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Abstract 

A triangular CTD / ADCP survey was made across the Kuroshio west of Kyushu aboard 
the R/V Thompson during January, 1986 in order to investigate the water properties 
and flow field in the Kuroshio. A similar CTD survey was made in July, 1986 aboard 
the R/V Washington to study the seasonal variability in the Kuroshio. 

The Kuroshio in this region exhibited a marked seasonal change in its near
surface stratification and water properties. In January, the Kuroshio water was sep
arated from the vertically well-mixed coastal water over the shelf by a strong front 
located near the shelf break. Horizontal mixing between the Kuroshio and coastal wa
ter was observed but was limited near the shelf break. In July, surface coastal water 
extended far past the shelf break over the Kuroshio region near the surface, and in 
turn, Kuroshio water intruded onto the shelf near the bottom. Mixing between the 
Kuroshio and coastal water was found over much of the mid and outer shelf and upper 
slope, spanning a cross-stream distance of 75 km. In addition, evidence of deep vertical 
mixing within the Kuroshio itself was found near 32.0°N and 128.2°E., most likely due 
to internal tidal mixing over the slope. 

Since Loran C navigation coverage in the study region was poor during the R/V 
Thompson cruise, a simple averaging technique has been used to convert the ADCP 
data into an absolute velocity. An error analysis shows that the total error in the 
absolute ADCP velocity was about ±5 em/ s. The absolute geostrophic velocity using 
the absolute Doppler velocity at 60 m as the refere~ce velocity was then calculated for 
the sides of the triangle. Tlie results show that the ADCP velocity shear was in good 
agreement with the geostrophic shear in the Kuroshio. The Kuroshio flowed through the 
western section as a coherent current, then split into two streams around a tall seamount 
as it left through the eastern section. Some recirculation also occurred between the 
core of the Kuroshio and the slope as well as near the seamount. The geostrophic 
velocity field calculated relative to the bottom missed some of the important features 
of the true flow field such as splitting of the Kuroshio and the recirculation in the slope 
region. 
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The volume, salt and heat transports of the Kuroshio during the January 1986 
survey have been cakulated using the absolute geostrophic velocity and CTD data. 
The volume transport of the Kuroshio west of Kyushu in January 1986 was 31.7± 2.0 
Sv, which is comparable to that of the Gulf Stream in the Florida Strait. The volume 
transport through the triangle was conserved within measurement uncertainty, so that 
a streamfuction field can be defined by the transport. The resulting streamlines clearly 
show the structure of the flow field in the Kuroshio and its adjacent currents during 
the survey. The advective heat transport of the Kuroshio west of Kyushu in January 
1986 was 28.2 ± 1.8 x 1014 W. The salt transport in January 1986 was about 108.0 ± 
7.3 x 1010 kg / s, and the net salt flux was zero within measurement error. 

Analysis of the potential vorticity based on the January 1986 absolute geostrophic 
velocity field shows that the total potential vorticity in the Kuroshio may be approx
imately given by the product of the vertical gradient of the potential density and the 
sum of the planetary and relative vorticities. The distribution of relative vorticity plays 
a significant role in determining the structure of the potential vorticity in the Kuroshio. 
The path of the Kuroshio can be traced in the field of potential vorticity. Facing in the 
direction of the current, the axis of the maximum velocity is located to the right of the 
core of maximum potential vorticity. Finally, the Kuroshio was potentially unstable 
since the gradient of potential vorticity changed its sign on potential density surfaces 
across the Kuroshio . 

Thesis Supervisor: 
Dr. Robert Beardsley , Senior Scientist 
Woods Hole Oceanographic Institution 
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Chapter 1 

Introduction 

The Kuroshio is a strong current along the western boundary of the North Pacific 

Ocean, which originates along the east coast of the Philippines as the continuation of 

the North Equatorial Current and finally leaves the edge of the continental shelf at 

35°N to become the North Pacific Current or the Kuroshio Extension (Nitani, 1972). 

As a part of the general circulation, the Kuroshio is responsible for the large poleward 

mass and heat transports which are essential to the mass conservation and the global 

heat balance in the North Pacific Ocean, as well as the dissipation of the large input 

of energy and vorticity due to the surface wind and heat fluxes. Therefore, in order 

to understand the general circulation of the North Pacific, it is important to know the 

structure of the Kuroshio and its quantitative contribution to the meridional mass and 

heat transports. 

Study of the Kuroshio can be divided into two main aspects; observation and 

theoretical explanation. Much of the observational knowledge of the Kuroshio has been 

derived from hydrographic and direct current measurements. The first hydrographic 

measurements of the Kuroshio were carried out south of Japan by Kitaharo (1910) in 

which several sections were made to determine the structure of the water properties 

in the Kuroshio (Teramoto, 1972). Since then, a large number of systematic hydro

graphic surveys have been made from the beginning of the Kuroshio to the region of 

the Kuroshio Extension which have identified many important features such as the ba-
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sic structure of the Kuroshio and its water properties (Stommel, 1972) , the Kuroshio 

front near the shelf break (Nakao ,1977) and the mixing between the Kuroshio and 

coastal water (Nagata,1981) . The first direct current measurements in the Kuroshio 

were made by Wada (1814) who used drift bottles to reveal the surface current pattern 

in the Kuroshio. The introduction of Geomagnetic Electro - Kinematography (GEK) 

in the 1950's allowed the first extensive measurement of the Kuroshio surface velocity 

field and its time variation, by which the bimodel behavior of the Kuroshio path, i.e., 

the existence of small and large meander states, was discovered south of Japan (Taft, 

1972). Moored current observations obtained in the late 1970's and 1980's are begin

ning to describe the local time variability of the Kuroshio at several sites (Takemetsu 

et al., 1986). However, the combined use of the Acoustic Doppler Current Profiler 

(ADCP), accurate navigation and Conductivity-Temperature -Depth {CTD) data pro

vides the best approach for mapping the Kuroshio velocity field. This technique has 

been successfully used in the Gulf Stream since 1979 (Pinkel, 1979; Joyce et al., 1982; 

Joyce et al., 1986), and first used in the Kuroshio in 1985 by Bryden et al {1987). 

Few direct measurements of absolute mass transport have been made in the 

Kuroshio. In 1985, measurements of the Kuroshio transport were made southeast of 

Ryukyu Islands and in Tokara Strait with the ADCP by Bryden et al {1987). However, 

they failed to calculate the absolute geostrophic mass transport of the Kuroshio in 

the Tokara Strait because of poor navigation coverage. As a part of the World Ocean 

Circulation Experiment (WOCE), a program was proposed by Taira (1986) to measure 

the transport of the Kuroshio in Takara Strait, Ize Ridge and off Cape Shionomisaki. It 

has been accepted as ail. important part of the Core-l program in WOCE. In addition, 

another program called the Kuroshio Exploration and Utilization Research (KER) was 

started in 1986 by Japan and China to study the seasonal and interannual variabilities 

of absolute transport of the Kuroshio. However, no papers have been published except 

one data report ( see 1986 data report of KER ) . 
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Theoretical study of the Kuroshio has focused on explanations of its existence as 

a western boundary current and the mechanism causing the bimodality of the Kuroshio. 

Stommel (1948) first demonstrated that the western intensification depends crucially 

on the planetary vorticity gradient , while the bottom friction in the western bound

ary plays an important role in dissipating the input of momentum by the wind in the 

interior ocean (for a comprehensive discussion, see Pedlosky, 1979). Munk (1950) then 

developed a model of the western boundary layer in which the contribution of lateral 

friction to western intensification was emphasized. Despite the different forms of dissi

pation, both Stommel and Munk solutions emphasize the important role of friction in 

dissipating the input of vorticity by the curl of the wind stress. Fofonoff {1954) discov

ered a family of unforced, steady, undamped flow patterns based on the conservation of 

potential vorticity in which the inertial boundary layer was found. However, Fofonoff's 

free mode is not able to dissipate the input of vorticity which has been accumulated 

in the interior due to the wind stress, so that a closed contour of wind-driven circu

lation could not be obtained with his model. A combined viscous nonlinear model of 

a western boundary layer was numerically treated by Bryan (1963). He found that as 

the Reynold number is increased the center of the gyre migrates northward, the south 

western boundary current broadens, the north western boundary current intensifies, 

and then recirculation streamlines occur in the northern corner. Consequently, the 

transport increases from south to north to compensate for the countercurrents pro

duced by nonlinearity. Similar results were also found by Veronis (1966a, 1966b) and 

Hendershott (1987). Even though these theories are not complete in many aspects, 

they indeed provided a simple explanation for the pattern of the general circulation, 

particularly in the western boundary layer. 

Bimodality of the Kuroshio south of Japan, a large meander and a small meander 

states of the mean path of the Kuroshio, was first described by Taft (1972) . Robinson 

and Taft {1972) attributed the bimodal behavior of the Kuroshio to the combined 

effects of the ,8-plane and the continental slope, and used an inviscid numerical model 
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to show these two types of steady current paths. White and McCreary (1976) suggested 

that the large meander state was a Rossby lee wave excited by the Kyushu coastal 

perturbation. Charney and Flier! (1981) suggested that the bimodality of the Kuroshio 

may be a case of multiple equilibria because a nonlinear eastward flow over multiple 

bottom topographies can produce non-unique steady solutions. The idea of Charney 

and Flier! was examined numerically by Chao and McCreary (1982) who simulated 

a bimodal model Kuroshio using the Kyushu coastal perturbation and the Izu Ridge 

topQgraphy. Their model results demonstrated that the dynamics of meander formation 

involve the interaction of a Rossby lee wave generated by the Kyushu Peninsula and 

a westward propagating disturbance forced by the Izu Ridge. The model Kuroshio, 

however, deviated considerably from the observed paths. Chao (1984) developed a 

barotropic model in which the combined effects of the ,8-plane, the Kyushu coastal 

perturbation, the Izu Ridge and the SW - NE coastline orientation were taken into 

account. Chao found that this model successfully simulated the bimodality of the 

Kuroshio in good agreement with the observed paths. In addition, the numerical models 

mentioned above show that the meander of the Kuroshio was related to the upstream 

transport, such that the large meander occurred at the time of low transport. 

However, despite recent progress in observational and theoretical studies, there 

still exist many unanswered questions about the Kuroshio. What is the absolute volume 

transport of the Kuroshio and how does it change seasonally? Where does the mixing 

between the Kuroshio and coastal water occur and how does it change with time? Is 

there vertical mixing within the Kuroshio? What does the three dimensional structure 

of the Kuroshio look like? Hew does the topography affect the path of the Kuroshio? Is 

the geostrophic approximation good in the Kuroshio? What does the potential vorticity 

field look like? Is potential vorticity conserved in the Kuroshio? 

This thesis describes the results of two hydrographic surveys of the Kuroshio 

conducted in 1986. The first survey conducted January 8 to February 1 1986 aboard 
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the R/V Thompson covered the Yellow and East China Seas including the Kuroshio 

region west of Kyushu (see Figure 1.1). Both the CTD and ADCP data were recorded 

during this survey. The salinity data obtained on this survey exhibited some scatter and 

horizontal deviation from station to station in the Kuroshio attributable to conductivity 

noise and sensor drift. To correct these problems, the salinity data were smoothed at 

each station as a function of depth with a low pass filter, and then the smoothed 

salinity data were compared with concurrent Japanese Meteorological Agency bottle 

data to minimize the horizontal deviation error (a full discussion of this procedure 

is found in Appendix A). The resulting CTD and ADCP data have been used to 

examine the water property field and compute absolute geostrophic velocities. The· 

second survey conducted July 4 to 20 1986 aboard the R/V Washington repeated many 

of the Thompson sections (see Figure 1.2), however, only CTD data were obtained. 

Our primary interest here is to describe and understand the structure of the 

Kuroshio west of Kyushu. Thus, most of this work will focus on the two triangle 

sections made across the Kuroshio centered near 31°N, 128°E. This is an interesting 

and dynamically important oceanographic region in many respects. First, the Kuroshio 

enters the Tokara Strait through this region and then increases significantly in its 

transport south of Japan. Thus, from the dynamical point of view, this region is 

most similar to the Florida Strait in the Gulf Stream system. Second, past theoretical 

studies suggest that the Kyushu coast is one perturbation source for the bimodality of 

the Kuroshio south of Japan so that knowledge of the detailed structure of the Kuroshio 

in this region may be helpful to understand better the meandering of the Kuroshio. 

Third, the study region is connected to the wide shelf region of the East China Sea so 

that the interaction between coastal and Kuroshio water may be significant. Finally, the 

bottom topography west of Kyushu is quite complex and may have a strong influence 

on the pattern of flow in the Kuroshio. 

12 



This thesis consists of five chapters. In Chapter 2, the horizontal and vertical 

structure of water properties in the Kuroshio and the adjacent East China Sea shelf 

region are described. The Kuroshio in the study region exhibited a significant seasonal 

change in its near-surface stratification and water properties between January and July, 

1986. In January, the Kuroshio was separated from the vertically well mixed coastal 

water on the shelf by a strong front located at the shelf break. Horizontal mixing 

between the coastal and Kuroshio water was observed but was limited to near the shelf 

break. In July, the coastal water extended far past the shelf break over the Kuroshio 

region near the surface, and, in turn, Kuroshio water intruded onto the shelf near the 

bottom. As a result, mixing between the Kuroshio and coastal water was found from 

the shelf to the Kuroshio. In addition, evidence of deep vertical mixing within the 

Kuroshio itself was found near 32.0°N, 128.2°E. Some suggestions are made to explain 

the existence of such intense mixing. 

In Chapter 3, I first calculate the geostrophic velocity field relative to the bottom 

to estimate seasonal variability in the current structure of the Kuroshio and the coastal 

flow from winter to summer. Then, since Loran C navigation errors were large in the 

study region during the winter cruise, a simple averaging technique has been developed 

to estimate the absolute ADCP velocity normal to the CTD transect, and an analysis 

of the corresponding errors show the total uncertainty in the absolute ADCP velocity 

to be about ±5 cmjs. The absolute ADCP velocity at 60 m between station pairs was 

then used as the reference level velocity to compute the absolute geostrophic velocity 

for all sides of the triangle except in the inner shelf region where 10 m was chosen 

as the reference level. The -results show that the ADCP velocity shear was in good 

agreement with the geostrophic shear. The Kuroshio flowed through the western section 

as a coherent current, then split into two streams around a tall seamount as it left 

through the eastern section. Some countercurrents also occurred between the core of 

the Kuroshio and the slope as well as near the seamount. The geostrophic velocity 
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calculated relative to the bottom missed some of the important features of the true 

flow field such as the splitting of the Kuroshio and the recirculation in the slope region. 

In Chapter 4, the winter CTD data and computed absolute geostrophic velocity 

fields allow the direct calculation of the volume, salt and heat transports in the Kuroshio 

during January 1986. The resulting poleward volume, salt, and heat transports were 

31.7± 2.0 Sv, 108.0 ± 7.3 X 1010kg j s, and 28.2 ± 1.8 x 101" W. The volume transport 

through the triangular domain was conserved within measurement uncertainty, so that 

a streamfuction field can be defined by the transport. The resulting streamlines clearly 

show the structure of the flow field in the Kuroshio and its adjacent currents. 

In Chapter 5, the structure of the potential vorticity of the Kuroshio as a dynam

ical quantity is described using the January R / V Thompson data. A scale analysis is 

first presented to find the dominant contribution to potential vorticity in the Kuroshio. 

Then three potential vorticity sections are presented. The results show that the total 

potential vorticity in the Kuroshio may be approximately given by the product of the 

vertical gradient of the potential density and the sum of the planetary and relative vor

ticities . The distribution of relative vorticity played a significant role in determining 

the structure of potential vorticity in the Kuroshio. The path of the Kuroshio in the 

study triangle could be traced with the core of maximum potential vorticity. Finally, 

the Kuroshio was potentially unstable since the gradient of potential vorticity changed 

sign on a potential density surface across the Kuroshio. 
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JAPAN SEA 

120° E 

Figure 1.1: CTD stations during the R/V Thompson 
cruise, January 8 to February 1, 1986. 
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JAPAN SEA 

Figure 1.2: CTD stations during the R/ V Washington 

cruise July 4- 20, 1986. 
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Chapter 2 

The Seasonal Structure of Water Properties in the Kuroshio 
and Adjacent East China Sea 

2.1 Introduction 

It is well known that the Kuroshio enters the East China Sea from the east 

of Taiwan and flows northeastward along the edge of the continental shelf over the 

Okinawa Trough with a strong frontal zone between the warm high salinity Kuroshio 

water and the low salinity East China Sea water (Stommel, 1972) . Miyazaki and Abe 

(1960) showed the existence of Kuroshio water over the bottom of the continental shelf 

west of Kyushu and low salinity coastal water on the surface of Kuroshio in summer. 

Nakao (1977) described the vertical structure of salinity in the summer of 1967 on a 

section north of Taiwan, indicating a front between Kuroshio water and Yellow Sea Cold 

Water. Nagata et al.(1981) found that coastal water in the bottom layer on the shelf 

flowed down along the isotherms between 17°to 18°C and spread into the Kuroshio 

around a depth of 250 m in May 1973, suggesting one mixing mechanism between 

Kuroshio and coastal water. ·Park (1985) discussed another possible mixing process at 

the front south of Cheju Island using 1977 summer hydrographic data, and suggested 

that the Asia monsoon winds, which are mainly southerly during the summer season, 

are responsible for the eastward advection of low salinity water in the East China Sea 

through Ekman transport. The mixing occurs when the East China Sea low salinity 
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water meets Kuroshio water on the slope region. The mechanism Park implied does 

not seem reasonable because eastward advection of the low salinity water still exists in 

winter during the winter northerly and northwesterly winds (Nakao, 1977). Beardsley 

et al (1983) described 1981 summer hydrographic measurements from the Changjiang 

River mouth to the Kuroshio and pointed out that water structure over the shelf 

in the East China Sea during early summer is dependent on three major influences, 

advection of warm, saline Taiwan Current Water from the southwest, advection of 

cooler, less saline Yellow Sea Cold Water from the north, and the fresh water discharge 

of the Changjiang River . Despite these earlier studies, the following questions remain 

unanswered. How does the Kuroshio water influence the water structure on the shelf? 

Where does the low salinity water near the Kuroshio surface come from? How is the 

front formed over the shelf break and what kind of mixing can happen there? Finally, 

is there a seasonal change in the interaction between Kuroshio and coastal water? 

The hydrographic data from the two regional cruises undertaken in the winter 

and summer of 1986 aboard the R/V Thompson and the R/V Washington provide 

quasi-synoptic, high vertical and horizontal resolution snapshots of the distribution of 

water properties in the East China Sea and Kuroshio regions. Based on these two 

surveys plus some concurrent Japanese hydrographic data, the seasonal structure of 

the Kuroshio and coastal water properties will be discussed. To begin, the regional 

circulation and sources of fresh water are reviewed in Section 2.2. In Section 2.3, the 

horizontal distribution of water properties and their seasonal variation are described 

in more detail. Then the cross-stream water structures, including the classification of 

water masses, horizontal mixing near the Kuroshio front, and vertical mixing within the 

Kuroshio water, are discussed in Section 2.4. Finally, conclusions are given in Section 

2.5. 
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2.2 Regional Circulation and Sources of Fresh Water 

Circulation: A schematic of the surface circulation pattern in the Yellow and 

East China Seas is shown in Figure 2.1. The Kuroshio enters the East China Sea 

through the passage east of Taiwan at 24°30' N, 123 °20' E, and flows northeastward 

along the continental slope. It leaves the East China Sea southwest of Kyushu and 

subsequently flows along the south coast of Japan. Inshore of the Kuroshio, a warm 

saline current called the Taiwan Warm Current (TWC) also flows northeastward, but 

unlike the Kuroshio which flows offshore to the south of Japan, part of the TWC flows 

into the Japan Sea through the Tsushima Straits between Korea and Japan as the 

Tsushima Current. The other part of the TWC flows intermittently northward into 

the Yellow Sea along the Korean coast. 

The semi-enclosed Yellow Sea is characterized by northward inflow of saline wa

ter along the Korea coast (the Yellow Sea Warm Current or YSWC) and outflow of less 

saline water along the northeast coast of China (the Yellow Sea Cold Current or YSCC) . 

In winter, some southward-flowing coastal water along the coast of Jiangsu Province 

continues southward along the coast of Zhejiang Province, and some Jiangsu coastal 

water (the Jiangsu Coastal Current or JCC) flows offshore in a downwind, southeast

ward direction from a point just north of the mouth of the Changjiang. Between the 

nearshore southward-flowing and the offshore southeastward- flowing coastal waters, 

a northwestward inflow of the relatively saline TWC is found in the submerged river 

valley located just onshore of the Changjiang mouth ( the relic river valley is defined 

primarily by the 40 m and ·50 m isobaths; Butenko et al, 1985). This inflow is the 

source of the near bottom saline water found in the outer Changjiang estuary and is a 

dominant circulation feature of the East China Sea in both winter and summer. 
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The summer circulation pattern in the East China Sea is basically similar to the 

winter pattern except for the effect of the increasing Changjiang discharge. A detail 

discussion will be given next. 

Sources of Fresh Water: Local sources of fresh water in the Yellow and East 

China Seas include the river discharge and the net precipitation over evaporation. 

The Changjiang originates in the Tibetan high plateau and flows more than 

6000 km through ten provinces of China before draining into the East China Sea near 

Shanghai. In terms of volume discharge , the Changjiang is the largest river in Asia 

and the fifth largest in the world, while the other major rivers which drain into the 

Yellow and East China Seas are one or two order of magnitude smaller (see Table 

2.1) . Therefore, the Changjiang is the single most important source of fresh water 

discharging into the Yellow and East China Seas. 

Figure 2.2 shows the mean seasonal variation of river discharge measured at 

Datong, 400 km upstream from the Changjiang river mouth (Yang et al., 1982). The 

mean monthly Changjiang discharge ranges from about 1 x 104 m 3 Is in winter to more 

than 5 X 104 m 3 Is in summer. The peak monthly discharge occurs in July and minimum 

value is in January. Such an annual discharge variation is due to the monsoonal climate 

over eastern China where rainfall increases during the summer, and to a lesser degree 

to the spring melting of the winter snow pack. 

The effect of the river discharge on the stratification and circulation in the East 

China Sea has been examined by Beardsley et al.(1983). They found that the spring 

and summer discharge of the Changjiang is large enough to form a surface plume of 

relatively fresh water which can extend at least 300 km out over the shelf. Part of 

this discharge flows south along the Chinese coast as the Changjiang Coastal Current. 

They also concluded that the buoyancy flux of the Changjiang is locally larger than 

the amount of vertical mixing due to tidal dissipation so that a stratified surface plume 
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exists even over the inner shelf where tidal currents are st rongest. In winter, the much 

weaker Changjiang discharge flows primarily southward in a narrow band confined to 

the Chinese coast. 

Table 2.1: Fresh water sources in the East 
China and Yellow Seas 

rivers annual minimum maximum reference 
{103 m 3 / s) mean 
Changjiang 20.0 10.0 (Jan) 50.0 {July) Yang et al, 

1983. 
Yellow 0.9 0.5 (Feb) 2.0 (Sept) Qin et al, 

1983 
Yalu 1.1 0.6 {April) 1.6 {July) Schubel et al, 

1984 
Han 0.8 0.1 (Jan) 3.2 (July) " " 

" Keum 0.2 0.03 (Jan) 0.5 (June) 
" " 
" 

Estimate of net influx of fresh water due to rainfall can be made by subtracting 

evaporation from precipitation. Wyrtki (1966) calculated the mean heat exchange at 

the surface of the Pacific Ocean based on the climate data from ship's weather reports 

during 1947 to 1960. Using his monthly evaporation map, I roughly estimate the mean 

monthly evaporation rate in the East China Sea. The results show that the mean 

monthly evaporation ranged from about 2.6 em/ month in July to 23.4 em/ month in 

January. The mean annual evaporation is about 146.3 em/ year. There are few direct 

observations of precipitation in the East China Sea. However, since the percent fre

quency of rainfall is almost parallel to latitude in that region between the east Chinese 

coast and Kyushu 1, we can choose a land weather station on the east Chinese coast as 

a representative to estimate roughly the monthly precipitation over the sea. Shanghai, 

a weather station close to the East China Sea and with a rather large rainfall, was thus 

chosen to calculate roughly a maximum monthly precipitation rate. The 60 year data 

reports from 1912 to 1972 (Wernstedt,1972) show that the annual precipitation was 

1 U.S. Navy Marine Climatic Atlas of the World, Volume 11, North Pacific Ocean. 
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about 112.1 em/ year. The monthly maximum rainfall was about 17.8 em/month in 

June, and the minimum value was 3.5 em/ month in December. Monthly variation of 

precipitation and evaporation is also shown in Figure 2.3. It indicates a large net influx 

of fresh water in summer from April to September which is approximately balanced by 

considerable evaporation in the rest of the months, so that there is no net fresh water 

flux into the East China Sea. Based on the above statistical analysis of over ten years, 

we could say that annual net influx of fresh water due to air-sea exchange rainfall is 

too small to provide a large fresh water in the East China Sea. The discharge of the 

Changjiang River is the single main source of fresh water there. 

2.3 Horizontal Distribution of Water Properties 

Long CTD sections covering much of the Yellow and East China Sea were made 

along the transects shown in Figures 2.4 and 2.5 in January and July, 1986 aboard the 

R/V Thompson and R/V Washington, respectively. Because our surveys did not cover 

the southwestern part of the East China Sea, bottle data2 obtained on the Japanese 

R/V Chafu Maru and Royat Maru during January and July 1986 respectively have 

been used to extend our analysis and provide high quality hydrographic measurements 

in the Taiwain Warm Current and the Kuroshio upstream of our triangle study area. 

To illustrate the horizontal distributions of water properties, maps of properties at 4 m 

(called the surface) and at the bottom or 100m, whichever is shallower, are described 

next. Since our primary interest here is to describe the seasonal variability of the 

Kuroshio, most of this section will focus on the triangle region. 

January 1986: Figures 2.4 and 2.5 show the January surface (4 m) and bottom 

(100 m) distributions of temperature, salinity and sigma-t, respectively. The surface 

salinity and temperature distributions showed that the highest salinities and tempera-

2 The Result of Marine Meterorological and Oceanographical Observation No. 78, January-December, 
1986. 
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tures (greater than 34.4° I oo and 19°C which are characteristics of the Kuroshio water) 

were located in the southeast of the study area. The 34.4° I oo isohaline laid roughly 

along the 200 m isobath so that the inner boundary of the Kuroshio water at the 

surface was located near the shelf break. Intermediate salinity and temperature wa

ter types associated with the TWC and YSWC were found to the northwest of the 

Kuroshio and the west of Korea. Between the TWC and YSWC was the YSCC which 

was characterized by the relatively cool and less saline tongue flowing from northwest 

to southwest toward the shelf break. The very fresh and cool water (S < 31° loo 

and T < 6°C) along the Chinese coast north of the Changjiang river mouth was 

associated with the JCC. The bottom (100 m) salinity and temperature distributions 

showed a very similar structure to the surface maps. This implies that the shelf water 

in this region during January is vertically well-mixed, due in part to strong wind and 

tidal mixing and surface cooling (Nakao, 1977; Beardsley et al, 1985). 

Where did the mixed shelf water in January come from? Since the Changjiang 

discharge is too weak during winter to force fresh water directly to the shelf break (Yang 

et al, 1983), two possible sources of shelf water over the outer shelf were the YSCC 

and TWC. Nakao (1977) indicated that the YSCC was characterized by low salinity 

( S < 33° I oo) and low temperature (T < 8° C in winter, and T < 11 o C in summer) . 

Beardsley (1983) showed that the YSCC was recognized by temperatures of 8°-17° C 

and salinity of 31-34° I oo in summer. Park (1985) also found that the YSCC in the 

summer of 1977 was defined by water of extremely low temperature (T < 12° C) and 

low salinity (S < 33.5° l oo)· Since the change of the salinity characteristic of YSCC 

is less than that of temperature in the different definitions, we may use a isohaline to 

define the boundary of the YSCC. H we regard the isohaline of 34° I oo as the boundary 

of YSCC in January, we can conclude on the basis of the horizontal distributions of 

salinity shown in Figures 2.4 and 2.5 that in January 1986 there was no direct intrusion 

of YSCC to the shelf break where the Kuroshio was located. Most of the shelf water in 

the triangle area must be the TWC water. Beardsley et al. (1983) discussed the T I S 
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characteristics of YSCC and TWC waters and found the existence of lateral mixing 

between these two water masses. Therefore, the well-mixed water located on the outer 

continental shelf was possibly a mixture of YSCC and TWC. 

July 1986: Figures 2.6 and 2.7 show the July surface (4 m) and the bottom 

(100 m) distributions of temperature salinity and sigma-t , respectively. The seasonal 

increase in solar heating caused the high surface water temperature. The Kuroshio can 

be recognized by the maximum temperature core at the south corner of the triangle. 

Inshore of the Kuroshio, the TWC is traced in the southeast of the study area by the 

large temperature gradient. 

Increasing discharge of the Changjiang causes less saline water to flow both 

northwest toward Cheju Island (which can be recognized as the bubble or lens of 

Changjiang dilute river water located near the west of Kprea) and southward along 

the Chinese coast. It is thus latter flow which must in part be responsible for the very 

large layer of less saline water formed over the shelf and inner Kuroshio. A simple 

scaling analysis may help us to determine this. The total discharge of the Changjiang 

from January to the end of July from Figure 2.2 amounts to about 4.8 x 1011 m 3 • If 

this is drained into the East China Sea, an area of about 2.9 x 1011 m 2 , the sea would 

be covered with 1. 7 m fresh water. This is a very big number. Similar calculation 

of net evaporation {E) and precipitation {P) based on the data from Wyrtki (1966) 

and Wernstedt {1972) shows that local precipitation is almost balanced by evaporation 

during these seven months. Therefore, we conclude that the increased discharge of 

Changjiang is responsible for the observed low salinity surface distribution over the 

shelf and in the Kuroshio. 

Limeburner et al (1985) used July 1981 CTD data to describe the T /S charac

teristics in the East China Sea and found mixing between the Changjiang discharge, 

the TWC, and YSCW during summer. Since the hydrographic structure in this region 

of our July 1986 survey is similar to the 1981 July data, we suggest that the shelf 
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water formed in the triangle region consist of the mixed water of three currents. For 

convenience, we will refer to this mixed water as Coastal Water. 

2.4 Cross-stream Water Structure 

Water Properties of the Kuroshio 

January 1986: The vertical distributions of temperature, salinity and sigma

t on three transects (two of them across the Kuroshio) are shown in Figures 2.8 -

2.10. The corresponding T IS diagrams for these transects are given in Figure 2.11 . 

Near the surface is found the Kuroshio Surface Water (Nakao, 1977), which exhibits 

considerable scatter on theTI S diagram due to atmospheric variability. Tropical Water, 

characterized by a salinity maximum, formed at the surface of the Subtropical North 

Pacific by excess evaporation over precipitation in winter, and advected northward by 

the Kuroshio (Masuzawa, 1964), is found in both western and eastern sections. The 

maximum salinity at the core of the Tropical Water exceeds 34.8° I oo at about 250 m 

depth on stations 126-127 on the western section, and 127-128 on the eastern section: 

the corresponding temperature is about 20°C. Defined by temperature 18°C-21 oc and 

salinity more than 34.8° I oo the thickness of the core of Tropical Water is about 100 

m, covering the depth range from 200 m to 300 m. In the range from 18°C to 10°C 

and 34.4° I oo to 34.8° I oo, the TIS relation is nearly linear, and temperature and 

salinity exhibit local maximums of vertical gradient. This water is called Central Water 

(Sverdrup et al., 1942) or Thermocline Water (Masuzawa, 1964). The average depth 

of the Central Water can be· defined by the axis of maximum gradient of temperature 

which, in general, increases from the shelf break toward the open ocean. At stations 

126-127, the Central Water is found from 300m to 600 m with a average depth about 

450 m. At station 123 on the upper slope, the average depth is about 150 m and the 

thickness ranges from 150m to 350m. Below the Central Water is found North Pacific 
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Intermediate Water , which is formed in subarct ic regions (Reid, 1965) and is recogn ized 

by its vertical salinity minimum of about 34.36° I oo near s o c . If we define this water 

by salinity less than 34.4° I oo and temperature between 6°and 10°C, t hen it is clear that 

Intermediate Water occupies much of the deep Kuroshio in the East China Sea. Near 

the bottom is the North Pacific Deep Water (Pickard, 1979), which is characterized by 

more uniform properties with depth (see Figures 2.8 and 2.9). As mentioned before, 

the large scatter in the deeper T I S relationship in the Central Water, Intermediate 

Water and Deep Water was due to conductivity noise in the CTD data. The original 

CTD data were smoothed and compared with concurrent Japanese bottle data and 

adjusted to minimize the salinity errors. A full discussion of this correction procedure 

is found in Appendix A. 

July 1986: Figures 2.12 - 2.14 show vertical sections of temperature, salinity 

and sigma-ton the three July 1986 transects, and theTI S diagrams for these transects 

are shown in Figure 2.14. Seasonal increases in solar heating, Changjiang discharge 

and net precipitation result in the highly stratified structure of water properties in 

July 1986. The Surface Water of the Kuroshio had warmed 6°C from the Janaury 

survey and contained water of less than 34° I oo · Tropical Water can be traced by the 

salinity maximum in the upper ocean at station 140 to the shelf break at station 136, 

with the salinity maximum decreasing from the trough to the shelf break. The core 

of the Tropical Water at station 140 with a salinity of 34.83° I o o and a temperature 

greater than 21 o c was located at a depth of about 200 m, 50 m shallower than in 

January. At station 136 at the shelf break, the core was located at a depth of 100 m 

with a maximum salinity of·only 34.75°/ oo and a temperature of 18.8°C. The Central 

Water (Thermocline Water) defined by temperature between 10°C- 18°C and salinity 

from 34.36° I oo to 34.7 4 o I oo, had intruded onto the shelf. The 34.4 o I oo isohaline, which 

was limited to the shelf break in January, r eached station 134, 190 km northwest from 

the slope. Also the 18°C isotherm, which intersected the sea surface on the slope in 

January, had been overlaid everywhere by the seasonal thermocline water in July. The 
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25.5 isopycnal surface intersected the bottom on the slope rather than the sea surface 

as in January. In turn, the less saline Coastal Water extended from the shelf over into 

the Kuroshio near the surface, helping to create a highly stratified surface layer. There 

was little change in the Intermediate Water and Deep Water from January to July 

since both were too deep to be simply affected by the local atmospheric factors and 

intrusion of fresh water from the rivers. 

Evidence of Mixing Processes Near the Kuroshio Front 

January 1986: The January 1986 western transect (Figures 2.8 and 2.9) clearly 

showed near the shelf break the Kuroshio front between the relatively well-mixed cooler 

less saline shelf water and the warmer, more saline Central Water of the Kuroshio. Since 

the temperature and salinity gradients tended to compensate each other near the shelf 

break, the horizontal density gradient in this front was relatively weak (Figure 2.10). 

The T I S diagrams at the stations near the front (Figure 2.11) indicated the different 

mixing processes that occurred between these two water masses. At station 122 over 

the shelf break, the sharp bend in the T I S curve from the surface to bottom indicated 

mixing among three different water masses: 1) Kuroshio Surface Water with a salinity 

larger than 34.74° I o o and temperature of about 21.2°Cj 2) Coastal Water with a salinity 

of 34.36° I oo and temperature of 16°C, and 3) Central Water with a salinity greater than 

34.43° I oo and temperature of about 11.8°C. At station 123, 15 km offshore from the 

shelf break, mixing was observed between the Kuroshio Surface Water at the salinity 

of about 34.74° I o o near 21 oc and Central Water with a salinity of 34.64° I oo near 15°C. 

A similar phenomenon was also seen at station 124, 45 km onto the shelf from the shelf 

break. Small scale bends in the T I S curves at stations 123 and 124 near 34.6° I oo and 

18°C implied the influence of the mixed water over the shelf break (i.e., at station 122). 

At station 121, 30 km onto the shelf from the shelf break, the linear T I S curve indicated 

mixing between the coastal water with a salinity of 34.13° I oo and the temperature of 

14.2° and the more saline and warmer mixed water at station 122. Over the mid and 
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inner shelf, the Coastal Water tended to be more well-mixed vertically, and there was 

no evidence to show any direct influence of the Kuroshio. 

July 1986: The July 1986 western transect (Figures 2.12 and 2.13) clearly 

showed the spreading of coastal water over the Kuroshio at the surface and the intrusion 

of Kuroshio Central and Tropical Water over the shelf break in July. Evidence of 

mixing between these water masses was more obviously found in the T IS diagrams 

(Figure 2.15) . The T I S curves at stations 136-138 from the shelf break to the center of 

Okinawa Trough indicated mixing between the less saline and warmer Surface Water 

(S < 34° I oo and T > 28°C) and the upper Tropical Water with a salinity less than 

34.8° I oo and the temperature greater than 20° C. As a result, the maximum salinity 

and the corresponding temperature of the Tropical Water were reduced to 34.7° I oo and 

19.6 oc, 0.12° I oo fresher and 2° C cooler than those at stations 139-140. At the 

shelf station 135, 37 km onto the shelf from the shelf break, the T I S curve showed 

the minimum salinity core of 34.3° I ooand 19.6°C at the depth of about 80 m , and it 

went down linearly to 34.44° I oo and 17.8°C, and up to 34.52° I oo and 23°C, implying 

mixing among the less saline Coastal Water, Central Water and Kuroshio Surface 

Water. Mixing between Coastal and Central Waters was still observed on station 134, 

75 km onto the shelf from the shelf break. The influence of Kuroshio water disappeared 

at station 133, 113 km inshore from the shelf break. There mixing was found between 

the TWCW with a salinity of 34.25° I oo and temperature of 17°C and the YSBCW 

(S < 33.7°loo and T < 14.5°C). 

TheTI S curves for the eastern transect were very similar to those on the western 

transect from station 134 to 140, implying that the less saline surface water comes from 

the mixed Kuroshio and Coastal Water. In other words, the relatively fresh Coastal 

Water over the mid and inner shelf (inshore of station 134) can not flow directly to the 

eastern section. However, the trace of this water can be found on the northern transect 
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through the similarities of the T I S curves on both the western and northern sections. 

This also meant that the mixed Coastal Water intruded further north in July 1986. 

Vertical Mixing in the Kuroshio 

Indirect evidence for vertical mixing within the deeper Kuroshio can be found 

in the T IS curves of stations 135-138 in January. These stations exhibited nearly 

straight T I S curves in the deep water , implying mixing of Central Water and Inter

mediate Water over the range of salinity 34.6° I oo and temperature 14.5°C to salinity 

34.4° I oo and temperature less than 6°C such that water beneath about 200m at these 

stations consists of this mixture. Similar T I S diagrams were found in the concurrent 

Japanese bottle data, strengthening our conclusion that vertical mixing was occurring 

at that time. 

What mechanism do we think can be causing this vertical mixing? The map 

of streamfunction on an isopycnal surface (see Chapter 4) indicated that part of the 

Kuroshio water was recirculated toward the slope through the eastern section. The mix

ing occurred only when the recirculated water left the slope and turned anticyclonically 

to the interior ocean. The bottom topography must be expected to be important for the 

mixing. Wunsch (1969) discussed progressive internal waves on a slope and pointed out 

that internal waves could be reflected up, back or along the slope according to the rela

tive magnitude of the wave trajectory angle and the slope of the boundary. Overturning 

associated with these processes could produce t he mixed water which propagates into 

the interior along the slope. Since the process of vertical mixing in our case is very 

similar to that in Wunsch's theory, we can guess that small scale vertical mixing could 

be taking place over many depths due to internal wave reflection and finally a large 

mixing band could be formed vertically within the Kuroshio northeastern part of the 

triangle. 
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In addition, we can see from the topography map that there are some rough 

batymetric features in that region. Small scale eddies might be generated when the fluid 

passes these structure. Mixing associated with eddies is another possible mechanism 

for creating the mixed T / S curve in that area. 

The Richardson number, R; = N 2 
/ (~~) 2 

, is a stability parameter for strat i

fied shear flow. If the vertical shear of horizontal velocity is large enough to overcome 

the effects of stratification, the flow can be unstable and lead to the turbulence. The

oretically, the critical value is 0.25. When R; < 0.25, turbulence may develop, and 

when R; > 0.25 , the flow is stable to infinitesimal perturbations. Using geostrophic 

velocities and density to estimate the shear instability in the study area, we found that 

R; was much larger than 10. This means that the geostrophic flow was stable and 

the turbulence due to shear flow was very weak there. However, the mixing process 

associated with turburence in our case is a small scale problem which had already been 

filtered in the geostrophic field. Therefore, the vertical shear of mean flow estimated 

with geostrophic velocities does not reflect whether or not the small scale mot ion in 

the study region is unstable. The shear spectrum with respect to vertical wave number 

K is flat for wavelengths larger than 10 m and cascades like K-1 for smaller wave

lengths. Therefore, root mean squared shear, which is given by the integral of the 

shear spectrum, is strongly affected by small scale shear. 

We can crudely estimate the magnitude of salt eddy diffusion using a simple 

model. Let's model the salinity profile in the T /S curve as 

S(z, t) 
• 7rZ 

- C(t) sm H + So (2.1) 
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where C(t) = ~ S at t = 0 and zero at t --t oo. H is the vertical scale. 80 is the 

constant background salinity (see Figure 2.16). 

l---So---l 
S (%o) 

300 t=T 

t::<l) 

N=600 

800 

Z (m) 
Figure 2.16: Model T / S curve. 

In the absence of horizontal diffusion and advection, the salt diffusion equation 

can be given as 

where K, is the salt eddy diffusivity. 

Substituting (2.1) into (2.2) yields, 

and then, 

BC(t) 
at 

C(t) 

7r2 

- K, H 2 C(t), 
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Let t = T be the time scale of vertical mixing. Then, the order of the salt eddy 

diffusivity can be estimated by 

Since the mixed water comes from the countercurrent on the eastern section (see Chap

ter 4), one could roughly calculate the time scale using the velocity of the parcel to 

divide the distance between the countercurrent and the mixed water . Such a crude 

estimate gives 

1.1 x 105 m 
T ,...., I ,...., 3. 7 X 105 s. 

0.3 m s 

And also H=600 m, so, 

3.6 X 105 

3.7 x 106 x 9.9 - 0·1 (m
2
/ s) 

Moreover, if we consider a curvature path of recirculated water, K, can be reduced to 

10-2 m 2s-1 because of the increase of the time scale. This still is a big number (note: 

the acceptable maximum valve of K, is about 10- 1 m 2 s - 1 , Pond and Pickard, 1983) 

So, if this was true, the vertical mixing in the Kuroshio near northeastern part of the 

triangle was very intense during the measurement time. Otherwise, this model may not 

be right. The local change of salt may be caused by the horizontal advection, which 

carried the mixed water from the shelf to northeastern corner of the triangle. 

32 



2.5 Conclusion 

Hydrographic data collected in the Yellow and East China Sea in January and 

July of 1986 have been used to describe the spatial structure of water properties in 

and near the Kuroshio west of Kyushu. Seasonal change in water structure occurred in 

this region due to increased solar heating and fresh water discharge onto the Chinese 

shelf during spring and summer. In January 1986, the Kuroshio front was located at 

the shelf break, separating the warmer, more saline Kuroshio water from the relatively 

well-mixed cooler, less saline Coastal Water. Mixing between these two water masses 

was observed but limited to near the shelf break. In July 1986, the Coastal Water from 

the Chinese shelf spread into the Kuroshio region near the surface and in turn, Kuroshio 

water intruded over the outer shelf near the bottom. Mixing between Kuroshio and 

Coastal water was found over much of the mid and outer shelf and upper slope, spanning 

across-stream distance of about 75 km. Finally, evidence for vertical mixing within 

the Kuroshio itself was found in the northeast corner of the study region, where the 

countercurrent occurred. This deep mixing may be due to enhanced internal tidal 

mixing and flow over steep topographic bottom. 
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Figure 2.1: Regional circulation pattern in 
the Yellow and East China Sea. 
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Figure 2.2: Average monthly discharge of Changjiang 
measured at Datong. (from Yang et al. , 1983). 
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Figure 2.4: 

The January 1986 surface distribution 

of temperature, salinity and sigma-t. 
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Figure 2.5: 

The January 1986 bottom distribution 

of temperature, salinity and sigma-t. 

•: Japanese bottle data stations. 



32< 

12f)- 12B-

38 

Figure 2.6: 

The July 1986 surface distribution 

of temperature, salinity and sigma-t. 

•: Japanese bottle data stations. 
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•: Japanese bottle data stations. 
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F igure 2.8: 

The January 1986 vert ical 

structure of temperature. 

N: nothern section. 
E: eastern section. 
W: western section. 
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Figure 2.9: 

The Junuary 1986 vertical 

structure of salinity. 

N: northern section. 
E: eastern section. 
W: western section. 
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The January 1986 vertical 

structure of sigma-t. 
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The January 1986 T / S diagrams 

on the triangle section. 
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Chapter 3 

The Geostrophic and Absolute Geostrophic Velocity Fields 

3.1 Introduction 

Ocean circulation is commonly inferred using hydrographic data by two main 

methods; water mass analysis and the dynamical method. Water mass analysis involves 

inferring the flow field from water properties such as temperature, salinity, dissolved 

oxgyen and sigma-t. An excellent example of this is the core method of Wust {1935) 

who identified various core layers by their relative extremas of oxygen, salinity or 

temperature, and argued that general circulation must be consistent with the spatial 

pattern of these core layers. The dynamical method is based on the geostrophic balance 

for the large scale ocean circulation which permits the calculation of the vertical shear 

of the horizontal velocity from the horizontal density field determined by hydrographic 

data. The primary problem arising with determining the absolute geostrophic velocity 

is the choice of reference level velocity. At least five approaches have been used to 

infer the reference level velocity. First, the current is assumed to vanish at a great 

specified depth or the bottom. Second, the velocity is assumed to vanish in a finite 

thick layer of minimum shear (Defant, 1941), Third, the velocity is assumed to vanish at 

the level where dissolved oxygen reaches its minimum. Fourth is the ,8-spiral approach 

introduced by Stommel and Schott {1977), and the Fifth is Wunsch's inverse method 
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(Wunsch, 1977, 1978). However, all of these approaches are indirect, and only Wunsch's 

approach has direct applicability in a western boundary current. 

The development of modern direct current measurement techniques has allowed 

direct determination of the reference level velocity and thus calculation of the absolute 

geostrophic velocity. Joyce et al. (1982) and Regier (1982) first applied the ship

board ADCP to make direct current measurements during hydrographic surveys. The 

methodology for using the ADCP as a survey tool has been developed and described 

by Joyce et al (1982, 1986, and 1988) and Kosro (1985), and so far, this approach 

has found increasing application in coastal circulation and Gulf Stream studies (Kosro, 

1985, Joyce and Wunch et al., 1985, Barth and Brink, 1987). To my knowledge, Bry

den et al. (1987) was the first to use ADCP data obtained in June 1985 aboard the 

R/V Thompson to estimate the absolute geostrophic velocity across the Kuroshio at 

24°N. Bryden and co-workers also acquired ADCP data near the Tokara Strait. How

ever, they found that the Loran C navigation errors near Tokar a were too large to 

allow meaningful estimation of absolute geostrophic velocity. We experienced simi

lar problems with Loran C during our January 1986 R / V Thompson cruise west of 

Kyushu. To overcome the uncertainty due to the Loran C navigation errors, a sim

ple technique has been developed to estimate the average absolute velocity normal to 

the transect between adjacent hydrographic stations. This allows us to compute the 

absolute geostrophic velocity field for the R/V Thompson survey. 

Since ADCP data were not obtained on the July 1986 R / V Washington survey, 

we will first describe in section 3.2 the geostrophic velocity field relative to the bottom 

to illustrate the seasonal variation of the current structure from January to July. Then 

the January 1986 ADCP data are analyzed and combined in section 3.3 with the hy

drographic data to construct an absolute geostrophic velocity field. Finally, conclusions 

are given in section 3.4. 
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3.2 Geostrophic Velocity relative to the Bottom 

One problem in computing geostrophic velocity relat ive to t he bottom arises 

when the CTD section crosses the deep continental slope region since a large difference 

in depth occurs between two adjacant CTD stations. To overcome this difficulty, we 

choose the average depth of a CTD station pair as the reference bottom and linearly 

extrapolate the specfic volume anomaly from the deeper station to the shallower stat ion 

along isobars (see Groem, 1948, and Reid et al, 1965) . The geostrophic velocities for 

January and July, 1986 were then calculated relative to the reference bottom. To test 

the sensitivity of the approach, I have also calculated the geostrophic velocity using 

the shallower depth of the CTD station pair as the reference bottom. Little difference 

is found in the structure of the velocity field except for a total transport difference of 

about 2 Sv from one calculation to the other . 

.January 1986: The cross-stream structure and surface distribution of velocity 

in January 1986 are shown in Figures 3.1 and 3.2. The Kuroshio inflow was dominant 

on the western transect but limited to the Okinawa Trough with a width of about 150 

km. The maximum velocity was about 103 cmjs, located respectively at the surface 

between stations 124-125 and at a depth of 100m between stations 125-126, reflecting a 

tilt of maximum velocity axis from station 124 to 126. The shelf current on the western 

section between stations 119 and 122 was northeastward but weak, less than 5 cm/ s in 

magnitude. On the eastern downstream section, the width of the main Kuroshio was 

about 120 km, stretching between stations 127 and 132, and the maximum velocity 

was about 125 cm/ s at the surface between station 131 and 132. A strong westward 

flow or recirculation with the surface velocity of about 40 cm/ s was found between 

stations 132 and 133. To its right, the current was dominated by outflow again. On 

the northern section, especially in the deeper region, the flow field was characterized 

by relative large outflow with a magnitude of 10- 20 cmj s, even though there existed 

some weak inflow on the shelf. 
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In summary, the January 1986 structure of relative velocity implies that the 

Kuroshio flowed northeast from the western transect to the eastern transect, and then 

part of the Kuroshio recirculated to the west in the middle of the eastern transect. 

Where did this recirculation go ? Did the outflow near the northeastern corner of the 

triangle come from such a recirculation? The T / S analysis presented in section 2.4 

suggests that the water near the northeastern corner consisted of a vertical mixture of 

Central and Intermediate Waters, originating in the Kuroshio. However , T / S analysis 

can ·not answer the above question since both the recirculation and main Kuroshio on 

the eastern or western transect had similar T /S properties. We will return to these 

questions in the next chapter after mass transport has been computed. 

July 1986: As in January, the western transect was dominated by the strong 

Kuroshio inflow. The maximum velocity of the Kuroshio was 121 cmj s at about 45 m 

depth between stations 138 and 139, 18 cmj s larger than that in January. The Kuroshio 

axis, defined by its maximum velocity, moved south about 35 km from January to July. 

This was also evident on the eastern downstream section where the main Kuroshio was 

confined to the left of a sharp seamount between stations 142 and 143. The maximum 

velocity on this section was up to 146 cm/s at 145 m depth between stations 141 -

142, 33 cmj s larger than that in January. At the Kuroshio axis, the vertical shear of 

velocity was larger in July than in January (Figures 3.5 and 3.6), probably related to 

the surface stratification. The July pattern of flow on the eastern section was similar 

to that in January except that the recirculation was weaker and outflow area became 

larger on the eastern section. 

The coastal current on the western section increased in strength from 5 em/ s 

in January to 25 cm/ s in July, implying an intensification of the TWC in July. A 

wide northward flow of magnitude 10 cm/s was found on the northern section between 

stations 126 and 149. To its left, a southward inflow was found between stations 126-

129, probably being the southward intrusion of the YSCC (see section 2.2). 
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The apparent downstream and seasonal increase in the maximum velocity on 

the eastern section is not surprising because of the large southward meander of the 

Kuroshio in July. The main Kuroshio was confined to a narrow region with a width 

of about 75 km in July, 45 km smaller than the January. Therefore, the velocity 

must increase to keep the same mass flux. In addition, the southward meander of the 

Kuroshio in July may be related to the seasonal variation of the circulation in the East 

China Sea. The increasing discharge of the Changjiang provides a strong horizontal 

buoyancy force to cause southward intrusion of Coastal Water. The Kuroshio may shift 

southward in response to this intrusion of Coastal Water. 

A continuous horizontal pattern of flow on a isopycnal suface can not be drawn 

here using only three velocity sections because we do not know the relationship between 

the different patterns of flow on these sectons. However, the recirculation on the eastern 

section was too weak to support the outflow at the northeastern corner, suggesting 

that the outflow should chiefly come from the western section. The similarity of T / S 

characteristics between the mixed Coastal Water on the western section and the outflow 

on the northern section implies that the northward flow on the northern section can be 

traced to the western section. 

3.3 Absolute Geostrophic Velocity Estimate 

A Technique for ADCP Data Treatment 

Joyce (1988) has derived expressions for the true water velocity in which the 

ADCP misalignment and sensitivity errors are defined and calculated. Let the (x, y) 

coordinate system be the true east, north coordinate frame in which the position and 

velocity of the ship are determined, and the (x', y') frame be that of the ADCP in 

which the velocity is decomposed into the east and north using the ship's gyro. Then, 

the absolute velocity (taken here as the water velocity) is equal to the vector sum of 
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the detected Doppler velocity U~ and the ship velocity U8 • In the (x, y) frame this 

can be expressed by 

U, + (1 + f3)(U0,cosa - Va'sina), 

V, + (1 + f3)(V0,sina- Ud'cosa), 

(3.1) 

(3.2) 

where a is the counter-clockwise misalignment angle of the ADCP transducer or gyro 

error, and /3 is the correction factor due to sensitivity error. 

In shallow regions less than 200m, the ship's v~locity can be m easured directly 

with a 150 KHz ADCP, which is equal to the bottom velocity. In deeper regions , 

however, the ship's velocity must be determined by using Loran Cor satellite navigation 

fixes . If a and /3 are known, the error of the estimate of absolute velocity is mainly 

dependent on that of the ship's velocity. In the Gulf Stream, high quality Loran C 

fixes are readily available almost every 3 minutes (R. Weller, personal communication) , 

so that accurate estimates of the ship's velocity is possible provided some filtering is 

done to remove high frequency noise. However, on the January 1986 R/ V Thompson 

cruise in the Kuroshio, Loran C fixes were obtained about every half hour, and only 

3 to 4 Loran C fixes were recorded with each pair of CTD stations; thus the resulting 

calculation of the ship 's velocity was relatively poor. A simple technique is developed 

in the following to calculate the averaged water velocity normal to the transect given 

by each pair of CTD stations. 

Let A and B be the position of the ship at two successive CTD stations, and let 

(p, n) be directional unit vectors oriented either parallel or perpendicular to the station 

pair vector AB, respectively. If the water velocity averaged in time over the distance 

from A to B is denoted by 
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where ud = (1 + (3) (UdtCOSa- Vdtsina) and vd = (1 + (3) (Vd'sina- UdtCOsa), then, 

the average water velocity normal to AB is given by 

(3.5) 

where () is the angle between p and i, and Um and Udn are the normal components of 

the ship's velocity and ADCP velocity, respectively. 

If the ship starts at A and eventually reaches B, the average component of the 

ship's velocity normal to the section AB should vanish (i.e., iJ.,. = 0) , so the average 

water velocity U"m reduces to 

(3.6) 

The error in this estimate associated with the positioning error of the ship will be 

discussed later. For the January 1986 R/V Thompson survey over the triangle sections, 

the bottom velocity was recorded on the shelf from station 112 to station 124, and high 

quality GPS data were recorded from station 126 to station 130 and station 136 to 

station 138. The positions of remaining stations were estimated using Loran C fixes. 

Therefore, estimation of absolute velocity should be better on the western section where 

the locations of only three stations were dependent on the Loran C fixes . 

It should be pointed out that the averaging technique described above filters out 

any high resolution spatial and temporal variability in the absolute velocity structure, 

and does not allow determination of the two-dimensional current vector field. The 

averaged ADCP velocity still contains some ageostrophic components, such as tidal 

currents and inertial motions. These have been found to seriously contaminate ADCP 

data used for geostrophic reference in the open ocean (Toole, personal communication). 
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However, these ageostrophic motions may be small in the Kuroshio where the merid

ional flow is much stronger than the zonal flow. A simple scale analysis can help us to 

determine the relative sizes of these components. 

Let H1 , H2 and Uf, U'f be characteristic depths and tidal velocities in the 

Kuroshio and in the shelf region, respectively. Assuming the flow travels from the deep 

ocean onto the shelf, mass conservation gives 

ur ....., Hlur 
2 H2 1 . 

Based on the results of the numerical model of the M 2 tide in the East China Sea ( Choi, 

1980), U[ ....., 100 cm/ s at H 1 ....., 108 em. Using the typical value H2 ....., 106 em in 

the Kuroshio, we find that 

Uf ....., 1 cmj s. 

Since current velocities within the Kuroshio are of order 100 cm/ s, it follows that tidal 

currents can be safely neglected. 

The wind was very weak during the measurement time (Limeburner, personal 

communication). Therefore, the directly wind driven flows (Ekman flow and inertial 

motions in the surface water) were probably weak. In other words, the inertial term 

can be omitted if 

where f is the Coriolis parameter, u and v are zonal and meridional velocity components 

in the Kuroshio. Let T be the time scale over which the Kuroshio changes, and let U 

and V be characteristic values of u and v, respectively. It follows that the condition 

for inertial term to be neglected is 

1 u 
T » f(V) . 

In the Kuroshio west of Kyushu, with f ....., 10-4 s, U """ 10 cm/ s and V""" 100 cmj s, 

we find that 

T » 0.3 hr. 
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It follows that when the time scale of the motion is significantly longer than 0.3 hr, 

inertial term can be ignored. During our measurements, the time interval used for 

averaging the ADCP data between consecutive CTD casts was larger than 1 hr, one 

order of magnitude larger than 0.3 hr. Thus, the inertial term did not significantly 

contaminate our averaged ADCP data. We can still use the averaged ADCP data as 

the geostrophic reference to calculate the absolute geostrophic velocities. 

Error Analysis 

Two main errors must be taken into account when the technique introduced 

above is applied to find the absolute water velocity from the ADCP data: 1) the 

bias in the angle 8 between the station pair orientation AB and the x-axis of the 

geographical coordinate frame, and 2) the misalignment a and sensitivity {3 (or ADCP 

calibration) errors. The error in 8 results from uncertainty in the ship's position. 

A simple geometrical analysis reveals that this error is not only dependent on the 

absolute value of the circle error associated with each position fix but is also inversely 

proportional to the distance between two stations. The misalignment error a is caused 

by the small deviation of the orientation of the transducer head relative to the gyro 

reference orientation. The sensitivity error {3 can be caused by errors in the oscillator 

frequency or speed of sound and spreading of the acoustic beams, etc, which causes 

the ADCP velocity to be over or underestimated (See Kosro, 1985). Estimates of these 

errors are presented next. 

Error in the angle 8 

Two kinds of navigation data (Loran C and GPS) were used to determine the 

ship's position on the triangle sections during the January 1986 R/ V Thompson cruise. 

The Loran C data were recorded almost every half hour, while GPS data were obtained 

only 3-4 hours each day. Since the typical distance between CTD station pairs was 

about 30 km, the contribution of about 3 to 10m position uncertainty to the error in 8 

56 



in the GPS data was so small that it can be neglected. For this reason, the position error 

of the Loran C data has been calculated here based on the assumption that the GPS 

data were error free . The differences in latitude and longitude between simultaneous 

pairs of Loran C and GPS fixes are shown in Figure 3.7. The fact that the Loran C 

error was dominant in longitude means that the Loran C error would cause maximum 

errors in () for station pairs oriented north-south. The distance errors between the 

simultaneous pairs of Loran C and GPS positions obtained during the interval from 

January 28 to January 30 are shown in Figure 3.8, in which the maximum values of the 

Loran C position error did reach 1 km and roughly satisfied the Gaussian distribution 

over the time interval. In order to estimate the error in 0, a simple statistical analysis 

is done in the following . 

Let Aa and Ba be two GPS fixes and Ac and Be be two Loran C fixes (see 

Figure 3a), Yi is the distance error for each simultaneous pair of Loran C and GPS 

positions, and L is the distance from Aa to Ba (see Figure 3a). 

Figure 3a 

Then, the largest angle error between the station pairs can be expressed as 

I 

tan() - (3.7) 
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Suppose that o' is small, so that the small angle approximation can be made, 

o' Yi+l + Yi 
L 

Take all the distance errors Yi ( i = 1, N) as a set of independent random variables, 

with Yi assumed to be Gaussian with mean Y and variance u 2 about the mean. Then, 

the probability density function for each Yi can be given by 

1 
- e 

u ..j2; 
(3.8) 

Let Xi - Yi/ L , thus the probability density function of Xi is 

1 (L x i - ?J , 
- e ,.,, 

u ..j2; 
(3.9) 

Since 8' is a linear combination of Xi and Xi+b the probability density function of 

8' must satisfy the Gaussian distribution. Using some simple agebraic operations (see 

Appendix B), we can find the probability density function of 8' as 

Therefore, the expected value is equal to 

/_: o' P8• ( o') dO' 
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and its variation relative to (0') is found as 

so that the deviation of o' is equal to 

v'2o 
L' 

(3.12) 

(3 .13) 

It follows that the mean of the angle error ()' and its deviation o 8, are inversely pro

portional to the distance L, therefore, the angle error can be reduced by increasing the 

averaging length. 

The angle error o' is then given by 

0
, _ 2Y ± v'2o 

L L 

where Y = 702 m, o = 178m. 

(3.14) 

The correction of angle error o' for each CTD successive station pair has been 

done using the mean of 0'. Then the maximum error is estimated by o8,. This approach 

allows the maximum uncertainty error to be reduced to approximately 4-5 cmj s (see 

Table 3.1). 

The misalignment and sensitivity errors 

Starting with equations(3.1) and (3.2), Joyce (1988) derived formula for the 

calculation of misalignment and sensitivity errors for both bottom tracking and water 
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tracking modes. In water tracking mode, the assumption that the current Uw is equal 

before and after a single turn is used to eliminate Uw and then find o: and f3 . The 

solutions for o: and f3 require knowledge of the exact ship velocity, which we did not 

have for much of the cruise. In bottom tracking mode, Uw = 0 at the bottom, so that 

o: and f3 can be solved from equations (3.1) and (3.2) as follows 

(3.15) 

f3 
(Ud' U., + Vd' V.,) 

1 + = ( 2 2) ' ud, + vd, coso: 
(3.16) 

where the brackets ( ) refer to the average done over a chosen time interval. 

Using these two formula, values of o: and f3 were calculated during those time 

intervals in which GPS data were available for the entire January 1986 R/V Thompson 

cruise. The samples used in the calculation cover 8 days from January 21 to January 

29, during which GPS fixes were recorded every 2 minutes for 3-5 hours each day. In 

our computation, Ud' and Vd' were given by the bottom track velocities, and u. and 

v. were calculated using GPS fixes, and then equations (3.15) and (3.16) were used to 

estimate o: and f3 over a 30 minute averaging period. If the ship's course was relatively 

steady for a longer period, larger averaging time was used. 

The resulting o: and f3 values are shown in Figures 3.9 and 3.10. The mean value 

of o: was 0.463°and its deviation was 0.146°. The mean value of 1 + f3 was 0.993 and its 

deviation was 0.017. Therefore, we can use the mean value of o: and 1 + f3 to correct 

the water velocity, and the deviation to express the random errors. The computed 

misalignment and sensitivity errors for the January 1986 R/ V Thompson survey were 

then 

0: = 0.463° ± 0.146°' 

1 + f3 = 0.993 ± 0.017. 
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After correction, the error velocity due to misalignment and sensitivity was reduced to 

approximately 0.2- 0.5 em/ sec in the Kuroshio region. The error velocity was smaller 

than 0.2 cm/ s on the inner shelf where the current was weak and bottom tracking 

velocity was used for the ship's velocty. 

The total error velocity due to navigation, misalignment and sensitivity errors 

are summarized in Table 3.1. 
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Table 3.1 : Maximum uncertainty in absolute 
ADCP velocity normal to CTD station pairs 

for January 1986 R/V Thompson survey 

station pair ship 's ADCP h.Vmaz comments 
navigation bottom tracking cm/ s 

112-113 Loran C yes < ± 0.1 errors small due to 
bottom tracking 

113-114 GPS yes < 0.1 ' ' " , 
114-115 GPS yes < 0.1 '' " ' ' 
115-116 GPS yes < 0.1 

" " " 116-117 Loran C yes < 0.1 " " " 
117-118 Loran C yes < 0.1 

'' " " 118-119 Loran C yes < 0.1 
" " " 

119-120 GPS yes < 0.1 
" " " 

120-121 GPS yes < 0.1 " " " 
121-122 Loran C yes < 0.1 

" " " 122-123 Loran C yes < 0.1 " " " 
123-124 Loran C yes < 0.1 " " " 124-125 Loran C no ±4.4 errors large due to 

Loran C 
125-126 Loran C no ±3.9 

" " " 
126-127 GPS no ±0.9 errors small due to 

GPS 
127-128 GPS no ±0.7 

" " " 128-129 GPS no ±0.6 
" " " 

129-130 Loran C no ±6.4 errors large due to 
Loran C 

130-131 Loran C no ±5.3 " " " 131-132 Loran C no ±5.4 
" " " 

132-133 Loran C no ±5.6 " "" 
133-134 Loran C no ±5.6 

" " " 
134-135 Loran C no ±5.5 " "" 
135-136 Loran C no ±6.2 " " " 136-137 GPS no ±0.9 errors small due to 

GPS 
137-138 GPS no ±1.1 " " " 
138-139 Loran C yes < 0.1 errors small due to 

bottom tracking 
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Absolute Geostrophic Velocity 

In this section, we will use the averaged normal ADCP velocity at 60 m in the 

deeper water and 10 m in water shallower than 100 m as the reference level veloc

ity for absolute geostrophic velocity calculations. The resulting sections of absolute 

geostrophic velocity and their corresponding reference velocities are shown in Figures 

3.11 and 3.12. The Kuroshio flowed through the western section as a coherent current, 

and then split into two streams around a tall seamount as it left through the eastern 

section. Some countercurrents were found on the western section between the maximum 

velocity core of the Kuroshio and the slope, and on the eastern section to the north of 

t he northern maximum velocity core of the Kuroshio around a seamount, as well as on 

the northern section over the slope. Compared with the geostrophic calculation relative 

to the bottom, we can see that some important features of the Kuroshio such as the 

flow splitting around the seamount on the downstream section and the recirculations 

(or eddies) of order 5 - 10 em/ s over the slope were missed in the geostrophic flow field 

relative to the bottom. 

The actual bottom velocity was found to be about 10 cm/s at the center of the 

Okinawa Trough on the western section (Figure 3.13), and about 20- 30 cmf s on the 

eastern section. A bottom velocity of order 10 em/ s was also found by Bryden et al 

(1988) in the upstream region of the Kuroshio near Ryuku Islands and by Brooks and 

Niiler (1977) in the Florida Strait for the Gulf Stream. It is because of the existence 

of such substantial bottom velocities that sections of relative geostrophic velocity must 

be modified by the barotropic part of the absolute velocity. As a result of the large 

bottom velocities, the maximum velocity of the Kuroshio increased about 10 cm/ s on 

the western section and about 20 cmf s on the eastern section. The outflow through the 

northern section was also increased up to 20-30 cm/ s, and the area of the recirculation 

on the eastern section became larger even though its speed remained almost the same. 
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The geostophic velocity estimate relative to the bottom underestimated the transport 

in the Kuroshio and missed some important features of the flow field. 

Test of geostrophical approximation 

When the Rossby number is the order of 0.1 or less, the large scale motion 

can be approximately described by the geostrophic balance. In the Kuroshio west of 

Kyushu, f ,..., w-4 s, U ,..., 1 m / s and L ,..., 105 m , so that Ro = 10-1 • There

fore, the cross-stream momemtun balance in the Kuroshio west of Kyushu should be 

almost geostrophic. Can this basic dynamic balance be demonstrated from our cur

rent measurements? Calculation of absolute geostrophic velocity, using the averaged 

ADCP velocity at 60 m as the reference level, in January, 1986 allows us to answer 

the question here by the comparison between the absolute geostrophic and averaged 

Doppler velocity profiles. These comparisons are shown in Figure 3.14 (a-i). The max

imum difference, the mean difference and its deviation over the available depth interval 

are also shown in Table 3.2. For most station pairs except station pair 131-132, the 

vertical shear of absolute geostrophic velocity was in good agreement with the average 

ADCP velocity, implying that the thermal wind relation was a good approximation in 

the cross-stream direction in the Kuroshio. Although the maximum errors exceeded 10 

cmjs for some station pairs, mean errors were less than 4.0 cmjs in magnitude, and 

their deviations relative to the mean errors were small except station pairs 125-126 and 

131-132. 

At station pair 131-132, the vertical shear of absolute geostrophic velocity was 

much different from the average ADCP velocity, and the deviation relative to the mean 

also exceeded 7 cmjs, an amount greater than 10 percent of total averaged velocity. 

This station pair was located at the margin of the Kuroshio outflow and its recirculation 

where the radius of curvaure R for the local flow was probably of order 20 km, yielding 

a curvature Rossby number Rr = rR = 0.5 . The observed poor agreement between 
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the geostrophic and ADCP velocity shears is probably due to both curvature and time 

dependent effects. 

The large deviation at station 125-126 and large maximum errors found at some 

other station pairs may also be due to measurement errors in the ADCP since these 

deviations were all located in the deeper depth bins of the ADCP where the ratio of 

signal to noise was small. 

In hindsight, it is not surprising that the good coincidence between the ADCP 

and geostrophic velocities near the surface were observed because there were very weak 

winds at the surface in the time interval of the January 1986 survey (Limeburner, 

personal communication). Consequently the directly wind driven flows (Ekman flow 

and inertial motions in the surface water ) were probably weak. 

Table 3.2: Comparison between tha averaged ADCP 
velocity and absolute geostrophic velocity 

station maximum mean standard depth 
pair difference difference deviation interval 

6umaz (cm/s) 6u (cm/s) Unu(cmjs) (m) 
124-125 -8.9 -1.7 4.0 1.5-118.5 
125-126 -17.7 -3.2 7.1 4.5-127.5 
126-127 2.8 -0.4 1.4 4.5-124.5 
127-128 -4.4 -0.3 1.3 4.5-139.5 
128-129 16.0 3.6 3.7 4.5-139.5 
129-130 -7.3 -3.5 2.6 4.5-142.5 
130-131 -5.2 -0.5 3.1 4.5-148.5 
131-132 -14.1 0.5 7.1 4.5-100.5 
132-133 -5.1 1.2 2.5 4.5-127.5 
133-134 9.1 1.9 3.9 4.5-127.5 
134-135 9.5 1.1 4.5 1.5-139.5 
135-136 -5.2 -0.1 2.7 1.5-133.5 
136-137 2.2 -0.3 1.1 1.5-139.5 
137-138 3.5 0.7 1.4 1.5-139.5 

65 



3.4 Conclusion 

A large southward displacement of the Kuroshio was found between January 

and July, 1986 in the study area. The axis of maximum velocity of the Kuroshio on the 

upstream western section was located at the center of the Okinawa Trough in January, 

60 km away from the shelf break. It had shifted southward about 35 km in July. The 

width of the Kuroshio was about 120 km when it left through the eastern section in 

January, but was reduced to a narrower region of about 75 km south of a tall seamount 

in July. 

A simple averaging technique has been used to convert the ADCP data in Jan

uary, 1986 into an absolute velocity. A detailed error analysis shows that the total error 

in the average ADCP absolute velocity was within ±5 em/ s. The absolute geostrophic 

velocity using the average Doppler velocity at 60 m (or 10 m over the shelf) as the 

reference velocity was then calculated for the sides of the triangle. The results show 

that the ADCP velocity shear was in reasonably good agreement with the geostrophic 

shear in the Kuroshio. The Kuroshio flowed through the western section as a coherent 

current, and then split into two streams around a tall seamount as it left through the 

eastern section. Some countercurrents were found on the western section between the 

maximum velocity core of the Kuroshio and the slope, and on the eastern section north 

of the northern maximum velocity core of the Kuroshio as well as on the northern 

section over the slope. The bottom velocity in the Kuroshio was about 10 cm/ s on the 

western section and about 20-30 em/sec on the eastern section. These flow features 

illustrate the importance of using direct current measurement ADCP data to calculate 

the absolute geostrophic velocity. 
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Chapter 4 

The Geostrophic and Absolute Geostrophic Transports 

4.1 Introduction 

To understand the role of the Kuroshio in maintaining the global oceanic and 

atmospheric climate, it is fundamentally important to know its volume, heat and salt 

transports. Study of transports of the Kuroshio can be traced back to World War II 

during which most of the observations were made south of Japan by Japanese fishermen 

and navigators. Since then, many studies have been made on the Kuroshio from its 

beginning near Luzon Island to the Kuroshio extension at 40°N. A summary of previous 

transport estimates of the Kuroshio is given in Figure 4.1 and Table 4.1. The Kuroshio 

changes a lot in its transport when it flows from south to northeast through the East 

China Sea. The large transports east of Luzon and Taiwan are believed due to the 

existence of large warm eddies. The smooth downstream increase in total transport 

south of Japan due to recirculation and eddies is similar to the Gulf Stream north 

of Florida Strait (see Figure 4.2 and Table 4.2 taken from Knauss, 1969), implying a 

dynamical similarity of the western boundary current in these two regions. However, 

unlike the Gulf Stream system where absolute volume transports are relatively well 

known from combined CTD and direct current measurements, very few good estimates 

of the absolute transports of the Kuroshio have yet been made. Most previous transport 

calculations are based on the assumption of a deep level of no motion. 
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The interannual variability of the Kuroshio was described first by Saiki (1982) 

who calculated annual volume transports of the Kuroshio in the East China Sea near 

27oN and 126°E from 1955 to 1978 based on the geostrophic velocities relative to 700 

db, and found 5.5 and 8 year period variations of volume transport in the Kuroshio. 

On the same survey section, Pu et al(1987) discussed the seasonal variation of volume 

transport in the Kuroshio by calculating the monthly baroclinic volume transport of 

the Kuroshio relative to 800 db over the 48 cruises from 1972 to 1982 (Figure 4.3). 

They found that there were two maximum peaks of the transport in the Kuroshio 

around a year; one was in later spring between March and May, another was in summer 

between July and August. A similar result was obtained by Blaha and Reed (1982) , 

who calculated the seasonal amplitude of the sea level difference across the Kuroshio 

in the Tokara Strait. Based on Pu's transport data shown in Figure 4.3, we calculated 

the deviation of monthly volume transport to the annual mean value. The results show 

that the mean deviation to the annual transport over ten years was about 2 Sv but 

the extrema can reach 5.3 Sv difference from mean for some years. A similar seasonal 

variability structure was also found in the Gulf Stream in the Florida Strait near 27°N 

by Leaman (1987) who calculated monthly absolute volume transport averaged over 

two years from April 1982 through July 1984 using PEGASUS data. He found that 

both the baroclinic and barotropic volume transports had two maximum peaks in May 

and July or August. The variability was much larger in the barotropic component 

than in the baroclinic (Figure 4.4). The maximum deviation of the monthly mean 

transport to its annual mean value exceeded 4 Sv in the barotropic part but it was 

just 1-2 Sv in the baroclini_c part. Although there is at yet no corresponding time 

series of absolute volume transport measurement in the Kuroshio, we can still see 

some similarity in the seasonal variation between the Kuroshio and Gulf Stream in 

the baroclinic transport. On the other hand, the large contribution of the barotropic 

component to the seasonal variation of volume transport in the Gulf Stream implies an 
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importance of absolute velocity measurement in determining the seasonal structure of 

western boundary currents. 

A direct measurement was recently made in the Kuroshio off Tanegashima Is

land, south of Kyushu by Takematsu et al. (1986), who used moored current meters to 

measure the absolute velocities in the upper 1000 m from 1972 to 1982. The total vol

ume transport was estimated to be 25 Sv south of Tanegashima Island, at 30°N, 131 °E , 

downstream of our study area. Bryden et a/.(1987) used the average Doppler velocity 

at 100 m as the reference velocity for their geostrophic calculations and found that the 

total volume transport was equal to 26 Sv near Ryuku Islands, at 26°N, 125°E , about 

350 km upstream of our triangle area. If the seasonal and interannual variabilities were 

small, the volume transport through our study triangle section should be very similar 

to their results. 

The January CTD data and computed absolute geostrophic velocity field allow 

the direct calculation of volume, heat, and salt transports in the Kuroshio during 

January, 1986. In addition, the calculations of geostrophic volume transports relative 

to the bottom for January and July provide a possible view of its seasonal variation. 

All of these will be discussed in detail in sections 4.2-4.4, respectively. Since the results 

show that the volume transports through the triangle domain were conserved within 

the measurement uncertainty, a streamfunction can be defined by the transport. The 

streamfunction will be used in section 4.5 to determine the horizontal structure of the 

flow field in the study triangle. Conclusions will be made in section 4.6. 

4.2 Volume Transports 

The two triangle surveys made on the R / V Thompson and R/ V Washington 

cruises provide across-stream profiles of geostrophic velocity so that the geostrophic 

volume transports of the Kuroshio can be estimated. The island located near the 
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southern corner of the triangle confines the Kuroshio on its southern side, and it is 

generally believed that the Kuroshio countercurrent is dominant to the south of the is

land (Nitani, 1972). Thus, calculation of transport through the triangle section should 

include almost all of the transport through the Okinawa Trough but not the net trans

port through the East China Sea. In addition, the smooth topography on the western 

section makes the calculation of transport more accurate than the other two sections. 

Therefore, the transport estimates for the western section should be representative of 

the Kuroshio transport. 

Geostrophic Volume Transports relative to bottom 

Figure 4.5 shows the results of the volume transport calculations based on the 

geostrophic velocities relative to the bottom for the January 1986 R / V Thompson 

cruise. The total eastward transport was found to be 33.8 Sv on the western section, and 

-31.0 Sv on the eastern section as well as -2.5 Sv on the northern section. The net inflow 

into the triangle was equal to 0.3 Sv, implying a good conservation of the transport in 

this closed triangle domain. However, such a conservative result of transports may be 

obtained by accident because the sharp seamounts were not taken into account in the 

calculations of transport on the eastern section. On the other hand, the seamounts on 

the eastern section were related to the outflow of the Kuroshio and the countercurrent, 

respectively, and then the contributions of these seamounts on the flow may cancel 

each other so that the conservative transport system was obtained in our results. The 

similar calculations done for the July 1986 R / V Washington cruise are shown in Figure 

4.6. The total eastward volume transport was estimated to be 31.7 Sv on the western 

section and -29.0 Sv on the eastern section as well as -0.3 Sv on the northern section. 

The net inflow transport was equal to 2.4 Sv, still implying a conservative transport 

field within the uncertainty of these measurements. 

A comparison between the July and January volume transports of the Kuroshio 

may be made using the T / S analysis presented in section 2.4 to indicate that the inner 
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edge of the Kuroshio is at station 122 in January and at station 133 in July. The 

corresponding transports of the Kuroshio, according to this definition, were 33.7 Sv in 

January and 31.7 Sv in July, a difference of 2.0 Sv. Since the core of the Kuroshio 

moved southward during July, 1986, some transport near the southeast corner of the 

triangle section was probably missed due to the incomplete coverage across the East 

China Sea. The distance from the southeast corner of the triangle to the island is about 

10 km, the average depth between them is 800 m. If the velocity decreases linearly from 

a value of 0.7 m/s at the surface to zero at the bottom, then the missed transport in 

the July survey would be 2.8 Sv. Therefore, the calculated difference of 2 Sv may not 

be representative of seasonal variation of the volume transports of the Kuroshio. On 

the other hand, the large transport, as mentioned before, usually occurs in later spring 

between March and May or in summer between July and August. A small difference 

in transport between January and July 1986 may imply a weak seasonal variability in 

that year. 

It should be noted that the geostrophic transports relative to the bottom missed 

the contribution of the barotropic part of the current field. As we know, the bottom 

velocity in the Kuroshio west of Kyushu was not equal to zero in the study triangle. 

Therefore, the transports obtained from relative velocities are not necessarily repre

sentative of the true transports of the Kuroshio, especially if the barotropic velocity 

component changes with time, as is likely as in the Gulf Stream in the Florida Stream. 

Absolute Geostrophic Volume Transport 

One problem in calculating geostrophic transport is our poor knowledge of the 

bottom bathymetry along the eastern transect, especially near the seamounts. In 

order to overcome this difficulty, we consider two limiting cases. First, we ignore 

the seamounts completely and assume a smooth deep bottom. Second, we treat the 

seamounts as rectangular shapes. Therefore, the true transport should be between 

these two limits. The absolute volume transports in January, 1986 calculated with the 
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smooth deep bottom on eastern section are shown in Tables 4.3- 4.5. The total inflow 

transport of the Kuroshio was equal to 30.3±2.0 Sv on the western section, while the 

outflow transports were -26.3±2. 7 Sv on the eastern section and -4.6±0.4 Sv on the 

northern section. The net transport into the triangle was - 0.6 ± 3.3 Sv. When rect

angular seamounts are assumed for the eastern section, the outflow transport on the 

eastern section increased to -30.1±2.6 Sv (see Table 4.6). The real outflow transport on 

the eastern section was likely between -26.3±3.0 Sv and -30.1±2.6 Sv. Considering the 

size of the experimental uncertainties of these transport estimates, we conclude that 

the total volume transport field was conserved in the closed domain. 

The missed transport due to the incomplete coverage of the passage can be 

roughly estimated using the same method as before. The distance from the southeast 

corner of the triangle to the island is 10 km. The depth is 800 m at the southeast 

corner of the triangle and zero at the coast of the island. If the velocity was assumed 

as 60 cm/s at the surface and 10 cm/s at the bottom (based on the velocity profile at 

station pair 125-126), then, the missed transport is estimated to be 1.4 Sv, only 4.7 

percent of the total absolute transport. The total transport over the shelf region was 

almost equal to zero. Therefore, the best estimate of Kuroshio volume transport in 

January, 1986 should be expressed by the transport on the western section plus the 

missed transport at the southeast corner of the triangle, which is 31.7 ± 2.0 Sv. 

The small difference between the absolute and relative volume transports is 

within measurement uncertainty. Relative volume transport calculations overestimated 

the transport by missing of the recirculations on the flanks of the Kuroshio while 

underestimating the velocities in the center of the Kuroshio where the bottom velocity 

was about 10 em/sec. 

The westward outflow transport over the slope region in the western section was 

about 0.5 Sv. This outflow is probably recirculated from the main Kuroshio near the 

western section since there was no evidence of similar T / S curves on the downstream 
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sections. A large countercurrent transport of order 4.1 Sv to 6.9 Sv was found on the 

eastern section. At the same time, the same order outflow transport of 6 .8 Sv was 

also found around the northeastern corner of t he triangle from stations 134 to 137, 

suggesting the outflow near the northeastern corner may come from the recirculation 

on the eastern section. In addition, on the northern section, an inflow transport of 

1.0 Sv was computed for the band of station 112-115 and 137-138 as well as 138-112 . 

Based on the results of the T / S analysis presented in section 2.4, this inflow may come 

partly from the recirculation on the northeast corner of the triangle and part ly from 

the southward flow prevailing around the year over the shelf (Nagata, 1981). A clear 

path of the Kuroshio and its adjacent currents will be given in section 4.5 when the 

streamlines are defined by the transports. 

4.3 Heat Transport 

It is well known that the net absorption of solar heating over the globe is un

equally distributed from the equator (net gain) to the pole (net loss). The atmosphere 

and ocean must transfer this heat poleward in order to maintain a quasi-steady global 

climate. The fact that there is the net poleward heat transport in the North Atlantic 

and North Pacific Oceans has been demonstrated in many previous papers (Oort and 

Yonder Haar, 1976; Wunsch, 1978; Hastenrath, 1980; Roemmich 1984; Hall and Bry

den, 1982; Bryden et al., 1987 etc.,). In the North Atlantic and North Pacific, the 

basic pattern of circulation consists of a two gyre system, with subtropical and sub

polar gyres. Most of the subtropical gyre is dominated by slow southward flow except 

near the western boundary where there exists a strong northward boundary current 

such as the Kuroshio and Gulf Stream. Therefore, the Gulf Stream and Kuroshio play 

an important role in providing poleward heat transport. 
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The direct method to calculate heat transport is given by 

II Cp()V pdzdx, (4.1) 

where p is the fluid density , Cp the specific heat capacity, () potential temperature 

and V the north-south component of absolute velocity. Since the choice of temperature 

scale is arbitrary, the heat transport obtained directly above is meaningful only when 

the mass of the system is conserved (Montgomery, 1974). For this reason, oceanic 

heat transport is usually computed on a section across the whole ocean basin based on 

the assumption that a southward interior mass transport equals the sum of the wind 

driven Ekman and northward western boundary current transports. The calculation of 

heat transport of the Kuroshio or Gulf Stream (strictly speaking, it should be called 

the temperature transport, see Hall and Bryden, 1982)\ as a part of the total heat 

transport, is useful to understand the contribution of the Kuroshio (or Gulf Stream) 

to the net poleward heat transport. An example is given by Hall and Bryden (1982) 

who divided the velocity and the potential temperature into a sum of a barotropic and 

baroclinic components, i.e, 

(4.2) 

and calculated the heat transport of the Gulf Stream in the Florida Strait. Using 

the Niiler and Richardson (1973) volume transport measurements where the volume 

transport equaled 32.9 Sv in summer with an annual average of 29.5 Sv, Hall and Bryden 

found that the baroclinic heat transport equaled 5.0 x 1014 W, while the barotropic part 

was about 21 x 1014 and 18.8 x 1014 W, respectively corresponding to the summer and 

annual volume transports. Thus, the total heat transport of the Gulf Stream in the 

1 We will use " heat transport " but mean " t emperature transport " . 
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Florida Strait was approximately equal to 23.8 x 1014 W for a volume transport of 

29.5 Sv and 26.0 x 1014 W for a volume transport of 32.9 Sv. Bryden et al (1987) also 

used the same method to estimate the heat transport of the Kuroshio, and found that 

the baroclinic heat transport at 24°N in June, 1985 equaled 8.9 x 1014 W. The volume 

transport across the Kuroshio was estimated to be 26.2 Sv and the mean potential 

temperature was 11.6°C. If Cp = 4.0 J l goc and p = 1.026 X 106 gl m 3
, then the 

total barotropic heat transport was 12.0 x 1014 W. Thus, the total heat transport at 

24°N was 20.9 x 1014 W in June ,1985. Since a typical Kuroshio current is 100 cml s 

and Doppler velocity error is about 5 cml s or 5 percent, we expect that the total heat 

flux estimated by Bryden et al (1987) will have the same percent error. Therefore, the 

heat transport of the Kuroshio was 20.9 ± 1.1 x 1014 W for a volume transport of 

26.2 ± 1.3 Sv in June, 1985. 

In this present work, I will consider the triangle study area as a closed system. 

The January 1986 volume transport calculations discussed before exhibit mass conser

vation which allows the estimate of heat transport in such a system. Heat transports 

for each section in the triangle are shown in Tables 4.3-4.6. The total eastward in

flow heat transport on the western section was 27.6±1.8x 1014 W, while the outflow 

heat transports were -26.0±3.1 x 1014 W (without seamounts) or -27.2± 2.3 x 1014 W 

(with rectangular seamounts), and -2.4± 0.2 x 1014 W on the northern section. The 

net loss of heat in the triangle was -0.8±3.2 (without seamounts) or -2.0 ±2.9 (with 

seamounts) x 1014 W. The results indicate that the net heat loss in January at that 

latitude is not significantly different from zero since the order of the net heat loss was 

smaller than that of the errors due to the uncertainty of the absolute velocity estimates. 

The missed heat transport due to the incomplete coverage of the passage can 

be roughly estimated using the missed volume transport near the southeast corner of 

the triangle. Suppose that the average potential temperature and density are 13°C 

and 1.028 x 106 g I m 3 , respectively. If Cp = 4.0 J I go C, then missed heat transport 
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can be estimated to be 0. 7 X 1014 W for a volume transport of 1.4 Sv. Therefore, the 

best estimate of the heat transport across the Kuroshio can be expressed as the sum of 

the heat transport through the western section plus its missed part near the southeast 

corner of the triangle which equals 28.2±1.8 x 1014 W for a volume transport of 

31.7±2.0 Sv in January, 1986. 

Using the mass transport to weigh the heat transport, we can find the " mean 

temperature ", which is useful to isolate transport change from water temperature 

change. Interestingly, the mean temperature was colder in the 1985 Bryden's summer 

data than our 1986 winter data even though the shelf temperatures were colder. In 

hindsight, the mean temperature in our 1986 summer data was warmer than our winter 

data, suggesting that some special cooling processes might occur in the 1985 summer 

near Ryuku Islands. 

The heat transports for the Kuroshio and Gulf Stream taken from Bryden et 

al (1987), Niiler and Richardson (1973) and Leaman (1987), together with our present 

result, are plotted with respect to volume transport in Figure 4.7. A good correlation 

between the heat and volume transports found in Figure 4.7 implies a small variabil

ity in potential temperature for the calculation of heat transport. A linear regression 

equation can be determined for these heat and volume transports using a least square 

fit. The root-mean square deviation is about 1.1 x 1014W, which is much smaller than 

the general uncertainties of heat transport measurements (see Leaman, 1987), imply

ing a linear correlation between heat and volume transports in the Gulf Stream and 

Kuroshio. What does this mean physically? If mean potential temperature across a 

section is constant, then all the variabilities of the Kuroshio or the Gulf Stream are 

barotropic and uniform across the passages. 
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4.4 Salt Transport 

Since the salt does not cross the air-sea interface, there should be no local 

change of salt. That is, the salt flux divergence through the triangle must be equal 

to zero. Therefore, the mass conservation in the triangle mentioned before should be 

demonstrated with the salt transports. A example of salt transport for the January 

R / V Thompson survey is given in Tables 4.3- 4.6 based on the estimate of the absolute 

geostrophic velocity. The total entering salt transport was found to be 108.0 ±7.3 x 1010 

kg/ s on the western section, while the total leaving salt transport equaled a sum of-

93.8±9.6 x 1010 kg/ s without seamounts to -107.1±9.3 x 1010 kg/ s with seamounts on the 

eastern section and -16.2± 1.4 X 1010 kg/ s on the northern section. The net salt transport 

was -2.3±12.1 to -15.3±11.9 X 1010 kg/ sec. Therefore, in so far as the acceptable errors 

the salt was conserved in the triangle during January, 1986. 

The outflow salt transport on the slope region of the western section was about 

5.3 x 1010 kgj s, 4.9 percent of the total salt transport. A large salt transport of about 

21.9 x 1010 kg/s due to recirculation of the Kuroshio was found on the eastern section. 

At the same time, it was also found that about 24.0x 1010 kg/ s salt transport flowed out 

near the northeastern corner of the triangle from station 133 to station 137, suggesting 

again that the countercurrent on the eastern section was directly responsible for the 

outflow near the northeastern corner. A detail discussion for the path of the Kuroshio 

and its adjacent current is given next. 

4.5 Path of the Kuroshio and Its Adjacent Currents 

The approximate conservation of volume transport through the triangle dis

cussed before allows us to define a transport streamfunction W by the continuity equa-
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tion, 

where U = foh udz, V 

horizontal unit. Since 

au av 
ax + ay 0, (4.3) 

f; vdz are the volume transports in the water column per 

v ( 4.4) 

the strearnfunction W can be found by integrating the above equation with respect to 

x, 

w(x) (4.5) 

If Xo is fixed at the southeast corner point of the triangle, we can set w(xo) = 0, and 

use ( 4.5) to compute W as a function of x taken here as the distance along the station 

sections. 

The contours of the streamfunction so defined by the absolute geostrophic trans

port are drawn in Figure 4.8 for the January 1986 R/V Thompson survey. At this time, 

the Kuroshio flowed through the western section as a coherent current and then split 

into two branches around the seamount when it left through the eastern section. To 

the north of the Kuroshio, a countercurrent flowed into the triangle between stations 

131 and 133 on the eastern -section. This current went up to the slope first and then 

turned anticyclonically to leave the study region again near the northeastern corner of 

the triangle. At the same time, on the western section, a small part of the Kuroshio 

was recirculated on the slope. Combined with the T /S analysis presented in section 

2.4, we find that part of outflow near the northeastern corner of the triangle was re

circulated cyclonically on the northern section between stations 113 and 138 and then 
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joined the outflow again between stations 136 and 138. Based on the above pattern of 

the Kuroshio, we conclude here that the outflow near the northeastern corner of the 

triangle was mainly from the countercurrent through the eastern section. 

Finally, let's discuss where the outflow near the northeastern corner of the trian

gle section can go. Can it partly flow into the Korea Strait as a portion of the Tsushima 

Current? Nagata (1981) discussed surface current data in the East China Sea and west 

of Kyushu during summer and argued that since a southward current prevails over most 

of the region west of Kyushu, no Kuroshio water should flow directly into the Korea 

Strait. However, Nagata's conclusion may be incomplete since some Kuroshio Water 

may flow northward near the bottom. Without CTD data further north, we can not 

say much about the path of the outflow near the northeastern corner west of Kyushu. 

Based on the shape of the 200 m isobath near the northeastern corner of the triangle, 

it seems quite possible that at least part of the outflow near the northeastern corner 

could flow along the upper slope, and then flow southwestward again to exit the East 

China Sea through the Tokara Strait. 

4.6 Conclusion 

The volume, heat and salt transports of the Kuroshio have been calculated using 

the January 1986 R / V Thompson ADCP and CTD data. The volume transport of the 

Kuroshio west of Kuroshio in January 1986 was 31.7± 2.0 Sv, the salt transport was 

about 108.0±7.3 x 1010 kg/s, and the advective heat transport was 28.2± 1.8 x 101" W. 

The volume transport of the-Kuroshio west of Kuroshio is similar to that of the Gulf 

Stream in the Florida Strait and the heat transports in these two region are roughly 

linearly correlated with the volume transport. 

Conservation of mass transport in the study triangle allows us to define a stream

function by the transport. The resulting streamlines clearly explain the horizontal 
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structure of the flow field in the Kuroshio and the adjacent region in January 1986. 

The recirculated waters at the middle of the eastern section and over the slope of the 

northern section were responsible for the relatively large outflow near the northeastern 

corner of the triangle, and there is no evidence to show the direct relation between the 

countercurrent on the eastern section and the recirculation on the slope. 
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Kuroshio from east of Luzon to Kuroshio extension. 
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TABLE 4.1 : VOLUME TRANSPORT OF THE KUROSHIO 

I 
!at 

: tr:uuport 
~verage 

aection reported by method date or tr~aport 

long (av ) {av ) 
G1 May,1959 18° 20 ~ 27 

E&.et of Nit~i 
" 

Aug,l965 1-r<> •s' N 36 28 
Llilon {1972) 

" 
Aug,l966 1-r<> oo' N 20 

" 
Feb,1967 18° oo' N 28 

G1 M-.y,l959 20° 00 N 55 
Luaon Nit~i " 

Aug,l965 19° 30' N 48 47 
Str~t {1972) 

" 
Jul,l966 20° IS' N 42 

" 
Feb,l967 20° 10' N 45 

Wyrtki G1 Feb,l967 23° 00 N 29 
(1961) 

" Eu& of Nitw 
" 

Jul,l965 23° oo' N (47) 
T~wa.a (1972) 

" 
Ju,l966 23° oo' N 45 

" 
Jul,l966 23° oo' N 46 40 

" 
Jul,l966 23° 45' N 34 

G1 Oct,1942 25° 00 N 29 

Entra.aee " 
Oct,1961 25° oo' N 33 

of E&.e& Nitw " Auc,l905 25° oo' N 30 33 
Chilla Su (1972) 

" 
Ja.a,1966 25° oo' N 33 

" 
Jul,l966 25° oo' N 32 

Bryden d al DG Juu,l985 24u·28°N 26.2 
{1987) G1 
Nitw 

" 
Summer, 26°-3o0N 35 

(1972) .. 1965-1966 26°-3o0N 
Eu& Silli G2 1955-1980 26°-loON 21.3 

China Sea (1982) (71 eruiaa) :'!0.5 
Niahinwa G2 1955-1980 26°-3o0N 19.7 I 
et al( 1982) 
Pu Yougxin G3 1972-1983 26°-3o0N 19.6 

( 1987) (48 eruiaa) 
Chene& al 

( 1989) DG Ju,1986 2'1"-3o0n 31.7 
(preMn& wotk) .. 

Takemwu T 1972-1982 130"-131°E 25 
e& al(1986) 

Tan G3 1956-1964 131uE 30.4 
South ol (m2) .. "" 

133°E 32.5 
Jap&D u It " II II 135°E 35.7 

II Jt " t1 H 13'7"E 48.0 

t1 II " II It 139°E 48.6 
Kuro.hio Niiler e& al G4 1980.1981 152uE 51.0 
Exten.aioa {1985) 

Gl: Estimates based on the geostrophic velocity relative to 1200db. 

G2: Estimates based ·on the geostrophic velocity relative to 700db. 

G3: Estimates based on the geostrophic velocity relative to 800db. 

G4: Estimates based on the geostrophic velocity relative to bottom. 

DG: Estimates based on the combiniation of the ADCP and CTD. 
T : Estimates based on the Mooring and CTD. 
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The location of the fourteen set of volume 
transport measurements given in Table 4.2 

(from Knauss, 1969) 

TABLE 42 : VOLUME TRANSPORT OF THE GULF STREAM 

Location Transport 
M~asur~d by Dar~ (km) (106 m3/ sec) 

( 1) R.JCHARDSON and SCHMITZ ( T) Aug., Oct .. Dec. 1964 
Apr. 1965 (7) 
May, June 1965 (23) 0 33 

(2) R.JCHARDSON, SCHMITZ 
and NIILER (T) June, Aug. 1966 210 33 

(3) R.JCHARDSON, SCHMITZ, 
May, June 1967 

and NllLf.R (T} May, June 1967 300 35 
(~) RICHARDSON, SCHMITZ, 

and Nll LER ( T} May, June 1967 530 37 
(5) K=-A~SS ( T} Sept. 1966 725 52 
(6) RICHARDSON, SCHMITZ, 

and NIILER (T) J une, July 1968 910 55 
\ - ) SWALLOW and WORTHINGTON (G) March, 195 7 980 6~ 
(81 KNAUSS (T) July, Aug. 1965 1050 57 
C9) K~Al:SS (T) July 1967 1215 63 

ll 0) BARRETT (G) Oct. 1962 1225 60 
Il l ) WORTHI~GTON and WRIGHT (G) Nov. 1966 13 1 s ~~ 

(1 2) KNAUSS(T) July, Aug. 1965 1400 76 
113) WARREN and VOLKMANN (G) June 1966 1840 101 
( I~) FUGLIST!R (G) May, June 1960 2210 1 ~7 

Volume transport estimates of the Gulf stream using geostrophic mea
surements and neutrally buoyant floats (G) and measurements of 
the vertically integrated horizontal velocity using transport floats(T) 
(taken from Knauss, 1969) 
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a: Monthly absolute tra.naports 
meaaured by STACS PEGASUS at 

27°N in the Florida Strait from 
April 1982 to July 1984. (from Leaman, 

1987) 
b: Decomposition of total transport into 
ba.roclinic and barotropic components . . 
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VOLUME TRANSPORT ON NORTHERN SECTlON 
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TABLE 4.3 : TRANSPORTS ON NORTHERN SECTION 

' HUIOD 1 vola.me :'T'I.U. i tal& 1 ht.u. 
1 p&Jr · tn.upon I UTOr r ua.napon 1 U'n)r 1 'r~ I UTOr 1 tra.napon I UTOr 1 
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Table 4.3- 4.6 

The January 1986 absoiute 

t ransports . 

Positive: inflow. 
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TABLE 4.6 : TR.AJ.'lSPORTS ON EASTERN SECTION 

I station I volume I I mua I salt I 1 hea t 
p&ir tr&nsport error t r&nsport error I transport error I transport , error 1 

(sv) ( 10° kg/ a) ( 1010 kg/ s) I (1014 J /s ) I 1 

19 -0.7 ::::0.2 -0.8 ±0.2 1 -23.8 =0.5 I -6.2 : 0.1 1 
20 -13.2 ±0.1 -13.5 ±0.1 --46.8 ±0.-4 -10.1 :0.1 1 

:~o \ G f.~ 
'!?" 

21 -1.5 ::::0.8 -1.6 :!::0.8 -5.5 ±2.9 1 -2.6 :1.t I 
22 -10.-4 :!::0.8 -10.7 ±0.8 -37.0 ±2.9 -8.1 =0.7 1 
23 -0.5 ±0.8 -0.6 ±0.9 -2.0 :!::3.0 1 -1.2 : 1.9 I 

I 
24 -4.0 : 0.9 -4.1 ±0.8 14.2 :3.0 3.0 =0.7 1 

·j 
2 

6 
5 

s . 7 • • 
Q -. • • 

10 
24 

• • 
~ 23 11 • ~ • :::, 

12 • ~ 22 
~ 

"1 • 
t:l 21 

-...J • • 
6 • 20 • 17 • 19 

18 • 
':1. / V Tnomoson 

{/ -.~onuory 1936 

zao 
126° E: 130° 

Longitude 

25 0.3 ±1.1 0.3 ±1.1 0.9 :!::3.7 0.3 =l.l l 
28 -0.3 ::::1.1 -0.4 ± 1.1 -1.2 :!:3.9 -0.3 1 =1.1 1 
21 -1.7 :!::1.3 - 1.7 ±1.-4 -5.9 :!::-4.7 -1.4 -u i 

total -30.1 :!::2.8 -30.8 I ±2.7 1 -107.1 :9.3 1 -27.2 :2.3 I 

Note: With the sha.rp seamount bottom. 

TABLE 4.5 : TRANSPORTS ON EASTERN SECTION 

station volume m.aaa salt r I heat I 
p&ir tram port error tranaport error tranaport error tranaport l error 1 

(sv) I (10° kg/ •l I (1olo kst•l I ( 1014 J /s ) l ' 
19 -6.7 ±0.2 -0.8 ±0.2 -23.8 ~0.7 1 -6.2 1 :t:0.2 J 
20 -13.2 ±0.1 -13.5 ±0.1 --48.8 :0.-4 - 10.1 I =0.1 1 
21 -0.3 ±0.2 -0.3 ±0.2 -1.0 ±0.7 -2.3 :1.5 I 
22 -10.4 ±0.8 -10.7 ±0.8 -37.0 ±2.9 -8.-4 :0.6 1 
23 1.9 ±1.1 1.9 ±1.2 6.5 ±3.8 -0.-4 I = 0.2 1 
24 -4.1 ±l.O -4 .2 ±1.1 1-4.5 :!::3.5 3.0 :0.7 
25 0.3 ±1.1 0.3 :!::1 .1 0.9 ::!:3.3 0.3 I =1.1 1 
28 -0.3 ±1.1 -0.4 ±1.1 -1.2 =··· -0.6 I :!::2.1 I 
27 -1.8 :!::1.3 -1.7 ±1.4 -5.9 ± -4 .3 -1.4 -1.0 I 

total -28.3 ±2.7 -27.0 ::::2.7 1 -93.8 I ::::9.6 1 -26.0 =3.1 1 
-

Note: No sharp seamount bottom. 

TABLE 4.4 : TRANSPORT~ -ON WESTERN SECTION 

s tatJon volume I mass sa lt I I heat 
pa1r transport error 1 transport error transport I error transport error 

(sv) I (109 kg/ s) (1010 kg/ s) (1014 J f s) 
10 

I 
0.2 < 0.1 1 0.2 < 0.1 0.8 < 0.1 0.2 < 0 .1 

11 0.2 
" 

0.2 
" 

0.7 
" 

0.2 
" 12 -0. 1 

" 
-0.1 

" 
-0.5 

" 
-0.1 

" 
13 I -0.1 

" 
-0.1 

" 
-0.2 

" 
-0.0 .. 

I 14 i -0. 1 
" 

-0.1 
" 

-0.3 
" 

-0.1 
" 

~ s 
I 

-1.2 -1.3 -4 .3 -0.6 
" " " " 

I 16 5.7 ±1.1 5.8 ±1.1 20.2 :!:3.7 1 5.8 ±1.1 

I 
17 18.9 ±1.7 1 19.4 ±1.8 67.3 :!:6.2 15.6 ±1.4 
13 6.8 :!:0.3 7.0 :!:0.3 I 24.3 :!:: 1.0 6.6 :!:0.2 i 100 

total 30.3 I :2.0 I ~ 1.1 1 ±2.1 1· 108.00 I :7.3 I 27.6 I ±L8 j 
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Figure 4.7: Summary of heat transports obtained from the Kuroshio 
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Chapter 5 

Potential Vorticity Across the Kuroshio 

5.1 Introduction 

Potential vorticity conservation plays an important role in the field of geophysical 

fluid dynamics and has been widely used to study the horizontal and vertical structures 

of oceanic circulation. Excellent examples can be found in the thermocline theories done 

by Rhines and Young (1982) and Luyten, Pedlosky and Stommel (1983), who explained 

the vertical structure of general oceanic circulation from the viewpoint of potential 

vorticity conservation. Stommel (1958) used an uniform potential vorticity assumption 

to calculate the velocity field across the Gulf Stream and found that the resulting 

velocities were in a good agreement with the geostrophically computed velocities. That 

result then encouraged him to suggest modeling the Gulf Stream as a flow with an 

inviscid uniform potential vorticity. Gi11(1977) presented several sections of potential 

vorticity across the Agulhas current and found a good coincidence between the potential 

vorticity contours and streamlines. He also suggested the use of potential vorticity 

as a tracer to study the western boundary currents. McCartney (1982) pointed out 

that the Thermocline Water characterized by minimum hydrostatic stability is usually 

associated with relative uniform minimum potential vorticity which can be traced on 

potential density surfaces. Since the wind-driven gyre provides the source water of the 

Gulf Stream, it might be expected that one could trace such uniform potential vorticity 
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layer across the Gulf Stream. This was tested by Watts (1983) who presented sections 

of potential vorticity across the Gulf Stream at 73°W and indeed found a relatively 

large region of Thermocline Water with uniform potential vorticity in that region. 

Similar results have been found by Johns (1984) and Hall (1985) in their analysis of 

the potential vorticity for the Gulf Stream. 

Unlike the Gulf Stream, a detailed analysis of potential vorticity in the Kuroshio 

has not yet been done (to my knowledge) . One reason has been the lack of absolute 

velocity data. The calculation of relative vorticity using just the geostrophic velocity 

field will miss the contribution from the barotropic velocity component which may be 

comparable to that from the baroclinic part. The accurate estimation of the absolute 

geostrophic velocity given in the previous chapters permits calculation and analysis of 

the potential vorticity in the Kuroshio in this chapter. Since the alongstream velocity 

can exceed 100 cm/s in the Kuroshio and both horizontal and vertical gradients of 

potential density are comparable in the main thermocline, the potential vorticity in the 

Kuroshio may not be simply expressed by the product of planetary vorticity and vertical 

gradient of potential density. A detailed scale analysis of the potential vorticity will be 

given in section 5.2 to determine a proper, approximate form for total potential vorticity 

in the Kuroshio. Then sections of potential vorticity will be presented in section 5.3, by 

which, the path of the Kuroshio will be described using potential vorticity as a tracer. 

In section 5.4, we will calculate the gradient of potential vorticity across each section 

to examine the stability of the Kuroshio. Finally, conclusions will be given in section 

5.5. 

5.2 Contribution of the component terms of potential vortic
ity 

Ertel (1942) showed that a parcel of water conserves its potential vorticity in 

the absence of dissipation and adiabatic processes. The total potential vorticity can be 
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expressed by 

q 
(20 + \7 x u) , ..:.__ _ _ ___ __:_ • \7/\' 

p 
(5.1) 

where 20 is planetary vorticity, \7 x u is relative vorticity, p is density and ). is any 

conservative scalar property of the flow (for a comprehensive discussion, see Pedlosky, 

1979). Taking>. to be potential density u8 , (5.1) yields 

where x andy are oriented east and northward respectively, and f and h are the verti

cal (20sin0) and horizontal (20cos0) components of planetary vorticity. 

Since the Kuroshio flows as a narrow, intense boundary current in this region, 

the potential vorticity can be rewritten in approximate form in natural coordinates 

(Johns, 1984) as 

q _!_[(! + kv + ov) oue 
p on oz 

ov oue ] 
oz on ' 

(5.3) 

where n is the cross-stream coordinate, vis the alongstream velocity, k is the streamline 

curvature, and kv is the curvature vorticity. It is well known that in the interior ocean 

the water column is vertically stratified and has relatively weak horizontal gradients 

in velocity and potential density, hence, the potential vorticity is dominated by the 

product of the planetary vorticity and the vertical density gradient. However, in the 

Kuroshio where the alongstream velocity is approximately ten times larger than that 

in the interior ocean, the horizontal and vertical shears of the alongstream velocity 

may become large enough to be important. In the main thermocline, the horizontal 

gradient of the potential density in the Kuroshio may be so large that the product term 
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of the vertical shear of the alongstream velocity and horizontal gradient of potential 

density may also become important in comparison with planetary vorticity. A detailed 

discussion of the contribution of each term in the potential vorticity and its distribution 

across the Kuroshio is given in the following. 

The kv Contribution 

In the main Kuroshio where v is positive, the contribution of curvature vorticity 

kv = v / R (R the radius of curvature) only depends on the sign of k which is positive 

for a cyclonic meander and negative for an anticyclonic meander. As an example, for 

the cyclonic meander, the curvature vorticity may tend to reinforce (cancel) the shear 

vorticity !~ to the left (right) of the axis of maximum velocity. When R is rather small 

the kv contribution may be comparable with the other terms in q. 

Since v is given from the absolute geostrophic velocity, the calculation of kv is 

simplified to estimation of the radius of curvature R. Two possible ways can be used 

for this purpose. The first is to estimate the mean radius of curvature using horizontal 

current maps. An example of this approach can be found in Watts' (1983) or Johns 

(1984)'s work for the Gulf Stream. In the present work, the Kuroshio split into two 

branches when it flowed around a seamount, thus, two possible choices of R exist on the 

upstream western section. In the recirculation zone in the studing triangle, it is difficult 

to define an average R. The second approach uses the gradient wind equation and 

inversely determines R by combining average ADCP velocity with absolute geostrophic 

velocities. However, this method may lead to a wrong result because of the errors in the 

average ADCP velocity measurements. Good agreement between absolute geostrophic 

and averaged ADCP velocities in January 1986 implies that the curvature radius should 

be large enough to ignore curvature vorticity in most of study region. This can be also 

demonstrated by the following simple scale analysis. 
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The ratio of the curvature vorticity to the planetary vorticity can be expressed 

by the curvature Rossby number R,. which is defined as 

u 
Rf' (5.4) 

where U is the magnitude of the alongstream velocity. According to the streamline dis

tribution in Figure 4.8, R is roughly equal to 100 km. Choosing U ,..., 1.0 mls and f ,...., 10- 4 

s-1 , then 

R,. ,..., 1 
lQ-4 X 106 ,..., 0.1. 

It follows that in general the curvature vorticity was small enough compared with the 

planetary vorticity that it can be neglected for the mean path of the Kuroshio during 

the January 1986 Thompson survey. 

Rossby Number 

The Ross by number Ra, defined by the ratio of relative vorticity ov I on to plan

etary vorticity f, shows the relative importance of the relative vorticity in the total 

potential vorticity. The Rossby number distribution in the Kuroshio has been cal

culated using the January 1986 absolute geostrophic velocity data. The cross-stream 

sections of R0 shown in Figure 5.1 illustrate the relatively large value of about 0.2-0.4 

near the axis of maximum velocity and at the margin between the Kuroshio and recir

culated water on both western and eastern sections. Watts (1983), Johns (1984) and 

Hall (1985) reported similar values of Ra """0.2 for the Gulf Stream. 

Since the axis of maximum absolute velocity in the Kuroshio on the western 

section was located at the center of the Okinawa Trough, the contributions of relative 

vorticity tend to decrease the total potential vorticity on its right where ov 1 on < o 
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and increase it on its left where avIan > 0. As a result, the total potential vorticity 

is not uniform across the Kuroshio on a potential density surface where the relative 

vorticity is important. The same results can be found on the eastern section where 

the Kuroshio splits into two branches. Similar analyses were done by Watts (1983), 

Johns (1984) and Hall (1985) who found that a strong potential vorticity jump occurs 

in the slope region where the potential vorticity is several times larger in the slope 

water than in the Sargasso Sea. Since the sign change of relative vorticity across the 

sec.tion is associated with a relatively large Ross by number, it is important to include 

the contribution of relative vorticity in estimating the total potential vorticity in the 

Kuroshio. 

The -u8z distribution 

Three sections of vertical gradient of the potential density -u8z west of Kyushu 

in January 1986 are shown in Figure 5.2. On the western section , a minimum value 

of -Uez less than 0.2 X 10-2kgl m 4 was found near the surface of the Kuroshio and over 

the shelf region, implying a minimum hydrostatic stability in the Surface Water of the 

Kuroshio and Coastal Water. The maximum value of -uh of about 1.2 x 10- 2 kg l m4 

occurred near the shelf break at the depth of 100 m . In the main thermocline between 

the l6°C and 20°C isotherms, -Uez gradually decreased seaward, and near the center of 

the Okinawa Trough where the axis of the Kuroshio was located, a relatively uniform 

and intermediate value of -u8z of about 0.8 x 10- 2 kg I m 4 was found at the depth of 200 

m to 350m. Below the main thermocline, -u8z decreased with depth , and a minimum 

uniform value of -Uez of less than 0.2 x 10-2 kg I m 4 was found beneath 600 m, implying 

that the Intermediate and Deep Waters in the Kuroshio west of Kyushu were associated 

with minimum hydrostatic stability. A similar structure of -U8z can also be found on 

the eastern section where an uniform value of -u86 of about 0.8 x 10-2kgl m4 occupied a 

large area from 200m to 300m, implying that the main Thermocline Water spread out 

when the Kuroshio flowed from the upstream western section to the eastern section. 
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Since the total width of the eastern or western section was less than 3° in lat

itude, the planetary vorticity f does not change much across each section. Then the 

distribution of -aez must be proport ional to - f aez which is generally used to describe 

the general circulation pattern in subtropic and subpolar gyres. The fact that the dis

tribution of -O'ez can not detect the feature of splitting of the Kuroshio path implies 

that the relative vorticity plays an important role in determining the structure of the 

total potential vorticity. 

The -VzO'en distribution 

Since the thermal wind relation holds to a high degree of accuracy in the 

Kuroshio, the vertical shear of the velocity can be replaced by the horizontal shear 

of the potential density, so that 

(5.5) 

The term -V6 0'en will always make a positive contribution to the total potential vorticity 

in the triangle study area where the Kuroshio flowed from south to northeast. 

Three sections of the distribution of -VzO'en are shown in Figure 5.3. On the 

western section, a small value -VzO'en was found near the surface and over the coastal 

region, indicating that the Surface and Coastal Waters were horizontally relatively 

uniform. A large value of -v6 aen was observed in the main thermocline, a consequence 

of a large horizontal gradient of potential density. Unlike the distribution of a9n, the 

maximum value of fpain was located close to the center of the Okinawa Trough rather 

than at the shelf break, and the slope of its maximum axis was much larger than 

that of the main thermocline. Below the thermocline, the value of - fpain decreased 

with depth and then become relatively uniform beneath 700 m, reflecting the uniform 

properties of the Deep Water. A similar structure can be also found on the eastern 
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section where the maximum core of - fpain was located at 250 m between stations 128 

and 130. 

The ratio of fpain to f aez is shown in Figure 5.4 to estimate the relative con

tribution of - fpain to the total potential vorticity. The relative magnitude of - fpain 

was much less than 0.1 over most of the triangle section except in the region close to 

the axis of the Kuroshio where it did reach a value of w-1 . Since the term fpain tends 

to increase the potential vorticity everywhere and is almost one order smaller than the 

term faez, we will neglect it here. 

Summary of the scale analysis of potential vorticity 

From the above discussions, we conclude that the total potential vorticity can 

be approximated to within 10 percent roughly by 

q - (! + av ).! aae 
an paz 

(5.6) 

Sections of potential vorticity through the Kuroshio calculated with (5.6) will be dis

cussed next. 

5 .3 The Potential Vorticity Sections 

The distribution of the approximate total potential vorticity on each section is 

shown in Figure 5.5. First . of all, the most significant feature, which can be easily 

found in comparison with the vertical gradient of the potential density,was that the 

structure of the total potential vorticity in the main thermocline strongly depended on 

the distribution of relative vorticity. On the western section, the anticyclonic relative 

vorticity near the shelf break reduced the total potential vorticity and so there was no 

longer an abrupt jump of the potential vorticity at the shelf break which was found 
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by Watts (1983), Johns (1984) and Hall (1985) for the Gulf Stream. Between the 

recirculation and axis of the Kuroshio, the cyclonic relative vorticity led to an increase 

of the potential vorticity. To the right of the Kuroshio axis, the potential vorticity 

decreased again due to the anticyclonic relative vorticity. Therefore, a core of the 

maximum potential vorticity with values of larger than 0. 7 x 10- 9
/ sm was found in 

the main thermocline between stations 123 and 126. This core deepened seaward in 

the Kuroshio corresponding to the main thermocline structure. In the Surface Water 

above the main thermocline, the potential vorticity decreased sharply upward, with 

values reducing to 0.1 x w-9m-1s-1 or smaller at the surface. In the region deeper 

than 400 m, the potential vorticity tended toward an uniformly low value with depth, 

corresponding to the Intermediate and Deep Water. 

A similar structure of total potential vorticity was also found on the eastern 

section near the surface and in the deep regions. Since the Kuroshio split into two 

branches when it flowed from the western section to the eastern section, the relative 

vorticity was anticyclonic to the right of each core of maximum velocity (looking down

stream), but cyclonic to the left of each core, causing the total potential vorticity to 

decrease on the right side of the maximum velocity core and increase on the left side. 

Therefore, two cores of maximum potential vorticity were found to the left sides of two 

maximum velocity cores. Since part of the Kuroshio was recirculated on the eastern 

section between stations 131 and 134, the northern core of potential vorticity covered 

a relative larger area than the southern one due to the positive contribution of relative 

velocity from part of the recirculation. 

Two significant simihirities can be found in comparing the eastern section with 

the upstream western section. First, the three cores of maximum potential vorticity 

had the same maximum value of larger than 0.7x 10-9s-1m-1 and all of them were 

relatively uniform in their interior. Second, if one faces the direction of the current and 

goes along the axis of the Kuroshio, he will find that the maximum core of potential 
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vorticity was always located to his left. Therefore, instead of the velocity distribution, 

the path of the Kuroshio can be traced by the core of the maximum potential vorticity. 

On the other hand, since no evidence in the distribution of fuz showed the splitting 

of the Kuroshio path, the distribution of relative vorticity played an important role in 

determining the real structure of the Kuroshio west of Kyushu. 

Interestingly, there was no evidence of the 18°Water in our sections of the po

tential vorticity, which is characterized by a minimum potential vorticity. A similar 

result was also shown in the Florida Current by Brooks and Niiler (1977), who found 

that the potential vorticity distribution horizontally decreased from the shelf and had 

a distinct maximum at mid-depth. It suggests that the 18° Water must have been mod

ified when it left its source region and joined the Kuroshio or it has not yet joined the 

Kuroshio. Watts (1983) and Johns (1984) indeed showed the trace of 18°Water in the 

center of the Gulf Stream below the Surface Water at 73°W and 70°W, where the Gulf 

Stream had already left the shelf and entered the North Atlantic Ocean. The very 

strong recirculation observed in that region implies the intrusion of the 18°Water from 

the interior ocean. 

The potential vorticity contours and streamlines on the potential density surface 

u8 = 25.7 are also plotted in Figure 5.6 to investigate the conservation of the potential 

vorticity in the Kuroshio west of Kyushu. Since the maximum core of the potential 

vorticity was divided into two cores when the Kuroshio flowed from the upstream 

western section to the eastern section, a semi-enclosed and relatively low potential 

vorticity contour occurred b_etween these two maximum cores on the eastern section. To 

the southern side of the southern maximum potential vorticity core, the contours of the 

potential vorticity were almost parallel to the streamlines, implying that the potential 

vorticity was conserved along those streamlines. However, between the two cores of 

maximum potential vorticity, the Kuroshio water crossed potential vorticity contours 

as it flowed northeastward from the western section and split around the seamount on 
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the eastern section. Potential vorticity (as we have estimated it) was not conserved 

along the streamlines in that region. In the countercurrent area on the eastern section, 

the water almost flowed along the streamlines from the middle of that section and 

finally outflowed near the northeastern corner of the triangle, indicating again the 

conservation of potential vorticity on streamlines. Therefore, potential vorticity was 

almost conserved in most of the triangle study area except between two maximum cores 

of potential vorticity where part of the Kuroshio split to the northeast and outflowed 

through the eastern section on the northern side of the southern seamount. 

In the absence of strong forcing, dissipation and mixing, fluid parcels tend to 

conserve their potential density and potential vorticity. If the motion is also steady, 

then parcels will maintain their potential vorticity along streamlines on the potential 

density surfaces. A rough calculation shows that it took about one and a half days for 

a parcel to flow from the western section to the eastern section. Since the period of 

variation of the Kuroshio near Kyushu is thought to be about 20-40 days (Ichikawa, 

1987), the Kuroshio can be treated as a steady current during the time we measured. 

Moreover, the potential density surface for analysis did not outcrop to the sea surfaces; 

thus, the water on that potential density surface had been not directly affected by the 

surface wind stress curl( at least not recently). In any event, there was no strong local 

wind forcing during the measurement time (Limeburner, personal communication). 

Therefore, the effect of the surface wind and its variation can be ignored in this case. 

The potential density surface crossed the maximum potential vorticity region with 

large a811 • As a result, it is unlikely that convective mixing occurred in such a strongly 

stratified are~ The rough oottom topography on the downstream eastern section may 

produce a relatively large bottom friction which dissipated the potential vorticity, so 

that the potential vorticity was no longer conserved following a parcel. If this is true, 

however, why was the potential vorticity conserved on streamlines in the other regions 

where seamounts also exist. 
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What caused the variation of potential vorticity on streamlines around the 

seamount between two cores of maximum potential vorticity? As we know, the Kuroshio 

split into two branches around a seamount with a width of about 30 km in that re

gion as it left through the eastern section. The curvature vorticity v / R may be large 

where the fluid flowed around the seamount, so that the deviation of the total potential 

vorticity estimeted on streamlines around the seamount might be due to the missing 

contribution of curvature vorticity to the total potential vorticity. 

Choosing a streamline on the potential density surface u8 = 25.7, which started 

at the core of maximum potential vorticity on the western section and went around the 

seamount on the eastern section, we can simply calculate the necessary value of R for 

the total potential vorticity to be conserved on that streamline. The conservation of 

potential vorticity on the streamline requires that 

(5.7) 

where the subscripts 1 and 2 refer to the values along the streamline on the western 

and eastern sections, respectively. Therefore, the necessary value of R for the potential 

vorticity to be conserved on the streamline can be given by 

R 
~· 

(5.8) 
on 

Based on Figures 3.11, 5.2 and 5.5, q1 = 0.6 x 10-9 m-1s-1 , P
1
2 

8;!2 = -0.1 x 

10-• m-I, v2 = 50 cmjs, 8v2/8n = -0.27 x 1o-•s-1 , and !2 = 0.6 x 1o-•s-I, we 

find that 

R 18.5 km. 
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The radius of the seamount between the two cores of maximum potential vorticity on 

the eastern section is about 15 km, as the same order as R. It follows that the lack of 

conservation of total potential vorticity on streamlines around the seamount may be 

due to the missing the curvature vorticity component. 

5.4 Instability of the Kuroshio 

A comprehensive discussion for the linear instability problem was given by Ped

losky (1979). The instability of the flow in a bounded channel requires that the po

tential vorticity gradient Qz changes its sign at least one time across the stream or in 

the vertical direction. In addition, the necessary condition for instability is also related 

to vertical shear of the basic flow at the surface and the. bottom slope. For simple 

applications, the tendency for instability of the Kuroshio can be directly observed on 

the section of potential vorticity using the gradient of potential vorticity. 

In a linear system, the advective effects of potential vorticity are ignored. There

fore, the barotropic and baroclinic instability problems can be separated in such a sys

tem. As far as Qz is concerned, the barotropic instability requires that Qz changes its 

sign at least one time along a horizontal surface across the stream. The baroclinic in

stability needs vertical-banded positive and negative Qz regions. However, if we transfer 

our coordinate onto potential density surfaces, the requirement for barotropic instabil

ity mentioned above is also the condition for baroclinic instability. Therefore, the best 

way to discuss the instability of the Kuroshio is to use potential density coordinates. 

On the western section, in the upper 500 m, the region of maximum potential 

vorticity was located offshore at station 124, 45km away from the shelf break. There 

were two regions of maximum potential vorticity gradient Qz on both sides of the core 

of maximum Qz between the shelf break and the center of Okinawa Trough. That 
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is, qz changed its sign twice across the Kuroshio on a potential density surface on the 

western section. This was also true in the vertical direction where the potential vorticity 

gradient changed its sign across the core of maximum potential vorticity. Therefore, 

the Kuroshio was potentially unstable on the western section in the upper region. In 

the deep region below 600 m , the gradient of potential vorticity was almost constant 

across the stream, implying that the Deep Water was much more stable than the main 

Thermocline Water in the Kuroshio. 

Similar results were also found on the downstream eastern section where the 

gradient of the potential vorticity changed its sign across the stream on a potential 

density surface and also in the vertical direction. Moreover, since the Kuroshio split 

into two branches around the seamount on this section, it may be more relevant to 

discuss the effects of bottom topography on the instability of the Kuroshio. However, 

since the geostrophic theory is not applicable to the eastern section where the sharp 

seamounts exist, a model of such a problem must involve strong non-linear effects, 

which is beyond the scope of the present work. 

5.5 Conclusion 

The combination of CTD and ADCP data obtained on the January 1986 R/ V 

Thompson survey allows the calculation and analysis of total potential vorticity in the 

Kuroshio. First, it has been found that the total potential vorticity in the Kuroshio may 

be approximately given by the product of the vertical gradient of potential density and 

the sum of the planetary and relative vorticities, while the product of the vertical shear 

of velocity and the horizontal shear of potential density was negligible even though it 

seems to be relatively important in the Gulf Stream. Second, the distribution of relative 

vorticity played a significant role in determining the structure of potential vorticity in 

the Kuroshio. The path of the Kuroshio can be traced by the core of maximum potential 
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vorticity. Facing the direction of the current, the axis of maximum velocity is located to 

the right of the core of maximum potential vorticity. Third, the potential vorticity was 

conserved along streamlines on the potential density surface. Local deviation of the 

contours of potential vorticity from streamlines around a seamount was due to missing 

the curvature contribution to the total potential vorticity. Finally, the Kuroshio was 

potentially unstable as it flowed along the continental margin in the Okinawa Trough 

because the gradient of potential vorticity changed sign across the Kuroshio on potential 

density surfaces. 
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Appendix A: Correction of salinity data 

An HP85 desktop computer and a Neil Brown CTD were used as the primary 

data acquisition system on the R/V Thompson. The instrument provided continuous 

sampling of temperature, conductivity, pressure, dissolved oxygen, and light transmis

sion. Salinity and density were subsequently derived from the measured variables. The 

HP85 subsampled the raw digital data every 0.4 seconds giving a typical pressure inter

val of 40 em between data records. Spurious electronic noise in the conductivity data 

at some stations (especially the deep stations) was observed in the form of data spikes. 

A special median filter was used to correct the data spiking. The raw data were then 

averaged over 2 meter depth intervals. A limited number of water samples were also 

collected during the hydrographic survey to check the salinity calculation. 

During the period of the R/V Thompson CTD survey several independent hy

drographic surveys were also conducted in the East China Sea by Jeju National Univer

sity, the Fisheries Research and Development Agency of Korea, and Nagasaki Marine 

Observatory of Japan. Comparison of all available data with Korean and Japanese 

data indicated that salinities from the R/V Thompson CTD survey were about 0.3 -

0.4 o / oo larger . Korean scientists who were collaborating with us in the analysis of 

this data set suspected that these errors were caused by a systematic offset of the CTD 

conductivity sensor and suggested a correction for R/V Thompson CTD conductivity 

data using the synoptic Japanese and Korean hydrographic data obtained over the shelf 

as the reference. 

However, when we started to use these "corrected" CTD data to describe the 

structure of the Kuroshio west of Kyushu, we still found some scatter in the salinity 

data due to conductivity noise, and also found that the T / S curves in the Kuroshio 

deviated from station to station. It is especially difficult to explain why the T /S curves 

in the deep Kuroshio could shift horizontally because no extra fresh or saline water 
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sources were found in that region. All concurrent Japanese bottle data west of Kyushu 

obtained by the R / V Chafu Maru and R/ V Royat Maru were plotted and did not show 

any horizontally shifting of the T / S curves. Therefore, we believe that the deviation of 

the deep Thompson T /S curves were not real but due to the noise in conductivity data. 

A least square approximation was then employed to find the best fit to the Japanese 

bottle data. This approach is described next. 

A symmetrical low-pass filter PL30 was first used to smooth the two meter 

salinity data. The formula of the PL30 filter can be expressed by 

PL30 
2sin(~) - (sin(~) + sin(~)) 

( nl. )2 7T3 z 3 

The weights of the PL30 filter are shown in Figure A.l, where n . is taken as 20m, and 

the first zero crossing is at 10 m. The corresponding power spectrum for this filter is 

shown in Figure A.2 in which the signals at frequencies above 0.08 cpm are removed. 

As an example, the comparison between the raw salinity data and filtered data 

for stations 126 and 131 are shown in Figure A.3. Most of the salinity noise with a wave 

length of less than 10 db was filtered except in the deep region where some noise with 

a longer wave length still remained. A more smoothed curve can be easily obtained 

by increasing the weight number of the filter . Additional smoothing, however, reduces 

the maximum salinity peak near the surface which is believed to be characteristic of 

Tropical Water. On the ot~er hand, since the results of calculations of geostrophic 

velocity and the associated transports are not perticularly sensitive to this deep noise, 

we tend to retain those salinity structures with a longer wave length in the deep region 

for our present work. In addition, a five-point average was used to filter the raw data 

which were missed by the symmetrical filter near the surface and bottom. 
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Next, the horizontal deviation of the salinity data at each station was corrected 

using a least square approach as follows. Let Sn be the filtered salinity data on a 

given pressure surface, S6" be the corresponding bottle sample salinity, and 6S be the 

correction between Sn and Sb", then, 

N 

0"
2 

- L(Sbn - (Sn + 68)) 2
• 

n=l 

The best fit to the bottle data can be found when 

- 0. 

Therefore, 

68 

All corrections for salinity at the stations in the Kuroshio are shown in Table A.l. 

Since water types are mixed in the shelf region, and there exists some fresh water 

sources there, it is difficult to test whether there were salinity deviations over the shelf. 

Therefore, no additional correction was employed for the shelf. 

TABLE A.l : SALINITY CORRECTION 

station 68° /oo st~tion 68° /oo station 68° /oo 
122 0.172 128 0.008 134 -0.045 
123 0.172 129 0.026 135 0.015 
124 1.130 130 0.034 136 0.008 
125 0.055 131 0.043 137 0.078 
126 0.006 132 -0.075 138 0.01 
127 0.016 133 -0.041 
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Appendix B Probability density function of o' 

As mentioned before, o' can be approximated by 

o' ~ Yi+I + Yi 
L 

Let Xi Yi / L , thus the probability density function of Xi is 

1 - -•- (L X · - ?)2 --e l.,l I 

a$ 

To find the probability density of (),, let's first look for its characteristic function ~ x, ( q) 

for a random variable Xi, which is equal to 

~x,(q) = /_: eiX;q Px,(X.)dXi 

L !00 iX ·q _ __L(LX·-Y)2dX = -- e I e 2.,l I i. 
a$ -oo 

Let LXi- Y U, Xi = U/L + Y j L, dU = LdXi then, 

so that 

Since o' is the linear sum of two independent variables Xi and Xi + ~, ~ 8,(q) for o' 
is equal to the product of ~ x, and ~ x,+ 1 , that is, 

~8' (q) = ~x. ~x'+• 
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Therefore, the probability density function of o' is 

'b 2 2 Since f~oo e' z-a z dx therefore, the probability density function of o' is 

L -Ll(o' - lf>2 
--e ,.,2 
2y-:iu 
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