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Abstract. Data from seven cruises in three different envi-
ronments including the Pearl River estuary, sewage discharge
outfall, and eastern coastal/shelf waters were used to examine
the seasonal variations in net community production (NCP)
and the biologically active gases O2 and CO2. In the winter
dry season, when monsoon-induced downwelling was domi-
nant, NCP was negative (−84± 50 mmol C m−2 d−1) in all
three regions. The negative NCP corresponded to O2 in-
fluxes of 100± 50 mmol O2 m−2 d−1 and CO2 effluxes of
24± 10 mmol C m−2 d−1. In the summer wet season, when
upwelling brought the deep oceanic waters to the coast due
to the southwest monsoonal winds, there was a 2 to 15-fold
increase in integrated primary production (IPP) compared to
winter. The increase in IPP was likely due to the favorable
conditions such as stratification and the nutrient inputs from
upwelled waters and the Pearl River estuary. NCP in the
mixed layer reached up to 110± 48 mmol C m−2 d−1 in the
wet season. However, accompanying the high positive NCP,
we observed an O2 influx of 100± 60 mmol O2 m−2 d−1 and
CO2 efflux of 21± 15 mmol C m−2 d−1. The contradictory
observation of positive NCP and CO2 release and O2 up-
take in the mixed layer could be explained by the influence
of the southwest monsoon-induced upwelling along with the
influence of the Pearl River, as the upwelling brought cold,
low dissolved oxygen (DO, 160± 30 µM) and high dissolved
inorganic carbon (DIC, 1960± 100 µatm) water to the sur-
face in the wet season. Hence, the subtropical Hong Kong
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coastal waters are generally a CO2 source due to the mon-
soonal influence during both the dry-heterotrophic and wet-
autotrophic seasons.

1 Introduction

Urbanization and anthropogenic nutrients are known to re-
sult in eutrophication in many estuarine and coastal waters
(Diaz and Rosenberg, 2008). The organic matter inputs from
riverine outflow and domestic sewage effluent increase the
occurrence of hypoxia or anoxia and result in high CO2 re-
lease in some estuarine and coastal waters (Ducklow and
McCallister, 2004; Diaz and Rosenberg, 2008; Borges et
al., 2006), while the enhanced inorganic nutrient fluxes in-
crease primary production and consequently oxygen produc-
tion and the CO2 sink (Mackenzie et al., 2004; Gypens et al.,
2009). The ratio of dissolved inorganic nutrient to labile or-
ganic matter will determine how the CO2 flux will be evolved
(Gypens et al., 2009; Borges and Gypens, 2010).

Substantial attention has been paid to eutrophication im-
pacts on biological activities (e.g. phytoplankton and bac-
teria), oxygen and CO2 in temperate coastal and estuarine
systems (Shiah and Ducklow, 1994; Borges et al., 2006),
while subtropical coasts have been less well investigated.
Many subtropical coastal waters are subjected to seasonal
monsoons, northeast monsoonal winds in winter and the
southwest monsoon in spring and summer, which consider-
ably influenced biogeochemical cycling (Goyet et al., 1998;
Mintrop et al., 1999; Yin, 2002, 2003). For example, in
the Arabian Sea and northwestern Indian Ocean, seasonal
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variations in primary production and CO2 release were
closely associated with the influences of monsoons (Goyet
et al., 1998; Mintrop et al., 1999; Lendt et al., 2003). Sim-
ilarly, the subtropical coastal waters adjacent to the Pearl
River estuary were also reported to be influenced by the
seasonal monsoon. As a result of monsoonal effects, there
are marked seasonal and temporal variations in nutrients and
phytoplankton biomass in the coastal waters adjacent to the
Pearl River estuary (Yin, 2002, 2003).

Hong Kong subtropical waters are located on the south-
ern coast of China, facing the northwestern part of the South
China Sea (SCS) and lying to the southeast of the Pearl
River estuary. Hence, this region is an interface where the
Pearl River estuary, sewage discharge outfall and oceanic wa-
ter meet and interact, and consequently a potential zone for
transferring high amounts of terrestrial carbon to the atmo-
sphere and/or deeper ocean in the South China Sea. Cou-
pled with the monsoonal influence, the seasonal freshwater
discharge from the Pearl River further complicates the hy-
drodynamics and biochemical processes. Previous studies
suggested that the anthropogenic inputs of nutrients and or-
ganic matter in the Pearl River estuary have led to a decrease
in oxygen and an increase in CO2, especially in the upper
estuary (Yin et al., 2004; Cai et al., 2004; Dai et al., 2006).
Zhai et al. (2005a) have reported that aerobic respiration is
the most important process in maintaining a highpCO2 level
(>3000 µatm) in the upstream section of the Pearl River es-
tuary. Being downstream of the Pearl River estuary, Hong
Kong coastal waters have also been reported to be generally
a CO2 source due to the influence of the Pearl River discharge
and sewage effluent (Yuan et al., 2010a). However, little is
known about the seasonal variations in O2 and CO2 in re-
sponse to monsoonal winds and the freshwater discharge of
the Pearl River estuary.

In this study, several contrasting environments were stud-
ied: (1) western waters close to the Pearl River estuary;
(2) Victoria Harbor – near a local sewage discharge outfall;
and (3) eastern coastal/shelf waters – relatively far away from
anthropogenic influences. By measuring the air-sea fluxes of
O2 and CO2, primary production and dark community res-
piration (DCR) during seven cruises, we examined: (1) the
influence of the Pearl River estuary and sewage discharge
on O2 and CO2 dynamics; (2) the seasonal variations in bio-
logical metabolism (e.g. primary production and respiration),
and (3) air-sea fluxes of O2 and CO2 in response to mon-
soonal winds.

2 Materials and methods

2.1 Study area and sampling

The annual average Pearl River discharge is 10 500 m3 s−1

with 20% occurring during the dry season in October to
March and 80% during the wet season in April–September

(Zhao, 1990). The river carries heavy pollution loads and
high nutrient inputs into the western Hong Kong waters (Cai
et al., 2004; Yin et al., 2004). In addition, Hong Kong waters
receive>2 million tons of sewage effluent daily from the
local sewage discharge in Victoria Harbor. In Hong Kong
coastal waters, tides are predominantly semi-diurnal, and the
mean tidal range is 1.7 m with a range from 1 m during neap
tides to up to 2 m during spring tides with little seasonal tidal
variation (Lee et al., 2006).

During 2005 and 2006, sampling was conducted at 8 sta-
tions (Fig. 1) at the surface (1 m), middle (4 m) and bottom
(2 m above the bottom) in four seasons: winter (March 2006),
spring (April 2006), summer (June 2005 and July 2005–
2006) and fall (November 2005 and 2006). Based on nutri-
ent concentrations and salinity, the 8 stations represent three
main regions: Pearl River Estuary (S1–S2), Victoria Harbour
(S3–S6), and Eastern Waters (S7–S8). Water samples were
taken using a custom-made 5-L Plexiglas sampler. The ver-
tical profiles of salinity and temperature were measured with
a YSI® 6600 sensor. The mixed layer depth was determined
as the first depth where the vertical change in seawater den-
sity was≥0.2 kg m−3 per meter (Therriault and Levasseur,
1985).

2.2 DO, dark community respiration (DCR) and
primary production

Dissolved oxygen (DO) was determined in duplicate by Win-
kler titration, as outlined in the JGOFS protocols (Knap et
al., 1994). After 4 to 5 volumes of water were allowed
to overflow from the 60 ml BOD bottles, Winkler reagents
were added. Winkler titrations were carried out in the labora-
tory with an automated titration apparatus (716 DMS Titrino,
Metrohm®) that analyzed the samples with a potentiometric
detector to determine the endpoint.

DCR (duplicate) was determined from the changes in DO
in BOD bottles (60 ml) during a 24-h dark incubation period.
The linearity of DO decrease over 24 h was verified in a sep-
arate time series experiment (Yuan et al., unpublished data,
2010). Samples were incubated in a water circulation tank
simulating in situ temperature (±1◦C). For DCR, the aver-
age variation coefficient was 7±5%, which was considered
to be precise enough to measure respiration in coastal waters,
although 5 replicates for respiration measurements have been
recommended for oceanic waters where respiration is often
<3 µM d−1 (Robinson and Williams, 2005).

Seawater samples for the primary production measure-
ments were pre-screened through a 200 µm mesh net, and
then a 50 ml sample was transferred to acid-washed glass
tubes to which 0.4–2 µCi (14.8–74 kBq) of14C-labelled
sodium bicarbonate (NaH14CO3) was added (see details in
Ho et al., 2010). Duplicate tubes were wrapped with differ-
ent layers of screening to provide light fields corresponding
to approximately 100, 55, 30, 10, and 1% of surface irra-
diance. Samples were incubated for 4 h on-deck in running
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Fig. 1. Map and sampling stations along a transect from S1 near the Pearl River estuary to S8 in eastern coastal/shelf waters. The sewage
discharge site is located between S3 and S4.

surface seawater. The incubation was terminated after 4 h by
filtering sequentially through a GF/F filter (∼0.7 µm nominal
pore size). Filters were put into a scintillation vial, and HCl
(0.25 ml, 0.1 N) was added to the scintillation vials to remove
the inorganic NaH14CO3. Counting was carried out using a
liquid scintillation counter (LKB Rack Beta). Primary pro-
ductivity at each depth was calculated according to Jassby
and Platt (1976). Daily primary production was estimated by
multiplying the ratio of the whole day’s irradiance to the irra-
diance during the incubation period, in order to minimize the
bias caused by differences in irradiance for the incubations
conducted at the different times of the day. The respiration
of 14C labeled organic matter, which partially depends on
the incubation time (Gazeau et al., 2007), and the14C uptake
rates were assumed to be representative of gross primary pro-
duction with an insignificant amount of respiration of14C la-
beled organic matter due to the short incubation time (4 h) in
this study. Net community production (NCP) was calculated
by gross primary production minus dark community respi-
ration. The integrated gross primary production (IPP), dark
community respiration (IDCR) and NCP was calculated by
averaging the measured production between two depths and
multiplying by the depth interval in the mixed layer depth
(Ichimura et al., 1980). Carbon and O2 units were converted
using the Redfield ratio of 106C:138O.

2.3 DIC and pCO2

Water samples (50 ml) were preserved with saturated HgCl2
(20 µ l) for dissolved inorganic carbon (DIC) analysis and
stored in a cool dark chamber at 4◦C. DIC was measured

within 1 week by acidification and subsequent quantification
of CO2 with an Infra-red (IR) detector (Li-Cor 6252) using
a DIC analyzer (AS-C2, Apollo SciTech). This method has
a precision of 0.1 to 0.2% in coastal water (Cai and Wang,
1998). DIC was calibrated against Certified Reference Ma-
terial from A. Dickson, Scripps Institution of Oceanography,
and a duplicate analysis was made every tenth sample (Dick-
son and Goyet, 1994). pH was measured with an Orion Ross
combination glass electrode (Dickson and Goyet, 1994). We
used three NBS pH buffers (pH= 4, 7, and 10) to calibrate
the pH electrode slopes and a 2-amino-2-hydroxymethyl-1,3-
propanediol (tris) buffer at salinity 35 to derive a pH scale
based on total proton concentration (Dickson and Goyet,
1994). pCO2 was calculated from measured pH values and
DIC concentrations for estuarine and coastal waters using the
following equation (Cai and Wang, 1998):

pCO2 =
[CO2]

KH

=
CT {H }

2

({H }2 + {H }K1 + K1K2)KH

(1)

whereCT is the DIC value,{H }=10−pH, KH is the solu-
bility constant (Weiss, 1974), andK1 andK2 are the con-
stants for carbonic acid (Roy et al., 1993). A maximum error
of 0.01 pH units (in total scale) will result in an uncertainty
of ±3% in pCO2 (ca. 15± 6 µatm CO2). Due to the high
pCO2 in Hong Kong waters, the error introduced by this term
(ca.±10% or 3±2 mmol C m−2 d−1) should not affect our
conclusion.
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2.4 Air-sea fluxes of CO2 and O2

The CO2 and O2 fluxes across the air-sea interface are calcu-
lated by following the one-dimensional stagnant-film model:

CO2 flux = kCO2 β(pCO2w−pCO2a) (2)

O2 flux = kO2([O2]−[O2]S) (3)

wherekCO2 andkO2 are the gas transfer velocities for CO2
and O2, respectively;β (Bunsen coefficient) is the solubility
of CO2 at a given temperature and salinity. The CO2 solu-
bility coefficient was obtained from Weiss (1974).pCO2w
andpCO2a represent the partial pressure of CO2 in surface
water and overlying air, respectively.kCO2 was calculated
according to Wanninkhof (1992) as follows:

kCO2 = f ×u2
10×(Sc/660)−0.5 (4)

wheref is a proportionality factor (0.31),u10 is the wind
speed at 10 m height,Sc is the Schmidt number of CO2 in
seawater and 660 is theScvalue in seawater at 20◦C. [O2]
and [O2]S represent the measured concentrations and esti-
mated oxygen solubility, respectively. DO solubility was
calculated according to Benson and Krause (1984). The
calculation ofkO2 is similar to kCO2 except the Schmidt
number for O2 was used (Wanninkhof, 1992). Daily wind
speed at 10 m was obtained from the Hong Kong observatory
(http://www.weather.gov.hk/).

The atmosphericpCO2 has been reported to be in the
range of 349 to 372 µatm in inner shelf/coastal areas adjacent
to the Pearl River plume (Zhai et al., 2005a), and∼358 µatm
in offshore waters (Zhai et al., 2009). Since our sampling
sites are very close to a mega city (Hong Kong), the influence
of land mass may result in a high atmosphericpCO2, espe-
cially in the dry season when northeast winds were dominant.
A large range in the atmosphericpCO2 (349 to 460 µatm, and
averaged 400 µatm) was reported in Randers Fjord, Scheldt,
and the Thames (Borges et al., 2004), where sampling sites
were also close to anthropogenic influences. Furthermore,
atmospheric CO2 was estimated to be∼370 to 390 µatm at
a nearby location (23◦ N, 120◦ E) during 2006 based on data
from the NOAA data archive center (http://www.esrl.noaa.
gov/gmd/ccgg/globalview/). The variations in atmospheric
pCO2 (370 to 390 µatm) would quantitatively result in an es-
timate of average CO2 effluxes of 20 mmol C m−2 d−1 with
variations from 16 to 22 mmol C m−2 d−1. While the lack of
the precisely known atmospheric CO2 level has caused the
largest uncertainty for our CO2 flux estimate, it does not in-
valid our conclusions regarding important mechanisms con-
trolling metabolic states and O2 and CO2 fluxes in this type
of coastal water.

2.5 Nutrients

Samples for nutrients were taken with a 60 ml syringe
and filtered through a pre-combusted Whatman GF/F fil-
ter mounted in a Swinnex filter holder and dispersed into

Nalgene bottles. All plastic-ware was pre-cleaned with
10% HCl. The filtered nutrient samples were placed in a
cooler with dry ice and then frozen in the laboratory until an-
alyzed. Nutrients (nitrate, ammonium and phosphate) were
measured with a Skalar San autoanalyzer following JGOFS
protocols (Knap et al., 1994).

2.6 Statistical analyses and calculations

The difference in seasonal and spatial variations in DO and
CO2 was assessed using an analysis of variance followed by
a means comparison (t-test). The error bars for the bioassay
represent a pooled sample standard deviation of the means.
The Pearson test was used to obtain the correlation coeffi-
cient and the significance of the correlation. A significance
level of 0.05 was used to determine statistical differences.
All statistical analyses were performed using SPSS statisti-
cal software (SPSS Inc.).

Data on salinity, temperature, primary production, DO,
DIC andpCO2 at stations 1 to 8 were presented in Ho et
al. (2008 and 2010) and Yuan et al. (2010a). In this study,
these data along with wind, respiration and gaseous air-sea
fluxes were grouped into three main regions (Pearl River es-
tuary, Victoria Harbor and eastern waters) and two seasonal
patterns. The average values of all seasonal parameters (e.g.
salinity, temperature, primary production and DIC etc.) were
calculated by averaging data from April to October for the
wet season, and November to March for the dry season.

3 Results

3.1 Seasonal variations in salinity, temperature
and nutrients

Surface water salinity exhibited a clear seasonal variation due
to the seasonal freshwater discharge from the Pearl River.
Surface salinity was high (∼33) in the dry season (October
to March) in all three regions, and reached a minimum (15–
31) in summer (Figs. 2 and 3). Spatially, surface salinity was
not significantly different between the regions in the winter
dry season (p > 0.05), but increased from∼15 near the Pearl
River estuary to∼31 in eastern waters in the spring and sum-
mer wet season, indicating a strong influence of freshwater
discharge from the Pearl River estuary (p < 0.05) (Figs. 2
and 3). Surface water temperature also varied seasonally,
ranging from∼18◦C in the dry season to∼27◦C in the wet
season at all stations (Figs. 2 and 3).

Vertically, salinity at the surface and bottom were not sig-
nificantly different in the winter dry season indicating strong
vertical mixing (p > 0.05), while strong stratification was
present in the summer wet season (Fig. 3). In the wet sea-
son, the stratified depths decreased from 6 m near the Pearl
River estuary to∼2 m in eastern waters (Fig. 3), suggest-
ing strong upwelling effects and less influence of freshwater
discharge in eastern waters. In addition, dissolved inorganic
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Fig. 2. Seasonal average surface salinity and temperature at S1 to
S2 (Pearl River estuary, PRE), S3 to S6 (Victoria Harbor, VH) and
S7 to S8 (eastern waters, EW) during 2005 and 2006. Salinity and
temperature data are obtained from Hong Kong Environmental Pro-
tection Department. Error bars= ±1 SD andn = 4 to 12.

nitrogen (DIN) concentrations increased∼2-fold in the wet
season (Table 1).

3.2 DO, DIC and air-sea fluxes of O2 and CO2

There were no significant seasonal variations in surface DO
concentrations in all regions (p > 0.05) (Fig. 4a). Lower sur-
face DO concentrations (180–220 µM) were usually found in
Victoria Harbor near the sewage discharge outfall (Fig. 4a).
In contrast, bottom DO concentrations exhibited a clear sea-
sonal variation, which decreased from 210–230 µM in the dry
season to 150–210 µM in the summer wet season (p < 0.05)
(Fig. 3).

Surface water oxygen was generally undersaturated and
thus there was an O2 influx from the atmosphere in all re-
gions (Fig. 4b). Influx of O2 exhibited no significant dif-
ference between the wet and dry seasons (p > 0.05), but
it was spatially variable with the low influx in eastern wa-
ters (14±90 mmol O2 m−2 d−1) and high in Victoria Harbor
(100±120 mmol O2 m−2 d−1) (Fig. 4b).

Similar to salinity, DIC concentrations were vertically ho-
mogenous in the dry season, but became stratified in the
wet season (Fig. 3). SurfacepCO2 exhibited a seasonal
variation near the Pearl River estuary, with higherpCO2 in
the spring and summer wet season (800±100) than in the
dry season (500±90 µatm) (p < 0.05) (Fig. 4c). However,
pCO2 did not exhibit significant seasonal variations in the
other two regions (p > 0.05) (Fig. 4). CO2 effluxes were
higher near the Pearl River estuary and Victoria Harbor (26±

20 mmol C m−2 d−1) and decreased to 6±5 mmol C m−2 d−1

in eastern waters (Fig. 4d) (p < 0.05). Similarly, O2 in-
fluxes were higher near the Pearl River estuary and Vic-
toria Harbor (150± 40 mmol C m−2 d−1) and decreased to
20± 10 mmol C m−2 d−1 in eastern waters (Fig. 4d) (p <

0.05).

Fig. 3. Vertical contour of salinity, temperature (◦C), dissolved oxy-
gen (µM) and dissolved inorganic carbon (DIC, µM) from S1 near
the Pearl River estuary to S8 in eastern coastal/shelf waters in(A)
the winter dry season (March 2006) and(B) the summer wet season
(July 2006).

3.3 DCR and NCP

In mixed layer, IPP was lower (20–100 mmol C m−2 d−1)

in winter than summer (40–200 mmol C m−2 d−1) in Hong
Kong waters (p < 0.05) (Fig. 6). The NCP also exhib-
ited seasonal and spatial variations. A seasonal com-
parison revealed that NCP in the mixed layer was neg-
ative (∼ −80 mmol C m−2 d−1) in winter, positive (up to
110 mmol C m−2 d−1) in summer, and in between in spring
(−10 to 40 mmol C m−2d−1) (Fig. 5a). Due to the shallower
mixed layer depth, IDCR was lower in summer wet season
in comparison with the dry season (Fig. 5b). In general, NCP
was positive in the wet season, while negative in the dry sea-
son (Fig. 5b), indicating that Hong Kong waters shifted from
autotrophy in the wet season to heterotrophy in the dry sea-
son.

4 Discussion

4.1 Influence of the Pearl River discharge and
sewage effluent

Hong Kong waters are influenced by the summer Pearl River
discharge in the western waters, and year-round domestic
sewage effluent in Victoria Harbor. The significant corre-
lation betweenpCO2 and salinity suggested an important in-
fluence of the Pearl River estuary (p < 0.05, Table 2). Sur-
prisingly, there was no significant correlation betweenpCO2
and surface temperature (p > 0.05, Table 2). Although
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Table 1. Seasonal variations in depth (m), photic depth (1% light depth) (PD, m), mixing layer depth (MLD, m), integrated dark community
respiration (IDCR, mmol C m−2 d−1), net community production (NCP, mmol C m−2 d−1) and air-sea CO2 flux (FCO2, mmol C m−2 d−1)
in the mixed layer, surface and bottom salinity (Ss andSb), temperature (Ts andTb, ◦C), dissolved inorganic nitrogen (DINs and DINb, µM)
and dissolved inorganic carbon (DICs and DICb, µM) near the Pearl River estuary (PRE), Victoria Harbour (VH) and eastern waters (EW)
(see Fig. 1 for locations).±1 SD andn = 2 to 9.

Winter Spring Summer Fall

PRE VH EW PRE VH EW PRE VH EW PRE VH EW

Depth 20 12 27 20 12 27 20 12 27 20 12 27
PD 7 10.5 24 10 8.5 17.5 7 11 12 9 8.7 15
MLD 18 12 20 6 7.5 8 6 4 2 7 12 22

IDCR
165 124 154 113 93 34 60 30 50 142 136 140
±25 ±60 ±40 ±5 ±5 ±20 ±18 ±10 ±70 ±13 ±20 ±12

NCP
−144 −98 −54 36 −12 26 40 80 110 −25 −86 −96
±20 ±38 ±45 ±42 ±30 ±10 ±10 ±30 ±48 ±56 ±6 ±41

FCO2

22 31 8 32 19 4 43 27 4 20 35 7
±5 ±5 ±3 ±3 ±4 ±3 ±8 ±9 ±16 ±1 ±2 ±14

Ss 32 32 33 25 32 33 21 28 29 32 32 33
Sb 33 33 33 32 34 34 32 33 34 33 33 34
Ts 18 18 18 25 24 24 26 25 25 27 27 26
Tb 18 18 17 24 23 23 24 23 22 25 25 25
DINs 16 11 7 26 20 8 26 23 14 31 32 16
DINb 15 11 7 23 21 7 23 18 8 28 26 12
DICs 2011 1999 1989 1887 1940 1943 1789 1844 1850 1956 1921 1930
DICb 2011 1999 1989 1940 1957 1951 1907 1947 1969 1956 1955 1958

temperature variations often regulatepCO2 (Borges et al.,
2005), many other factors (e.g. high NCP, lateral and ver-
tical mixing) masked the relationship between temperature
andpCO2 in Hong Kong waters.

Hong Kong waters receive large amounts of inorganic nu-
trients, DIC, and terrestrial organic matter from the Pearl
River and sewage discharge. NH4 is a good indicator of
sewage impacts (Yin and Harrison, 2007), and it significantly
correlated withpCO2 in Victoria Harbor (Table 2). There
was no significant correlation betweenpCO2 and NO3 con-
centrations (Table 2), which was likely due to the fact that
NO3 was the least preferred N source based on15N up-
take rates compared to NH4 (Yuan et al., unpublished data,
2010). The high inputs of N from the Pearl River resulted in a
high N/P ratio (∼40) in spring and summer (Table 1), which
consequently caused phosphorus limitation for phytoplank-
ton growth (Yin, 2002), and for bacterial respiration (BR) in
the wet season in southern Hong Kong waters (Yuan et al.,
2010b). Dissolved organic carbon (DOC) also increased to
200 µM in Victoria Harbor in both the dry and wet seasons
(Yuan et al., unpublished data, 2010). Hence, the increase
in inorganic nutrients and organic carbon not only increased
primary production in summer (Ho et al., 2010), but also pro-
duced an increase in bacterial production (BP) and BR (Yuan
et al., 2010a).

Total alkalinity (TA) fluxes into the South China Sea were
estimated to be 462×109 mol y−1 from the Pearl River, but
the DIC/TA in the Pearl River is very close to 1 (Guo et al.,
2008), thus it should not have significant impact on thepCO2
variation in the Hong Kong waters. A high input of alka-
linity could lead to an elevated TA/DIC ratio and result in
the formation of a significant CO2 sink, such as in the Yel-
low Sea Water (Chou et al., 2009a). Anaerobic alkalinity
generation in sediments could enhance alkalinity in coastal
waters (Thomas et al., 2009), but anaerobic activities are
rare in Hong Kong waters due to the absence of hypoxia.
Therefore, the effects of anthropogenic alkalinity inputs (e.g.
sewage discharge) on CO2 variation need further investiga-
tion in Hong Kong waters.

Coupled with the biochemical variations, physical factors
are very important in Hong Kong waters. The high freshwa-
ter input from the Pearl River discharge in western waters in-
creased the horizontal flushing and reduced water residence
time since 80% of the discharge occurs during the wet season
in April–September (Zhao, 1990; Yin, 2002). The residence
time is much shorter (∼1.5 to 2.5 days) in the wet season,
and hence there is strong horizontal advection (Kuang and
Lee, 2004). Therefore, abnormally low or high oxygen wa-
ters caused by high phytoplankton production or BR could
be replaced quickly by a water mass from the Pearl River es-
tuary and bottom oceanic waters due to the short residence
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Fig. 4. Seasonal variations in(A) surface DO,(B) air-sea fluxes of O2, (C) surfacepCO2 and(D) air-sea fluxes of CO2 near the Pearl River
estuary (PRE), Victoria Harbor (VH) and eastern coastal/shelf waters (EW) during 2005 and 2006. Error bars= ±1 SD andn = 4 to 12. The
saturated DO, wind speed and a range of atmosphericpCO2 levels (349 to 460 µatm) are indicated.

Fig. 5. Seasonal variations in(A) integrated primary production (IPP),(B) dark community respiration (DCR),(C) net community production
(NCP) and(D) mixing contribution to CO2 in the mixed layer during 2005 and 2006. IPP data were obtained from Ho et al. (2010). Error
bars= ±1 SD andn = 4 to 12.

time. Harrison et al. (2008) concluded that there is no mas-
sive hypoxia in the lower Pearl River estuary due to a short
residence time of the seawater. Hence, the eutrophication
impact in Hong Kong waters was not as severe as expected
for such a eutrophic area in the wet season (Ho et al., 2008;
Yuan et al., 2010a), as DO remained>150 µM with solubil-
ity ranging from 210 to 240 µM (Fig. 4a).

4.2 O2 and CO2 in relation to trophic status

The CO2 efflux varied from 3 mmol C m−2 d−1in eastern
waters to 40 mmol C m−2 d−1 near the Pearl River estuary
(Fig. 4), which were of the same magnitude as inner/coastal
shelf waters measured by Zhai et al. (2005b). The slope of
the regression between the air-sea fluxes of CO2 and O2 in-
dicated that O2 flux was∼7-fold faster than CO2 (data not
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Fig. 6. A conceptual carbon transport model and a mass bal-
ance analysis in the(A) dry and (B) wet seasons. Units are in
mmol C m−2 d−1. DICmixing is the mixing contribution to DIC
variations; DICair-sea is air-sea CO2 exchange; DICNCP is the in-
tegrated net community production in the mixed layer, which were
estimated with overall average in the three regions (the Pearl River
estuary, Victoria Harbor and EW), respectively. Negative values
represent CO2 losses and positive values are CO2 releases into
water column, but positive NCP corresponds to CO2 loss. Error
bars= ±1 SD andn = 14 to 21.

shown). Carrillo et al. (2004) reported that oxygen con-
centrations approached atmospheric equilibrium much faster
than CO2 during the same time span, suggesting that O2 flux
was∼8.3-fold faster than CO2. Zhai et al. (2009) also re-
ported that O2 approaches equilibrium with the atmosphere
much faster than the CO2 in the northern South China Sea.

An important question concerning the Hong Kong estu-
arine ecosystem functionality is whether it is autotrophic or
heterotrophic. Our results indicated that O2 influxes and CO2
effluxes might not always be a good indicator of heterotrophy
or autotrophy (i.e. production vs. respiration) in the Hong
Kong coastal waters. Interestingly, while NCP negatively
correlated withpCO2 in Victoria Harbor and eastern waters,
NCP and chl-a positively correlated withpCO2 in the Pearl
River estuary (Table 2). Hence, although high positive NCP
reduced DIC,pCO2 did not always negatively correlate with
NCP due to the presence of other processes (e.g. due to input
of highpCO2 deep water via upwelling and lateral transport
from the Pearl River estuary). Borges et al. (2006) reported
that a positive NCP was associated to a source of CO2 dur-
ing a cruise in the Bay of Palma, when NCP values are inte-

grated throughout the water column. They further confirmed
that if the CO2 fluxes are compared to NCP in the mixed
layer, then there is an agreement between the direction of
the CO2 fluxes and the trophic status (Borges et al., 2006).
In addition, Chou et al. (2009b) reported that heterotrophic
waters act as a significant CO2 sink in summer in the East
China Sea (ECS) shelf, because waters are undersaturated
with respect to atmospheric CO2 above the pycnocline (∼10
to 30 m), but supersaturated with CO2 below the pycnocline.
In contrast to their observations, our results showed a contra-
dictory phenomenon in which positive NCP coincided with a
CO2 source and O2 sink in the mixed layer in the wet season
(Fig. 6).

4.3 Monsoonal influences

We now offer an explanation for the apparently inconsistent
observations of positive NCP and the ingassing of O2 and
degassing of CO2. We suggest that a more important reg-
ulatory factor of O2 and CO2 fluxes is the physical mixing
such as downwelling and upwelling due to seasonal mon-
soons, along with the lateral mixing of riverine waters. The
strong seasonal changes in salinity, temperature, chl-a and
nutrients have been reported to be closely coupled with sea-
sonal monsoons (Yin, 2002, 2003). The responses of O2
and CO2 fluxes to the seasonal monsoons have not been ad-
dressed in previous studies in Hong Kong waters, although
the monsoonal influence on CO2 has been studied in a tropi-
cal estuarine system off Goa, India (Sarma et al., 2001).

In the winter dry season, prevailing northeastern mon-
soonal winds cause downwelling due to the Ekman transport,
and the downwelling results in the shoreward movement of
surface offshore waters (Yin, 2002, 2003). Hence the Pearl
River estuary and the adjacent coastal waters are dominated
by offshore waters which results in low temperature, nutri-
ents, chl-a and high salinity (Yin, 2002, 2003). In the sum-
mer wet season, surface waters flow offshore (southwards)
due to the southwest monsoon-induced winds which draw
the bottom oceanic waters from the continental shelf to the
nearshore, and hence high salinity and low temperature were
present at the bottom (Fig. 3).

Similarly, monsoonal influence and the freshwater dis-
charge from the Pearl River estuary also exerted impor-
tant influences on NCP. As described in the conceptual car-
bon transport model (Fig. 6), cold offshore water moves
shoreward with high DIC and DO in the winter dry sea-
son. Light availability was reduced due to strong verti-
cal mixing (Ho et al., 2010), which resulted in a neg-
ative NCP (−84± 50 mmol C m−2 d−1) in all three areas
(Fig. 6). Accompanying the negative NCP, there was a CO2
efflux (21±10 mmol C m−2 d−1) (Fig. 4). In the spring and
summer wet season, the freshwater input increased nutrient
availability and resulted in stratification at the surface (Yin,
2002, 2003). Due to high nutrient inputs from the Pearl
River estuary, IPP increased by 2 to 15-fold in summer in
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Table 2. Step-wise regression analysis performed for each region separately.pCO2 is the dependent variable (y axis). Sea surface salinity
(SSS), temperature (SST), Chl-a, NO3, NH4, PO4 and net community production (NCP) is the independent variable, respectively. Slope is
not presented when significant valuep > 0.05. n = 14 to 25.

PRE VH EW

Slope r2 p Slope r2 p Slope r2 p

SSS −21 0.5 0.01 −21 0.3 0.02 −8 0.3 0.05
SST – – – – – – – – –
Chl-a 14 0.3 0.05 −23 0.3 0.05 −13 0.3 0.05
NO3 – – – – – – – – –
NH4 −24 0.4 0.02 5 0.6 0.01 – – –
PO4 280 0.3 0.05 142 0.4 0.02 −80 0.3 0.05
NCP 0.18 0.3 0.05 −12 0.3 0.05 −0.22 0.5 0.01

Table 3. Surface and bottom DIC (DICs and DICb), difference between DICs and DICb (DICb−s), surface net community production
(NCP) in the mixed layer (note that unit of NCP was converted to µM d−1), and NCP: DICb−s ratios (%) in summer during 2005 and 2006,
respectively.

2005 2006

Units PRE VH EW PRE VH EW

DICs µM 1864 1857 1860 1713 1830 1940
DICb µM 1958 1962 1951 1856 1932 1956
DICb−s µM 94 95 91 143 82 16

NCP µM d−1 27 46 12 32 72 100
±10 ±30 ±48 ±42 ±30 ±10

NCP:DICs−b % 29 48 13 22 88 600

comparison with winter (Fig. 5). However, in comparison
with the dry season, the air-sea flux directions of O2 and
CO2 did not change, and O2 influxes and CO2 effluxes were
100 mmol O2 m−2 d−1 and 21 mmol C m−2 d−1 respectively
in the wet season, although the high positive NCP showed a
net biological CO2 uptake (Figs. 4 and 6). In addition, the
moderate DO (160±30 µM) and high DIC (1960±100 µM)
in upwelled waters would offset an increase in DO and de-
crease in CO2 by high phytoplankton photosynthesis (Figs. 3
and 6). Therefore, surface DO,pCO2 and their air-sea fluxes
fluctuated with much less seasonality, in contrast to salinity,
temperature and IPP (p < 0.05) (Figs. 2, 4 and 6).

In order to quantify the contributions of the physical mix-
ing, we conducted a mass balance analysis of DIC. The DIC
concentrations reflect a balance between the influence of the
mixing of the Pearl River and offshore waters, degassing to
the atmosphere and net internal biological production which
could be expressed approximately as:

DICt2−t1 = DICmixing + DICair-sea + DICNCP (5)

where DICt2−t1 is the DIC difference from time 1 (T 1) to
time 2 (T 2); DICmixing is the DIC change caused by phys-

ical mixing (both vertically and laterally); DICair-sea is the
DIC change caused by the air-sea exchange of CO2; DICNCP
is the DIC change caused by NCP. The mixing contribu-
tion to DIC was seasonally variable as the mixing reduced
DIC in the dry season and increased it in the wet season
(Fig. 5d). Overall, the mixing contribution to CO2 in Hong
Kong waters was−104 mmol C m−2 d−1 in the dry season
and 25 mmol C m−2 d−1 in the wet season (Fig. 6). The up-
welling would increase DIC, whereas lateral mixing with
freshwater with lower DIC from the Pearl River estuary
might decrease DIC. Hence, the positive mixing contribu-
tion to CO2 in the wet season suggested that DIC concentra-
tions increased due to the net effects of upwelling and lateral
mixing (Fig. 6). The difference between the surface and bot-
tom DIC was often higher than NCP (Table 3), showing that
bottom DIC could potentially supply enough DIC for high
biological uptake (i.e. NCP) at the surface during upwelling
period.

Contributions of lateral mixing and upwelling to the water
masses were estimated using the following equation:

SEW = SPRE × PPRE + SB × (1−PPRE) (6)
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whereSEW andSPRE are the surface salinities in eastern wa-
ters and Pearl River estuary respectively, andSB is the bot-
tom oceanic salinity in eastern waters (see salinity data in
Table 1). PPRE is the proportion of the water masses from
the Pearl River estuary. Hence, it is estimated that 20 to 50%
of the surface water masses in Victoria Harbor and eastern
waters came from the water mass from the Pearl River estu-
ary in the wet season, while 50 to 80% came from oceanic
waters in the wet season.

4.4 Global relevance

In Hong Kong waters, the average NCP in the wet season was
positive in both the mixed layer (46 mmol C m−2 d−1) and
the whole photic zone (240 mmol C m−2 d−1), while Hong
Kong coastal waters are sources of atmospheric CO2. Hence,
our observation suggested that the trophic state was not al-
ways a determinant factor on the direction of the air-sea CO2
flux.

On a global scale, Longhurst et al. (1995) have reported
their estimates of global coastal net ecosystem production to
be 32.1 mol C m−2 y−1, and Gattuso et al. (1998) estimated
coastal gross primary production to be 17.4 mol C m−2 y−1.
However, worldwide measurements ofpCO2 indicate that
most inner estuaries and near-shore coastal areas are over-
saturated with respect to atmospheric CO2 (Borges et al.,
2005; Cai et al., 2006; Chen and Borges, 2009; Laruelle et
al., 2010). Hence, positive global coastal net ecosystem pro-
duction is also associated with a source of atmospheric CO2.

In terms of CO2 (or O2) sink and source, monsoon-
induced upwelling is a “double-edged sword” in monsoon
influenced waters. Some previous studies showed that up-
welled nutrients indirectly decreasedpCO2 by providing a
source of new nutrients for photosynthesis in the upwelling
system off the Galician coast (Borges and Frankignoulle,
2002). In the northern South China Sea, Zhai et al. (2009)
also observed that there was biological drawdown ofpCO2,
which resulted in a CO2 sink in coastal upwelling areas near
Hainan Island in July 2004. The studies in the Arabian
Sea suggested that CO2 degasses into the atmosphere due to
coastal upwelling, by bringing cold and CO2-rich deep water
to the surface, where NCP increases considerably during the
southwest monsoon compared to northeast monsoon (Goyet
et al., 1998; Barber et al., 2001; Dickson et al., 2001; Lendt
et al., 2003).

Takahashi et al. (2002) have concluded that, because most
of the upwelling occurs in low latitudes, these regions tend
to be CO2 source areas, whereas high latitudes are sink re-
gions of CO2 uptake. In addition, the global synthesis by
Borges (2011) indicated that coastal upwelling areas with
oxygen minimum zones (OMZ) are sources of atmospheric
CO2 in areas such as the Arabian Sea and the Peruvian and
Chilean coasts, while coastal upwelling areas devoid of an
OMZ or with deep OMZs are sinks for atmospheric CO2
such as the Iberian and Oregon coasts. Hence, the seawater

circulation and chemical properties complicate the relation-
ship between the CO2 and trophic status.

5 Conclusions

In this study, we simultaneously estimated the biological
and physical contributions to the dynamic variations in O2
and CO2 in Hong Kong coastal waters. Coupled with the
seasonal discharge from the Pearl River estuary, monsoons
not only regulated the biological activities (e.g. NCP), but
also variations in O2 and CO2 (Fig. 6). In the dry season,
when strong vertical mixing resulted in light limitation due
to the monsoon-induced downwelling, primary production
(50–160 mmol C m−2 d−1) was lower than community res-
piration (∼160 mmol C m−2 d−1). Hence, the heterotrophic
status was associated with O2 influxes and CO2 effluxes. In
the wet season, there was a contradictory observation of pos-
itive NCP (autotrophy) and CO2 release and O2 uptake in the
mixed layer, which was likely due to the fact that the south-
west monsoon-induced upwelling along with the lateral mix-
ing brought low DO and CO2-rich water to the surface which
offset the DO increase and DIC decrease due to the high
positive NCP. Despite the seasonal shifts between heterotro-
phy and autotrophy, Hong Kong waters were a CO2 source
to the atmosphere. Therefore, the trophic state does not al-
ways determine whether the water is a source or sink of CO2
(Thomas et al., 2005; Chen, 2010), especially in dynamic
coastal waters with anthropogenic forcing and complicated
hydrodynamics.
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