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Abstract

Based on absolute geostrophic velocity calculated from repeated hydrographic data of
39 cruises from 2000 to 2009 and nitrate concentrations measured at the same sec-
tions from 1964 to 2011, we obtained temporally averaged nitrate flux (the product of
velocity and nitrate concentration) and nitrate transport (integration of flux over a sec-5

tion) through 4 sections along the Kuroshio path from the East China Sea (sections PN
and TK) to south of Japan (sections ASUKA and 137E). In addition, we examined sec-
tion OK east of the Ryukyu Islands in order to understand the contribution of Ryukyu
Current to the Kuroshio nutrient transport south of Japan. The mean nitrate flux shows
a subsurface maximum core with a value of 10, 10, 11, 11, and 6 molm−2 s−1 at sec-10

tions PN, TK, ASUKA, 137E, and OK, respectively. The depth of subsurface maximum
core changes among five sections and is approximately 400, 500, 500, 400, and 800 m
at sections PN, TK, ASUKA, 137E, and OK respectively. The mean downstream ni-
trate transport is 199.3, 176.3, 909.2, 1385.5, and 341.2 kmolm−1 at sections PN, TK,
ASUKA, 137E, and OK respectively. The nutrient transports at these sections suggest15

the presence of Kuroshio nutrient stream from its upstream region to downstream. The
deep current structure of Ryukyu Current (section OK) makes it contribute more nitrate
transport than the Kuroshio in the East China Sea (section TK) to the Kuroshio south
of Japan. In addition, the positive difference between the downstream nitrate transport
through section ASUKA and the sum of nitrate transports through sections TK and OK,20

as well as the positive difference of downstream nitrate transport between sections
137E and ASUKA, suggest that the Kuroshio recirculation significantly intensifies the
downstream (eastward) nitrate transport by the Kuroshio.

1 Introduction

Strong western boundary current carries huge amount of water mass and heat as well25

as a variety of dissolved materials including nutrients, and has a significant influence
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on climate and marine ecosystem around its path. Pelegŕı and Csanady (1991) and
Pelegŕı et al. (1996) reported a subsurface maximum in the nutrients flux (the product
of velocity and nutrients concentration) in the Gulf Stream, and first proposed the pres-
ence of nutrient stream, a continuous nutrient transport, along the Gulf Stream from its
upstream to downstream.5

As a result of reduced current speed and increased nutrient concentration with
depth, the nutrient flux has a subsurface high value (Pelegŕı and Csanady, 1991). Chen
et al. (1994, 1995) calculated the Kuroshio nutrient flux based on four cruises along
a section east of Taiwan, and reported the presence of subsurface maximum core of
nutrient flux at 500 m depth. Guo et al. (2012) obtained a long-term averaged nutrient10

flux at section PN (see Fig. 1b for its location) based on situ 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 nutrient flux. Comparing the nutrient fluxes at section
east of Taiwan and at section PN, the depth of subsurface maximum core of nutrient
flux likely changes along the pathway of the Kuroshio. However, except for these two15

sections, we know little on the vertical structure of nutrient flux along the Kuroshio path
from the East China Sea to south of Japan.

Guo et al. (2012) reported a value of 170.8 kmols−1 as a long-term averaged nitrate
transport (integration of flux over a section) of the Kuroshio at section PN in the East
China Sea. This is the only value we know on the nutrient transport by the Kuroshio.20

Therefore, we still have no answer on the presence of Kuroshio nutrient stream from
its upstream to downstream.

In this paper, we calculated nitrate flux and nitrate transport through 4 sections along
the Kuroshio path from the East China Sea (sections PN and TK) to south of Japan
(sections ASUKA and 137E). In addition, we also examined section OK east of the25

Ryukyu Islands where the Ryukyu Current flows (Zhu et al., 2004). By examining nu-
trient flux and nutrient transport at five sections, we want to confirm the presence of
Kuroshio nutrient stream from the East China Sea to south of Japan, reveals the spatial
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variations of Kuroshio nutrient flux and nutrient transport along the Kuroshio path, and
clarify the factors controlling the spatial variations in the Kuroshio nutrient transport.

2 Data and analysis method

The hydrographic data from winter 2000 to fall 2009 and nutrient data from 1964
to 2011 at sections PN, TK, ASUKA, 137E and OK (Fig. 1b) were obtained from5

Japan Meteorological Agency (JMA, http://www.data.kishou.go.jp/kaiyou/db/vessel
obs/data-report/html/ship/ship.php). The hydrographic data were collected by CTD
(Conductivity Temperature Depth profiler); the nutrient data were from water sam-
ples collected at standard depths and analyzed using routine methods (see Table 1
in Aoyama et al. (2008) for analysis method details). Figure 2 summarizes the avail-10

ability of hydrographic and nutrient data at five sections.
Hydrographic data at sections PN, TK, ASUKA, 137E and OK from winter 2000 to fall

2009 (Fig. 2) were used in the inverse calculation for the absolute geostrophic veloc-
ity. Since the inverse calculation needs CTD data at all the sections, we limited to the
period from winter 2000 to fall 2009 when this condition is approximately satisfied. The15

inverse method (Wunsch, 1978) was applied to the 3 areas enclosed by 5 sections,
the line connecting two stations at north end of sections PN and TK, and the coastline
of southern Japan (Fig. 1b). The water exchange through two gaps between the is-
lands at the southwestward extension of section TK was neglected. The water column
was vertically separated into eight layers bounded by the sea surface and 8 isopyc-20

nals (24.80, 25.50, 26.50, 27.00, 27.30, 27.50, 27.60, 27.66σθ). Mass conservation
was assumed within each of 8 layers, while salt conservation was assumed within the
lower 7 layers. With these conditions, the velocities at the reference level, which was
set as the depth of deepest hydrographic data between each pair of stations or sea
bottom, were obtained (Zhu et al., 2006). Applying the thermal winds relation to a pair25

of hydrographic stations, we obtained the absolute geostrophic velocity normal to the
line connecting two stations at one meter interval in the vertical direction. We denote
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the absolute geostrophic velocity at one section as V (x,z,t), where x is horizontal dis-
tance from left side of the section, z is water depth, t is time of cruise. As shown in
Fig. 2, we can find hydrographic data at the same season for all the five section in most
cases. In the case there was no hydrographic data at the same season for all the five
sections, we used mean hydrographic field at the same season at the section without5

hydrographic data. Such case occurred mostly at section OK (Fig. 2).
To calculate nutrient flux, we need nutrient concentration at grid point of velocity. The

nutrients in the JMA dataset have nitrate and phosphate concentrations but not silicate.
Since nitrate and phosphate concentrations have a good linear correlation (Guo et al.,
2012), we focus on nitrate in this study. The nitrate concentrations at standard levels10

were first linearly interpolated to depth at one meter interval at the hydrographic sta-
tions along a section and then were linearly interpolated horizontally to the grid point
of velocity at the same depth, which were defined at the middle of two hydrographical
stations. We denote nitrate concentration at a section as C(x,z,t). The nutrient flux,
F (x,z,t), defined as product of velocity and nutrient concentration, was calculated by15

F (x,z,t) = V (x,z,t)C(x,z,t).
Our purpose is to know the mean value of nutrient flux by the Kuroshio from all the

cruises at a section. A common way to obtain such mean value is the direct average of
nutrient flux from each cruise as shown in 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)20

where, F0(x,z) is mean value of nutrient flux; subscript k is number for time index, N
is total number of cruises. The calculation of F (x,z,tk) needs both current speed and
nutrient concentration from the same cruise. However, nitrate concentration 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 difficult to use25

Eq. (1) to calculate F (x,z,tk) for all the cruises from winter 2000 to fall 2009 at these
two sections. Instead, we temporally averaged nitrate concentrations at two sections
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from all the cruises that reported nitrate concentration by following equation,

C0(x,z) =
1
N0

N0∑
k=1

C(x,z,tk) (2)

where, C0(x,z) is mean nitrate concentration, N0 is total number of cruises for nitrate
data at sections TK or ASUKA. Then, we used C0(x,z) to replace C(x,z,tk) in Eq. (1)
and obtained F (x,z,tk) for all the cruises from winter 2000 to fall 2009 at two sections.5

This replacement actually introduces an error in mean nitrate flux F0(x,z). The nu-
trient concentration at a fixed place from a cruise C(x,z,t) contains a mean compo-
nent C0(x,z) and its temporally varying component 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 from a cruise V (x,z,t) has
also a mean component V0(x,z) and a temporally varying component V ′(x,z,t), i.e.10

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 composes of two compo-
nents. One is the product of mean current speed and mean nutrient concentration. The15

other is the temporal average of product of temporally varying components of current
speed and nutrient concentration. Apparently, the calculations of F0(x,z) at sections
TK and ASUKA neglects the contribution of second term in r.h.s of Eq. (3). This is first
problem in the calculation of mean nutrient flux at sections TK and ASUKA. The sec-
ond problem is the difference between the mean nutrient concentration calculated by20

Eq. (2) and the unknown mean nutrient concentration from winter 2000 to fall 2009. As
discussed in Sect. 4, these two problems are not serious to our conclusions.
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The spatial integral of F0(x,z) in a given area becomes nutrient transport through
the area. In order to avoid pseudo spatial variation of nutrient transport along a section
due to different horizontal distance of hydrographic stations, we resampled C0(x,z),
V0(x,z), F0(x,z) by dividing a section using an unit width of 25 km in the horizontal
direction and 1 m interval in the vertical direction. We denote resampled variables as5

C0(i , j ), V0(i , j ), F0(i , j ), where i and j are indexs in horizontal and vertical directions,
respectively. Based on the resampled variables, we obtained three variables at each of
eight isopycnal layers (l ) for each section, i.e. spatially averaged nitrate concentration
within unit width C0(i , l ), volume transport per unit width VT0(i , l ), and nitrate transport
per unit width NT0(i , l ), by following equations.10

C0(i , l ) =
1

j2 − j1 +1

j2∑
j=j1

C0(i , j ) (4)

VT0(i , l ) =
j2∑

j=j1

V0(i , j )∆x (5)

NT0(i , l ) =
j2∑

j=j1

F0(i , j )∆x (6)

where, l is index for 8 isopycnal layers, j1 and j2 are two depth indexes for upper15

end and lower end of one isopycnal layer, ∆x is 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 unit width along a section. The horizontal sum of VT0(i , l ) and
NT0(i , l ) for i = 1,M (M is grid number of a section in horizontal direction) produces total
volume transport VT(l ) and nutrient transport NT(l ) in one isopycnal layer of a section;20

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 total volume transport VT and total nutrient transport NT through
a section.
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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 know the contribu-
tion of recirculation, we defined positive values for nutrient flux and nutrient transport
at a section if they have the same direction (approximately eastward) as the Kuroshio
or Ryukyu Current; negative values for nutrient flux and nutrient transport if they have5

an opposite direction (approximately westward) as the Kuroshio or Ryukyu Current.
We use superscript “+” (“−”) to represent positive (negative) velocity, nutrient flux and
nutrient transport.

3 Results

3.1 The current fields at five sections10

The temporally averaged velocity present a consistent picture for the Kuroshio from the
East China Sea (Fig. 3a, b) to south of Japan (Fig. 3c, e). In the East China Sea, the
surface current speed exceeds 1 ms−1 above the shelf break at section PN and exhibits
a structure with a single maximum speed core around 28.3◦ N. The current reduces its
speed in proportion to the distance from the maximum speed core in both horizontal15

and vertical directions. The current speed exceeds 0.1 ms−1 at 600 m depth, showing
a high potential for carry dissolved material to its downstream in the subsurface layer.

At the Tokara Strait, the exit of Kuroshio from the East China Sea, the current shows
two maximum speed cores at southern and northern channels, respectively (Fig. 3b).
The surface maximum current speed at the Tokara Strait is lower at southern channel20

than at northern channel and both of them are lower than that at section PN. Although
the surface current is weaker at the Tokara Strait than at section PN, the weakening
of current speed with depth is also weaker in the Tokara Strait than at section PN.
Consequently, the current speed is kept as 0.3 ms−1 at 600 m depth in the southern
channel of Tokara Strait.25
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At section ASUKA (Fig. 3c), the Kuroshio is significantly intensified, which may be
understood by the large area with a current speed larger than 0.9 ms−1 and the offshore
extension of area with a current speed larger than 0.1 ms−1. The eastward volume
transport at section ASUKA is 62.6 Sv, which is much larger than those at section PN
(26.8 Sv) and section TK (23.5 Sv) (Table 1). On the other hand, an opposite current5

south of the Kuroshio is easily identified. The speed of this counter current is much
weaker than the Kuroshio but its presence is identified over a larger region.

The current structure at section 137E (Fig. 3e) is similar with that at section ASUKA,
i.e. a strong and robust eastward Kuroshio and a weak but wide westward counter cur-
rent. A different point is the distance of the Kuroshio from the coastline. The Kuroshio10

flows farther away from the coastline at section 137E than at section ASUKA. A counter
current appears at 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. 3d). This is a well-known feature of Ryukyu Current (Zhu et al., 2004), a branch
current of the Kuroshio in the East China Sea (Andres et al., 2008). Although it is not15

very clear in Fig. 3d, a maximum speed core can be identified at 600 m depth. The
eastward volume transport is 16.4 Sv at section OK.

The eastward volume transport is 26.8 Sv at section PN and 23.5 Sv at section TK,
changing little in the East China Sea. The combination of eastward volume transport
at sections TK and OK is ∼40.0 Sv, being less than that (62.6 Sv) at section ASUKA.20

Although sections ASUKA and 137E are both at south of Japan and not far away from
each other, the eastward volume transport increase by 13.5 Sv from section ASUKA to
section 137E (76.1 Sv, Table 1).

The increasing of eastward volume transport of the Kuroshio south of Japan is
caused by the counter current south of the Kuroshio, i.e. Kuroshio recirculation. The25

eastward volume transport of the Kuroshio south of Japan consists of two parts:
one from itself that is related to basin-scale wind stresses while the other from the
anticyclonic recirculation gyre, a local current system south of the Kuroshio (Ha-
sunuma and Yoshida 1978). Imawaki et al. (2001) indicated a significant contribution
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of recirculation to the eastward volume transport of the Kuroshio measured at sec-
tion ASUKA. Ichikawa et al. (2004) also noted its influences on the Ryukyu Current
and attributed an increasing in volume transport from section OK (Zhu et al., 2004) to
a section southeast of Amami island to the presence of Kuroshio recirculation.

3.2 Nitrate concentrations and nitrate fluxes at five sections5

The temporally averaged nitrate concentration has relatively simple distribution at 5
sections (Fig. 3). In general, the nitrate concentration increases with depth: approxi-
mately zero at sea surface, 5 mmolm−3 around 100–200 m depth, 35 mmolm−3 around
700–800 m depth, and ∼40 mmolm−3 below 1000 m depth. The vertical varying rate
of nitrate concentration is small in the surface layer (0–200 m), large in the subsurface10

layer (200–1000 m), and small again in the deep layer (> 1000 m). The horizontal vari-
ations in mean nitrate concentration at these sections are found only near the shelf
slope where the contour lines of nitrate concentration raise toward the shallow shelf
region (Fig. 3).

The temporally averaged nitrate flux has a consistent subsurface maximum core at15

5 sections (Fig. 4). The depth of subsurface maximum core is relative stable along the
Kuroshio path: 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 subsurface
maximum core changes a little along the Kuroshio path: 25.5–26.5σθ at section PN,
∼26.5σθ at section TK, ∼26.5σθ at section ASUKA, 25.5–26.5σθ at section 137E. The20

subsurface maximum core of nitrate flux at section OK is at depth of 800 m, corre-
sponding to an isopycnal layer of 27.0σθ.

The nitrate flux at its subsurface maximum core is 10 mmolm−2 s−1 at section PN,
10 mmolm−2 s−1 at section TK, 11 mmolm−2 s−1 at section ASUKA, 11 mmolm−2 s−1

at section 137E, showing a stable value along the Kuroshio path. This value is25

6 mmolm−2 s−1 at section OK, being above half of it along the Kuroshio path. Since
the current speed is weak at section OK, the high nitrate concentration at 800 depth is
the direct reason for the good performance of Ryukyu Current in transporting nutrients
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to south of Japan. In fact, the mean nitrate concentrations at the subsurface maxi-
mum core of nitrate flux are 17.5, 26.2, 25.2, 21.6, 36.0 mmolm−3 at sections PN, TK,
ASUKA, 137E, OK, respectively, while the mean speeds at the subsurface maximum
core of nitrate flux are 0.52, 0.40, 0.44, 0.51, 0.17 ms−1 at sections PN, TK, ASUKA,
137E, OK, respectively.5

Since the maximum nitrate flux does not change largely along the Kuroshio, the
nitrate transport through each section should be proportion to the area covered by
the same contour of nitrate flux. Apparently, the area with the nitrate flux larger than
1 mmolm−2 s−1 significantly increases at sections ASUKA and 137E. Consequently, the
eastward nitrate transports are higher at sections ASUKA and 137E than at sections10

PN, TK, and OK (Table 1).
Up to now, we mentioned only positive nitrate flux in Fig. 4. However, negative nitrate

flux can be also found at all the sections (Fig. 4). This is in particular apparent for sec-
tions ASUKA and 137E, where an increasing of negative nitrate flux in the subsurface
layer is observed for a wide region. This negative nitrate flux is caused by the weak15

but wide Kuroshio recirculation south of the Kuroshio (Fig. 4) and this westward nitrate
transport also shows a downstream intensification with the Kuroshio (Table 1).

3.3 Horizontal distributions of nitrate transport through an unit width

In order to obtain a general image on horizontal distribution of nutrient transport in
the study region, we present averaged nitrate concentration C0(i , l ), volume transport20

VT0(i , l ) and nitrate transport NT0(i , l ) defined by Eqs. (4)–(6) for unit width within each
of 8 isopycnal layers (Fig. 5). The eastward volume transport is large in the upper lay-
ers (Fig. 5a–c) but small in the lower layers (Fig. 5f–h). The counter current is apparent
at sections ASUKA and 137E, located just south of the eastward Kuroshio (Fig. 5a–c).
The nitrate concentration varies mainly in the vertical direction as known from the dif-25

ference between the panels in the Fig. 5. The horizontal change in nitrate concentration
among 5 sections in the same layer is little (Fig. 5).
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The eastward nitrate transport can be confirmed in the 1st layer (Fig. 5a), becomes
apparent for 2nd layer (24.8–25.5σθ) to 6th layer (27.3–27.5σθ), and is still large in two
heaviest layers (Fig. 5g, h). An apparent intensification of eastward nitrate transport
along the Kuroshio path from the East China Sea to south of Japan is evidenced from
2nd layer to 5th layer while that from section ASUKA to section 137E is held even for5

6th layer to 8th layer. On the other hand, the westward nitrate transport is evident for
2nd layer to 8th layer. Being similar to the eastward nitrate transport, the westward
nitrate transport is also intensified from section ASUKA to section 137E.

Because the horizontal variations of nitrate transport are similar among 8 layers,
the integration from 1st layer to 8th layer (Fig. 1b) does not show a surprise result to10

us. The increasing of eastward nitrate transport from the East China Sea to south of
Japan as well as the downstream intensification of both eastward and westward nitrate
transports from section AUSKA to section 137E is apparent in Fig. 1b.

4 Discussions

4.1 Error caused by using mean nitrite concentration15

As we described in Sect. 2, the mean nitrate flux at sections TK and ASUKA are cal-
culated by product of mean current speed and mean nitrate concentration in different
period. We now use section 137E as an example to examine the error caused by such
treatment.

Figure 6a presents nitrate flux calculated by product of mean current speed for a pe-20

riod of 2000 to 2009 and mean nitrate concentration for the same period of 2000 to
2009. The difference of Fig. 6a and Fig. 4e is presented in Fig. 6b and this difference
is the contribution of second term in r.h.s of Eq. (3). The spatial structure of nitrate
flux in Fig. 6a is almost the same as that in Fig. 4e. The maximum difference between
two mean nitrate fluxes is ∼0.8 mmolm−2 s−1(Fig. 6b), being less than 10% of nitrate25

flux at the same place shown in Fig. 4e. This result suggests that the contribution of
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second term in r.h.s of Eq. (3) to mean nitrate flux is smaller than that of first term in
r.h.s of Eq. (3) by one order. Therefore, the approximation using only first term in r.h.s
of Eq. (3) at sections TK and ASUKA is likely acceptable.

The second problem in the calculation of mean nitrate flux at sections TK and ASUKA
is the different period of data used for current speed and nitrate concentration. This5

problem is not serious for section ASUKA but is significant for section TK where the
period for current speed (2000 to 2009) and that for nitrate concentration (prior 1990) is
completely different. This treatment essentially changes the mean nitrate concentration
used in first term in r.h.s of Eq. (3). Figure 6c presents nitrate flux calculated by product
of mean current speed for the period of 2000 to 2009 and mean nitrate concentration for10

the period from 1970s to 2011. The difference between Fig. 6c and Fig. 4c is also small
(Fig. 6d), suggesting that the influence of using mean nitrate concentration in different
period from the current speed does not cause significant change in mean nitrate flux.
Therefore, the mean nitrate fluxes for sections TK and ASUKA presented in Figs. 4b
and 4c are acceptable as a first approximation to the true values.15

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

For a quantitative estimation on nitrate transport at 5 sections, we present positive
volume transport VT+, positive nutrient transport NT+, positive transport-averaged ni-
trate concentration NT+/VT+, area-averaged nitrate concentration for the area with20

positive volume transport C+, negative volume transport VT−, negative nutrient trans-
port NT−, negative transport-averaged nitrate concentration NT−/VT−, area-averaged
nitrate concentration for the area with negative volume transport C−, net volume trans-
port VT = VT++VT−, and net nutrient transports NT = NT++NT− for total and each of
8 isopycnal layers in Table 1.25

The section PN and section TK have very similar structure in all terms shown in Ta-
ble 1. The positive volume transport and nitrate transport is at the same order in all
the isopycnal layers at two sections; while the negative volume transport and nitrate
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transport are smaller than positive ones by one order. The close value of transports
within each of 8 isopycnal layers at two sections suggests that the horizontal nitrate in-
put or vertical nitrate exchange between different isopycnal layers during the Kuroshio
path from section PN to section TK is small. In contrast, the reduction of positive vol-
ume transport and nitrate transport from section PN to section TK is clear (Table 1).5

This reduction is consistent with the separation of a branch current from the Kuroshio
southwest of Kyushu (Lie et al., 1998; Guo et al., 2006).

The Ryukyu Current plays a more important role in downstream nitrate transport than
downstream volume transport. The eastward volume transport is 16.4 Sv at section OK,
being smaller than 23.5 Sv at section TK (Table 1). However, the eastward nitrate trans-10

port is 341.2 kmols−1 at section OK, being almost two times of that (176.3 kmols−1) at
section TK (Table 1). The same conclusion is also held for net nitrate transport (Ta-
ble 1). As stated previously, the direct reason for the large nitrate transport at section
OK is the deep location of relatively strong current speed where the nitrate concentra-
tion is high (Fig. 3).15

Another important issue known from values at section OK in Table 1 is the contribu-
tion of recirculation. Differing from sections PN and TK, the negative volume and nitrate
transports at section OK are at the same order as the positive volume and nitrate trans-
ports, respectively. From the distribution of nitrate transport (Fig. 1), we know that the
positive nitrate transport is located adjacent to Okinawa Island, corresponding to the20

Ryukyu Current, while the negative nitrate transport is distributed widely from Okinawa
Island to interior region. Therefore, the second reason for the Ryukyu Current to bring
more nutrients to the area south of Japan than the Kuroshio in the East China Sea is
the contribution of recirculation.

The net downstream nitrate transport at section ASUKA is approximately the sum25

of those at sections TK and OK (Table 1). At section ASUKA, layers 1–5, especially
layer 3 (25.50–26.50σθ) and layer 4 (26.50–27.00σθ,), are major contribution to the net
downstream nitrate transport. Meanwhile, both positive and negative nitrate transports
significantly increase at section ASUKA as compared to the sum of them at sections
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TK and OK, indicating again the contribution of Kuroshio recirculation to the nega-
tive nitrate transport as well as positive nitrate transport. As known from Fig. 4, the
recirculation-induced negative nitrate transport is large in the subsurface and this point
is confirmed again in Table 1 (layers 3–5). As a response to the recirculation-induced
negative nitrate transport, the positive nitrate transport in these layers also increases.5

Consequently, the positive nitrate transport at section ASUKA reaches ∼1.8 times of
the sum of those at sections TK and OK.

Although sections ASUKA and 137E are very close, the intensification of positive
nitrate transport by the recirculation actually develops from section ASUKA to section
137E (Table 1). The net nitrate transport has little difference between two sections, but10

the positive nitrate transport increases by 50 % from section ASUKA to section 137E.
Considering the distance from section ASUKA to section 137E and that from section
TK or section OK to section ASUKA, the increasing rate of positive nitrate transport
along the Kuroshio path is larger in former region than in latter region. Therefore, it
is likely that the intensification of positive nitrate transport by the recirculation is not15

spatially uniform along the Kuroshio path.
It must be noted that the negative nitrate transport is larger at section 137E than

at section ASUKA. This means that a part of negative nitrate transport return to the
Kuroshio path in the area between two sections. Therefore, a clear image can be drawn
for the contribution of Kuroshio recirculation that merger into the Kuroshio main stream20

and increase the positive nitrate transport along the Kuroshio.
As described above, the recirculation-induced increasing of downstream volume

transport of the Kuroshio is apparent and can be considered as the primary cause
for the downstream intensification of nitrate transport along the Kuroshio. A second
candidate responsible for the intensification of nitrate transport along the Kuroshio is25

the downstream change of nitrate concentration in the water carried by the Kuroshio.
As shown in Table 1, the positive transport-averaged nitrate concentration and area-
averaged nitrate concentration for area with positive volume transport generally de-
crease from section PN to section TK in all the layers; generally increase from section
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TK or section OK to section ASUKA in all the layers except for layers 4–6; and generally
increase from section ASUKA to section 137E in all the layers except for layer 1 and
layers 7–8.

Williams et al. (2011) reported the same downstream strengthening of nutrient trans-
port occurs along the Gulf Stream and concluded that the primary cause for the in-5

creasing in nutrient transport is the recirculation-induced increasing of downstream
volume transport of Gulf Stream while the second cause is the downstream increasing
of nutrient concentration in the water carried by the Gulf Stream in denser layers. In
addition, they reported a downstream decreasing of nutrient concentration in the water
carried by the Gulf Stream in light layers and confirmed that the lateral water exchange10

in the same isopycnal layer in the cause for downstream increasing and decreasing of
nutrient concentration in the water carried by the Gulf Stream. Although all these pro-
cesses likely occur in the Kuroshio, they are not easily applied to the Kuroshio region
without any modification because the downstream variations in nitrate concentration
in the Kuroshio region cannot be summarized only by the reduction in light layers and15

raising in dense layers.

5 Summary

Using repeated hydrographic data from 2000 to 2009 and an inverse method, we ob-
tained absolute geostrophic current speed at 4 sections along the Kuroshio from the
East China Sea (sections PN and TK) to south of Japan (sections ASUKA and 137E)20

and at a section southeast of Ryukyu Islands (section OK). The vertical structures
and volume transports of temporally averaged velocity at these sections are generally
consistent with previous understanding on the Kuroshio and Ryukyu Current there. In
addition, the presence of Kuroshio recirculation is confirmed at sections OK, ASUKA
and 137E.25

Using absolute geostrophic current speed and nitrate concentration measured at 5
sections, we then obtained nitrate fluxes and their temporal mean. The presence of
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subsurface maximum core in nutrient flux, as reposted in Gulf Stream (Pelegŕı and
Csanady, 1991; Pelegŕı et al., 1996) and at section PN (Guo et al., 2012), is confirmed
at all the sections and their depths are 400, 500, 500, 400, and 800 m for sections PN,
TK, ASUKA, 137E and OK, respectively, indicating a stable nutrient stream along the
Kuroshio from the East China Sea to south of Japan. The eastward nitrate transport5

carried by this stable nutrient stream is 199.3, 176.3, 341.2, 909.2, and 1385.5 kmols−1

for sections PN, TK, OK, ASUKA, and 137E, respectively.
The deeper subsurface maximum core of nitrate flux at section OK than at the other

sections is induced by the vertical structure of Ryukyu Current, which has a subsurface
maximum current speed (Zhu et al., 2004). This in turn results a larger nitrate transport10

at section OK than at section TK, suggesting that the Ryukyu Current brings more
nutrients than the Kuroshio in the East China Sea to the region south of Japan.

The other reason for the larger nitrate transport at section OK than at section TK is
the contribution of recirculation whose nitrate transport is small at section TK but large
at section OK. The role of recirculation is more evident at sections ASUKA and 137E,15

between which the recirculation increases the eastward nitrate transport by a factor of
1.5. In fact, the eastward nitrate transport at ASUKA is larger than the sum of those at
sections TK and OK by a factor of 1.8, again suggesting the significant role of recircu-
lation in increasing Kuroshio eastward nitrate transport.

The downstream intensification of nutrient transport is a common feature in the Gulf20

Stream nutrient stream and Kuroshio nutrient stream. The recirculation and its contri-
bution to the nutrient transport occur in both streams. A special feature in the northwest
Pacific is the effect of Ryukyu Current that has a deep strong current and transports
more nutrient than the Kuroshio in the East China Sea to the Kuroshio south of Japan.
Another difference between the Gulf Stream and Kuroshio is the downstream variation25

of nutrient concentration in the water carried by two western boundary currents. The
nitrate concentration decreases in the light layer but increase in dense layer along with
the Gulf Stream. However, the downstream variation in the Kuroshio region is not as
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simple as that in the Gulf Stream. Therefore, more complex processes are expected in
the Kuroshio region and must be investigated in the future.
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Table 1. Positive volume transport VT+, positive nutrient transport NT+, positive transport-
averaged nitrate concentration NT+/VT+, area-averaged nitrate concentration for area with
positive volume transport C+, negative volume transport VT−, negative nutrient transport NT−,
negative transport-averaged nitrate concentration NT−/VT−, area-averaged nitrate concentra-
tion for area with negative volume transport C−, net volume transport VT = VT+ +VT−, net
nutrient transports NT = NT+ +NT− for total and each of 8 isopycnal layers. The line with the
name of section has value for total 8 isopycnal layers. “NaN” means no data.

VT+ NT+ NT+/VT+ C+ VT− NT− NT−/VT− C− VT NT
(Sv) (kmols−1) (mmolm−3) (mmolm−3) (Sv) (kmols−1) (mmolm−3) (mmolm−3) (Sv) (kmols−1)

PN 26.2 199.3 7.6 18.3 −2.8 −28.6 10.2 18.0 23.4 170.7
Layer 1 13.9 23.5 1.7 1.9 −1.3 −1.3 1.0 1.4 12.6 22.3
Layer 2 4.7 34.0 7.2 7.1 −0.5 −3.0 6.1 6.3 4.2 31.0
Layer 3 5.8 88.5 15.2 16.2 −0.5 −8.4 15.4 16.5 5.3 80.1
Layer 4 1.4 41.4 28.6 29.8 −0.3 −9.9 29.6 29.5 1.1 31.5
Layer 5 0.3 11.9 36.1 36.4 −0.2 −6.1 36.3 36.4 0.2 5.8

TK 22.9 176.3 7.7 17.2 −0.8 −9.1 12.0 20.2 22.2 167.3
Layer 1 11.3 15.0 1.3 1.3 −0.5 −0.3 0.5 0.7 10.8 14.8
Layer 2 4.4 29.6 6.7 6.7 0.0 −0.1 5.2 4.9 4.4 29.5
Layer 3 5.4 78.8 14.7 14.5 NaN NaN NaN NaN 5.4 78.8
Layer 4 1.5 42.3 27.6 28.1 NaN NaN NaN NaN 1.5 42.3
Layer 5 0.3 10.6 34.4 35.1 0.0 −1.0 35.8 35.9 0.3 9.6
Layer 6 NaN NaN NaN NaN −0.2 −7.7 39.1 39.1 −0.2 −7.7

OK 16.3 341.2 21.0 26.6 −10.6 −189.4 17.8 26.5 5.6 151.9
Layer 1 2.5 2.6 1.0 0.9 −2.8 −1.9 0.7 0.8 −0.3 0.7
Layer 2 2.6 14.8 5.7 5.7 −1.9 −10.8 5.6 5.7 0.7 4.1
Layer 3 3.9 61.3 15.7 16.5 −2.1 −32.6 15.7 16.4 1.8 28.7
Layer 4 2.5 76.7 31.0 32.0 −1.1 −32.8 31.2 31.5 1.4 43.9
Layer 5 2.0 75.2 38.3 39.0 −0.8 −31.0 38.6 38.8 1.2 44.2
Layer 6 1.4 56.7 40.2 40.4 −0.9 −38.1 40.4 40.4 0.5 18.6
Layer 7 0.7 29.7 39.7 39.7 −0.6 −22.3 39.8 39.8 0.2 7.4
Layer 8 0.6 24.0 38.9 38.8 −0.5 −19.9 38.7 38.8 0.1 4.2

ASUKA 61.8 909.2 14.7 27.2 −35.0 −549.8 15.7 26.8 26.8 359.4
Layer 1 17.1 48.8 2.8 2.2 −6.9 −5.1 0.7 0.6 10.2 43.7
Layer 2 14.2 95.8 6.8 5.9 −9.4 −46.0 4.9 5.0 4.7 49.7
Layer 3 16.0 254.4 15.9 16.9 −8.5 −130.6 15.3 16.1 7.4 123.8
Layer 4 6.9 206.3 29.8 31.3 −3.8 −114.2 30.4 31.1 3.2 92.1
Layer 5 3.3 126.6 38.4 39.1 −2.4 −93.2 38.5 39.0 0.9 33.3
Layer 6 2.0 83.3 41.0 41.4 −1.8 −73.9 41.3 41.4 0.2 9.4
Layer 7 1.2 48.9 41.0 41.0 −1.1 −45.6 41.0 41.0 0.1 3.3
Layer 8 1.1 45.2 40.1 40.2 −1.0 −41.1 40.0 40.1 0.1 4.1

137E 75.3 1385.5 18.4 27.4 −51.5 −1040.3 20.2 26.7 23.8 345.2
Layer 1 16.0 39.7 2.5 2.1 −8.0 −6.6 0.8 0.7 8.0 33.1
Layer 2 15.4 128.4 8.3 7.7 −10.9 −54.9 5.0 5.0 4.5 73.5
Layer 3 20.4 372.2 18.2 18.5 −10.9 −167.9 15.3 15.8 9.5 204.3
Layer 4 9.0 271.1 30.3 30.8 −6.0 −180.3 30.2 30.6 3.0 90.8
Layer 5 5.4 203.4 37.8 38.2 −4.7 −182.5 38.8 39.0 0.7 20.9
Layer 6 4.5 184.8 41.0 41.0 −5.0 −204.7 41.3 41.4 −0.4 −19.9
Layer 7 2.8 114.6 40.7 40.7 −3.5 −142.5 41.0 41.0 −0.7 −27.9
Layer 8 1.8 71.2 39.8 39.9 −2.5 −100.9 40.1 40.1 −0.7 −29.7
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Fig. 1. (a) Study area and schematic image of Kuroshio path. “ECS” denotes East China Sea;
“TW” denotes Taiwan. (b) Position of hydrographic stations (black dots), nitrate concentration
(blue line, mmolm−3) averaged from sea surface to deepest layer within 25 km width, volume
transport (red line, Sv= 106 m3 s−1) and nitrate transport (black line, kmols−1) integrated from
sea surface to deepest layer within 25 km width. See Eqs. (4–6) and their description in Sect. 2
for the calculation method of these variables. “PN”, “TK”, “OK”, “ASUKA”, and “137E” are the
name of sections. The thin line denotes 200 m isobath.
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Fig. 2. Data distribution at five sections. Blue dots denote the time when hydrographic data
collected by CTD were available; red dots denote the time when nitrate concentration were
reported.
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Fig. 3. Temporally averaged absolute geostrophic velocity (ms−1) and nitrate concentration
(mmolm−3) at the sections. Color tone and black contour lines show velocity with an interval of
0.1 ms−1. Positive values indicate eastward velocity. Red contour lines indicate nitrate concen-
tration with an interval of 5 mmolm−3. Thick black line shows zero speed. The inverse triangles
denote hydrographic stations where water temperature, salinity, and nitrate concentration are
available.
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Fig. 4. Temporally averaged nitrate flux (mmolm−2 s−1) at the sections. Color tone and black
contour lines show nitrate flux with an interval of 1 mmolm−2 s−1. Positive values indicate east-
ward flux. Red contour lines indicate 8 isopycnal layers in the inverse calculation. Thick black
line shows zero nitrate flux. The inverse triangles are the same as those in Fig. 3.
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Fig. 5. The same as Fig. 1b but for each of 8 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, (h)
27.6–27.66σθ.
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Fig. 6. Nitrate flux (mmolm−2 s−1) at section 137E calculated by temporally averaged speed and
temporally averaged nitrate concentration (a) for all the period shown in Fig. 2; (b) difference
between Fig. 3e and (a); (c) for the period from 2000 to 2009; (d) difference between Fig. 3e
and (c). Color tone and black contour lines show nitrate flux with an interval of 1 molm−2 s−1 in
(a) and (c), with an interval of 0.2 molm−2 s−1 in (b), and with an interval of 0.3 molm−2 s−1 in
(d). Positive values indicate eastward flux. Red contour lines indicate 8 isopycnal layers. Thick
black line shows zero nitrate flux. The inverse triangles denote hydrographic stations where
water temperature, salinity, and nitrate concentration are available.

6762

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/6737/2013/bgd-10-6737-2013-print.pdf
http://www.biogeosciences-discuss.net/10/6737/2013/bgd-10-6737-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

