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Abstract

Based upon fourteen field surveys conducted between 2003 and 2008, we showed
that the seasonal pattern of sea surface partial pressure of CO2 (pCO2) and air–sea
CO2 fluxes differed among four different physical-biogeochemical domains in the South
China Sea (SCS) proper. The four domains were located between 4 and 23◦ N and 1095

and 121◦ E, covering ∼38 % of the surface area of the entire SCS. In the area off the
Pearl River Estuary, relatively low pCO2 values of 320 to 390 µatm were observed in
all four seasons and both the biological productivity and CO2 uptake were enhanced
in summer in the Pearl River plume waters. In the northern SCS slope/basin area,
a typical seasonal cycle of relatively high pCO2 in the warmer seasons and relatively10

low pCO2 in the cold seasons was revealed. In the central/southern SCS area, mod-
erately high sea surface pCO2 values of 360 to 425 µatm were observed throughout
the year. In the area west of the Luzon Strait, a major exchange pathway between
the SCS and the Pacific Ocean, pCO2 was particularly dynamic in winter, when north-
east monsoon induced upwelling events and strong outgassing of CO2. These episodic15

events might have dominated the annual air–sea CO2 flux in this particular area. The
estimate of annual sea–air CO2 fluxes showed that, most areas of the SCS proper
served as weak sources to the atmospheric CO2, with sea–air CO2 flux values of
0.46±0.43 mol m−2 yr−1 in the northern SCS slope/basin, 1.37±0.55 mol m−2 yr−1 in
the central/southern SCS, and 1.21±1.47 mol m−2 yr−1 in the area west of the Lu-20

zon Strait. However, the annual sea–air CO2 exchange was nearly in equilibrium
(−0.44±0.65 mol m−2 yr−1) in the area off the Pearl River Estuary. Overall the four
domains released (18±10)×1012 g C yr−1 into the atmosphere. The CO2 release rate
of the South China Sea essentially exceeded the average CO2 emission level of most
tropical oceans.25
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1 Introduction

As an important component of global carbon cycling, coastal ocean carbon has re-
ceived considerable attention during the past three decades (e.g. Walsh et al., 1981;
Smith and Hollibaugh, 1993; Tsunogai et al., 1999; Borges et al., 2005; Cai et al., 2006;
Chen and Borges, 2009; Laruelle et al., 2010; Liu et al., 2010; Borges, 2011; Cai, 2011;5

Dai et al., 2013). Recent estimates of global coastal ocean sea–air CO2 fluxes have
converged to conclude that the coastal ocean is an atmospheric CO2 sink of 0.2 to
0.4 PgCyr−1 (Cai et al., 2006; Chen and Borges, 2009; Laruelle et al., 2010; Liu et al.,
2010; Borges, 2011; Cai, 2011; Dai et al., 2013). This current estimate is a significant
change from the earlier speculation of up to 1 PgCyr−1 (Tsunogai et al., 1999); but10

confirms that the coastal ocean plays a disproportionally important role in the global
ocean carbon budget.

It must be pointed out that the above compilation of the global scale air–sea CO2
fluxes in the coastal ocean is often based on snap-shot measurements in individual
systems. In many of these coastal systems, spatial and temporal changes in CO2 fluxes15

remain to be resolved as large uncertainties are often associated with the presently
reported CO2 fluxes in individual coastal ocean system, which would in turn impact on
the estimation of global fluxes. From the perspective of predictability of future change,
both the variation in time and space as well as the inherent controlling processes need
to be better understood. Adding even more complexity is that the coastal ocean is very20

often characterized by the highest spatial gradient in both physics and biogeochemistry,
and hence has inherited complicated and differing physical-biogeochemical domains.

The South China Sea (SCS) is such a marginal sea system encompassing a large
variety of physical-biogeochemical domains. The SCS proper, located between 4 and
23◦ N and 109 and 121◦ E and characterized by either a tropical or subtropical cli-25

mate, has both deep basins and extensive shelf systems in the northern and southern
boundaries (Fig. 1) associated with large riverine inputs. The SCS is also featured by
dynamic exchange with the West Pacific Ocean, via an upper part exchange with the
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Kuroshio and overflow at depth (Chen et al., 2001). At this dynamic interface, meso-
scale processes such as eddies are frequently observable. As such, enriched physical-
biogeochemical domains are concentrated in the SCS (Fig. 1), which also represents
the lines of the present study. We considered four contrasting physical-biogeochemical
domains, and were able to significantly improve our understanding regarding the spa-5

tial variability of CO2 fluxes. Besides our multiple-year measurements, we were much
better positioned to provide CO2 fluxes in the SCS at a resolution of seasonal levels.
Among these four domains, A was adjacent to the Pearl River Estuary (PRE) and was
thus influenced by the summer estuarine plume (Gan et al., 2009; Cao et al., 2010;
Han et al., 2012). Domain B covered the slope and deep basin areas in the northern10

SCS, which is typically oligotrophic (Wong et al., 2007) and low in productivity (Chen
and Chen, 2006). Domain C covered a large portion of the SCS basin and is character-
ized by a tropical oligotrophic environment (Ning et al., 2004). Domain D was located
west of the Luzon Strait and was impacted by the Kuroshio intrusions which generate
various meso-scale eddies and internal waves (e.g. Li et al., 1998; Yuan et al., 2006;15

Chen et al., 2007a; Sheu et al., 2010a).
Thus far, limited datasets with different spatial coverage have suggested that the

SCS proper serves as a weak or moderate source of atmospheric CO2 in warm sea-
sons (Rehder and Suess, 2001; Zhai et al., 2005a, 2009). Based on a summary of
limited carbonate system data from the late 1990s and mass balance calculations,20

Chen et al. (2006) suggest that the SCS is overall a very weak CO2 source. In con-
trast, based on time series observations at the SEATS (Southeast Asian Time Series
Study) station (18◦ 15′ N, 115◦ 35′ E), Chou et al. (2005), Tseng et al. (2007), and Sheu
et al. (2010b) note seasonal and inter-annual variabilities of carbon chemistry includ-
ing computed surface pCO2 between December 1999 and December 2008, and report25

that the northern SCS serves as a weak sink of atmospheric CO2 by extrapolating the
SEATS results to the entire region. We note that previous estimates of annual air–sea
CO2 fluxes in the SCS proper are either based on limited transects/stations (Zhai et al.,
2005a; Chen et al., 2006), or even spatially extrapolated from time-series observations
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at a single site (Chou et al., 2005; Tseng et al., 2007; Sheu et al., 2010b). We contend
that this limited spatial coverage has hampered the better assessment of pCO2 vari-
ability in the SCS (Fig. 1). In our study, we greatly improved the current coverage by
applying a large amount of new datasets obtained from multiple years and large-scale
underway surveys (Fig. 2), extending our mechanistic understanding of pCO2 variabil-5

ity in this important tropical marginal sea, which is necessary before placing the SCS
CO2 flux in a global context.

2 Study area

The SCS proper in this study is bounded by the China mainland on the north and
northwest sides, Vietnam on the west and southwest sides, the Sunda Shelf and Bor-10

neo on the south side, Taiwan Island on the northeast side and the Philippines on the
east side (Fig. 1). In its northern part, climatic variations of the air–sea interface are
primarily dominated by the Asian Monsoon. The rain-bearing southwest monsoon lasts
from June to September, but the northeast monsoon, typically with higher wind speed
prevails in winter, from November to March (Han, 1998).15

The center of the SCS proper is a deep basin with a maximum depth exceeding
4700 m, which is surrounded by extensive shelf systems in the northern and southern
boundaries. In the east and west boundaries, however, the shelves are narrow and the
slopes are steep. The SCS proper has a basin wide cyclonic gyre in the winter and an
anticylonic gyre over the southern half in the summer. The latter is usually associated20

with an eastward jet off the coast of Vietnam (Fig. 1). The northern SCS also exchanges
with the Kuroshio via the Luzon Strait of 2000 m depth. Although the SCS shelf systems
are fed by two of the world’s major rivers (the Mekong and the Pearl River) and some
smaller rivers featuring either tropical or subtropical watersheds, the majority of the
SCS proper is typically oligotrophic with low productivity (Ning et al., 2004; Chen and25

Chen, 2006). In our study, we focused on four physical-biogeochemical domains in the
SCS proper (Fig. 1; Table 1).
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Among the four domains, A could absorb CO2 from the atmosphere in the
spring/summer bloom periods (Dai et al., 2008; Zhai et al., 2009; Cao et al., 2011),
while during the northeast monsoon seasons it was influenced by the cooling effect
and intrusion of the Kuroshio (Fig. 1). Domain B was located between 18 and 21◦ N
and 112 and 118◦ E. Zhai et al. (2005a) suggest that most of the sea surface par-5

tial pressure of CO2 (pCO2) in this domain is dependent on sea surface temperature
(SST), and this varies around (370±20µatm)×e0.0423(SST−26). Domain C was located
between 7 and 18◦ N and 110 and 117◦ E. As the deep basin of the SCS, its upper
mixed layer is shallow all the year round. Both meso-scale eddies and the Mekong
River plume have impacts on the southwestern part of this domain during the south-10

west monsoon period (e.g. Chen et al., 2010; Hu et al., 2011). However, regionally
averaged primary production and sea surface chlorophyll concentrations vary within
limited ranges (Tan and Shi, 2009; Sasai et al., 2013). On the other hand, due to
abundant coral reefs on Nansha, Xisha and Zhongsha Islands, this domain was po-
tentially influenced by CaCO3 formation, which releases CO2 into the atmosphere (Dai15

et al., 2009; Yan et al., 2011). Domain D was located between 18 and 21◦ N and 118
and 121◦ E, where the Kuroshio intrusions generate meso-scale cyclonic eddies in the
northeast monsoon season (Sheu et al., 2010a) and thus induce pumping/entrainment
of nutrients and CO2 from the depths (e.g. Xu et al., 2009; Shang et al., 2012; Sasai
et al., 2013). The total area of the four domains was estimated as 1344×103 km2, ac-20

counting for the majority of the SCS proper (Fig. 1) and 38 % of the total area of the
SCS.

3 Sampling and methods

Between October 2003 and April 2008, 14 cruises (Table 2) were made aboard R/V
Shiyan 3 (October 2003, May 2004 and September 2004), R/V Yanping 2 (February25

2004 and July 2004), R/V Haijian 83 (February 2006), R/V Kexue 3 (October 2006)
and R/V Dongfanghong 2 (the rest). During these cruises, except for September 2004,
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quasi-surface water was continuously pumped into instruments for analysis from a side
intake at a depth of 2 to 3 m (for R/V Yanping 2 and R/V Kexue 3) or 4 to 5 m (for R/V
Shiyan 3, R/V Haijian 83 and R/V Dongfanghong 2). During the September 2004 sur-
vey, surface water at 0.5 to 1 m depth was pumped up and measured for 30 min at
every station. On February 2006, a parallel study was carried out at and around the5

Xisha Islands (Dai et al., 2009), and the data measured underway (5 to 10 nautical
miles off the Islands) are also plotted in Fig. 2b. During the continuous/discrete pump-
ing, the temperature, salinity and pCO2 of the seawater were continuously measured
and recorded. Note the July 2004 cruise has been described in Zhai et al. (2009). And
some of the data collected in February 2004 have been reported in Jo et al. (2012).10

See Table 2 for details.

3.1 Temperature and salinity determination

During the cruises, the temperature and salinity of the pumped seawater were contin-
uously measured using a SEACAT thermosalinograph system (CTD, SBE21, Sea-Bird
Co., USA) (February 2004 and July 2004), or a set of Idronaut Multiparameter “Flow15

Through” sensor modules (IDRONAUT S.r.l., Italy) (April 2008), or a YSI 6600 meter
(Yellow Springs Instrument Co., USA) (the other cruises). All salinity data were cor-
rected to the practical salinity scale 1978 by inter-calibration testing either shortly be-
fore or during the cruises. Also based on these inter-calibration tests, we estimated
that all the onboard temperature sensors were consistent with the others at an er-20

ror level of less than 0.1 ◦C. During most cruises, other than the February 2004, July
2004 and September 2004 cruises, SST was calculated via on-board temperature mi-
nus 0.2 ◦C (in cool surveys) or 0.3 ◦C (in warm surveys) based on inter-comparison
experiments between underway pumping measurements and vertical profile measure-
ments at the stations. During the February 2004 and July 2004 cruises, however, SST25

was continuously measured using the in situ temperature sensor of the SBE21 sys-
tem. During the September 2004 cruise, SST was discretely measured using another
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SEACAT thermosalinograph system (SBE911+, Sea-Bird Co., USA) at every station.
All the continuous data were recorded every 6 to 12 s and averaged to 1 min.

3.2 Meteorological data

Meteorological data (wind speed, wind direction and barometric pressure) were col-
lected with an onboard weather station at 10 m above the sea surface. Data were5

recorded every minute. For the purpose of flux calculation, satellite-derived monthly
mean wind speeds (QuikSCAT, Level 3, http://podaac.jpl.nasa.gov) referenced at 10 m
above the sea surface were used. The monthly mean wind speed data for a specific
domain was calculated by averaging all of the available wind speed data for the month.

3.3 pCO2 determination10

During most cruises, other than the April 2008 cruise, improved systems after Zhai
et al. (2005b) and/or Jiang et al. (2008) were used to measure pCO2. During our
April 2008 cruise, an automated flowing pCO2 measuring system (GO8050, Gen-
eral Oceanics Inc., USA) was used (Zhai and Dai, 2009). In these systems, a Li-Cor®

non-dispersive infrared spectrometer (Li-6252 during the October 2003 and May 200415

surveys, Li-7000 during the other cruises) was used to measure dried CO2 fractions
(xCO2) in the equilibrator and in the air (Zhai et al., 2005b; Zhai and Dai, 2009). For
calibration purposes, a series of CO2 gas standards with xCO2 values from 138 to
967 ppmv (parts per million volumes in dry air; the same hereafter) were applied. pCO2
was transformed from corrected xCO2 based on air pressure along the transect or20

barometric pressure around the Li-7000 detector. Inter-calibration testing showed that
both air pressure datasets were consistent at a relative error level of less than 0.3 %
(i.e. < 3hPa). The Weiss and Price (1980) saturated water vapor pressure and the
Takahashi et al. (1993) temperature effect coefficient of 4.23 % ◦C−1 were used to cal-
culate the in situ pCO2. The overall uncertainty of the xCO2 measurements and pCO225

data processing is less than 1 % (Zhai et al., 2005a; Zhai and Dai, 2009).
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CO2 concentration in the air near the sea surface was typically determined every 1 to
3 h in the day and every 4 h in the night. The bow intake from which atmospheric air was
pumped was installed at 6 to 10 m above the water surface to avoid contamination from
the ship. For the purpose of air–sea flux estimation, the air pCO2 data were corrected
to 100 % humidity at in situ SST and salinity.5

3.4 Sea–air CO2 flux estimation

The flux calculation was based on the formula F = k ×KH ×∆pCO2, where k is the
gas transfer velocity of CO2, KH is the solubility of CO2 in seawater (Weiss, 1974), and
∆pCO2 is the mean sea–air pCO2 difference. A positive flux value represented the net
CO2 exchange from sea to atmosphere and a negative flux value referred to the net10

CO2 exchange from atmosphere to sea. Since the k value measured on the spot in the
SCS was not available, we used the Sweeney et al. (2007) empirical functions of wind
speed at 10 m height (u10) to calculate the value, which is a modification of Wanninkhof
(1992). We also calculated the k value based on the latter so that our results would be
comparable with those of most other studies.15

The Sweeney et al. (2007) (S07 for short) equation is:

k (cmh−1) = 0.27×C2× (u10/ms−1)2 × (Sc/660)−0.5 (1)

and the Wanninkhof (1992) (W92 for short) equation is:

k (cmh−1) = 0.31×C2× (u10/ms−1)2 × (Sc/660)−0.5 (2)

where u10 is the satellite-derived monthly mean near-surface wind speed; C2 is the20

nonlinearity coefficient, assuming long-term winds followed a Raleigh (Weibull) distri-
bution (Wanninkhof, 1992; Jiang et al., 2008); Sc is the Schmidt number of CO2 in
seawater; and 660 is the Sc value in seawater (S = 35) at 20 ◦C (Wanninkhof, 1992).

Following Wanninkhof (1992) and Jiang et al. (2008), the effect of the short-term
variability of wind speeds over a month on the gas transfer velocity was determined25
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using:

C2 =
(
u2

j

)
mean

/(umean)2 (3)

where uj is all of the available satellite-derived near surface wind speeds (units: ms−1,
typically twice a day along with the spatial resolution of 25 km) in a month; the subscript
“mean” is to calculate the average; and umean is the monthly mean wind speed (units:5

ms−1). The global mean C2 has been estimated as 1.27 (Wanninkhof, 2009).

4 Results

4.1 SST and salinity

Generally the seasonal variations of SST in domains A, B, and D followed the seasonal
cycle of long-term monthly mean SST at 20◦ N, 116◦ E (Fig. 3a). Survey-averaged SST10

varied between 22.1±1.2 ◦C in February 2004 in domain A and 30.3±0.4 ◦C in July
2007 in domain B (Fig. 3a). Domain A was the only area where the lowest survey-
averaged SST values of less than 23 ◦C were observed (Table 3), while we observed
the highest SST of 30.82 to 31.65 ◦C in all domains in July 2007. In domain C, how-
ever, the seasonal variation of SST was inconspicuous. Very high SST values between15

27.7±1.3 ◦C in December 2006 and 30.2±0.3 ◦C in July 2007 were observed in this
domain in all seasons (Fig. 3a; Table 5).

Survey-averaged sea surface salinity varied between 32.5±0.6psu in September
2007 in domain C and 34.3±0.2psu in February 2006 in domains A and B (Fig. 3b).
Most low-salinity values of < 33.5psu were observed in domains A and C, which were20

under the influence of river plumes and/or heavy precipitation. In September 2007, the
southwestern SCS is highly influenced by the Mekong River Diluted Water (MKRDW)
(Chen et al., 2010). Therefore a very low sea surface salinity of 32.5±0.6psu was
observed in domain C (Table 5). Most high-salinity values of > 34.1psu were detected
in domains A and B (Tables 3 and 4).25
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4.2 Wind speed

Survey-averaged wind speed varied between 2.2±1.5ms−1 in February 2006 in do-
main A and 17.9±2.1ms−1 on 21–22 December 2006 in domain D (Fig. 4a). Most field-
survey mean wind speed values were lower than the typical NCEP (National Centers
for Environmental Prediction, USA) monthly mean sea surface wind speed (Fig. 4a),5

presumably due to the ship contamination (Griessbaum et al., 2010) and/or the ob-
servation period selected. In contrast, satellite-derived wind speeds showed the same
pattern as NCEP data (Fig. 4b). Basically, the sea surface wind was stronger in north-
east monsoon seasons than in southwest monsoon seasons. In domain C, the wind
was slightly weaker than the other domains (Fig. 4b). Note that we observed a very10

strong wind with a two-day mean wind speed of 17.9±2.1ms−1 in late December 2006
in domain D (Table 6), which was ∼ 50% higher than the typical monthly mean sea
surface wind speed (Fig. 4a).

4.3 CO2 concentrations in the air

Field-measured CO2 concentrations in the air near the sea surface ranged between15

371±3ppmv in the autumns of 2003/2004 and 393±2ppmv in April 2008. Over the
research period of 6 yr, a reasonable increasing trend was revealed (Fig. 5). In general,
both seasonal and inter-annual variations followed the variations of atmospheric CO2
in the North Pacific Gyre (Mauna Loa station), although terrestrial sources have been
found to influence the atmospheric CO2 over the SCS proper, making atmospheric CO220

concentrations here more variable than those in the open ocean. It is worth noting that
relatively higher atmospheric CO2 was observed in the northeast monsoon periods and
relatively lower atmospheric CO2 was measured in the southwest monsoon periods.
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4.4 Distributions of sea surface pCO2

Figure 2 shows the heterogeneity of sea surface pCO2 spatial distributions and dis-
tinct seasonal cycles in the four domains. In winter, offshore pCO2 ranged between
286 and 470 µatm (Fig. 2a–c). In general, sea surface pCO2 increased along with lati-
tude decreasing. This trend was clearly shown during our 1–11 December 2006 survey5

(Fig. 2c). Typical sea surface pCO2 in winter could be summarized as 325 to 362 µatm
in domain A other than in late December (Table 3), 338 to 385 µatm in domain B (Ta-
ble 4) and 383±5µatm in domain C (Table 5). Low pCO2 of 286 to 300 µatm was
measured in February 2004 along the Southern China coastline (Fig. 2a). High pCO2
of 410 to 470 µatm was measured during the 20–23 December 2006 survey in the area10

west of the Luzon Strait (Fig. 2c). And extremely high pCO2 of 1000 to 4500 µatm was
detected in the PRE (Fig. 2b; Zhai et al., 2005b). It should be noted that, in domain D
we observed a large variation of sea surface pCO2 between 358 to 379 µatm on 15–
16 December 2006 and 379 to 470 µatm on 21–22 December 2006. The peak values
of 440 to 470 µatm were observed in the 16 nautical mile sea route around the central15

site at 18◦ 42′ N and 119◦ 35′ E. Similar to the high pCO2 observed in domain D on 21–
22 December 2006, we also measured relatively high pCO2 of 377±17µatm in domain
A on 22–23 December 2006.

In spring, the sea surface pCO2 mostly ranged between 340 and 463 µatm (Fig. 2d).
pCO2 also increased along with latitude decreasing. In domain A, sea surface pCO220

averaged 379±3µatm in May 2004 and 361±10µatm in April 2005 (Table 3). In domain
B, sea surface pCO2 averaged 387±15µatm in both May 2004 and April 2005 (Table 4).
In domain C, sea surface pCO2 averaged 386±7µatm in May 2004 and 412±14µatm
in April 2005 (Table 5). In domain D, sea surface pCO2 averaged 370±13µatm in April
2008 (Table 6). The high pCO2 values of 400 to 463 µatm were mostly detected in25

the central/southern basin areas in April 2005. Note that we also observed extremely
high pCO2 values of 700 to 4000 µatm in the PRE and very low pCO2 values of 234–
340 µatm in the Southern Taiwan Strait and in a limited area off the PRE (Fig. 2d).
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In summer, most offshore pCO2 values ranged between 350 and 420 µatm, although
low values of 280 to 350 µatm were observed in domain A in July 2004 and July 2007
(Fig. 2e and f), and relatively high values of 420 to 440 µatm (Fig. 2f) were associated
with a cyclonic cold eddy in the southwestern SCS (Chen et al., 2010; Hu et al., 2011).
In domain A, the average was 363±26µatm in July 2004 and 350±29µatm in July5

2007 (Table 3); in domain B, 383±11µatm in July 2004 and 404±6µatm in July 2007
(Table 4); in domain C, 404±6µatm in July 2007 and 410±14µatm in August 2007
(Table 5); and in domain D, 400±6µatm in July 2007 (Table 6). However, in the PRE
and at several coastline observation sites, both high pCO2 values of 440 to 720 µatm
and low values of 229 to 280 µatm were observed (Fig. 2e and f; Zhai et al., 2009).10

In autumn, offshore pCO2 values ranged between 340 and 440 µatm, while high
pCO2 values of 440 to 640 µatm were observed along the southwestern coast of the
Taiwan Strait. Despite several signals of possible inter-annual and intra-seasonal vari-
ation, generally homogeneous pCO2 distribution was revealed in this transitional sea-
son between summer and winter. In domain A, sea surface pCO2 values averaged15

365±14µatm during most autumn cruises other than in September 2007. During the
latter cruise, a relatively high sea surface pCO2 value of 383±5µatm was revealed in
domain A (Table 3). In domain B, sea surface pCO2 values ranged from 355±3µatm
in October 2003 through 364±3µatm in September 2004 to 369±9µatm in October–
November 2006 (Table 4). Relatively high sea surface pCO2 values of 383±5µatm20

were also measured during the September 2007 cruise in domain B. In domain C,
sea surface pCO2 was 367±9µatm in October 2003 and 402±9µatm in September
2007 (Table 5). In domain D, sea surface pCO2 was 361±3µatm in September 2004
(Table 6).

To summarize, in domain A, relatively low sea surface pCO2 values of 320 to25

390 µatm were observed in all four seasons (Table 3); in domain B, a typical seasonal
cycle of relatively high pCO2 in the warm seasons and relatively low pCO2 in the cold
seasons was revealed (Table 4); in domain C, relatively high sea surface pCO2 values
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of 360 to 425 µatm were observed all round a year (Table 5); and in domain D, pCO2
was particularly dynamic in winter (Fig. 2c; Table 6).

4.5 Air–sea CO2 flux estimation

Tables 3 to 6 summarize the sea–air CO2 flux calculations along cruise tracks in the four
domains. If we assumed that these cruise track fluxes were representative of the do-5

mains, we could obtain an overview of the seasonal variation of CO2 air–sea exchange
in the SCS proper being studied (Fig. 6). In this study, we used satellite-derived monthly
averaged wind speeds and the S07 equation (Eq. 1) to calculate gas transfer veloci-
ties and then sea–air CO2 fluxes. We also calculated sea–air CO2 fluxes based on the
W92 equation (Eq. 2) in order to better compare with other studies. The stimulatory10

effect of short-term variability in wind-speed on the integrated gas transfer (Bates and
Merlivat, 2001) was expressed using the nonlinearity coefficient C2 (Eq. 3), following
Wanninkhof (1992) and Jiang et al. (2008). During our study period, C2 varied between
1.04 (high wind/winter) to 1.43 (low wind/spring–summer), and this is very close to the
global average of 1.27 (Wanninkhof, 2009), although the variation in range was greater15

than 1.13 to 1.26 (averaged 1.18) on the US Southeastern shelf (Jiang et al., 2008).
It must be pointed out that the pCO2 variability in the SCS proper was still remarkable

both in terms of time and space. Tables 3 to 6 synthesize the temporal-spatial variabil-
ity of field-measured data and the estimated sea–air CO2 fluxes. It should be noted
that we reported mostly the temporal variability of CO2 fluxes based on respective20

cruises/surveys in a season. If only one cruise was available, however, we reported an
error based on standard deviations in wind speeds and/or the aqueous pCO2. These
represent the two largest sources of variations/uncertainties in estimating regional air–
sea CO2 fluxes, i.e. the uncertainty/variation introduced by pCO2 interpolation and/or
extrapolation and the uncertainty introduced by environmental forcing parameters such25

as wind (Wanninkhof et al., 2009; Johnson et al., 2011).
In domain A, the sea area moderately absorbed CO2 from the atmosphere in winter

(4.8±2.6mmolm−2 d−1), while the air–sea CO2 exchanges were nearly in equilibrium
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in spring, summer and autumn (Table 3). In domain B, the air–sea CO2 exchanges
were nearly in equilibrium in winter and autumn, and the sea area only weakly re-
leased CO2 into the atmosphere in spring and summer (1.7±0.8mmolm−2 d−1 and
3.2±0.3mmolm−2 d−1, respectively) (Table 4). In domain C, the sea area released
CO2 into the atmosphere all through the year (Table 5) and the seasonal sea–air CO25

fluxes ranged from the relatively low value of 1.9±0.5mmolm−2 d−1 in winter to the
very high value of 6.6±2.4mmolm−2 d−1 in summer. In domain D, the sea–air CO2 ex-
changes varied from weak CO2 uptake in spring (−1.1±1.5mmolm−2 d−1) to weak CO2

release in summer (2.6±0.4mmolm−2 d−1), and were nearly in equilibrium with the at-
mosphere in autumn (Table 6). In winter, domain D varied very much from a typically10

weak CO2 sink in early winter to a significant CO2 source associated with a monsoon
driven upwelling event.

Overall, the seasonal pattern of sea–air CO2 fluxes substantially differed among
the four physical-biogeochemical domains under study. Although the annual sea–air
CO2 exchanges were nearly in equilibrium (−0.44±0.65molm−2 yr−1) in domain A,15

most areas in the SCS proper served as weak sources to the atmospheric CO2 on
an annual basis, with sea–air CO2 fluxes of 0.46±0.43molm−2 yr−1 in domain B;
1.37±0.55molm−2 yr−1 in domain C; and 1.21±1.47molm−2 yr−1 in domain D (Fig. 6).

5 Discussion

5.1 Factors influencing sea surface pCO220

In the oligotrophic northern SCS, it has been reported that temperature is the most
important factor influencing the seasonal variation of sea surface pCO2 (Zhai et al.,
2005a; Tseng et al., 2007). According to Zhai et al. (2005a), the SST-driven pCO2

values (in µatm) in the northern SCS vary in the range (370±20)×e0.0423(SST−26),
where 370±20 is the range of local atmospheric pCO2 (in µatm), 0.0423 ◦C−1 is the25
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coefficient for the temperature effect of sea water pCO2 (Takahashi et al., 1993), and
26 is the annual average SST (in ◦C) in the offshore area of the northern SCS (Fig. 3a).
In our study, however, we revealed a diverse relationship between pCO2 and SST in the
four different domains of the SCS proper as illustrated in Figs. 7a, 8a, 9a and 10a. To
further examine the pCO2 control mechanism, we also plotted temperature-normalized5

pCO2 values (with the coefficient of 4.23 % ◦C−1 to a fixed temperature of 26 ◦C) against
salinity (Figs. 7b, 8b, 9b and 10b).

In domain A, pCO2 basically increased along with SST, although many pCO2 values
declined to the very low range of 280 to 320 µatm in the two summer cruises (Fig. 7a).
Plots of temperature normalized pCO2 versus salinity (Fig. 7b) revealed that many of10

those summer data were associated with an estuarine plume (with a salinity of less than
33), where biological productivity was enhanced in the surface water due to nutrient
support from the eutrophicated PRE (Cao et al., 2011; Han et al., 2012). The plot of
pCO2 versus SST during 22–23 December 2006 was different from other winter plots in
this region (Fig. 7a), and was even different from another dataset obtained during 12–15

15 December 2006 (Fig. 7a), despite the small interval of only 7 to 10 days between the
two surveys. Plots of temperature normalized pCO2 versus salinity (Fig. 7b) suggested
that surface waters during the two December 2006 surveys might have originated from
different water sources. Approximately four days before the 22–23 December 2006
survey, a strong northeast monsoon came in. The monsoon might have driven colder20

and pCO2-higher coastal waters from the Taiwan Strait into the northeastern part of
domain A under survey (Fig. 2c). Similar monsoon-driven nutrient transport from the
Taiwan Strait into the northeast SCS shelf was observed by Han et al. (2013).

Excluding the two July datasets and the 22–23 December 2006 dataset, the other
10 surveys showed a linear positive correlation between pCO2 and SST in domain25

A (Fig. 7a). In cold seasons the field-measured pCO2 data were slightly higher than
the predicted values based on thermodynamically controlling functions, while in warm
seasons relatively lower pCO2 values were measured (Fig. 7a). Moreover, temperature
normalized pCO2 during these 10 surveys showed a clear seasonal cycle in the water
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mass with a salinity higher than 33.5 (Fig. 7b). The typical temperature normalized
pCO2 (at 26 ◦C) ranged between 380 and 420 µatm in the winter cruises, while in the
warm seasons most of the temperature normalized pCO2 (at 26 ◦C) ranged from 330
to 370 µatm (Fig. 7b). The former (relatively higher than atmospheric equilibrated level)
might have resulted from enhanced water mixing between surface water and CO2-rich5

subsurface waters in winter. The latter (atmospheric equilibrated level or less) might
have originated from CO2 degassing of the surface water for several months following
stratification enhancement in spring.

In domain B, most plots of pCO2 versus temperature were similar to those in the
high salinity areas in domain A, although the field-measured pCO2 data during April10

2005 surveys were slightly higher than those predicted based on thermodynamically
controlling lines (Fig. 8a). The SST data measured during the April 2005 surveys were
significantly lower than those obtained in May 2004 (26.3±0.9 ◦C vs. 28.6±0.8 ◦C, Ta-
ble 4), suggesting that they might have been influenced by a vertical mixing event in
early spring. Figure 7a indeed suggested that many April 2005 data followed the same15

thermodynamically controlling line as the two February (in winter) datasets. The rela-
tionships between temperature normalized pCO2 and salinity were random in domain
B (Fig. 8b).

In domain C, the influences of both SST and salinity on pCO2 showed no clear trend,
although a weakly negative correlation of pCO2 and SST and a positive correlation of20

temperature normalized pCO2 versus salinity were observed in the southwestern SCS
on September 2007 (Fig. 9). During the late August and early September surveys
in 2007, the influence of MKRDW was coupled with two offshore cold eddies in the
southwestern SCS (Chen et al., 2010). According to Chen et al. (2010), the MKRDW
was identified with a salinity less than 33.2 and an SST higher than 29.0 ◦C during25

the September 2007 survey, while the two cold eddies had a relatively high salinity of
> 33.2 and a relatively low SST of ∼ 28.2 ◦C at the center. Figure 9a shows that both
the highest pCO2 value (∼ 430µatm) and the lowest pCO2 value (∼ 380µatm) during
the September 2007 survey were observed in the MKRDW area. In the September
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eddy (eddy II in Chen et al., 2010), a relatively narrow pCO2 range of 393 to 423 µatm
(Fig. 9a) was observed. In the August eddy (eddy I in Chen et al., 2010) however,
a relatively wide pCO2 range of 383 to 440 µatm (Fig. 9a) was revealed. Figure 9b
suggests that the three end-member water mixing occurred in the southwestern SCS
in both late summer and early autumn. The low-salinity MKRDW was identified with5

a relatively low temperature normalized pCO2 (at 26 ◦C) of 320 to 340 µatm (Fig. 9b).
The high salinity area (with a salinity higher than 33.2) was influenced by two water
end-members. One had the similar temperature normalized (at 26 ◦C) pCO2 values of
330 to 345 µatm as the MKRDW. Another high salinity water mass was identified with
relatively low SST (Chen et al., 2010) but significantly high temperature normalized (at10

26 ◦C) pCO2 values of 375 to 400 µatm (Fig. 9b), which were influenced by cold eddies,
similar to the phenomenon observed in the lee of the main Hawaiian Islands (Chen et
al., 2007b). Detailed influences of the two cold eddies on air–sea CO2 fluxes in the
southwestern SCS in late summer and early autumn will be addressed elsewhere.

In domain C, if the influences of the MKRDW and cold eddies were excluded, the15

seasonal temperature normalized (at 26 ◦C) pCO2 varied from 300–330 µatm in Oc-
tober 2003 (autumn), to 345–418 µatm in April 2005 (early spring) and 335–425 µatm
in December 2006 (early winter) (Fig. 9b). This seasonal cycle of temperature nor-
malized pCO2 might also have resulted from enhanced water mixing between surface
water and CO2-rich subsurface waters in winter/early spring and the CO2 degassing of20

the surface water for several months following stratification enhancement in spring.
In domain D, a negative relationship between pCO2 and SST was observed dur-

ing the 21–22 December 2006 survey (Fig. 10a). Two days before our survey, Xu
et al. (2009) observed a similar phenomenon in the sea surface on the adjacent
coast. Based on multiple comparisons of temperature, salinity and nutrient concen-25

trations, they conclude that the low-temperature (∼ 24 ◦C) water with a high-pCO2
(∼ 460µatm) level is upwelled from the 45 to 80 m depth (Xu et al., 2009). Actu-
ally, the strong northeast monsoon came in three days before the 21–22 Decem-
ber 2006 survey. Even when the monsoon had weakened, a strong northeast wind
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(17.9±2.1ms−1 during our two-day survey versus 9.8±2.0ms−1 before the event) was
observed (Fig. 4a). Based on satellite-derived SST images (Tropical Rainfall Measur-
ing Mission/Microwave Imager) on 22–23 December 2006, a relatively cold (∼ 22 ◦C
vs. the neighboring 25.0±0.9 ◦C) area was revealed between 18◦ 30′ and 20◦ 00′ N and
118◦ 30′ and 120◦ 30′ E (C. Y. Zhang, unpublished data), indicating that upwelling might5

occur, which resulted in the negative relationship between pCO2 and SST, and thus
a significant CO2 degassing event. The CO2 effects of this monsoon driven offshore up-
welling were comparable to the nearby coastal upwelling reported by Xu et al. (2009).
Peak levels of the offshore high pCO2 were revealed to be 460–470 µatm (Xu et al.,
2009) and in this study (Fig. 10a). Since the strong northeast monsoon drove the clima-10

tologically cold eddy in the west Luzon Strait in winter, i.e. the Luzon Gyre, the winter-
time CO2 degassing events might have contributed to the seasonal characteristics of
air–sea CO2 exchange in this region. However, this winter air–sea CO2 exchange was
subject to huge variability due to rapid CO2 degassing and upwelled nutrients driven
primary production in the surface waters. In January 2010, Shang et al. (2012) note15

intensive phytoplankton blooms in the Luzon Strait and its vicinity. The associated sea
surface pCO2 at this time was 10 to 20 µatm lower than the atmospheric equilibrated
level (M. Dai et al., unpublished data).

In summary, besides the general pattern of temperate controlled seasonal variation
of sea surface pCO2 in the SCS, the influences of river plume with low pCO2, water20

mixing between surface water and CO2-rich subsurface waters in cold seasons, CO2
degassing from the surface water in warm seasons, and episodic events of eddy and
upwelling around the SCS also impose high variability on surface pCO2 distribution, as
well as air–sea CO2 flux estimation.
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5.2 Impact of winter monsoon induced events of CO2 degassing on the annual
air–sea CO2 fluxes

Most of above-discussed datasets reflected climatological variations in the respective
domains. It must be pointed out, however, that many episodic events might significantly
impact on the CO2 fluxes. An example is the winter monsoon induced CO2 degassing5

event observed in domain D in late December 2006 described above. As shown in
Table 6, the area averaged sea–air CO2 fluxes increased by ∼ 27mmolm−2 d−1 within
a time lag of one week, due to upwelling of the subsurface water. This change was
much greater than a similar phenomenon in spring in the lee of the main Hawaiian
Islands (Chen et al., 2007b) but was similar to that observed in equatorial upwelling10

areas in the eastern Pacific (Chavez et al., 1999). To further evaluate the amount of
CO2 released during this event, we assumed that the Revelle factor (RF) of the up-
welled water was ∼ 10, the DICavg ∼ 2000µmolL−1, the aqueous pCO2,avg ∼ 410µatm,
and the air-saturated pCO2 ∼ 375µatm. Based on the eloquent definition of RF given
by Sundquist et al. (1979), the oversaturated and then releasable DIC could there-15

fore be estimated via ∆DIC = ∆pCO2/pCO2,avg/RF×DICavg=(410−375)/410/10×
2000=17µmolL−1. Given that the upper mixed layer depth was 45–80 m (Xu et al.,
2009), the eddy-related CO2 release should be 0.76 to 1.36 molm−2. This was compa-
rable with the typical annual CO2 release in domain D (Fig. 6).

This case showed that the very strong winter monsoon not only caused a high gas20

transfer velocity, but also enhanced vertical water mixing. When the CO2-rich subsur-
face water is mixed with the surface water, a winter CO2 sink area in the subtropical
ocean might be reversed into a winter source area. Due to surveying difficulties, very
few cases of winter CO2 source events are found in the winter CO2 sink database.
In such a case, if we neglected the CO2 variability due to monsoon-induced eddies,25

the annually based air–sea CO2 flux would be nearly zero (Table 6). Thus, the win-
ter monsoon induced CO2 degassing events had substantial impacts on the annually
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based air–sea CO2 fluxes. This issue clearly needs further investigation despite the
difficulties in observation.

6 Concluding remarks

This study clearly showed that neither snap-shot based nor time series station based
investigations were sufficient to adequately assess air–sea CO2 fluxes in an ocean5

margin which is often characterized by tremendous dynamic environments. In the
largest tropical marginal sea, the SCS, this research was the first attempt to simul-
taneously resolve coverage in both time and space. We analyzed the temporal-spatial
variations and the controlling mechanisms of sea surface pCO2 in the SCS proper.
We also estimated the air–sea CO2 fluxes and their temporal-spatial variability based10

on 14 mapping cruises. Although the pCO2 variability in the SCS proper was remark-
able both in time and space, and the critical roles of wind speed variability and the
gas transfer velocity in the annual air–sea CO2 flux estimation are still unresolved, this
study demonstrated once more that the SCS as a whole serves as a weak source of
atmospheric CO2 (Zhai et al., 2005a; Chen et al., 2006; Dai et al., 2013). In shaping15

this source term at least in the basin area of the SCS, the inflow of the CO2-enriched
North Pacific deep water through the Luzon Strait and its subsequent upward transport
into the thermocline through vertical mixing and upwelling may have played a critically
important role (Dai et al., 2013).

Taken together the four physical-biogeochemical domains under study, it released20

18±10TgCyr−1 (Tg = 1012 g). If we extrapolated such an average flux to the whole
SCS, we would derive a flux value of 47 TgCyr−1, and thus, the SCS, which repre-
sents 4 % of the surface area of the global tropical oceans, accounts for 6.8 % of CO2
emission, as compared with the overall CO2 emission rate of the global oceanic equa-
torial belt of 690 TgCyr−1 (Takahashi et al., 2009). Even considering the fact that the25

CO2 uptakes of the Amazon River plume (Ternon et al., 2000; Körtzinger, 2003; Cooley
and Yager, 2006; Cooley et al., 2007) counteract the CO2 source of the global tropical
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oceans, the CO2 release rate of the SCS might exceed the average CO2 emission level
of most tropical oceans.
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Körtzinger, A.: A significant CO2 sink in the tropical Atlantic Ocean associated with the Amazon10

River plume, Geophys. Res. Lett., 30, 2287, doi:10.1029/2003GL018841, 2003.
Laruelle, G. G., Dürr, H. H., Slomp, C. P. and Borges, A. V.: Evaluation of sinks and sources of

CO2 in the global coastal ocean using a spatially explicit typology of estuaries and continental
shelves, Geophys. Res. Lett., 37, L15607, doi:10.1029/2010GL043691, 2010.

Li, L., Nowlin, W. and Su, J.-L.: Anticyclonic rings from the Kuroshio in the South China Sea,15

Deep-Sea Res. Part I, 45, 1469–1482, 1998.
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Table 1. Physical-biogeochemical domains in the South China Sea categorized in the present
study.

Domain name/ Latitude Longitude Area
Domain # description Characteristics (◦ N) (◦ E) (103 km2) Surveying months

A Off the Pearl Summer river plume, 21–23 112–118 68 Oct 2003, Feb 2004, May 2004,
River Estuary winter cooling Jul 2004, Sep 2004, Apr 2005,

Feb 2006, Oct 2006, Nov 2006,
Dec 2006, Jul 2007, Sep 2007

B Northern basin Oligotrophic, 18–21 112–118 209 Oct 2003, Feb 2004, May 2004,
(including the winter cooling Jul 2004, Sep 2004, Apr 2005,
northern slope area) Feb 2006, Oct 2006, Nov 2006,

Dec 2006, Jul 2007, Sep 2007

C Central and Oligotrophic, warm all 7–18 110–117 928 Oct 2003, May 2004, Apr 2005,
southern basin the year round, Dec 2006, Jul 2007, Aug 2007,

coral reefs Sep 2007

D West of the Oligotrophic, cold 18–22 118–121 139 Sep 2004, Apr 2005, Dec 2006,
Luzon Strait eddy in winter Jul 2007, Apr 2008
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Table 2. Summary of the information of the sampling cruises between 2003 and 2008.

Domain Seasonal Sampling depth Sampler
Surveying time coverage coverage and RV configuration Refs.

Oct 2003 A, B, C Autumn 5 m (Shiyan 3) Modified from This study
Zhai et al. (2005b)

Feb 2004 A, B Winter 2 m (Yanping 2) Modified from This study∗

Zhai et al. (2005b)
May 2004 B, C Spring 5 m (Shiyan 3) Modified from This study

Zhai et al. (2005b)
Jul 2004 A, B Summer 2 m (Yanping 2) Modified from Zhai et al. (2009)

Zhai et al. (2005b)
Sep 2004 A, B, D Autumn 1 m (Shiyan 3) Modified from This study

Zhai et al. (2005b)
Apr 2005 B, C, D Spring 5 m (Dongfanghong 2) Modified from This study

Zhai et al. (2005b)
Feb 2006 A, B Winter 5 m (Haijian 83) Modified from This study

Zhai et al. (2005b)
Oct 2006 A, B Autumn 3 m (Kexue 3) Modified from This study

Jiang et al. (2008)
Nov 2006 A, B Autumn 5 m (Dongfanghong 2) Modified from This study

Jiang et al. (2008)
Dec 2006 A, B, C, D Winter 5 m (Dongfanghong 2) Modified from This study

Jiang et al. (2008)
Jul 2007 A, B, D Summer 5 m (Dongfanghong 2) Modified from This study

Jiang et al. (2008)
Aug 2007 C Summer 5 m (Dongfanghong 2) Modified from This study

Jiang et al. (2008)
Sep 2007 A, B, C Autumn 5 m (Dongfanghong 2) Modified from This study

Jiang et al. (2008)
Apr 2008 D Spring 5 m (Dongfanghong 2) GO8050, This study

Zhai and Dai (2009)

∗ Some of the data collected from this cruise in February 2004 has been reported in Jo et al. (2012).
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Table 3. Summary of pCO2, salinity and SST along cruise tracks, monthly satellite-derived
wind speed, and sea–air CO2 flux estimation in domain A. C2 is the nonlinearity effect of the
short-term variability of wind speeds over a month on the gas transfer velocity, assuming long-
term winds followed a Raleigh (Weibull) distribution (Wanninkhof, 1992; Jiang et al., 2008). See
texts for details. Errors in sea–air CO2 flux estimation are the temporal variability of CO2 fluxes
based on respective cruises/surveys.

Observation Aqueous Air Salinity SST Wind C2 Sea–air CO2 fluxes
time pCO2 pCO2 psu ◦C speed (mmolCO2 m−2 d−1)

µatm µatm ms−1 Survey Survey Seasonal
average average average
(W92) (S07)

Feb 2004 334±9 368.7±3.8 34.28±0.13 22.1±1.2 9.3±0.6 1.18 −8.59 −7.48
(315–356) (363.5–375.2) (33.97–34.52) (20.45–24.62) (7.9–10.1)

Feb 2006 355±4 370.5±0.3 34.29±0.18 23.4±0.4 10.0±0.4 1.13 −4.16 −3.63
(347–365) (370.0–371.1) (33.69–34.75) (22.65–24.05) (8.9–10.7) −4.8±2.6

12–15 Dec 358±4 No data 33.97±0.09 25.0±0.7 12.0±0.5 1.04 −6.29 −5.48 (winter)
2006 (350–371) (375a) (33.80–34.18) (22.90–25.72) (10.4–12.5)
22–23 Dec 377±17 381.7±1.8 34.28±0.18 22.6±2.1 12.0±0.5 1.04 −1.55 −1.35
2006 (345–415) (378.3–385.1) (33.63–34.51) (19.42–25.36) (10.4–12.5)

May 2004 379±3 359.8±1.4 34.18±0.06 28.0±0.3 5.2±0.3 1.43 1.80 1.57
(374–384) (358.8–360.8) (34.07–34.29) (27.49–28.41) (4.6–5.6) 0.4±1.6

Apr 2005 361±10 371.0±0.1 34.12±0.17 25.5±0.9 5.0±0.3 1.43 −0.85 −0.74 (spring)
(339–378) (370.9–371.1) (33.98–34.52) (23.57–26.48) (4.5–5.5)

Jul 2004 363±26 361.8±8.0 33.51±0.80 29.4±0.9 7.4±0.3 1.33 0.17 0.15
(312–400) (356.5–373.4) (31.56–34.33) (28.01–30.92) (6.8–8.2) −0.6±1.1

Jul 2007 350±29 367.0±1.5 32.96±0.68 30.2±0.6 5.2±0.4 1.27 −1.49 −1.30 (summer)
(281–414) (363.7–370.2) (31.89–34.40) (25.95–31.21) (4.5–5.8)

Oct 2003 365±14 No data 34.20±0.30 27.8±0.1 9.5±0.5 1.12 2.49 2.17
(349–406) (355b) (33.43–34.54) (27.59–27.94) (8.2–10.1)

Sep 2004 360±5 358.3±1.4 33.52±0.80 29.1±0.5 6.2±0.7 1.39 0.19 0.17
(350–364) (356.0–359.8) (33.02–33.80) (28.62–29.90) (4.7–7.3)

Oct 2006 360±8 363.3±0.6 33.67±0.29 27.4±0.6 8.4±0.6 1.14 −0.63 −0.55 0.2±1.9
(347–374) (362.1–364.1) (33.02–33.92) (26.71–28.41) (6.8–9.0) (autumn)

Nov 2006 361±6 369.4±1.5 33.87±0.12 25.9±0.4 8.9±0.3 1.22 −1.98 −1.72
(349–375) (367.6–372.9) (33.57–34.15) (25.14–26.59) (8.2–9.6)

Sep 2007 383±5 366.7±1.7 33.21±0.15 28.5±0.9 7.5±0.4 1.34 3.02 2.63
(369–396) (364.5–369.6) (32.91–33.42) (27.01–29.31) (6.9–8.4)

a The average of field-measured values between November 2006 and 22–23 December 2006.
b The average of field-measured values in domain B in the same cruise (Table 4).
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Table 4. Summary of pCO2, salinity and SST along cruise tracks, monthly satellite-derived
wind speed, and sea–air CO2 flux estimation in domain B. C2 and the errors in sea–air CO2
flux estimation are the same as in Table 3. See texts for details.

Observation Aqueous Air Salinity SST Wind C2 Sea–air CO2 fluxes
time pCO2 pCO2 psu ◦C speed (mmolCO2 m−2 d−1)

µatm µatm ms−1 Survey Survey Seasonal
average average average
(W92) (S07)

Feb 2004 344±6 365.6±2.7 34.19±0.12 23.0±0.7 7.8±0.9 1.19 −3.86 −3.36
(324–362) (361.4–371.1) (33.81–34.38) (21.90–24.70) (6.5–10.1)

Feb 2006 367±11 372.6±2.8 34.29±0.19 23.8±0.7 8.9±0.7 1.14 −1.28 −1.12 −0.9±1.9
(342–398) (368.9–377.7) (33.78–34.75) (22.50–25.29) (7.4–10.2) (winter)

11–12 Dec 376±9 No data 33.86±0.12 25.9±0.7 11.9±0.5 1.04 0.53 0.46
2006 (357.2–393.0) (375∗) (33.73–34.14) (24.33–26.49) (9.7–12.9)

May 2004 386±9 356.9±1.7 34.16±0.15 28.6±0.8 4.9±0.4 1.49 2.57 2.24
(369-398) (355.5–359.4) (33.90–34.38) (26.98–29.57) (4.1–6.1) 1.7±0.8

Apr 2005 387±15 373.0±2.6 34.08±0.10 26.3±0.9 5.2±0.6 1.33 1.26 1.09 (spring)
(363–444) (367.7–376.1) (33.86–34.25) (24.45–27.92) (4.1–6.5)

Jul 2004 383±11 357.7±1.1 34.17±0.17 29.8±0.6 6.9±0.7 1.33 3.92 3.41
(353–417) (355.7–360.4) (33.41–34.49) (27.66–31.96) (4.7–8.3) 3.2±0.3

Jul 2007 404±6 366.7±1.6 34.02±0.12 30.3±0.3 5.4±0.5 1.30 3.51 3.06 (summer)
(392–421) (362.6–370.8) (33.67–34.20) (29.09–30.96) (4.5–6.7)

Oct 2003 355±3 354.8±0.9 34.11±0.18 28.4±0.3 9.2±0.8 1.11 0.03 0.03
(349-359) (354.0–356.8) (33.65–34.44) (27.88–28.83) (6.8–10.8)

Sep 2004 364±3 357.7±1.6 33.80±0.14 28.8±0.3 6.6±1.2 1.38 0.96 0.84
(360–368) (354.7–361.0) (33.47–34.06) (28.45–29.30) (4.5–8.5)

Oct 2006 369±9 361.5±1.2 33.73±0.11 28.2±0.3 8.1±1.1 1.18 1.42 1.24 1.0±1.8
(345–385) (359.8–364.8) (33.28–33.90) (27.67–28.98) (4.9–9.9) (autumn)

Nov 2006 370±5 370.0±1.7 33.84±0.10 26.8±0.5 8.2±0.7 1.31 −0.07 −0.06
(358–380) (366.9–374.0) (33.63–34.10) (25.35–27.50) (6.4–9.7)

Sep 2007 394±8 364.0±0.8 33.21±0.14 29.7±0.5 6.5±0.4 1.55 4.83 4.20
(376–411) (361.6–365.1) (32.82–33.39) (28.60–30.40) (5.5–7.7)

∗ The average of field-measured values in November 2006 in domain B and during 22–23 December 2006 in
domain A (Table 3).
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Table 5. Summary of pCO2, salinity and SST along cruise tracks, monthly satellite-derived
wind speed, and sea–air CO2 flux estimation in domain C. C2 and most errors in sea–air
CO2 flux estimation are the same as in Table 3. In winter, however, the error presented here
was estimated based on the standard deviation of the wind speed, since only one cruise was
available in this season. See texts for details.

Observation Aqueous Air Salinity SST Wind C2 Sea–air CO2 fluxes
time pCO2 pCO2 psu ◦C speed (mmolCO2 m−2 d−1)

µatm µatm ms−1 Survey Survey Seasonal
average average average
(W92) (S07)

1–11 Dec 383±5 No data 33.42±0.19 27.7±1.3 10.2±1.4 1.12 2.18 1.90 1.9±0.5
2006 (368–404) (375∗) (33.03–33.89) (24.14–28.96) (6.0–12.3) (winter)

May 2004 386±7 356.5±2.2 33.77±0.15 29.6±0.5 5.6±0.5 1.38 3.10 2.70
(360–405) (350.9–362.8) (33.19–34.31) (27.65–30.65) (4.0–7.2) 2.8±0.2

Apr 2005 412±14 366.7±2.2 33.89±0.15 28.5±0.4 5.1±0.6 1.21 3.42 3.00 (spring)
(383–463) (362.6–373.6) (33.48–34.33) (27.47–29.63) (4.1–7.6)

Jul 2007 404±6 366.9±2.1 34.02±0.09 30.2±0.3 6.6±1.1 1.42 5.64 4.91
(393–415) (364.7–370.5) (33.70–34.11) (29.73–30.82) (4.4–9.1) 6.6±2.4

Aug 2007 410±14 364.5±2.4 33.68±0.24 28.3±0.8 8.1±1.3 1.30 9.58 8.35 (summer)
(380–440) (360.5–369.3) (32.44–34.04) (25.89–30.25) (1.4–10.6)

Oct 2003 367±9 354.7±3.1 33.26±0.47 29.4±0.8 6.9±1.2 1.35 1.85 1.62
(350–385) (349.1–361.6) (32.09–34.36) (27.58–30.47) (4.6–10.2) 3.7±2.9

Sep 2007 404±10 364.1±3.8 32.49±0.61 29.3±0.7 6.7±1.2 1.53 6.59 5.74 (autumn)
(376–436) (358.3–375.5) (30.56–33.68) (28.09–30.37) (4.2–11.5)

∗ The average of field-measured values between November 2006 and 22–23 December 2006 in domain
A (Tables 3).
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Table 6. Summary of pCO2, salinity and SST along cruise tracks, monthly satellite-derived
wind speed, and sea–air CO2 flux estimation in domain D. C2 and the error in sea–air CO2 flux
estimation in winter are the same as in Table 3. In the other seasons, however, the errors were
estimated based on the standard deviation of the aqueous pCO2 which primarily represented
the spatial variation of aqueous pCO2, since only one cruise was available in every season.
See texts for details.

Observation Aqueous Air Salinity SST Wind C2 Sea–air CO2 fluxes
time pCO2 pCO2 psu ◦C speed (mmolCO2 m−2 d−1)

µatm µatm ms−1 Survey Survey Seasonal
average average average
(W92) (S07)

15–16 Dec 367±5 No data 33.97±0.17 25.2±0.4 12.4±1.0 1.05 −3.15 −2.74
2006 (357–379) (375a) (33.74–34.37) (24.55–25.83) (8.9–14.6) 11.0±13.8
21–22 Dec 410±20 375.4±2.9 34.01±0.24 25.0±0.9 17.9±2.1b 1.04b 28.5 24.8 (winter)
2006 (379–469) (372.2–382.2) (33.50–34.47) (23.58–27.08) (11.4–22.3)

Apr 2008 370±13 378.6±2.2 34.04±0.13 27.9±0.4 6.5±0.8 1.34 −1.24 −1.08 −1.1±1.5
(355–397) (374.0–382.7) (33.66–34.28) (26.82–28.72) (4.6–8.8) (spring)

Jul 2007 400±6 366.5±1.6 33.92±0.16 30.3±0.4 5.1±0.4 1.38 2.95 2.57 2.6±0.4
(364–417) (363.5–370.4) (33.26–34.18) (29.38–31.65) (4.3–6.9) (summer)

Sep 2004 361±3 356.8±1.7 33.78±0.22 28.9±0.3 7.5±0.5 1.39 0.86 0.74 0.7±0.5
(354–366) (354.2–359.9) (33.47–34.23) (28.41–29.50) (6.4–9.7) (autumn)

a The average of field-measured values during 21–22 December 2006.
b Based on field-measured wind speeds at 10 m height by the onboard weather station along the survey
transect.
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Fig. 1. Map of the South China Sea (SCS) area under study. Framed areas indicate the four
physical-biogeochemical domains this study categorized, as detailed in Table 1. Blue curves
represent the basin wide cyclonic gyre in winter (solid curve in the SCS) and the anticylonic
gyre over the southern half of the sea during the summer (dashed curve in the SCS) and the
Kuroshio and its intrusions (solid curves around the Luzon Strait) into the northern SCS. All
published research related to air–sea CO2 fluxes in the SCS are summarized (see the text for
details). Note that the air–sea CO2 flux at the SEATS station is well studied in Chou et al. (2005),
Tseng et al. (2007), and Sheu et al. (2010b).
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Fig. 2. Spatial distribution of sea surface pCO2 during seasonal surveys conducted between
October 2003 and April 2008.
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 Fig. 3. Time series of (a) field-measured sea surface temperature (SST) and (b) salinity

(mean± standard deviation). In panel (a), long-term monthly mean SST (NODC WOA98 data,
http://www.esrl.noaa.gov/psd/) at the position of 20◦ N 116◦ E is plotted as a grey curve.
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 Fig. 4. Field-measured wind speeds at 10 m height (a) and monthly satellite-derived sea surface

wind speeds (b) (QuikSCAT, Level 3). Data are shown as mean±standard deviation. The NCEP
monthly mean sea surface wind speed (http://www.esrl.noaa.gov/psd/) at 20◦ N 116◦ E is plotted
as a grey curve.
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 Fig. 5. Time series of field-measured CO2 in dry air (mean± standard deviation) during Oc-

tober 2003 to April 2008. A monthly mean data set for the Mauna Loa station (NOAA/ESRL,
www.esrl.noaa.gov/gmd/ccgg/trends/) is also plotted as a grey curve.
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Fig. 6. Sea–air CO2 flux estimation in the biogeochemical domains in the South China Sea
proper.
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Fig. 7. Scatter plots of pCO2 as a function of temperature (a) and temperature normal-
ized pCO2 versus salinity (b) in domain A. Dashed lines in panel (a) represent functions of
pCO2 (µatm)=390×e0.0423(SST−26) (the upper line) and of pCO2 (µatm)=350×e0.0423(SST−26) (the
lower line) according to Zhai et al. (2005a).
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Fig. 8. Scatter plots of pCO2 as a function of temperature (a) and temperature normalized
pCO2 versus salinity (b) in domain B. Dashed lines in panel (a) are the same as in Fig. 7a.
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Fig. 9. Scatter plots of pCO2 as a function of temperature (a) and temperature normalized
pCO2 versus salinity (b) in domain C. Dashed lines in panel (a) are the same as in Fig. 7a.
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 Fig. 10. Scatter plots of pCO2 as a function of temperature (a) and temperature normalized
pCO2 versus salinity (b) in domain D. In panel (a), dashed lines are the same as in Fig. 7a,
while the real line represents a function of pCO2 (µatm)=−26.737×SST(◦C)+1116.9 obtained
during a neighboring research on 18–20 December 2006 according to Xu et al. (2009).
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