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Abstract

We examined the relationship between CO, partial pressure (pCO,) and dissolved
oxygen (DO) based on a cruise conducted in July 2004 to the northern South China
Sea, spanning from estuarine plume, coastal upwelling and deep basin areas. Distinct
relationships between pCO, and DO saturation were identified in different regimes. In
coastal upwelling areas and the Pearl River estuary, biological drawdown of pCO, and
production of O, were simultaneously observed. The two properties were coupled with
each other primarily via photosynthesis and respiration. The stoichiometric relation-
ship of the two properties however, was quite different in these two environments due
to different values of the Revelle factor. In the offshore areas, apart from the estuary
and upwelling, the dynamics of pCO, and DO were mainly influenced by air-sea ex-
change during water mixing. Given the fact that air-sea re-equilibration of O, is much
faster than that of CO,, the observed pCO,-DO relationship deviated from that of the
theoretical prediction based on the Redfield relationship in the offshore areas.

1 Introduction

The production of organic carbon leads to drawdown of CO, partial pressure (pCO,)
and increases in dissolved oxygen (DO), while respiration/remineralization is associ-
ated with CO, release and DO consumption. It is therefore reasonable to expect a cor-
relation between pCO, and DO in the surface ocean. Such a correlation has been
shown to have implications for upper ocean metabolic status (DeGrandpre et al., 1997;
1998; Alvarez et al., 2002; Gago et al., 2003; Carrillo et al., 2004; Kuss et al., 2006;
Kortzinger et al., 2008). Indeed, many studies have used simultaneous measurements
of DO and CO, in seawater to investigate the effects of metabolic processes on the
oceanic CO, dynamics (Borges and Frankignoulle, 2001; Guéguen and Tortell, 2008;
Zhai and Dai, 2009). However, it should be pointed out that sea surface pCO, is
buffered by the marine carbonate system, while DO is not associated with any buffer
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system. Therefore the relationship between the pCO, and DO variation in the eu-
photic zone may differ between different biogeochemical settings (DeGrandpre et al.,
1997; 1998), thereby the different pCO,-DO relationship may have different implica-
tions on metabolic status. The coastal system, due to its large gradient in physical-
biogeochemistry may particularly be prone to such variability. Thus far, there have only
been a few reports attempting to elucidate such relationships in the context of ecosys-
tem metabolic balance based on high spatial-resolution measurements of CO, and O,
(e.g. Carrillo et al., 2004).

In the summer of 2004, we conducted underway measurements of surface pCO, and
DO in the northern South China Sea, spanning from estuarine plume, coastal upwelling
and deep basin areas (Fig. 1). This unique dataset allowed for a close examination of
how different relationship between pCO, and DO would be in different regimes such
as open regions and coastal areas influenced by either estuarine plume and/or coastal
upwelling, and how these differences would imply for metabolic status.

2 Materials and methods
2.1 Study area and survey transects

The South China Sea (SCS) is the world largest marginal sea located at low latitudes
in the tropic and subtropical region. While its maximum depth exceeds 5000 m, it has
extensive shelf system in the northwestern and southern boundaries with a mean depth
of only 1350m (Wong et al., 2007). The northern shelf and slope (i.e. the northern
SCS, ~200km broad) is oligotrophic, low-productive (Wong et al., 2007; Chen and
Chen, 2006) and serve as a net source of atmospheric CO, especially in summer
(Zhai et al., 2005a). This is in contrast to many significant CO, sink cases in middle-
latitude continental shelf systems (Cai and Dai, 2004; Borges et al., 2005; Cai et al.,
2006).

The nearshore waters of the northern SCS are quite different from the oligotrophic
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offshore regions. Fed by the Pearl River, a world major river located in southern China,
the productive estuarine plume may extend southeastward to up to a few hundreds
of kilometers off the estuary mouth in flooding seasons (Dai et al., 2008; Gan et al.,
2009). In addition to the estuarine plume, the northern SCS is also influenced by
seasonal upwelling along the Chinese coast (Fig. 1; Han, 1998; Wu and Li, 2003; Gan
et al.,, 2009; Jing et al., 2009). Both processes peak in summer as a result of the
prevailing rain-bearing southwest monsoon from late May to September (Han, 1998),
and both contribute a significant amount of new nutrients to the coastal waters, inducing
dramatic changes of surface pCO, and DO through enhanced primary productivity
(e.g. Dai et al., 2008). The chl-a dataset clearly shows the contrast between productive
nearshore and oligotrophic offshore areas in the northern SCS (Fig. 1; Huang et al.,
2008).

Our cruise was conducted on 6—23 July 2004 on board the R/V Yanping Il. During this
cruise, we performed underway measurements of temperature, salinity, DO and pCO,
along four shelf-crossing transects (Fig. 1, sequentially marked as B, D, C and A from
the cruise beginning to the end) and an alongshore transect (E). Transect A covers
the Pearl River estuary (114°00' E 22°00' N, PRE hereafter) to the southwest to the
Dongsha Islands (115°48' E 20°10’ N). Finally, ending with the transect between station
B1 (116°54' E 20°52' N) and the deep basin station (Station S1 @ 116°00' E 18°00" N)
is named Transect S (Fig. 1). In this study, 70-m isobath was used to classify nearshore
areas or coastal waters from the deeper offshore region.

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 pumping system similar to that previously described
in Zhai et al. (2005b). Sea surface temperature (SST) and salinity were measured
continuously using a SEACAT thermosalinograph system (CTD, SBE21, Sea-Bird Co.)
with an in situ temperature sensor. Data were recorded every 6s and averaged to
1 min. This underway CTD system was calibrated just prior to the cruise.
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Surface water pCO, was determined using an underway system with a continuous
flow and cylinder-type equilibrator (9 cm in diameter and 20 cm long) that is filled with
plastic balls and enclosed with ~100 mL of the headspace (Zhai et al., 2005b). During
this cruise, the equilibrator was exposed to the outdoor open air on deck. A Yellow

Springs Instrument meter (YSI®6600) was used to continuously measure temperature
in the equilibrator. Based on inter-calibration testing, we estimated that all onboard
temperature sensors are consistent with each other within 0.1°C. After the equilibrator
and dehydration, the CO, mole fraction in dry air (xCO,) was detected continuously

using a Li-Cor® NDIR spectrometer (Li-7000). Data were recorded every 5s and av-
eraged to 1 min. The NDIR spectrometer was calibrated regularly against 4 CO, gas
standards. xCO, of the standards ranged from 138 to 967 pmol mol ™", pCO, was con-
verted from corrected xCO, based on barometric pressure around the Li-7000 detector
or air pressure along the transect. The latter were collected every minute with an on-
board weather station at 10 m height above the sea surface. Comparison between the
two air pressure datasets revealed consistency at a relative error level of ~0.1% (i.e.
~1hPa). The Weiss & Price (1980) saturated water vapor pressure and the Takahashi
et al. (1993) temperature effect coefficient of 4.23%°C~" were used to calculate the in
situ pCO,. The temperature difference between the equilibrator and the sea surface
was 0.21-0.29°C. The overall uncertainty of the xCO, measurements and pCO, data
processing is <1% as constrained by our standard gases (Zhai et al., 2005a; 2005b).

Air pCO, was determined in the first 5d, every 1-3h in daytime and every 4h in
nighttime, using the same NDIR spectrometer and dehydration system. The bow intake
from which atmospheric air was pumped was installed at ~6 m above the water surface
to avoid contamination from the ship. The air pCO, data were corrected to 100%
humidity at SST and sea surface salinity.

Surface DO was continuously measured using a pulsed polarographic electrode in-
corporated with the above-mentioned YSI meter. Data were recorded every 12s and
averaged to 1 min. The DO sensor was pre-calibrated against air saturated pure water
and post-calibrated by simultaneous discrete Winkler DO data. These discrete sam-
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ples were either collected via a side vent of our pumping system or obtained using
2.5-L Go-Flo bottles during general station work. DO concentration at equilibrium with
the atmosphere was calculated from the Benson and Krause (1984) equation and local
air pressure.

According to Broecker and Peng (1982) and Stigebrandt (1991), we used the 2.5%
super-saturation as the effective DO saturation level considering the bubble effect. We
also define excess oxygen (ExcessO, hereafter) as Eq. (1) to reflect evasion or invasion
of atmospheric O,:

ExcessO, = [0,] - 1.025 x [Oy]eq M

where [O,] is the field-measured DO concentration; [O,], is the DO concentration
at equilibrium with the atmosphere, calculated from the Benson and Krause (1984)
equation and local air pressure. The negative excess O, suggests an O, deficit while
a positive value means O, emission from water to the atmosphere.

3 Results
3.1 Data overview

During the cruise, two high salinity water masses were identified (Figs. 2, 3). One was
a typical SCS surface water with salinity ~33.7—-34.5 and SST ~28-31°C. All of the
offshore areas of the four cross-shelf transects and the eastern area of transect E are
dominated by this water mass (Fig. 2). In this water mass, surface DO was slightly
oversaturated (102%—-110%), while pCO, ranged 370-400 patm. This is consistent
with the generally oligotrophic and low productive feature of the SCS surface water
(Zhai et al., 2005a; Chen and Chen, 2006; Tseng et al., 2007).

Another high salinity water mass was characterized by low temperatures of 25.5—
26.5°C (Figs. 2, 3), suggesting the influence of subsurface water upwelling. This water
mass was limited to the nearshore area of Transect B and to the west side of Transect E.
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The nearshore area of Transect D was also influenced by the same low temperature
water as observed in Transect E (Fig. 2). These two upwelling influenced coastal areas
have been well defined by both field measurements (Wu and Li, 2003) and numerical
modeling (Jing et al., 2009). The upwelling may support higher productivity due to
new nutrient input from the depth. Thus, moderate to high chl-a levels were observed
in those upwelling influenced areas, especially in the nearshore areas of Transect B
(Fig. 1; Huang et al., 2008). Significantly oversaturated DO data of 120%—138% asso-
ciated low temperature were also observed in those upwelling-influenced areas (Fig. 2).
However, in the upwelling-influenced areas, pCO, varied in a large range between 280
and 440 patm (Fig. 2), of which the highest pCO, of >400 patm was observed at the
west side of Transect E (Fig. 2e).

The low salinity water (S<33) can also be clustered into two groups (Fig. 3). One
has a similar temperature (~28.5°C) to the PRE water (27—-28°C, Fig. 2a), situated in
nearshore areas of Transects A, B, C and E (Fig. 2). Another significant low-salinity
water mass had fairly high temperature (30.5—-31.0°C) which is located in offshore water
of Transect B (Fig. 2b). The latter water mass had relatively low chl-a (Fig. 1) and DO
saturation (Fig. 2b) as compared to the upwelling influenced nearshore area. This
offshore low-salinity water is likely an estuarine plume originated from the PRE, which
is typical in this region in summer as reported by Gan et al. (2009). In fact, both May
and July were major rainy months in 2004 within the drainage basin of the Pearl River.
There an episodic and large-scale heavy rain of 100—300 mm occurred during 10-12
May 2004 (China MWR-BH, 2005). Therefore, the patchy offshore low-salinity water in
Transect B may have originated from the PRE after this heavy rain induced flood and
had mixed partially with typical northern SCS surface water.

Both of the two low-salinity water masses had relatively low pCO, of 310-350 patm
(Fig. 2), while DO varied from slightly over-saturated level of 103%—-110% to highly
over-saturated level of ~130% (Fig. 2b). Note that in the PRE and the adjacent coastal
waters, salinity was <25 and surface DO saturation was no higher than 115% (Fig. 2a),
although chl-a was as high as 3-5 ug L (Fig. 1; Huang et al., 2008).
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3.2 Relationship between pCO, and DO

In the PRE and nearshore region of Transect A, pCO, and DO saturation had a signif-
icant negative correlation (Fig. 4a). Based on our previous studies, the freshwater end
of the PRE is characterized by high pCO, and low DO (Zhai et al., 2005b), while the
seawater end has a significant pCO, drawdown and oversaturated DO due to strong
algae blooms supported by high nutrients from the river (Dai et al., 2008). Fig. 4a
generally reflected a combination of metabolic and physical processes in the PRE (see
Sect. 4).

In the nearshore area of Transect B, pCO, and DO saturation had a significant neg-
ative correlation (Fig. 4b, slope=-164 patm, r=-0.88), where a coastal upwelling sys-
tem was associated (Figs. 1, 2b). This slope was translatable into the nearshore re-
gions of Transect D and west side of Transect E (close to the Transect D) (Fig. 4d),
where another upwelling system was also located (Figs. 1, 2e). In contrast, the off-
shore area of Transect B, pCO, and DO saturation distinctly followed another negative
correlation (slope=-1465 patm, r=-0.94, Fig. 4b) where an estuarine plume existed.
In the offshore areas of Transects A, C and D, no correlation can be developed between
pCO, and DO saturation (Fig. 4).

In summary, we observed three pCO,-DO relationships, which implies different bio-
geochemical processes in different regimes of the northern SCS. Below we will discuss
them in details.

4 Discussion

4.1 Linking DO to pCO, in the upwelling induced bloom areas based on Red-
field ratio and Revelle factor

In the bloom areas, metabolic processes typically cause negatively correlated varia-
tions of dissolved inorganic carbon (DIC) and DO. However the relationship between
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pCO, and DO is more complicated because pCO, is buffered by the marine car-
bonate system characterized by the Revelle factor. In contrast DO is not associ-
ated with any buffer system. The Revelle factor is defined as the ratio of fractional
change in seawater pCO, to the fractional change in total DIC after re-equilibration, i.e.
{[0pCO,/pCO,]/[0DIC/DIC]} at a given temperature, salinity and alkalinity (Revelle
and Suess, 1957; Sundquist et al., 1979). In the oligotrophic basin area of the northern
SCS, the surface-water Revelle factor has been estimated to be about 9 (Tseng et al.,
2007). Air-equilibrated surface DIC (1900 pmol kg‘1) in the offshore regions is taken
from Tseng et al. (2007). The air-equilibrated pCO, is taken from the mean value of
field measured atmospheric pCOs.

In the following discussion, we converted the ExcessO, value into DIC change based
on the classic Redfield Ratio. Then we used the Revelle factor to convert DIC change
induced by ExcessO, into pCO, change at the given temperature, thereby linking
ExcessO, to pCO, change in order to characterize the metabolic processes. In light
of the effects of heating/cooling on both the pCO, and DO saturation (4.23%"0_1
VS. 1.60%°C'1), we normalized sea surface pCO, to the mean SST (29°C) following
the approach of Zhai et al. (2005a) to examine the relationship between the tempera-
ture normalized pCO, (NpCO, hereafter) and ExcessO,. Therefore, several possible
photosynthesis-respiration-dominative lines of NpCO, vs. ExcessO, at different Rev-
elle factors of 9 and 11 were plotted in Fig. 5a according to Eq. (2):

8NpCO, = RF x (NpCOJ/DICP) x 6DIC
= RF x (NpCOJ/DICP) x (~6ExcessOy,) x (106/138) 2

where prefix 6 means a differential change, superscript 0 the air-equilibrated value, RF

the Revelle factor, 106/138 the classic Redfield ratio between carbon and O, changes.

Both the datasets from the two coastal upwelling systems (nearshore areas of Tran-

sects B and D, together with west part of the Transect E) followed the seawater Redfield

lines (Fig. 5a), although some NpCO, data were higher than the air-equilibrated level

in the central areas of the two upwelling systems. This suggests that both pCO, and
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DO are mainly driven by biological photosynthesis and respiration in the upwelling-
influenced nearshore regions except in the upwelling center where deep water of high
pCO, was still observable. Another piece of evidence pointing to the fact that metabolic
processes dominated the upwelling-influenced nearshore region is derived from higher
surface chl-a concentrations (Fig. 1; Huang et al., 2008). Most significantly, high chl-a
values of >2 g L~ were observed at two stations in and around the coastal area of
Transect B (Fig. 1).

4.2 Influence of air-sea exchange on pCO,-DO relationship in offshore regions

Away from the upwelling-influenced regions, however, the relationship of NpCO,-
ExcessO, was much different from what was shown in Fig. 5a. In the offshore es-
tuarine plume area of Transect B, although NpCO, was still significantly correlated
with ExcessO, (Fig. 5b), the slope was much higher than in those upwelling influenced
nearshore waters. This suggests that such a relationship was not mainly derived from
on site biological activity, rather it is modulated by a combination of metabolic and
physical processes during the long-distance mixing with offshore waters.

It is important to point out that air-sea re-equilibration of CO, is slower than DO
due to the chemical buffering capacity of the marine carbonate system (DeGrandpre
et al., 1997; 1998). Therefore, we cannot directly predict DIC change during the long-
distance transportation and mixing from O, change.

Based on the classic stagnant film model, the flux of gases between the atmosphere
and water can be estimated by an empirical boundary-layer model for gas exchange:
Flux=Dg,s/Zx ACqs, Where Dy, is the molecular diffusion coefficient, z the empirical
thickness of a hypothetical stagnant boundary layer, AC g, the concentration deficit or
overstock in water surface. Thus an empirical gas exchange ratio (ER) of ACy, (i.e.
ExcessO,) to ACc, (free CO, deficit, A[CO,’] hereafter, estimated from air-sea pCO,
difference at SST and Henry’s law constant of CO,) must be established first.

At the lowest seawater pCO, site in the offshore area of Transect B, A[CO,"]
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can be estimated as 1.18 umol kg'1 based on air pCO,~358 patm and seawater
pCO,~313 patm at SST ~30.7°C and salinity ~31.7 (Fig. 2b), while ExcessO, was
observed as 12 umol kg'1 (Fig. 5b). Therefore the ratio of ExcessO, to A[CO,"] was
estimated as 10.7. This was nearly the lowest disequilibrium ratio in this region, which
was apparently derived from chemical buffering effect of CO, during metabolic pro-
cesses. Based on our field-measured dataset in this region, the ratio of ExcessO, to
A[CO,"] varied between 9.7 and 22. This ratio, further based on the diffusion coefficient
ratio of O, to CO, (~1.2, Broecker and Peng 1982), would lead to the lowest air-water
exchange ratio of O, to CO,~(9.7x1.2):1=12:1 in the offshore area of our Transect B,
while the highest ratio ~(22x1.2):1=26:1.

Similar to Eq. (2), Eq. (3) gives the quantitative expression of NpCO, vs. DO at
a given ER of O, to DIC:

8NpCO, = RF x (NpCO3/DIC?) x 5DIC
= RF x (NpCOJ/DIC?) x (-6ExcessO,) x (1/ER) (3)

Based on the above ER factors and Eq. (3), assuming a RF of 10, we can esti-
mate the highest air-sea exchange induced slope of NpCO,-ExcessO, plot in the
offshore area of Transect B by 6NpCOz/6ExcessOZ=—RFx(NpCog/DICO)x(1/ER):
-10x(360/1900)x(1/12)=~-0.15 patm-pCO, (umol O, kg'1 )‘1, or ~—35 patm for the
slope of pCO,-DO% plot, given the saturated DO value ~220 umol O, kg‘1 in summer
in the northern SCS. This suggests that an integration of the on-site metabolic pro-
cesses prior to our cruise and the air-sea exchange during later buoyant transportation
may have resulted in the unique pattern of the pCO,-DO relationship in offshore region
of our Transect B (see arrows in Figs. 4, 5b for reference). The relatively homogeneous
but lower chl-a concentration in this region compared with the high values in nearshore
area of our Transect A (Fig. 1, which is suggested as the source area of the offshore
low-salinity region of Transect B) supported such a pattern. Similar patterns have been
observed in the outer Changjiang (Yangtze River) Estuary, East China Sea (Zhai and
Dai, 2009).
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In most offshore areas other than the estuarine plume area of Transect B, how-
ever, the NpCO,/pCO, varied independently from ExcessO,/DO (Figs. 4, 5b). This
low metabolic signal between pCO, and DO in the offshore waters is consistent with
the low chl-a (Fig. 1; Huang et al., 2008) and thereby represents the low regional pro-
ductivity. Just prior to our cruise, both primary and new production was measured in
our studied offshore region. Primar}/ production (PP) was 31x12mmolCm=2d™" in
the basin and 7222 mmolCm™2d™" on the shelf (Chen and Chen, 2006). Both are
among the lowest of the world’s oceans. If we use the average photosynthetic rate in
100 m euphotic water column, at a diurnal time scale, overall impact of biological activ-
ity on surface CO, system may be no more than 0.8 ymolC L~ (<1.5 patm the pCO,,
converted from Revelle factor 9 as discussed above) and DO<1.0 umol L (~0.5% the
saturated DO). Both are insignificant relative to field measured air-sea difference val-
ues of pCO, and DO. Moreover, the new production was determined to be only ~7%
(shelf) to 30% (basin) of the PP, indicating that the PP was mostly recycled on a daily
time scale (Chen and Chen, 2006). Therefore, the net effects of biological activity on
both pCO, and DO were minor in the outer shelf/slope and basin waters.

4.3 Influence of weak CO, buffer system in PRE and adjacent nearshore areas

In the PRE, however, DIC was ~1500 pmol kg_1 (Dai et al., 2008) and the Revelle
factor varied from ~19@S~15 to ~12@S~25 based on the conservative mixing line of
carbonate system as summarized in Dai et al. (2008). This is apparently caused by
higher concentrations of free CO, in the estuarine waters than in the offshore water
(Zhai et al., 2005a; 2005b).

Thus we can model possible photosynthesis-respiration-dominative lines of NpCO,
vs. ExcessO, in the PRE based on the classic Redfield ratio and possible Revelle factor
of 12-19 (Fig. 5¢). The reasonable agreement between data and predicted values
(Fig. 5¢) suggests that the drawdown of pCO, and enhancement of DO in the PRE
are mainly influenced by on site primary production, while air-water gas exchange may
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also have contributions, with much smaller effects than the offshore estuarine plume
area apparently due to the shorter residence time over there.

The comparison of different NoCO,-ExcessO, relationships between coastal up-
welling influenced areas and the PRE (Figs. 5a,c) shows the significant effect of Rev-
elle factor on surface pCO, dynamics. Although pCO,-DO relationships in nearshore
areas of Transects A and B were both dominated by the photosynthesis/respiration,
the different Revelle factors resulted in different pCO,-DO slopes in the two waters
(Figs. 4a,b).

5 Conclusions

In this study, we have elucidated the effect of photosynthesis/respiration and air-water
exchange on the changes in the coupling of pCO, and DO in a spectrum of coastal
settings in the northern SCS. In the coastal upwelling influenced areas, both properties
were mainly controlled by on site community metabolic processes. In the estuarine
plume influenced regions, the pCO,-DO relationship was controlled by the integrated
effect of previous community metabolic processes and subsequent air-water exchange.
Moreover, the chemical buffering of carbonate system also had significant effect on
the relationship. Our data set has, for the first time, identified different influencing
processes in contrasting systems based on field-measured data in a single study.

This study reveals that a combination of high-resolution CO, and O, measurements
may provide valuable information of metabolic status in marine ecosystems. Yet the
relationship generated therein may have different implications. This study exemplified
a simple procedure to evaluate the community metabolic status based on surface pCO,
and DO measurements, which may have applicability in many coastal systems with
large gradient of changes in physical and biogeochemical settings.
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Fig. 1. Map of the northern South China Sea showing the cruise track and surveying transects
(A, B, C, D, E and S). “+” symbols designate locations where we used to divide the shelf into
nearshore and offshore areas in this study. Stations B1, D1 and S1 are also shown. Shadowed
ellipses sketch typical summer upwelling locations based on Wu and Li (2003) and Jing et al.
(2009). Discretely sampling data of surface chl-a concentrations were from Huang et al. (2008).
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Fig. 2. Distribution of surface T, S, pCO, and DO along surveying transects. Note that Panels
(a—d) and (f) are presented from the coast (north) to the deep basin (south). Panel (e) is
presented from Transect D side (west) to Transect C side (east). A high pCO, of ~630 patm and
a low salinity of ~13.6 in the Pearl River estuary, as extended from Transect A were also marked
in panel (a). The vertical dashed lines in panels (a—d) show the locations with bathymetric depth
of ~70m, referring to Fig. 1. The vertical grey solid lines in panels (b), (d) and (f) show Stations
B1, S1 and D1, referring to Fig. 1. The horizontal dashed lines in each panel show atmospheric

CO, level (upper) and saturated DO level (lower).
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slightly different from DeGrandpre et al. (1997) since their data were obtained at the 20-m depth
rather than at ocean surface as did in this study.
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Fig. 5. Temperature normalized pCO, (pCO, @29°C) vs. excess O,. The cross star shows
the mean atmospheric pCO, and the zero excess O,. In panel (a), the two solid lines show
Redfield behavior of pCO, @29°C vs. excess O, at different Revelle factors (RF) of 9 and 11
in the northern South China Sea (assuming the dissolved inorganic carbon concentration as
1900 pmol kg‘1, and ignoring air-sea exchanges). In panel (c), the two solid lines show Redfield
behavior of pCO, @29°C vs. excess O, at different RF in the Pearl River estuary. Arrows depict
the expected direction of variations owing to different physical and biological forcings (see text
for details).
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