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[1] Depth profiles of total organic carbon (TOC) were measured in spring (2005) and winter (2006) in the
South China Sea (SCS), the largest marginal sea adjacent to the North Western Pacific (NWP). Compared to
TOC profiles in the NWP, excess TOC (3.2 + 1.1 umol kg ') was revealed in the intermediate layer of the
SCS at gy ~ 27.2-27.6 (~1000—1500 m). Below the depth of 2000 m, TOC concentrations were identical
between the SCS and the NWP. Based on a one-dimensional steady state diffusion advection model
constrained by potential temperature, we estimated a net TOC production rate of 0.12 0.04 gmol kg ™' yr™'
to maintain this excess. A positive relationship between TOC and apparent oxygen utilization in the SCS
deep water lent support to such a model-derived TOC production. This excess TOC in the out-flowing
intermediate water may carry 3.1 2.1 Tg C yr~ ' of organic carbon out from the SCS and potentially into the
deep open ocean. In light of the short residence time of the SCS deep water, the exported TOC was likely from
the recently fixed organic carbon within the SCS. The export of such organic carbon, thereby less likely to
return to the atmosphere may therefore contribute significantly to the carbon sequestration in the SCS.
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1. Introduction

[2] Dissolved organic carbon (DOC) is a critically
important component in oceanic carbon cycling,
representing one of the largest pools of organic
carbon in the biosphere, the stock of which
(~700 x 10" g C) is close to that of atmospheric
CO, (~750 x 10'° g C) [Siegenthaler and
Sarmiento, 1993]. However, our understanding of
the source and the fate of marine DOC as well as its
bioavailability, remains very limited. Net DOC
production that escapes rapid microbial utilization
and accumulates in the surface water is available
for export to the ocean interior, and this part of the
DOC is estimated to be 1.2 Gt C year ' or 17% of
global new production each year [Hansell and
Carlson, 1998a].

[3] While a large fraction of DOC in the deep ocean
may originate from the surface ocean at the sites of
deep water formation [Hansell and Carlson,
1998b], there is evidence that deep ocean DOC
may also come from marginal seas, which gener-
ally produce more organic carbon than they can
respire [Smith and Hollibaugh, 1993], implying
that a fraction of this organic carbon may be
transported vertically to the deep and/or horizon-
tally with the outflow of subsurface water [Deng et
al., 2006; Tsunogai et al., 1999], or sediment
gravity flows [Canals et al., 2006] from the sites
of formation. Hansell and Carlson [1998b] suggest
that along the deep path of the global “conveyor
belt,” additional DOC is loaded by isopycnal and
diapycnal eddy diffusion either from the marginal
sea or the surface ocean. Note that compared to
carbon in the particulate form, the enrichment of
carbon relative to the Redfield ratio in the DOC
pool makes its export to the open ocean interior to
sequestrate carbon more efficient [Hopkinson and
Vallino, 2005], particularly when the export is
along the isopycnal layer.

[¢] The South China Sea (SCS) is the largest sub-
tropical-tropic marginal sea in the world, with an
area of about 3.5 x 10° km? [Hu et al., 2000]. The
Luzon Strait (the deepest sill at ~2400 m) is the only
opening for deepwater exchange between the SCS
and the adjacent North Western Pacific (NWP)
[Qu et al., 2006]. It has been well documented that
water exchange across the Luzon Strait exhibits a
“sandwich-like” flow pattern, with an inflow from
the NWP in the upper and deeper layers but an
outflow to the NWP in the intermediate layer
[Chao et al., 1996; Li and Qu, 2006; Qu et al.,
2006; Tian et al., 2006; Gan et al., 2006]. In terms
of mass balance, the rapid replenishment of the
SCS deep water from the NWP 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.,
2006; Li and Qu, 2006]. According to Chou et al.
[2007], this intermediate outflow exports 17.6 +
9 Tg C yr ! from the SCS in the dissolved
inorganic carbon form, accounting for 35 + 18%
of the annual export production in the SCS.

[5s] This is the first study to present depth profiles
of DOC covering a large spatial area in the SCS. A
basin-wide enrichment of DOC was observed in
the intermediate layer and simulated using a one-
dimensional steady state diffusion advection model.
Such excess DOC may readily be exported from
the marginal sea to the adjacent open ocean, which
may represent an important pathway to sequestrate
carbon within the SCS and a critically important
carbon source of the interior Pacific Ocean.

2. Material and Methods

2.1. Sampling and Analysis

[¢] Data were collected during April-May 2005
and November—December 2006, covering the
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Figure 1. Map of the South China Sea (SCS) and sampling sites in the western SCS off Vietnam (elliptic zone),
northeastern SCS off Luzon (vertical quadrate zone), and in the northern SCS basin (horizontal quadrate zone). The
closed symbols are the locations of the vertical profiles discussed. The reference stations (see section 2.2.1) in the

northwestern Pacific (NWP) are shown in solid squares.

northern, western (off Vietnam) and eastern (off
Luzon) SCS basin (Figure 1). The water depth of
the stations considered in this study all exceeded
2000 m. Depth profiles of temperature and salinity
were recorded with a calibrated SeaBird conduc-
tivity-temperature-depth (CTD) recorder (model
SBEY/11).

[7] Samples were collected in triplicate using 12 L
GoFlo bottles attached to the CTD rosette follow-
ing the JGOFS protocol [Sharp et al., 1995].
Nonfiltered water samples were stored in precom-
busted EPA vials at —20°C until TOC (total organic
carbon) was measured (DOC may represent >
97% of TOC in our study area) using a Shimadzu
TOC-V Analyzer. Before measuring samples, a
four-point standard curve was performed on a
daily basis by injection of standard solutions of
potassium hydrogen phthalate. Quality assessment
was done using consensus reference waters, con-
sisting of a low-carbon water (1-2 pmol C L™
and a deep Sargasso Seawater (44—46 umol CL™1),
provided by Dennis Hansell’s laboratory at the
University of Miami (http://www.rsmas.miami.
edu/groups/biogeochem/CRM.html). The coeffi-
cient of variation on the analysis of our replicate
measurements was approximately 2%. Deep Sar-
gasso Seawater variability (standard deviation)
throughout our measuring time series record was
+0.8 umol CL™' (n= 114), useful as an index of our
analytical precision.

2.2. Literature Data Source

2.2.1. Reference Stations in the NWP

[8] Hydrological and TOC data for the reference
stations in the NWP (133°49’E, 31°28'N;
138°47'E, 30°N; 137°45'E, 30°N; 134°29'E,
30°N) (Figure 1) are from http://cdiac.esd.ornl.
gov/oceans/RepeatSections/clivar_ p02.html. These
data were collected in June 2004.

2.2.2. Volume Transport

[s] The net volume transport through the Luzon
Strait was reestimated based on Tian et al. [2006]
by integrating the subinertial velocity along the
column depth and the strait width. In practice, the
strait width varied much at different depths, and
were derived from the ETOP2 bathymetry data.
The velocity profiles for zonal flow were fit to the
subinertial flow, semidiurnal tide, and diurnal tide
using the least square method.

2.3. One-Dimensional Diffusion Advection
Model

[10] In order to examine the potential source of the
excess TOC, a one-dimensional steady state diffu-
sion advection model proposed by Craig [1969]
was adapted for the depth of 500—2500 m in deep
SCS water. The model assumed that the vertical
profile of the dissolved component was a two-point
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Figure 2. Vertical profiles of (a) potential tempera-
ture (6) and (b) salinity. Solid dots and black dashed
curves in Figures 2a and 2b represent the data from
the SCS and profiles from the NWP, respectively.
(c) The relationships of 6-S for the stations located in
the SCS (black dots) and the NWP (open triangles).
The Pacific data are from http://cdiac.esd.ornl.gov/
oceans/RepeatSections/clivar_p02.html.

boundary value, without any consideration of inte-
rior horizontal processes. The model was thus
applicable where the potential temperature-salinity
(6-S) relationship was linear.

[11] For a conservative tracer, the vertical profile
can be expressed by

0 =00+ (O — 00)f(2) (1)

where f(z) = (exp(z/z*) — 1)/(exp(zn/z*) — 1); z is
the vertical coordinate (positive upward), and z* is
the mixing parameter defined by z* = K/w; K is the
vertical eddy diffusion coefficient in m?* s~ '; and w
is the upward advection velocity inm s~ '. K and w
values were assumed to be independent of depth.
When 0 = 0, at z = 0 (at the bottom), we have 0 =
0, at z = z,, (at the top).

[12] Other than vertical mixing, profiles of non-
conservative tracers, such as TOC, can be modified
by on site production and consumption processes
in water columns. Following Craig [1969], we
added a J term into the equation for a stable,
nonconservative tracer:

C=Coy+ (Cn — Co)f(z) — J/w[z — znf(2)]. (2)

where C(0) = Cy; C(zm) = Cin; and J is in pmol
kg~! yr~'. Negative and positive values in the J
term indicate the net consumption and production
rate, respectively.

3. Results and Discussion

3.1. Hydrography

[13] The vertical profiles of # and S are shown in
Figures 2a and 2b, respectively for both the SCS
and the NWP, and the water properties in the upper
2000 m are distinctively different between the two
basins. The lower surface S in the SCS is attribut-
able to the basin-wide precipitation and the input
from large rivers (i.e., the Pearl River and Mekong
River) [Wyrtki, 1961]. In the subsurface layer (from
100 to 700 m), the 6 in the SCS was considerably
lower than that in the NWP. The S maximum in the
SCS occurred at 150 m, the same depth as that in
the NWP (though less intensive). However, the S
minimum in the SCS was located at a depth of
500 m, which is shallower than that in the NWP
(~750 m), but the value was higher. It is believed
that the S maximum and minimum in the SCS are
influenced, respectively, by North Pacific tropical
water and the intermediate water sourced from the
subpolar region [You, 2003]. The hydrography of
the SCS was homogeneous below 2000 m and
identical to that at ~2000 m in the NWP
(Figures 2a and 2b). The characteristics of the
SCS deep water are also shown in the 6-S diagram
(Figure 2c), which suggests that the deep SCS
water was indeed of North Pacific (NP) origin as
reported previously [Chen et al., 2006; Gong et al.,
1992; Wang, 1986]). Due to the enhanced vertical
mixing, the overall SCS water 6-S property showed
a less curved inverse “S” shape as compared to the
0-S relationship in the NWP (Figure 2c¢).

3.2. Comparison of TOC Distributions
Between the SCS and the NWP

[14] Vertical profiles of TOC generally showed
a pattern of high concentrations in the mixed
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Figure 3. (a) Depth profiles of TOC for stations in the NWP and in the SCS. (b) Potential density (cg) versus TOC
for all corresponding samples in Figure 3a. (¢) Scatterplots of TOC versus oy in the SCS. (d) TOC versus AOU in the
deep SCS water, where samples below 1000 m (dark gray dots) were selected and samples below 2200 m of the NWP
(open triangles) are shown for reference. The Pacific data are from http://cdiac.esd.ornl.gov/oceans/RepeatSections/

clivar_p02.html.

layer (65—72 pmol kg™') with a sharp decline
to ~50 pumol kg~ in the upper 100 m. At 1000—
2000 m, a small but consistent vertical TOC
gradient existed from 41.6 + 0.9 to 384 + 0.5
pmol kg~'. No clear seasonal trends and/or spatial
differences in TOC concentrations were observed
among stations at the same depth interval. The
distribution of TOC in the SCS appears to be
primarily controlled by physical processes as man-
ifested by a statistically significant negative corre-
lation between TOC and density (o) [TOC =
(—4.9 £0.093) gy + (1754 £ 2.3), r =097, p <
0.0001, n = 172] (Figure 3c).

[15] As compared to the NWP, TOC in the upper
1000 m of the SCS was generally lower (Figure 3a).

Such a deficit in TOC might be caused by rapid
ventilation with the TOC-depleted deep water [Qu
et al.,2006]. The TOC concentration below 2000 m
showed a very narrow range of 38.4 + 0.5 pmol
kg~! in the SCS without significant spatial and
temporal differences, comparable with that in the
intermediate water of the subtropical Pacific
(TOC = 38.7 + 0.7 pumol kg~ ' [Hansell et al.,
2002]). Such an identical TOC concentration con-
firmed a rapid deepwater exchange between the two
basins, which is also indicated based on the insig-
nificant difference between the SCS and the NWP in
A"™C below 1500 m [Broecker et al., 1986]. The
most important feature of the TOC profiles between
the SCS and the NWP was that there was a TOC
“bump” in the intermediate SCS water (~1000—
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Figure 4. Profiles of 8 (dots) for (a) the NWP and (b) the SCS. Note that S13 and S11 are in the northern SCS basin,
and Y33 and Y23 are the stations off Vietnam. See Figure 1 for station locations. Model derived K/w values were
obtained through fitting the @ curves. (c and d) The observed TOC (dots) and modeled profiles under different J/w
values (see section 3.3 for details). The Pacific data are from http://cdiac.esd.ornl.gov/oceans/RepeatSections/
clivar_p02.html.

1500 m, oy = 27.2-27.6 (Figures 3a and 3b)). Note 0.8 umol kg~' (n = 255, http://cdiac.esd.ornl.gov/
that in the North Pacific, the TOC below 1000 m  oceans/RepeatSections/clivar pl6n.html) can be
was typically uniform. For example, along 152°W  obtained, which agreed well with that of the
from 30°N to 10°N, a TOC average of 37.4 +  reference stations in the NWP (38.0 + 0.8 pmol
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kg™ "). The enrichment of TOC in the SCS was
therefore statistically valid with an increment of
3.2+ 1.1 umol kg™ (¢ test, a = 0.000) (Figures 3a
and 3b).

3.3. Model Results

[16] At a water depth between ~500 and 2500 m in
the SCS, the 0-S diagram showed a relatively linear
correlation (Figure 2¢), suggesting that our vertical
diffusion model had applicability at this depth
horizon. We then obtained the ratio, z* = K/w (units
in km (see Figures 4a and 4b)) from the integration
of equation (1), and the observed 6 curve using
least squares fitting. The range of z* in the NWP
was 0.39-0.45 km (Figure 4a) and in the SCS was
0.42-0.48 km (Figure 4b). Though the z* values
were similar in the two basins, the abyssal water
upwelling rate (i.e., w) in the SCS was much
higher (55 myr~ [Chen et al., 2001]) as compared
to that reported in the NP (4.5 m yr ' [Craig,
1969]). This basin-wide high upwelling rate in the
SCS is attributed to a persistent counterclockwise
circulation around the depth interval of 1000—
2000 m with respect to 2500 m [Wang, 1986].

[17] Figures 4c and 4d compared the vertical TOC
profiles of the SCS with those of the NWP. Using
the parameters shown by earlier simulation, we
obtained the best fit J/w values (black curves) for
the observed TOC profiles. Theoretical curves
(dashed curves) calculated from equation (2) of
J = 0 (pure mixing) are shown for comparison
(Figures 4c and 4d). We utilized 55 m yr~ [Chen
et al., 2001] and 4.5 m yr~ '[Craig, 1969], respec-
tively, for w values in the SCS and the NWP to
calculate Jroc. The average Jyoc of the NWP was
estimated to be —0.0042 + 0.0021 gmol kg™ " yr".
By contrast, the mean Jtoc in the SCS was 0.12 +
0.04 pmol kg=' yr~' indicating production. The
water in the SCS proper, say at 2000 m, was
between 40 and 52 years older than the source
water [Chen et al., 2001]. Using this residence time
and the model-derived TOC production rate, we
obtained a concentration of 5.5 + 2.0 umol kg™
This value represented the total TOC accumulated
in the intermediate layer over 40—52 years and
agreed well with the observed excess TOC (3.2 +
1.1 gmol kg~ ") around the same depth.

[18] The consistency between model results and
field observations indicated that an additional
source of TOC had been introduced into the
intermediate layer of the SCS. This was probably
a consequence of the breakdown/consumption of
sinking particles. The small but consistent vertical

TOC gradient of ~3 pmol kg™' at 1000—2000 m
(Figure 3a) may provide evidence that continual
sinking and degradation of organic carbon occurred
below 1000 m. Moreover, we found a generally
significant positive linear correlation (Figure 3d)
between TOC and apparent oxygen utilization
(AOU) (r=0.73, p = 0.0014, n = 14) in the deep
SCS water below 1000 m. Kumar [1990] suggests
that the correlation between TOC and AOU can be
negative or positive depending upon which process
is relatively more important, the breakdown of
sinking particle to TOC, or oxidation of TOC to
CO,. Another possibility may be diapycnal mixing
between the intermediate water with high TOC and
low oxygen, and the deep water along with rela-
tively lower TOC and higher oxygen, which was
comparable to the water below 2200 m in the
NWP (see open triangles in Figure 3d). Recently,
Yamashita and Tanoue [2008] observe that fluo-
rescence intensity and AOU are linearly correlated
in the mesopelagic and abyssal layers of the
interior of the Pacific Ocean. They conclude that
fluorescent dissolved organic matter is produced in
situ in the ocean interior as organic matter is
oxidized biologically. Our results gave a similar
positive correlation for TOC against AOU, which
might suggest that a similar process had occurred
in the SCS (preliminary study showed that fluores-
cence intensity also correlates positively with AOU
in our study area). Compared with the Pacific and
the Atlantic Ocean [Broecker et al., 1991; Sarmiento
and Gruber, 2006], a three times higher deep ocean
oxygen utilization rate (below 2000 m) is observed
in the SCS [Lin et al., 1996], which is ascribed to
higher export of organic matter from the surface
[Sarmiento and Gruber, 2006].

[19] The excess TOC (3.2 + 1.1 pmol kg™
observed in this study, together with the net water
flux between 1000 m to 1500 m of 2.5 £ 1.5 Sv
(reestimated based on Tian et al. [2006]), sup-
ported that the intermediate outflow could export
31+21TgCyr ' (1 Tg=10"g) in TOC form
from the SCS. Although the above estimate may be
subject to considerable uncertainties, due primarily
to the error in the estimate of the water flux, our
result demonstrated that water exchanges through
the Luzon Strait may represent an alternative path-
way in exporting organic carbon from the deep SCS.

4. Summary

[20] Physical mixing dominates TOC distribution
in the SCS. A one-dimensional steady state diffu-
sion advection model revealed that a net TOC
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production rate of ~0.12 + 0.04 umol kg~ yr!

was required to maintain the excess TOC (3.2 +
1.1 pmol kg™ ') in the intermediate layer (oy =
27.2-27.6, ~1000—1500 m). The origin of this
TOC was unclear, but, when compared with the
ambient water in the NWP, SCS intermediate water
outflow (2.5 = 1.5 Sv) acted as a source of TOC,
transporting 3.1 £ 2.1 Tg organic carbon to the
North Pacific interior annually.

[21] There may be two implications with respect to
this export of organic carbon from a marginal sea
system. Given the fact that the residence time of the
SCS deep water is short (less than 30 years [Qu et
al., 2006]), the exported TOC was likely from the
recently fixed organic carbon within the SCS. The
export of such organic carbon, thereby less likely to
return to the atmosphere may therefore contribute
significantly to the carbon sequestration in the South
China Sea. At the same time, this relatively freshly
produced organic carbon, when exported into the
adjacent open ocean interior might also contribute to
adeep ocean organic carbon pool. It must be pointed
out that more studies are mandatory in order to fully
understand the fate of this newly found excess TOC
and to explore its transformation processes during
transportation. Also needed is to evaluate the sig-
nificance of TOC exported from marginal seas and
its contribution to the deep organic carbon reservoir
at a global scale.
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