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Abstract This paper aims to provide an overview of regional carbon fluxes and budgets in the marginal seas adjacent to China.
The “China Seas” includes primarily the South China Sea, East China Sea, Yellow Sea, and the Bohai Sea. Emphasis is given to
CO2 fluxes across the air-sea interface and their controls. The net flux of CO2 degassing from the China Seas is estimated to be
9.5±53 Tg C yr−1. The total riverine carbon flux through estuaries to the China Seas is estimated as 59.6±6.4 Tg C yr−1. Chinese
estuaries annually emit 0.74±0.02 Tg C as CO2 to the atmosphere. Additionally, there is a very large net carbon influx from the
Western Pacific to the China Seas, amounting to ~2.5 Pg C yr−1. As a first-order estimate, the total export flux of particulate
organic carbon from the upper ocean of the China Seas is 240±80 Tg C yr−1. This review also attempts to examine current
knowledge gaps to promote a better understanding of the carbon cycle in this important region.
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1. Introduction

There has been substantial evidence linking anthropogenic
activities to the perturbation of the natural carbon cycle
since the industrial revolution (Canadell et al., 2010; Falk-
owski et al., 2000). In recent history, carbon emissions have
increased from 6.4 Pg C yr−1 (1 Pg C=1015 g C) in the
1990s to 39.2 Pg C yr−1 during 2007–2016, including
34.3±2.0 Pg C yr−1 released by fossil fuel burning and in-
dustrial processes, and 4.9±3.0 Pg C yr−1 by land-use change
(Le Quéré et al., 2017). About 47% of this anthropogenic
CO2 remains in the atmosphere, while the other 53% enters
marine (23%) and terrestrial (30%) ecosystems through air-
sea and land-air exchanges (Le Quéré et al., 2017).
By May 2017, the atmospheric CO2 concentration had

reached 406 ppm (https://www.esrl.noaa.gov/gmd/ccgg/
trends/global.html) (1 ppm=1 μmol mol−1), an increase of

over 45% since the industrial revolution. As a greenhouse
gas, increased atmospheric CO2 concentrations have led to
increased surface temperatures on Earth. As such, the study
of CO2 as a key component of the carbon cycle has attracted
wide attention, becoming one of the most active research
areas in the Earth sciences (Cai et al., 2003; Pan et al., 2011;
Regnier et al., 2013; Sabine et al., 2004). These observa-
tional studies aim to reduce uncertainties in carbon flux es-
timates, to clarify anthropogenic perturbations, and to reveal
controlling processes and mechanisms in order for a more
accurate prediction of future variations in the Earth’s climate.
As a gigantic reservoir containing 38118 Pg C (Sarmiento

and Gruber, 2002), which far exceeds the amount of carbon
stored in the atmosphere, the ocean reduces the rate of in-
crease in atmospheric CO2. Since the industrial revolution,
the ocean has absorbed ~40% of anthropogenic CO2 (DeV-
ries et al., 2017). Based on the Fifth Assessment Report by
the Intergovernmental Panel on Climate Change, the ocean
stored 2.0±0.7 Pg C yr−1 as anthropogenic CO2 during 1980–
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1989, and it increased to 2.3±0.7 Pg C yr−1 during 2000–
2009. This suggests that within this 20 years period, the
oceanic carbon storage increased at a rate of 0.15 Pg C every
10 years (Ciais et al., 2013).
The ocean absorbs atmospheric CO2 primarily through

three processes: the “biological pump”, the “solubility
pump”, and the “carbonate pump”. The biological pump
mainly occurs in the euphotic zone, where phytoplankton
transforms dissolved inorganic carbon (DIC) to dissolved
organic carbon (DOC) and particulate organic carbon (POC)
via photosynthesis. A fraction of this organic carbon is
transported into the deep ocean by POC settling and the
downward diffusion of DOC. The solubility pump often re-
fers to processes occurring at high latitudes, such as in the
North Atlantic Ocean and the Southern Ocean, where sea-
water cooling and/or freezing promotes an increase in both
CO2 solubility and seawater density that carries high CO2

water to depth via sinking. The carbonate pump is another
important process that exerts a control on the ocean carbon
cycle, where carbonate precipitation in seawater leads to the
net release of CO2. A large amount of carbonate in sediments
modulates atmospheric CO2 concentrations through calcium
carbonate production and dissolution in the deep sea. Spe-
cifically, carbonate dissolution in the deep sea can draw
down atmospheric CO2, while carbonate precipitation can
release CO2 (Elderfield, 2002). Additionally, Jiao et al.
(2010) proposed the “non-settling biological pump”, or the
“microbial carbon pump”, which refers to the microbial
process of transforming labile DOC to refractory DOC.
For open-ocean CO2 uptake and release through above

processes, large spatial and temporal variations have been
observed (Takahashi et al., 2009). The general global trend is
that low latitude regimes generally outgas CO2, and mid- and
high latitude regions often absorb CO2. In particular, the
North Atlantic Ocean and the Southern Ocean are two of the
strongest sinks for anthropogenic CO2. Regions where mode
water is produced in mid-latitude are also important sinks of
atmospheric CO2. In contrast, the equatorial Pacific Ocean is
a very big carbon source with the highest inter-annual
variability (Takahashi et al., 2009 and references therein).
Marginal seas have their own unique geographical, phy-

sical, chemical, and biological characteristics that include
intensive land-ocean-atmosphere interactions (Dai et al.,
2013a). Firstly, marginal seas are significantly affected by
terrestrially-sourced natural and anthropogenic carbon and
nutrients (Liu et al., 2010a). Secondly, they generally have
high rates of primary productivity, as well as a complicated
biological community structure (Liu et al., 2010a, 2010b).
The primary production, microorganism recycling, and car-
bon settling and export that occur in marginal seas vary with
respect to these same processes in the open ocean. Thirdly, at
marginal seas with relatively shallow water depths, particu-
late carbon can quickly settle to the bottom and affect the

sediment-water interface (Hung et al., 2013), and therefore
can directly influence the carbon cycle in the overlying
seawater and CO2 exchange at the air-sea interface. Lastly,
the CO2 absorbed by marginal seas can be exported to the
open ocean via the continental shelf pump (Tsunogai et al.,
1999) and vice-versa (e.g., Dai et al., 2013a and references
therein). Additionally, coastal upwelling complicates the role
of the ocean margin as a CO2 sink or source by bringing CO2

and nutrient-enriched deep water to the surface. If the in-
crease in primary productivity stimulated by the additional
nutrients cannot compensate the free CO2 brought up from
depth, the coastal system will tend to release CO2 to the
atmosphere (Cai, 2011).
Over the past two decades, significant research efforts

have been devoted to the study of the carbon cycle in mar-
ginal seas. Considerable field observations and simulations
were conducted that have significantly improved the accu-
racy of air-sea CO2 flux estimates therein, as well as our
understanding of ocean margin carbon cycling as a whole.
Previous synthesis analyses of available data revealed that
marginal seas appear to be a sink of atmospheric CO2 on a
global scale, of approximately 0.2–0.4 Pg C yr−1 (Borges,
2011; Borges et al., 2005; Cai, 2011; Cai et al., 2006; Chen
and Borges, 2009; Dai et al., 2013a; Laruelle et al., 2010; Liu
et al., 2010a). Laruelle et al. (2014) updated this estimation
by considering the partial sea ice cover of polar shelves by
utilizing the global ocean CO2 atlas (Surface Ocean CO2

Atlas, SOCAT) data. This led to a new approximation of
atmospheric CO2 uptake by marginal seas of
0.19±0.05 Pg C yr−1, which is the lower boundary of the
previous estimates.
It was previously postulated that the latitude of an ocean

margin determined its CO2 sink-source pattern (Cai and Dai,
2004; Cai et al., 2006). Owing to high temperatures and large
inputs of terrestrial organic carbon, low latitude marginal
seas typically release CO2 (Cai and Dai, 2004; Cai et al.,
2006; Cai, 2011). Assessments of global riverine DOC fluxes
revealed that 60% of the riverine DOC are discharged into
low-latitude seas (Dai et al., 2012). Dai et al. (2013a) pro-
posed that world marginal seas, in terms of external carbon
inputs and internal cycling rates, can be placed into at least
two categories: river-dominated ocean margins (RiOMars)
and ocean-dominated margins (OceMars). RiOMars are
featured by concurrent inputs of high loadings of both au-
totrophic (nutrients) and heterotrophic (organic matter) ma-
terial, while OceMars are characterized by concurrent off-
site sources, along the barocline, contributing nutrients and
dissolved inorganic carbon (DIC) into the system (Dai et al.,
2013a; Cao et al., 2014).
This study sought to synthesize CO2 air-sea fluxes of the

marginal seas adjacent to China (China Seas): the South
China Sea (SCS), East China Sea (ECS), Yellow Sea (YS)
and Bohai Sea (BS) (Figure 1). We summarized carbon
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fluxes along the river-sea interface, carbon exchange be-
tween the ocean margin and the open ocean, and POC export
fluxes from the euphotic layer. Based on this analysis, we
constructed a preliminary and simplified carbon budget for
the China Seas and compared our estimates with air-sea CO2

fluxes in other marginal seas worldwide.

2. The carbon cycle in the China Seas

The China Seas account for approximately 12% of the total
surface area of global continental margins, and span the
temperate, subtropical, and tropical zones. The China Seas
receive inputs from large rivers such as the Changjiang
(Yangtze) and Zhujiang (Pearl) rivers, and also exchange
with the Kuroshio, a major western ocean boundary current.
As a result, the carbon cycle in the China Seas is rather
complex (Dai et al., 2004), and have attracted great attention
in the past few decades. At the beginning of this century,
Chinese scientists published a first monograph on material
fluxes on continental margins (Hu and Yang, 2001), in which
the ECS was revealed as a weak sink for atmospheric CO2.
This result, as well as multiple studies on the CO2 sink-
source pattern in the ECS conducted by scientists from sur-
rounding countries and regions (Chou et al., 2009, 2011;

Shim et al., 2007; Tsunogai et al., 1999), have been widely
discussed in international communities. The ECS has
therefore been frequently cited as a case-study of global
continental margins that absorb atmospheric CO2. More re-
cently, the Ministry of Science and Technology of China, the
Natural Science Foundation of China, the State Oceanic
Administration (SOA), and the Chinese Academy of Sci-
ences have funded a number of projects related to carbon
cycle to investigate material transport, nutrient cycling, and
primary productivity in the China Seas. These financial
contributions enabled scientists to obtain a large amount of
observational data and results. Major projects, such as the
“Carbon Cycle in the South China Sea: budget, controls &
global implications” under the National Key Basic Research
Program of China, are still ongoing to better understand the
ocean’s carbon cycle in the China Seas (Dai and Yin, 2016).

2.1 Air-sea CO2 fluxes

2.1.1 South China Sea
Based on a mass balance model built on a limited dataset
collected in the 1990s, Chen et al. (2006) concluded that the
SCS basin is a weak source of atmospheric CO2. However,
time-series observational studies at SEATS (The South East
Asia Time-series Station, Figure 1) in the northern SCS

Figure 1 Geographic map of the China Seas. SEATS (South East Asian Time-Series Study) represents the time-series station in the South China Sea (Chou
et al., 2005), and A4HDYD represents the time-series station in the Yellow Sea (Xu et al., 2016).
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(NSCS) basin showed that the region is a weak CO2 sink or
near equilibrium with the atmosphere on an annual basis
between December 1999 and December 2009 (Chou et al.,
2005; Sheu et al., 2010; Tseng et al., 2007). Other field
surveys show that the NSCS, including the shelf region, is a
CO2 source during warm seasons, a CO2 sink during cold
seasons, and a weak source on an annual scale (Zhai et al.,
2005, 2009). The Sunda shelf in the southern SCS is also a
CO2 source in early fall (Rehder and Suess, 2001).
Zhai et al. (2013) provided the most comprehensive as-

sessment of CO2 fluxes and their controls in the SCS, based
on a large dataset of 14 field CO2 mapping surveys between
2003 and 2008. These authors divided the SCS into 4 do-
mains, according to zonal physical and biogeochemical
characteristics (Figure 1 in Zhai et al., 2013). In their study,
Domain A was the NSCS shelf influenced by the Zhujiang
River, Domain B was the NSCS slope and basin, Domain C
was the middle SCS basin, and Domain D was the basin west
of the Luzon Strait, which might be affected by winter up-
welling. The partial pressure of CO2 (pCO2) in Domain A
was relatively low and showed little seasonal variation (320–
390 μatm). pCO2 in Domain B revealed a seasonal pattern of
high values during warm seasons (summer and spring) and
low values during cold seasons (winter and fall). pCO2 in
Domain C was relatively high all year round (360–425
μatm). In Domain D, pCO2 was high during the winter up-
welling periods. The area-weighted annual average CO2 flux
was 1.1±1.7 mmol m−2 yr−1, and the 4 domains emitted
18±27.6 Tg C yr−1 of CO2 (with the surface area of the 4
domains being 1.34×106 km2). Extrapolated to the entire
SCS proper (with a surface area of 2.5×106 km2 excluding
the Gulfs of Thai and Beibu), the entire SCS emitted
33.6±51.3 Tg C yr−1 (1 Tg C=1012 g C; Zhai et al., 2013).
The major controls of surface water pCO2 and air-sea CO2

fluxes differ among the 4 domains. pCO2 in Domain A is
mainly driven by biological processes and seasonal varia-
tions in sea surface temperature (SST), whereby pCO2 is
drawn down due to cooling during cold seasons and high
rates of phytoplankton uptake during warm seasons (i.e.
summer). pCO2 in Domain B is mainly controlled by SST,
with low pCO2 during cold seasons and high pCO2 during
warm seasons. pCO2 in Domain C is also dominated by
temperature, where high temperatures during all the seasons
results in high pCO2 values throughout the year. Air-sea CO2

fluxes in Domain D are mainly dominated by winter up-
welling (Zhai et al., 2013).

2.1.2 East China Sea
The CO2 in ECS surface water is usually undersaturated with
respect to the atmosphere, and thus the ECS generally serves
as an annual net sink of atmospheric CO2 with an air-sea CO2

flux in the range of –(10–30) Tg C yr−1 (Chou et al., 2009,
2011, 2013; Peng et al., 1999; Shim et al., 2007; Tsunogai et

al., 1999; Wang et al., 2000; Tseng et al., 2011). Based on a
dataset from 8 summer cruises and 5 cruises conducted
during other seasons, Tseng et al. (2014) evaluated the an-
nual average air-sea CO2 flux to be −1.8±0.5 mol C m−2 yr−1

by establishing an empirical formula between surface water
pCO2 and freshwater discharge from the Changjiang River. It
should be noted that high pCO2 in fall is a typical feature in
the ECS, which has been often observed (Zhai and Dai,
2009; Zhai et al., 2007), but it is not a function of Changjiang
discharge (e.g., Zhai and Dai, 2009), therefore the empirical
algorithm cannot accurately estimate the distributions of
surface water pCO2 in fall.
Based on 24 surveys conducted over the entire ECS shelf

in 4 seasons of the year during 2006–2011, Guo et al. (2015)
presented a comprehensive dataset of surface seawater pCO2

and associated air-sea CO2 fluxes. They classified the ECS
into 5 domains that featured differing physics and bio-
geochemistry (Figure 1 in Guo et al., 2015). The 5 domains
were the Changjiang plume (I), the Zhejiang-Fujian coast
(II), the northern shelf (III), the middle shelf (IV), and the
southern shelf (V). Overall, surface water pCO2 showed
strong spatial and seasonal variations. In the Changjiang
plume, pCO2 was as low as <100 μatm during winter, spring,
and summer, but high in the fall (>360 μatm). Along the
Zhejiang-Fujian coast, pCO2 during winter, spring, and
summer (300–350 μatm) were also lower than during fall
(>350 μatm), but the seasonal variation was smaller than the
Changjiang plume seasonal variability. In the ECS outer
shelf (the area impacted by the Kuroshio), pCO2 was higher
during warm seasons than cold seasons (Figure 2).
In general, the Changjiang plume and the Zhejiang-Fujian

coast were sinks of atmospheric CO2 during winter, spring
and summer, but a CO2 source in fall. The northern, middle,
and southern shelves were sinks of atmospheric CO2 during
cold seasons and CO2 sources during warm seasons. Overall,
the 5 domains were all CO2 sinks annually with an area-
weighted CO2 flux of −2.5±1.5 mol m−2 yr−1 (Guo et al.,
2015). This approximation was twice the global average of
marginal seas CO2 fluxes. The surface area of the ECS with
water depths <200 m is 0.45×106 km2, and this region ab-
sorbed CO2 from the atmosphere at a rate of 13.2 Tg C yr−1

(Guo et al., 2015). Extrapolated to the entire ECS (0.77
×106 km2), it sequesters 23.3±13.5 Tg C yr−1 of CO2.
The major controls on air-sea CO2 fluxes differ in the 5

domains of the ECS. Surface water pCO2 in the Changjiang
plume and the Zhejiang-Fujian coast are mainly controlled
by SST, biological processes, and vertical mixing. pCO2 is
low in winter due to low SST in domains I and II. During
warm seasons, the water column is stratified and biological
uptake decreases the surface water pCO2. In fall, the strati-
fication is destroyed by the decrease in SST and strong winds
and surface pCO2 increases due to enhanced vertical mixing
of the CO2-enriched bottom/subsurface water. However,
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pCO2 in the domains III, IV, and V is dominated by SST; i.e.
containing low pCO2 with respect to the atmosphere during
cold seasons and higher pCO2 in warm seasons (Guo et al.,
2015).
In summary, various domains are very different with re-

spect to air-sea CO2 fluxes and major controls on surface
water pCO2. Within the domains I and II, pCO2 is low during
winter, spring and summer, but high in the fall. For example,
in the domain I, the seasonal average pCO2 during winter,
spring, summer, and fall were 348, 309, 317, and 394 μatm,
and the air-sea CO2 fluxes were −9.8, −10.7, −6.5, and
2.2 mmol m−2 d−1, respectively within the investigation by
Guo et al. (2015). Therefore, the domain I is a CO2 sink in
winter, spring, and summer, and a CO2 source during the fall.
However, the outer shelf is temperature dominated; its sea-
sonal average pCO2 and air-sea CO2 fluxes during the 4
seasons at the investigation’s time-frame were 344, 345, 381,
and 348 μatm, and −10.0, −6.8, 1.8, and −8.4 mmol m−2 d−1,
respectively. Thus, the outer shelf is a CO2 sink in winter,
spring and fall, but a CO2 source in the summer.

2.1.3 Yellow Sea
The YS is geographically divided into the North Yellow Sea
(NYS) and the South Yellow Sea (SYS, along a line between
Cape Chengshan on the Shandong Peninsula in China and
Changshanchuan on the Korea Peninsula). Surface water
pCO2 in the YS in April 1996 was 220–360 μatm, with an
average CO2 flux of −2.34 mol m−2 yr−1. This estimation
indicated that the YS is a moderate sink of atmospheric CO2

(Oh et al., 2000). During 2006–2007, Xue et al. (2012)
conducted 4 surveys in the YS and revealed that it is a CO2

source during all seasons, and it was a weak source on an
annual scale (0.63±0.10 mol m−2 yr−1 of CO2). Based on
time-series observations during the period of March 2011 to
November 2013 at station A4HDYD located in the northwest
of the NYS (Figure 1), the NYS is a weak sink of atmo-
spheric CO2 (−0.85±0.59 mol C m−2 yr−1, Xu et al., 2016). In
summation, CO2 in the NYS is generally near equilibrium
with the atmosphere.
In the SYS, with data from observations during spring,

summer, and fall, Xue et al. (2011) estimated the annual
average air-sea CO2 flux to be 1.32 mol m

−2 yr−1. This result
indicated that the SYS is a weak source of atmospheric CO2.
However, Qu et al. (2014) found that the western and central
regions of the SYS were a weak CO2 sink
(−1.02 mol m−2 yr−1). Similarly, Luo et al. (2015) argued that
the central YS is a weak CO2 sink (−0.70 mol m

−2 yr−1) based
on estimations using numerical models.
SOA surveyed the entire YS and found that it was a sink of

atmospheric CO2 during winter, spring, and summer, but a
source in the fall. Annually, the YS was estimated to be a
weak CO2 sink (−0.2±0.1 mol m−2 yr−1, State Oceanic Ad-
ministration, 2013). The YS sequesters 1.0±0.3 Tg C yr−1 of
CO2 if a surface area of 0.38×106 km2 is adopted (State
Oceanic Administration, 2013).

2.1.4 Bohai Sea
Generally, the study of air-sea CO2 fluxes in the BS has been

Figure 2 Distribution of seasonal averages of pCO2 in 1°×1° grids on the East China Sea (ECS) shelf (based from Guo et al., 2015). Atmospheric CO2
increased at a rate of 2 μatm yr–1 (http://scrippsco2.ucsd.edu/), leading to a similar rate of increase in sea surface pCO2. Tseng et al. (2014) report that pCO2 in
the surface water of the ECS increases at a rate of 2.1 μatm yr−1. Since the sea surface pCO2 data used in this study was collected from different cruises during
2006 to 2011, the seawater pCO2 data were normalized to June 2010 at the rate of 2.1 μtm yr−1. When estimating the gridded average, the pCO2 data from
each cruise was first constrained to the 1°×1° grid, and then the average value during each season was calculated.
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very limited. The CO2 flux was found to be 1.01 mol m
−2 yr−1

in September, 2009 (Yin et al., 2012). Surveys conducted by
the SOA (2013) during 2011–2012 show that the BS is a
source of atmospheric CO2 in fall, a sink in winter and
spring, and near-equilibrium with the atmosphere in summer.
Annually, the BS is a weak source (0.2±0.1 mol m−2 yr−1)
and emitting 0.2±0.1 Tg C yr−1 of CO2 to the atmosphere if a
surface area of 7.7×104 km2 is adopted (SOA, 2013).
To sum up, the SCS is a CO2 source (33.6±51.3 Tg C yr−1),

the ECS is a CO2 sink (23.3±13.5 Tg C yr−1), and the YS
(1.0±0.3 Tg C yr−1) and BS (0.2±0.1 Tg C yr−1) are in near-
equilibrium with the atmosphere with respect to CO2 (Figure
3). The China Seas, as a whole, are a source of atmospheric
CO2 and emit 9.5±53 Tg C yr−1 of CO2 (Figure 3).

2.2 Lateral transport of carbon from land to the ocean

Rivers and estuaries are often overlooked in regional carbon
cycle budgets because of their small size. However, they are
an important material pathway from land to the ocean. Fixed
carbon in soils enters rivers and estuaries via soil weathering
and erosion. During transport from rivers/estuaries to mar-
ginal seas, a portion of the carbon is emitted to the atmo-
sphere as CO2. A part of this carbon is transformed into
different carbon pools by complex biogeochemical processes
within the estuaries. Then, a minor fraction is buried in the
sediments of rivers and estuaries, with the remaining carbon
exported to the marginal seas. Regnier et al. (2013) estimated
the global carbon budget under anthropogenic perturbations.
They suggested that since the industrial revolution,
~1.0 Pg C yr−1 of anthropogenic carbon was delivered from
soils to inland waters (mainly rivers), with approximately
40% of the carbon outgassed to the atmosphere (0.4 Pg C yr−1),
50% of the carbon sequestered by river, estuarine, and

coastal sediments, and the remaining 10% discharged into
the ocean (0.1 Pg C yr−1).
There are four major rivers discharging into the China

Seas: the Mekong River, the Zhujiang River, the Changjiang
River and the Huanghe (Yellow) River. The Changjiang
River is the largest river in China and the third largest river in
the world, with a discharge rate (~900 km3 yr−1) accounting
for 56% of the total river flow (1600 km3 yr−1) in China (Dai,
2016). The Changjiang River transports substantial amounts
of freshwater, carbon, and nutrients to the ECS and YS. The
Zhujiang River is the second largest river in China in terms
of freshwater discharge (275 km3 yr−1, Huang et al., 2017),
and significantly impacts the northeast SCS shelf. The Me-
kong River is the seventh largest river worldwide
(474 km3 yr−1, Huang et al., 2017), discharging into the SCS
from Vietnam. The Huanghe River carries the largest amount
of suspended particulates of the four rivers and discharges
into the BS in the Shandong province (Dai et al., 2013a).

2.2.1 Fluvial total carbon fluxes to the China Seas
To evaluate the total riverine carbon fluxes to the China Seas,
we first calculated river discharge-weighted average carbon
concentrations using known forms of oceanic carbon (DIC,
DOC, POC, and Particulate Inorganic Carbon, PIC) con-
centrations of several rivers and their corresponding fresh-
water discharge. The total riverine carbon flux into the
estuaries was calculated as the product of discharge-weigh-
ted average carbon concentrations and total freshwater dis-
charge into the China Seas. The estuary is not only a
passageway of materials from land to the ocean, but also a
“reactor”. Biogeochemical processes lead to the addition or
removal of carbon within the estuary and modify the net
carbon flux to the sea. Therefore, the total riverine carbon
flux into the China Seas was calculated by applying esti-

Figure 3 Air-sea CO2 seasonal variations and annual fluxes in the China Seas (South China Sea, East China Sea, Yellow Sea, and Bohai Sea). Negative
values denote seawater absorbing CO2 from the atmosphere. Sea surface pCO2 values in the South China Sea and East China Sea were derived from Zhai et
al. (2013) and Guo et al. (2015), respectively. pCO2 data in the Yellow Sea and Bohai Sea were primarily obtained from the State Oceanic Administration
(2013). For air-sea CO2 fluxes, the average values are shown. The error bars represent standard deviation, which characterizes the spatial variations in fluxes.
Details are presented in the text.
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mates of removal/addition rates of carbon in the estuaries to
the riverine inputs. It should be noted that the Mekong River
and the Zhujiang River are the two largest rivers flowing into
the SCS. In addition, several other rivers located in south
China, Vietnam, the Philippines, andMalaysia also discharge
into the SCS, and are included in our calculations (Table 1).
(1) Changjiang River and Changjiang estuary. There are no

marked seasonal variations of DIC and DOC in the Chang-
jiang River. DIC ranged from 1585–1978 μmol kg−1 (Zhai et
al., 2007), with an average concentration of 1746±159 μmol
kg−1. DOC concentrations fluctuated from 1.64–2.74 mg L−1

(Wang et al., 2012), with a mean value of 2.03±0.27 mg L−1.
The POC/DOC ratio is approximately 1 (Wang et al., 2012;
Wu et al., 2007), comparable to the global mean ratio
(McKee, 2003). POC and PIC show strong seasonal varia-
tions and are higher during summer than in winter. POC and
PIC ranged from 0.58–3.60 mg L−1 (mean 1.67±0.94 mg
L−1) and 0.17–0.70 mg L−1 (0.36±0.16 mg L−1) (Wang et al.,
2012), respectively. The DIC, DOC, PIC, and POC fluxes
from the Changjiang River to the Changjiang estuary were
19.0±1.7, 1.84±0.2, 0.34±0.2, and 1.51±0.8 Tg C yr−1. These
fluxes were calculated as the average concentrations of
carbon (DIC, DOC, PIC, and POC) multiplied by mean
Changjiang River discharge (from 1900–2004; Dai, 2016).
Subsequently, the total carbon flux discharge into the
Changjiang estuary was 22.7±1.9 Tg C yr−1.
(2) Zhujiang River and Zhujiang River estuary. The con-

centration of DIC at the freshwater end-member in the
Zhujiang River estuary is higher during winter
(>2700 μmol kg−1) than in summer (1000 μmol kg−1), with
an average of 1740 μmol kg−1 (Guo et al., 2008). DOC
concentrations ranged from 1.38–2.13 mg L−1, with a mean
of 1.67 mg L−1 from 8 major riverine runoff outlets in the
Zhujiang River (Ni et al., 2008). The DOC concentration
during the dry season is higher than during the wet season,
although this pattern is reversed for POC. Therefore, the
POC/DOC ratio is higher during the wet season relative to
the dry season (1–4 vs 0.2–1). PIC data is not available from
the Zhujiang River estuary, if PIC is assumed to account for
0.97% of the total suspended matter (TSM; Huang et al.,
2017), PIC concentrations would be 1.59 mg L−1. Using a
similar approach for calculating Changjiang River carbon
fluxes, we estimate the DIC, DOC, PIC, and POC fluxes to
the Zhujiang River estuary as 5.75±3.3, 0.46±0.3, 0.44±0.3
and 2.10±1.2 Tg C yr−1, respectively. The total carbon input
flux is estimated as 8.75±3.5 Tg C yr−1.
(3) Huanghe River and Yellow River estuary. The DIC

concentration in the Huanghe River during the dry season
(2570–3640 μmol kg−1) is higher than in the wet season
(2269–2752 μmol kg−1), with an average of 3197 μmol L−1

(Zhang and Zhang, 2007; Ran et al., 2013). The monthly
variability in DOC (Lijin gauge station) was small, which
ranges from 1.81–3.36 mg L−1 (Wang et al., 2012) to

2.83–3.85 mg L−1 (Ran et al., 2013), with an average value of
2.83±0.56 mg L−1. Unlike in the Changjiang River and
Zhujiang River, the POC/DOC ratio in the Huanghe River is
as high as 12 (Wang et al., 2012). POC displayed large
monthly variations with an average value of
14.6±14.3 mg L−1. The annual DIC, DOC, PIC, and POC
flux discharge into the Yellow River estuary were 1.46±0.3,
0.11±0.02, 2.35±3.5 and 0.56±0.7 Tg C yr−1, with a total
carbon flux of 4.47±3.6 Tg C yr−1.
To summarize, the annual fluxes of DIC, DOC, PIC, and

POC from the three major Chinese rivers to their estuaries
were 26.2±3.7, 2.67±0.4, 3.11±3.5 and 4.17±1.6 Tg C yr−1,
with a total carbon flux of 36.2±5.3 Tg C yr−1.
(4) Total riverine carbon flux discharging into the estu-

aries. Recently, Huang et al. (2017) compiled a dataset of
riverine fluxes and carbon concentrations from 51 rivers
around the SCS, including the Mekong and the Zhujiang
River. Xia and Zhang (2011) reported the concentrations of
DIC, DOC, and POC in 16 rivers that discharge into the BS,
such as the Ziyaxin River and the Daliaohe River. We cal-
culated the river discharge-weighted average carbon con-
centrations as follows: we sum the products that were
obtained for each river by multiplying discharge and their
corresponding carbon concentrations, and then divide by the
total discharge of the rivers (only rivers with known carbon
concentrations were included). Using the calculated dis-
charge-weighted average carbon concentration and total re-
ported river discharge into the China Seas (2208 km3 yr−1,
including 34 rivers in China, and 13 rivers discharging into
the SCS from the Philippines, Vietnam and Malaysia),
we estimated the total riverine carbon flux discharging
into the estuaries to be 64.9±6.8 Tg C yr−1, of which,
40.8±4.8 Tg C yr−1 was DIC, 6.87±1.3 Tg C yr−1 was DOC,
4.05±3.7 Tg C yr−1 was PIC, and 13.3±2.8 Tg C yr−1 was
POC. Here, we do not consider the rivers those flow into the
Gulf of Thailand. River discharge, carbon concentrations,
and carbon fluxes are shown in Table 1.
(5) Total riverine carbon flux discharging into the China

Seas. To calculate the riverine carbon flux into marginal seas,
the addition or removal of carbon in estuaries needs to be
considered. For example, biogeochemical processes at the
southern branch and the northern branch of the Changjiang
estuary differ significantly. The southern branch acts like a
“channel” through which terrestrial material enters the sea.
In contrast, the northern branch behaves more like a “re-
actor”, where strong organic carbon mineralization and DIC
regeneration exist (Zhai et al., 2017). Zhai et al. (2017) found
that the DIC released by biogeochemical processes (organic
carbon mineralization and CaCO3 dissolution) in the north-
ern branch of the Changjiang estuary accounts for 1.5–6.9%
of the total DIC flux discharged from the Changjiang River
in April 2010. These findings are distinct from findings in the
Zhujiang estuary, where summer phytoplankton blooms at
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the downstream end (outer Lingdingyang, Wanshan Islands,
Dangan Islands) can cause significant DIC removal. In Au-
gust 2005, a strong bloom occurred in the Zhujiang River
estuary. This resulted in a DIC removal of up to ~40% of the
riverine input (the effective concentration was reduced from
1628 to 984 μmol kg−1; Guo X et al., 2009). Since the blooms

generally occur in summer, the DIC removal rate in the
Zhujiang River estuary does not exceed 10% annually. Si-
milarly, yearly DIC removal is ~10% in the Huanghe River
estuary (Zhang and Zhang, 2007). Considering that biogeo-
chemical processes can either produce or reduce DIC in es-
tuaries, we assume that the DIC flux into an estuary is

Table 1 Riverine carbon concentrations and fluxes into the China Seasa)

River River flow
(km3 yr−1)

Carbon concentration$ Carbon flux (Tg C yr−1)

DIC DOC PIC POC DIC DOC PIC POC Total C flux

Changjiang# 908 1746 2.03 0.36 1.67 19.0±1.7 1.84±0.2 0.34±0.2 1.51±0.8 22.7±1.9

Zhujiang River% 275 1740 1.67 1.59 7.62 5.75±3.3 0.46±0.3 0.44±0.3 2.10±1.2 8.75±3.5

Huanghe River# 38 3197 2.83 61.6 14.6 1.46 ±0.3 0.11±0.02 2.35±3.5 0.56±0.7 4.47±3.6

Mekong% 474 1026 4.48 0.35 8.31 5.84 2.12 0.16 3.94 12.06

Liaohe/Shuangtaizihe& 13 2645 5.88 - 9.25 0.42 0.08 - 0.12 -

Daliaohe& 20 2338 4.71 - 4.95 0.55 0.09 - 0.1 -

Dalinghe& 0 2814 3.83 - 16.5 0.01 0 - 0.01 -

Xiaolinghe& 15 3349 5.07 - 6.9 0.61 0.08 - 0.1 -

Liuguhe& 3 1601 2.58 - 3.04 0.05 0.01 - 0.01 -

Luanhe& 8 3896 2.58 - 9.81 0.37 0.02 - 0.08 -

Ziyaxinhe& 22 5948 30.7 - 11.8 1.56 0.67 - 0.26 -

Tuhaihe& 2 2866 4.57 - 9.12 0.08 0.01 - 0.02 -

Choshui% 10 2697 1.42 4.53 33.7 0.33 0.01 0.05 0.34 0.73

Hanjiang% 16 663 1.26 2.83 8.48 0.13 0.02 0.05 0.14 0.33

Jian Jiang% 5 462 2.33 3.04 4.58 0.03 0.01 0.01 0.02 0.07

Jiulong Jiang% 8 536 1.84 10.2 41.1 0.05 0.01 0.08 0.33 0.47

Kaoping% 3 2308 0.79 - - 0.08 0 - - -

Lawis% 16 1765 0.5 11.2 81.3 0.33 0.01 0.17 1.26 1.78

Canal% 8 500 4.75 3.88 55.6 0.05 0.04 0.03 0.46 0.58

Moyang Jiang% 10 634 1.43 5.97 40.5 0.08 0.01 0.06 0.4 0.55

Nanliu Jiang% 2 194 1.91 7.36 54.5 0.01 0 0.02 0.12 0.14

Pampanga% 4 2826 5.76 6.25 64.2 0.15 0.03 0.03 0.29 0.49

Qin Jiang% 2 344 1.96 0.67 2.58 0.01 0 0 0 0.02

Rong Jiang% 2 1089 3.37 - - 0.03 0.01 - - -

Saigon% 36 749 2.15 - - 0.33 0.08 - - -

Song Hau% 21 835 2.36 - - 0.21 0.05 - - -

Tsengwen% 2 3307 3.48 1.06 5.83 0.07 0.01 0 0.01 0.08

Yong Jiang% 5 2305 1.18 2.52 11.7 0.14 0.01 0.01 0.06 0.22

Rajang% 150 360 2.80 1.19 1.63 0.65 0.42 0.03 0.24 1.34

All rivers* 2208 1539 3.11 1.83 6.00 40.8±4.8 6.87±1.3 4.05±3.7 13.3±2.8 64.9±6.8

Riverine C
into the China Seas 2208 1539 2.80 1.83 3.90 40.8±4.8 6.19±1.1 4.05±3.7 8.62±1.8 59.6±6.4

a) $DIC values are reported in μmol L–1. DOC, PIC, and POC are reported in mg L–1. #River flow values are from Dai (2016); carbon concentrations in the
Changjiang River are from Wang et al. (2012) and Zhai et al. (2007); carbon concentrations in the Huanghe River are from Wang et al. (2012), Ran et al.
(2013), Zhang and Zhang (2007). %River flow and carbon concentrations are derived from Huang et al. (2017) and references therein. &River flow data are
downloaded from the Hydrology Bureau of Ministry of Water Resources (http://xxfb.hydroinfo.gov.cn/); carbon concentrations are from Xia and Zhang
(2011). *Total river flow includes 47 rivers that discharge into the China Seas. In addition to the rivers showed in this table, we took into account the Huaihe#,
Oujiang#, Jiyunhe#, Yanghe&, Fuzhouhe&, Biliuhe&, Sheyanghe&, Jinjiang&, Wangquanhe&, Nandujiang&, Kinabatangan&, Tutoh&, Milan&, Pedas&, Labuk&,
Agno&, and Papar&. Carbon concentrations are reported as river discharge-weighted average concentrations. - Not available.
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identical to the flux from the estuary to the marginal sea with
an error less than 10%. In addition, the removal rate of POC
in the estuaries of China has not been reported. Studies in the
Zhujiang River estuary showed that at least 35% of the POC
from the Zhujiang River was removed in the Lingdingyang
(ignoring the contribution of on-site POC export; He Biyan,
unpublished data). Therefore, we assigned the estuarine POC
removal rate as 35%, and the DOC removal rate as 10% (Dai
et al., 2012). Due to the minor riverine PIC flux, we ignore
PIC removal or addition in the estuaries. Overall, the riverine
fluxes of DIC, DOC, PIC, and POC into the China Seas were
calculated to be 40.8±4.8, 6.19±1.1, 4.05±3.7 and
8.62±1.8 Tg C yr−1, respectively. This adds to a total carbon
flux of 59.6±6.4 Tg C yr−1.

2.2.2 Air-sea CO2 fluxes in estuaries
Since the turbidity in estuaries is generally high, weak light
availability limits nutrient uptake and phytoplankton growth
in most estuaries. pCO2 in upper estuaries is usually high,
primarily due to limited biological uptake and strong aerobic
respiration of terrestrial organic carbon. Therefore, most
estuaries emit CO2 to the atmosphere (Chen et al., 2013). To
evaluate the CO2 exchange fluxes in estuaries connecting to
the China Seas, we first calculated CO2 fluxes in the three
largest river estuaries (the Changjiang River, the Zhujiang
River, and the Huanghe River estuaries) based on published
data. Then we estimated the CO2 flux in all China’s estuaries,
as a whole, based on the area-weighted CO2 flux of these
river estuaries and the total surface area of all the estuaries.
Surface water pCO2 in the upper Changjiang estuary ran-

ged from 650–1440 μatm. pCO2 in the Huangpu River, a
highly human perturbed downstream tributary of the
Changjiang flowing through Shanghai, was higher, ranging
from 1000–4600 μatm (Zhai et al., 2007). In the estuarine
mixing zone, pCO2 ranged from 200–1000 μatm (Zhai et al.,
2007). The inner Changjiang estuary (121°–122°E, exclud-
ing the Huangpu River and waters around Shanghai) emitted
15.5 mol m–2 yr–1 CO2 to the atmosphere (Zhai et al., 2007),
which is equivalent to 0.30±0.11 Tg C yr−1 (over a surface
area of 1600 km2), or 1.6% of the DIC flux to the ECS from
the Changjiang River (18.48 Tg C yr−1; Zhai et al., 2007).
The Zhujiang River estuary consists of three sub-estuaries:

the Lingdingyang, Modaomen, and Huangmaohai. The
Lingdingyang is surrounded by large metropolitan areas such
as Guangzhou and Hong Kong. Surface water pCO2 in the
upper Lingdingyang reached as high as 8000 μatm, much
higher than the other two sub-estuaries (<2000 μatm; Guo X
et al., 2009). The high pCO2 in the upper Lingdingyang is
mainly attributed to strong aerobic respiration and nitrifica-
tion (Dai et al., 2006, 2008). pCO2 spatial distribution is
dominated by mixing between high-pCO2 estuarine water
and low-pCO2 seawater in the mid Lingdingyang, though the
magnitude is controlled by net community production (NCP)

in the lower Lingdingyang (Guo X et al., 2009). Corre-
spondingly, the upper Lingdingyang is a strong CO2 source (
50–350 mmol m−2 d−1 or 18–128 mol m−2 yr−1), while the
lower Lingdingyang is a CO2 sink during summer (Guo X et
al., 2009). The Zhujiang River estuary experiences large
seasonal variations in air-sea CO2 fluxes, and area-weighted
CO2 fluxes are 6 times higher in the summer than in winter.
As the surface area of the upper Lingdingyang is small, the
entire Zhujiang River estuary is a moderate CO2 source an-
nually (6.92 mol m−2 yr−1). The surface area of the Zhujiang
River estuary is 4360 km2 and it emits 0.36±0.14 Tg C yr−1

as CO2 to the atmosphere, equivalent to 6% of the DIC flux (
5.76 Tg C yr−1) from the Zhujiang River estuary to the SCS
(Guo X et al., 2008, 2009).
The limited data from the Huanghe River estuary suggests

surface water pCO2 is lower than both the Changjiang and
Zhujiang river estuaries. pCO2 ranged from 380–700 μatm in
May and September of 2009 (Liu et al., 2014). If the same
air-sea exchange rate as the Changjiang inner estuary is taken
(~8 cm h−1; Zhai et al., 2007), the estimated air-sea CO2 flux
in the Huanghe River estuary is 4.2 mol m−2 yr−1. Assuming
a surface area of 35 km2, the Yellow River estuary emits
0.002±0.001 Tg C yr−1 as CO2 to the atmosphere.
The area-weighted air-sea CO2 flux of the above three

estuaries is 9.19 mol C m−2 yr−1. The total area of the other
38 estuaries discharging into the China Seas, such as the
Hanjiang, Qinjiang and Minjiang, is 670 km2 (determined as
the area of the channel from the estuary mouth to 20 km
upstream). If 9.19 mol C m−2 yr−1 is taken as the average CO2

flux in the estuaries, the 38 estuaries (excluding the three
large river estuaries) emit 0.07 Tg C yr−1 of CO2 to the at-
mosphere. In total, China’s estuaries emit 0.74±0.18 Tg C
yr−1 of CO2 to the atmosphere (Figure 4).

2.3 POC export flux

POC export flux is considered to be equivalent to NCP under
steady state conditions (Cai et al., 2008). It is typically used
to evaluate the efficiency of the biological production, which
greatly modulates the CO2 level in the atmosphere. There are
several methods to quantify POC export flux, including but
not limited to: sediment trap deployment (Chen et al., 1998;
Ho et al., 2009), 234Th/238U, 210Pb/226Ra, and 210Po/210Pb
disequilibria (Wei et al., 2011; Chen et al., 2008; Cai et al.,
2008, 2015), 228Ra/NO3 modeling (Nozaki and Yamamoto,
2001), carbon budgeting (Chou et al., 2006), and 15N tracer-
based new production (Dugdale and Wilkerson, 1986).
Among them, the last three methods measure the POC fluxes
indirectly. Subsequently, they can induce discrepancies when
compared with the direct methods on a temporal scale. Thus,
we only discussed the results from sediment trap and
radiochemistry methodologies, which measure the flux di-
rectly and focus on the fluxes in the euphotic zone.
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2.3.1 South China Sea
Large variations in POC fluxes in the SCS were observed via
different methodologies. On the northern SCS shelf, POC
fluxes were mainly derived from 234Th/238U disequilibria.
Chen (2008) reported the POC flux, as ranging from
5.3–26.6 mmol C m−2 d−1 with an average of 15±4.6 mmol
C m−2 d−1. Cai et al. (2015) re-evaluated the POC flux in the
same region as Chen (2008) based on high spatial resolution
sampling. They reported POC fluxes ranging from
4.6–66.7 mmol C m−2 d−1, with an average of
25±1.7 mmol C m−2 d−1. In the SCS basin, the POC flux was
9.6–21 mmol C m−2 d−1 based on 234Th/238U disequilibria,
1.8–20 mmol C m−2 d−1 based on 210Po/210Pb disequilibria,
and 7.2–21 mmol C m−2 d−1 based on 210Pb/226Ra dis-
equilibria (Wei et al., 2011; Yang et al., 2009). The POC flux
derived from sediment traps is 9.8–18.5 mmol C m−2 d−1 (Ho
et al., 2009). Summing the values above, the average POC
flux was 14.4±3.6 mmol C m−2 d−1. For now, the most
comprehensive and highest resolution POC flux values in the
northern SCS basin were measured by Cai et al. (2015), and
range from 0.8–16.2 mmol C m−2 d−1. Therefore, the total
observed range of POC fluxes is 0.8–21 mmol C m−2 d−1,
with an average of 8.7±3.6 mmol C m−2 d−1. From the few
measurements carried out in the southern SCS basin, the
POC flux is approximately 1.7–5.7 mmol C m−2 d−1 based on
both 234Th/238U and 228Th/228Ra disequilibria (Cai et al.,
2002). Cai et al. (2008) pointed out that the spatial variability
in POC fluxes is significant, and the average POC flux was
3.8±4.0 mmol C m−2 d−1 in the southern SCS basin. In gen-

eral, the POC flux was observed to be higher in the shelf
region compared to the basin. Considering seasonal varia-
tion, the POC fluxes in the SCS are highest in winter but
comparable during other seasons (Wei et al., 2011; Chen,
2008; Cai et al., 2015). Additionally, inter-annual variability
may be impacted by ENSO (Li et al., 2017).
The e-ratio (export production to primary production) is

typically used to measure the efficiency of the biological
pump within a particular area. Although the SCS is oligo-
trophic, its e-ratio is generally >10%, higher than other
subtropical oceans (Wei et al., 2011; Chen et al., 2008). Thus,
the efficiency of the biological pump in the SCS is relatively
high compared with open ocean. It is proposed that the ex-
port fluxes from the euphotic zone of the SCS are mainly
controlled by POC stocks, and that export efficiency is po-
sitively correlated with diatom abundance, indicating that
community structure is important in modulating the down-
ward export of material in the SCS (Cai et al., 2015).

2.3.2 East China Sea and Yellow Sea
In the ECS and YS, where the water depths in most regions
are shallow (<100 m), diapycnal mixing could reach to the
sea bottom under the influence of the northeast monsoon and
may last for >3 months. Therefore, intense re-suspension in
these two marginal seas creates difficulties in estimating
POC fluxes (Dai et al., 2013b). Hung et al. (2013) estimated
net POC fluxes of 24.7–65.4, 5.7, and 4.8 mmol C m−2 d−1

respectively on the inner, mid, and outer shelf, using a simple
model to deduct the contribution from re-suspension. In

Figure 4 Carbon fluxes in the China Seas (unit: Tg C yr−1). Quantified fluxes across interfaces include air-sea CO2 fluxes in the China Seas, carbon fluxes
(DIC, DOC, POC, TC) from rivers to estuaries and from estuaries to the China Seas, air-sea CO2 fluxes in Chinese estuaries, POC export fluxes from upper
China Seas, and net carbon (DIC, TOC, and TC) fluxes from the West Pacific Ocean to the marginal seas. The carbon fluxes associated with submarine
groundwater discharge, sediment burial, and transport into the euphotic layer through diffusion or upwelling are very limited and have not been quantified.
The annual average air-sea CO2 flux in each marginal sea is derived from the product of the air-sea CO2 flux per unit area from the literature (the references
are presented in the caption of Figure 3 and the text) and the total surface area of the marginal sea. The China Seas are a net CO2 source to the atmosphere,
with the degassing CO2 flux estimated to be 9.5±53 Tg C yr−1. The reported error represents spatial and temporal variations in CO2 fluxes. Riverine carbon
fluxes into the estuaries and China Seas are presented in Table 1 and the text in detail. It should be noted that riverine carbon fluxes into the estuaries exclude
the estuaries outside of Chinese borders. In addition, we do not consider Beibu Bay and the Gulf of Thailand when calculating the area of the South China Sea
(SCS), and we neglect the carbon exchange fluxes between the SCS and Beibu Bay as well as the Gulf of Thailand. We also do not consider the carbon export
from the SCS to the Mindoro Strait and the Karimata Strait.
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shallow water (38–88 m) and deep water (118–154 m) re-
gions, the re-suspension ratio could be 57–93% and 27–58%,
respectively (Hung et al., 2013; Guo et al., 2010). Based on
234Th/238U disequilibria, Zhou (2009) estimated that net POC
fluxes in the YS vary within 26.4–52 mmol C m−2 d−1, with
an average of 37.3±0.9 mmol C m−2 d−1. Using floating se-
diment traps and similar methodology, Zhang et al. (2005)
determined POC fluxes of 16 mmol C m−2 d−1 during the fall
and 24.2±3.3 mmol C m−2 d−1 during the summer (Zhang et
al., 2004). Consequently, the average POC flux in the YS
was 20.1±4.2 mmol C m−2 d−1, and the re-suspension flux
reached 16.9 mmol C m−2 d−1.
Synthesizing all data presented above, the POC export flux

increases with decreasing water depth. POC export fluxes are
20±9.8 mmol C m−2 d−1 on the SCS shelf, 5.4±2.5 mmol C
m−2 d−1 in the SCS basin, 24.6±22.5 mmol C m−2 d−1 in the
ECS, and 29.2±11.5 mmol C m−2 d−1 in the YS. This regional
trend, SCS<ES<YS, may be caused by the decreased re-
mineralization rate in the YS due to its shallow depth and the
large cell diatom dominated community structure. By con-
sidering the surface area of the three seas, we determined that
annual POC fluxes are 110±40 Tg C yr−1 in the SCS,
80±70 Tg C yr−1 in the ECS and 50±20 Tg C yr−1 in the YS.
In summary, the total POC flux in the three China Seas is
240±80 Tg C yr−1.

2.4 Exchange with the Pacific Ocean

Marginal seas are subject to complex material and energy
exchanges with the open ocean. For instance, material ex-
changes between the north Atlantic Ocean and the Caribbean
Sea, Gulf of Mexico, and North Sea, significantly affect the
carbon fluxes in these marginal seas (Thomas et al., 2005).
Meanwhile, marginal seas are characterized by higher rates
of biological activities such as primary productivity, pro-
viding material sources to the open ocean. For instance, Liu
et al. (2000) stated that marginal seas transport a consider-
able amount of organic carbon to the open ocean; up to
2 Pg C yr−1. Given the high temporal and spatial variability
of the exchange between marginal seas and the open ocean, it
is difficult to accurately define the material exchange both
from observation and simulation, thus becoming a challen-
ging scientific question (Doney, 2010).
With the Kuroshio acting as a link, the Northwest Pacific

Ocean-East Asian marginal sea is the most unique open
ocean-ocean margin system. Water, energy, and material
exchanges between these systems, significantly influence the
Northwest Pacific Ocean (NWP) and its adjacent marginal
seas (Chen and Wang, 1999; Chen et al., 2006; Chou et al.,
2007; Cao and Dai, 2011; Dai et al., 2009; Sheu et al., 2009;
Wu et al., 2015; Lu et al., 2015). Chen and Wang (1999)
estimated the contribution of the Kuroshio to the nutrient

budget in the ECS, and they concluded that the phosphate in
the ECS primarily originated from the intrusion of Kuroshio
intermediate water.
The annual flux of DOC transported from the ECS to the

NWP is between 2–12 Tg C yr−1 (Chen and Wang, 1999; Liu
et al., 2006, 2010b). The POC outflow flux from the ECS to
the adjacent NWP is 0.25 Tg C yr−1. Based on a carbon
budget model for the ECS, the DOC, and DIC fluxes from
the ECS to the adjacent NWP are estimated to be
50–63 Tg C yr−1 (Deng et al., 2006).
The Luzon Strait is a major deep-water channel, allowing

exchange between the SCS and the NWP. This exchange is
characterized as a “sandwich-like” structure with an inflow
from the NWP in the upper and deep layers, and an outflow
to the NWP in the intermediate layer (Chao et al., 1996; Gan
et al., 2006; Li and Qu, 2006; Qu et al., 2006; Tian et al.,
2006). The continuously-replenished deep water in the SCS,
originating from the NWP, achieves water balance through
the rapid ventilation and persistent net intermediate water
outflow (Chao et al., 1996; Li and Qu, 2006). This process
can be observed by examining the distribution of TOC (total
organic carbon), as an example. The TOC concentration in
the upper 200 m of the SCS is lower than that in the NWP.
SCS intermediate water (1000–1500 m) has relatively higher
TOC values, and SCS TOC concentrations at depths
>2000 m are comparable with the NWP deep water (Dai et
al., 2009; Wu et al., 2015). Combining the water exchange
fluxes and TOC concentrations, we determined that the TOC
transport fluxes in the upper, intermediate, and deep layers of
the SCS to be −107.1±54.6, 54.7±15.0, and
−16.4±13.1 Tg C yr−1, respectively (positive values refer to
transport from the SCS to the NWP). The net TOC output is
−68.8±58.0 Tg C yr−1. Using this calculation methodology,
we also find the exchange fluxes of other materials through
the Luzon Strait. The net influxes of DIC, total alkalinity
(TA), and Ca2+ to the SCS are 2.5 Pg C yr−1, 2.8 Pg C yr−1,
and 40 Pg Ca yr−1. The net fluxes of dissolved inorganic
nitrogen (DIN), dissolved inorganic phosphorus (DIP), and
dissolved silicates (DSi) to the NWP are 7 Tg N yr−1,
4.65 Tg P yr−1, and 137.2 Tg Si yr−1, respectively. The DIC
flux transported to the SCS through the deep layer is as high
as 984 Tg C yr−1. Together, the total amount of carbon
transported from the NWP to the SCS and ECS is
2.5 Pg C yr−1. Given the different C:N:P:Si ratios between
the SCS and the NWP, their exchange could result in a sig-
nificant influence on the biogeochemical cycles of carbon
and associated biogenic elements in both the SCS and NPW.
It should be noted that the above flux estimates may have

large uncertainties due to limited datasets. In addition, we did
not consider carbon export from the SCS via the Mindoro
and Karimata straits, and carbon exchanges between the SCS
and the Beibu Gulf and Gulf of Thailand.
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3. A comparison between the China Seas and
other world marginal seas

According to physical-biogeochemical characteristics, the
marginal seas can be classified into several provinces (Cai et
al., 2006; Dai et al., 2013a). The mid-latitude (30°–60°) non-
upwelling marginal seas possess characteristics of a broad
shelf; seasonal stratification without strong coastal upwel-
ling. These marginal seas can be further classified into two
types: the eutrophic shelves that receive substantial anthro-
pogenic nutrients, and the mesotrophic shelves that receive
relatively less terrestrially-derived nutrients (Cai et al., 2006;
Dai et al., 2013a). The former include the Mid Atlantic Bight
(absorbing 2.65 Tg C yr−1 of CO2; Cai et al., 2006; De-
Grandpre et al., 2002), the Baltic Sea (absorbing
4.21 Tg C yr−1; Thomas and Schneider, 1999), the Sea of
Japan (absorbing 29.6 Tg C yr−1 of CO2; Choi et al., 2012;
Kang et al., 2010), the North Sea (absorbing 8.46 Tg C yr−1

of CO2; Thomas et al., 2004), and the Mediterranean Sea
shelf (absorbing 3.51 Tg C yr−1 of CO2; Bégovic and Copin-
Montégut, 2002; Borges et al., 2006; Copin-Montégut et al.,
2004). Overall, eutrophic shelves in the mid-latitude non-
upwelling marginal seas absorbed 81.7 Tg C yr−1 of CO2

from atmosphere (Dai et al., 2013). Examples of mesotrophic
shelves are the Bering Sea shelf (absorbing 23.8 Tg C yr−1 of
CO2; Bates et al., 2011), the Patagonian Sea in South
America (absorbing 16.2 Tg C yr−1 of CO2; Bianchi et al.,
2009), and the Gulf of Maine (releasing 0.46 Tg C yr−1 of
CO2 to atmosphere; Vandemark et al., 2011). This type of
shelf absorbed 168.2 Tg C yr−1 of CO2 from atmosphere (Dai
et al., 2013a).
Although the low-latitude (0°–30°) western boundary

shelves are also characterized by non-upwelling, the CO2

fluxes are different from mid-latitude marginal seas. These
low latitude western marginal seas feature high temperatures
and large riverine inputs of both inorganic and organic car-
bon. As a whole, this type of marginal sea was a CO2 source
of 29.8 Tg C yr−1 (Dai et al., 2013a). Examples of low-lati-
tude marginal seas include the Brazil shelf (releasing
11.5 Tg C yr−1 of CO2; Ito et al., 2005) and the west Florida
shelf (releasing 4.28 Tg C yr−1 of CO2; Cai et al., 2006).
The eastern boundary marginal seas are also classified into

two types: the low-latitude and mid-latitude marginal seas.
The eastern boundary marginal seas are usually character-
ized by narrow shelves and coastal upwelling. The low-la-
titude upwelling systems are typically CO2 sources due
mainly to both high temperatures and upwelling. This type of
marginal sea acted as a CO2 source of 53.1 Tg C yr−1 (Dai et
al., 2013a). Examples of low-latitude upwelling systems
include the Peruvian upwelling system (releasing
54.7 Tg C yr−1 of CO2 to atmosphere; Friederich et al., 2008)
and the Chilean upwelling system (releasing 1.94 Tg C yr−1

of CO2; Torres et al., 2003, 2011). The CO2 sources of the

mid-latitude upwelling systems are much weaker than
those of the low-latitude upwelling systems and show
larger seasonal variability. These marginal seas released
11.8 Tg C yr−1 of CO2 to atmosphere (Dai et al., 2013a).
Examples of mid-latitude upwelling systems include up-
welling off the coast of California (releasing 2.70 Tg C yr−1

of CO2; Friederich et al., 2002; Hales et al., 2005), and the
southern Bering Sea slope (releasing 16.4 Tg C yr−1 of CO2;
Fransson et al., 2006). Although the mid-latitude upwelling
systems are usually CO2 sources, the Oregon shelf (absorb-
ing 4.36 Tg C yr−1; Evans et al., 2011) and the western Ca-
nadian coast (absorbing 1.55 Tg C yr−1 of CO2; Evans et al.,
2012) are CO2 sinks.
High-latitude (60°–90°) marginal seas are also called

phototrophic marginal seas, as primary production in these
regions is usually limited by the weak light availability.
Although receiving a large amount of riverine inputs of or-
ganic carbon, the phototrophic-Arctic marginal seas are a
CO2 sink due to the low temperatures (−202.5 Tg C yr−1; Dai
et al., 2013a). The Greenland-Norwegian Seas (absorbing
118.8 Tg C yr−1 of CO2 from atmosphere; Anderson et al.,
2000; Hood et al., 1999; Nakaoka et al., 2006; Skjelvan et al.,
1999; Slagstad et al., 1999), the Barents Sea (absorbing
68.0 Tg C yr−1 of CO2; Nakaoka et al., 2006; Omar et al.,
2007), and the Chukchi Sea (absorbing 9.65 Tg C yr−1 of
CO2; Arrigo et al., 2010; Bates, 2006; Gao et al., 2012;
Semiletov et al., 2007) are examples of this type of marginal
sea. The Antarctic marginal seas were also a CO2 sink of
5.3 Tg C yr−1 because of low temperatures, although they are
also influenced by upwelling (Dai et al., 2013a and refer-
ences therein).
As for the China Seas, the YS and the ECS are mid-latitude

eutrophic shelves, and the SCS belongs to low-latitude
western boundary shelves.

4. Future research

4.1 Long-term observations

Although a large number of regional observations of carbon
fluxes have been conducted over the last 20 years, large
uncertainties remain in evaluating the air-sea CO2 fluxes in
the China Seas. In the BS and the NYS, the CO2 source-sink
patterns are still quite uncertain. Even though the basic
source-sink patterns of CO2 have been determined in the SCS
and ECS, the temporal and spatial resolution remain in-
sufficient mainly due to a lack of long-term time-series ob-
servations.
Current estimates of air-sea CO2 fluxes are generally based

on measurements of pCO2 disparity (the difference between
surface water pCO2 and atmospheric pCO2). Given that at-
mospheric pCO2 is relatively homogeneous and constant, the
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accurate measurement of surface water pCO2 thus becomes
the determining factor for estimating the air-sea CO2 flux
(Wang et al., 2014). Calculated average surface water pCO2

estimates are usually based on gridded pCO2 data. The un-
certainties in the gridded pCO2 data mainly originate from
three sources (Wang et al., 2014): (1) analytical error in the
pCO2 measurement, (2) spatial variance, and (3) the bias
resulting from under-sampling. Analytical error in surface
water pCO2 can be controlled within 1%, making the un-
certainty of the CO2 flux mainly related to (2) and (3). Wang
et al. (2014) developed a method to quantitatively estimate
the three uncertainties in surface water pCO2 gridded data
using both observational and remote sensing data. They
found that spatial variances of surface water pCO2 were the
dominant source of uncertainty on the ECS shelf during
summer. Thus, identifying and quantifying the sources of
uncertainty for pCO2 gridded data are essential for accurately
estimating the air-sea CO2 fluxes and the ocean’s carbon
budget. It should be noted that the inherent spatial variance
cannot be reduced by increasing the observation frequency,
but it is useful to identify different sources of uncertainty in
planning the spatial and temporal resolution of observations.
It is a huge challenge to precisely predict the changes in the

Earth’s climate system and carbon cycle at both regional and
global dimensions across different time-scales (e.g., from
annual to decadal scales). However, little is known about the
carbon cycle in the China Seas over these timescales. Taking
the Changjiang River estuary as an example, Chou et al.
(2013) reported that the surface water pCO2 during summer
showed a decreasing trend from the 1990s to 2000s. They
attributed this trend to the increasing biological DIC uptake
as a result of enhanced photosynthesis via eutrophication.
Moreover, the CO2 sink during winter for the inner shelf of
ECS near the Changjiang estuary has decreased due to global
warming (Chou et al., 2013). However, this statement needs
to be further validated by long-term observations.
Remote sensing is a critically important tool in improving

the spatial and temporal coverage of surface water pCO2 ob-
servations. As such, many efforts have been made to estimate
sea surface pCO2 and air-sea CO2 fluxes from space by de-
veloping empirical relationships between pCO2 and satellite-
derived parameters (Jo et al., 2012 and references therein). Bai
et al. (2015) proposed a ‘‘mechanistic semi-analytic algo-
rithm’’ (MeSAA) to estimate sea surface pCO2 in river-
dominated coastal oceans using satellite data. Observed pCO2

can be analytically expressed as the sum of individual com-
ponents contributed by major factors such as thermodynamics,
water mass mixing, and biological processes. It must be
pointed out that applications of these approaches to marginal
seas worldwide remain challenging due to the high spatio-
temporal variations and their intrinsic controls in both physics
and biogeochemistry in different marginal seas.

4.2 Towards a conceptual framework of marginal sea
carbon cycling

Currently, there are still difficulties in reliably simulating
biogeochemical processes and carbon cycling in marginal
seas using numerical models. Dai et al. (2013a) developed an
alternative approach by coupling physical and biogeochem-
ical processes, and carbon and nutrients in attempting to
build up a semi-quantitative diagnostic method and a con-
ceptual framework of marginal sea carbon cycling. The
complexity in simulating marginal sea carbon cycling is
owed to its modulation by both terrestrial inputs and their
exchanges with the open ocean. Therefore, the carbon cycle
in marginal seas is a function of both exogenous inputs
(terrestrial inputs and exchange with the open ocean) and
internal processes (thermodynamic and the biological
pump). The net CO2 sink/source term in a marginal sea is
dependent on the balance between the relative external
contribution of DIC and nutrients to the upper layer, as well
as biogeochemical consumption therein. OceMar was vali-
dated in the SCS, the Caribbean Sea, and the upwelling
system off the coast of California (Dai et al., 2013a; Cao et
al., 2014). Recently, Chou et al. (2017) also verified OceMar
in the Peter the Great Bay, located in the northern Sea of
Japan. It should be pointed out that this method is based on
the assumption of steady state conditions; i.e. the time-scale
of the mixing of water masses is the same or similar with that
of the biogeochemical processes (see details in Dai et al.,
2013a and Cao et al., 2014).

4.3 Carbon fluxes and mechanisms across the land-sea
aquatic continuum

As previously stated, marginal seas are located in transitional
zones between land and open ocean. These regions involve
complex, dynamic, and multi-scale processes. Here we ad-
dress two aspects that are not well-constrained on the role of
the land-sea transition zone in the China Seas carbon cycle.

4.3.1 Submarine groundwater discharge (SGD)
Over the last two decades, in addition to rivers, SGD has
been identified as a critical component of the land-sea in-
teractions. Also, subterranean estuaries (STE) constitutes
another “reactor” in this transition zone (Moore, 1999).
Groundwater is often enriched in organic carbon. For ex-
ample, in a STE in the Gulf of Mexico, the terrestrial
groundwater associated DOC flux was equivalent to 25% of
the total DOC inputs to the adjacent coastal ocean (Santos et
al., 2009). Based on a limited dataset, SGD provided
11–22 Tg C yr−1 of DOC to the coastal ocean globally (Dai et
al., 2012). However, SGD-derived DOC fluxes to the China
estuaries and adjacent marginal seas have not yet been re-
ported. Moreover, pCO2 is generally elevated in the regional
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groundwater by approximately three orders of magnitude
above atmospheric pCO2 (Gagan et al., 2002; Cai et al.,
2003), suggesting SGD is an important DIC source to the
coastal ocean (Liu Q et al., 2014; Sadat-Noori et al., 2016).
For instance, the SGD-DIC flux to the northern SCS shelf
during summer accounts for 23–53% of the DIC flux sup-
plied by the Zhujiang River (Liu et al., 2012), and SGD may
have a significant impact on the carbonate system in the shelf
waters. The DIC flux delivered by SGD to the Jiulong River
estuary is equivalent to 45–110% of the contribution from
the Jiulong River (Wang et al., 2015). Consequently, SGD as
a source of terrestrial carbon, is often overlooked and should
be considered in the carbon budget at a regional or global
scale in the future.

4.3.2 Coastal wetlands
Wetland ecosystems are characterized by high rates of pri-
mary productivity with slow organic matter decomposition.
The carbon burial flux in this system has been estimated to be
as high as 100 Tg C yr−1 globally (Hopkinson et al., 2012).
As a large “blue carbon” sink, their impact on the global
carbon cycle has become an important topic in recent years
(Sutula et al., 2003; Søvik and Kløve, 2007; Zhang et al.,
2008; Sanders et al., 2016). China has the largest wetland
area in Asia with a total area of 3.85×107 km2 (Duan et al.,
2008) and a coastal wetland area of ~5.94×104 km2 (Cao et
al., 2013). Current studies have shown that the burial rate of
organic carbon in various types of swamp wetlands (peat-
land, freshwater marsh, inland salt marsh, coastal salt marsh,
and forest wetland) in China is 4.91 Tg C yr−1 (Duan et al.,
2008). The highest carbon sequestration rate (CSR) in the
wetlands can be found in mangroves and coastal salt marshes
(Alongi, 2014). Coastal wetlands are extremely complex
ecosystems with respect to carbon fluxes. Wetland vegeta-
tion can absorb atmospheric CO2 via photosynthesis, and
vegetation litter forms peat and humus as it becomes part of
the soil. While some of the carbon is buried in the soil, a large
portion is also re-released as CO2 and CH4 into the atmo-
sphere through respiration. The remaining carbon discharges
into the ocean by lateral transport through surface and sub-
terranean estuaries, which significantly affects the marine
carbon cycle.
In recognition of the critical importance of wetland eco-

systems in global carbon sequestration, many studies focus
on the evaluation of CSR, which is estimated based on se-
dimentation rates and total organic carbon content of the soil
(Alongi, 2014; Alongi et al., 2005; Liu H et al., 2014). This
evaluation is based on the assumption that these soils solely
fix atmospheric CO2. However, coastal wetland systems
could also be affected by lateral transport at the surface and
through groundwater/porewater exchange. In other words,
currently estimated CSRs and carbon sequestration capa-
cities may include carbon both fixed from the atmosphere

and from lateral transport. Bouillon et al. (2008) and Alongi
(2009) observed an imbalance between carbon sources and
sinks in mangrove systems globally, and a missing carbon
sink that reaches up to 110 Tg C yr−1. While the mechanisms
behind these imbalances are still unclear, it remains a pos-
sibility that all the imports and exports of carbon within these
systems are not fully considered, particularly the lateral
transport of DIC resulting from surface and porewater ex-
change (Maher et al., 2013; Alongi, 2014). Recently, based
on scaling measurements from a few mangrove systems in
Australia, Sippo et al. (2017) estimated that the lateral DIC
flux in mangrove systems globally was 43±12 Tg C yr−1.
This estimate accounts for one-third of the missing carbon
sinks. Therefore, lateral transport could be an important
carbon sink in coastal wetland systems and may also impact
the coastal ocean carbon cycle. Yet, its accurate quantifica-
tion is still very challenging and accurate estimates are
scarce. In China, systematic studies of carbon storage and
cycling have been only carried out on tidal flat wetlands in
the Changjiang estuary (Alongi et al., 1999, 2005; Cheng et
al., 2010; Guo H Q et al., 2009). Thus, it is premature to
comprehensively evaluate the contribution of coastal wet-
lands to the regional carbon cycle in China. As such, it re-
mains urgent to strengthen research on the carbon budget of
coastal wetland systems in the future.

4.4 Perturbation of the carbon cycle in marginal seas

The effect of human activities on the ocean’s carbon cycle
has been a hot topic in recent years. However, the driving
forces are complex and variable (Le Quéré et al., 2017;
Regnier et al., 2013). Since marginal seas are located where
the land, ocean, and atmosphere interact, human activities
can affect all three spheres. For example, in the terrestrial
environment, human activities (including the change of land
use patterns, embankment construction, wastewater dis-
charge, and marsh dredging) are changing or have changed
carbon sources, cycling and budgets in estuaries. Subse-
quently, this has resulted in variations of riverine carbon
fluxes to the ocean (Regnier et al., 2013). In addition, agri-
cultural activities and land use change largely enhance the
nutrient inputs to rivers. This in turn, increases primary
productivity and the accumulation of organic carbon in es-
tuaries and the continental shelf. This creates a situation,
where consumption of oxygen as organic carbon is degraded,
with the transpiration of subsequent exacerbations of hy-
poxic events and ocean acidification (Cai et al., 2011; Doney,
2010; Wang et al., 2016).
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