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Abstract. Based on absolute geostrophic velocity, which was
calculated using repeated hydrographic data of 39 cruises
from 2000 to 2009 and nitrate concentrations measured in
the same areas from 1964 to 2009, we obtained the tempo-
rally averaged nitrate flux (the product of velocity and ni-
trate concentration) and nitrate transport (integration of flux
over one section) of four sections across the Kuroshio from
the East China Sea (sections PN and TK) to an area south
of Japan (sections ASUKA and 137E). In addition, we ex-
amined section OK east of the Ryukyu Islands in order to
understand how the Ryukyu Current contributes to the trans-
port of nutrients by the Kuroshio south of Japan. The mean
nitrate flux shows a subsurface maximum core with values
of 9.6, 10.6, 11.2, 10.5, and 5.7 mol m−2 s−1 at sections PN,
TK, ASUKA, 137E, and OK, respectively. The depth of the
subsurface maximum core changes among these five sections
and is approximately 400, 500, 500, 400, and 800 m at sec-
tions PN, TK, ASUKA, 137E, and OK, respectively. The
mean downstream nitrate transport is 204.8, 165.8, 879.3,
1230.4, and 338.6 kmol s−1 at sections PN, TK, ASUKA,
137E, and OK, respectively. The transport of nutrients in
these sections suggests the presence of the Kuroshio nutri-
ent stream from its upstream to downstream regions. The
deep current structure of the Ryukyu Current (section OK)
contributes to the same order of nitrate transport as does the
Kuroshio from the East China Sea (section TK) to the area
south of Japan; however, the former only has one-fifth the
volume transport of the latter. A budget calculation suggests
that the downstream increase of transported nitrate along the
Kuroshio is mainly caused by the recirculation of nitrate

into the Kuroshio. This conclusion, however, depends on wa-
ter depth. In the upper layers (< 26.5σθ ), the downstream
change of nitrate concentration along the Kuroshio and that
from the recirculation of nitrate has a significant contribu-
tion to the downstream increase of nitrate transport along the
Kuroshio. In the deep layers (> 26.5σθ ), the change in nitrate
concentration is small and the Kuroshio recirculation domi-
nates the downstream increase of nitrate transport.

1 Introduction

Strong western boundary currents carry large masses of wa-
ter and amounts of heat as well as a variety of dissolved ma-
terials including nutrients, and have a significant influence
on the climate and marine ecosystems in the vicinity of their
path. Quantitation of nutrient transport by the western bound-
ary current is an important step to understand the nutrient el-
ement cycle on a basin scale. Pelegrí and Csanady (1991) and
Pelegrí et al. (1996) reported a subsurface maximum in the
nutrients flux (the product of velocity and nutrients concen-
tration) and a nitrate transport (integration of flux over a sec-
tion) with an order of 1000 kmol s−1 in the Gulf Stream, and
first proposed the presence of a nutrient stream, a continuous
nutrient transport, along the Gulf Stream from its upstream
to its downstream areas.

As current speed is reduced, and since nutrient concen-
tration increases as depth increases, the nutrient flux reaches
a high subsurface value (Pelegrí and Csanady, 1991). Based
on data from four cruises, Chen et al. (1994, 1995) calculated
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the nutrient flux of a section of the Kuroshio that is east of
Taiwan, and reported the presence of a subsurface maximum
core of nutrient flux at a depth of 500 m. Guo et al. (2012) ob-
tained a long-term averaged nutrient flux at section PN (see
Fig. 1b for its location) based on data from 88 cruises from
1987 to 2009 and demonstrated a subsurface maximum core
of nutrient flux at 400 m depth in the long-term averaged nu-
trient flux. Comparing the nutrient fluxes of the section east
of Taiwan and at section PN, the depth of the subsurface max-
imum core of nutrient flux likely changes along the pathway
of the Kuroshio. However, except for these two sections, the
vertical structure of the nutrient fluxes along the path of the
Kuroshio from the East China Sea to south of Japan is un-
known.

Guo et al. (2012) reported a value of 170.8 kmol s−1 as
the long-term averaged amount of nitrate transported by the
Kuroshio along section PN in the East China Sea. This is
the only known value of the amount of nutrients transported
by the Kuroshio. It is smaller than that observed in the Gulf
Stream. As observed in the Gulf Stream, the amount of
nitrate that is transported may significantly increase along
this stream (Pelegrí and Csanady, 1991; Pelegrí et al., 1996;
Williams et al., 2011). Therefore, we also need to investigate
the downstream change of nutrient transport by the Kuroshio
to (1) confirm the presence of the “Kuroshio nutrient stream”
from its upstream to downstream regions and (2) to under-
stand the processes responsible for the downstream varia-
tions in nutrient transport by the Kuroshio. In this paper, the
nitrate flux and nitrate transport are calculated through four
sections across the Kuroshio from its upstream region, the
East China Sea (sections PN and TK), to its downstream re-
gion, the area south of Japan (sections ASUKA and 137E). In
addition, we also examined section OK, which is east of the
Ryukyu Islands where the Ryukyu Current is located (Zhu
et al., 2004). While examining the nutrient flux and nutri-
ent transport at five sections, our objectives are to confirm
the presence of the Kuroshio nutrient stream from the East
China Sea to the region south of Japan, reveal the down-
stream variations of the nutrient flux and nutrient transport
along the path of the Kuroshio, and to clarify the factors con-
trolling the spatial variations of the nutrients transported by
the Kuroshio.

2 Data and analysis method

Conductivity Temperature Depth (CTD) profiler data from
winter 2000 to fall 2009 and nutrient data from 1964
to fall 2009 at sections PN, TK, ASUKA, 137E and
OK (Fig. 1b) were obtained from the Japan Meteorologi-
cal Agency (JMA,http://www.data.kishou.go.jp/kaiyou/db/
vessel_obs/data-report/html/ship/ship.php); the nutrient data
were from water samples collected at standard depths and
analyzed using routine methods (see Table 1 in Aoyama et
al. (2008) for details). Figure 2 summarizes the availability

Fig. 1. (a) Study area and schematic image of the Kuroshio path,
Kuroshio recirculation, and the Ryukyu Current. ECS: East China
Sea; TW: Taiwan.(b) Position of the hydrographic stations (black
dots), volume transport (red line, 1 Sv= 106 m3s−1) and nitrate
transport (blue line, kmol s−1) integrated from the sea surface to the
deepest layer with 25 km width. The positive direction for two trans-
ports is defined as the same direction as the Kuroshio or Ryukyu
Current. The thin straight lines connecting the black dots serve as
a reference point for the transports. For the calculation method of
these variables, see Eqs. (4)–(6) and their description in Sect. 2.
“PN”, “TK”, “OK”, “ASUKA”, and “137E” indicate the names of
the sections. The Tokara Strait is located in section TK. The thin
curved line denotes the 200 m isobath. The black asterisks separate
section OK into two parts: section OK-W to the west and section
OK-E to the east; section ASUKA into two parts: section ASUKA-
N to the north and section ASUKA-S to the south; and section 137E
into two parts: section 137E-N to the north and section 137E-S to
the south. There are four numbers for each section: the two red num-
bers indicate positive and negative volume transports through the
section within a unit of 0.1 Sv, and the two blue numbers indicate
positive and negative nitrate transports through the section within a
unit of 0.1 kmol s−1.
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Table 1.Along-stream variation of positive volume transport VT+ (Sv) and negative volume transport VT− (Sv), positive nutrient transport
NT+ (kmol s−1) and negative nutrient transport NT− (kmol s−1), positive transport-averaged nitrate concentration CT+ (mmol m−3) and
negative transport-averaged nitrate concentration CT− (mmol m−3), area-averaged nitrate concentrations for area with positive volume
transport CA+ (mmol m−3) and negative volume transport CA− (mmol m−3), net volume transport VT= VT+

+VT− (Sv) and net nutrient
transports NT= NT+

+ NT− (kmol s−1) for each of and total 8 isopycnal layers. The first column is number of layer; the second to sixth
columns are one variable for sections PN, TK, OK, ASUKA, and 137E, respectively; the seventh to eleventh columns are another variable
for sections PN, TK, OK, ASUKA, and 137E, respectively.

PN TK OK ASUKA 137E PN TK OK ASUKA 137E

VT+ (Sv) VT− (Sv)

1 13.7 11.4 2.5 17.1 17.2 −1.2 −0.5 −2.9 −7.0 −8.7
2 4.7 4.4 2.6 14.0 16.2 −0.5 0.0 −2.0 −9.3 −12.3
3 6.1 5.0 3.9 15.5 20.3 −0.6 0.0 −2.2 −8.4 −11.8
4 1.6 1.5 2.4 6.8 8.9 −0.4 0.0 −1.1 −3.5 −6.1
5 0.2 0.3 1.9 3.2 5.2 −0.2 0.0 −0.9 −2.2 −4.6
6 0.0 0.0 1.4 2.0 4.1 0.0 −0.2 −1.0 −1.6 −4.8
7 0.0 0.0 0.7 1.2 2.0 0.0 0.0 −0.6 −0.9 −3.3
8 0.0 0.0 0.7 1.0 1.0 0.0 0.0 −0.5 −0.9 −2.6
Total 26.3 22.6 16.1 61.0 75.0 −2.8 −0.7 −11.2 −33.8 −54.2

NT+ (kmol s−1) NT− (kmol s−1)

1 23.6 15.6 2.9 43.3 35.3 −1.3 −0.3 −2.0 −5.2 −6.6
2 33.7 26.6 15.3 86.0 111.5 −2.9 −0.1 −10.4 −44.0 −62.1
3 93.5 70.7 61.8 249.2 338.4 −8.7 0.0 −33.3 −126.7 −185.0
4 45.8 42.9 74.5 202.2 262.5 −11.2 0.0 −34.5 −107.9 −186.3
5 8.3 10.1 73.6 123.2 194.8 −7.8 −1.0 −33.6 −84.1 −181.0
6 0.0 0.0 55.1 83.3 168.4 0.0 −8.2 −40.3 −65.9 −198.8
7 0.0 0.0 29.7 50.5 81.4 0.0 0.0 −24.3 −37.7 −133.8
8 0.0 0.0 25.8 41.6 38.2 0.0 0.0 −19.7 −34.7 −103.3
Total 204.8 165.8 338.6 879.3 1230.4−31.9 −9.5 −198.1 −506.2 −1057.0

CT+ (mmol m−3) CT− (mmol m−3)

1 1.7 1.4 1.1 2.5 2.1 1.1 0.5 0.7 0.7 0.8
2 7.2 6.1 5.9 6.2 6.9 6.2 4.9 5.2 4.7 5.0
3 15.4 14.1 15.9 16.0 16.6 15.6 0.0 15.2 15.2 15.7
4 28.6 28.1 30.8 29.8 29.4 29.4 0.0 30.6 30.4 30.7
5 36.0 34.9 38.2 38.1 37.4 36.2 36.3 38.7 38.6 38.9
6 0.0 0.0 40.4 40.9 40.7 0.0 39.1 40.5 41.1 41.2
7 0.0 0.0 40.3 40.9 40.8 0.0 0.0 40.2 41.0 41.1
8 0.0 0.0 39.4 40.2 40.0 0.0 0.0 39.2 40.0 40.1
Total 7.8 7.3 21.0 14.4 16.4 11.3 12.7 17.7 15.0 19.5

CA+ (mmol m−3) CA− (mmol m−3)

1 1.9 1.4 0.9 1.8 1.7 1.5 0.8 0.8 0.6 0.7
2 7.2 6.2 5.8 5.6 6.3 6.3 4.6 5.4 4.9 5.1
3 16.3 13.6 16.6 17.1 17.2 16.6 0.0 15.9 16.0 16.2
4 29.9 28.7 31.5 31.2 30.0 29.4 0.0 31.0 30.8 31.0
5 36.4 35.3 39.0 38.8 37.8 36.3 36.4 38.9 38.9 39.2
6 0.0 0.0 40.7 41.2 40.8 0.0 39.1 40.6 41.2 41.3
7 0.0 0.0 40.2 41.0 40.8 0.0 0.0 40.2 41.1 41.1
8 0.0 0.0 39.4 40.2 40.1 0.0 0.0 39.2 40.1 40.1
Total 14.5 9.7 30.8 33.5 30.0 18.4 21.7 27.2 26.7 29.6
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Table 1.Continued.

PN TK OK ASUKA 137E PN TK OK ASUKA 137E

VT (Sv) NT (kmol s−1)

1 12.5 10.9 −0.4 10.1 8.5 22.3 15.3 0.9 38.1 28.7
2 4.2 4.4 0.6 4.6 3.9 30.8 26.5 4.9 42.0 49.4
3 5.5 5.0 1.7 7.2 8.5 84.8 70.7 28.5 122.4 153.3
4 1.2 1.5 1.3 3.2 2.9 34.5 42.9 40.0 94.4 76.2
5 0.0 0.3 1.1 1.1 0.6 0.5 9.1 40.0 39.1 13.8
6 0.0 −0.2 0.4 0.4 −0.7 0.0 −8.2 14.7 17.4 −30.4
7 0.0 0.0 0.1 0.3 −1.3 0.0 0.0 5.4 12.8 −52.5
8 0.0 0.0 0.2 0.2 −1.6 0.0 0.0 6.0 6.9 −65.1
Total 23.5 21.8 4.9 27.2 20.7 172.9 156.3 140.4 373.0 173.5

of water temperature, salinity and nutrient data for all five
sections.

The CTD data at sections PN, TK, ASUKA, 137E and OK
from winter 2000 to fall 2009 (Fig. 2) were used in the in-
verse calculation of absolute geostrophic velocity. The rea-
son that we limited our analysis to the last 10 yr was to use
a consistent average time for all the sections. As shown in
Fig. 2, the data at sections ASUKA and OK are highly con-
centrated during the last decade.

The inverse method (Wunsch, 1978) was applied to the
three areas that were enclosed by five sections, the line con-
necting the two stations at the north end of sections PN and
TK, and the coastline of southern Japan (Fig. 1b). The water
exchange through two gaps between the islands at the south-
westward extension of section TK was neglected. The water
column was vertically separated into eight layers bounded
by the sea surface and eight isopycnals (24.80, 25.50, 26.50,
27.00, 27.30, 27.50, 27.60, 27.66σθ ). An approximate mass
conservation was assumed within each of the eight layers,
while an approximate salt conservation was assumed within
the lower seven layers. By allowing small mass and salt un-
balances in each layer, an optimum velocity was obtained at
the reference level, which was set at a depth of 2000 m for
sections OK, ASUKA, and 137E, 700 m for sections PN and
TK, and at sea bottom if the water depth was shallower than
a depth of 2000 m or 700 m. The optimum reference level for
the inverse method to calculate the absolute geostrophic ve-
locity was suggested to be 2000 dbar in the region southeast
of the Ryukyu Islands (Yuan et al., 1998; Zhu et al., 2008)
and in the Kuroshio region south of Japan (Kaneko et al.,
2001), and to be 700 dbar at sections PN and TK (Guo et al.,
2012; Wei et al., 2013). After obtaining the velocity at the
reference level, the absolute geostrophic velocity normal to
the line connecting the two stations at one-meter intervals in
the vertical direction was obtained from the thermal winds
relation. The absolute geostrophic velocity at one section is
denoted asV (x,z, t), wherex is the horizontal distance from
left side of the section,z is water depth, andt is the time of
observations.

To calculate the nutrient flux, the product of velocity and
nutrients concentration, the nutrient concentration at the def-
inition point of velocity is also required. The nutrients in the
JMA data set have nitrate and phosphate concentrations but
not silicate. Since nitrate and phosphate concentrations have
a good linear correlation (Guo et al., 2012), the focus of this
study is on nitrate. The nitrate concentrations at standard lev-
els were first linearly interpolated at one-meter intervals at
the hydrographic stations along each section and were then
linearly interpolated horizontally to the definition point of
velocity at the same depth, which were set at the middle of
two hydrographical stations. The nutrient flux,F(x,z, t) was
calculated by usingF(x,z, t) = V (x,z, t)C(x,z, t), where
C(x,z, t) is nitrate concentration.

It should be noted that the large meander in the
Kuroshio significantly changes the nitrate concentration
at section 137E. This large meander was observed to
form from August 1975 to March 1980, November 1981
to May 1984, December 1986 to July 1988, December
1989 to December 1990, and from July 2004 to Au-
gust 2005 (http://www.data.kishou.go.jp/kaiyou/shindan/b_
2/kuroshio_stream/kuroshio_stream.html). During these pe-
riods, the area between the meander and coast became large
and the nitrate concentration in this area was high. A simple
average, without considering the path of the Kuroshio, may
induce a pseudo higher nitrate concentration at section 137E.
Therefore, the data that were collected during the period of
this large meander at section 137E were removed (Fig. 2).

The purpose of this study is to obtain the value of the
mean nutrient flux of the Kuroshio at each section during
all cruises. As typically done, the direct average of the nu-
trient flux from each cruise was computed as shown in the
following equations:

F0(x,z) =
1

N

N∑
k=1

F(x,z, tk) =
1

N

N∑
k=1

V (x,z, tk)C(x,z, tk), (1)

whereF0(x,z) is the mean nutrient flux, subscriptk is the
time index, andN is the total number of cruises. To calculate
F(x,z, tk), both the current speed and nutrient concentration
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Fig. 2. Data distribution of the five sections. Blue dots denote the CTD data used to calculate velocity; grey circles denote the bottle data
for water temperature and salinity; red dots denote the raw nitrate concentration; black circles denote the raw nitrate concentration used to
calculate the nitrate flux; black crosses denote the temporally averaged nitrate concentration used to calculate the nitrate flux when the raw
nitrate concentration was not available. The grey shading for section 137E denotes the periods when the large meander of the Kuroshio was
observed and the data collected during periods were not used in this study.

from the same cruise are needed. However, nitrate concentra-
tion was not sampled for section TK from winter 2000 to fall
2009, and was not sufficiently sampled for section ASUKA
from winter 2000 to fall 2009 (Fig. 2). Therefore, it is diffi-
cult to use Eq. (1) to calculateF(x,z, tk) for all cruises from
winter 2000 to fall 2009 at these two sections. Instead, nitrate
concentrations were temporally averaged at the two sections
for all cruises that reported a nitrate concentration by using
the following equation:

C0(x,z) =
1

N0

N0∑
k=1

C(x,z, tk), (2)

whereC0(x,z) is the mean nitrate concentration andN0 is
the total number of cruises for the nitrate data at sections
TK or ASUKA. C0(x,z) was then used to replaceC(x,z, tk)

in Eq. (1) andF(x,z, tk) was obtained for all cruises from
winter 2000 to fall 2009 at the two sections.

However, this replacement introduces an error in the
mean nitrate fluxF0(x,z). The nutrient concentration at a
fixed place during a cruise,C(x,z, t), contains the mean
componentC0(x,z) and its temporally varying compo-
nent C′(x,z, t), i.e., C(x,z, t) = C0(x,z) + C′(x,z, t).
Similarly, the current speed at a fixed place dur-
ing a cruise, V (x,z, t), also has a mean compo-
nent, V0(x,z), and a temporally varying component,
V ′(x,z, t), i.e., V (x,z, t) = V0(x,z) + V ′(x,z, t) and

V0(x,z) =
1
N

N∑
k=1

V (x,z, tk). With such separation, the mean

nutrient flux becomes

F0(x,z) = V0(x,z)C0(x,z) +
1

N

N∑
k=1

V ′(x,z, tk)C
′(x,z, tk). (3)

According to Eq. (3), the mean nutrient flux at a fixed point
comprises two components. One is the product of the mean
current speed and mean nutrient concentration. The other is
the temporal average of the product of temporally varying
component of current speed and nutrient concentration. The
calculation ofF0(x,z) at sections TK and ASUKA neglects
the contribution of the second term on the RHS of Eq. (3).
This is the first problem when calculating the mean nutrient
flux at sections TK and ASUKA. The second problem is the
different period used for obtaining the mean nutrient con-
centration (before 2000) from that used for mean velocity
(from winter 2000 to fall 2009) at section TK. As discussed
in Sect. 4, these problems do not interfere with the results of
this study.

The spatial integral ofF0(x,z) at a section used to de-
fine the nutrient transport through the section. In order to
avoid a pseudo spatial variation of nutrient transport along
a section due to the different horizontal distances of the hy-
drographic stations,C0(x,z), V0(x,z), andF0(x,z) were re-
sampled by dividing a section using a unit width of 25 km
in the horizontal direction and a 1 m interval in the vertical
direction. The resampled variables are denoted asC0(i,j),
V0(i,j), andF0(i,j), wherei andj are indices in the hori-
zontal and vertical directions, respectively. Based on the re-
sampled variables, three variables were obtained at each of
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the eight isopycnal layers (l) for each section, i.e., spatially
averaged nitrate concentrations were obtained for each unit
width C0(i, l), volume transport per unit width VT0(i, l), and
nitrate transport per unit width NT0(i, l), by using the fol-
lowing equations:

C0(i, l) =
1

j2 − j1 + 1

j2∑
j=j1

C0(i,j) (4)

VT0(i, l) =

j2∑
j=j1

V0(i,j)1x (5)

NT0(i, l) =

j2∑
j=j1

F0(i,j)1x, (6)

where l is the index for eight isopycnal layers,j1 and j2
are two depth indices for the upper end and lower end of
one isopycnal layer, and1x is the unit width (25 km). The
vertical sum of VT0(i, l) and NT0(i, l) for l = 1,8 produces
the volume transport VT(i) and nutrient transport NT(i)
within one unit width along a section. The horizontal sum
of VT0(i, l) and NT0(i, l) for i = 1,M (M is the grid point
number of a section in the horizontal direction) produces the
total volume transport VT(l) and nutrient transport NT(l)
for one isopycnal layer of a section; the horizontal sum of
VT(i) and NT(i) for i = 1,M or the vertical sum of VT(l)
and NT(l) for l = 1,8 produces the total volume transport
VT and total nutrient transport NT through a section.

As presented in Sect. 3, the recirculation south of the
Kuroshio is very important to the eastward nutrient transport
by the Kuroshio south of Japan. To determine the contribu-
tion of this recirculation, positive values for the nutrient flux
and nutrient transport are defined at a section if they have the
same direction (approximately eastward) as the Kuroshio or
Ryukyu Current; negative values are used for the nutrient flux
and nutrient transport if they are opposite in direction (ap-
proximately westward) compared to the Kuroshio or Ryukyu
Current. Superscript “+” (“ −”) is used to represent positive
(negative) velocity, nutrient flux and nutrient transport.

3 Results

3.1 Current fields at the five sections

The plots of temporally averaged velocity present a consis-
tent image of the Kuroshio from the East China Sea (Fig. 3a
and b) to south of Japan (Fig. 3d and e). In the East China
Sea, the surface current speed exceeds 1 m s−1 above the
shelf break at section PN and exhibits a structure with a
single maximum speed core around 28.3◦ N. The current re-
duces its speed in proportion to the distance from the max-
imum speed core in both horizontal and vertical directions.
The current speed exceeds 0.1 m s−1 at 600 m depth, show-
ing high potential to carry dissolved material downstream in
the subsurface layer.

At the Tokara Strait, which is where the Kuroshio exits
the East China Sea, the current shows two maximum speed
cores at the southern and northern channels (Fig. 3b). The
surface maximum current speed at the Tokara Strait is lower
at the northern channel than at the southern channel, and both
channels are lower than those at section PN. Although the
surface current is weaker at the Tokara Strait than at section
PN, the reduction of current speed with depth is also smaller
in the Tokara Strait than at section PN. Consequently, a cur-
rent speed of 0.3 m s−1 is maintained at 600 m depth in the
southern channel of the Tokara Strait.

At section ASUKA (Fig. 3d), the Kuroshio is significantly
intensified, which may correspond to the large area with a
current speed larger than 0.6 ms−1 and the offshore exten-
sion of an area with a current speed larger than 0.1 m s−1.
The eastward volume transport at section ASUKA is 61.0
Sv, which is much larger than that at section PN (26.3 Sv)
and section TK (22.6 Sv) (Table 1). On the other hand, a cur-
rent with an opposite direction to the Kuroshio can be easily
identified south of the Kuroshio. The speed of this counter
current is much weaker than the Kuroshio but its presence
covers a large area.

The current structure at section 137E (Fig. 3e) is simi-
lar with that at section ASUKA, i.e., a strong and robust
eastward Kuroshio and a weak but wide westward counter
current. However, the distance between the Kuroshio and
the coastline at section 137E is greater than that of section
ASUKA. A counter coastal current appears at the inshore
side of the Kuroshio at section 137E (Fig. 3e).

The current is weak in the surface layer but strong in the
subsurface at section OK (Fig. 3c). This is a well-known fea-
ture of the Ryukyu Current (Zhu et al., 2004), which is a
branch current of the Kuroshio in the East China Sea (An-
dres et al., 2008). Although it is not very clear in Fig. 3d, a
maximum speed core can be identified at 600 m depth. The
eastward volume transport is 16.1 Sv at section OK.

The eastward volume transport of the Kuroshio is 26.8 Sv
at section PN and 23.5 Sv at section TK, and changes only
slightly in the East China Sea. The combination of the east-
ward volume transport at sections TK and OK is∼ 40.0 Sv,
which is less than that at section ASUKA (61.0 Sv). Al-
though sections ASUKA and 137E are both located south
of Japan and not far from each other, the eastward volume
transport increased by 14.0 Sv from section ASUKA to sec-
tion 137E (75.0 Sv; Table 1).

The increasing eastward volume transport of the Kuroshio
south of Japan is caused by the counter current south of the
Kuroshio, i.e., the Kuroshio recirculation. The eastward vol-
ume transport of the Kuroshio south of Japan consists of
two parts: one is related to basin-scale wind stresses and
the other is related to the anticyclonic recirculation gyre,
which is a local current system south of the Kuroshio (Ha-
sunuma and Yoshida, 1978). Imawaki et al. (2001) indicated
that the recirculation played a significant role in the east-
ward volume transport of the Kuroshio measured at section
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Fig. 3.Temporally averaged absolute geostrophic velocity (ms−1) and nitrate concentration (mmol m−3) for all five sections. Colored areas
and black contours show velocity with an interval of 0.1 m s−1. Positive values are defined as the direction of the Kuroshio or Ryukyu
Current. Red contours indicate nitrate concentrations at an interval of 5 mmol m−3, with the exception of 41 mmol m−3. Thick black lines
indicate a speed of zero. The inverse triangles denote the hydrographic stations where water temperature, salinity, and nitrate concentrations
are available.

ASUKA. Ichikawa et al. (2004) also noted its influences on
the Ryukyu Current and attributed the increase in volume
transport from section OK (Zhu et al., 2004) to a section
southeast of Amami island to the presence of the Kuroshio
recirculation.

3.2 Nitrate concentrations and nitrate fluxes at the five
sections

The temporally averaged nitrate concentration has a rel-
atively simple distribution at the five sections (Fig. 3).
In general, nitrate concentration increases with depth:
approximately zero at the sea surface, 5 mmol m−3 at
100–200 m depth, 35 mmol m−3 at 700–800 m depth, and
∼ 40 mmol m−3 below 1000 m depth. The vertical varying
rate of nitrate concentration is small in the surface layer
(0–200 m), large in the subsurface layer (200–1000 m), and
small in the deep layer (> 1000 m). The horizontal variations
in mean nitrate concentration at these sections are found only
near the shelf slope where the contour lines of nitrate concen-
tration raise toward the shallow shelf region (Fig. 3).

The temporally averaged nitrate flux has a consistent sub-
surface maximum core at all five sections (Fig. 4). The depth
of the subsurface maximum core is relatively stable along the
path of the Kuroshio: 400 m at section PN, 500 m at section
TK, 500 m at section ASUKA, and 400 m at section 137E.
However, the corresponding isopycnal layer of the subsur-
face maximum core slightly changes along the path of the
Kuroshio: 25.5–26.5σθ at section PN,∼ 26.5σθ at section
TK, ∼ 26.5σθ at section ASUKA, and 25.5–26.5σθ at sec-
tion 137E. The subsurface maximum core of nitrate flux at

section OK is located at a depth of 800 m, with a correspond-
ing an isopycnal layer of 27.0σθ .

The nitrate flux at its subsurface maximum core is
9.6 mmol m−2 s−1 at section PN, 10.6 mmol m−2 s−1 at
section TK, 11.2 mmol m−2 s−1 at section ASUKA, and
10.5 mmol m−2 s−1 at section 137E, indicating that the val-
ues along the path of the Kuroshio are stable. The nitrate flux
is 5.7 mmol m−2 s−1 at section OK. The high nitrate concen-
tration at 800 m depth is the reason why the Ryukyu Cur-
rent properly transports nutrients to regions south of Japan,
since the current is weak at section OK. In fact, the mean
nitrate concentrations at the subsurface maximum core of ni-
trate flux are 18.3, 26.6, 24.6, 19.7, 36.0 mmol m−3 at sec-
tions PN, TK, ASUKA, 137E, and OK, respectively, while
the mean speeds at the subsurface maximum core of nitrate
flux are 0.50, 0.40, 0.45, 0.53, 0.16 m s−1 at sections PN, TK,
ASUKA, 137E, and OK, respectively.

Since the maximum nitrate flux does not significantly
change along the Kuroshio, the nitrate transport through each
section should be proportional to the area covered by the
same contour of nitrate flux. Furthermore, the area with a ni-
trate flux larger than 1 mmol m−2 s−1 significantly increases
at sections ASUKA and 137E. Consequently, the eastward
nitrate transports are higher at sections ASUKA and 137E
than at sections PN, TK, and OK (Table 1).

Up to now, we have only discussed the positive nitrate flux
in Fig. 4. However, negative nitrate flux can also be observed
at all sections (Fig. 4). This is particularly apparent for sec-
tions ASUKA and 137E, where an increase in negative ni-
trate flux in the subsurface layer is widely observed. This
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Fig. 4. Temporally averaged nitrate flux (mmol m−2 s−1) for all sections. Colored areas and black contours indicate the nitrate flux with an
interval of 1 mmol m−2 s−1. Positive values of velocity are defined as in Fig. 3. Red contours indicate the eight isopycnal layers. Thick black
lines indicate zero nitrate flux. The inverse triangles are the same as those in Fig. 3.

negative nitrate flux is caused by a weak but broad Kuroshio
recirculation south of the Kuroshio (Fig. 4), and this west-
ward nitrate transport also shows a downstream intensifica-
tion (Table 1).

3.3 Horizontal distributions of nitrate transport
through a defined unit width

In order to obtain a general image of the horizontal dis-
tribution of nutrient transport in the study region, we de-
termined the averaged volume transport VT0(i, l) and ni-
trate transport NT0(i, l) defined by Eqs. (4)–(6) for a de-
fined unit width (25 km) within each of eight isopycnal layers
(Fig. 5). The eastward volume transport is large in the up-
per layers (Fig. 5a–c) but small in the lower layers (Fig. 5f–
h). The counter current is apparent at sections ASUKA and
137E, and is located just south of the eastward Kuroshio
(Fig. 5a–c). The nitrate concentration varies mainly in the
vertical direction, as determined by the difference between
the volume transport and nitrate transport in Fig. 5.

The eastward nitrate transport can be confirmed in the
1st layer (Fig. 5a), appears in the 2nd layer (Fig. 5b) to
the 6th layer (Fig. 5f), and weakens in the two heaviest
layers (Fig. 5g–h). In the first layer (Fig. 5a), the down-
stream intensification of the eastward nitrate transport along
the path of the Kuroshio is observed from section TK to
section ASUKA, but not from section ASUKA to section
137E. However, the downstream intensification of the east-
ward nitrate transport from section TK to section ASUKA
and from section ASUKA to section 137E is evident for lay-
ers 2 through 5, while that of section ASUKA to section 137E
remains constant for the 6th to 8th layers. On the other hand,

the westward nitrate transport is evident for layers 2 through
8. Being similar to the eastward nitrate transport, the west-
ward nitrate transport also intensified from section ASUKA
to section 137E.

Because the horizontal variations of nitrate transport are
similar among the eight layers, the integration from the 1st
layer to the 8th layer (Fig. 1b) does not provide a surpris-
ing result. The increase in eastward nitrate transport from
the East China Sea to south of Japan as well as the down-
stream intensification of both the eastward and westward ni-
trate transports from section ASUKA to section 137E are ap-
parent in Fig. 1b.

4 Discussion

4.1 Error caused by using mean nitrite concentration

As we described in Sect. 2, the mean nitrate flux at sections
TK and ASUKA were obtained by calculating the product
of the mean current speed and mean nitrate concentration for
different periods. We now use section 137E as an example to
examine the error caused by this method.

Figure 6a shows the nitrate flux obtained by calculating
the product of the mean current speed and mean nitrate con-
centration for the same period (2000 to 2009). The difference
between Figs. 6a and 4e is presented as Fig. 6b; the difference
shown is the contribution of the second term on the RHS of
Eq. (3). The spatial structure of the nitrate flux in Fig. 6a is
similar to that in Fig. 4e. The maximum difference between
the two mean nitrate fluxes is∼ 0.9 mmol m−2 s−1 (Fig. 6b),
which is less than 10 % of the nitrate flux at the same location
shown in Fig. 4e. This result suggests that the contribution of
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Fig. 5. The same as Fig. 1b, but for each of the eight isopycnal layers:(a) sea surface–24.8σθ , (b) 24.8–25.5σθ , (c) 25.5–26.5σθ ,
(d) 26.5–27σθ , (e)27–27.3σθ , (f) 27.3–27.5σθ , (g) 27.5–27.6σθ , and(h) 27.6–27.66σθ .

the second term on the RHS of Eq. (3) to the mean nitrate flux
is smaller than that of the first term on the RHS of Eq. (3) by
one order. Therefore, the approximation using only the first
term on the RHS of Eq. (3) at sections TK and ASUKA is
acceptable.

The second problem with calculating the mean nitrate flux
at sections TK and ASUKA is that different periods were
used for averaging the current speed and nitrate concentra-
tion data. This is not a major problem for section ASUKA
but is a significant problem for section TK, where the aver-
aging period for the current speed (2000 to 2009) and that
for the nitrate concentration (prior to 1990) are completely
different. This treatment not only neglects the second term
on the RHS of Eq. (3) but also changes the mean nitrate con-
centration used in the first term on the RHS of Eq. (3). Fig-
ure 6c shows the nitrate flux that was obtained by calculating
the product of the mean current speed from 2000 to 2009
and the mean nitrate concentration from 1970 to 1999 at sec-
tion 137E. The difference between Figs. 6c and 4c is also
small (Fig. 6d), suggesting that the influence of using differ-
ent periods for the mean nitrate concentration and the current
speed does not cause a significant change in the mean nitrate
flux. Therefore, the mean nitrate fluxes for sections TK and
ASUKA, which are presented in Fig. 4b and c, are acceptable
as a first approximation to the true values.

4.2 Contribution of the Ryukyu Current and Kuroshio
recirculation to the downstream nitrate transport of
the Kuroshio

To quantitatively estimate the nitrate transport at the five sec-
tions of this study, the totals of the following items, which are

listed in Table 1, were defined for each of the eight isopyc-
nal layers: positive volume transport (VT+), positive nutrient
transport (NT+), positive transport-weighted mean nitrate
concentration (CT+ = NT+

/
VT+), area-weighted mean ni-

trate concentration for the areas with positive volume trans-
port (CA+), negative volume transport (VT−), negative nu-
trient transport (NT−), negative transport-weighted mean
nitrate concentration (CT− = NT−

/
VT−), area-weighted

mean nitrate concentration for the areas with negative vol-
ume transport (CA−), net volume transport (VT= VT+

+

VT−), and the net nutrient transports (NT= NT+
+ NT−).

Since nitrate concentration generally increases with depth
while velocity decreases with depth, CT+(CT−) is usually
smaller than CA+(CA−) due to positive vertical shear. In
other words, the difference between CT+ and CA+ or the
difference between CT− and CA− reflects the effects of the
vertical shear of the current on the nitrate transport.

Sections PN and TK are very similar in structure for all the
terms shown in Table 1. The positive volume transport (VT+)

and nitrate transport (NT+) are of the same order for all the
isopycnal layers at the two sections, while the negative vol-
ume transport (VT−) and negative nitrate transport (NT−)

are smaller than the positive volume transport and positive
nitrate transport, respectively, by one order. A consistent re-
duction of VT+, NT+, CT+, CA+ from section PN to section
TK can be confirmed in all the isopycnal layers listed in Ta-
ble 1. The reduction in VT+ is consistent with the separation
of a northward branch current from the Kuroshio southwest
of Kyushu (Lie et al., 1998; Guo et al., 2006). The reduction
in NT+ from section PN to section TK is caused not only
by the reduction in VT+ but also by the reduction in CT+.
The primary reason for the reduction in CT+ is the reduction
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Fig. 6. Nitrate flux (mol m−2 s−1) for section 137E calculated using the temporally averaged speed from 2000 to 2009,(a) temporally
averaged nitrate concentration before 2000, and(c) temporally averaged nitrate concentration from 2000 to 2009.(b) Difference between
Fig. 4e and(a); (d) difference between Fig. 4e and(c). Colored areas and black contour lines indicate the nitrate flux with an interval of
1 mol m−2 s−1 in (a) and(c), and with an interval of 0.3 mol m−2 s−1 in (b) and(d). Positive values indicate an eastward flux. Red contour
lines indicate the eight isopycnal layers. Thick black lines indicate zero nitrate flux. The inverse triangles are the same as those in Fig. 3.

in CA+ from section PN to section TK. The weaker vertical
shear of the current at section TK than at section PN (Fig. 3)
induces a smaller difference of CT+ between the two sec-
tions than that of CA+.

The Ryukyu Current plays a more important role in the
downstream transport of nitrate than the downstream trans-
port of volume. The positive volume transport (VT+) is
16.1 Sv at section OK, which is smaller than that at section
TK (22.6 Sv; Table 1). However, the positive nitrate transport
(NT+) is 338.6 kmol s−1 at section OK, which is almost two
times that at section TK (165.8 kmol s−1; Table 1). The same
conclusion is also held for the net nitrate transport (NT) (Ta-
ble 1). As stated previously, the direct reason for the large
nitrate transport at section OK is the deep location of rela-
tively strong current speed, where the nitrate concentration
is high (Fig. 3).

Another important issue is the contribution of recircula-
tion, as shown from the values for section OK in Table 1. Dif-
fering from sections PN and TK, the negative volume trans-
port (VT−) and negative nitrate transport (NT−) at section
OK are of the same order as the positive volume transport
(VT+) and positive nitrate transport (NT+), respectively.
From the distribution of the nitrate transport for the defined
unit width (Fig. 1), we know that the positive nitrate transport
is located adjacent to Okinawa Island, which corresponds to
the Ryukyu Current, while the negative nitrate transport is
widely distributed far from Okinawa Island. Therefore, the
second reason that the Ryukyu Current brings more nutrients
to the area south of Japan than the Kuroshio in the East China
Sea is the contribution of recirculation.

The net volume transport (VT) at section ASUKA is sim-
ilar to the sum of those at sections TK and OK, but the net
nitrate transport (NT) at section ASUKA is larger than the
sum of those at sections TK and OK (Table 1). This result in-
dicates an increase of nitrate concentration from section TK
and section OK to section ASUKA, which will be examined
in the next subsection. Layers 1 through 5, especially layer 3
(25.50–26.50σθ ) and layer 4 (26.50–27.00σθ ,), have a major
contribution to the net nitrate transport at section ASUKA.
The positive and negative nitrate transports are significantly
higher at section ASUKA compared to their sum at sections
TK and OK, indicating again the apparent contribution of
the Kuroshio recirculation to the negative nitrate transport
(NT−) as well as positive nitrate transport (NT+). As shown
in Fig. 4 and Table 1, the recirculation-induced negative ni-
trate transport is large in the subsurface of the current (layers
3–5). As a response to the recirculation-induced negative ni-
trate transport, the positive nitrate transport in these layers
also increases. Consequently, the positive nitrate transport at
section ASUKA reaches> 1.7 times the sum of those at sec-
tions TK and OK.

Although sections ASUKA and 137E are in close prox-
imity to each other, the positive nitrate transport (NT+) in-
creased by 50 % from section ASUKA to section 137E (Ta-
ble 1). Since the positive volume transport (VT+) only in-
creased by 25 % from section ASUKA to section 137E, the
increase of nitrate concentration from section ASUKA to
section 137E is expected. However, such a change in ni-
trate concentration (CT+ and CA+) was only confirmed from
the 2nd layer to the 3rd layer. The negative nitrate transport
(NT−) is larger at section 137E than at section ASUKA.
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This indicates that a part of the negative nitrate transport
returns to the Kuroshio between these two sections. There-
fore, a clear image can be drawn for the contribution of the
Kuroshio recirculation area that merges into the Kuroshio
main stream and increases the positive nitrate transport along
the Kuroshio.

4.3 A budget calculation for water and nutrient
transports within each isopycnal layer

As described in the previous subsection, the Kuroshio recir-
culation is an apparent cause for the downstream increase of
nitrate transport (Table 1). However, the along-stream change
of nitrate concentration (Table 1), which is caused by diapyc-
nal mixing and biological processes, must also play a role in
the downstream increase of nitrate transport. To quantitate
the contributions of the Kuroshio recirculation and down-
stream change in the nitrate concentration, a budget calcu-
lation is conducted for the water and nitrate transports in an
area enclosed by two or three sections.

A budget calculation for an area enclosed by section
137E-N and section ASUKA-N

For this calculation (Fig. 7a), section 137E is divided into two
parts and is separated at approximately 31.5◦ N (9th station
from the northernmost station in Fig. 1) where the eastward
Kuroshio almost disappears. Its northern component (sec-
tion 137E-N) represents the eastward Kuroshio and its south-
ern component (section 137E-S) represents the westward
Kuroshio recirculation. We further divided section 137E-N
into two parts: a small northern component (section 137E-N-
N) that corresponds to a westward coastal current and a large
southern component (section 137E-N-S) that corresponds to
the Kuroshio. Similarly, section ASUKA is also divided into
two parts: a northern component (section ASUKA-N) and a
southern component (section ASUKA-S), which is separated
at approximately 31◦ N (11th station from the northern most
station in Fig. 1).

We denote the volume transport within an isopycnal layer
asV1, V2, andVC for sections ASUKA-N, 137E-N-S, and
137E-N-N, respectively (Fig. 7a), and the nitrate transports
within the same isopycnal layer are denoted as NT1, NT2,
and NTC for sections ASUKA-N, 137E-N-S, and 137E-N-N,
respectively. The ratio of NT1 to V1 (i.e., transport-weighted
mean nitrate concentration) is denoted asC1, that of NT2 to
V2 asC2, and that of NTC to VC asCC.

We assume that the difference in the volume transports
through sections ASUKA-N and 137E-N is due to the
Kuroshio recirculation in the southern region between sec-
tions 137E-S and ASUKA-S. The volume transport of the
Kuroshio recirculation (VR) is thereforeV2 − V1 − VC and
its nitrate transport is given by the production ofVR and the
transport-weighted mean nitrate concentration (CR) of wa-

ter carried by the Kuroshio recirculation. Although the exact
value ofCR is unknown, it is reasonable to assume that it
is equal to the transport-weighted mean nitrate concentration
of the westward water in the same isopycnal layer of section
137E-S, which is the origin of the Kuroshio recirculation wa-
ter in the area between sections ASUKA-N and 137E-N. The
following equation was then obtained:

NT2 − NT1 − NTC = VRCR + V1 (C2 − C1) + VR (C2 − CR)

+VC (C2 − CC) , (7)

where the first term on the RHS,VRCR, is the nitrate trans-
port via the Kuroshio recirculation, and the other terms arise
from the difference in nitrate concentration between each
pair of sections and can be attributed to the diapycnal mix-
ing and biological processes occurring over the area between
two sections. The values of these terms within each isopycnal
layer and for the entire water column are given in Table 2.

According to Table 2, the nitrate transport by the Kuroshio
recirculation accounts for more than 95 % of the downstream
increase in nitrate transport for the entire water column. This
result, however, does not mean that we can neglect the role of
the change in nitrate concentration between two sections. For
example, the terms arising from the change in nitrate concen-
tration are more important than the Kuroshio recirculation in
the upper two isopycnal layers. In the third isopycnal layer,
the Kuroshio recirculation becomes dominant but the terms
arising from the change in nitrate concentration between two
sections still have a considerable positive contribution. In the
deep layers (layers 4–8), the downstream increase of nitrate
transport is almost entirely due to the Kuroshio recirculation
and the terms arising from the change in nitrate concentra-
tion between two sections that have a negative or negligible
contribution.

The transport-weighted mean nitrate concentration (Ta-
ble 2) shows a reduction of nitrate concentration along the
Kuroshio from section ASUKA-N (C1) to section 137E-N-
S (C2) in the first layer. This change is related to the bio-
geochemical processes that occur over the area between two
sections. The nitrate concentrations in the Kuroshio recircu-
lation (CR) and in the westward coastal current (CC) are also
very different than those (C1 andC2) in the Kuroshio, but
their contribution to the change in nitrate transport is very
small because their volume transport in this layer is small.

The transport-weighted mean nitrate concentration (Ta-
ble 2) shows an increase in nitrate concentration from sec-
tion ASUKA-N (C1) to section 137E-N-S (C2) and from the
Kuroshio recirculation (CR) to section 137E-N-S (C2) in the
2nd and 3rd layers. This increase may be related to the di-
apycnal mixing that occurs over the area between section
ASUKA-N and section 137E-N-S, due to the presence of the
downstream reduction of nitrate concentration in the 4th and
5th layers between each pair of sections. For layers 4 through
7, the nitrate concentration is higher in the Kuroshio recircu-
lation (CR) than in the two sections of the Kuroshio (C1 and
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V1, C 1, NT 1
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Fig. 7. Schematic of a budget model for an area enclosed by(a) sections ASUKA-N and 137E-N-S and(b) by sections ASUKA-N, TK and
OK-W. V: volume transport; NT: nitrate transport; C: ratio of NT to V.(a) Subscript “1” denotes section ASUKA-N; subscript “2” denotes
section 137E-N-S; subscript “C” denotes section 137E-N-N where a westward coastal current flows into the area enclosed by sections
ASUKA-N and 137E-N-S; and subscript “R” denotes a section (red dashed line) where the Kuroshio recirculation flows into the area
enclosed by sections ASUKA-N and 137E-N-S.(b) Subscript “1” denotes section TK; subscript “2” denotes section ASUKA-N; subscript
“0” denotes section OK-W; and subscript “R” denotes a section (red dashed line) where the Kuroshio recirculation flows into the area
enclosed by sections ASUKA-N, TK and OK-W.

Table 2.Budget of nitrate transport (kmol s−1) for each isopycnal layer between sections 137E-N-S and ASUKA-N.

Layer NT2-NT1- VRCR V1 VR VC C1 CR CC C2
NTC (C2-C1) (C2-CR) (C2-CC)

(kmol s−1) (kmol s−1) (kmol s−1) (kmol s−1) (kmol s−1) (mmol m−3) (mmol m−3) (mmol m−3) (mmol m−3)

1 −8.2 0.0 −8.1 0.0 −0.1 2.5 0.7 3.0 2.1
2 24.8 10.7 10.2 4.0 −0.1 6.1 5.0 7.5 6.9
3 82.7 69.0 9.3 4.6 −0.2 16.0 15.6 17.1 16.6
4 46.8 51.6 −2.6 −2.4 0.2 29.8 30.8 28.9 29.4
5 65.3 70.2 −2.0 −3.0 0.1 38.1 39.1 37.3 37.4
6 87.0 88.2 0.0 −1.2 0.0 40.7 41.3 40.8 40.7
7 50.8 51.1 0.0 −0.3 0.0 40.8 41.1 40.8 40.8
8 29.9 30.0 0.0 0.0 0.0 40.6 40.1 39.8 40.1
All 379.2 370.9 6.6 1.7 0.0

C2), indicating that remineralization plays an important role
in the Kuroshio recirculation.

A budget calculation for an area enclosed by sections
ASUKA-N, TK and OK-W

In a similar way, section OK was divided into two parts at
approximately 129◦ E (5th station from the western most sta-
tion in Fig. 1). The current in its western component (section
OK-W) is the Ryukyu Current and the current in its eastern
component (section OK-E) is considered to be the Kuroshio
recirculation. The budget is calculated in an area surrounded
by sections TK, OK-W and ASUKA-N (Fig. 7b). The resid-
ual component of the volume transport through three sections

is supplied by the Kuroshio recirculation from the area be-
tween sections OK-E and ASUKA-S.

The volume transport through sections OK-W, TK and
ASUKA-N are denoted asV0, V1, andV2, respectively. The
volume transport of the Kuroshio recirculation (VR) is ob-
tained byVR = V2 − V0 − V1. The nitrate transport through
sections OK-W, TK and ASUKA-N is denoted by NT0, NT1,
and NT2, respectively, and their corresponding transport-
weighted mean nitrate concentrations areC0, C1, andC2.
The nitrate concentration of the Kuroshio recirculation into
the area (CR) is assumed to be equal to the transport-
weighted mean nitrate concentration in the westward water
current of section ASUKA-S and that in the eastward water
current of section OK-E. An equation for the budget in this
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Table 3.Budget of nitrate transport (kmol s−1) for each isopycnal layer between sections TK, OK-W, and ASUKA-N.

Layer NT2-NT1- VRCR V0 V1 VR C0 C1 CR C2
NT0 (C2-C0) (C2-C1) (C2-CR)

(kmol s−1) (kmol s−1) (kmol s−1) (kmol s−1) (kmol s−1) (mmol m−3) (mmol m−3) (mmol m−3) (mmol m−3)

1 26.0 3.6 1.6 12.1 8.6 1.4 1.4 0.8 2.5
2 49.9 38.6 0.2 0.4 10.7 6.0 6.1 4.8 6.1
3 140.0 123.7 0.9 9.9 5.6 15.7 14.1 15.3 16.0
4 113.2 114.8 −0.9 2.5 −3.3 30.4 28.1 30.6 29.8
5 65.5 65.1 0.7 0.9 −1.1 37.5 34.8 38.8 38.1
6 60.5 60.8 0.4 −0.3 −0.4 39.6 39.1 41.0 40.7
7 19.7 19.6 0.1 0.0 0.0 40.1 0.0 40.7 40.8
8 −1.2 −1.3 0.1 0.0 0.0 39.3 0.0 39.7 40.6
All 473.7 425.0 3.2 25.4 20.1

area was also obtained:

NT2 − NT1 − NT0 = VRCR + V0 (C2 − C0) + V1 (C2 − C1)

+VR (C2 − CR) (8)

According to Table 3, in which the values for each term in
Eq. (8) are given, the advection of the Kuroshio recircula-
tion (VRCR) is more important than the terms arising from
the difference in nitrate concentration between the pairs of
sections and the downstream increase of nitrate transport
(NT2 −NT1 −NT0). The contribution of the Kuroshio recir-
culation to the downstream increase of nitrate transport for
all eight layers is approximately 90 %. As with the area en-
closed by sections ASUKA-N and 137E-N-S, this does not
mean that the role of the terms related to the difference in
nitrate concentration between a pair of sections is negligi-
ble. For example, the terms that depend on the difference in
nitrate concentration between a pair of sections are more im-
portant than the Kuroshio recirculation in the first layer (Ta-
ble 3). In the 2nd and 3rd layers, the terms that depend on
the difference in nitrate concentration between a pair of sec-
tions are still important. It is only below the 4th layer that the
Kuroshio recirculation becomes the only contribution to the
downstream increase of nitrate transport.

The downstream increase of nitrate concentration along
the pathway of Kuroshio (from section TK to section
ASUKA-N) and that from the Kuroshio recirculation to the
Kuroshio (section ASUKA-N) in the upper three layers, as
well as the downstream reduction of nitrate concentration
from the Kuroshio recirculation to the Kuroshio in the deep
layers (layers 4–7), were also found for this area. The result
is likely a consistent feature in the Kuroshio and Kuroshio
recirculation.

Williams et al. (2011) reported that the same downstream
intensification of nutrient transport occurred along the Gulf
Stream and concluded that the primary cause for the increase
in nutrient transport was the recirculation-induced increasing
downstream volume transport of the Gulf Stream, while the
second cause was the downstream increase of nutrient con-
centration in the water carried by the denser layers of the Gulf

Stream. The importance of recirculation is similar with our
results according to the budget calculation for the two areas
in the Kuroshio region. However, the downstream increase in
nutrient concentration in denser layers was found only from
section Tokara to section ASUKA, and was not found from
section OK-W to section ASUKA and from section ASUKA
to section 137E. In fact, the downstream changes of nitrate
concentration in the denser layers from section OK-W to
section ASUKA, from section ASUKA to section 137E, and
from the Kuroshio recirculation to section ASUKA and sec-
tion 137E are generally small or negative.

Williams et al. (2011) reported a downstream decrease in
nutrient concentration in the water carried by the lighter lay-
ers of the Gulf Stream and confirmed that the lateral water
exchange in the same isopycnal layers were the cause for the
downstream increase and decrease of nutrient concentration
in the water carried by the Gulf Stream. We can confirm that
the nitrate concentration is lower in the Kuroshio recircula-
tion than in the light layers (layers 1–3) of the Kuroshio, and
that such a dilution effect is not strong enough to induce a
lower nitrate concentration in the downstream region than in
the upstream region of the Kuroshio main stream due to the
relatively smaller volume transport of the Kuroshio recircu-
lation.

Pelegrí and Csanady (1991) also reported a downstream
increase of nitrate transport along the Gulf Stream and at-
tributed it to the diapycnal mixing that occurred along the
Gulf Stream. Since the results by Pelegrí and Csanady (1991)
are similar to the results of our budget calculations (Tables 2
and 3) (i.e., nitrate concentration increased in the light lay-
ers and decreased in the dense layers), we believe that di-
apycnal mixing should be an important factor in controlling
the change of nitrate along the Kuroshio. Recently, Kaneko
et al. (2013) calculated the vertical nitrate flux in the main
stream of the Kuroshio from measured nitrate concentrations
and the vertical viscosity coefficient estimated from field tur-
bulent measurements. Their results indicated an upward ni-
trate flux from the depth of 300 m to the surface layer. This
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measurement supports our result of a downstream increase of
nitrate concentration along the light layers of the Kuroshio.

5 Summary

Using repeated hydrographic data from 2000 to 2009 and an
inverse method, we obtained the absolute geostrophic cur-
rent speed at four sections across the Kuroshio from the East
China Sea (sections PN and TK) to south of Japan (sec-
tions ASUKA and 137E) and at a section southeast of the
Ryukyu Islands (section OK). The vertical structures and vol-
ume transports of temporally averaged velocity in these sec-
tions were generally consistent with previous results regard-
ing the Kuroshio and Ryukyu Current in such locations. In
addition, the presence of the Kuroshio recirculation was con-
firmed for sections OK, ASUKA and 137E.

Using absolute geostrophic current speed and the nitrate
concentration measured at all five sections, we then obtained
nitrate fluxes and their temporal mean values. The presence
of a subsurface maximum core in the nutrient flux, as re-
ported in the Gulf Stream (Pelegrí and Csanady, 1991; Pele-
grí et al., 1996) and at section PN (Guo et al., 2012), was
confirmed at all sections and their depths were found to be
400, 500, 500, 400, and 800 m for sections PN, TK, ASUKA,
137E and OK, respectively, indicating the presence of a sta-
ble nutrient stream along the Kuroshio from the East China
Sea to south of Japan. The eastward nitrate transport carried
by this stable nutrient stream is 204.8, 165.8, 338.6, 879.3,
and 1230.4 kmol s−1 for sections PN, TK, OK, ASUKA, and
137E, respectively.

The deepest subsurface maximum core of nitrate flux at
section OK was induced by the vertical structure of the
Ryukyu Current, whose maximum current speed is in its sub-
surface (Zhu et al., 2004). This in turn results in a large down-
stream nitrate transport at section OK, suggesting that a weak
but deep Ryukyu Current contributes to the same order of
nitrate transport as the strong but shallow Kuroshio that is
located in the East China Sea to the region south of Japan.

The Kuroshio recirculation has a significant contribu-
tion to the amount of nitrate transport through sections
ASUKA and 137E. The eastward nitrate transport from sec-
tion ASUKA to section 137E increased by a factor of 1.5,
the eastward nitrate transport at ASUKA is larger than the
sum of those at sections TK and OK by a factor of 1.8. The
importance of the Kuroshio recirculation to the downstream
increase of nitrate transport, however, does not mean that the
physical processes (e.g., diapycnal mixing) and biogeochem-
ical processes that change the nitrate concentration along
the pathway of Kuroshio are negligible. A budget calcula-
tion within each of the isopycnal layers suggested that the
downstream change of nitrate concentration along the path-
way of Kuroshio and that from the Kuroshio recirculation to
the Kuroshio has a significant contribution to the downstream

increase of nitrate transport in the upper layers (< 26.5σθ )

along the Kuroshio main stream.
The downstream intensification of the nutrient transport is

a common feature in the nutrient streams of the Gulf Stream
and the Kuroshio. The recirculation and its contribution to
the nutrient transport occur in both streams. A special feature
in the northwest region of the Pacific is the Ryukyu Current,
which has a deep current structure and transports the same
order of nutrients as the Kuroshio does from the East China
Sea to the region south of Japan. A difference between the
Gulf Stream and the Kuroshio is the downstream variation of
nutrient concentration in the water carried by the two west-
ern boundary currents. Nitrate concentration decreases in the
light layers but increases in the dense layers along the Gulf
Stream (Williams et al., 2011). However, the downstream
variation of the nitrate concentration in the Kuroshio region
is not as simple as that of the Gulf Stream. Therefore, more
complex processes are expected to occur in the Kuroshio and
should be investigated in future studies.
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