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Abstract

Marginal seas play important roles in regulating the global carbon budget, but there are great uncertainties in
estimating carbon sources and sinks in the continental margins. A Pacific basin-wide physical-biogeochemical
model is used to estimate primary productivity and air-sea CO, flux in the South China Sea (SCS), the East China
Sea (ECS), and the Yellow Sea (YS). The model is forced with daily air-sea fluxes which are derived from the
NCEP2 reanalysis from 1982 to 2005. During the period of time, the modeled monthly-mean air-sea CO, fluxes in
these three marginal seas altered from an atmospheric carbon sink in winter to a source in summer. On annual-
mean basis, the SCS acts as a source of carbon to the atmosphere (16 Tg/a, calculated by carbon, released to the
atmosphere), and the ECS and the YS are sinks for atmospheric carbon (-6.73 Tg/a and -5.23 Tg/a, respectively,
absorbed by the ocean). The model results suggest that the sea surface temperature (SST) controls the spatial and
temporal variations of the oceanic pCO, in the SCS and ECS, and biological removal of carbon plays a
compensating role in modulating the variability of the oceanic pCO, and determining its strength in each sea,
especially in the ECS and the SCS. However, the biological activity is the dominating factor for controlling the
oceanic pCO, in the YS. The modeled depth-integrated primary production (IPP) over the euphotic zone shows
seasonal variation features with annual-mean values of 293, 297, and 315 mg/(m?-d) in the SCS, the ECS, and the
YS, respectively. The model-integrated annual-mean new production (uptake of nitrate) values, as in carbon
units, are 103, 109, and 139 mg/(m?-d), which yield the f-ratios of 0.35, 0.37, and 0.45 for the SCS, the ECS, and the
YS, respectively. Compared to the productivity in the ECS and the YS, the seasonal variation of biological
productivity in the SCS is rather weak. The atmospheric pCO, increases from 1982 to 2005, which is consistent
with the anthropogenic CO, input to the atmosphere. The oceanic pCO, increases in responses to the
atmospheric pCO, that drives air-sea CO, flux in the model. The modeled increase rate of oceanic pCO, is
0.91 patm/a in the YS, 1.04 patm/a in the ECS, and 1.66 patm/a in the SCS, respectively.
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1 Introduction

The ocean is the largest active carbon reservoir on Earth. On
time scales ranging from sub-diurnal to decadal, ocean carbon
shows significant spatial and temporal variation characteristics
(Takahashi et al., 2002). Globally, the ocean uptake of anthropo-
genic CO, is estimated about 2 Pg/a (calculated by carbon)
(Fletcher et al., 2006; Takahashi et al., 2009), about one-third of
total anthropogenic CO, emitted. These global estimations,
however, have not fully accounted for carbon fluxes in the con-
tinental margins, which have potential importance in absorbing
anthropogenic CO, (Walsh, 1991). Recently, the role of contin-
ental margins in the global carbon budget has aroused great re-
search interest (Chen et al., 2004; Cai et al., 2006). Since the

China’s seas, including the South China Sea (SCS), the East
China Sea (ECS), the Yellow Sea (YS), and the Bohai Sea, are the
largest continental marginal seas in the western Pacific Ocean,
studying these seas is therefore very important for quantifying
the role of marginal seas in the global carbon cycle.

The YS, located between China and Korea, has a maximum
depth of 103 m and an average water depth of 44 m (Fig. 1). The
deepest part of the YS is in the central area with a trough, called
the Yellow Sea Trough. The ECS has a broad continental shelf
break, bounded by the Ryukyu Island chain. It opens at the north
to the YS, and is connected with the Sea of Japan by the Tsushi-
ma Strait and with the SCS by the Taiwan Strait in the south. The
SCS, with an abyssal basin more than 3 000 m deep, is separated
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Fig. 1. Map of the China’s seas.

from the Pacific Ocean by a chain of islands on the eastern side of
the SCS, namely Borneo, Palawan and Luzon Islands.

The China’s seas are in a position of special interest because
they are geographically located between the Tibetan Plateau and
western Pacific Warm Pool, two important regions that have
great influences on global climate patterns. This interest has in-
creased due to the urgent need to understand the relations
between the carbon cycle and the global climate change. Domin-
ated by the climate in the Tibetan Plateau and the western Pa-
cific Warm Pool, the East Asia monsoon exhibits pronounced
seasonal and inter-annual variations. The China’s seas are influ-
enced by the variability of the East Asia monsoon system. The
most striking change is the seasonal variation of the East Asia
monsoon: strong northeasterly monsoon prevails in winter, weak
southwesterly monsoon in summer, and during the transition
periods of spring and autumn, winds are weaker and more vari-
able compared to the other two seasons. Due to the wind-stress
curl and topography effect, there are strong seasonal variations in
the circulations in the China’s seas (e.g., Liao et al., 2005; Wu et
al., 2005; Liao et al., 2006; Yuan et al., 2006). In addition, the Kur-
oshio influences the China’s seas and drives the variability in
those surroundings.

The spatial and temporal variations of carbon fluxes are con-
trolled by diverse physical and biogeochemical processes in dif-
ferent regions in the China’s seas (Nemoto et al., 2009; Tseng et
al., 2009a, b; Hung et al., 2010). Physical processes, such as
primarily sea surface warming/cooling, the mixing of surface wa-
ters and the ventilation of intermediate and deep waters are
largely responsible for regulating the SST, therefore determining
the air-sea CO, flux. On the other hand, the biological pump in
many regions, the sinking of organic matter produced by phyto-
plankton and zooplankton, can have a stronger control on the
oceanic pCO, than the physical process. Calculated from meas-
ured DIC and TA data in July 2007, Chou et al. (2009) thought
that the Changjiang Diluted Water and Yellow Sea water areas
were the two major sinks of atmospheric CO,, the coastal up-
welling area was the most important CO, source, and the Kurosh-
io water and Taiwan warm water areas were weaker sources.
Nemoto et al. (2009) showed that the atmospheric pCO, had little
variation (341-365 patm) in the ECS, whereas oceanic pCO, in

the surface water varied significantly (308-408 patm) from June
29, 1997 to January 6, 1998. Using an underway system with con-
tinuous flow equilibration in January 2008, Chou et al. (2011)
stated that the entire ECS shelf acted as a CO, sink in winter, with
low oceanic pCO, in the warm and saline Kuroshio Current wa-
ter and high oceanic pCO, in the cold and less saline Chinese
coastal current water along the coast of China’s mainland. Fol-
lowing the experiment that linked an equilibrator with a GC-
102D gas chromatograph to determine the oceanic pCO, in the
seawater designed by Cui et al. (2001), Ji et al. (2003) reported
that the near-shore was the source of CO,, the outer sea was the
sink of CO,, and the shelf area of the ECS was a net sink for atmo-
spheric CO, in autumn 1994. In the SCS, the fugacity of CO, fluc-
tuated between 340 and 400 patm, closely following the temporal
change in temperature and increasing at a rate of ~ 4 patm/a with
time (Chou et al., 2005; Tseng et al., 2007). In general, these pre-
vious studies were undertaken in a particular region with limited
observational data. Further investigation on the carbon budget of
the China sea system requires fully chemical and biogeochemic-
al characterization.

Within this context, a Pacific basin-wide physical-biogeo-
chemical model has been established to investigate the biologic-
al process and parameter optimization in the Chinese coastal
seas (Ji et al., 2015). In particular, the main focus is toward di-
versity in temporal and spatial variations of primary production
and oceanic pCO, among the SCS, the ECS, and the YS, and the
controlling factors of oceanic pCO, are also examined by com-
paring the distribution of SST, chlorophyll a (Chl a), nutrients,
primary production, and export flux in the SCS, the ECS, and the
YS. Furthermore, the oceanic pCO, increase in the China’s seas
from 1982 to 2005 in response to the anthropogenic atmospheric
pCO, increase are estimated.

2 Integrated physical and biogeochemistry carbon model

The physical model for this study is developed with the Re-
gional Ocean Model System (ROMS), which represents an evolu-
tion in the family of terrain-following vertical-coordinate models.
Ji etal. (2015, 2017) have configured the ROMS circulation mod-
el for the Northwestern Pacific Ocean (NWP, 3°-52°N, 98°-158°E)
with 8-km horizontal resolution using realistic geometry and to-
pography. There are 22 vertical sigma levels. The topography
data is derived from GEBCO (General Bathymetric Chart of the
Oceans) (https://www.bodc.ac.uk/data/online_delivery/gebco/),
which is a global 30 arc-second grid largely generated by combin-
ing quality-controlled ship depth soundings with interpolation
between sounding points guided by satellite-derived gravity data.
Considering the influence of inflow and outflow at the boundary,
we set the southern, eastern and northern boundaries as open
boundary (Blumberg and Kantha, 1985). The lateral boundary
conditions used for the physical model are FSCHAPMAN,
M2FLATHER, M3RADIATION, M3NUDGING, TRADIATION and
TNUDGING. Under the climatology run, the data for temperat-
ure, salt, zeta, u, v, ubar and vbar in the three open boundaries
are derived from SODA (Simple Ocean Data Assimilation) clima-
tological data (http://soda.tamu.edu/assim/SODA_2.2.4/). While
during the high-forcing run, the lateral boundary data is from
SODA monthly data. In the initial field, temperature and salinity
are derived from the World Ocean Atlas (WOA2009) data in
December with a spatial resolution of 1°x1° and 24 vertical layers
(http://www.nodc.noaa.gov/OC5/WOA09/netcdf_data.html),
while, u, v and zeta are set as zero.

The biogeochemical model is built upon the imbedded car-
bon and nitrogen ecosystem model developed by Fennel et al.
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(2006). The NPZD model includes nitrate and ammonium, one
phytoplankton group, one zooplankton grazer, two detritus
pools, dissolved oxygen, total inorganic carbon and total alkalin-
ity (Fig. 2). Considering the characteristics of marine ecosystems
in the China’s seas, the relevant biological process formulation in
study area has been optimized and improved (Ji et al., 2015,
2017).

Before being coupled with the biogeochemical model, the cir-
culation model based on ROMS is run for 20 years, and the res-
ults show that the circulation model could provide a more suit-
able physical condition to the biogeochemical model (Ji et al.,
2017). Hence, after the circulation model reaches a steady state,
the biogeochemical model is coupled into the circulation model
with 8-km spatial resolution. The coupled modeled is run for
10 years under climatological conditions. After the initial ten-
year spin-up, the basin-scale ROMS-NPZD model is forced with
daily air-sea fluxes derived from the NCEP2 reanalysis from 1979
to 2005. The surface wind stress is calculated from the 10-m wind
based on the Large and Pond (1982) drag coefficient formulation.
The heat flux is obtained from the prescribed short- and long-
wave radiations, sensible and latent heat fluxes are calculated fol-
lowing the bulk formula with prescribed air temperature and rel-
ative humidity. The fresh-water flux is obtained from the pre-
scribed precipitation and the evaporation derived from the lat-
ent heat release.

As for the biological variables, the NO;, total alkalinity (TA),
total inorganic carbon (TIC) and dissolved oxygen (DO) are ini-
tialized from the WOA2009 in December. The Chl a in the initial
field is derived from SeaWiFS (http://oceandata.sci.gsfc.nasa.
gov.SeaWiFS) following a vertical interpolation formula (Morel
and Berthon, 1989). For the phytoplankton and zooplankton, the
initial fields are calculated from the phytoplankton/Chl a ratio of

0.5, and for the other four detritus, the initial fields are based on
calculation of the detritus/phytoplankton ratio of 0.35 (Gruber et
al., 2006). NH, is set as a constant value of 1 mmol/m? (calcu-
lated by nitrogen).

In the lateral boundary, the boundary fields of NO,, TA, TIC
and DO are from WOA2009. The boundary field of Chl a is calcu-
lated from monthly climatology data from SeaWiFS, and for the
other variables the fields are calculated from Chl a using a correl-
ation coefficient. The calculation function for the vertical Chl a
concentration is following Morel and Berthon (1989), which is as
follows:

Chl=Chlzex|Chlb+Chl Xexp( -((zem -zeta,, )/ Dzeta )2 )) »(1)

where Chize is the average concentration value of Chl a at the
thickness of photiczone, Chl_,, is the maximum value of Chl a
concentration, Chlb is the surface concentration of Chl a,
zeta=Z/Ze, Z is the seawater depth, and Ze is the thickness of
photiczone.

River discharges, including Huanghe River (Yellow River),
Changjiang River (Yangtze River), Zhujiang River (Pearl River)
and Meikong River, are also set up with nutrient sources (NO,
and NH,) (Zhang, 1996; Duan and Zhang, 1999; Zhang et al.,
2010).

3 Results and discussion

The evaluation of the NWP basin-scale ROMS-NPZD model
has been conducted for the Chinese coastal seas (Ji et al., 2015,
2017). Ji et al. (2015, 2017) uses the same model output to com-
pare the modeled temperature, salinity and biological variables
with observations. Parameter sensitivity of the ecosystem also
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Fig. 2. A schematic of the nitrogen-based biogeochemical model. Nit represents nitrification, PP primary production, Meta
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has been analyzed in the Chinese coastal seas (Ji et al., 2015).
Therefore, as the first order comparison, the model successfully
reproduces many observed features, which suggests that the
model captures large scale and mean conditions of the key phys-
ical and biological processes in the NWP, including some of its
marginal seas.

3.1 Variability characteristics of pCO, in the three seas

We average the monthly model output during the 1982-2005
period to produce the oceanic climatological pCO, spatial distri-
butions in winter (January) and summer (July). In January (Fig.
3a), the surface water is mainly under-saturated and the oceanic
climatological pCO, value ranges from 230 to 400 patm in the
study area. The oceanic pCO, increases from the northern YS to
the southern SCS. The spatial variation of oceanic climatological
pCO, is notable in sub-regions of the SCS, the ECS and the YS. In
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the YS (32°-40°N), the oceanic climatological pCO, is between
240 to 290 patm, which is the lowest compared with those in the
ECS and the SCS. The oceanic climatological pCO, value is
between 270 and 360 patm in the ECS (24°-32°N). Strongly cor-
related with the latitude, higher oceanic pCO, value appears in
the south and lower value appears is in the north. In the SCS
(5°-24°N), the oceanic climatological pCO, value is the highest,
which ranges from 320 to 400 patm. It is clear that the oceanic cli-
matological pCO, is much lower than the atmospheric pCO, level
in the YS and ECS, and thus these regions act as sinks to the at-
mospheric CO, in January. There are small areas in the southern
SCS, where the oceanic pCO, level is higher than that in the air,
but the SCS average oceanic climatological pCO, during winter is
still lower than the pCO, level in the atmosphere, which indic-
ates the entire SCS is a sink to the atmospheric CO, in January as
well.
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Fig. 3. Distribution of climatologic pCO, (patm) in January (a) and July (b) during 1982-2005 in the China’s seas.

In July, the maximum oceanic pCO, can reach 480 patm,
which is much higher than that in January (Fig. 3b). The oceanic
pCO, value in the surface water is near saturation or is supersat-
urated compared to the atmospheric pCO, value. Unlike the
great spatial discrepancy in the sub-regions in January, the
oceanic climatological pCO, values in July in the SCS, the ECS,
and the YS are in the same range (380-480 patm) and show less
spatial variability. Compared with the observation data from Zhai
and Dai (2009), the modeled results in the outer Changjiang Es-
tuary and the central southern YS are a bit higher. The deviation
may be a result of two factors: one is the potentially incorrect in-
puts of Changjiang River using the published data of Changjiang
River from Zhang (1996) and another is that the horizontal resol-
ution of the model in the nearshore is insufficient to fully simu-
late the biological progress and carbon cycle.

3.2 Seasonal cycle of the SST, Chl a, Nitrate and pCO, in the three

seas

To investigate the regional difference of the carbon cycle in
the China’s seas, it is important to clarify the seasonal evolutions
of the SST, Chl g, nitrate, and pCO, in the SCS, the ECS, and the
YS (Fig. 4). The SSTs in the SCS, the ECS, and the YS change sea-
sonally from 5°C to 30°C (Fig. 4a). Except in the SCS, the SSTs in
the ECS and the YS change seasonally in a sinusoidal pattern
with a winter minimum and a summer maximum. The SCS aver-
age SST value shows obvious features of smaller seasonal amp-

litudes as well as stronger variability compared to the YS and the
ECS. The monsoon transition periods in the SCS are believed to
drive the seasonal variability of SST (Xie et al., 2003). Figure 4a
shows that the water is the warmest in the SCS and the coolest in
the YS. The extreme temperature difference in the three regions
about 20°C, is found in winter with the lowest SST in the YS and
highest SST in the southern part of the SCS. The temperature dif-
ferences among the YS, the ECS, and the SCS are reduced to low-
est in summer (Fig. 4a).

The average annual-mean surface Chl a is lower than 0.8
mg/m? (Fig. 4b), but shows great difference in the SCS, the ECS,
and the YS. In the YS, the peak of Chl a occurs in March with a
value of 0.7 mg/m3. After the phytoplankton bloom in spring in
the YS, the Chl a concentration stays at a low level, even less than
0.2 mg/m?3 in summer and autumn, and then begins to increase
again. In the ECS, the Chl a concentration is lower than that in
the YS in winter and early spring, but higher than that in the YS in
later spring, summer and autumn. In the SCS, the Chl a concen-
tration is less than 0.4 mg/m3 during the annual cycle with two
peaks: one in January and another in August, but the highest sur-
face Chl a is in winter (Liu and Chai, 2009).

The average annual-mean surface nitrate concentrations are
1.89, 2.3, and 1.84 mmol/m?3 in the SCS, the ECS, and the YS (Fig.
4c). However, the seasonal variations of nitrate are large among
these three regions. The highest nitrate concentrations in the
three regions in winter are 3.5, 3.3, and 2.3 mmol/m3 for the YS,
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Fig. 4. Comparisons of multi-year averaged SST (a, °C), surface Chl a (b, mg/m3), surface nitrate (c, mmol N/m?3) and oceanic pCO,)
(d, patm) concentration in the Yellow Sea (red line), the East China Sea (blue line) and the South China Sea (black line).

ECS, and the SCS, respectively. The seasonal variations of SST,
Chl g, and nitrate regulate primary productivity and carbon flux
in the China’s seas.

On a seasonal scale, the oceanic pCO, value, in the range of
260-480 patm, is high in summer and low in winter in the SCS,
the ECS, and the YS (Fig. 4d). The oceanic pCO, values indicate
that the China’s seas release CO, into the atmosphere only dur-
ing summer, whereas CO, is transported to the ocean from the
atmosphere in the other seasons. In August 1999, the pCO, was
observed ranging from 300 to 500 patm along the cruise line from
Qingdao coast to the Jeju Island in the YS (Wang et al., 2002). In
June and August 2003 in the ECS, it was observed that the pCO,
was in the range of (301.6+61.0) patm and (369.6+37.2) patm, re-
spectively (Chen et al., 2006). In October 1994, the pCO, was ob-
served ranging from 310 to 390 patm in the ECS, and the outer
sea of the ECS was a sink of CO, (Ji et al., 2003). The modeled cli-
matological results show reasonable agreement with the sparse
observations in both the YS and the ECS.

The seasonal variability of oceanic pCO, is closely related to
the seasonal warming/cooling of SST. Similar to the sensitivity
study of pCO, to SST in the SCS (Chai et al., 2009), the temperat-
ure should also be an important controlling factor on the oceanic
pCO, variation in the China’s seas. However, the relationship of
oceanic pCO, and SST varies among the YS, the ECS, and the
SCS. During the winter, the oceanic pCO, is slightly higher in the
SCS than those in the YS and the ECS. The northwesterly Asia

monsoon prevails in winter in the YS and the ECS, which leads to
vertical mixing in these seas. The vertical mixing induces low
temperature, high productivity, and carbon-rich water from the
bottom. Although the mixing brings water rich in CO, up from
the bottom to the surface, low temperature (Fig. 4a) and high
productivity in the mixing regions (Fig. 4b) seem to result in more
draw-down of the CO,,.

3.3 Seasonal cycle of biological productivity in the three seas

The dominating physical processes in the SCS, the ECS, and
the YS also drive regional diversity in biological productivity. To
understand how the biological productivity and their regional
differences affect the seasonal carbon cycle, we compare the cli-
matological seasonal variations of primary production and new
production in the three regions (Fig. 5 and Table 1). The climato-
logical temporal evolutions of depth-integrated primary produc-
tion (IPP), depth-integrated new production (INP), and the eu-
photic zone are presented at 50 m in the YS (0-50 m) and 75 m in
the ECS (0-75 m) and the SCS (0-75 m).

The YS averaged climatological IPP ranges from 174 to 470
mg/(m?-d) (calculated by carbon) with a strong seasonal feature
(Fig. 5a). The peak of IPP in the YS is in April, at 490 mg/(m?-d).
The INP shows weaker variability, ranging from 92 to 202
mg/(m?2-d) (Fig. 5a). Based on satellite and in situ data, Zheng et
al. (2006) calculated the integrated primary production in the YS,
which is with the highest value in the spring (623 mg/(m?.d)) and
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Fig. 5. The averaged climatologic seasonal succession of depth-integrated primary production (red line), new primary production
(mg/(m2.d)) (blue line) in the Yellow Sea (a), the East China Sea (b) and the South China Sea (c) respectively.

the lowest in winter (111 mg/(m?-d)). The modeled results in this
study agree with Zheng et al. (2006), but the peak value seems a
bit smaller than the estimated results of Zheng et al. (2006). The
coarse resolution (8 km) of the model might lead to the differ-
ence between the model and the observed integrated primary
production, especially with many unresolved processes near the
coast regions in the model. For example, processes such as the
freshwater influences, water and sediment exchanges are not in-
cluded in the model configuration. Such processes in coastal re-
gions need to be incorporated for further basin-scale physical-
biogeochemical modeling.

The ECS averaged climatological IPP varies from 190 to 390
mg/(m?-d) (Fig. 5b). The IPP has double peaks: one in April with
value of 375 mg/(m?-d) and another in July with a value of 390
mg/(m2.d). The lowest primary production appears in winter
(from November to January), with a value range of 190-220
mg/(m?.d). The modeled primary production is lower than the
observation in the continental shelf region, which is less than 200
m in the ECS (Fig. 1). Gong et al. (2003) reported that the primary
production was 515 mg/(m?-d) in summer and 297 mg/(m?-d) in
winter. Apart from the lack of key processes in our model (like
freshwater, water-sediment exchange), the difference between
modeled and observed IPP in the ECS could also due to the dif-
ferent study areas for calculation, where the depth greater than
200 m was not included in Gong et al. (2003). The INP varies
between 83 and 132 mg/(m?2-d) on a seasonal scale, and it is high

in summer while low in winter over the entire ECS (Fig. 5b).

The SCS averaged IPP value falls between 230 and 390
mg/(m?-d), with two peaks during a year (Fig. 5¢). The first peak
is in the winter from January to March, with a value of 390
mg/(m?2-d); another peak is smaller, which occurs in September
with a value of 310 mg/(m?3-d). The lowest primary production
show separately in June at 290 mg/(m2-d) and in December at
250 mg/(m?2-d). The modeled seasonal evolution of IPP is consist-
ent with the observations (Chen, 2005): the highest level of
primary production is observed in winter, and the lowest is ob-
served in summer; a slight increase is observed in fall. The
modeled values of IPP fall in the range of observations, (500+260)
mg/(m?-d) in March and (370+170) mg/(m?-d) in October (Chen,
2005). The difference between the modeled and observed may be
due to the sampling limitation on spatial and temporal coverage.
Liu et al. (2002) used a similar physical-biological modeling ap-
proach, and reported very similar seasonal variation of primary
production in the SCS as ours. The INP in the euphotic zone var-
ies from 90 to 126 mg/(m?-d), which shows weaker variability
than the primary production (Fig. 5¢). The modeled new produc-
tion seems to be lower than the existing limited observation data,
(140+80) mg/(m2.d) in March and (110+60) mg/(m2-d) in Octo-
ber (Chen, 2005).

In addition to evaluate air-sea CO, flux, investigating the ver-
tical carbon flux also improves our understanding of the total
carbon budget. We estimate the vertical carbon export in terms of
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f-ratio (new production/primary production), which theoretic-
ally should equal to the e-ratio (export production/primary pro-
duction) under a steady state condition. During the period of
1982-2005, the total averaged annual-mean IPP and INP are 315
and 139 mg/(m?.d) in the YS (Table 1), respectively. Therefore,
the averaged f-ratio is INP/IPP=0.45 in the YS. An f-ratio of 0.45
means that 45% of total carbon fixed exports vertically to the
depth. In the ECS, the entire averaged IPP and INP are 297 and
109 mg/(m?2-d), respectively. The averaged f-ratio is INP/IPP=
0.37, which is close to the f-ratio of 0.32 estimated by Chen and
Chen (2003) using the field observations. The total averaged IPP
and INP are 293 and 103 mg/(m2.d) in the SCS, respectively. So
the f-ratio is INP/IPP=0.35, which is close to the value of
0.28+0.08, 0.32+0.14 observed in March and October of 2001 and
2002 in the northern part of the SCS (Chen, 2005). The lower f-ra-
tio indicates low vertical carbon export in the SCS. The YS has the
highest f-ratio comparing to the ECS and the SCS, which shows
higher efficiency of transporting carbon out of the euphotic zone
in the YS.

Table 1. Comparing annual mean carbon budgets in the Yellow
Sea (32°-40°N, 118°-127°E), the East China Sea (24°-32°N,

2009).

Table 2 shows the T/B ratios calculated by Takahashi et al.
(2002): 2.7 at the Bermuda Atlantic Time-Series Study (BATS) in
the North Atlantic (31°50'N, 64°10'W), 0.02 in the Ross Sea
(76.5°S, 169-177°W), and 0.9 at the weather Station P in the North
Pacific (50°N, 145°W). Using the global relative temperature and
biology effects based on Takahashi et al. (2002), the biological ef-
fect is more obvious than the temperature effect in high latitude
and upwelling region due to high primary production, and the
temperature effect is stronger than biology effect in low latitude.
Therefore, in the higher latitude of the Ross Sea, the biological ef-
fect is dominant and temperature effect is secondary. From this
modeling study for the temperate regions, in the different re-
gions, the effect of temperature and biological activity serve dif-
ferent roles in the China’s seas.

Table 2. Temperature and biological productivity competing ef-
fects on the carbon cycle in the Yellow Sea (32°-40°N,
118°-127°E), the East China Sea (24°-32°N, 118°-127°E), the
South China Sea (1.5°-24°N, 104°-120°E), Ross Sea of Antarctica
(76.5°S, 169°E-177°W), Station P of North Pacific (50°N, 145°W),
and BATS (31°50'N, 64°10'W)

118°-127°E) and the South China Sea (1.5°-24°N, 104°-120°E) Region T/Bratio Reference
Yellow Sea East China SeaSouth China Sea Yellow Sea 0.59 this paper
IPP/mg-m-2.d-! 315 297 293 East China Sea 1.15 this paper
INP/mg-m-2.d-! 139 109 103 South China Sea 1.22 this paper
f-ratio 0.45 0.37 0.35 Ross Sea of Antarctica 0.02 Takahashi et al. (2002)
CO, flux/(mole C)m-1-al  -1.05 -1.07 0.64 Station P of North Pacific 0.9 Takahashi et al. (2002)
CO, flux/Tg-a-! -5.23 -6.73 16 BATS 2.7 Takahashi et al. (2002)

3.4 Sensitivity factors of controlling pCO, in the SCS, the ECS, and

theYS

Since SST and biological utilization regulate the air-sea car-
bon flux in the China’s seas, it is necessary to separately investig-
ate the effects of these two factors on controlling oceanic pCO,
value. Generally, the effects of biological draw-down and SST on
oceanic pCO, vary greatly according to regions. A series of sensit-
ivity experiments were conducted by setting one factor as a con-
stant with annual-mean value for SST, salinity, TIC, and total al-
kalinity, respectively, in order to isolate the effects. The standard
experiment is based on the seasonal cycle of SST, salinity, TIC,
and total alkalinity. Using the same estimated method given by
Takahashi et al. (2002), the relative importance of the temperat-
ure effect on oceanic pCO, to the biological carbon utilization
can be expressed as a ratio: T/B=Ap,CO,/Ap;zCO,, where T refers
to the temperature effect on the partial pressure of carbon diox-
ide in sea water, and B is the biological activity effect. Hence, the
T/B ratios in the SCS, the ECS, and the YS are 1.22, 1.15, and 0.59
(Table 2), respectively, indicating that the SST effect is greater
than the effect of biological activity on the carbon cycle in the
SCS and ECS, and the temperature control is greater in the SCS
than in the ECS. However, the effect of biological activity is great-
er than the SST effect on the carbon cycle in the YS. Therefore,
the temperature control in the SCS and ECS is the primary driver
dominating the oceanic pCO, change while the biological utiliza-
tion plays a compensating role, and the biological activity con-
trol in the YS is the primary driver while the temperature is the
second factor. This is quite similar when compared to the eu-
trophied coastal water and upwelling region, such as the south-
ern bight of the North Sea in the Europe and the Changjiang
River, where biological activity has a stronger influence on the
seasonal oceanic pCO, cycle than the temperature (Zhai and Dai,

3.5 Variation trends of carbon fluxes and pCQO, in the three seas

For the air-sea CO, flux, there are long-term variation trends
of the carbon fluxes in the SCS, the ECS, and the YS (Fig. 6). The
air-sea CO, flux varies between the range of 8.51 and 6.34
mol/(m?a) in the China’s seas, with the lowest air-sea CO, flux in
winter varies from year to year. The variability of air-sea CO, flux
is more significant in the YS, followed by the ECS, then the SCS,
which is likely resulted from the spatial and temporal differences.
The SCS with lower primary productivity has the oligotrophic wa-
ter, while the YS and the ECS have higher productivity. The biolo-
gical pump is partially responsible for these regional discrepan-
cies. On the annual-mean basis (averaged from the period of
1982-2005), the model results show that the YS and ECS are sinks
for the atmospheric CO,, while the SCS is a source (Table 1). The
multi-year averaged flux of CO, integrated over the entire SCS is
16 Tg/a, which is released to the atmosphere. This is mainly be-
cause that the SCS is warmer and has lower biological productiv-
ity compared to the YS and the ECS (Chai et al., 2009). On the
contrast, larger CO, fluxes (-5.23 Tg/a and -6.73 Tg/a, respect-
ively) are absorbed by the YS and the ECS. Positive oceanic pCO,
and SST relationships (Figs 4a and d) suggest the SST is an im-
portant control factor on the CO, flux in the China’s seas, and the
biological uptake during spring and summer in the YS and the
ECS are also worth considering.

The time series of oceanic pCO, shows pronounced interan-
nual variability and clearly upward trends from 1982 to 2005 in
the YS, the ECS, and the SCS when taking seasonal variation out
of consideration (Fig. 7). The anomalous oceanic pCO, ranges
from -30 to 50 patm. The linear regression shows positive slopes
for the oceanic pCO, in the YS, the ECS, and the SCS with values
0f 0.079, 0.09, and 0.14, respectively. The rate of oceanic pCO, in-
crease from 1982 to 2005 by 0.91 patm/a (the YS), 1.04 patm/a
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Fig. 6. Long-term variation trends of the monthly averaged air-sea CO, flux (mol/(m?-a)) at the regions of the YS, the ECS and the SCS

from 1982 to 2005.

(the ECS), and 1.66 patm/a (the SCS), respectively. The reason for
the modeled oceanic pCO, increase is due to the atmospheric
pCO, goes up at a rate of 1.5 patm/a on a global basis (Dore et al.,
2003; Takahashi et al., 2003). The three regions are all positively
affected by the atmospheric anthropogenic CO, increase, and the
increase rate of oceanic pCO, is higher especially in the SCS. As
shown in Fig. 7c, the anomalous oceanic pCO, in the SCS has a
sudden change after 1995. Through analysis of several affecting
variables, the dominant influence factor on oceanic pCO, is the
increase of atmospheric pCO,, and also the changes of physical
and biological process were the secondary influence. The vari-
able analysis will not be shown here in detail due to space limita-
tions. According to the observed data at SEATS from 1999 to
2003, Tseng et al. (2007) estimated oceanic pCO, in the mixed
layer increased at rates of (4.2+3.2) patm/a. Hence, the modeled
increasing rates of oceanic pCO, are in the range of their variabil-
ity, and the small deviations may be a result of the calculated
depth.

Recent studies confirmed the increasing trend of oceanic
pCO, in the surface ocean. At the European Station for Time-
series in the Ocean Canary Islands (ESTOC), oceanic pCO, in-
creased at a rate of (0.71+5.1) patm/a (Gonzalez-Davila et al.,
2003). At the Station ALOHA near Hawaii (HOT), oceanic pCO, of
seawater increased at a rate of (2.5+0.3) patm/a (Dore et al., 2003;
Keeling et al., 2004). At the BATS site in the Sargasso Sea between
1988 and 1998, oceanic pCO, increased at a rate of (1.4+5.1)
patm/a (Bates, 2001). Our model results show that the increasing
rates of oceanic pCO, in the YS, the ECS, and the SCS are in line
with the other long-term measures in the subtropical regions
(ESTOC, HOT, and BATS), and highly agree with the atmospher-
ic anthropogenic pCO, increase.

4 Conclusions
In this physical-biogeochemical modeling study, we used a

Pacific basin-wide model to evaluate seasonal variation and
long-term trend of oceanic pCO, in the SCS, the ECS, and the YS.
The ROMS-NPZD simulations during the period of 1982-2005
show strong seasonal and inter-annual variations of primary pro-
duction as well as the long-term increasing trend of oceanic pCO,
due to increase of the atmospheric anthropogenic CO,.

The ROMS-NPZD model simulations illustrate the complex
interplay of physical and biological factors in determining variab-
ility of oceanic pCO, in the China’s seas. The results suggest that
the SST is a key factor that regulates spatial and temporal vari-
ations of the sea surface pCO,. The biological removal of CO,
plays a compensating role in modulating variation of the surface
pCO,, especially in the YS. During the period of 1982-2005, the
modeled air-sea CO, fluxes in the China’s seas alter from a sink
in winter to a source in summer. On annual-mean basis, the SCS
acts as a source of carbon to the atmosphere (16 Tg/a, released to
the atmosphere), and the ECS and the YS are sinks to atmospher-
ic CO, (-6.73 Tg/a and -5.23 Tg/a, respectively, absorbed by the
ocean). The atmospheric pCO, increased from 1982 to 2005 due
to the anthropogenic CO, input to the atmosphere. The oceanic
pCO, increases in responses to the atmospheric pCO, that drives
air-sea CO, flux in the model. The modeled increase rate of
oceanic pCO, is 0.91 patm/a in the YS, 1.04 patm/a in the ECS,
and 1.66 patm/a in the SCS, respectively. The diversity of the
model simulated primary and new productions among the SCS,
the ECS, and the YS are linked to the seasonal variations of tem-
perature and nutrients. The SST changed seasonally with a
winter minimum value and a summer maximum value, while
high nitrate concentrations appeared in winter and low concen-
trations were in summer in the China’s seas. The SST in the SCS
shows the smallest seasonal change compared to SST in the ECS
and the YS, as well as the nitrate and Chl a change. The annual-
mean IPP in the SCS, the ECS, and the YS is evaluated as 293, 297,
and 315 mg/(m?2.d) by the present model simulation, which
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Fig. 7. Anomalous of oceanic pCO, in the YS (a: 0.079, 0.91
patm/a), the ECS (b: 0.09, 1.04 patm/a) and the SCS (c: 0.14, 1.66
patm/a) from 1982 to 2005.

agrees fairly well with the recent estimates by field data. The
model-integrated annual-mean new production is 103, 109 and
139 mg/(m?3-d), and yield the f-ratios of 0.35, 0.37 and 0.45 for the
SCS, the ECS, and the YS, respectively. Compared to the pro-
ductivity in the ECS and the YS, the seasonal variation of biolo-
gical productivity in the SCS is the weakest. The estimation of
primary productivity and carbonate system in the China’s seas
are a small glimpse of those that can be expected from environ-
mental changes predicted in the near future in the context of
global change and/or of management strategies. The model
needs to be constrained and evaluated with more physical and
biogeochemical observations, especially with simultaneous ob-
servations of biogeochemical variables and environmental
factors. In future work, higher horizontal model resolution and
more rivers are required to resolve the details of the vast shallow
regions in the China’s seas.
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