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Abstract. We examined the relationship between £O CO; release and DO consumption. It is therefore reason-
partial pressurepCO;) and dissolved oxygen (DO) based able to expect a correlation betweg@0O, and DO in the

on a cruise conducted in July 2004 to the northern Southsurface ocean. Such a correlation has been shown to have
China Sea (11+118 E 18-23 N), spanning from estuar- implications for upper ocean metabolic status, i.e. primary
ine plume, coastal upwelling and deep basin areas. Distincproduction/respiration and their history (DeGrandpre et al.,
relationships betweepCO, and DO saturation were iden- 1997, 1998Alvarez et al., 2002; Gago et al., 2003; Carrillo
tified in different regimes. In coastal upwelling areas andet al., 2004; Kuss et al., 2006;tzinger et al., 2008). In-
the Pearl River estuary, biological drawdown €0, and  deed, many studies have used simultaneous measurements
production of Q@ were simultaneously observed. The two of DO and CQ in seawater to investigate the effects of
properties were coupled with each other primarily via photo-metabolic processes on the oceanicGi9namics (Borges
synthesis and respiration. The stoichiometric relationship ofand Frankignoulle, 2001; Gguen and Tortell, 2008; Zhai
the two properties however, was quite different in these twoand Dai, 2009). However, it is important to recognize that sea
environments due to different values of the Revelle factor. InsurfacepCO; is buffered by the marine carbonate system,
the offshore areas, apart from the estuary and upwelling, thevhile DO is not associated with any buffer system. Therefore
dynamics ofpCO, and DO were mainly influenced by air- the relationship between theCO, and DO variation in the
sea exchange during water mixing. Given the fact that air-euphotic zone may differ between different biogeochemical
sea re-equilibration of ®is much faster than that of GO  settings (DeGrandpre et al., 1997, 1998), thereby having dif-
the observedyCO,-DO relationship deviated from that of ferentimplications in terms of constraining net metabolic sta-
the theoretical prediction based on the Redfield relationshigus of the system. The coastal system, due to its large gradi-
in the offshore areas. Although this study is subject to theents in physical properties and biogeochemistry, may be par-
limited temporal and spatial coverage of sampling, we haveticularly prone to such variability. Thus far, there have only
demonstrated a simple procedure to evaluate the communitpeen a few reports attempting to elucidate such relationships
metabolic status based on a combination of high-resolutiorin the context of ecosystem metabolic balance based on high
surfacepCO, and DO measurements, which may have ap-spatial-resolution measurements of £f0d Q (e.g. Carrillo
plicability in many coastal systems with a large gradient of et al., 2004).

changes in their physical and biogeochemical conditions. In the summer of 2004, we conducted underway measure-
ments of surfacgCO, and DO in the northern South China
Sea, surveying estuarine plume, coastal upwelling and deep
1 Introduction basin areas (Fig. 1). This dataset allowed for a close exami-
nation of how the relationship betwe@€O, and DO might

The production of organic carbon leads to drawdown 0fCO Vvary between contrasting coastal regimes, such as open off-
partial pressure{CO,) and increases in dissolved oxygen shelf regions and near-shore coastal areas influenced by ei-
(DO), while respiration/remineralization is associated with ther an estuarine plume and/or coastal upwelling. We dis-
cussed how such contrast and variability might affect the in-
terpreation of thegCO, and DO observation in terms of con-

Correspondence td¥l. Dai straining net metabolic status. Based upon a limited data set
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25°N The nearshore waters of the northern SCS are quite dif-
wele g ferent from the oligotrophic offshore regions. Fed by the
$ Pearl River, a major world river located in southern China,
the productive estuarine plume may extend southeastward to
up to a few hundred kilometers from the estuary mouth in
v 120 flooding seasons (Dai et al., 2008; Gan et al., 2009). In ad-
dition to the estuarine plume, the northern SCS is also influ-
Y Sta. S1 9 enced by seasonal upwelling along the Chinese coast (Fig. 1;
B " = chi-a (ug L) Han, 1998; Wu and Li, 2003; Gan et al., 2009; Jing et al.,
B {3% 0fom 215 <01 2009). Both processes peak in summer as a result of the
. ¥ 01 -02 prevailing, rain-bearing southwest monsoon from late May
) South China Sea 5 a2- 00 to September (Han, 1998), and both contribute a significant
10 - 20 amount of new nutrients to the coastal waters, inducing dra-
200m ® 20-40 matic changes of surfageCO, and DO through enhanced
1‘10 1‘15 150 °E1 ® 40 primary productivity (e.g. Dai et al., 2008). The contrast be-

tween productive nearshore and oligotrophic offshore areas

Fig. 1. Map of the northern South China Sea showing the cruise'” the northern S,CS was clearly shown by the. chloropiyll
track and surveying transects (A, B, C, D, E and S). “+" symbols (Chl-¢) dataset (Fig. 1; Huang et al., 2008), which was deter-
designate locations where we used to divide the shelf into nearshorlined by fluorescence analysis of discrete filtered samples,
and offshore areas in this study. Stations B1, D1 and S1 are als@nd the standard material was taken by HPLC.

shown. Shadowed ellipses sketch typical summer upwelling loca- Our cruise was conducted on 6—23 July 2004 on board the
tions based on Wu and Li (2003) and Jing et al. (2009). Blue ar-R/V Yanping Il. During this cruise, we performed underway
rows sketch major currents in summer based on Hu et al. (2000)measurements of temperature, salinity, DO a@D, along

including the seasonal northeastward coastal current (in summeq)our shelf-crossing transects (Fig. 1, sequentially marked as
along the 50 m isobath, the year-around northeastward South Chin% D. C and A from the cruise beg,inning to the end) and
Sea Warm Current along t.he 100m isobath, and a strong yeary | alongshore transect (E). Transect A covers the Pearl River
around westward South China Sea Branch of Kuroshio. Discretely t 11200 E 22200 N. PRE h ft th t1oth
sampling data of surface chlorophyil{chl-a) concentrations were estuary ( ’ erea er).sou westlothe
from Huang et al. (2008). Dongsha Islands (1188 E 20°10 N). The final leg formed
the transect between station B1 (238 E 20°52 N) and the
deep basin station (Station S1, 206 E 1800 N), named

to evaluate the community metabolic status based on a Com‘[ransect S (Fig. 1). In this study, nearshore areas and coastal

bination of high-resolution surfageCO, and DO measure- waters were separated from the deeper offshore region as
ments, which may have applicability in many coastal systeméz'g' 1.

with a large gradient of changes in their physical and biogeo- . .
chemical conditions. 2.2 Sampling, analyses and data processing

During the cruise, surface water (at a depth of 1-2m) was
continuously pumped from a side intake using an underway

2 Materials and methods pumping system similar to that previously described in Zhai
et al. (2005b). Sea surface temperature (SST) and salinity
2.1 Study area and survey transects were measured continuously using a SEACAT thermosalino-

graph system (CTD, SBE21, Sea-Bird Co.) with an inlet tem-
The South China Sea (SCS) is the world’s largest marginaperature sensor (SBE 38 remote sensor, with a precision of
sea, located at low (tropical/subtropical) latitudes. While its 0.00PC, measuring ahead of the water pump). Data were
maximum depth exceeds 5000 m, it has extensive shelf andecorded every 6s and averaged to 1 min. This underway
slope systems towards the northwestern and southern boun&TD system was calibrated just prior to the cruise.
aries, with a mean depth of only 1350 m (Wong et al., 2007). Surface watepCO, was determined using an underway
The northern shelf and slope region (referred to as the northsystem with a continuous flow and cylinder-type equilibrator
ern SCS hereafter;200 km wide) is oligotrophic, hence has (9 cm in diameter and 20 cm long) that is filled with plas-
low-production (Wong et al., 2007; Chen and Chen, 2006)tic balls and enclosed witk 100 mL of the headspace (Zhai
and serves as a net source of atmospherig, @€pecially in et al., 2005b). Water flow rate was set to about 4 Lin
summer (Zhai et al., 2005a). This is in contrast to severalA Yellow Springs Instrument meter (YSI6600) was used
significant CQ-sink cases in mid-latitude continental shelf to continuously measure temperature (with a precision of
systems (Cai and Dai, 2004; Borges et al., 2005; Cai et al.0.01°C) in the equilibrator. Based on inter-calibration test-
2006; Chen and Borges, 2009). ing, we estimated that all onboard temperature sensors are
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consistent with each other within 0Q. After the equilibra-  local air pressure. The negative E€uggests an ©deficit

tor and dehydration, the COnole fraction in dry air {CO) while a positive value meansy,@mission from water to the
was detected continuously using a Li-Cor NDIR spectrom-atmosphere. Note that the bubble effect on surface DO might
eter (Li-7000). Data were recorded every 5s and averagethe subject to variations given the regional heterogeneity in
to 1 min. The NDIR spectrometer was calibrated regularlyterms of surface wave field.

against 4 CQ gas standardscCO, of the standards ranged

from 138 to 967umol mol~1. pCO, was converted from cor- 3 Results

rectedxCO, based on barometric pressure measured by the

Li-7000 detector or air pressure along the transect. The latteg.1 Data overview

were collected every minute with an onboard weather station

at 10 m height above the sea surface. Comparison betweeuring the cruise, two high salinity water masses were iden-
the two air pressure datasets revealed consistency at a relatitified (Figs. 2, 3). One was a typical SCS surface water with
error level of 0.1% (i.e. 1hPa). The Weiss and Price (1980)salinity of 33.7—34.5 and SST of 28-%1 All of the offshore
saturated water vapor pressure and the Takahashi et al. (1998)eas of the four cross-shelf transects and the eastern area of
temperature effect coefficient of 4.23% 1 were used to transect E are dominated by this water mass (Fig. 2). In this
calculate the in sitypCO,. The temperature difference be- water mass, surface DO was slightly oversaturated (103%—
tween the equilibrator and the sea surface (i.e. the inlet tem110%), whilepCO, ranged 370-400atm. Both were con-
perature) was 0.21-0.28. The overall uncertainty of the sistent with the generally oligotrophic and low productive
xCO, measurements anelCO, data processing was1%, feature of the SCS surface water (Zhai et al., 2005a; Chen
as constrained by our standard gases (Zhai et al., 2005a, b)and Chen, 2006; Tseng et al., 2007).

Air pCO, was determined during the first 5 days, every  Another high salinity water mass was characterized by low
1-3hin daytime and every 4 h at nighttime, using the sameemperatures of 25.5-266 (Figs. 2, 3), suggesting the in-
NDIR spectrometer and dehydration system. The bow in-fluence of subsurface water upwelling. This water mass was
take from which atmospheric air was pumped was installedimited to the nearshore area of Transect B and to the west
at~6 m above the water surface to avoid contamination fromside of Transect E. The nearshore area of Transect D was also
the ship. The aipCO, data were corrected to 100% humid- influenced by the same low temperature water as observed in
ity at SST and sea surface salinity. Transect E (Fig. 2). These two upwelling-influenced coastal

Surface DO was continuously measured using a pulsed poareas have been well defined by both field measurements (Wu
larographic electrode incorporated with the above-mentionednd Li, 2003) and numerical modeling (Jing et al., 2009).
YSI meter. Data were recorded every 12 s and averaged tdhe upwelling may support higher productivity due to new
1min. The DO sensor was pre-calibrated against air satautrient input from depth. Thus, moderate to high ehév-
urated pure water and post-calibrated by simultaneous disels were observed in these areas, especially in the nearshore
crete Winkler DO data. These discrete samples were eitheareas of Transect B (Fig. 1). Significantly oversaturated DO
collected via a side vent of our pumping system or obtainedconcentrations of 120%—-138% associated with the low tem-
using 2.5-L Go-Flo bottles during general station work. DO peratures were also observed in these areas, especially in the
concentration at equilibrium with the atmosphere was calcuhearshore areas of Transect D (Fig. 2d). Howew€0Q, var-
lated from the Benson and Krause (1984) equation and localed in a large range between 280 and 440m (Fig. 2), of
air pressure. which the highespCO, of >400patm was observed at the

According to Broecker and Peng (1982) and Stige-west side of Transect E (Fig. 2e).
brandt (1991), air bubbles in the surface layer, created by The low salinity water (533) could also be clustered
breaking surface waves, can result in a DO super-saturatiomto two groups (Fig. 3). One had a similar temperature
of 2.5% in open sea areas. In this study, we used the fixed~28.5°C) to the PRE water (27-28, Fig. 2a), situated
2.5% super-saturation as the effective DO saturation leveln nearshore areas of Transects A, B, C and E (Fig. 2).
considering the bubble effect, which should be reasonablénother low-salinity water mass, located in offshore water
based on the range of our field-observed surface DO (103%long Transect B had fairly high temperatures (30.5-31).0
—107%, Fig. 2f), the trend of which was consistent with the (Fig. 2b). The latter water mass had relatively low ghl-
chl-a (from <0.1 to 0.2ug L~1, Fig. 1) although the area is (Fig. 1) and nearly air-equilibrated DO (Fig. 2b) compared
generally very low in biological production. Therefore we to the upwelling-influenced, nearshore area. This offshore,
defined excess oxygen (kMereafter) as Eq. (1) to reflect low-salinity water was likely to be of estuarine origin from
evasion or invasion of atmospherie:O the PRE plume, which is typical in this region in summer

as reported by Gan et al. (2009). Both May and July were
EO2=[02]-1.025x [0zl (1) major rainy months in 2004 within the drainage basin of the
where [Q] is the field-measured DO concentration;s]Q) Pearl River and heavy rainfall of 100—300 mm occurred dur-
the DO concentration at equilibrium with the atmosphere,ing 10-12 May 2004 (China MWR-BH, 2005). Therefore,
calculated from the Benson and Krause (1984) equation anthe patchy offshore low-salinity water in Transect B may
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Fig. 2. Distribution of surface T, SpCO, and DO along surveying transects. Note that Pafagigd) and(f) are presented from the coast

(north) to the deep basin (south). Pa@)lis presented from Transect D side (west) to Transect C side (east). A48igh of 630uatm and

a low salinity of 13.6 in the Pearl River estuary, as extended from Transect A were marked in panel (a). The vertical dashed lines in panels
(a)—(d) show the locations where we used to divide the shelf into nearshore and offshore areas in this study, referring to Fig. 1. The vertical
grey solid lines in panel&), (d) and (f) show Stations B1, S1 and D1, referring to Fig. 1. The horizontal dashed lines in each panel show
atmospheric C@level (upper) and saturated DO level (lower).

have originated from the PRE after this heavy rain-inducednearshore to the only slightly over-saturated level of 103%—
flood, followed by partial mixing with typical northern SCS 110% offshore (Fig. 2b). Note that in the PRE and the adja-
surface water. Based on weather report and reports given ioent coastal waters (salinity25), although chk was as high
a cruise just prior to ours, i.e. Chen and Chen (2006), weas 3-5.g L~ (Fig. 1; Huang et al., 2008), indicating the sig-
concluded that it is unlikely that a local rainfall could be the nificant primary production, surface DO saturation was no
cause of the low salinity. higher than 115% (Fig. 2a).

Both of the nearshore and offshore low-salinity water Figure 4 geographically shows the distributions of field-
masses had understaturaggdO, of 310-35Q«atm (Fig. 2), measured sea surface salinity, temperatg@Q, and DO
while DO varied from the highly over-saturated level of 138% saturation in July 2004 in the northern SCS under study.
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32 proach of Zhai et al. (2005a). And then we examined the rela-
. tionship between the temperature normalip€id, (NpCO,
hereafter) and E®(Fig. 6).

o T ¢ oa %%& _ i ;

Tl : ' 4.1 Linking DO to pCOs3 in the upwelling induced

§ oo 4% st 02 sy o highly productive areas based on Redfield ratio

£

&

and Revelle factor

N
2

[ o Transect_ A ® Transect B

In highly productive areas, net metabolic processes (i.e. a
combination of primary production and respiration) typ-
ically cause negatively correlated variations of dissolved
inorganic carbon (DIC) and DO. However, the relation-
ship betweenpCO, and DO is more complicated because
Fig. 3. Surface T-S diagram for salinity30. Note that in the PRE ~ PCO2 is buffered by the marine carbonate system charac-
and the adjacent coastal waters, salinity w5 along with atem-  terized by the Revelle factor. In contrast DO is not asso-
perature of 27-2C (Fig. 2a). ciated with any buffer system. The Revelle factor is de-
fined as the ratio of fractional change in seawgt€lO,

to the fractional change in total DIC after re-equilibration,
i.e. [0pCOy/pCOy]/[0DIC/DIC] at a given temperature,
salinity and alkalinity (Revelle and Suess, 1957; Sundquist
In the PRE and nearshore region of Transecp&0; and et al., 1979). In the oligotrophic basin area of the qorthern
DO saturation had a significant negative correlation (Fig. 5a)SCS the surface-water Revelle factor has been estimated to
Based on our previous studies, the freshwater end of the PREE @bout 9 (Tseng et al., 2007). Based on the conservative
is characterized by highCO, and low DO (Zhai et al., MXing Ilne_of th_e car_bonate system in the northern S(_:S,
2005b), while the estuarine plume has a significaB0, as summarized in Dai et a_l. .(2008), the maximum possible
drawdown and oversaturated DO due to strong phytoplank ReVelle factor value at salinity 6#30 could be ?stllmated
ton production supported by high nutrients from the river @ 11. Air-equilibrated surface DIC (19@@nolkg™7) inthe
(Dai et al., 2008). Figure 5a generally reflected a combi-Offshore regions was taken from Tseng et al. (2007). The air-

nation of photosynthesis-respiration, water mixing and other2auilibratedpCO, was equivalent to the mean value of field
physical processes in the PRE (see Sect. 4). measured atmosphereCO;. _

In the nearshore area of Transect B, associated with a !N the following discussion, we first converted the £0
coastal upwelling system (Figs. 1, 2bpCO, and DO value into DIC change based on the classic Redfield Ra-

saturation had a significant negative correlation (Fig. 5b,i0; and then used the Revelle factor to convert this
slope=-164uatm, r=—0.88). Similar slope was also found P!C change intopCO, change at the given temperature,

in the nearshore regions of Transect D and west side of Tranthereby linking EQ to pCO, change in order to charac-

sect E (close to the Transect D) (Fig. 5d), where another upggrize the net meta.bolic processes. Therefpre, several pos-
welling system was also located (Figs. 1, 2e). In contrastSiPle photosynthesis-respiration-dominant lines gfQ0,
in the offshore area of Transect B where an estuarine plumdS- E at different Revelle factor.s of 9 and 11 were plot-
existed,pCO;, and DO saturation distinctly followed another €d in Fig. 6a according to Eq. (2):
negative correlation (slope=1465uatm,r=—0.94, Fig. 5b). 0
SNpCO, = RFx (NpCO)/DICP) x5DIC

In the offshore areas of Transects A, C, and D, no correla- © © x(NpCO/ ) 2
tion could be developed betweeCO, and DO saturation = RFx (NpCO/DIC) x (—8EOy) x (106/138)
(Fig. 5).

In summary, we observed thrgec0,-DO relationships, where prefixs means a differential change, superscript 0 the
which implied different biogeochemical processes in differ- air-equilibrated value, RF the Revelle factor, 106/138 the

ent regions of the northern SCS. Below we will discuss themclassic Redfield ratio between carbon andoDanges.
in details. Both the datasets from the two coastal upwelling sys-

tems (nearshore areas of Transects B and D, together with
west part of the Transect E) followed the seawater Red-
4 Discussion field lines (Fig. 6a), although somexCO, data were higher
than the air-equilibrated level in the central areas of the two
In light of the effects of heating/cooling on both the&€O, upwelling systems. If considering the temperature effect
and DO saturation (4.23%61 vs. 1.60%C1, the latter  again, based on Eq. (2) we could also expect the slope of
was calculated based on our real dataset), we normalizethe photosynthesis-respiration-domingu@O, vs. DO plot
sea surfacgCO, to the mean SST (2€) following the ap- as—RFx (NpCO(z’/DICO) x (106/138)/(4.23/1.60)=0.5 or

| o Transect_ C x Transect_D

[N}
=N

© Transect_S & Transect E

[N
[

w
S

31 32 33 34 35
Salinity

3.2 Relationship betweerpCO, and DO
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—0.6patm—pCO, (umol-O,kg=1)~1, where 4.23/1.60 is  while EQ, was observed as kamolkg! (Fig. 6b). There-
the typical ratio of temperature effects €O, and DO  fore the ratio of EQ to A[CO3] was estimated as 10.7. This
saturation (see discussion above). Therefore the slope ofias nearly the lowest disequilibrium ratio in this region.
photosynthesis-respiration-dominapCO, vs. DO% plot  Based on our field-measured dataset in this region, the ra-
should be between-135 and—160uatm/%DO, given the tio of EQ, to A[CO3] varied between 9.7 and 22. This ratio,
DO saturation of 135% in nearshore areas in Transect$urther based on the diffusion coefficient ratio of @ CO;,

B and D (Fig. 2b) and the air-saturated DO value of (~1.2, Broecker and Peng 1982), would lead to the lowest
200umol 0o kg™t in summer in the northern SCS. This air-water exchange ratio of Qo CO; of (9.7 x1.2):1 = 12:1
range was roughly consistent with the field-measyr€®d, and the highest ratio of (221.2):1 = 26:1 in the offshore area
vs. DO saturation slope of164uatm/%DO in these ar- of our Transect B.

eas (Fig. 5). This suggested that bghl€O, and DO Similar to Eq. (2), Eq. (3) gave the quantitative expression
were mainly driven by biological photosynthesis and res-of NpCO; vs. DO at a given ER of &to DIC:

piration in the upwelling-influenced nearshore regions, ex- 0
cept in the upwelling center where deep water of i, SNpCO, = RFX(NPCO(Z)/ch )x4DIC )
was still observable. Another piece of evidence pointing = RFx(NpCO2/DIC) x (—8EQ,) x (1/ER)
to the fact that photosynthesis-respiration dominated the )
upwelling-influenced nearshore region was derived from theBased on the above ER factors and Eg. (3), assuming
surface chk (Fig. 1; Huang et al., 2008). Most significantly, @ RF of 10, we could estimate the steepest air-sea ex-
high chlu values of>2 g L~1 were observed at two sta- change induced slope of NCO-EQ, plot in the off-
tions in and around the coastal area of Transect B (Fig. 1)Shore area of Transect B byNpCO/SEQ, = —RF x
which implied biological perturbations of both DIC and DO. NPCO;/DIC? x (1/ER) = —10 x (360/1900 x (1/12) =
—0.15patm— pCOz(,umO|—02kg_l)7l, or —41patm for
4.2 Influence of air-sea exchange opCO,-DO the slope of pCO,-DO% plot, given the maximum DO
relationship in offshore regions saturation of 138% in nearshore areas in Transects B
and D (Fig. 2b) and the air-saturated DO value of
Away from the upwelling-influenced regions, however, the 200umoIOZkg_1 in summer in the northern SCS. This
relationship of hCO, — EQ; was markedly different from  suggested that an integration of the on-site photosynthesis-
that shown in Fig. 6a. In the offshore area of Transect B,respiration prior to our cruise and the air — sea exchange
although N»CO; was still significantly correlated with EO  during later buoyant transportation might have resulted in
(Fig. 6Db), the slope was much steeper than in the upwellinghe unique pattern of theCO,-DO relationship in the off-
influenced nearshore waters. This suggested that such a rehore region of our Transect B (Fig. 6b). The relatively
lationship was not mainly derived from on site biological ac- homogeneous but lower chl<oncentration in this region
tivity, rather it was modulated by a combination of biological (~0.5,gL~1, Fig. 1), compared with the high chl-val-
and physical processes during the long-distance mixing withyes of 3-5.g L1 in the nearshore area of Transect A, the
offshore waters. source area of the offshore low-salinity region of Transect

It is important to recognize that air-sea re-equilibration of B, supported such a pattern, assuming we can use tl-
CQ; is slower than DO due to the chemical buffering capac-make implications about on site biological perturbations of
ity of the marine carbonate system (DeGrandpre et al., 1997hoth DIC and DO. Similar patterns have been reported in the
1998; Carrillo et al., 2004). Therefore, we cannot directly outer Changjiang (Yangtze River) Estuary, East China Sea
predict DIC change from ©change during the long-distance (Zhai and Dai, 2009).
transportation and mixing. In order to justify the above proposed effect of air-sea ex-

Based on the classic stagnant film model, the flux ofchanges on the CO,-DO relationship, we adopted the ap-
gases between the atmosphere and water can be estimatpebach by Carrillo et al. (2004) and modelled the air-sea ex-
by an empirical boundary-layer model for gas exchange:change induced re-equilibration of bothh @nd CQ after
Flux=Dgadzx ACgas Where DQyasis the molecular diffusion  a Redfield-based disturbance. Modelled air-sea gas fluxes
coefficient,z the empirical thickness of a hypothetical stag- were calculated based on the revised gas transfer coefficient
nant boundary layer\Cgasthe concentration deficit or over- equation of Wanninkhof (1992) by Sweeney et al. (2007),
stock in water surface. Thus we must firstly establish an emi.e. k(cm h1) =0.27x 42 x (Sc/Sc@20C) %5, wherek is the
pirical gas exchange ratio (ER) afCo, (i.e. EQ) to A Cco, gas transfer velocity; a constant wind speed of 5m% Sc
(free CQ deficit, A[CO3] hereafter, estimated from air-sea the Schmidt number in seawater, Sc@2ahe Sc value in
pCOs difference at SST and Henry’s law constant of O  seawater at 2@C, i.e. 660 for CQ and 590 for @. Dur-

At the lowest seawatepCO; site in the offshore area of ing the modeling, temperature and salinity were set taC29
Transect B,A[CO3] could be estimated as.2umol kg™t and 32, respectively. At each time step, air-sea exchange
based on airpCO, of 358uatm and seawatepCO, of induced changes of DIC and DO were calculated based on
313patm at SST of 30C and salinity of 31.7 (Fig. 2b), a constant upper mixed layer depth of 20m. Sea surface
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pCO, was then calculated from DIC using a Revelle factor

of 10 (see discussion above). The air-sea flux was calcu- & Transect_B_nearshore (a)
lated for every time step of 1 day. Fig. 5b presented those 600 " o Transect_D_nearshore

modelled NhCO,-EOQ; relationships in the 5th, 10th and = © Transect_E (close to D)

15th days. This modelling exercise clearly showed that, a g 500 | ZI:ZEZ:E:—E—;T:&?; o
combination of photosynthesis-respiration processes and air- & - Redfield lines
sea exchanges of approximate 15 days could result in the & 400 -

uniqgue NpCOy-EO, relationship in offshore waters along g

our Transect B. This time scale was reasonable if we consid- Q )

ered relevant processes of the mid-May heavy rainfall (China 800 |

MWR-BH, 2005) leading to an estuarine plumel( days), \
nutrients associated the plume inducing phytoplankton pro- 200 | ! ! ! ! !
duction (~10days, Dai et al., 2008), the bloom decaying ‘ ‘
(sustaining 15-20days), and €¢@nd Q re-equilibrating 600 | 4 Transect_B_offshore (b)
with air (10-30days through to our surveying). Carrillo et © Transect_D_offshore
al. (2004) also found that, sea surface &pproached at-
mospheric equilibrium in approximate 30 days, whil€O,
only changed by approximate 12% during the same time
span.

Here we need to discuss the uncertainty of oup EEXini-
tion Eq. (1). Although the bubble effect of 2.5% supersatura-
tion we adopted from Broecker and Peng (1982) and Stige-
brandt (1991) should be reasonable to be applied to the study ay0  day> dayl10 day15
area, this supersaturation might be subject to variations given 200 ‘ ‘ ‘
the heterogeneity in terms of surface turbulence wave field. ; ; ; ; ;
Consequently, using a fixed supersaturation rate to charac- 600 | @ PRE and Transect_A_nearshore SO
terize the bubble effect could result in uncertainties. For «c % °
example, data points of NCO,-EO; in offshore areas and I Q...
the PRE showed a horizontal shift @6 ;mol O, kg~ from 500 %"
the supposed air-equilibrium mark (Fig. 6b, c). However,
such uncertainties<(5 umol O kg~1) should be minor in
nearshore areas and the PRE, given the fact that ranges of cal-
culated EQ spatial variations were as high as;8@ol kg~! 300 -
in nearshore areas (Fig. 6a) and;6@olkg! in the PRE
(Fig. 6¢). In the offshore estuarine plume area of Transect B,
the largest uncertainty of Eqg. (1) might amount to a half of
the range of E@ variation (Fig. 6b). Therefore the above-
estimated time delay should actually range between 10 and

30days, due solely to this bubble effect uncertainty. . i )
In most other offshore areas than the estuarine plumd!9- 8- Temperature normalizedCO, (pCO, @29°C) vs. excess

O,. The cross star shows the mean atmosphgti®, and the zero
Y -
area of Transect B, however, thepRO, or pCO, var excess Q. In penal(a), the two solid lines show Redfield behavior

ied |ndependently_ from _EQ_or D_O (Figs. 5, 6b). This of pCO, @29 C vs. excess @at different Revelle factors (RF) of
low photosynthesis-respiration signal betwegB0, and g anq 11 in the northern South China Sea (assuming the dissolved
DO in the offshore waters was consistent with the low chl- inorganic carbon concentration as 190@0| kg_l' and ignoring

a of <0.3ugL~?! therein (Fig. 1) and represented the low air-sea exchanges). In parfg), the four solid lines show the single
regional productivity. Just prior to our cruise, both pri- effect of air-sea exchanges on relationship@O, @29 C vs. ex-
mary and new production were measured in the offshorecess Q as a function of transportation days after the on site pri-
region under study (Chen and Chen, 2006). Primary pro-mary production/respiration, given a salinity of 32, a temperature
duction (PP) was 3t12mmolCnt2d~1 in the basin and ©f 29°C, the RF of 10, the upper mixed layer depth of 20m and
72422 mmol C nT2 d-1 on the shelf (Chen and Chen, 2006). a steady wind speed of 5m&, based on gas transfer coefficient

Both were among the lowest of the world’s oceans. If we equation of Wanninkhof (1992) revised by Sweeney et al. (2007).

. In,panel(c), the two solid lines show Redfield behavior €0,
used the above average photosynthetic rate and assum%c}zgoc vs. excess @at different RF in the Pearl River estuary.

an euphptic layer of 100m, the overall _impact of biologi- Note that the estimated excess May be subject to uncertainties
cal activity on the surface COsystem might be no more (see text for detalils).

than 0.72umolCL~1d~1 (72/100=0.72 mmol C m?d~1),

m Transect_C_offshore
o Transect_A_offshore

A Transect_S
400 ~

pCO, @ 29°C (patm)

300

400 -

pCO, @ 29°C (patm)

Redfield lines

200

80 60 0 20 0 20 -4
Excess Oz (umol kg™)
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which would be equivalent te<1.5uatm of pCO, change We must point out that our study was based on a limited
per day, converted from a Revelle factor of 10 as discussediata set, and therefore the specific results observed were by
above or DO<1.0umol L~ change per day based on the no means general. This study, nevertheless, revealed that a
classic Redfield ratio. If we took into consideration the res-combination of high-resolution COand G measurements
piration, the net effect of the biological metabolism might be could provide valuable information regarding net metabolic
close to zero. Indeed, the new production was determined tgtatus in marine ecosystems under different physical and bio-
be only~7% (shelf) to 30% (basin) of the PP, indicating that geochemical conditions such as upwelling and water trans-
the PP was mostly recycled on a daily time scale (Chen angbort time. We have demonstrated a simple procedure in eval-
Chen, 2006). Therefore, the net effects of biological activity uating the community metabolic status based on these sur-
on both pCO, and DO were minor in the outer shelf/slope face pCO, and DO measurements. This approach may have

and basin waters. applicability in many other coastal systems with a large gra-
dient of changes in their physical and biogeochemical condi-
4.3 Influence of weak CQ buffering capacity in PRE tions.

and adjacent nearshore areas
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