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The distributions of dissolved inorganic carbon (Cy), total alkalinity (Ar) and pH at 25 °C (pH,s) were
determined in the Northern South China Sea Shelf-sea (NoSoCS) in early June, 2010 during a low flow

Keywords:
Northern South China Sea Shelf-sea period. The distributions of the partial pressure of CO, (pCO,), in situ pH, and temperature normalized
(NoSoCS) pCO, (NpCO,) were derived from the measured values. The distribution of Ay is linearly related to salinity
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indicating that its distribution is controlled primarily by mixing between the surface water and the
subsurface North Pacific Tropical Water. Aside from physical mixing, the distribution of Cr is also
influenced by its loss through biological uptake and CO, evasion to the atmosphere. The net community
production (NCP) rate in the NoSoCS is estimated to be 10 + 20 (with a range of 4-13) mmol Cm~2d .
Within the NoSoCS, the NCP is elevated in the coastal upwelling area, where it is estimated to reach
30+ 17 mmol C m~2d~ . In addition to temperature, upwelling and biological uptake also affect the
distribution of the surface pCO, and in situ pH.

The waters in the NoSoCS are super-saturated with respect to aragonite at all depths as the saturation
horizon is at 600-800 m in the open northern South China Sea. Nevertheless, the aragonite saturation
state, £24,, in the surface water, which is mostly between 3.3 and 3.5, is already within the range that has
been suggested as barely adequate to marginal for the growth of the tropical shallow-water corals. The
€2, is linearly related to in situ pH. At the reported rate of pH decrease in the oceans as a result of ocean
acidification, £24, might reach a value that is considered “extremely marginal” within several decades

and the existence of this type of coral reef ecosystem in the NoSoCS may then be threatened.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Coastal and marginal seas play an important role in the global
carbon cycle since they link the terrestrial, oceanic and atmospheric
carbon reservoirs. Although they constitute only ~ 7% of the ocean by
surface area, they contribute 14-30% of the oceanic primary produc-
tion and 80% of the organic matter burial (Gattuso et al., 1998b).
Marginal seas beyond the estuaries are also important sinks of the
atmospheric CO,, contributing 27-30% of the oceanic CO, sequestra-
tion (Chen and Borges, 2009).

In view of the importance of the marginal seas in oceanic CO,
sequestration, their carbonate system has been actively studied (Chen
and Borges, 2009; Laruelle et al., 2010). However, while the marginal
seas at the middle and high latitudes, such as the Middle Atlantic
Bight, South Atlantic Bight, the East China Sea, the North Sea, and
the Bering Sea have been studied rather extensively (Bates et al., 2011;
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Cai et al., 2010; Chen and Wang, 1999; Thomas et al., 2004; Wang et
al.,, 2013; Wong, 1979, 1988; Zhai and Dai, 2009), their counterparts
in the lower latitudes are still relatively under-studied (Cai et al.,
2006; Chen and Borges, 2009; Laruelle et al., 2010). Nevertheless, it
is well known that the major processes controlling the carbonate
system in the oceans vary with latitude and there is no reason to
believe that the marginal seas should be the exception (Cai et al.,
2006; Gruber et al., 2009; Takahashi et al., 2009). For example, Cai
et al. (2008) report that the global input of bicarbonate to the
coastal seas varies with latitude. Wang et al. (2013) find that total
alkalinity, Ay, in shelf waters decreases northward along the eastern
seaboard of the United States. The recent recognition of ocean
acidification (OA) as an imminent global environmental issue (Orr
et al., 2005) has provided further impetus for understanding the
behavior of the carbonate system in the tropical marginal seas as
they may be more susceptible to OA than the open ocean when
accompanied by other biogeochemical processes (Cai et al., 2011).
Tropical shallow water coral reef ecosystems, which are frequently
found in tropical marginal seas, have been predicted as early victims
of OA (Gattuso et al., 1998a; Kleypas et al., 1999a; Langdon et al.,
2003; Leclercq et al., 2000; Tribollet et al., 2006). Nevertheless, how
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the carbonate system in the low latitude marginal seas may
respond to terrestrial input, biological processes, local forcing (such
as river runoff, coastal upwelling, and atmospheric pumping by
tropical cyclones) and exchange with the open ocean are still
inadequately documented and understood.

The Northern South China Sea Shelf-sea (NoSoCS) of the
northern South China Sea (SCS) is a major sub-tropical coastal
sea of the world where coral reef ecosystems are widely found.
Previous studies on its carbonate chemistry tend to cover only
selected sub-regions and significant sub-regional variations have
been found (Zhai et al., 2005, 2009; Dai et al., 2008b; Cao et al.,
2011). A characterization of the carbonate system in the NoSoCS as
a whole has yet to be attempted. In this study, we report the
distributions of dissolved inorganic carbon (Cy), total alkalinity
(A7), pH, pCO, and the aragonite saturation state (£24,) in the entire
NoSoCS during the early summer of 2010 as an example of the
characteristics of the carbonate system in a major sub-tropical
marginal sea. Furthermore, the processes controlling these dis-
tributions and the response of the NoSoCS to OA are assessed.

2. Material and methods
2.1. Study area

The SCS is located in the northwestern Pacific and extends from
23°N in the sub-tropics at southern Taiwan to 3°S in the tropics at the
coasts of Borneo and Sumatra. The NoSoCS is situated at the north-
western corner of the SCS in its subtropical section (Fig. 1). It extends
in a northeast to southwest direction from the southern Chinese
coast to the shelf edge between 19 and 23°N and between Hainan
Island and the southern end of the Taiwan Strait from 110 to 118°E
(Fig. 1). The western half of the shelf is narrower and broadens
eastward off Shanwei towards Shantou. In response to the southwest
monsoon and topographic forcing, a well-documented summer
upwelling occurs along the coast in this broadened section of the
shelf (Gan et al., 2009a). Vertical mixing within the NoSoCS is also
enhanced by internal waves whose occurrence has been observed
along the entire outer shelf (Li et al., 2008). The NoSoCS is also the
receiving water of a nutrient-rich river draining a heavily urbanized
part of the world (Dai et al., 2008a), the Pearl River, whose annual
freshwater discharge is about 3.26 x 10" m? (Zhao, 1990). The high-
est discharge from the Pearl River occurs during the summer and its
lowest discharge is in late winter and early spring (Fig. 2). Recently,
Liu et al. (2012) report that significant quantities of submarine
groundwater may also enter the NoSoCS. While the adjoining open
northern SCS is generally oligotrophic (Chen et al., 2001; Chen, 2005;
Chen and Chen, 2006; Wong et al., 2007), the biological productivity
in the NoSoCS is significantly higher as a result of enhanced vertical
mixing and exogenous sources of nutrients (Tan and Shi, 2009).
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Fig. 1. The study area in the northern South China Sea. A - stations along the four
transects T1-T4 at which discrete water samples were collected; + — CTD only
stations; and open star - Dongsha Atoll.
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Fig. 2. Monthly averaged freshwater discharge of the largest tributary of the Pearl
River system, the West River, at the Wuzhou gauging station (at 111.3290°E,
23.4688°N, Guangxi Zhuang Autonomous Region) (the Hydrological Information
Annual Report (2000-2010), Ministry of Water Resources, PR China). Shaded area -
spring months.

The hydrography and general pattern of circulation in the
northern SCS and the NoSoCS are reasonably well known (Chao
et al., 1996; Gan et al., 20093, 2009b; Shaw and Chao, 1994; Wong
et al., 2007; Xue et al,, 2004). The monsoonal wind is a major
forcing of the circulation in the NoSoCS and leads to a generally
southwestward flow in the winter and a northeastward flow in the
summer (Gan et al., 2006; Xue et al., 2004). However, the details,
such as the rate of mass exchange between the NoSoCS and the
northern SCS, remain poorly quantified. More extensive reviews
on the general oceanography of the NoSoCS appear elsewhere in
this special issue (Wong et al., 2015-a, 2015-b).

Previous sub-regional studies on the carbonate chemistry of the
NoSoCS were conducted primarily in the summer. Zhai et al. (2005,
2009) report that some sub-regions are sources of CO, to the
atmosphere, probably as a result of low productivity and high
temperature in warm seasons. On the other hand, others (Cao et al.,
2011; Dai et al., 2008b) find consistently high uptake rates of
dissolved inorganic carbon in the Pearl River plume and in the
upwelling waters off the coast between Shantou and Shanwei,
where biological productivity is high. A characterization of the
carbonate system in the NoSoCS as a whole has yet to be attempted
and this information is especially helpful if the impact of OA on the
extensive tropical water coral reef ecosystems in the NoSoCS (Guo
et al.,, 1994) is to be assessed.

2.2. Sampling and analysis

Stations were occupied in four cross-shelf transects extending
from the inner shelf to the open northern SCS off Shantou, Shanwei,
Macou and Maoming from the southern end of the Taiwan Strait
(transect T1) to Hainan Island (transect T4), on board R/V Ocean
Researcher I (ORI) during cruise ORI 929 on 3-12 June, 2010. At each
station, depth profiles of salinity and temperature were recorded
with a Seabird® SBE 911 Conductivity-Temperature-Depth/pres-
sure (CTD) sensor package. Discrete water samples were collected at
selected stations with 20-L Go-Flo bottles mounted on a Rosette
sampler. Following the protocols of the best practices for measuring
the ocean carbonate system parameters (Dickson et al., 2007), sub-
samples for Cr, Ar and pH measurements were taken with Tygon®™
tubing free of air bubbles, with ample sample overflow in order to
minimize any contamination from atmospheric CO,. Samples for Cy,
and Ar measurements were taken into 500 mL borosilicate bottles
and poisoned with a saturated HgCl, solution. The samples were
stored in the dark and returned to a land-based laboratory for
analyses within one and two months of sample collection for Crand
Ar, respectively. pH samples were taken into 10 cm optical cells. pH
measurements were made onboard the ship within two hours of
sample collection.
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Analyses of Crand Ay followed the methods in Cai et al. (2004).
Cr was measured by collecting and quantifying the CO, released
from the sample upon acidification with a non-dispersive infrared
detector (Li-Cor®™ 7000) using an Apollo SciTech model AS-C3
DIC Analyzer. The analyzer was calibrated with the certified
reference materials (CRM) provided by Dr. A.G. Dickson of the
Scripps Institution of Oceanography. Additionally, eighty CRM
measurements were inserted randomly into the work-stream
during the analyses of the field samples, and each was analyzed
at least in triplicate. The resulting average precision in the
repeated analyses of these quality-control samples was better
than + 0.1% and the average deviation from the expected values
was 1.4 pmol kg~ .

Ar was determined by a Gran titration with hydrochloric acid
using an automated alkalinity titrator (Apollo SciTech model AS-
ALK2). The acid was standardized with the CRM. After every 20
field samples were analyzed, the CRM was inserted into the work-
stream and analyzed as a sample. The CRM was thus analyzed for
20 times during the sample analyses. The precision estimated from
these repeated analyses was =+ 1.8 pmol kg~ !. The average devia-
tion from the expected value was 2.0 pmol kg '

Samples for pH measurements were placed in a constant
temperature bath at 25+ 0.01 °C for about 1h before their pH
values were measured spectrophotometrically at the same
temperature in a thermostated cell with a Perkin Elmer Model
Lambda 35 UV/vis spectrophotometer, using m-cresol purple
sodium salt (Sigma-Aldrich) as the indicator (Dickson et al.,
2007). Correction for indicator perturbation was made following
the procedure of Dickson et al. (2007). The precision of the
measurement was +0.0008 pH unit when a sample of aged
seawater was analyzed 14 times in the laboratory before the
cruise. Correction for indicator impurity was not made as the
procedure (Liu et al., 2011) was not available during this work.
A subsequent comparative study of eight replicates of four
samples of aged seawater, with a pH range of 7.58-8.16, indicated
that the pH values obtained by using the indicator used in this
study were 0.0049 +0.0006, with a range of 0.0045-0.0056,
lower than the values determined when a purified indicator,
obtained from Dr. Robert Byrne (University of South Florida),
was used. These results indicate that the effect from indicator
impurity was significant relative to the precision, + 0.0008, of the
pH measurements but the offset was quite consistent.

Nutrient samples were drawn into high-density polyethylene
bottles. Samples for the determination of soluble reactive phos-
phorus (SRP) were quickly frozen with liquid nitrogen and
stored at —20 °C and then returned to a land-based laboratory
for analysis. SRP was determined manually by the standard
phospho-molybdate blue method (Strickland and Parsons, 1972)
at a precision of 4+ 0.01 umol L~ or + 3%, whichever was greater.
For the determination of silicate, the samples were stored refri-
gerated at 5 °C until they were analyzed manually by the standard
reduced silico-molybdate blue method (Strickland and Parsons,
1972). The precision of the measurement was + 3%.

2.3. Data processing

In situ aragonite saturation state (£2,4,), partial pressure of CO,
(pCO,) and in situ pH were calculated from C; and Ay using the
program CO2SYS (Pierrot et al., 2006). The dissociation constants
of carbonic acid were taken from Mehrbach et al. (1973) as refitted
by Dickson and Millero (1987). CO, solubility coefficient was taken
from Weiss (1974) and the bisulfate dissociation constant from
Dickson (1990). The concentrations of SRP and silicate were also
used in these calculations. The CaCOs5 solubility products were
calculated using the equations of Mucci (1983).

Normalized Ar and Cy at a reference salinity of 34.0 were
calculated following the scheme of Friis et al. (2003) such that:

obs S=0
NXZ%XMH&O )

in which, X is Ay or Cr, and X°”* and $° are the observed Ar or Cr,
and salinity, respectively. A§= 9 is the intercept in the linear
regression analysis of Ar against salinity down to a depth of
150 m or the sea bottom if the water depth of the station was
shallower than 150 m. C?Z % is the intercept in the linear regres-
sion analysis of Cr against salinity in the mixed layer. Only the data
in the mixed layer were use in the latter case because the
relationship between C; and salinity became non-linear at greater
depths. The mixed layer depth was defined as the depth at which
the potential density gradient reached or exceeded 0.1 m~! (Green
et al.,, 2006; Tseng et al., 2005). A salinity of 34.0 was used as it was
approximately the average salinity in the mixed layer.

pCO, was normalized to a temperature of 27 °C (NpCO,) using
the following equation (Takahashi et al., 2002):

NpCO, = pCO, x exp[27-sst] 2)

where sst is the sea surface temperature. A temperature of 27 °C
was used as it corresponded approximately to the average tem-
perature in the mixed layer.

The value of pH at in situ temperature (in situ pH) was
calculated from Cr and pHys using the program CO2SYS (Pierrot
et al., 2006) with the same constants as those in the £2 calculation.
To gauge the internal consistency of the measurements in the
carbonate system, we calculated Ar from pHys and Cr with the
program CO2SYS. The differences between the calculated and
measured Ar ranged between 0.0 and 9.4 pmol kg~!, with an
average of 3.9 + 2.2 pmol kg~ '. Given that the analytical precision
in the measured Ay was about + 2 pmol kg~! and that there was
also uncertainty in the calculated Ay, this average difference was
considered acceptable and it indicated a reasonable degree of
internal consistency, if not accuracy, in the measurements.

Net CO; flux (Fco,) between the surface water and the atmo-
sphere was calculated with the following formula:

FCOZ =k xsx ApCOZ (3)

where s is the solubility of CO, (Weiss, 1974), ApCO, is the pCO,
difference between the surface water and the atmosphere; and k is
the CO, gas transfer velocity between the surface water and the
atmosphere. Gas transfer velocity was parameterized using the
empirical function of Sweeney et al. (2007) and Ho et al. (2006)
such that

k=027 x U%, x (Sc/660) *° (4)

where Uy is the wind speed at 10 m above sea level and Sc is the
Schmidt number at the in situ temperature in the seawater
(Wanninkhof, 1992). The wind speed data, at a resolution of
2.5° x 2.5°, were obtained from the National Center for Environ-
mental Prediction of the United States. The arithmetic average
wind speed from June 3 to 12 in the study area was adopted in the
calculation. Atmospheric pCO, (pC0O%™) was calculated from the
CO,, fraction (xCO,) in the atmosphere at the Dongsha Island and
the barometric pressure (P) after correcting for the water vapor
pressure (Pp,o) (Weiss and Price, 1980):

pCOS™ = (P—Py,0) x xCO;, (5)

The average air xCO, at Dongsha Island during the cruise
(393.2 ppm, Global Monitoring Division, Earth System Research
Laboratory, National Oceanic & Atmospheric Administration, data
available at http://www.esrl.noaa.gov/gmd/dv/data) was adopted
in the calculation. As defined here, a positive flux indicates an
evasion of CO, from the sea to the air. The average CO, flux was the
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arithmetic average of the stations where net community produc-
tion, NCP, was calculated.

3. Results and discussion

3.1. Hydrographic characteristics

The relationship between potential temperature and salinity
(Fig. 3) indicates that the water masses in the study area include
the surface water, the North Pacific Tropical Water (NPTW), the
North Pacific Intermediate Water (NPIW) and the North Pacific
Deep Water. The NPTW and NPIW are represented by the salinity
maximum at 100-150 m and the salinity minimum at 400-450 m.
This water mass structure is similar to that reported previously in
the open northern SCS basin (Chou et al., 2007).

The distributions of temperature and salinity in the surface waters
and along each of the cross-shelf transects are shown in Figs. 4 and 5.
A more detailed discussion on the hydrographic conditions during
this study and the climatology of the hydrographic characteristics in
the study area is found elsewhere in this special issue (Wong et al.,
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Fig. 3. T-S (potential temperature vs. salinity) relationships at all the stations. SW -

surface water; NPTW - North Pacific Tropical Water; NPIW - North Pacific
Intermediate Water; and NPDW - North Pacific Deep Water.
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2015-b) and is only briefly summarized here. The study area may be
sub-divided into the inner shelf, the middle shelf, the outer shelf and
the open northern SCS at water depths of <40, 40-90, 90-200 and
> 200 m, respectively. The mixed layer depth during this cruise,
~40 m, was similar to those found during the summer in previous
studies (Cai et al,, 2004; Cao et al, 2011; Wong et al,, 2007). The
mixed layer was underlain by a relatively homogenous layer of sub-
surface water that extended into the NoSoCS from the open northern
SCS. In the inner shelf, the water column was vertically well mixed.
The temperature and salinity were lower while the concentration of
chlorophyll a (not shown here) was higher than those in the waters
in the surface mixed layer further offshore. In contrast, the hydro-
graphic characteristics on the outer shelf approached those in the
open northern SCS, where the water was warm and saline and the
chlorophyll a concentration was low. Superimposed on these sub-
regions was the effect of offshore upwelling between Shanwei and
Shantou, a phenomenon that has been reported to occur in this area
(Gan et al., 2009a). This was indicated by the coastward and upward-
tilting isopleths of temperature and salinity in transect T1 (Fig. 5A-4
and B-4) and by the associated patch of exceptionally cold and saline
surface water (Fig. 4A and B). The presence of the saline upwelling
water actually resulted in a higher salinity in the inner shelf than
further offshore off the coast of Shantou (Fig. 5A-4). Evidence for the
activity of internal waves, which was indicated by the undulating
isohalines and isotherms at the bottom of the mixed layer, was
present along the entire shelf (Fig. 5A-1-A-4). These internal waves
extended shoreward from the open northern SCS to at least the
middle shelf, and their effects were most prominent in the outer
shelf (Chang et al., 2011; Li et al., 2008; Pan et al., 2012). The slightly
elevated salinities in the outer shelf, especially around Dongsha Atoll
where some of the strongest internal waves in the world are found
(Chang et al., 2006; Hsu et al., 2000; Wang et al., 2007), relative to
the water either further offshore and onshore, could be related to the
enhanced entrainment by these waves of saline sub-surface water to
the surface mixed layer.

A parcel of anomalously lower salinity water was found at the
coast in the northwestern corner of the study area off Maoming
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where salinities dropped abruptly to < 30 (Fig. 4B). The source of
this water is uncertain. Submarine ground water and local river
discharges outside the sampling area are both possibilities. Except
for this water parcel, salinity fell within a narrow range of 33.6-
34.2. The presence of the Pearl River plume, which should be
represented as a patch of lower salinity water off the mouth of the
river, was not prominent. This might reflect the fact that the
sampling period in this study just preceded the arrival of the high
flow from the river and followed an exceptionally dry spring, since
the discharge of the Pearl River in March-May, 2010 was ~30%
lower than the long-term average (Fig. 2).

3.2. Distributions of Ay, Cr, pCO> and pHzs

3.2.1. Surface distributions

Surface distributions of Ay, Cr, pCO, and pHys are shown in
Fig. 4. Ay fell within 2210-2250 pmol kg~ ! (Fig. 4C) excluding in
the exceptionally lower salinity water off Maoming where Ar
dropped to <2100 pmol kg~ '. The pattern of distribution fol-
lowed that of salinity closely, with higher Ar generally correspond-
ing with higher salinity. The pattern of Cr distribution was also
similar to that of salinity but the correlation was not as strong as
that of Ay (Fig. 4D). Thus, higher C; was generally associated with

the more saline water in the upwelling area and around the
Dongsha Atoll and the lowest Cr ( < 1800 pmol kg~ ') was found
in the lowest salinity water off Maoming. However, the highest Cr
did not co-locate with the highest salinity off Shantou but was
found off Shanwei. Except for the water off Maoming, C; ranged
between 1910 and 1960 pmol kg~ ! (Fig. 4D).

Surface pCO, ranged between 362 and 413 patm, except at off the
coast of Maoming, where it dipped to <260 patm. The pCO, in
surface seawater were generally higher than that in the atmosphere
(~390 patm), and waters with pCO, below the atmospheric pCO,
levels were confined only to the coastal waters off Maoming and the
Pear]l River estuary (Fig. 4E). The distributional pattern of pCO,
generally resembled that of temperature such that higher pCO, was
found in warmer water. Thus, pCO, increased seaward as the
temperature became higher, except in the upwelling water off
Shanwei and Shantou where pCO, was high but temperature was low.

Excluding the water off Maoming, surface pH,s fell between 8.05
and 8.09. Its distributional pattern was similar to that of tempera-
ture so that the lower values, < 8.07, were generally found in the
colder upwelling water off Shantou and Shanwei while the higher
values, > 8.08, tended to appear in the warmer water offshore. Off
Maoming, surface pHys rose to > 8.2, the highest value found in the
NoSoCS (Fig. 4F).
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3.2.2. Vertical distributions

With depth, Ay and Crincreased steadily below the mixed layer
to about 2425 and 2335 pmol kg~ !, respectively, below 1500 m
(Fig. 6). The pHays values decreased with depth. At the bottom of
the mixed layer at around 40 m, pHys approached 8.0 (Fig. 5E).
Below the mixed layer, pH,s continued to drop conspicuously to
7.8-7.9 at 150 m at the core of the NPTW and to 7.5 at > 1500 m
(Fig. 6E). There was a distinct undulation in the isopleths of pHas
below the mixed layer in transect T2 as a result of the enhanced
vertical mixing by internal waves, and waters with lower pHys
were able to reach shallower depths (Fig. 5E-3).

The distributional patterns of the carbonate species reported
here are somewhat different from those reported previously (Cao
et al., 2011). Waters with low salinity, C; and Ay, which are
indicative of riverine input, were conspicuously absent in the
middle shelf and in most of the inner shelf in the absence of a
significant Pearl River plume during this study, in contrast to prior
studies by Cai et al. (2004) and Cao et al. (2011).

3.3. Physical and biological controls on the carbonate system

The similarity in the surface distributions of Ar and salinity
suggests that physical mixing is the primary process controlling
the distribution of Ar. Indeed, data from the upper 150 m yield a

strong linear relationship (Fig. 7A) such that

Ar(umol kg~ = 62.6( + 1.0)
xS+116(+35) N=159, R®>=0.96 (6)

where S is salinity, R is the correlation coefficient and N is the
number of data points. At a salinity of 34.6 (the average salinity at the
core of the NPTW), this relationship yields a Ay of 2282 pmol kg~ ',
which is quite similar to the previously reported values (Tseng et al.,
2007). Thus, Ar in the NoSoCS is primarily controlled by mixing
between the saline sub-surface NPTW and the fresher surface water
whose composition may be influenced by riverine input, submarine
groundwater discharge and atmospheric precipitation. In contrast,
although a linear relationship is also found in the open northern SCS,
the intercept is virtually zero (Tseng et al., 2007). This indicates that
the fresh water end-member in the open SCS is probably rain-water.
The influence from terrestrial sources, which may be high in Ay, is
minimal. The large positive intercept in the relationship between Ar
and salinity in the NoSoCS is indicative of the influence of mixing
with terrestrial sources of fresh water containing considerable
Ar as the Ar in Pearl River water during a similar time period of the
year and in submarine ground water discharge to the region
have been reported to be 1190 pmol kg~' (Guo et al, 2008) and
4020 pmol kg~ ! (Liu et al., 2012) respectively. In fact, when the data-
set is further subdivided into waters in the NoSoCS proper (water
depth <130 m) and in the inner shelf alone (water depth <40 m) in
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order to detect the larger terrestrial influence in the inner shelf the
relationships becomes, respectively:
For water depth < 130 m (Fig. 7C)

Ar(pmol kg~ 1) =59.4( + 1.5)

xS+227(+52) N=99, R*=0.95 (7)
For water depth <40 m (Fig. 7D)
Ar(pmol kg~ 1) =49.4( + 2.4)

xS+567(+82) N=43, R*>=0.93 (8)

While the linearity of the Ar versus salinity relationship is
maintained, the slope becomes progressively smaller and the
intercept becomes progressively larger as the waters are increas-
ingly influenced by terrestrial inputs. Nevertheless, since the

samples were collected during a period of low flow, the effect of
terrestrial inputs was probably not at its maximum.

When Ar is normalized to a constant salinity of 34.0 (the
average salinity in the upper 150 m in the NoSoCS), the resulting
NAr ranges between 2240 and 2256 pmol kg~ ' and the average is
2246 (+3)pmol kg~!. The standard deviation of the average
value, +3 pmolkg~!, is similar to the analytical uncertainty of
+2 pmol kg~'. This quasi-conservative behavior of Ar suggests
that, while the removal of calcium carbonate through calcification
should be a common occurrence in the abundant coral reef
ecosystems in the NosSoCS (Guo et al., 1994) and other processes
(such as CaCOs dissolution and anaerobic respiration) may also
take place and affect Ay, the combined effect of these processes is
not large enough to be detected in the NoSoCS as a whole.

Unlike A7, the relationship between Cy and salinity in the upper
150 m of the water column (Fig. 7E) is prominently curvilinear.
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A similar pattern has been reported previously in the open
northern SCS (Tseng et al., 2007). The concavity in the relationship
indicates non-conservative behavior and suggests that Cr is
removed from the NoSoCS and that the distribution of Cy is not
controlled by mixing alone. Two obvious processes that might
contribute to the removal are the net evasion of CO, to the
atmosphere and net community production (NCP). This pattern
is similar to that previously reported in the open northern SCS
(Tseng et al., 2007).

The range of NpCO, in the surface waters (371-425 patm except
for the lower salinity water off Maoming) was quite similar to that
of pCO, (362-413 patm), while the distributional patterns of the
two were distinct from each other (Figs. 8A and 4E) indicating that,
aside from temperature changes, other processes, such as mixing
between water masses, respiration and photosynthesis, also likely
contribute to the variations in pCO, in these productive shelf-
waters. In most of the middle and outer shelf, although NpCO, fell
within a narrow range (~390 patm), the corresponding in situ pCO,
was decidedly higher, frequently exceeding 400 patm (Fig. 4E). In
these waters, temperature change as a result of summer heating is a
likely major cause of the higher pCO,. However, even then, while
pCO,, is significantly positively correlated with sea surface tempera-
ture (Fig. 9A) such that

PCOy = 5.5(+ 1.5) x sst+244( + 41)
N=25 R’=036, p=0.0015 9

where sst is sea surface temperature in °C, the correlation coeffi-
cient is low and is much lower than those previously reported for
the open northern SCS basin (Tseng et al., 2007).

In the inner shelf off Shanwei and Shantou, the effect of upwelling
was clearly captured in the distribution of NpCO,. A moderately high
pCO, turned into the highest NpCO, (410-430 patm) in the study
area (Fig. 8A), as cold sub-surface water with elevated pCO, (as a
result of the oxidation of organic matter) found its way to the surface
mixed layer. In the coastal water off Maoming, distinctly lower
salinity, Ar and Cr, and higher pH were found and they were
accompanied by the lowest pCO, observed in the NoCoCS (Fig. 4E).
The origin of this water could not be identified definitively from the
present data-set. Local sources of freshwater, such as the inflow from
the Jianjiang River, is a possibility but the composition of these
waters is not yet well documented. Discharge from the Pearl River
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Fig. 9. Relationships between (A) pCO, and sea surface temperature (sst); and
(B) pHas and NpCO,.

and groundwater discharge could account for the lower salinity but
not the lower Ar as it is elevated in these waters (Guo et al.,, 2008;
Liu et al,, 2012). Photosynthetic activities could also have contributed
to the lower pCO,, NpCO,, C; and higher pH,s but they could not
account for the lower salinity and Ar. In the vicinity of the Dongsha
Atoll, both pCO, and NpCO, were moderately high, ~400 patm. The
high NpCO,, salinity, Ay and C; were consistent with the enhanced
entrainment of the subsurface water with high pCO, into the mixed
layer by internal waves or eddies (Chow et al., 2008; Wang et al.,
2007).

As expected from the thermodynamics of the carbonate system,
surface pHys is negatively correlated to NpCO,

PH,s = —6.8(+ 0.3) x 10~* x NpCO, +8.341( + 0.013)
N=25 R*=095 p<0.0001 (10)

As a result, the distribution of NpCO, resembles an inverse of
that of pHys (Figs. 4D and 8A) and processes controlling NpCO,
would also have affected pHjs.

3.4. Biogeochemical dynamics of the carbonate system — biological
uptake of Cr

In the study area, the linear relationship between Ar and salinity
in the upper 150 m (Fig. 7A) indicates that the mixed layer might be
approximated as the result of a two end-member mixing between
the fresher surface water and the sub-surface NPTW. If a steady
state in the carbonate system is assumed, the C; deficit (Crqef)
relative to conservative mixing (Fig. 7E) can be attributed to the loss
of Cr through evasion of CO, to the atmosphere and its biological
uptake during photosynthesis. Thus,

5(CT_def)/5t = (ACT X Z)/T = NCP+FCOZ (1])

where t is time, ACr is the average deficit in Cr in the mixed layer
with a thickness of Z, 7 is the residence time of the mixed layer
water, NCP is the net community production and Fco, is the evasion
flux of CO, to the atmosphere. Since ACr, Z and Fco, can be
estimated from the observed distribution of the carbonate species
and the hydrographic characteristics, and estimations of 7 have
been reported previously, NCP may then be calculated.

The NPTW can be represented by the salinity maximum of
34.62 + 0.05 (Fig. 3; Wong et al., 2015-b). A similar salinity is found
in NPTW at the nearby SouthEast Asian Time-series Study (SEATS)
station (Wong et al., 2007). The salinity of the surface water may
be estimated to be about 33.68( + 0.07) from the relationship
between Arand salinity in the NoSoCS (Fig. 7C). The corresponding
A7 and Cy in these two end members may then be estimated at
these two salinities and their compositions are listed in Table 1.
The expected C; under conservative mixing may then be calculated
at any given intermediate salinity from the composition of these
two end members and ACr, defined as the difference between the
measured Cr and the expected C; from conservative mixing, may
also be calculated. The average ACrin the mixed layer in the study
area is estimated to be —36 (+31)pumol kg~ '. The thickness of
the mixed layer in this study is 40 (4 10) m. Cai et al. (2004)
estimate 7 in the mixed layer in the adjacent northern SCS to be
one year. The average basin wide upwelling rate in the SCS is
reported to be between 10 and 90 m y ! (Wong et al., 2007), but a

Table 1
End-member values in the non-conservative Cy calculation.

End-member Salinity Cr (umol kg 1) Ar (umol kg~ 1)
Surface water 3367 (+£007) 19218 (+9.2) 22270 (+7.4)
Sub-surface water ~ 34.62 (+0.05) 20679 (+10.8) 22881 (+5.5)
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recent study (Qu et al., 2006) favors the higher value. The
upwelling rate in the NoSoCS, which covers most of the study
area, is likely to be even higher as a result of the additional
processes that enhance vertical mixing, such as coastal upwelling
and the action of internal waves (Chang et al., 2011; Gan et al.,
2009a). Hence, the maximum value of 90 (4+50)my~! is used.
The corresponding 7 is 0.4 + 0.8 y, with a range of 0.3-1.0 y. The
resulting rate of change of Crger is 10.0+19.9 mmol Cm~2d~",
with a range of 4.0-13.3 mmolCm~2d~'. Since the average
efflux of CO, is estimated to be 0.5 (4+0.5)mmolCm—2d~",
NCP would then be 9.5+ 19.9 mmol Cm~2d~!, with a range of
3.5-12.8 mmol Cm~2d~'. Thus, NCP is the primary contributor
to the deficit in Cr.

In comparison, Cai et al. (2004) report a rate of
10-14 mmol Cm~2d~"! in July 2000 during a non-bloom period in
the NoSoCS off the Pearl River mouth. During a bloom period, a
higher value is expected and Cao et al. (2011) estimate a rate of
36 mmol Cm~2d ™" in July 2008 in the northern half of the NoSoCS.
The average new production in the shelf and the slope of the
northern SCS are estimated to be 5-14 mmol Cm~2d~" (Chen and
Chen, 2006). The export flux of particulate organic carbon in the
northern SCS is reported to be 0.5-12.1 mmol Cm~2d~' (Chen et al,,
2008). Given the large uncertainties in the reported estimations,
the value we obtained agrees reasonably well with the range of
previously reported values.

Gan et al. (2009b) suggest that summer coastal upwelling at the
northeastern corner of the NoSoCS starts off Shanwei. The upwelling
water spreads northeastward and does not outcrop at the surface
until it reaches Shantou. A comparison of the hydrographic and
biogeochemical characteristics at the stations closest to the coast

0 (°C)

24 25 26 33.8 340

Salinity

along transect T2 off Shanwei with those of transect T1 off Shantou
is consistent with this suggestion. Surface temperature was lower
while salinity was higher in transect T1, suggesting that the effect of
upwelling of the cold and more saline sub-surface water was more
prominent in this transect (Fig. 10A and B). Concomitantly, while
surface Ay was higher and C; was slightly lower in transect T1
(Fig. 10C and D), once the effect of the salinity change was removed,
surface NAp became about the same in both transects while NCy
remained decidedly lower in T1 (Fig. 10E and F). These trends are
consistent with a higher rate of carbon uptake by biological
production in the upwelled water in transect T1. The difference in
NCr in the mixed layer at the coastal stations between the two
transects is —15.9 + 7.8 umol kg~ '. The average mixed layer depth
at these stations is 13.2 ( +3.2) m. Therefore, the integrated Cr
removal in the mixed layer is 214 ( + 117) mmol C m 2. If the water
residence time in the upwelling area along transect T1 is assumed to
be the same (7 days) as that estimated in the summer of 2008 (Cao
et al., 2011), the C; removal rate would be 30.6 ( + 16.8) mmol C
m~2 d~ . The air-sea exchange flux of CO; in this area is 0.3 ( +0.2)
mmol C m~2d~". Again assuming that the removal of Cr in the
mixed layer is sustained by air-sea exchange and NCP (Eq. (11)), NCP
in the upwelling water off Shantou in transect T1 would be 30.3
(+16.8)mmol Cm~2d~". This NCP is more than twice the average
value, 9.5 mmol Cm~2 d~!, of the NoSoCS but is similar to the value
of 36.0mmol Cm~2d~"! reported for this upwelling zone in July
2008 (Cao et al.,, 2011). Higher NCP in the upwelling zone relative to
the NoSoCS as a whole is consistent with what might be expected.
Nevertheless, the estimated rates should be taken with some caution
as the assumptions involved in the calculation need to be further
validated.
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3.5. The aragonite saturation state, £24, and tropical shallow water
corals

The surface water was invariably super-saturated with respect
to aragonite (£24, > 1) but £24, never exceeded 3.8 (Fig. 8D). In
most area, surface £2,, was around 3.3-3.5. In the inner shelf, it
dropped to 3.2 in the upwelling water and rose to 3.8 in the
isolated parcel of lower salinity water off Maoming. £24, decreased
with depth and dropped below 3.0 at about 50 m and to 2.0 at
about 140 m (Fig. 5F). Upwelling brought waters with lower £2,, to
shallower depths in the inner shelf in transects T1 and T2. The
action of internal waves in the outer-shelf resulted in the undula-
tion of the isopleths in £24,. Beyond the shelf break, surface 2,4,
increased slightly to 3.5-3.7 (Fig. 8D). With depth, €24, decreased
to 1.0 at 600-800 m and to 0.8 at 2000 m (Fig. 6F). These values
are similar to those reported for the open northern SCS basin
(Chou et al., 2007) and the nearby northwest Pacific (Feely et al.,
2002). Kleypas et al. (1999b) and Guinotte et al. (2003) suggest
that waters with values of €24 between 3.0 and 3.5 may be
considered “marginal” and below 3.0 may become “extremely
marginal” for the growth of most coral reefs. Under this scheme,
the condition of surface £2,, in most of the NoSoCS has entered the
“marginal” range. Nevertheless, it should be noted that calcifying/
accreting corals have been observed recently in waters with €24,
values of at least as low as 2.8 (Shamberger et al., 2011).

The €24, in the NoSoCS is linearly related to in situ pH, pH,
(Fig. 11) such that

Q4 = 10.4042( + 0.5496) x pH;;~80.3966( + 4.4160)

N=150, R*=0.71, p<0.0001 (12)

Thus, at a £2,, of 3.0, when the condition becomes “extremely
marginal” for coral growth according to the scheme of Kleypas
et al. (1999b) and Guinotte et al. (2003), the corresponding in situ
pH would be 8.02. The surface water in situ pH of most of the
NoSoCS is between 8.05 and 8.07 (Fig. 8B). The rates of decrease in
pH at the Hawaii Ocean Time-series station and the Bermuda
Atlantic Time-series Station are around 0.002y~' (Bates and
Peters, 2007; Dore et al., 2009). At SEATS in the northern SCS
basin, a similar rate has been observed (D.D. Sheu, personal
communication). At this rate of decrease in pH, in situ pH and
24, will probably drop to 8.02 and 3.0 respectively in 15-25 years.
Similar results are found by considering the present average £2,, in
the surface NoSoCS and the rate of decrease in €24, at the time-
series stations: the Hawaii Ocean Time-series station (Doney et al.,
2009), the Bermuda Atlantic Time-series Station (Bates et al., 2012)
and the SEATS station (unpublished data). This implies that,
considering the effect of €2, alone, the existence of shallow water
tropical coral reefs in the NoSoCS could become threatened within

just a few decades. It should be noted that this is likely an over-
simplified assessment as there are obviously other factors, such as
temperature, that may also play an important role in the healthy
growth of the corals reefs (Erez et al., 2011).

4. Conclusions and implications

The primary processes that influence the carbonate system in
the NoSoCS are vertical mixing, biological uptake, and air-sea CO,
exchange. Ar is mainly controlled by mixing between the lower
salinity surface water with low Ay and the saline subsurface NPTW
with high Ar. The composition of the surface water in the NoSoCS
was significantly influenced by riverine input even during a low
flow period when the samples were collected. In contrast, in the
open northern SCS basin, Ar in the surface waters is controlled
predominantly by precipitation and evaporation. Cr, on the other
hand, is removed in the NoSoCS through biological uptake and CO,
evasion, although the former is by far the more dominant process.
Within the NoSoCS, the average removal rate of C; by biological
uptake is 9.5mmolCm~2d~! and higher values (averaging
30.3 mmol Cm~2d ") are observed in the coastal upwelling area.

While the NoSoCS is super-saturated everywhere with respect
to aragonite, the observed values of £2,, in much of the NoSoCS fall
within the range that has been suggested to be only “marginal” for
the growth of the tropical shallow water corals which are found
extensively in the NoSoCS. At the projected rates of decrease in pH
and in the aragonite saturation state as a result of ocean acidifica-
tion, €24, may drop to values that have been proposed to be
“extremely marginal” for coral growth within a few decades and
the existence of these tropical shallow water coral reefs in the
NoSoCS potentially may then become threatened.
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