
Deep-Sea Research II 122 (2015) 41–51
Contents lists available at ScienceDirect
Deep-Sea Research II
http://d
0967-06

n Corr
E-m
journal homepage: www.elsevier.com/locate/dsr2
Dissolved organic carbon in the South China Sea and its exchange
with the Western Pacific Ocean

Kai Wu a, Minhan Dai a,n, Junhui Chen a, Feifei Meng a, Xiaolin Li a, Zhiyu Liu a,
Chuanjun Du a, Jianping Gan b

a State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen 361100, China
b Department of Mathematics and Division of Environment, Hong Kong University of Science and Technology, Kowloon, Hong Kong, China
a r t i c l e i n f o

Available online 18 June 2015

Keywords:
Total organic carbon
Kuroshio
Northern South China Sea
West Philippine Sea
x.doi.org/10.1016/j.dsr2.2015.06.013
45/& 2015 Elsevier Ltd. All rights reserved.

esponding author.
ail address: mdai@xmu.edu.cn (M. Dai).
a b s t r a c t

Based on a large and high quality dataset of total organic carbon (TOC, an approximation of dissolved
organic carbon) collected from three cruises in spring, fall and winter in 2009–2011, we examined the
distribution of TOC and its seasonality in the oligotrophic regime of the Northern South China Sea (NSCS)
as well as its exchanges with the West Philippine Sea (WPS) in the Northwest Pacific Ocean through the
Luzon Strait, the only deep channel linking the South China Sea (SCS) and the Pacific Ocean. Surface TOC
concentration in the slope and basin areas of the NSCS varied from 65 to 75 μmol L�1 with relatively
high values in the northeast part (southwest of Taiwan Island) in spring, and in the eastern parts of the
NSCS during fall and winter. The TOC inventory in the upper 100 m of the water column ranged from 6.0–
7.5 mol m�2 with a similar distribution pattern as the surface TOC concentration. There were two most
significant differences in the TOC profiles between the SCS and the WPS. One was in the upper 200 m,
where more TOC was accumulated in the WPS; the other was in the intermediate layer at �1000–
1500 m, where the gradient of TOC concentration was still persistent below 1000 m in the SCS, a feature
which did not exist in the WPS. At this intermediate layer, there also appeared an excess of TOC in the
SCS as compared with that in the WPS. The TOC concentration below 2000 m in the SCS was identical to
that in the Northwestern Pacific, both of which were �40 μmol L�1 without significant difference
among stations and seasons, suggesting that this deep water TOC was homogeneously distributed in the
deep SCS basin owing to the fast replenishment of the deep water from the WPS. We adopted an iso-
pycnal mixing model to derive the water proportion contributed respectively from the SCS and Kuroshio
along individual isopycnal plane and examined the impact of the Kuroshio intrusion on the TOC in the
NSCS. The upper 100 m TOC inventory in the NSCS was overall positively correlated with the Kuroshio
water fraction, suggesting that the Kuroshio intrusion enhanced the TOC inventory thereby significantly
influencing TOC distribution in the NSCS. Following the sandwich structure of water exchange through
the Luzon Strait, with an inflow in the surface and deep layer but an outflow from the SCS in the
intermediate layer, we conducted a first order estimation of the TOC transport fluxes based on the
reported cross strait volume transport. The TOC transport flux was �107.1754.6, 54.7715.0 and
�16.4713.1 Tg C yr�1 at the upper, intermediate and deep layer, respectively. Note that the positive sign
means that the flux was from the SCS to the WPS. By integrating the three-layers, the total net transport
flux of TOC through the Luzon Strait would be �68.8758.0 Tg C yr�1. Because of the great spatial–
temporal variability of the water flow across the Luzon Strait, these first order TOC flux estimates were
subject to large uncertainty. Nevertheless, because the SCS is featured by higher DOC production, the
exchange of these fluxes with the open ocean interior where DOC would have experienced more
degradation would have important implications for both the microbial community in the ocean interior
and overall carbon cycle in the SCS.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Located in the continuity between the land and the ocean, ocean
margins exchange waters and material with major ocean basins in a
very dynamic and interactive way. Such exchange remains as a hard
question both in terms of physical dynamics and biogeochemistry
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(Huthnance et al., 2009 and references therein). Observational and
modeling studies of water exchange between the marginal seas and
the open ocean have been carried out at several locations including
the Middle Atlantic Bight (Biscaye et al., 1994) the US western shelf
(Jahnke et al., 2008) and the South China Sea (SCS; Tian et al., 2006;
Qu et al., 2006; Hsin et al., 2012). These studies all point towards the
complexity in mechanisms and fluxes of these water mass exchanges
in time and space. It is even more challenging to resolve the material
exchanges because many chemical constituents often exert large
gradients between the ocean margin and the ocean interior induced
by the difference in sources and the consumption in between.
Dai et al. (2013) recently propose a new framework, the Ocean-
dominated Margin (OceMar) characterized by dynamic interactions
with the open ocean, which may provide non-local CO2 sources
thereby modulating the CO2 fluxes in OceMars.

The SCS is the largest marginal sea of the Pacific Ocean, which
exchanges with the West Philippine Sea (WPS) in the North-
western Pacific Ocean through the Luzon Strait, the only deep
water channel with a maximal sill depth of �2200 m (Dai et al.,
2009 and references therein). The water exchange across the
Luzon Strait exhibits a “sandwich-like” flow pattern, with an
inflow from the WPS in the upper and deeper layers but an out-
flow to the WPS in the intermediate layer (Chao et al., 1996; Li and
Qu, 2006; Qu et al., 2006; Tian et al., 2006; Gan et al., 2006). The
rapid replenishment of the SCS deep water from the WPS is
maintained by fast ventilation with the shallower intermediate
water, as well as a persistent net outflow at an intermediate depth
(Chao et al., 1996; Chen et al., 2001; Li and Qu, 2006). Such a
unique circulation pattern makes the SCS a perfect site to examine
ocean margin–open ocean interactions.

Dissolved organic carbon (DOC) is the biggest organic carbon
reservoir in the ocean, and is a critically important component in
oceanic carbon cycling (Siegenthaler and Sarmiento, 1993). Ocean
margins generally produce more organic carbon than they respire,
and can significantly contribute organic carbon to fuel microbial
metabolism in the deep open ocean (Dai et al., 2009 and refer-
ences therein). However, our understanding of the DOC interaction
between the marginal sea and open ocean is very limited. Our
prior research has revealed that the intermediate outflow exports
3.172.1 Tg C yr�1 of DOC from the SCS. Such export of excess DOC
to the adjacent open ocean may represent an important pathway
to sequestrate carbon within the SCS and a critically important
carbon source of the interior Pacific Ocean, which would sig-
nificantly contribute to fueling microbial metabolism in the Pacific
Ocean Interior (Dai et al., 2009).

The present study will further such studies on the interactions
between the SCS and WPS by reporting the full spectrum of DOC
exchanges through the Luzon Strait based on a large and high
quality dataset of total organic carbon (TOC, an approximation of
DOC). Data were collected during three cruises that covered a large
portion of the Northern SCS (NSCS). At the upper layer, we adopted
an isopycnal mixing model (Du et al., 2013) to quantify the influ-
ence of the Kuroshio intrusion on the TOC inventory. At the
intermediate and deep layers, the net exchange fluxes of TOC
across the Luzon Strait were estimated based on the water mass
exchange fluxes and TOC concentration gradients. Additionally,
this study was aimed at better defining the seasonality of TOC
within the SCS basin area, which has not been reported previously.
2. Materials and methods

2.1. The study area

The basin-scale surface currents in the SCS are driven to a
significant extent by monsoons that result in a cyclonic circulation
gyre during the northeast monsoon and an anti-cyclonic gyre
during the southwest monsoon. As a consequence, the SCS basin is
effectively isolated from terrestrial inputs and a wide area of the
SCS basin is oligotrophic. Within this oligotrophic basin, both the
biomass and primary productivity are believed to be dominated by
the nutrient supply modulated by the strength of the seasonally
reversing East Asian Monsoon (Liu et al., 2002, 2013). In winter,
increased wind speed stimulates photosynthesis through strong
mixing that entrains the nutrient-rich subsurface water to the
upper layer; while in summer, the upper water column is highly
stratified, which results in a reduction in biological productivity.
Recently, Du et al. (2013) quantify that the degree of the Kuroshio
intrusion into the SCS also significantly impacts the upper SCS
nutrient inventory.

2.2. Sampling and analysis

TOC samples were collected during winter (Dec., 2009–Jan.,
2010), fall (Oct.–Nov., 2010) and spring (Apr.–Jun., 2011) covering
nearly the entire NSCS basin and the Luzon Strait. We focused on a
region from 111 to 120°E and from 18 to 22°N, roughly the 200 m
isobaths in the zonal direction (Fig. 1). In this study, we considered
only stations with water depth 4200 m, where TOC concentration
was not significantly influenced by terrestrial sources.

Samples were collected in duplicate using acid cleaned 12 L
Niskin bottles attached to the CTD rosette as previously described
(Dai et al., 2009). Samples were not filtered and were stored in
precombusted EPA vials at �20 °C until analysis. Here, we used
TOC as an approximation of DOC given the fact that particulate
organic carbon (POC) concentrations based on our parallel study
represented on average only �4% of TOC (Cai et al., 2015). TOC was
measured using a Shimadzu TOC-V analyzer. A four-point cali-
bration curve was obtained by injecting working solutions of
potassium hydrogen phthalate, which was freshly prepared every
two days. TOC concentration was determined by subtracting the
running blank from the average peak area of the samples (injected
3–4 times) and dividing the subtraction by the slope of the cali-
bration curve. The running blank was determined as the average of
the peak area of the Milli-Q water acidified with H3PO4. Low car-
bon water and deep sea water, provided by Dr. Hansell's laboratory
at the University of Miami, were used for quality assessment of our
measurements. The coefficient of variation on the analysis of our
replicate measurements was �2%. The standard deviation of our
long term replicate measurements on the reference deep sea water
was 70.8 μmol L�1, which was used as an index of our analytical
precision.

2.3. Isopycnal mixing model

In order to quantify the impact of the Kuroshio intrusion on the
TOC inventory in the NSCS, a well validated isopycnal model (Du
et al., 2013) was adopted. Using this model, we calculated the mixing
ratios contributed by the different water masses along the isopycnal
plane. The model assumed that the isopycnal mixing rate was much
faster than the diapycnal mixing rate and so the effect of diapycnal
mixing could be negligible. Within the SCS, we estimated the iso-
pycnal mixing rate of TOC to be 6.0�10�3 mmol m�2 s�1, which
was three orders of magnitude larger than the diapycnal mixing rate
of �1.0�10�6 mmol m�2 s�1.

Details of the application of the isopycnal mixing model are
introduced by Du et al. (2013). For any in situ observed water
parcel shown in the T–S diagram in Fig. 2a, the proportional
contributions of SCS and the Kuroshio along the individual iso-
pycnal surface can be calculated (Eq. (3)) based on the conserva-
tion of salinity or potential temperature (Eqs. (1) and (2)):
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Fig. 1. Map of the NSCS showing its topography and the locations of the sampling
stations (triangles). Two meridional sections along the Luzon Strait are highlighted with
solid vertical red lines (i.e. LU6 and LU5) and the dashed horizontal red line denotes a
zonal section (WS) across the Luzon Strait to the NSCS basin during the spring cruise. The
black line is the Kuroshio Current and its branch into the South China Sea. Note that the
estimation of the area-integrated TOC inventory presented in the text was calculated
from the stations in the blue dashed area of triangles.

Fig. 2. Potential temperature versus salinity plots in the upper 400 m for the sampling st
(Rk) derived from the isopycnal model that was redrawn after Du et al. (2013); and (b)
Kuroshio water, while the red dot–dash line denotes the typical SCS water.
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RKuroshio is the Kuroshio water proportion in the mixed water,
and RSCS represents the SCS water proportion; Kuroshioθ and SKuroshio
are the endmember values of potential temperature (θ) and sali-
nity for the Kuroshio water, while SCSθ and SSCS are the endmember
values of the potential temperature (θ) and salinity for the SCS
water proper. Following Du et al. (2013) salinity was chosen for
water fraction estimation in the upper 50 m where θ was affected
by solar radiation heating. However, at deeper layers, θ was used
for the estimation, because of its higher sensitivity than salinity.

With the derived water fractions, the TOC concentrations of
each water parcel in the central NSCS (Fig. 2b) due to conservative
mixing along the isopycnal surface between the SCS water proper
and the Kuroshio water proper could be calculated using:

TOC TOC R TOC R 4Model SCS SCS Kuroshio Kuroshio= + ( )

TOCModel is the TOC concentration solely due to conservative
mixing between the SCS water and the Kuroshio water. TOCSCS and
TOCKuroshio are the endmember values of the SCS and the Kuroshio
water derived by fitting the TOC profiles of the SCS and Kuroshio
waters proper against potential density. TOC profiles of the SCS
and Kuroshio waters proper were chosen based on the T–S plot
shown in Fig. 2a.
2.4. Estimation of TOC inventory

We estimated the station-integrated and area-integrated TOC
inventories in the central NSCS with the field observation data. The
former was calculated by integrating TOC concentrations in the
upper 100 m of the water column at each station. The latter was
obtained by integrating the station-integrated TOC inventories over
the entire study area via spatial interpolations, for which the Inverse
Distance Square method was applied (Du et al., 2013).
ations in the central NSCS andWPS superimposed by (a) the Kuroshio water fraction
the field observed TOC concentrations. The dark dot–dash line denotes the typical
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3. Results

3.1. Hydrography

The hydrology of the surface water (o200 m) is introduced in
Du et al. (2013). Briefly, as shown in the Τ–S diagram (Fig. 3) there
was a distinct difference in hydrology between the central NSCS
and the Kuroshio in the upper 200 m of the water column, the
latter being indicated by data points collected in sections LU5 and
LU6. At sθo25.8, the Kuroshio water tended to have higher sali-
nity than the SCS water. All of the surface water (sθo25.8) col-
lected during our cruises was a mixture of the SCS and Kuroshio
proper with varied combinations of both. At the subsurface, the T–
S distribution pattern in sections LU5 and LU6 mostly reflected
mixtures of the WPS and the SCS waters proper.

3.2. TOC distribution in the central NSCS

The horizontal distribution of TOC in the upper 100 m of the
NSCS during the three cruises is shown in Fig. 4. The range of sur-
face TOC concentrations was 65–79 μmol L�1 in spring, and 68–
73 μmol L�1 in fall and winter. During spring, relatively high surface
TOC concentrations were observed in the Kuroshio water (sections
LU5 and LU6) and in the area near the southwest of Taiwan Island
and along the shelf break. At 50 and 100 m, low TOC concentrations
(o56 μmol L�1) were observed in the central basin during spring.
This region was characterized by low sea water temperature and
high salinity (data not shown), where the sea surface height
anomaly also showed low values (��10 cm) (data from http://
eddy.colorado.edu/ccar/ssh/nrt_global_grid_viewer) indicating pos-
sible cyclonic eddy processes that brought low TOC waters from
depth. Meanwhile, high TOC concentrations were also observable in
the Kuroshio water and near the southwest of Taiwan Island at the
50 and 100 m depth horizons. In fall and winter, it was apparent
that TOC concentrations were relatively higher in the eastern
regions than those in the western regions of the NSCS at 5, 50 and
100 m.

3.3. TOC inventory in the upper 100 m

The station-integrated TOC inventory in the upper 100 m of the
central NSCS and Kuroshio during different seasons is shown in
Fig. 3. Potential temperature (°C) versus salinity plots (Τ–S) diagram for the
sampling stations during spring, fall and winter cruises (cyan dots: LU5 and LU6
sections during spring; pink dots: spring; blue dots: fall; and black dots: winter).
The plots were redrawn from the data reported in Du et al. (2013).
Fig. 5. In spring, the TOC inventory ranged from 6.0–7.5 mol m�2.
The high inventory (47.0 mol m�2) appeared in the WPS and the
northeastern part near Taiwan and low inventories of
o6.5 mol m�2 were in the central four stations that were influ-
enced by the cyclonic eddy. During fall and winter, the TOC
inventory was higher in the eastern part (46.8 mol m�2), but
lower in the western part. The annual averaged TOC inventory in
the central NSCS was �6.7 mol m�2, which was significantly
lower than that in the Kuroshio (7.5 mol m�2), implying that the
Kuroshio intrusion would increase the TOC inventory in the upper
100 m of the NSCS. Taking the central NSCS as a whole, the area-
integrated TOC inventory was highest in fall (�25.2 Tg) while it
was 5.6% and 6.3% lower in spring (�23.8 Tg) and winter
(�23.6 Tg). Apart from the cyclonic eddy, the seasonal variation of
the area-integrated TOC inventory might have been primarily
induced by two other processes. One was related to the different
extent of Kuroshio intrusion, which brought in higher TOC waters.
Meanwhile, the enhanced primary production in the SCS basin
during fall and winter, due to the strong vertical mixing that
entrained the nutrient-rich water to the upper layer (Chen and
Chen, 2006) could also have elevated the TOC production in the
upper SCS. Given that the SCS water in fall was less influenced by
the Kuroshio water as shown in the T–S diagram (Fig. 3) biological
production might thus be the major reason causing the highest
TOC inventory in fall. However, the mechanisms for the high
production of TOC in fall are still unclear, and require further
studies.

3.4. Comparison of TOC distributions between the NSCS and the WPS

3.4.1. TOC distribution across the Luzon Strait
The Luzon Strait is the portal for the transfer of Kuroshio water

to the SCS and water exchange through the Luzon Strait is well
documented (Yang et al., 2010; Zhao et al., 2014; Qu et al., 2006).
Fig. 6 shows the transectional distribution of potential tempera-
ture, salinity and TOC along roughly a zonal transect, at 20°N from
the WPS across the Luzon Strait, which extended into the SCS and
was named Transect WS. In the upper 200 m, the potential tem-
perature in the WPS was higher than that in the NSCS basin,
suggesting that surface water was more stratified in the WPS.
Salinity at 50–200 m in the WPS also displayed high values
(�34.872), which were identical to the value of typical Kuroshio
subsurface water (Shaw and Chao, 1994). Meanwhile, TOC con-
centration at the same depth in the WPS was higher than in the
NSCS basin.

The distribution of salinity showed a minimum core at �500 m
in the NSCS and the WPS. At 1000–1500 m in the Luzon Strait, the
uplift of the isothermals indicated the upwelling of the deep water.
Below 2000 m, the potential temperature, salinity and TOC in the
NSCS were the same as those in the WPS, confirming that the
source of the deep water in the SCS was from the WPS (Qu et al.,
2006). It was noted that TOC concentrations at 1000–1500 m in
the NSCS basin were higher than those in the WPS.

3.4.2. SCS vs WPS
3.4.2.1. In the upper layer. As shown in Fig. 7a, TOC concentration
in the upper layer (0–100 m) in the SCS ranged from 55 to
70 μmol L�1, which was comparable with previous observations
(Dai et al., 2009). As compared to the SCS, TOC concentration (60–
79 μmol L�1) in the upper 100 m, or at sθo23.5 along Section LU
6 in the WPS, was higher (Fig. 7b). As shown in Fig. 6a, the
potential temperature in the upper layers (50–200 m) of the SCS
was lower than that in the WPS. Thus, the presence of colder water
in the SCS indicated that upward advection of deep colder water
must have happened and this process was capable of bringing up
TOC-depleted deep waters, which would dilute TOC concentration

http://eddy.colorado.edu/ccar/ssh/nrt_global_grid_viewer
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Fig. 4. Iso-depth distribution of TOC at depths of 5 (a, b, c), 50 (d, e, f) and 100 m (g, h, i) in the central NSCS and the Kuroshio during spring (a, d, g), fall (b, e, h) and winter
(c, f, i). Note that the sampling in the Kuroshio was only in spring.

Fig. 5. Station-integrated TOC inventory (mol m�2) in the upper 100 m of the
central NSCS and Kuroshio during spring, fall and winter.
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in the upper layers. On the other hand, Shiah et al. (1998) report
that the lower availability of inorganic nutrients limits the growth
of bacteria and results in the accumulation of DOM in the upper
layer of the WPS. The bacterial production data derived during the
same cruises (unpublished data from Dr. Chen B.Z.) indeed showed
significantly lower bacterial production in the surface layer of the
Kuroshio (0.019 μg C L�1 d�1) than in the NSCS basin
(0.045 μg C L�1 d�1). In this context, the intrusion of the Kuroshio
would increase the TOC concentration and inventory in the upper
100 m of the NSCS.

3.4.2.2. In the intermediate layer. In the intermediate water
(�1000–1500 m, sθ¼27.2–27.6) Dai et al. (2009) report an excess of
TOC between the SCS and the Northwestern Pacific Ocean. In the
present study, at 1000–1500 m, TOC concentrations at all stations
from all the cruises in the SCS basin and theWPS were 42.970.9 and
40.370.6 μmol L�1. The enrichment of TOC (2.671.0 μmol L�1)
was similar to that reported by Dai et al. (2009) (3.371.1 μmol L�1)
and was statistically significant given our measurement error of
70.8 μmol L�1. The sources of this excess TOC in the SCS inter-
mediate water were unclear but might result from the breakdown/
dissolution of sinking particles (Dai et al., 2009) and/or of particles
through lateral transport from the shelf. Importantly, the fact that the
vertical gradient in TOC concentrations continued down to 2000 m in
the SCS (Fig. 7) which is not seen in other major ocean basins, has
significant implications.

3.4.2.3. In the deep layer. TOC concentration below 2000 m in the
SCS was almost identical to that in the Northwestern Pacific, both
of which were �40 μmol L�1 (Dai et al., 2009). This deep water
TOC appeared to be homogeneously distributed in the deep SCS
basin showing no significant difference among stations and sea-
sons, suggesting again the fast replenishment of the deep water
from the WPS as previously noted (Qu et al., 2000; Broecker et al.,
1986).

In summary, there were two most significant differences in the
TOC profiles between the SCS and the WPS. One was in the surface
layer, where more TOC accumulated in the WPS; the other in the
intermediate layer, where the gradient of TOC concentration was
still persistent below 1000 m in the SCS, a feature of which did not
exist in the WPS. Combining the water exchange through the



Fig. 6. Distribution of potential temperature (a), salinity (b) and TOC concentration (c) along section WS (the section beneath the dashed red line in Fig. 1) during the spring
cruise.

K. Wu et al. / Deep-Sea Research II 122 (2015) 41–5146
Luzon Strait, the exchange of TOC and its significance is discussed
below.
4. Discussion

4.1. The impact of Kuroshio intrusion on the TOC inventory in the
upper 100 m of the NSCS

The station-integrated Kuroshio water fraction (RIKW) in the
upper 100 m (Fig. 8) could be obtained by integrating the Kuroshio
water fraction (Rk) in each water layer. The spatial distribution of
RIKW is introduced in Du et al. (2013). Briefly, in spring, the RIKW
was high (above 0.4) in the region near to the southwestern part of
Taiwan and at some stations along the slope in the western por-
tion of the NSCS. During fall and winter, the RIKW in the eastern
part of the NSCS (40.2) was higher than that in the western part
(o0.1). Nevertheless, from the spatial distribution of RIKW during
the different cruises, the influence of Kuroshio water in the NSCS
was clear. Compared to that in fall, the RIKW in the central NSCS
was slightly higher in spring and winter, suggesting stronger
influence of the Kuroshio intrusion in spring and winter. This was
consistent with the results indicating that the Kuroshio intrusion
reached its maximum extent in spring (Chu and Li, 2000). Simi-
larly, we calculated the station-integrated Kuroshio TOC fraction
(RIKTOC) as follows:

R
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R TOC

TOC 5
IKTOC

KTOC

TOC
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K K
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∑ ×
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where ITOC is the station-integrated inventory of model predicted
TOC in the upper 100 m of the central NSCS, and IKTOC is the sta-
tion-integrated inventory of TOC contribution from the Kuroshio
water. The distribution of RIKTOC (Fig. 8) was similar to the RIKW,
showing a high Kuroshio TOC contribution in the eastern part of
the NSCS. The average value of RIKTOC for all stations in spring and
winter was 0.3170.1 and 0.3070.2, higher than that in fall
(0.170.08). Although we lacked the summer data, the RIKTOC value
in summer was expected to be small, because the prevailing
southwest monsoon would diminish the Kuroshio intrusion
(Shaw, 1991).

The comparison between the field measured and the model
predicted TOC concentrations is shown in Fig. 9a. Overall, the
model predictions agreed well with the field measurements. The
dots that fell outside the standard deviation domains might sug-
gest the biological alteration of TOC in the upper 100 m of the
NSCS. As shown in Fig. 9b, the field estimated TOC inventory was



K. Wu et al. / Deep-Sea Research II 122 (2015) 41–51 47
overall positively correlated with the Kuroshio water proportion
during spring (R2¼0.36, Po0.0001), fall (R2¼0.6, Po0.0001) and
winter (R2¼0.68, Po0.0001). During spring and winter, the linear
regression slopes were almost equal to 1, which was the same as
the value of the theoretical mixing line between the SCS and the
Kuroshio. This suggested that the Kuroshio intrusion was the
major process controlling the TOC inventory in the upper 100 m
during spring and winter. However, the linear regression slope in
Fig. 7. (a) Depth profiles of averaged TOC from all the stations in the NSCS basin during a
cruise (red circles). Standard deviations are shown as error bars. (b) Potential density (s

Fig. 8. Station-integrated Kuroshio water fraction and Kuroshio TOC fraction in the
fall (1.7) was higher than that of the theoretical mixing line,
revealing biological production of TOC in the upper 100 m of
seawater.

In order to assess the accumulation of the TOC inventory due to
the Kuroshio intrusion, we calculated its increase in terms of the
area-integrated TOC inventory over the upper 100 m of the central
NSCS
ll the cruises (green squares) and from the LU6 section in the WPS during the spring
θ) versus TOC for all corresponding samples in Fig. 7a.

upper 100 m of the central NSCS and Kuroshio during spring, fall and winter.



Fig. 9. (a) The field measured TOC concentrations versus the model prediction in the upper 100 m in the central of the NSCS (left) (the pink line is the 1:1 line, while the
dashed black lines are the standard deviation); and (b) the relationship between the field observed TOC inventory and the station-integrated Kuroshio water proportion. The
pink line is the theoretical mixing line constructed using the TOC inventory of the SCS and Kuroshio end-members (�6.5 mol m�2 in the NSCS and �7.5 mol m�2 in the
Kuroshio, which was obtained by assuming that the Kuroshio water fraction in the upper 100 m was the same).
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Here, NS is the SCS endmember TOC concentration, and NK is the
model predicted TOC concentration. Assuming the study area was
under a steady state on intra-seasonal time scale, the calculated KTI

values in spring, fall and winter were 1.5, 0.9 and 1.1 Tg. Accord-
ingly, the Kuroshio intrusion would increase by 774%, 472% and
573% of the TOC inventory in the NSCS during spring, fall and
winter. We also calculated that the Kuroshio intrusion accounted
for �93710%, �52720% and �80714% of the increase in
inventory during spring, fall and winter, whereas the residual of
the increase might be attributed to biological metabolism. During
spring and winter, the Kuroshio intrusion was the dominant factor
in enhancing the TOC inventories, while biological production
might also be important in controlling the TOC inventories in fall.
It should be pointed out that these assessments were referenced to
spring 2011, while our three cruises spanned 2009–2011. There-
fore, our estimated increase at seasonal levels assumed no inter-
annual variations in the Kuroshio intrusion into the SCS, and this
was not always true.

It should be pointed out that the Kuroshio TOC might be bio-
degradable in the SCS over the seasonal time scale. Considering
this, our estimation in the station-integrated Kuroshio TOC fraction
(RIKTOC) and Kuroshio induced increase in the area-integrated TOC
inventory (KTI) in the SCS based on the conservation of the Kur-
oshio TOC should be regarded as the upper limits.

4.2. Biological production of TOC in the upper 100 m of the central
NSCS

Although the model predicted TOC concentrations and the field
measurements showed an overall agreement in the upper 100 m
of the central SCS, small though observable departures did exist.
This is because during the mixing of the SCS and the Kuroshio
waters proper, biologically mediated degradation and/or produc-
tion of TOC would occur, in particular in the upper layer, the net
change of which is defined here as ΔTOC, or the difference
between the model prediction and field measurements. Given the
small values of ΔTOC, it is important to well constrain the
uncertainty when we report the ΔTOC.

It was clear that the uncertainty in assessing TOCΔ was
dependent on the errors associated with TOCModel and TOCField. Here,
the uncertainty of TOCModel was estimated using Eq. (7)

TOC TOC R R1 7TOC K SCS R K TOC K TOC
2 2 2 2 2 2

Model K K SCS
δ δ δ δ= ( − ) + + ( − ) ( )

where TOCSCS and TOCK are the TOC concentrations of the SCS and
Kuroshio end-members, RK is the Kuroshio water fraction, and RK

δ ,

TOCK
δ and TOCSCS

δ are the respective uncertainties of the Kuroshio
water fraction and the TOC concentrations of the SCS and Kuroshio
endmembers. The uncertainty of TOCΔ could therefore be calcu-
lated using Eq. (8)
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where TOCField
δ is the uncertainty of the TOC measurement.

As shown in Eq. (8), the uncertainty of TOCΔ was from
( TOC TOCK SCS R

2 2
K

δ( − ) ,RK TOC
2 2

K
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2 2
SCS

δ( − ) and TOC
2
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δ( ) ). Here, RK

δ
was estimated by Du et al. (2013) using a more conservative tracer,
Ca2þ , and TOC TOCK SCS R

2 2
K

δ( − ) could thus be estimated as 0.2. The
uncertainty of the TOC concentrations of the SCS and the Kuroshio
endmembers resulting based on the fitting of the TOC profiles of
the SCS and the Kuroshio waters proper were up to 1.3 μmol L�1

and 1.9 μmol L�1. R1 K TOC
2 2

SCS
δ( − ) and RK TOC

2 2
K

δ could thus be esti-
mated as 0.3–1.7 and 0–1.3 due to the range of Kuroshio water
fraction (0–0.6) in the mixed water in the NSCS basin. The
uncertainty of the TOC measurement ( TOC

2
Field

δ( ) ) was 0.6. Accord-
ingly, we could estimate that the uncertainty of TOCΔ was
1.5–1.6 μmol/L, and the maximum uncertainty (1.6 μmol/L) of

TOCΔ was shown in the pink shadow in Fig. 10.
As shown in Fig. 10, the majority of the departures occurred in

the upper euphotic zone where TOC concentrations were higher
than 60 μmol L�1. A scatter distribution ranging from �8 to



Fig. 10. Biologically altered TOC (ΔTOC) versus depth (m) in the upper 100 m of the
NSCS. The solid lines represent the moving average, and the pink shadow is the
uncertainty of ΔTOC.
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8 μmol L�1 was found in the upper 100 m of the central NSCS. The
majority of these data could be grouped within 76 μmol L�1. As
shown by the seasonally moving average line, ΔTOC was negative
and fell out of the standard deviation domain in the upper 50 m
during fall and between 50 m and 75 m during winter, suggesting
a net production of TOC during fall and winter. Such net TOC
production was consistent with the fact that the primary pro-
duction was generally higher in fall and winter in the SCS, com-
pared to the other seasons. In spring, ΔTOC was around zero,
suggesting no significant net biological consumption or produc-
tion of TOC.

The average ΔTOC in the upper 100 m was �1.870.3 and
�0.870.2 μmol L�1 in fall and winter respectively. Assuming our
study area was under a steady state on a seasonal time scale with
an average of 90 days in fall and winter, we calculated that the net
TOC production rate in fall and winter would be 2474 and
1173 mg C m�2 d�1. Based on the same model, Du et al. (2013)
estimate that the new production rate in winter is
88.8 mg C m�2 d�1. Thus, the ratio of TOC production to new
production in the basin of the NSCS in winter was 12%, which was
close to the average value of 17% in the open ocean (Hansell and
Carlson, 1998).

TOC accumulates in the upper ocean as part of new production
(Hansell and Carlson, 1998). In winter, the presence of net TOC
production was consistent with the enhanced new production
estimated using the net nutrient consumption shown in Du et al.
(2013) and Chen and Chen (2006). However, net TOC production
was still persistent in fall without net nutrient consumption. This
was probably because there were other sources for supplying
nutrients in fall, for example the atmospheric deposition observed
in the NSCS during the period of the northwestern monsoon
(Chen et al., 2001; Lin et al., 2007). In spring, the new production
rate is similar to that in winter (Du et al., 2013) whereas no sig-
nificant net TOC production was observed in the present study.
This may imply that the consumption and production of TOC was
tightly coupled in spring. Chen et al. (2012) report relatively higher
bacterial abundance in the NSCS basin in spring than in winter,
suggesting that more TOC was consumed to support bacterial
growth.

4.3. TOC transport fluxes through the Luzon Strait

Although the sandwich structure of the flow pattern through
the Luzon Strait is relatively well known (Chao et al., 1996; Qu
et al., 2000; Tian et al., 2006), constraint of the water fluxes
remained difficult, owing to their great spatial and temporal var-
iations. During the past decade, a number of studies either based
on direct field observations or modeling have been devoted to
studying the water exchange flux via the Luzon Strait, and it has
become possible to estimate the material transport fluxes.

Using the same calculation method as in previous studies
(Krom et al., 2004; Gomez, 2003; Civitarese et al., 1998), the net
TOC transport fluxes through the straits were estimated as the
difference between the inflow and outflow flux. In a simplified
way, the calculation of the net TOC transport flux (FNet) through the
Luzon Strait could be expressed as in Eq. (9)

F F F f C f C 9Net Outflow Inflow Eastward Eastward Westward Westward= − = − ( )

Here, fEastward and fWestward denote the eastward (outflow) and
westward (inflow) volumetric rate of transport through the Luzon
Strait; and CEastward and CWestward are TOC concentrations in the
outflow and inflow waters. The positive FNet meant a net export
rate of TOC from the SCS to the WPS, and the negative meant a net
input of TOC into the SCS.

The observational TOC data were very sporadic in both time
and space, we thus adopted the predicted TOC concentrations
using the isopycnal mixing model to better define the TOC con-
centrations in the outflow and inflow waters. Using the three-layer
model of water exchanges through the Luzon Strait, we estimated
the net transport flux of TOC in each layer, based on the water
fluxes reported and the TOC concentrations predicted. Then, the
total net TOC exchange flux through the Luzon Strait was calcu-
lated by summing the net flux of TOC in each layer.

4.3.1. Net TOC transport flux through the Luzon Strait in the upper
layer

In the upper layer (�500 m), due to the seasonal reversal of the
East Asia monsoon that can highly influence intrusion of the
Kuroshio (Hsin et al., 2012) the net volume exchange rate has large
variability, showing strong westward transport in winter but much
weaker transport in summer (Shaw, 1991; Qu et al., 2000). The
annual average of the net water flux is westward, ranging from
�0.8 to �10.3 Sv (Yuan et al., 2008; Liao et al., 2008).

The depth-averaged TOC concentration of the upper layer in
the westward or eastward flow water could be calculated using Eq.
(10)
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where TOCModel is the TOC concentration in each water layer of the
upper 500 m layer in the outflow (eastward) or inflow (westward)
water, predicted by the isopycnal mixing model; and TOCSCS and
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TOCKuroshio are the TOC concentrations of the SCS and Kuroshio end-
members. RKuroshio are the Kuroshio water fractions in the outflow

or inflow water. TOC

500
Z
Z m

SCS0
500∑ =

=
is the depth-averaged TOC con-

centration of the SCS water proper, and
TOC TOC R

500
Z
Z m

Kuroshio SCS Kuroshio0
500∑ ( − )=

=
is the depth-averaged TOC con-

centration of the excess TOC contributed by the Kuroshio water,
which was denoted as CKuroshio TOC− . Since TOC concentrations of the
SCS water proper (TOCSCS) are known, Eq. (10) could be simplified
as

C C52.1 0.6 11depth averaged Kuroshio TOC= ( ± ) + ( )− −

Substituting this Cdepth averaged− into Eq. (9), we get
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where fEastward, fWestward and fNet are eastward, westward and net
water flow flux in the upper layer; and CKuroshio TOC Eastward− − and
CKuroshio TOC Westward− − are the depth-averaged TOC concentrations of
excess TOC contributed by Kuroshio water in the eastward and
westward flow water.

Thus, the net transport flux of TOC in the upper layer was
composed of both f52.1 0.6 Net( ± ) , which denotes the net TOC
exchange flux due to the net water exchange, and
f C f CEastward Kuroshio TOC Eastward Westward Kuroshio TOC Westward−− − − − , which
denotes the net transport flux of excess TOC, due to the TOC
concentration gradient in the upper layer.

The uncertainty of FNet is mostly dependent on the uncertain-
ties in fNet , fEastward, fWestward, CKuroshio TOC Eastward− − and
CKuroshio TOC Westward− − . Based on the water fluxes reported (Liao et al.,
2008; Yang et al., 2010, 2011; Hsin et al., 2012; Xu and Oey, 2014),
we obtained that fNet , fEastward and fWestward were �5.272.8,
4.174.3 and �4.376.1 Sv. The uncertainties of CKuroshio TOC Eastward− −
and CKuroshio TOC Westward− − are dependent on the uncertainties of TOC
concentrations of the SCS and Kuroshio water endmembers,
RKuroshio Eastward− and RKuroshio Westward− . Based on the T–S distributions
in the Luzon Strait, which were shown in the published papers
reporting the fWestward and fEastward, we estimated that the uncer-
tainties of RKuroshio Eastward− and RKuroshio Westward− were 0.13 and 0.22
using the isopycnal mixing model. Thus, we calculated that the FNet
in the upper layer was �107.1754.6 Tg C yr�1. Among which, 97%
was contributed by the fraction of f52.1 0.6 Net( ± ) , suggesting that
the net TOC transport induced by the net water exchange was
dominant. Note that the residual 3% of the net TOC transport
(3.271.6 Tg C yr�1) induced by the TOC concentration gradient
was approximately identical to the increase in the area-integrated
TOC inventory (3.5 Tg) in the NSCS owing to the Kuroshio intrusion
(in Section 4.1), proving that our estimation was in order.

4.3.2. Net TOC transport flux through the Luzon Strait in the inter-
mediate and deep layers

Although we observed that the TOC concentration at 1000–
1500 m in the SCS basin was higher than that in the WPS (the
difference was 2.671.0) the depth-averaged TOC concentration in
the intermediate layer (500–1500 m) along the section at 120°E
was relatively constant at 43.671.2 μmol L�1, which was also
confirmed by the isopycnal mixing model. Here, because
C CWestward Eastward≈ , Eq. (9) could be simplified as
F F F
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f f C

f C 13

Net Outflow Inflow

Eastward Eastward Westward Westward

Eastward Westward Westward

Net Westward

= −

= −

= ( − )

= ( )

Based on the fNet values reported in Hsin et al. (2012) and Xu
and Oey (2014) we calculated a net export flux of TOC, ranging
from 78.5 to 218 Tg C yr�1, with an average of
54.7715.0 Tg C yr�1.

Similar for the intermediate layer transport, the deep layer
inflow flux of TOC from the WPS could also be estimated using Eq.
(13). Here, the water flux was relatively constant, ranging from
�0.1 to �2.0 Sv (Xu and Oey, 2014 and references therein). The
uncertainty of the inflow flux was probably related to the seasonal
variations of the volume transport, due to the seasonal variability
in water properties of the Pacific (Zhao et al., 2014). Because TOC
concentration of the deep water in the SCS was the same as in the
WPS, the net TOC transport flux in the deep layer was controlled
by the net water flux, and calculated by multiplying net water flux
by TOC concentration in the deep water (40 μmol L�1). We cal-
culated a net input flux of TOC, ranging from �1.5 to
�30.3 Tg C yr�1, with an average of �16.4713.1 Tg C yr�1.

Integrating the three-layers, the total net exchange flux of TOC
through the Luzon Strait was �68.8758.0 Tg C yr�1, indicating
that the inflow of organic material to the SCS through the Luzon
Strait was considerably higher than the outflow, and that the SCS
acted as a sink of organic carbon for the WPS.

We must point out that the above estimate of TOC exchange
fluxes was subject to considerable uncertainty. Among other
things, the largest variability was mainly due to the great uncer-
tainty of water exchange flux in the upper layer. This was because
the Kuroshio intrusion in the upper layer contributes most to the
Luzon Strait transport (Nan et al., 2014 and references therein),
and the water flux displayed highly seasonal variations, ranging
from �0.8 to �10.3 Sv. Thus, in order to reduce the uncertainty of
the TOC exchange flux, more long-term consecutive observations
or modeling studies are needed to constrain the water flux. In
addition, the seasonal variations of TOC concentration in the
Kuroshio water might also bring uncertainties.

Despite the relatively large uncertainty, the exchange of TOC
between the SCS and WPS has important implications. Concerning
the export of TOC in the intermediate layer, Dai et al. (2009)
suggest that the excess TOC is likely to be from the freshly fixed
organic carbon in the upper SCS, and this will contribute sig-
nificantly to carbon sequestration. On the other hand, the inflow
TOC, which was accumulated in the upper layer of the WPS owing
to the low nutrient levels suppressing the bacterial uptake of DOM
(Shiah et al., 1998) could be respired in the SCS, under the con-
ditions of the higher nutrient levels supplied in the SCS (Du et al.,
2013). At the same time, the respiration of the inflow TOC might
have contributed to the inventory of inorganic nutrients in the
upper layer of the SCS.
5. Concluding remarks

Both TOC concentrations and their inventory in the upper
100 m of the central NSCS displayed significant spatial variations.
The TOC concentration and inventories were overall higher in the
east relative to the west of the central NSCS. This was consistent
with the Kuroshio water fraction distribution in the NSCS. The TOC
inventories in the upper 100 m were relatively high in fall but low
in spring and winter. In addition to the mesoscale eddy and
upwelling, the Kuroshio intrusion played a dominant role in
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determining the TOC inventory distribution in the central NSCS. As
well as the Kuroshio intrusion in the upper layer, we observed net
TOC production in the upper 100 m during fall and winter. In the
intermediate layer water, there existed a net outflow flux of TOC
from the SCS, amounting to 54.7715.0 Tg C yr�1. In both the
upper and deeper layers, there were influxes of TOC from the WPS
to the SCS. The net exchange flux of TOC through the entire Luzon
Strait was �68.8758.0 Tg C yr�1. We noted that the exchange of
TOC between the SCS and WPS has important implications in
terms of production, and the bioavailability and fate of dissolved
organic carbon, both for the SCS and WPS as well as the Pacific
Ocean at large.
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