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Abstract. Based upon 14 field surveys conducted be-of the atmospheric C with sea—air CQ flux values of
tween 2003 and 2008, we showed that the seasonal paf.46+0.43molnT2yr—1 in the northern SCS slope/basin,
tern of sea surface partial pressure of CPCO,) and 1.374+0.55molm2 yr—1 in the central/southern SCS, and
sea—air CQ fluxes differed among four different physical- 1.21+1.48 molnt2yr—! in the area west of the Luzon
biogeochemical domains in the South China Sea (SCSptrait. However, the annual sea—air £&xchange was nearly
proper. The four domains were located between 7 andn equilibrium (—0.44+0.65molnr2yr—1) in the area off
23N and 110 and 121E, covering a surface area of the Pearl River estuary. Overall the four domains contributed
1344x 103km? and accounting for~54% of the SCS (184 10)x 10'2g Cyr ! to the atmospheric CO
proper. In the area off the Pearl River estuary, relatively low
pCO; values of 320 to 390 patm were observed in all four
seasons and both the biological productivity and,GM-
take were enhanced in summer in the Pearl River plumel Introduction
waters. In the northern SCS slope/basin area, a typical sea-
sonal cycle of relatively higlyCO; in the warm seasons and As an important component of global carbon cycling, coastal
relatively low pCO; in the cold seasons was revealed. In ocean carbon has received considerable attention during the
the central/southern SCS area, moderately high sea surfagest three decades (e.g., Walsh et al., 1981; Smith and Hol-
pCO, values of 360 to 425 patm were observed through-libaugh, 1993; Tsunogai et al., 1999; Borges et al., 2005; Cai
out the year. In the area west of the Luzon Strait, a majoret al., 2006; Chen and Borges, 2009; Laruelle et al., 2010;
exchange pathway between the SCS and the Pacific Oceahiu et al., 2010; Borges, 2011; Cai, 2011; Dai et al., 2013).
pCO, was particularly dynamic in winter, when northeast Recent estimates of global coastal ocean sea—ajrflDes
monsoon induced upwelling events and strong outgassindgiave converged to conclude that the coastal ocean is an at-
of CO,. These episodic events might have dominated themospheric C@sink of 0.2 to 0.4 Pg Cyr* (Pg=16°g; Cai
annual sea—air COflux in this particular area. The esti- et al., 2006; Chen and Borges, 2009; Laruelle et al., 2010;
mate of annual sea—air GOluxes showed that most ar- Liu et al., 2010; Borges, 2011; Cai, 2011; Dai et al., 2013).
eas of the SCS proper served as weak to moderate sourcd®is current estimate is a significant change from the earlier
speculation of up to 1 Pg Cyt (Tsunogai et al., 1999), but

Published by Copernicus Publications on behalf of the European Geosciences Union.



7776 W.-D. Zhai et al.: Seasonal variations of sea—air C&Xluxes in the SCS

confirms that the coastal ocean plays a disproportionally im-moderate source of atmospheric £@ warm seasons (Re-
portant role in the global ocean carbon budget. hder and Suess, 2001; Zhai et al., 2005a; Chen et al., 2006;
It must be pointed out that the above compilation of the Zhai et al., 2009; Dai et al., 2013). In shaping this source
global scale sea—air GOluxes in the coastal ocean is often term, at least in the basin area of the SCS, the inflow of the
based on snapshot measurements in individual systems. I80,-enriched North Pacific deep water through the Luzon
many of these coastal systems, spatial and temporal chang&rait and its subsequent upward transport into the thermo-
in CO; fluxes remain to be resolved as large uncertainties areline through vertical mixing and upwelling may have played
often associated with the presently reportecb@@xes inin-  acritically important role (Dai et al., 2013). In contrast, based
dividual systems, which would in turn impact on the estima- on time series observations at the SEATS (South-East Asian
tion of global fluxes. From the perspective of predictability Time Series Study) station (185 N, 11535 E), Chou et
of future change, both the variation in time and space as welhl. (2005), Tseng et al. (2007), and Sheu et al. (2010b) noted
as the inherent controlling processes need to be better urseasonal/interannual variability in carbon chemistry includ-
derstood. Adding even more complexity is that the coastaling computed sea surface partial pressure o CRCO,)
ocean is very often characterized by the highest spatial grabetween 1999 and 2008, and report that the northern SCS
dient in both physics and biogeochemistry, and hence has inserves as a very weak sink of atmospheric,®® extrapo-
herited complicated and differing physical-biogeochemicallating the SEATS results to the entire region.
domains. Previous estimates of annual sea—air,Cildixes in the
The South China Sea (SCS) is a marginal sea system er8CS proper are either based on limited transects/stations
compassing a large variety of physical-biogeochemical do{Zhai et al., 2005a; Chen et al., 2006) or spatially extrapo-
mains. The SCS proper, located between 4 afid\2and 105  lated from time-series observations at a single site (Chou et
and 122 E and characterized by either a tropical or subtropi-al., 2005; Tseng et al., 2007; Sheu et al., 2010b). We con-
cal climate, has both deep basins and extensive shelf systentend that this limited spatial coverage has hampered the bet-
in the northern and southern boundaries (Fig. 1) associateter assessment gfCO, variability in the SCS (Fig. 1). In
with large riverine inputs. The SCS is also featured by dy-our study, we greatly improved the current coverage to the
namic exchange with the western Pacific Ocean via an uppemajority of the SCS proper by applying a large amount of
part exchange with the Kuroshio and overflow at depth (Chemew data sets obtained from multiple years and large-scale
etal., 2001; Dai et al., 2013; Du et al., 2013). At this dynamic underway surveys, extending our mechanistic understanding
interface, mesoscale processes such as eddies are frequently pCO, variability in this important tropical marginal sea,
observed. As such, enriched physical-biogeochemical dowhich is necessary before placing the SCS,GlDx in a
mains are concentrated in the SCS (Fig. 1), which also repreglobal context. Based on our multiple-year measurements,
sents the lines of the present study. We considered four conae were much better positioned to provide £ftixes in the
trasting physical-biogeochemical domains, and were able t&CS proper at a resolution of seasonal levels.
significantly improve our understanding regarding the spatial
variability of CO, fluxes.
Among these four domains, A was adjacent to the PearR Study area
River estuary (PRE) and was thus influenced by the summer
estuarine plume (Gan et al., 2009; Cao et al., 2010; Han eThe SCS proper in this study is bounded by the China main-
al., 2012). Domain B covered the slope and deep basin aredand on the north and northwest sides, Vietnam on the west
in the northern SCS, which is typically oligotrophic (Wong and southwest sides, the Sunda Shelf and Borneo on the
et al., 2007) and low in productivity (Chen and Chen, 2006).south side, Taiwan Island on the northeast side, and the
Domain C covered a large portion of the SCS basin and isPhilippines on the east side. The total area of the SCS proper,
characterized by a tropical oligotrophic environment (Ning excluding the Gulf of Thailand and the Gulf of Tonkin, is es-
et al., 2004). Domain D was located west of the Luzon Straittimated as approximately 2:610° km? (Fig. 1). In its north-
and was impacted by the Kuroshio intrusions, which gen-ern part, climatic variations of the sea—air interface are pri-
erate various mesoscale eddies and internal waves (e.g., lmarily dominated by the Asian monsoon. The rain-bearing
et al., 1998; Yuan et al., 2006; Chen et al., 2007a; Shetsouthwest monsoon lasts from June to September, but the
et al., 2010a). We must point out that beyond the four do-northeast monsoon, typically with higher wind speed prevails
mains that the present study is examining, other physical#n winter, from November to March (Han, 1998).
biogeochemical processes may dominate. For example, sum- The center of the SCS proper is a deep basin with a maxi-
mer coastal upwelling-induced G@ynamics must be con- mum depth exceeding 4700 m, which is surrounded by exten-
sidered in the southwestern part of the Taiwan Strait, in thesive shelf systems in the northern and southern boundaries. In
eastern coast off Hainan Island, and in the eastern coast othe east and west boundaries, however, the shelves are narrow
Vietnam (e.g., Zhai et al., 2009; Cao et al., 2011). and the slopes are steep. The SCS proper has a basin-wide
Thus far, limited data sets with different spatial cover- cyclonic gyre in the winter and an anticyclonic gyre over the
age have suggested that the SCS proper serves as a weaksmuthern half in the summer (Fig. 1). The latter is usually
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Fig. 1. Map of the South China Sea (SCS) proper 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 anticyclonic
gyre over the southern half of the sea during the summer (dashed curve in the SCS) and the Kuroshio and its intrusions (solid curves arounc
the Luzon Strait) into the northern SCS. All published studies related to sea—gifl &@s in the SCS proper are summarized (see the text

for details). Note that the sea—air @@uxes at the SEATS station have been well studied in Chou et al. (2005), Tseng et al. (2007), and Sheu

et al. (2010b).

associated with an eastward jet off the coast of Vietham. Thdace pCO, in this domain is dependent on sea surface tem-
northern SCS also exchanges with the Kuroshio via the Luperature (SST) following a simple exponential equation of
zon Strait of 2000 m depth. Although the SCS shelf systemg370+ 20 patm)x ¢%0423(SST-26)  pomain C was located
are fed by two of the world’s major rivers (the Mekong and between 7 and TN and 110 and 11°7E. As the deep basin
Pearl rivers) and some smaller rivers featuring either tropi-of the SCS, its upper mixed layer is shallow all the year
cal or subtropical watersheds, the majority of the SCS properound. Both mesoscale eddies and the Mekong River plume
is typically oligotrophic with low productivity (Ning et al., have impacts on the southwestern part of this domain during
2004; Chen and Chen, 2006; Du et al., 2013). In our studythe southwest monsoon period (e.g., Chen et al., 2010; Hu et
we focused on four selected physical-biogeochemical doal., 2011). However, regionally averaged primary production
mains in the SCS proper (Fig. 1, Table 1), where the spaand sea surface chlorophyll concentrations vary within lim-
tial coverage of our observational data was satisfactory at ated ranges (Tan and Shi, 2009; Sasai et al., 2013). On the
temporal resolution of seasonal levels (Fig. 2). other hand, due to abundant coral reefs on Nansha, Xisha,
Among the four domains, A could absorb €®om the  and Zhongsha islands, this domain was potentially influenced
atmosphere in the spring/summer bloom periods (Dai etby CaCQ formation, which releases GGnto the atmo-
al., 2008; Zhai et al., 2009; Cao et al., 2011), while dur- sphere (Dai et al., 2009; Yan et al., 2011). Domain D was
ing the northeast monsoon seasons it was influenced by thiecated between 18 and 2l and 118 and 121E, where
cooling effect and intrusion of the Kuroshio (Fig. 1). Do- the Kuroshio intrusions generate mesoscale cyclonic eddies
main B was located between 18 and°RAland 112 and inthe northeast monsoon season (Sheu et al., 2010a) and thus
118 E. Zhai et al. (2005a) suggest that most of the sea surinduce pumping/entrainment of nutrients and @m the
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Table 1. Physical-biogeochemical domains in the South China Sea categorized in the present study.

Domain Domain name/  Characteristics Latitude Longitude Area Surveying months
# description {N) (°E) (10°km?)
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, winter 18-21 112-118 209 Oct 2003, Feb 2004, May 2004,
(including the  cooling Jul 2004, Sep 2004, Apr 2005,
northern Feb 2006, Oct 2006, Nov 2006,
slope area) Dec 2006, Jul 2007, Sep 2007

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

Luzon Strait eddies in winter Apr 2008

depths (e.g., Xu et al., 2009; Shang et al., 2012; Sasai et al. T
2013). The total area of the four domains was estimated as| — """,
1344x 10°km?, accounting for~54 % of the SCS proper ||~/

(/] f Winter v /
e i

(Fig. 1). )
3 Sampling and methods »(5) = T

Between October 2003 and April 2008, a total of 14 cruises Sp”Png-%jtS”mPe{g_’ () jSummer 7 ()

(Table 2) were made aboard the following vessels: R/V [ <7 | Ay oo =L 4K

Shiyan 3(October 2003, May 2004, and September 2004), ;
R/V Yanping 2(February 2004 and July 2004), RMNai-
jian 83 (February 2006), R/\Kexue 3(October 2006), and

i
T g

R/V Dongfanghong Zthe rest). During these cruises, except | (zgf)nf)

for September 2004, quasi-surface water was continuously , 170 - 230
pumped into instruments for analysis from a side intake at a P ;gg : ggg
depth of 2 to 3m (for R/\Wanping 2and R/VKexue 3 or 4 . 320 - 360
to 5m (for R/V Shiyan 3 R/V Haijian 83, and R/VDong- 380 - 400
fanghong 2. Sampling sites/cruise tracks are presented in | = : 128 : iég
Fig. 2. During the September 2004 survey (Fig. 2g), surface F- e 450 - 500
water at 0.5 to 1 m depth was pumped up and measured foi} o

30min at every station. In February 2006, a parallel study

was carried out at and around the Xisha Islands (i.e., Dai eFig. 2. Sampling sites and spatial distributions of sea surfac@,

al., 2009), and the data measured underway (5 to 10 nawduring mapping surveys conducted between October 2003 and

tical miles off the islands) are also plotted in Fig. 2b. Dur- April 2008. The legends fofa) to (i) are the same.

ing the continuous/discrete pumping, the temperature, salin-

ity, and pCO, of the seawater were continuously measured

and recorded. Note the July 2004 cruise (Fig. 2e) has been 1 Temperature and salinity determination

described in Zhai et al. (2009) and some of the data col-

lected in February 2004 (Fig. 2a) have been reported in Jgy,ing the cruises, the temperature and salinity of the

etal. (2012); see Table 2 for details. pumped seawater were continuously measured using either
a SEACAT thermosalinograph system (CTD, SBE21, Sea-
Bird Co., USA) (February 2004 and July 2004), a set of
Idronaut Multiparameter “Flow Through” sensor modules
(IDRONAUT S.r.l., Italy) (April 2008), or a YSI 6600 meter
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Table 2. Summary of the information of the sampling cruises between 2003 and 2008.

Surveying Domain Seasonal Sampling depth Sampler Refs.
time coverage coverage and R/V configuration

Oct2003 A,B,C Autumn 5 mShiyan 3 Modified from Zhai et al. (2005b)  This study
Feb 2004 A/B Winter 2 mYanping 2 Modified from Zhai et al. (2005b)  This stutly
May 2004 A,B,C Spring 5 mhiyan 3 Modified from Zhai et al. (2005b)  This study
Jul 2004 A, B Summer 2 m¥@anping 2 Modified from Zhai et al. (2005b)  Zhai et al. (2009)
Sep 2004 A,B,D Autumn 1 nmShiyan 3 Modified from Zhai et al. (2005b)  This study
Apr2005 A,B,C Spring 5 m@ongfanghong 2 Modified from Zhai et al. (2005b)  This study
Feb2006 A,B Winter 5 mHaijian 83) Modified from Zhai et al. (2005b)  This study
Oct2006 A,B Autumn 3 mKexue 3 Modified from Jiang et al. (2008)  This study
Nov 2006 A,B Autumn 5 mDongfanghong? Modified from Jiang et al. (2008)  This study
Dec 2006 A,B,C,D Winter 5 mQongfanghong 2 Modified from Jiang et al. (2008)  This study
Jul 2007 A,B,C,D Summer 5nDpngfanghong® Modified from Jiang etal. (2008)  This study
Aug 2007 C Summer 5 nDongfanghong? Modified from Jiang et al. (2008)  This study
Sep 2007 A,B,C Autumn 5 nDongfanghong?  Modified from Jiang et al. (2008)  This study
Apr2008 D Spring 5 mDongfanghong® GO8050, Zhai and Dai (2009) This study

* Some of the data collected from this cruise have been reported in Jo et al. (2012).

(Yellow Springs Instrument Co., USA) (the other cruises). 3.3 pCO; determination

All salinity data were corrected to the practical salinity scale

1978 by intercalibration testing either shortly before or dur- During most cruises, other than the April 2008 cruise, im-
ing the cruises. Also based on these intercalibration testsproved systems after Zhai et al. (2005b) and/or Jiang et
we estimated that all the onboard temperature sensors werd. (2008) were used to measup€O,. During our April
consistent with the others at an error level of less than2008 cruise, an automated flowipgO, measuring system
0.1°C. During most cruises, other than the February, July,(GO8050, General Oceanics Inc., USA) was used (Zhai and
and September cruises in 2004, SST was calculated via orPai, 2009). In these systems, a Li-Conondispersive in-
board temperature minus 02 (in cold season surveys) frared spectrometer (Li-6252 during the October 2003 and
or 0.3°C (in warm season surveys) based on intercompariMay 2004 surveys, Li-7000 during the other cruises) was
son experiments between underway pumping measurementssed to measure dried G@ractions ¢COy) in the equili-

and vertical profile measurements at the stations. During thérator and in the air (Zhai et al., 2005b; Zhai and Dai, 2009).
February 2004 and July 2004 cruises, however, SST was corf=0r calibration purposes, a series of £gas standards with
tinuously measured using the in situ temperature sensor of COz values from 138 to 967 ppmv (parts per million vol-
the SBE21 system. During the September 2004 cruise, SS¥Mes in dry air; the same hereafter) were applie€iO; was

was discretely measured using another SEACAT thermostransformed from correctedCO, based on barometric pres-
alinograph system (SBE911+, Sea-Bird Co., USA) at everysure along the transect or air pressure in the Li-7000 detec-
station. All the continuous data were recorded every 6 to 12 dor. Intercalibration testing showed that both air pressure data

and averaged to 1 min. sets were consistent at a relative error level of less than 0.3 %
(i.e.,<3hPa). The Weiss and Price (1980) saturated water
3.2 Meteorological data vapor pressure and the Takahashi et al. (1993) temperature

effect coefficient of 4.239%C~! were used to calculate in
Meteorological data (wind speed, wind direction, and baro-sjtu pCO,. The overall uncertainty of theCO, measure-
metric pressure) were collected with an onboard weather staments angpCO, data processing is less than 1 % (Zhai et al.,
tion at 10 m above the sea surface. Data were recorded e\»005a; Zhai and Dai, 2009).
ery minute. For the purpose of flux calculation, however, CQO, concentration in the air was typically determined ev-
satellite-derived monthly mean wind speeds (QUIKSCAT,ery 1 to 3h in the day and every 4h in the night. The bow
level 3, http://podaac.jpl.nasa.gpreferenced at 10 m above intake from which atmospheric air was pumped was installed
the sea surface were used. NASA's Quick Scatterometer covat 6 to 10 m above the water surface to avoid contamination
ers the region twice a day at 06:00 and 18:00 LT. The spatiafrom the ship. For the purpose of sea—air flux estimation, the
resolution is 25 km. The monthly mean wind speed values forajr ,CO, data were corrected to 100 % humidity at in situ
a specific domain were calculated by averaging all of thosesST and salinity.
available QuikSCAT wind speed data for the month.

www.biogeosciences.net/10/7775/2013/ Biogeosciences, 10, 77F3-2013
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3.4 Sea—air CQ flux estimation

The flux calculation was based on the form#la= k£ x Ky x
ApCOy, wherek is the gas transfer velocity of GOKy is
the solubility of CG in seawater (Weiss, 1974), angpCO,
is the mean sea—apCQO, difference. A positive flux value
represented the net G@xchange from sea to atmosphere
and a negative flux value referred to the net,G&change
from atmosphere to sea. Since th@alue measured on the
spot in the SCS was not available, we used the Sweeney e
al. (2007) empirical functions of wind speed at 10 m height
(u10) to calculate the value, which is a modification of Wan-
ninkhof (1992). We also calculated tkhevalue based on the
latter so that our results would be comparable with those of
most other studies.

The Sweeney et al. (2007) (SO07 for short) equation is

@ Domain A a
k(cm h™1) = 0.27x C2x (u10/m s 1) x (S¢/660 5, (1) 3 | = DomainB |
= Domain C
and the Wanninkhof (1992) (W92 for short) equation is & Domain D
31 . : : " "
k(cm h’l) =0.31x C2x (u10/M 371)2 x (SC/660)*0'5 2) Jan-03  Jan-04  Jan-05  Jan-06  Jan-07  Jan-08  Jan-09

Observation time

whereuyo is the satellite-derived monthly mean wind speed rig 3 seasonal variations of sea surface temperature (83nd
referenced at 10 m above the sea surfaiis the nonlinear-  sajinity (b) in domain A (pink curves), in domain B (red curves),
ity coefficient, assuming long-term winds followed a Raleigh in domain C (emerald green curves), and in domain D (grey dashed
(Weibull) distribution (Wanninkhof, 1992; Jiang et al., 2008); curves) based on data presented in Tables 3, 4, 5, and 6. Real data
Scis the Schmidt number of COn seawater; and 660 is the are shown as meahstandard deviation.
Scvalue in seawaterS(= 35) at 20°C (Wanninkhof, 1992).

Following Wanninkhof (1992) and Jiang et al. (2008), the
effect of the short-term variability of wind speeds (Bates andVery high SST values between 2&71.3°C in December
Merlivat, 2001) over a month on the gas transfer velocity was2006 and 30.2-0.3°C in July 2007 were observed in this

determined using domain in all seasons (Fig. 3a, Table 5).
, 5 Survey-averaged sea surface salinity varied between
C2= (u$)mean/ (Umean ", (3)  32.5+0.6 in September 2007 in domain C and 34.8.2

in February 2006 in domains A and B (Fig. 3b). Most low-

wherey  is all of the available satellite-derived near-surface salinity values of< 33.5 were observed in domains A and

wind speeds (units: m'$, typically twice a day along with = "\yhich were under the influence of river plumes and/or

Ehe sp;a_tlal resolution of 25km) in a momh’ the SUbscrIptheavy precipitation. In September 2007, the southwestern

mean” is to calculate the average, anfleanis the monthly  gg'ig highly influenced by the Mekong River Diluted Wa-

mean W'.nd speed (units: mls)._ The global mearC2 has o, (MKRDW) (Chen et al., 2010). Therefore a very low sea

been estimated as 1.27 (Wanninkhof et al., 2009). surface salinity of 32.5- 0.6 was observed in domain C (Ta-
ble 5). Most high-salinity values of 34.1 were detected in

4 Results domains A and B (Tables 3 and 4).

4.1 SST and salinity 4.2 Wind speed

Based on data presented in Tables 3, 4, 5, and 6, se&®urvey-based mean wind speed varied between
sonal variations of SST in the four domains were plotted in2.2+1.5ms?! in February 2006 in domain A and
Fig. 3a. Survey-averaged SST varied between 22L2°C 17.9+2.1ms! on 21-22 December 2006 in domain D.

in February 2004 in domain A and 3Gt30.4°Cin July 2007  Most field-survey mean wind speed values were lower
in domain B (Fig. 3a). Domain A was the only area where thethan the monthly mean satellite-derived sea surface wind
lowest survey-averaged SST values of less thatt2®ere  speeds (Fig. 4), presumably due to the ship contamination
observed (Table 3), while we observed the highest SST ofGriessbaum et al., 2010) and/or the observation periods
30.82 to 31.65C in all domains in July 2007. In domain C, selected. Basically, the sea surface wind was stronger in
however, the seasonal variation of SST was inconspicuousiortheast monsoon seasons than in southwest monsoon

Biogeosciences, 10, 777%#91 2013 www.biogeosciences.net/10/7775/2013/
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seasons (Tables 3 to 6). Note that we observed a very strongffshore highpCO, values of 420 to 463 patm were mostly
wind with a two-day mean wind speed of 1&2.1ms?! detected in domain C in April 2005 (Table 5). In summer
in late December 2006 in domain D, which was50 % and autumn, most relatively highCO, values of 420 to
higher than the monthly mean satellite-derived sea surfacé40 patm (Table 5) were associated with the cyclonic cold

wind speed (Table 6). eddies observed during our August—September 2007 cruise
in the southwestern SCS (Chen et al., 2010; Hu et al., 2011).
4.3 CO, concentrations in the air It should also be noted that, in the four domains, very low

sea surfacegCO;, values of 280 to 320 patm were only ob-
Field-measured atmospheric €@oncentrations at 10m served in domain A and mostly in summer (Table 3). In do-
ranged between 34t 3 ppmv in the autumns of 2003 and main B, sea surfaceCO, was always higher than 320 patm
2004 and 393 2 ppmv in April 2008. Over the research (Table 4), while in domains C and D, the lowest sea surface
period of 6yr, a reasonable increasing trend was revealeghCO, was measured around 350 patm (Tables 5 and 6).
(Fig. 5). In general, both seasonal and interannual variations On the other hand, interannual and/or intraseasonal varia-
followed the variations of atmospheric G@ the North Pa-  tions of sea surfaceCO, may occur (Fig. 2). For example,
cific Gyre (Mauna Loa station), although terrestrial sourcesduring our two February cruises (in winter), the sea surface
have been found to influence the atmospherio@D10m  pCO; increased approximately 20 patm from 2004 to 2006
over the SCS proper, making atmospheric.G@ncentra-  (Figs. 2a—b), i.e., 334 9 patm (domain A) and 34# 6 patm
tions here more variable than those in the open ocean. It i§gdomain B) in February 2004 versus 3b3 patm (do-
worth noting that relatively higher atmospheric £®as ob-  main A) and 367 11 patm (domain B) in February 2006
served in the northeast monsoon periods and relatively lowe(Tables 3 and 4). During our two July cruises (in sum-
atmospheric C@was measured in the southwest monsoonmer), sea surfacgCO, in domain B also increased ap-

periods. proximately 20 patm from 38& 11 patm in July 2004 to
404+ 6 patm in July 2007 (Table 4). In autumn, sea surface
4.4 SeasurfacgpCO, pCO, values averaged 36514 patm in domain A during

most cruises other than in September 2007 (Table 3). During
In the four domains under study, sea surfac@0O, ranged the latter cruise, a relatively high autumn sea surfpC&,
between 280 and 470 patm (Tables 3 to 6) and mostly rangedalue of 383t 5 patm was revealed in domain A (Table 3).
between 320 and 420 patm (Fig. 2). In general, sea surfackh domain B, the autumn sea surfap€0, values ranged
pCO;, increased southward both in individual cruises suchfrom 3554 3 patm in October 2003 through 3643 patm
as our 01-11 December 2006 survey (Fig. 2c) and in theén September 2004 and 3699 patm in October—November
composite seasonal distributions p€O, based on arith- 2006 to 383t 5 patm during the September 2007 cruise (Ta-
metical averages over°k 1° grid boxes (Fig. 6). In do- ble 4).
mains A, B, and D, many survey-averaged sea surféi®, Outside the four domains, sea surfageO, distributions
values were fairly close to the air-equilibratedCO, lev- were even more dynamic especially along the southern China
els (360 to 370 patm) (Fig. 7). In domain C, most survey- coastline. Except for extremely high sea surfa€©, of 470
averaged sea surfage€ O, values were quite high (Fig. 7¢), to 4500 patm in the PRE and at several coastline observation
although some data in October 2003 were measured as 35tes (Fig. 2; Zhai et al., 2005b, 2009), extremely low sea
to 360 patm (Fig. 2h) and very close to the air-equilibratedsurfacepCO, values of 230 to 280 patm were observed in
pCO, level of this specific survey (Table 5). We note that in limited sea areas (Fig. 2). For example, |Ip&£O, values
a parallel study in February 2006, relatively low sea surfaceof 234 to 280 patm were revealed in spring in the southern
pCO, of 359 to 362 patm is also observed 5 to 10 nautical Taiwan Strait and in a limited area off the PRE (Fig. 2d). The
miles away from the Xisha Islands (Fig. 2b; Dai et al., 2009), lowest pCO, values of 229 to 280 patm were observed in a
which is~ 10 patm lower than the nearby atmosphe@O, limited area off the PRE in July 2004 (Fig. 2e; Zhai et al.,
obtained in this specific month in domian B (Table 4). 2009).

It must be pointed out that theCO, variability in the SCS Despite the heterogeneity of sea surfag@O, distribu-
proper was still remarkable both in terms of time and spacetions, we can reveal distinct seasonal cycles of sea surface
For example, in domain D we observed a large variation of pCO in the four domains, the composite of which is shown
sea surfacggCO, between 357 and 379 patm on 15-16 De- in Fig. 6. To summarize, nearly air-equilibrated and/or rela-
cember 2006 and between 379 and 469 patm on 21-22 Ddively low survey-averaged sea surfag€O, values of 330
cember 2006 (Table 6). The peak values of 440 to 470 patnto 350 patm were observed in domain A in all four seasons
were observed in the 16-nautical-mile sea route around thé€Table 3, Fig. 7a); in domain B, a typical seasonal cycle of
central site at 1812 N and 11935 E (Fig. 2c). Similartothe  CO, supersaturation in the warm seasons (survey-averaged
high pCO; observed in domain D on 21-22 December 2006, pCO, from 383 to 404 patm) and nearly air-equilibrated
we also measured relatively higiCO, of 377+ 17 patm in ~ and/or relatively low averagedCO, of 344 to 376 patm in
domain A on 22-23 December 2006 (Table 3). In spring,the cold seasons was revealed (Table 4, Fig. 7b); in domain C,
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Table 3. Summary ofpCO», salinity, and SST along cruise tracks, monthly satellite-derived wind speed, and seasdiuxC€stimation

in domain A. The annual sea—air G@ux amounts to—0.44+ 0.65 mol 2 yr—1 using the SO7 equation 6r0.51+ 0.75 mol n 2 yr—1

using the W92 equation. Note th@e 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 text for details.
Errors in sea—air C®flux estimation are the temporal variability of G&luxes based on respective cruises/surveys.

Sea-air CQ fluxes (mmolC@ m—2d~1)

Observation  Aqueous Air Salinity SST Wind Cc2 Survey  Seasonal Survey  Seasonal
time pCOy pCOy °C speed average average average average
patm patm mst (W92)  (W92) (S07)  (S07)
Feb 2004 3349 3687+3.8 3428+0.13 221+12 93+06 1.18 -859 —7.48
(315°-356) (363.5-375.2) (33.97-34.52) (20.45-24.62) (7.9-10.1)
Feb 2006 3554 3705+0.3 3429+0.18 234+04 100+£04 113 -416 —3.63
(347-365)  (370.0-371.1) (33.69-34.75) (22.65-24.05) (8.9-10.7) -5.6+3.1 —48+26
12-15Dec  35&4 No data 337+£0.09 250+0.7 120+05 1.04 -6.29 (winter) —5.48 (winter)
2006 (350-371) (31 (33.80-34.18) (22.90-25.72) (10.4-12.5)
22-23Dec 37418 3817+18 3428+0.18 226+21 120+05 1.04 -155 —1.35
2006 (345-415)  (378.3-385.1) (33.63-34.51) (19.42-25.36) (10.4-12.5)
May 2004 3793 3598+ 1.4 3418+0.06 280+0.3 52+0.3 143 1.80 157
(374-384)  (358.8-360.8) (34.07-34.29) (27.49-28.41) (4.6-5.6) 5+09 04+16
Apr 2005 361+ 10 3710+0.1 34124+0.17 255+0.9 50+0.3 1.43 -0.85 (spring) -0.74 (spring)
(339-378)  (370.9-371.1) (33.98-34.52) (23.57-26.48) (4.5-5.5)
Jul 2004 363t 26 3618+8.0 3351+0.80 294+0.9 74+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) —-0.7+1.2 —-0.6+1.1
Jul 2007 35Q: 29 3670+15 3296+0.70 302+0.6 52+0.4 1.27 -1.49 (summer) —1.30 (summer)
(281-414)  (363.7-370.2) (31.89-34.40) (25.95-31.21) (4.5-5.8)
Oct 2003 365t 14 No data 320+030 278+0.1 95+0.5 112 2.49 2.17
(349-406) (355 (33.43-34.54) (27.59-27.94) (8.2-10.1)
Sep 2004 3665 3583+14 3352+0.80 291+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 360t 8 3633+0.6 3367+0.29 274406 84106 114 -063 02+22 —-055 02419
(347-374)  (362.1-364.1) (33.02-33.92) (26.71-28.41) (6.8-9.0) (autumn) (autumn)
Nov 2006 36H-6 3694+15 3387+0.12 259+04 89+0.3 1.22 -198 —-1.72
(349-375)  (367.6-372.9) (33.57-34.15) (25.14-26.59) (8.2-9.6)
Sep 2007 38%5 3667+ 1.7 3321+0.15 285+0.9 75+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)

@ During the cruise, low sea surfap€0, of 286 to 300 patm was measured along the southern China coastline (Fig. 2a; Jo et al., 2012).
b The average of the mean values measured in November 2006 and on 22—23 December 2006 in domain A.
¢ The average of field-measured values in domain B in the same cruise (Table 4).

relatively high sea surfaceCO, values of 360 to 425 patm The stimulatory effect of short-term variability in wind
were observed all round a year (Table 5, Fig. 7c); and in dospeed on the integrated gas transfer (Bates and Merlivat,
main D, pCO, was particularly dynamic in winter (Fig. 2c, 2001) was expressed using the nonlinearity coeffic@pt

Table 6). (Eg. 3) following Wanninkhof (1992) and Jiang et al. (2008).
_ o During our study period(C?2 varied between 1.04 (at high
4.5 Sea-air CQ flux estimation wind in winter) and 1.43 (at low wind in spring—summer),

) ) ) and this is close to the global average of 1.27 (Wanninkhof et
Tables 3 to 6 summarize the sea—air Lfdix calculations

_ ! : al., 2009), although the range was slightly greater than 1.13
along cruise tracks in the four domains. If we assumed tha

. , ; to 1.26 (averaged 1.18) seen on the US southeastern shelf
these cruise track fluxes were representative of the domaln%]iang et al., 2008).

we cogld obtain an.overview of the seaspnal var!ation 'o§CO Tables 3 to 6 also synthesize the temporal—spatial vari-
sea-air exchange in the SCS proper being studied (Fig. 8). Ipjjity of field-measured data and the estimated sea—air
this study, we used satelllt_e-derlved monthly averaged wmdco2 fluxes. It should be noted that we reported mostly
speeds and the SO7 equation (Eq. 1) to calculate gas ransfgle emporal variability of C@fluxes based on respective
velocities and then sea-air G@luxes. We also calculated o jises/surveys in a season. If only one cruise was avail-
sea-air CQ fluxes based on the W92 equation (EQ. 2) in gpje however, we reported an error based on standard de-
order to better compare with other studies. viations in wind speeds and/or the aqueqiS0,. These
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Table 4. Summary ofpCO,, salinity and SST along cruise tracks, monthly satellite-derived wind speed, and seasdlinxXC€timation in
domain B. The annual sea—air g@ux amounts to 0.46- 0.43 mol n2 yr—1 using the S07 equation or 0.330.50 mol 2 yr—1 using
the W92 equation. Note that2 and the errors in sea—air G@ux estimation are the same as in Table 3. See text for detalils.

Sea-air CG fluxes (mmol CQ m—2d~1)

Observation  Aqueous Air Salinity Wind Cc2 Survey  Seasonal Survey  Seasonal
time pCOy pCOy °C speed average average average average
patm patm msl (W92)  (W92) (S07)  (S07)
Feb 2004 344-6 3656+2.7 3419+0.12 230+0.7 78+£09 119 -386 —3.36
(324-362) (361.4-371.1) (33.81-34.38) (21.90-24.70) (6.5-10.1)
Feb 2006 36411 3726+28 3429+0.19 238+0.7 89+07 114 -128 -1.0+23 -112 -09+19
(342-398) (368.9-377.7) (33.78-34.75) (22.50-25.29) (7.4-10.2) (winter) (winter)
11-12Dec 3769 No data 386+0.12 259407 119405 1.04 0.53 0.46
2006 (357.2-393.0) (37% (33.73-34.14)  (24.33-26.49) (9.7-12.9)
May 2004 386t 9 3569+ 1.7 3416+0.15 286+0.8 49+04 149 257 2.24
(369-398) (355.5-359.4) (33.90-34.38) (26.98-29.57) (4.1-6.1) 9+10 17+0.8
Apr 2005 38715 3730+26 3408+0.10 263+09 52+06 133 126 (spring) 1.09 (spring)
(363-444) (367.7-376.1) (33.86-34.25) (24.45-27.92) (4.1-6.5)
Jul 2004 38311 3577+11 3417+0.17 298+06 6.9+07 133 3.92 3.41
(353-417) (355.7-360.4) (33.41-34.49) (27.66-31.96) (4.7-8.3) 7+63 32+03
Jul 2007 404+ 6 3667+ 1.6 3402+0.12 303+0.3 54+05 130 351 (summer)  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 3548+0.9 3411+0.18 284+0.3 92+08 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 3643 3577+16 3380+0.14 288+0.3 6.6+12 138 0.96 0.84
(360-368) (354.7-361.0) (33.47-34.06) (28.45-29.30) (4.5-8.5)
Oct 2006 3699 3615+1.2 3373+0.11 282+0.3 81+11 118 1.42 1.22.0 1.24 10+1.8
(345-385) (359.8-364.8) (33.28-33.90) (27.67-28.98) (4.9-9.9) (autumn) (autumn)
Nov 2006 370t 5 3700+ 1.7 3384+0.10 268+05 82+07 131 -007 —0.06
(358-380) (366.9-374.0) (33.63-34.10) (25.35-27.50) (6.4-9.7)
Sep 2007 3948 3640+0.8 3321+0.14 297+05 65+04 155 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 the mean values measured in November 2006 and on 22—-23 December 2006 in domain A (Table 3).
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Table 5. Summary ofpCO,, salinity and SST along cruise tracks, monthly satellite-derived wind speed, and seasdlinxXC€stimation in

domain C. The annual sea—air @@ux amounts to 1.3% 0.55 mol n2 yr—1 using the S07 equation or 1.380.64 mol 2 yr—1 using

the W92 equation. Note th&2 and most errors in sea—air G@ux 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 t
for details.

Sea-air C@ fluxes (mmolC@ m—2d~1)

Observation  Aqueous Air Salinity SST Wind C2 Survey Seasonal Survey Seasonal
time pCO pCO °C speed average average average average
patm patm msl (W92)  (W92) (S07) (S07)
1-11 Dec 3835 No data 33%124+0.19 277+13 102+14 1.12 2.8 2+06 1.90 19+ 0.5
2006 (368-404) (379 (33.03-33.89) (24.14-28.96) (6.0-12.3) (winter) (winter)
May 2004 3867 3565+2.2 3377+0.15 296+ 0.5 56+05 1.38 3.10 2.70
(360-405) (350.9-362.8) (33.19-34.31) (27.65-30.65) (4.0-7.2) 3+83 28+0.2
Apr 2005 412+14  3667+22 3389+0.15 285+0.4 51+06 121 3.42 (spring)  3.00 (spring)
(383-463) (362.6-373.6) (33.48-34.33) (27.47-29.63) (4.1-7.6)
Jul 2007 404L 6 3669+2.1 3402+ 0.09 302+£0.3 66+11 142 5.64 491
(393-415) (364.7-370.5) (33.70-34.11) (29.73-30.82) (4.4-9.1) 6+28 6.6+2.4
Aug 2007 41014 3645+24 3368+ 0.24 283+0.8 81+13 1.30 9.58 (summer) 8.35 (summer)
(380-440) (360.5-369.3) (32.44-34.04) (25.89-30.25) (1.4-10.6)
Oct 2003 3679 3547+3.1 3326+0.47 294+0.8 69+12 135 1.85 1.62
(350-385) (349.1-361.6) (32.09-34.36) (27.58-30.47) (4.6-10.2) 2+34 37+29

Sep2007 40410 3641+3.8  3249+061 293405 67+12 153 6.59 (autumn)  5.74 (autumn)
(376-436) (358.3-375.5) (30.56-33.68) (28.09-30.37) (4.2-11.5)

* The average of the mesan values measured in November 2006 and on 22—-23 December 2006 in domain A (Table 3).

Table 6. Summary ofpCO,, salinity and SST along cruise tracks, monthly satellite-derived wind speed, and seas-dlinxXC€stimation in
domain D. The annual sea—air ¢®ux amounts to 1.2% 1.48 molm2yr—1 using the SO7 equation or 1.391.70 mol m2yr—1 using

the W92 equation. Note th&i2 and the error in sea—air GOlux 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 ag@€pusvhich primarily represented the spatial variation

of aqueougpCOy, since only one cruise was available in every season. See text for details.

Sea-air CQ fluxes (mmolC@m~2d~1)

Observation  Aqueous Air Salinity SST Wind c2 Survey  Seasonal Survey  Seasonal

time pCOy pCO °C speed average average average average
patm patm msl (W92) (W92) (S07) (S07)

15-16 Dec  36%5 No data 337+0.17 252+04 124+1.0 1.05 -315 —2.74

2006 (357-379) (3B (33.74-34.37) (24.55-25.83) (8.9-14.6) 12159 110+138

21-22 Dec  41@&20 3754+29 3401+024 250+09 179+2.1° 1.0 285 (winter) 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 3786+22 3404+0.13 279+04 6.5+0.8 134 -124 -12+18 -108 -11+15
(355-397) (374.0-382.7) (33.66-34.28) (26.82-28.72) (4.6-8.8) (spring) (spring)

Jul 2007 400t 6 3665+ 1.6 3392+0.16 303+04 51+04 138 295 D105 2.57 26+04
(364-417) (363.5-370.4) (33.26-34.18) (29.38-31.65) (4.3-6.9) (summer) (summer)

Sep 2004 36%3 3568+1.7 3378+0.22 289+0.3 75+05 139 0.86 ®+0.6 0.74 07+05
(354-366) (354.2-359.9) (33.47-34.23) (28.41-29.50) (6.4-9.7) (autumn) (autumn)

2The average of field-measured values on 21-22 December 2006 in domain D.
b Based on field-measured wind speeds at 10 m height by the onboard weather station along the survey transect.

uncertainty introduced by environmental forcing parametersin equilibrium in spring, summer, and autumn (Table 3). The

such as wind (Wanninkhof et al., 2009; Johnson et al., 2011)annual sea—air Cexchanges in this domain were nearly
In domain A, the sea area moderately absorbed, COin equilibrium (~0.4440.65molnT2yr—! using the S07

from the atmosphere in winter (4482.6 mmolnr2d-1 us- equation o—0.51+ 0.75 mol nT2yr— using the W92 equa-

ing the SO7 equation or 563.1 mmolnT2d-1 using the tion).

W92 equation), while the sea—air G&xchanges were nearly
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In domain B, the sea—air GOexchanges were nearly in O 360 . 1
equilibrium in winter and autumn, and the sea area releasec 230
CO, into the atmosphere in spring (H70.8 mmol nr2d~—1
using the S07 equation or 1491.0 mmol nT2d~1 using the 300 \ \ \ : :
W92 equation) and summer (320.3mmolnr2d-1 us- 450
ing the SO7 equation or 3#0.3mmolnT2d~! using the (d)
W92 equation) (Table 4). The annual sea—air,GlDx in 420 ]
domain B was estimated at 0.4600.43molnT?yr~t us- ¢ $
ing the SO7 equation or 0.530.50 molnT2yr—t usingthe ~ § 39 I
W92 equation. In previous snapshot-based or time seriess' f . {
. . . O 360 F | .
station-based studies, researchers have estimated the nortlz
ern SCS (i.e., domain B in this study) as a weak@0urce 330 | ]
(approximately 0.86 mol m? yr—1 using the W92 equation)
(Zhai et al., 2005a) or a very weak G@ink with the ab- 300 L L L L L
solute value of 0.190.19 mol nT2yr—1 (Chou et al., 2005) Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09
or 0.02+£1.06 molm2yr—1 (Tseng et al., 2007) using the Observation time

W92 equation. Our new multiple-year mapping results were _

roughly the median of all those previous results and basiFi9- 7. Time series of field-measured sea surfac0, (pink dots)

cally supported the original idea that the SCS as a wholeand atmospheripCOy, (dark dots) for flux estimation in domain A

hould K f at heri i et (a), in domain B(b), in domain C(c), and in domain Xd) based
should serve as a wea source(? atmospherig (ZDai on data presented in Tables 3, 4, 5, and 6. Data are shown as
al., 2005a; Chen et al., 2006; Dai et al., 2013).

! : meant standard deviation. The range of 360 to 370 patm is marked
Domain C released CQinto the atmosphere through- py the grey band.

out the vyear (Table 5) with the survey-averaged

sea—air CQ@ fluxes ranging from the low values of

1.62mmolm2d-1 (using the SO7 equation) in October

2003 (or 1.85mmolm?d-1 using the W92 equation) using the W92 equation). The annual sea—air,GiDx
and 1.90mmolm2d-1 (using the SO7 equation) in early in domain C was estimated at 1.30.55molnr2yr!
December 2006 (or 2.20mmolthd—! using the W92 using the SO07 equation or 1.380.64 molnt?yr—! us-
equation) to a very high value of 8.35 mmotéd—! (using ing the W92 equation. Earlier, Rehder and Suess (2001)
the SO7 equation) in August 2007 (or 9.58 mmofha—1 report their sea—air COflux estimates along the eastern
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CO, flux value of approximately 33.5TgCyt. And thus

O Domain A the SCS proper, which represents 7.5 % of the surface area

- 20 r O Domain B of global coastal oceans, accounts for 22 % of the €is-
Z 5 I Domain C sion rate of the total 19 Cfreleasing ocean margins (Dai et
E i . al., 2013). Considering this new result, the Dai et al. (2013)
] B Domain D L . .
E ot compilation value of the C@xsink in the global coastal ocean
X ’_m_‘ is slightly lowered by 5% and updated to 0.34 Pg Clyr
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> [ uinter Spring  Summer  Autumn Annually 5.1 Factors influencing sea surfacgCO»
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In the oligotrophic northern SCS, it has been reported that
Fig. 8. Sea—air CQ flux estimation in four physical- temperature is the mostimportant factor influencing the sea-
biogeochemical domains in the South China Sea proper. Notesonal variation of sea surfaceCO, (Zhai et al., 2005a;
that we used satellite-derived monthly averaged wind speeds anT'seng et al., 2007). According to Zhai et al. (2005a), the SST-
the Sweeney et al. (2007) equation (Eg. 1) to calculate gas transfedriven pCO, values (in patm) in the northern SCS vary in the
velocities ar_ld then _sea—air G@uxes. Also shown are the “error” range (370t 20) x £0:0423(8ST-26) \yhere 370k 20 is com-
bar; assomatgd with each flgx .e.stlmates, which wgre mOStlyparabIe to the range of local atmospheieO; (in patm) at
attributable to intraseasonal variability. See text for details. 10m, 0.0423C-1 is the coefficient for the temperature ef-

fect of seawatepCO, (Takahashi et al., 1993), and 26 is

comparable to the annual average SST°@) in the off-
and southeastern boundaries of the SCS in Septembeshore area of the northern SCS (Fig. 3a). In our study, how-
1994 (0.55 to 1.40 mmol?d~1 using the W92 equation ever, we revealed a diverse relationship betwe€®, and
and the climatological wind in the month). Based on a SST in the four different domains of the SCS proper as illus-
summary of limited carbonate system data from the latetrated in Fig. 9. To further examine theCO, control mech-
1990s and mass balance calculations, Chen et al. (200@nism (especially in riverine/estuarine plumes), we also plot-
also suggested that the central/southern SCS basin ardad temperature-normalizegdCO, values (with the coeffi-
(i.e., domain C in this study) serves as a weak,@0urce  cient of 4.23 % C~! to a fixed temperature of 2&) against
(0.73mmolnT?d~1) in the wet season and a weaker £0 salinity for domains A and C (Fig. 10).
sink (—0.55mmolnT2d~1) in the dry season. Our sea—air  In domain A, pCO, basically increased along with SST,
CO, flux estimates in domain C were much higher than all although manyCQO, values declined to the very low range
those previous results. of 280 to 320 patm in the two summer cruises (Fig. 9a). Plots

In domain D, the sea—air COexchanges varied from of temperature-normalizedCO, versus salinity (Fig. 10a)
weak CQ uptake in spring£1.1+1.5mmolnm2d-1 us-  revealed that many of those summer data were associated
ing the SO7 equation or1.2+1.8mmolnt2d-1 using  with an estuarine plume (with a salinity of less than 33),
the W92 equation) to weak or moderate £@lease in  where biological productivity was enhanced in the surface
summer (2.6 0.5 mmol nT2d~1 using the S07 equation or water due to nutrient support from the eutrophicated PRE
2.9+ 0.5mmol nT2d~1 using the W92 equation), and were (Cao et al., 2011; Han et al., 2012). Dai et al. (2008), Zhai
nearly in equilibrium with the atmosphere in autumn (Ta- et al. (2009), and Cao et al. (2011) have shown that the
ble 6). In winter, however, domain D varied very much from a Pearl River plume can serve as a £6ink. The plume-
typically weak CQ sink in early winter to a significant GO  associated C®consumption rates have been estimated as
source associated with a monsoon-driven upwelling event. 36+ 19mmolCnt2d-1 in the shelf (Cao et al., 2011) or
Overall, the seasonal pattern of sea—air,GlDxes sub-  even 70 to 110 mmol Cfd~1 in the limited sea area off

stantially differed among the four physical-biogeochemicalthe PRE (Dai et al., 2008). However, its influences were
domains under study. Although the annual sea—aip €0  spatiotemporally limited depending on the river discharge
changes were nearly in equilibrium in domain A, most ar- (Figs. 2d—f; Dai et al., 2008; Zhai et al., 2009; Cao et al.,
eas in the SCS proper served as weak to moderate sourc@911). In other river plumes with larger discharges such as
to the atmospheric COon an annual basis (Fig. 8). With the plume areas off the Changjiang Estuary (e.g., Zhai and
the four physical-biogeochemical domains under study takerbai, 2009) and off the Amazon River (Ternon et al., 2000;
together, it released #1810 TgCyr! (Tg=102g) (based  Kértzinger, 2003; Cooley and Yager, 2006; Cooley et al.,
on the S07 equation) into the atmosphere. If we extrapo2007), the uptakes of CQare much more significant.
lated such an average flux to the whole SCS proper (with the The winter coastal current along China coast added more
surface area of 2.5 10°km?), we would derive a sea—air complexities in domain A. For example, the plot €O,
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Fig. 9. Scatter plots of sea surfaceCO, as a function of
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Fig. 10.Scatter plots of temperature-normalizedO, as a function
of salinity in domain A(a) and in domain Gb).

versus SST during the period 22—-23 December 2006 was dif-
ferent from other winter plots in this region (Fig. 9a), and
was even different from another data set obtained during
the period 12—-15 December 2006 (Fig. 9a) despite the small
interval of only 7 to 10 days between the two surveys. Plots
of temperature-normalizedCO, versus salinity (Fig. 10a)
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 colder angCO,-higher coastal waters
from the Taiwan Strait into the northeastern part of do-
main A under survey (Fig. 2c). Similar monsoon-driven nu-
trient transport from the Taiwan Strait into the northeast SCS
shelf was observed by Han et al. (2013).

Excluding the two July data sets and the 22—-23 Decem-
ber 2006 data set, the other 10 surveys showed a linear
positive correlation betweepCO, and SST in domain A
(Fig. 9a). In cold seasons the field-measupgdO, data
were slightly higher than the predicted values based on ther-
modynamically controlling functions, while in warm sea-
sons relatively lowepCO; values were measured (Fig. 9a).
Moreover, temperature-normalizeglCO, during these 10
surveys showed a clear seasonal cycle in the water mass

neighboring study on 18-20 December 2006 according to Xu etwith a salinity higher than 33.5 (Fig. 10a). The typical

al. (2009).

www.biogeosciences.net/10/7775/2013/
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380 and 420 patm in the winter cruises, while in the warmsimilar to the phenomenon observed in the lee of the main
seasons most of the temperature-normaliz€®, (at 26°C) Hawaiian islands (Chen et al., 2007b). Detailed influences of
ranged from 330 to 370 patm (Fig. 10a). The former (rela-the two cold eddies on sea—air g@uxes in the southwest-
tively higher than atmospheric equilibrated level) might haveern SCS in late summer and early autumn will be addressed
resulted from enhanced water mixing between surface wateelsewhere.
and CQ-rich subsurface waters in winter. The latter (atmo- In domain C, if the influences of the MKRDW and cold
spheric equilibrated level or less) might have originated fromeddies were excluded, the seasonal temperature-normalized
CO, degassing of the surface water for several months fol{(at 26°C) pCO, varied from 300-330 patm in October 2003
lowing stratification enhancement in spring. (autumn) to 345-418 patm in April 2005 (early spring) and
In domain B, most plots gpCO, versus temperature were 335—-425 patm in December 2006 (early winter) (Fig. 10b).
similar to those in the high-salinity areas in domain A, al- This seasonal cycle of temperature-normalip€D, might
though the field-measuredCO, data during April 2005 also have resulted from enhanced water mixing between sur-
surveys were slightly higher than those predicted basedace water and C@rich subsurface waters in winter/early
on thermodynamically controlling lines (Fig. 9b). The SST spring and the C®degassing of the surface water for sev-
data measured during the April 2005 surveys were signifi-eral months following stratification enhancement in spring.
cantly lower than those obtained in May 2004 (26.8.9°C In domain D, a negative relationship betweeB8O, and
vs. 28.6+0.8°C, Table 4), suggesting that they might have SST was observed during the 21-22 December 2006 sur-
been influenced by a vertical mixing event in early spring. vey (Fig. 9d). Two days before our survey, Xu et al. (2009)
Figure 9b indeed suggested that many April 2005 data fol-observed a similar phenomenon in the sea surface on the
lowed the same thermodynamically controlling line as theadjacent coast. Based on multiple comparisons of temper-
two February (in winter) data sets. The relationships betweerature, salinity, and nutrient concentrations, they conclude
temperature-normalizedCO, and salinity were random in that the low-temperature(24°C) water with a highpCO,
domain B (plot not reported). (~ 460 patm) level is upwelled from the 45 to 80 m depth
In domain C, the influences of SST gvCO, showed (Xu et al., 2009). Actually, the strong northeast monsoon
no clear trend, although a weakly negative correlation ofcame in three days before the 21-22 December 2006 sur-
pCO; and SST and a positive correlation of temperature-vey. Even when the monsoon had weakened, a strong north-
normalizedpCO, versus salinity were observed in the south- east wind (17.9 2.1 ms! during our two-day survey ver-
western SCS on September 2007 (Figs. 9c and 10b). Dursus 9.8 2.0m s before the event) was observed. Based
ing the late August and early September surveys in 2007on satellite-derived SST images (Tropical Rainfall Mea-
the influence of MKRDW was coupled with two offshore suring Mission — Microwave Imager) on 22-23 Decem-
cold eddies in the southwestern SCS (Chen et al., 2010). Acber 2006, a relatively cold~22°C versus the neighbor-
cording to Chen et al. (2010), the MKRDW was identified ing 25.0+0.9°C) area was revealed between°38 and
with a salinity less than 33.2 and an SST higher than29.0 20°00'N and 11830 and 12030 E (C.-Y. Zhang, unpub-
during the September 2007 survey, while the two cold ed-lished data), indicating that upwelling might occur, which
dies had a relatively high salinity of 33.2 and a relatively  resulted in the negative relationship betwe&0, and SST,
low SST of ~28.2°C at the center. Figure 9¢ shows that and thus a significant CQlegassing event.
both the highespCO, value (430 patm) and the lowest The CQ effects of this monsoon-driven offshore up-
pCOy value ¢~ 380 patm) during the September 2007 sur- welling were comparable to the nearby coastal upwelling re-
vey were observed in the MKRDW area. In the Septembemorted by Xu et al. (2009). Similar peak levels of the off-
eddy (eddy Il in Chen et al. 2010), a relatively narrp®0, shore highpCO, were revealed to be 460 to 470 patm by
range of 393 to 423 patm (Fig. 9¢) was observed. In the Au-Xu et al. (2009) and in this study (Fig. 9d). Since the strong
gust eddy (eddy | in Chen et al. 2010), however, a relativelynortheast monsoon drove the climatologically cold eddy in
wide pCO;, range of 383 to 440 patm (Fig. 9c) was revealed. the western Luzon Strait in winter (Shang et al., 2012), the
Figure 10b suggests that three-endmember water mixing ocwintertime CQ degassing events might have contributed to
curred in the southwestern SCS in both late summer andhe seasonal characteristics of sea—aip @dchange in this
early autumn. The low-salinity MKRDW was identified with region. However, this winter sea—air g@xchange was sub-
a relatively low temperature-normalizegdCO;, (at 26°C) of ject to large variability due to rapid CQlegassing and sub-
320 to 340 patm (Fig. 10b). The high-salinity area (with a sequent sea surface primary production driven by upwelled
salinity higher than 33.2) was influenced by two water endnutrients from the subsurface waters. In January 2010, Shang
members. One had the similar temperature-normalized (a¢t al. (2012) note intensive phytoplankton blooms in the Lu-
26°C) pCO;, values of 330 to 345 patm as the MKRDW. zon Strait and its vicinity. The associated sea surfaCée,
Another high-salinity water mass was identified with rela- at this time was 10 to 20 patm lower than the atmospheric
tively low SST (Chen et al., 2010) but significantly high equilibrated level (M.-H. Dai et al., unpublished data).
temperature-normalized (at 26) pCO;, values of 375 to In summary, besides the general pattern of temperature-
400 patm (Fig. 10b), which were influenced by cold eddies,induced seasonal variation of sea surfa€, in the SCS,
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the influences of river plume with lowCO,, water mix- 6 Concluding remarks

ing between surface water and g@ch subsurface waters in

cold seasons, C{legassing from the surface water in warm This study has clearly shown that neither snapshot-based nor
seasons, and episodic events of eddy and upwelling aroundime series station-based investigations were sufficient to ad-

the SCS also impose high variability on surfad®0, distri-  equately assess sea-air £Xixes in an ocean margin that is
bution, as well as sea—air G@ux estimation. often characterized by tremendous dynamic environments. In
the largest tropical marginal sea, the SCS, this research was
5.2 Impact of winter-monsoon-induced events of CQ the first attempt to simultaneously resolve both spatial and
degassing on the annual sea—air C&flux seasonal coverages. We analyzed the temporal—spatial vari-

ations and the controlling mechanisms of sea surface,
Most of the above-discussed data sets reflected normah the SCS proper. We also estimated the sea—ajr fL@es
variations in the respective domains. It must be pointedand their temporal—spatial variability based on 14 mapping
out, however, that many episodic events might signif- cruises. We demonstrated once more that the SCS as a whole
icantly impact on the C® fluxes. An example is the serves as a weak to moderate source of atmospheric CO
winter-monsoon-induced GOdegassing event observed (zhai et al., 2005a; Chen et al., 2006; Dai et al., 2013), al-
in domain D in late December 2006 described above. ASthough thepCO, variability in the SCS proper was remark-
shown in Table 6, the area-averaged sea—aip @Gxes  aple both in time and space, and the critical roles of wind
increased by~ 27mmolnT?d~* within a time lag of  speed variability and the gas transfer velocity in the annual
one week due to upwelling of the subsurface water. ThiSSea_air COflux estimation were still unresolved.
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 equatorialAcknowledgementsie thank Yi Wang, Gui Chen, Zhaozhang
upwelling areas in the eastern Pacific (Chavez et al., 1999 i(_ri]htehr; (:I(:tathL:jélli ?:E;vr?r;%r\i,r\:gngévir:gl im;':: gﬁgng)r:qﬂzs'ia?gf
To further evaluate the amount of GQeleased during '

. sharing the February 20Q8C0, data set around the Xisha Islands,
this event, we assumed that the Revelle factor (RF) of th%nd Professor John Hodgkiss for his assistance with English.

upwelled water was~ 10, the DIGyg~2000umolL™Y,  jiwei Tian, Pinghe Cai and the crews of RShiyan 3 R/V

the aqueouspCOy avg~ 410patm, and the air-saturated Dongfanghong 2R/V Yanping 2 R/V Kexue 3 and R/V Haijian

pCO, ~ 375 patm. Based on the eloquent definition of 83 provided much help during the sampling cruises. Valuable
RF given by Sundquist et al. (1979), the oversaturatedcomments from Christophe Rabouille, Wiley Evans, and an
and then releasable DIC could therefore be estimatednonymous reviewer have improved the quality of the manuscript.
via ADIC=ApCO;/pCOy avg/ RF x DICayq= (410— The research was jointly supported by the National Basic Research
375)/410/ 10 2000 =17 pmol EL. Given that the upper Program of China (2009CB421201), the National Natural Science
mixed layer depth was 45 to 80m (Xu et al., 2009), the Foundation of China (NSFC) (41130857, 4112.1091,.4.1206.061,
eddy-related C@release should be 0.76 to 1.36 motfn 41076044, and 90711005), and the State Oceanic Administration of

. . . China (SOA) (contract DOMEP-MEA-01-10). Sampling surveys
This was comparable with the annual £@elease in were partially supported by the NSFC (90211020, 40490264, and

doma}ln D (Fig. 8). . 40521003) using R/Wanping 2and R/V Dongfanghong 2the
This case showed that the very strong winter monsoon nooyth China Sea Institute of Oceanology (SCSIO, CAS, China)

only caused a high gas transfer velocity but also enhancedia the Integrated Nansha Scientific Investigation Cruise 2004,

vertical water mixing. When the G&ich subsurface water and via the South China Sea Open Cruise 2004 using$tiyan

is mixed with the surface water, a winter ®ink area in  3; the National High-Tech Research and Development Program

the subtropical ocean might be reversed into a winter sourcé'863” Program) of China via the project of Quality Control/in

area. Due to surveying difficulties, very few cases of win- Situ Standardization Experiment 2007 using RDéngfanghong

ter CO, source events are found in the winter £6ink 2; the Ins_titute of Oc_eanology, CAS, China, via t_he China Sea

database. In such a case, if we neglected the @@ability ~ OPEn Cruise 2006 using R/Kexue 3 and the SOA via the South

due to monsoon-induced eddies, the annually based sea—aglhma §ea Repeat Section Investigation in winter 2006 using

CO, flux would be nearly zero (Table 6). Thus, the winter- /V Haijian 83

monsoon-induced Cf£degassing eve.nts had subs_taptial iM- Egited by: C. Rabouille

pacts on the annually based sea—air,GlOxes. This issue

clearly needs further investigation despite the difficulties in

observation. References
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