Current has been intensively studied 
with moored current meter observations and other techniques 
for many years, with the most recent and comprehensive study 
being the Subtropical Atlantic Climate Studies (STACS) pro- 
gram [Molinari et al., 1985; Leaman et al., 1987; Schott et al., 
1988; Larsen, 1992]. The PCM-1 measurement program was 
modeled in many ways after the STACS program and provides 
a unique opportunity to compare the detailed behavior of 
these two current systems. Here we compare three specific 
aspects of Kuroshio and Florida Current systems: (1) their 
seasonal cycles, (2) their mesoscale variability, and (3) their 
mean transport and contributions to gyre closure in their re- 
spective basins. 

4.1. Seasonal Cycles 

In contrast to the Kuroshio the annual cycle of Florida 
Current transport (Figure 10a) has been well-established with 
a maximum of ---33 Sv in July and August and a minimum in 
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Figure 8. (a) Monthly average transports over the 20-month PCM-1 record for moored transports 
(moored), transports derived from sea level differences (SLD), and negative values of Sverdrup transports 
between 125 ø and 142øE longitude (Comprehensive Ocean-Atmosphere Data Set (COADS)). (b) Annual 
cycles derived from monthly averages of moored and interior Sverdrup transports (left scale) and SLD (right 
scale) for the 20-month moored record period. 
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October and November of ---26 Sv [Niiler and Richardson, 
1973; Molinari et al., 1985; Schott and Zantopp, 1985; Leaman 
et al., 1987; Schott et al., 1988; Rosenfeld et al., 1989]. The 
annual cycle has been attributed to the combined influence of 
local along-channel wind forcing [Lee and Williams, 1988; 
Schott et al., 1988], remote wind forcing from the wind stress 
curl in the Caribbean [Schott and Zantopp, 1985], and topo- 
graphic Kelvin waves from wind forcing over the variable to- 
pography of the northwest Atlantic [Anderson and Cony, 1985]. 
Numerical simulations by Anderson and Cony [1985] clearly 
showed that the annual cycle of Sverdrup transport, which is 
maximum in winter and minimum in fall (Figure 10a), is ef- 
fectively blocked by the shallow topography of the Bahamas 
from influencing the flow in the Straits of Florida; that is, the 
barotropic Rossby waves are blocked and compensation by 
baroclinic Rossby waves will take of the order of a decade. 
However, their model shows a robust wind forced annual 
transport cycle of _+ 13 Sv in boundary currents seaward of the 
Bahamas that was recently substantiated with moored obser- 

vations [Lee et al., 1996], with remarkable agreement in mag- 
nitude and phase of the annual cycles of Sverdrup transports 
computed west of the Mid-Atlantic Ridge and the moored 
values. 

A 19-year sea level difference time series measured across 
the Tokara Strait shows a pronounced annual cycle similar to 
that of the Florida Current [Kawabe, 1988]. Here we compare 
seasonal cycles of sea level difference across the Tokara Strait 
from Kawabe's time series to our 7-year records across the 
ETC (Figure 10b). Also shown are the negative Sverdrup 
transports between 125øE and 142øE for the same 7-year pe- 
riod (Figure 10b). Clearly, the summer maximum and fall min- 
imum of SLD occur with similar magnitude at the Kuroshio's 
entrance and exit to the East China Sea despite the different 
record lengths and measurement periods of the sea level dif- 
ferences. The primary distinction between the two data sets are 
a more sharply defined summer maximum in the ETC, as well 
as a second winter maximum at this location. The annual cycle 
of Sverdrup transports in the Philippine Sea is almost identical 
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Figure 10. (a) Annual cycle of Florida Current transport 
[from Schott et al., 1988] and negative Sverdrup transports at 
27øN between the Bahamas and the Mid-Atlantic Ridge in the 
Atlantic. (b) Annual cycles of SLD across the Tokara Strait 
from Kawabe's [1988] 19-year record plotted with SLD across 
the ETC from the 7-year record (April 1989 to May 1996) and 
negative Sverdrup transports between 125øE and 142øE longi- 
tude from COADS winds during the same 7-year period. 

to that found for 27øN in the Atlantic west of the Mid-Atlantic 

Ridge and consists of a winter maximum and fall minimum and 
a secondary semiannual transport peak in the summer (Figures 
10a and 10b). This pattern is similar to the seasonal SLD cycle 
in the ETC, indicating that the seasonal SLD and Kuroshio 
transport cycles are necessary in part to compensate for wind 
forcing over the Philippine Basin. The good agreement be- 
tween the annual transport cycle derived from the 7-year SLD 
record for the ETC with that determined from wind-forced 

models on basin and global scales (Figure 9c) provides further 
support to the importance of wind forcing on the Kuroshio 
annual transport cycle at this location. The annual range of 
Sverdrup transports in the Philippine Sea between the winter 
maximum and fall minimum was -20 Sv, whereas in the ETC 
during this same time period the annual range estimated from 
SLD time series was 4 Sv. This suggests that an annual trans- 
port cycle should occur east of the Ryukyu Islands with a mean 
range of -16 Sv to balance the annual cycle of wind forcing 
west of the Izu-Ogasawara and Mariana Ridges. The lack of a 
winter maximum in SLD across the Tokara Strait indicates that 

the annual Sverdrup transport cycle in the Philippine Sea is 
blocked from entering the ECS by the Ryukyu Island chain. A 
similar conclusion was arrived at by Sekine and Kutsuwada 
[1994] from a numerical model study of transport responses to 

seasonal wind forcing over the western Pacific. They also found 
a winter transport maximum seaward of the Ryukyu Island 
chain. 

There is a remarkable similarity of the annual Florida Cur- 
rent and Kuroshio transport cycles and between the seasonal 
variations of Sverdrup transports west of the midbasin ridges in 
both oceans. The annual transport cycle in both currents is 
maximum in summer and minimum in fall with amplitudes of 
+3 Sv for the Florida Current (Figure 10a) and +_2 Sv for the 
Kuroshio (Figures 9a and 10b). The annual Sverdrup transport 
cycle in both regions is maximum in winter and minimum in fall 
with amplitudes of +_11 Sv in the western Atlantic and +10 Sv 
in the western Pacific (Figures 10a and 10b). There are also 
secondary summer maxima in Sverdrup transport in both 
oceans. The lack of a winter transport maximum in the Florida 
Current and Kuroshio inside the ECS at the Tokara Strait 

appears to result from the topographic blocking of barotropic 
Rossby waves by the Antilles and Ryukyu Island chains, re- 
spectively. However, the Kuroshio in the ETC also displays a 
secondary winter maximum due to its open connection to the 
Philippine Sea to the south. This mismatch in the strength of 
the winter maximum Sverdrup forcing in the northwest Pacific 
compared to the size of the winter peak in Kuroshio transport 
is similar to that found in the Atlantic (Figures 10a, 10b, and 
9a) and indicates that a large annual transport cycle of +_8 Sv 
may occur east of the Ryukyus, similar to the +_ 13 Sv annual 
transport cycle predicted and observed east of the Bahamas 
[Anderson and Corry, 1985; Lee et al., 1996]. 

To investigate the cause of the annual cycle of sea level 
differences in the Tokara Strait, we ran a correlation between 
the sea level differences and the Hellerman and Rosenstein 

[1983] seasonal wind stress components from the equator to 
45øN in the Pacific. Correlations of 0.9 and higher are found 
along the northwest boundary of the Pacific between the me- 
ridional component of the wind stress and sea level difference, 
with the wind stress leading by 1 month (Figure 11). This 
indicates that the annual cycle of Kuroshio transport in the 
East China Sea may have additional contribution from local 
along-channel wind forcing, similar to that found for the At- 
lantic [Lee and Williams, 1988; Schott et al., 1988]. Ichikawa and 
Beardsley [1993] also found evidence for local along-channel 
wind forcing of Kuroshio transport in the ECS. As in the 
Atlantic, the local contribution would come from increased 
northward wind component over the eastern ECS in the sum- 
mer and increased southward winds over this region in fall. Lee 
and Williams [1988] showed that in the Straits of Florida a 
barotropic transport response to local synoptic-scale along- 
channel wind forcing could explain a significant fraction of the 
winter subtidal transport variability, as well as the annual trans- 
port cycle of the Florida Current. The physical mechanism 
involved in the process is similar to the barotropic shelf re- 
sponse to along-shelf wind forcing. 

4.2. Mesoscale Variability 

The transport spectra of the Kuroshio and Florida Current 
systems are compared in Figure 12, which shows that there are 
considerable differences in the variability characteristics of the 
two current systems. While the spectral energy levels are sim- 
ilar for periods shorter than -20 days and again near the 
annual timescale, the 100-day peak that dominates the Kuro- 
shio transport spectrum is absent in the Florida Current. The 
Florida Current, in fact, has a flat or even slightly depressed 
energy level at these several month timescales compared to the 
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Figure 11. Correlation map of monthly averaged sea level differences across the Tokara Strait from 
Kawabe's [1988] 19-year record with Hellerman and Rosenstein's [1983] seasonal meridional wind stress. 

synoptic (days to weeks) and seasonal bands. As a result, the 
overall transport variability of the Kuroshio is considerably 
larger than that of the Florida Current. The transport variance 
of the Kuroshio derived from the PCM-1 array is --•20 Sv 2 
(based on the standard deviations of 4.1-4.8 Sv obtained from 
the different derivation methods of Johns et al. [2001]) versus 
--•10 Sv 2 for the Florida Current (standard deviation of 3.0-3.5 
Sv [Leaman et al., 1987; Schott et al., 1988]). Thus, in terms of 
variance the transport variability of the Kuroshio is nearly 
twice as large as that of the Florida Currcnt. Pcrh,•p= =u,p,,=- 
ingly, the total range of transport variations of the two currents 
is not substantially different. The Florida Current transport 
ranges between --•20 and 40 Sv [Schott et al., 1998; Larsen, 
1992], roughly the same range as the 11-36 Sv variations of the 
Kuroshio in the ETC (Figure 6). However, the Florida Current 
variations of this magnitude tend to be restricted to timescales 
of several days to weeks instead of the several month time- 
scales seen in the PCM-1 array data. The Kuroshio also can 
exhibit large transport variations on timescales of days to 
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Figure 12. Variance conserving spectra of transport varia- 
tions in the Kuroshio at 24øN in the ETC (PCM-1) and the 
Florida Current at 27øN in the Straits of Florida (STACS). 

weeks, similar in magnitude to those in the Florida Current but 
with considerably less variance than the 100-day periods. 

The reason for this large difference in spectral characteris- 
tics appears to be the relative isolation of the Florida Current 
from the ocean interior as compared to the Kuroshio where it 
enters the ECS. The ETC is open to the Philippine Basin to the 
south and therefore may be strongly influenced by ocean me- 
soscale features that propagate into the western boundary re- 
gion from the ocean interior. Conversely, the Florida Current 
is topographically isolated from the ocean interior by the An- 
tilles Island chain and the Bahamas. As shown by Zhang et al. 
[2001], the 100-day period fluctuations in the Kuroshio trans- 
port at the PCM-1 section are closely linked to mcsoscale eddy 
features with this same periodicity that propagate westward 
from the interior along the latitude of the subtropical conver- 
gence. These eddies cause large meanders of the Kuroshio to 
form along the southeast coast of Taiwan which strongly per- 
turb the Kuroshio transport entering the ETC. Such eddy fca- 
tures are also present off the Bahamas in the western subtrop- 
ical Atlantic [Lee et al., 1990, 1996; Halliwell et al., 1991], but 
they are apparently blocked from penetrating into the Straits 
of Florida by the Antilles and Bahamas island chains. While 
the Ryukyu Islands may play a role similar to the Bahamas in 
blocking part of the interior ocean eddy signal from directly 
influencing the ECS from the east, there is no counterpart to 
the Antilles Island chain and Caribbean Sea in the Pacific to 
block it from direct ocean influences to the south. Thus the 

Kuroshio at the ECS may experience large fluctuations on the 
open ocean mesoscale (several month) timescale, whereas the 
Florida Current is effectively isolated from these influences. 

4.1.3. Mean transports and gyre closure. Western 
boundary currents of subtropical gyres provide the closure for 
the interior circulation resulting from net wind and thermoha- 
line forcing. Comparison of mean transports in the western 
boundary regions of the North Atlantic and North Pacific sub- 
tropical gyres are shown in Figure 13. The mean transport of 
the Florida Current at 27øN is --•31.5 Sv [Leama et al., 1987], 
which is --•10 Sv larger than the Kuroshio transport at the 
PCM-1 section. The smaller Kuroshio transport occurs despite 
a larger wind-driven Sverdrup transport in the North Pacific 
subtropical gyre at this latitude than in the Atlantic. We esti- 
mate the mean southward Sverdrup transport across 24øN in 
the Pacific from COADS winds to be --•33 Sv, while in the 
Atlantic it is --•26 Sv [Leetma et al., 1977; Schmitz et al., 1992; 
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Lee et al., 1996]. Hautala et al. [1994] made a similar estimate 
and found the basin-scale geostrophic transport to be in ap- 
proximate Sverdrup balance with wind-driven geostrophic 
transports. In addition to differences in the wind-driven Sver- 
drup transport in the two basins, the different thermohaline 
circulations need to be taken into account in assessing the 
strength of the two boundary currents. The meridional over- 
turning cell in the Atlantic contributes -13 Sv to the transport 
of the Florida Current to balance the export of North Atlantic 
Deep Water (NADW) from the basin [Schmitz and Richard- 
son, 1991]. However, in the North Pacific, only -3 Sv of the 
western boundary return flow may be attributed to a thermo- 
haline component which takes part in the formation of North 
Pacific Intermediate Water (NPIW) off northeast Japan and its 
subsequent spread around the subtropical gyre [Talley, 1993]. 
The Florida Current transport of 31.5 Sv thus carries -80% of 
the combined northward wind-driven gyre and thermohaline 
return flows in the Atlantic (-39 Sv), while the Kuroshio 
transport of 21.5 Sv in the ETC appears to account for only 
-60% of the combined flows in the Pacific (-36 Sv). Model 
results and hydrographic data indicate that -1-3 Sv northward 
mean flow may occur in the Taiwan Strait between Taiwan and 
mainland China [Guan, 1994; Fang and Zhao; 1988]. This 
would reduce the northward flow east of the Ryukyus, required 
for gyre closure, to -12 Sv. 

In both Atlantic and Pacific cases a significant northward 
western boundary flow occurs seaward of offshore island 
chains that tend to separate a portion of the flow, the Bahamas 
and Ryukyu Islands, respectively. In the Atlantic, -7 Sv are 
required to balance the net gyre and thermohaline circulation 
budgets [Schmitz et al., 1992]. Recently, Lee et al. [1996] have 
substantiated the existence of this Antilles Current from direct 

moored measurements, showing a mean northward flow of -5 
Sv that is entirely wind forced and accounts for 20-25 % of the 
Sverdrup return flow. However, in the Pacific a northward 
mean flow of 12 Sv is called for east of the Ryukyus to balance 
the subtropical gyre circulation. The mean flow east of the 
Ryukyus amounts to -36% of the interior Sverdrup circula- 
tion, which leaves -58% of the Sverdrup circulation to be 

carried by the Kuroshio, provided we assume that the Kuroshio 
also carries all of the interior thermohaline circulation, as takes 
place in the Gulf Stream [Schmitz et al., 1992; Lee et al., 1996]. 

Our estimates of mean boundary current flows in the Pacific 
compare well with values from other sources. Ichikawa and 
Beardsley [1993] reported a 3-year average Kuroshio transport 
in the East China Sea of 23.7 Sv from combined hydrographic 
and surface current data. They estimated a northward baro- 
trophic flow east of the Ryukyu Islands of 11.4 Sv. Also Yuan 
et al. [1994, 1998], estimated a northward flow of 10-15 Sv 
east of the Ryukyus using an inverse method with hydro- 
graphic and current meter measurements. Similarly, the 
POP model results predict a mean Kuroshio flow of 23 Sv in 
the ETC and 11 Sv northward flow for the boundary region 
east of the Ryukyus. 

5. Summary and Conclusions 
A 20-month time series of Kuroshio volume transport was 

derived from a moored current meter array deployed across 
the East Taiwan Channel at 24.5øN from September 19, 1994, 
to May 27, 1996. Transport variations ranged from a maximum 
of 36 to a minimum of 11 Sv with a standard deviation of _+ 4.8 

Sv. Significant transport variability occurred on 100-day and 
seasonal timescales. Less energetic transport fluctuations oc- 
curred at periods of 10-15 and 30-40 days. Mean current 
structure consisted of a surface intensified downstream jet with 
maximum estimated currents of 100 cm/s located on the west- 

ern side of the channel -50 km from the Taiwan coast. strong 
100-day current and transport everits were found to be associ- 
ated with meandering of the current axis from the west to the 
east side of the channel. When the axis is located on the east 

side of the channel, the downstream flow appears to split with 
part flowing to the east along the southern flank of the Ryukyu 
Island chain and part curving to the west, causing strong west- 
ward flow and decreased temperature through the channel and 
a minimum in downstream transport. The cause of these 100- 
day meander and transport events are shown by Zhang et al. 
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[2001] to be associated with the arrival of warm mesoscale 
eddies from the interior. Interestingly, a similar process was 
recently observed near the same latitude in the Atlantic off 
Abaco Bahamas, where warm mesoscale eddies from the inte- 
rior were found to merge with the western boundary currents 
and to cause large transport variations and meandering with a 
similar 100-day period [Lee et al., 1996]. 

Monthly averages of moored transports were found to be 
significantly correlated with sea level differences across the 
ETC and with Sverdrup transports computed from the zonal 
integration of the wind stress curl over the Philippine Sea 
between 125øE and 142øE longitude. This longitude band is 
west of the Izu-Ogasawara and Mariana Ridges, which are 
sufficiently shallow as to block barotropic Rossby waves from 
transmitting wind-driven transport signals from the ocean in- 
terior. 

A 7-year transport time series derived from these sea level 
differences across the ETC produced a annual transport cycle 
with a maximum of 24 Sv in the summer and minimum of 20 Sv 

in the fall. Although considerable interannual variability of the 
amplitude of the annual cycle occurred during this period, 
maximum transports were consistently found in summer and 
minimum transports in fall. There was also a secondary max- 
imum in winter. The annual range of Sverdrup transports dur- 
ing this seven year period was 20 Sv, which indicates that a 
significant western boundary current with a seasonal variation 
of _+8 Sv is needed east of the Ryukyus to balance the wind 
forcing over the Philippine Sea. Kuroshio annual transport 
cycles at the ETC were also found to be in general agreement 
in amplitude and phase with available results from basin-scale 
wind-forced models for the 7-year period. 

The annual transport cycle of the Kuroshio is remarkably 
similar to that of the Florida Current in both amplitude and 
phase and may also result from a combined response to local 
and remote wind forcing, as was found for the Florida Current 
[Lee and Williams, 1988; Schott et al., 1988]. Seasonal changes 
in local along-channel winds over the ECS are highly corre- 
lated with SLD time series from the Tokara Strait that is a 

measure of transport. In addition, Ichikawa and Beardsley 
[1993] found a positive correlation between downstream wind 
stress and transport in the ECS that did not occur outside of 
the ECS. However, the ETC is open to the south so is not 
isolated from interior wind forcing responses as occurs in the 
Straits of Florida due to the Bahamas and Antilles Island 

chains. As a result, the seasonal cycle of Kuroshio transport in 
the ETC matches reasonably well with the seasonal cycle of the 
Sverdrup wind forced transports over the Philippine Sea and 
with wind-forced models, showing both a summer and winter 
maximum and a fall minimum. In the Straits of Florida the 

remotely forced portion of the annual transport cycle was due 
to wind-forced Kelvin wave generation northeast of the straits 
[Anderson and Corry, 1985]. 

Our moored estimate of the annual mean Kuroshio volume 

transport in the ETC is 21.5 _+ 2.5 Sv. This flow is required as 
partial balance of the mean Sverdrup transport across the 
interior of the Pacific at this latitude of 33 Sv plus 3 Sv ther- 
mohaline flow to compensate for the formation of North Pa- 
cific Intermediate Water [Talley, 1993]. Observations and 
model results also indicate that a mean northward flow of---2 

Sv occurs west of Taiwan. Thus a mean northward flow of ---12 

Sv is needed east of the Ryukyu Islands to complete the bal- 
ance of wind and thermohaline forced flows at this latitude. 

These estimates of mean flows for the Kuroshio and the east- 

ern boundary of the Ryukyus are in excellent agreement with 
those made earlier by Ichikawa and Beardsley [1993] of 23.7 
and 11.4 Sv, respectively, with POP model results of 23 and 11 
Sv, and with shipboard estimates in the ETC of 22.6 Sv [Liu et 
al., 1998]. To date, there have been no direct moored mea- 
surements of transports east of the Ryukyus. 
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