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Fluxes of dissolved organic carbon (DOC) from continental shelves to the ocean may play a critical role in marine
carbon cycling and budget. However, these fluxes have been poorly constrained because complicated biogeo-
chemical reactions of riverine, atmospheric, and marine organic carbon occur in continental shelf-waters. We
used multiple tracers of DOC such as stable- and radiocarbon isotope ratios of DOC, fluorescent properties of
dissolved organic matter (FDOM), and 2?°Ra as a water age tracer to investigate the sources and fluxes of DOC in
the northwest Pacific continental margin of the East China Sea and the Yellow Sea. Here, we show that there are
significant additional (excess) supplies of DOC in the central Yellow Sea relative to the Changjiang (Yangtze
River) source, based on these tracers. The marine 513C signature (—21.1 + 1.1%o) and the radiocarbon age (2000
+ 400 yr) of DOC suggest that the additional DOC (A*DOC = —44%o) is supplied from a combination of newly
produced DOC and the degradation of particulate as well as sedimentary organic matter. The flux of this
additional DOC produced in the continental shelf of the East China Sea to the open ocean is estimated to be ~1.9
+ 0.8 Tg C yr~ !, which is comparable to that from the Changjiang discharge. Our study implies that the fluxes of
continental shelf-borne DOC may be important globally and should be considered in estimating global DOC

budgets in the marine environment.

1. Introduction

Dissolved organic carbon (DOC) comprises the largest pools (660 Pg
C) of reduced carbon in the ocean (Hopkinson and Vallino, 2005; Follett
et al., 2014). DOC is mainly produced by primary production and other
processes including grazing, dissolution of sinking particles, and mi-
crobial activity in the ocean (Carlson and Hansell, 2015). In the coastal
ocean, terrigenous DOC transported via the atmosphere, rivers, and
groundwater contribute significantly to the carbon budget (Kuhlbusch,
1998; Masiello and Druffel, 1998; Raymond and Bauer, 2001a; Ray-
mond and Bauer, 2001b; Guo and Macdonald, 2006; Yan and Kim, 2012;
Huang et al., 2012; Kim et al., 2013; Lee and Kim, 2018). The global
annual flux of DOC to the oceans through rivers is 0.17-0.36 Pg C yr~!
(Maybeck, 1982; Dai et al., 2012; Bauer et al., 2013). The global DOC
flux via groundwater is estimated to supply an additional 0.12 Pg G yr ™!
to the oceans (Chen et al., 2018). The atmospheric deposition of DOC
(wet deposition) to the ocean surface is estimated to be 0.09-0.25 Pg C
yr_1 (Willey et al., 2000; Kanakidou et al., 2012).

Continental shelves are a dynamic zone where terrestrial and oceanic
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DOC are introduced and processed (Hedges and Kiel, 1995). Because of
high primary production on the shelves in general, in situ production of
DOC and DOC flux from the degradation of particulate organic carbon
(POC) in the water column and bottom sediments should be a major part
of the carbon budget on the shelves in addition to the external source
inputs. Furthermore, DOC produced in the continental shelves has the
potential to be exported to the open ocean (Burdige et al., 1999; Bauer
et al., 2013). However, the potential role of the continental shelves as an
important DOC source in the ocean carbon budget is not well
understood.

In this study, we attempted to characterize the sources and fluxes of
DOC in the East China Sea (ECS) and the Yellow Sea. The ECS conti-
nental shelf is one of the largest continental shelves in the world (Wang
et al., 2000). In this region, the Changjiang (Yangtze River) reportedly
discharges ~1.6 Tg Cyr * of DOC and ~ 1.5 Tg C yr ! of POC to the ECS
(Wang et al., 2012; Shi et al., 2016). In the northern part of this region,
the Yellow River discharges ~0.03 Tg C yr~! of DOC and ~ 0.39 Tg C
yr_1 of POC to the Yellow Sea (Wang et al., 2012; Shi et al., 2016). The
Yellow Sea is a productive semi-enclosed marginal sea in the northwest
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Pacific, where the annual net primary production is estimated as ~145 g
Cm™2 yr_1 based on satellite observation (Gong et al., 2003). In addi-
tion, carbon export off the shelf to the open ocean, termed the “conti-
nental shelf pump,” has been investigated in this productive region
(Tsunogai et al., 1999).

In order to study DOC cycling with a special focus on its input from
various sources and export from the shelf, we used multiple tracers
including naturally occurring 22Ra, 13C and “C contents in DOC, and
the characteristics of fluorescent dissolved organic matter (FDOM) in the
water column. 22®Ra isotope (half-life: 5.75 yr) is an effective tool in this
region for differentiating water masses and their age determination
because it is highly soluble and becomes enriched by benthic and
riverine inputs (Nozaki et al., 1991; Kim et al., 2005). The benthic inputs
of 22®Ra include diffusion from sediments, where particle-reactive 2>2Th
(half-life: 1.4 x 10%° yr) has accumulated, and from submarine
groundwater discharge in this region (Kim et al., 2005; Lee et al., 2014;
Kim et al., 2018). The ages of water masses can be determined using the
rapid decay of 228Ra relative to 22°Ra (half-life: 1600 yr) (Nozaki et al.,
1990). Stable carbon isotope ratio (5'%C) measurement allows one to
differentiate marine (—18%o to —22%o) versus terrestrial (—26%o to
—32%o) sources of organic matter (Gearing, 1998; Raymond and Bauer,
2001b; Wang et al., 2012; Lee and Kim, 2018). Radiocarbon (**C)
measurement of DOC is useful for determining carbon cycling including
sources, ages, and its residence time (Druffel and Bauer, 2000; Walker
et al., 2014). The average '*C age of oceanic DOC is 4000-6500 years in
the deep ocean (>2000 m) and 1000-4000 years in surface waters
(Williams and Druffel, 1987; Druffel, 1992; Druffel and Bauer, 2000).
Terrestrial DOC-A'*C values are usually distinctly different from marine
DOC (Raymond and Bauer, 2001a; Raymond and Bauer, 2001b). Fresh
DOC exported via rivers or produced in situ is generally younger and
enriched with 1*C, while the deep marine DOC is relatively old and *C-
depleted although the individual compounds can have a wide age
spectrum (Hedges et al., 1986; Williams and Druffel, 1987; Druffel,
1992; Druffel and Bauer, 2000; Raymond and Bauer, 2001b). The light-
absorbing fraction of reduced organic matter is termed colored dissolved
organic matter (CDOM) (Coble, 2007). A part of CDOM that fluoresces
over a wide range of wavelengths after absorbing energy is called FDOM
(Coble, 2007). The humic-like components of FDOM (FDOMy) are useful
for tracing DOC due to their conservative nature in the ocean
(Kowalczuk et al., 2003; Kowalczuk et al., 2010; Fichot and Benner,
2012; Kim and Kim, 2015; Painter et al., 2018). In particular, FDOMy
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component, together with 22®Ra tracers, has been used to identify the
inputs of FDOMy from the marine sediment in this region (Kim et al.,
2018).

2. Materials and methods
2.1. Study region and sampling

The study region is located in the continental shelf of the northern
ECS and the Yellow Sea (Fig. 1). In this region, the Yellow Sea water
(YSW), the Kuroshio Current water (KCW), and the Changjiang diluted
water (CDW) are present with varying seasonal contributions (Kim et al.,
2018; Wang et al., 2000) (Fig. 1). Although the YSW originates from
both the KCW and the CDW, its biogeochemical characteristics are
significantly altered during its residence time of about five years in the
Yellow Sea (Nozaki et al., 1991; Kim et al., 2005). In this region, the
Changjiang plays a dominant role in supplying ~80% of freshwater and
delivering terrestrial carbon to the adjacent seas (Ichikawa and
Beardsley, 2002; Wang et al., 2012; Bauer et al., 2013). In general, the
Changjiang flows northeastward upon entering the Yellow Sea in sum-
mer, while it flows southward along the Chinese coast in winter (Ichi-
kawa and Beardsley, 2002; Chen, 2009; Lie and Cho, 2016). Thus, in the
study region, the influence of the CDW was observed only in summer,
and was not observed in winter and spring seasons (Ichikawa and
Beardsley, 2002; Chen, 2009; Kim et al., 2018; Lie and Cho, 2016)
(Fig. 1). In this study, the KCW includes both the Kuroshio surface water
(KSW) and the Kuroshio tropical water (KTW). The current system in the
study region has been well documented in several previous studies
(Ichikawa and Beardsley, 2002; Chen, 2009; Lie and Cho, 2016; Fig. 1).

Sampling was conducted four times from August to September in
2012 (summer): 11-13 August aboard the R/V Tamgu 3 of the National
Fisheries Research and Development Institute (NFRDI), 13-14 August
aboard the Badaro of the Korea Coast Guard, 21-22 August and 1-4
September aboard R/V Tamgu 8 of the NFRDI. Further sampling was
conducted in February 2017 (winter) and April 2018 (spring) aboard the
R/V Onnuri of the Korea Institute of Ocean Science and Technology
(KIOST). Seawater samples were collected using 10 L Niskin bottles
mounted on a rosette system equipped with a conductivity temperature
and depth device (CTD). In 2012, sampling was conducted for the sur-
face water (1-2 m) only at most of the stations except for four stations
where water column samples were collected. In 2017 and 2018,
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Fig. 1. Maps of sampling stations, bottom topography, and schematic patterns of surface currents on the continental shelf of the East China Sea and the Yellow Sea
during the sampling periods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sampling was conducted for the water column at all stations.

Seawater samples were filtered through pre-combusted (450 °C for 5
h) GF/F filters (pore size = 0.7 pm; Whatman). Samples for DOC con-
centration and stable carbon isotope analysis were acidified with 6 N
HCI to suppress any bacterial activities and stored in pre-combusted
glass ampoules. Samples for DOC-A'*C analysis were stored in pre-
combusted amber Boston round glass bottles at —20 °C. Samples for
FDOM analysis were stored in pre-combusted amber glass vials in a
refrigerator at 4 °C.

2.2. Chemical analyses

For the determination of DOC concentrations, samples were
analyzed by a high-temperature catalytic oxidation (HTCO) method
using a total organic carbon (TOC) analyzer (TOC-Vcpy, Shimadzu,
Japan) (Kim and Kim, 2010). Analysis was also conducted on a certified
reference material of deep seawater (~43 pM DOC; University of Miami)
(Hansell, 2005). The precision of measurement was +2.0 pM based on
multiple analyses.

FDOM was measured using a spectrofluorometer (Aqualog, Horiba).
Excitation-emission matrix spectroscopy (EEMs) analysis was conducted
by detecting emission and excitation wavelengths of 250-600 nm and
250-500 nm, respectively, with 2 nm scanning intervals. The parallel
factor analysis (PARAFAC) model was applied to characterize the major
fluorescent components (Bro, 1997; Stedmon and Bro, 2008). The blank
subtraction, Raman and Rayleigh scattering signals, and inner-filter ef-
fect were corrected using the Solo software (Eigenvector, 108 Inc.). The
fluorescence intensities were normalized with Raman peak area of pure
water and presented as Raman unit (R.U.) (Lawaetz and Stedmon,
2009). The PARAFAC model characterized three components: terrestrial
humic-like (Ex/Em = 284/427 nm; C peak), marine humic-like (Ex/Em
= 276/340 nm; M peak), and protein-like (tryptophan-like) fluorescent
components (Ex/Em = 264/313 nm; T peak). Details of FDOM analysis
are given in Kim et al. (2018). In this study, only terrestrial humic-like
component (FDOMy) data were used.

Stable carbon (5'°C) and natural radiocarbon (A*C) abundances
were measured for DOC samples collected from stations on lines C and A
in February 2017 only. The 8'3C values of DOC (DOC-5'3C) were
measured using isotope ratio mass spectrometer (IRMS) (Isoprime,
Elementar) aligned with a TOC analyzer (TOC-IRMS) (Lee and Kim,
2018). COy gas from the non-dispersive infrared sensor (NDIR) was
introduced to IRMS via an interface (Panetta et al., 2008; Troyer et al.,
2010). The isotopic composition DOC-3'3C is reported on Vienna Pee
Dee Belemnite (VPDB) scale (Troyer et al., 2010). Analysis was con-
ducted on certified IAEA-CH6 sucrose (8'3C = —10.45 + 0.03%; Inter-
national Atomic Energy Agency), reference material of deep seawater
(DSR; 8'3C = —21.5 = 0.1%o; University of Miami), and Suwannee River
Fulvic Acid (SRFA) (6'3C = —27.6 + 0.12%0; International Humic Sub-
stances Society) to evaluate the recovery and accuracy of the measure-
ments (Hansell, 2005; Lang et al., 2007; Panetta et al., 2008; Troyer
et al., 2010). For DOC-AC measurements, samples were acidified to
~pH 2 with 85% phosphoric acid, purged with ultra-high purity nitro-
gen gas to remove dissolved inorganic carbon, and oxidized by UV
irradiation (Beaupre et al., 2007). The resultant CO5 gas was analyzed
for radiocarbon isotope ratio at the National Ocean Sciences Accelerator
Mass Spectrometry Facility (NOSAMS) at the Woods Hole Oceano-
graphic Institution.

For 2?%Ra measurement, seawater samples (100L) were collected in
polypropylene cubitainers. Seawater was passed through a column of
acrylic fiber impregnated with MnO, (Mn-fiber) at <1 L min~! by
gravity on board (Moore, 1976). The Mn-fiber was rinsed gently with
Ra-free deionized water to wash out any salts or particles, then ashed at
820 °C for 16 h in a land-based laboratory. The ashed Mn-fiber was
transferred to hermetically sealed vials and analyzed for 2®Ra using a
high-purity Germanium well-type detector (CANBERRA Industries Inc.).
228Ra activities were determined by counting the gamma peaks at 911
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keV from its daughter 22Ac (Kim et al., 2003). The geometry effect on
the detection efficiency was corrected and applied to the final activity
calculations. We also used the 22®Ra data in August 2012 from Lee et al.
(2014) and in February 2017 from Kim et al. (2018).

3. Results and discussion
3.1. Water masses and distributions of DOC, FDOMpy, and 228Ra

In this study, five major water masses were distinguished based on
the temperature versus salinity (T-S) distributions: the CDW, the KSW,
the KTW, the Yellow Sea bottom water (YSBW), and the YSW (Hur et al.,
1999; Chen, 2009; Kim et al., 2018) (Fig. 2). In summer, the water
masses mainly consisted of the CDW and the KCW (Fig. 2). In winter and
spring, temperature and salinity varied depending on the relative con-
tributions of the YSW, YSBW, and KTW (Fig. 2). The CDW (salinity: <33;
temperature: 27-29 °C), which is characterized by high temperature and
low salinity, was mainly observed in the central region of the Yellow Sea
only in summer 2012 (Lee et al., 2014) (Fig. 2). In general, the KTW
flows underneath the KSW (Chen, 2009).

The DOC concentrations ranged from 63 to 134 pM (average = 94 +
14 pM; average means the arithmetic mean throughout the paper) in
summer, from 51 to 108 uM (average = 62 + 10 M) in winter, and from
55 to 143 pM (average = 69 + 11 pM) in spring. The higher DOC values
were mainly observed for the CDW in low-salinity waters (<33) in
summer 2012, while the higher DOC value was observed in high-salinity
waters (>33) in April 2018 (Fig. 3). Spatially, the DOC concentrations in
the surface water were highest near the central Yellow Sea and gradually
decreased toward the ECS and the southern sea of Korea in all sampling
periods (Fig. 3). Overall, the DOC concentrations were higher in the
YSW than in the KTW in both winter and spring (Fig. 2).

The concentrations of FDOMy ranged from 0.5 to 2.7 RU (average =
1.3 + 0.4 RU) in summer, from 0.2 to 2.3 RU (average = 0.8 & 0.4 RU)
in winter, and from 0.1 to 1.2 (average = 0.5 + 0.3 RU) in spring
(Figs. 2, 4b). The concentrations of FDOMy in the surface water showed
a similar spatial distribution with that of DOC trends in general (Fig. 3,
Supplementary Fig. 1).

228Ra activity concentrations were in the range of 10-58 dpm 100
L7! (average = 29 + 10 dpm 100 L™%) in summer, 7-58 dpm 100 L™*
(average = 29 + 17 dpm 100 L™') in winter, and 4-58 dpm 100 L}
(average = 23 + 17 dpm 100 L™1) in spring (Fig. 2). The highest 2*®Ra
activity concentration was found in the YSBW, while the lowest con-
centration was found in the KTW (Fig. 2f, i). However, activities higher
than 40 dpm 100 L ! were also observed in the CDW in summer 2012
(Fig. 2¢).

3.2. Seasonal variations in the source of additional DOC in the YSW

For all sampling periods, the DOC and FDOMy concentrations
showed significant correlations with salinity (Fig. 4a, b). Despite the
different salinity ranges, DOC and FDOMy from three different seasons
showed a common relationship against salinity (Fig. 4a, b). In summer,
DOC and FDOMy appear to be mainly influenced by the CDW due to
their conservative mixing against salinity (Fig. 4a, b). However, the
extrapolated DOC value (~420 pM) at zero salinity was approximately
twice higher than that of previously reported values in the Changjiang
mouth (~160-230 pM) at zero salinity (Shi et al., 2016; Liu and Gao,
2019) (Fig. 4a). This indicates that there is an additional input of DOC.
In this region, Kim et al. (2020) suggested the existence of a DOC “pulse”
in the salinity range of 24-35 due to the microbial metabolism in the
estuarine mixing zone (Fig. 4a). The existence of this process is also
supported by the high primary production rate in the inner shelf of the
ECS during summer (Gong et al., 2003).

However, in winter and spring, deviation toward higher values off
the mixing line was observed for stations in the Yellow Sea (Fig. 4a).
Significant deviations toward higher values off the two end-member
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Fig. 2. T-S diagrams of DOC concentrations (a, d, g), FDOMy (b, e, h), and 228Ra activities (c, f, i) in summer 2012, winter 2017, and spring 2018. Each dashed box
indicates different water masses in this region: Changjiang diluted water (CDW), Kuroshio surface water (KSW), Kuroshio tropical water (KTW), Yellow Sea water
(YSW), and Yellow Sea bottom water (YSBW). Dashed grey lines represent the sigma-t (). The T-S diagrams were created using Ocean Data View software version 4.
7. 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mixing line at salinity range 32.5-33.5 indicate a pronounced addition
of DOC in the YSW (Fig. 4a). Also, these deviations in winter and spring
were not related to the direct influence of the CDW (Fig. 2). To further
reveal the causes of the deviations toward high values and the charac-
teristics of DOC and FDOMy production in the YSW, especially in winter
and spring, these DOM components were plotted against 2®Ra activity
concentration, a tracer of the water residence time of the YSW (Nozaki
et al., 1989). In the Yellow Sea, 228Ra activity concentrations increase
toward the central area up to 73 dpm 100 L™}, which is about 9-66 times
higher than that in the KCW, due to benthic inputs (Nozaki et al., 1991;
Kim et al., 2005; Kawakami and Kusakabe, 2008; Lee et al., 2014).
Although rivers are commonly known as the major source of 22®Ra in the
oceans, the riverine flux is <10% of the benthic inputs in the Yellow Sea
(Lee et al., 2014; Kim et al., 2015; Kim et al., 2018). Thus, ***Ra can be
used as an indicator of the age of YSW. Both DOC and FDOMy were
significantly correlated with the 228Ra activity concentrations, implying
their association with the water ages in this region (Fig. 4c, d). Based on
a significant correlation between 228Ra and FDOMy (Fig. 4d), Kim et al.
(2018) suggested that FDOMy from the bottom sediment pore water is

continuously produced and accumulates in the bottom water layer. It
was further suggested that the flux of FDOMy produced from organic
matter degradation in the organic-rich shelf sediments was equivalent to
30-40% of the riverine source in the ECS continental shelf (Kim et al.,
2018). Here, similar correlations of both DOC and FDOMy with 2%®Ra
imply that the DOC could also be produced by the re-mineralization of
particulate organic matter (POM) either in the water column or surface
sediments in a similar mechanism with FDOMy as suggested by Chen
et al. (1993) (Fig. 4c, d).

Since the distributions of DOC and FDOMy were highly associated
with the water masses and ages as explained above (Fig. 4c, d), the
mixing ratios among the major water masses (the CDW, KCW, and YSW)
in this region were examined from the ??®Ra-salinity relationship
(Fig. 5). The end-member values of 228Ra and salinity (marked with star
symbol in Fig. 5) were assigned as 7.6, 36.3, and 78.7 dpm 100 L 'and
34.7,27.8, and 31.5 for the KCW, CDW, and YSW, respectively, based on
this study and from the literature data (Nozaki et al., 1991; Gu et al.,
2012; Lee et al., 2014). In summer, most data plotted along the mixing
line between the CDW and the KCW with additional inputs from the
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YSW (red circles in Fig. 5). However, winter and spring data were clearly
on the mixing line between the YSW and the KCW only (Fig. 5). Based on
this diagram (Fig. 5), the proportion of the YSW in the mixture of the
YSW and the KCW, f, was calculated for the winter and spring data. As
the two end-member mixing model was applied for these seasons, the f
value would be 1 if the water were composed of the YSW only. The
relative proportions of the YSW, f values, showed a positive correlation
with DOC (Fig. 6a). In Fig. 6a, an outlier (DOC, 143 pM) was excluded
based on a 95% confidence interval test (Fig. 6¢). Based on the rela-
tionship between DOC and f value, the end-member value in the YSW,
when the DOC concentration was extrapolated to f = 1, was estimated to
be 101 + 12 pM (the uncertainty was estimated with 95% confidence
interval of the linear regression; Fig. 6a). This end-member value is
lower than the highest DOC values observed in the Yellow Sea (up to
140 pM) and should be regarded as DOC enrichment during the water
residence time of the YSW, excluding the seasonal fluctuation. However,
this end-member value is higher than the KCW DOC value (55 pM) by
~45 £+ 12 pM (Fig. 6a).

The f value based on the two end-member mixing model between the
KCW and the YSW also exhibited positive correlations with FDOMy and
DOC-AlC (Fig. 6b, c). In contrast, DOC-3'3C values were constant
(average = —21.1 + 1.1%o), regardless of f values (Fig. 6d). The average
DOC-5'° value of the Changjiang, —30.3 + 1.2%o (Wang et al., 2012),
was considerably lower than the observed DOC-5'2 values of —18.8% to
—22.8%o (average = —21.1 + 1.1%o; Fig. 6d), indicating that there was
only a small contribution of riverine DOC to the YSW DOC pool at most.
This finding is consistent with the little input of the CDW to the Yellow
Sea during winter and spring. As the average 5'3C value in surface
sediments of the central Yellow Sea is —22.2 4 0.3%o (Bao et al., 2016),
the measured DOC-5'3C values could be from either water column

production or from surface sediments.

The DOC-AC values were — 271 + 18%o (2500 + 200 yr; n =9)
along with Line A (Fig. 1), where the KCW was dominantly observed.
The DOC-AC values were slightly higher, —222 + 38%o (2000 + 400
yr; n = 14), along with Line C (Fig. 1), where the YSW was observed
(Fig. 6¢). The end-member value of DOC-A'C in the YSW (when f=1
was estimated as —170 + 50%o by extrapolation (Fig. 6¢), which is
higher than that of the end-member DOC-AC value (—271 = 18%o) in
the KCW (when f = 0). Then, the AC value of the DOC added to the
DOC pool in the YSW was estimated to be approximately —44%o, based
on a simple mass balance calculation: (AMDOCKCW X DOCgcw) +
(AYDOC,ycess X DOCoxcess) = (A*DOCysw x DOCysw). This value ap-
pears to be due to the mixture of newly produced fresh DOC (A'4C =
0%o, the average of three results of dissolved inorganic carbon in the
surface water of the ECS, collected in August 2020 by Sunmin Oh, un-
published data) and aged POM from the surface sediment (A*C =
—174%0 to —280%o) in this region (Bao et al., 2016). In this study, the
additional DOC may consist mainly of semi-labile and refractory frac-
tions of DOC since the DOC (**®Ra normalized) increased linearly with
the water age (Fig. 6a). The labile fraction of DOC may vary markedly
and decompose rapidly through microbial or photochemical degrada-
tion (< 1 yr; Hung et al., 2003), and thus it is not included in the DOC
accumulation with the water age (~ 5 yr).

3.3. Estimation of the shelf-borne DOC flux

The DOC concentrations of the Yellow Sea, as estimated from 2*®Ra,
are significantly higher than that of the ECS. Thus, DOC should be
exported out of the Yellow Sea via water exchange. We attempted to
estimate the flux of excess DOC produced in the YSW into the ECS using
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the following equation:

(DOCysy — DOCkcw) x Vysw

Tysw

Flux

where DOCygw and DOCkcy are the end-member values of DOC in the

YSW and the KCW, respectively. The end-member value of DOCygy was
obtained by extrapolation of the relationship between f and DOC
described above (i.e., 101 + 11 pM), whereas the DOCkcw (55 + 11 pM)
is the average value of the observed DOC values at line A (Station Al to
A5 in Fig. 1), which is located on the main path of the Tsushima Warm
Current, a branch of the Kuroshio. Here, the end-member value of
DOCysw excluded significantly high DOC values (i.e., 129-143 pM) as
mentioned earlier. In this estimation, the end-member values of DOC
have +£20% of uncertainty each based on the 95% confidence interval
(Fig. 6a). Vysw is the total water volume (unit: km?®) of the YSW volume
1.7 x 1013 m3) with a conservative uncertainty of +£20% (Yunshan
et al., 1988; Li et al., 2015), and T ysw is the water residence time of the
YSW, ~5 £ 1 years (Nozaki et al., 1991; Kim et al., 2005). The annual
flux of the shelf-borne DOC from the Yellow Sea to the ECS was esti-
mated to be ~1.9 Tg C yr~!, with the propagated uncertainty of ~44%
(40.8 Tg C yr™1). This flux of shelf-borne DOC is at least comparable to
the DOC flux from the Changjiang discharge (~1.6 Tg C yr~!, Wang
et al., 2012; Shi et al., 2016). Despite the large uncertainty, ~44%, our
estimation underlines the importance of continental-shelf-borne sources
of DOC in the ocean.

4. Implications and conclusions

Studies of DOC fluxes from continental margins of regional and
global scales have revealed the important role of shelf-borne DOC in
carbon budget and cycle. The DOC fluxes vary widely depending on the
location. The Hebrides Shelf in the North Atlantic Ocean exports DOC
flux of 0.13 Tg C daily to the open ocean in winter (Painter et al., 2016).
In Antarctica, the shelf water contributes approximately 4 to 8 Tg G yr~!
of DOC to the deep waters of the Southern Ocean (Fang et al., 2018).
Recently, the estimated DOC flux was ~0.7-1.0 Pg C yr~! in the Arctic



shelf region, indicating that the Arctic shelf could be a major source of
organic matter to the Arctic Ocean (Chen et al., 2021). The cross-shelf
DOC flux from the middle Atlantic Bight to the open ocean was esti-
mated to be 29 Tg C yr~! (Mannino et al., 2016). The global export of
DOC from continental shelves to the open ocean was reported as
150-350 Tg C yr_ !, which is comparable to the global riverine DOC flux
(200 Tg C yr’l) to the ocean (Maybeck, 1982; Bauer et al., 2013).
Furthermore, the global DOC fluxes from productive coastal settings,
including salt marsh, mangrove, intertidal, and continental shelf, were
found to be even more significant (106-416 Tg C yr’l) (Maher and Eyre,
2010).

In this study, we measured the shelf-borne production of DOC for the
first time, based on the excess DOC inventory in seawater on a basin-
scale by tracing its source using dual carbon isotope (*3C and *C),
228Ra, and FDOM. We show that there are notable additional supplies of
DOC on the continental shelf of the ECS. The source of this additional
DOC was found to be a combination of newly produced DOC and
degradation of fresh POM and sedimentary organic matter. The esti-
mated export from the continental shelf of the ECS to the open ocean per
year is ~1.9 + 0.8 Tg C (albeit with a large uncertainty); thus, the
continental shelf-borne DOC flux should be considered in global marine
carbon budgets and cycles, and further studies are necessary for other
important shelves. In addition, our multi-pronged approach will be
useful in estimating DOC exports from similar geographic environments
such as semi-enclosed bays.
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