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Abstract: A gulf is a typical ecological zone where carbon cycle is jointly affected by complex
environmental factors and strong human activities, and the Beibu Gulf has complex water masses
and circulation structures. In this study, we used underway, continuous observational data of the
surface water partial pressure of carbon dioxide (pCO2), temperature (SST), salinity (SSS), dissolved
oxygen (DO), and chlorophyll α along with vertical profile observations of temperature, salinity,
carbonate system parameters and nutrients to determine the spatiotemporal variations and research
effects of water masses and circulation on summer pCO2 in the eastern part of Beibu Gulf. In
the summers of 2011 and 2014, the mean pCO2 in the eastern part of Beibu Gulf was 417 µatm and
405 µatm, respectively, and the mean sea–air CO2 flux was 3.3 mmol m−2 d−1 and 1.6 mmol m−2 d−1,
respectively. In the summer of 2011, the northern part of the Beibu Gulf was controlled by a cyclonic
circulation, and pCO2 at the center of the cyclonic circulation increased by more than 15 µatm to
a mean value of more than 10 µatm above that of the surrounding waters. The southern part of
the Beibu Gulf was affected by an anticyclonic circulation and western coastal water masses, with
a high temperature, low salinity, low pCO2, and downwelling surface waters. In the summer of
2011, the mean pCO2 was approximately 17 µatm lower than that in the surrounding waters, and no
clear downwelling was observed in summer 2014. The eastern part of Beibu Gulf was a source of
atmospheric CO2 in the summer, only the region affected by the northern coastal water in the eastern
part of Beibu Gulf was a sink of atmospheric CO2, and pCO2 had distinctly different spatiotemporal
distributions under the influence of complex water masses and circulation structures.

Keywords: Beibu Gulf; partial pressure of carbon dioxide; controlling factor; water mass; circulation

1. Introduction

Human activities have caused the concentration of atmospheric CO2 to increase and
exacerbate global climate change. The oceans have absorbed approximately 40% of the
total CO2 emitted by humans since the industrial revolution, thereby slowing the increase
in atmospheric CO2 concentration and temperature. Marginal seas only accounted for 7–8%
of the global ocean area, but they played an important role in the global ocean carbon cycle
and have been extensively studied by Cai (2011), Ikawa et al. (2011), Rysgaard et al. (2012)
and Dixit et al. (2019) [1–4], among others. Continental-shelf marginal seas account for
12% of the total global marginal sea area and are essential in the carbon cycle of marginal
seas [5–7]. The South China Sea (SCS) is one of the three largest marginal seas in the world.
The carbon source/sink pattern of the SCS and biogeochemical processes have been studied
by Chen et al. (2006), Chai et al. (2009), Zhai et al. (2013), and Ma et al. (2020) [8–11]. The
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Beibu Gulf is the second largest gulf in the SCS, the components of water masses in the
Beibu Gulf are complex, mainly including Qiongzhou Strait passage water, coastal water
mass, SCS intrusion water, and mixed water masses (Figure 1) [12,13]. In summer, the
circulation in the northern part of Beibu Gulf is cyclonic and that in the southern part is
anticyclonic. There are interannual and monthly periodic oscillations (Figure 1) [14,15]. The
complex water masses and circulation structures in the Beibu Gulf affect the biogeochemical
processes of carbon and nutrients [16,17]. In this study, we used underway continuous
observations and vertical profile observations to study spatiotemporal variations in the
partial pressure of carbon dioxide in the surface water (pCO2) in the Beibu Gulf in the
summer and the corresponding controlling factors.
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a northeast monsoon prevails, while in summer, a southwest monsoon prevails. The rainy 
season is from April to October. The Beibu Gulf neighbors the Leizhou Peninsula to the 
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connects to the northern part of the SCS through the Qiongzhou Strait. The rivers on the 
coast of Guangxi to the north and on the coast of Vietnam to the west carry terrestrial 
materials into the sea, forming a unique natural environment that consists of an estuarine 
ecosystem and a gulf ecosystem. In this study, two full-depth observation sections (sec-
tions A and C) and two underway observation sections (sections B and D) were deployed 

Figure 1. Map of the location of the Beibu Gulf, and transects, rivers on the Guangxi Province coast
(1 Nanliu River, 2 Dafeng River, 3 Qin River, 4 Maoling River, 5 Fangcheng River and 6 Beilun River),
water masses, circulation (blue arrows) in summer in the Beibu Gulf.

2. Materials and Methods
2.1. Studied Areas

The Beibu Gulf spans 105.50◦ E to 110.00◦ E and 17.00◦ N to 22.00◦ N (Figure 1) and
has a subtropical maritime climate. The area of the gulf is approximately 12.9 × 104 km2,
and the water depth is between 20 m and 60 m, averaging approximately 38 m. In winter, a
northeast monsoon prevails, while in summer, a southwest monsoon prevails. The rainy
season is from April to October. The Beibu Gulf neighbors the Leizhou Peninsula to the
east, Guangxi Province to the north, Vietnam to the west, and the SCS to the south, and
connects to the northern part of the SCS through the Qiongzhou Strait. The rivers on the
coast of Guangxi to the north and on the coast of Vietnam to the west carry terrestrial
materials into the sea, forming a unique natural environment that consists of an estuarine
ecosystem and a gulf ecosystem. In this study, two full-depth observation sections (sections
A and C) and two underway observation sections (sections B and D) were deployed in
the eastern part of Beibu Gulf, and five and eight observation stations were deployed in
sections A and C, respectively (Figure 1).

2.2. Field Observations

The underway sea–air CO2 continuous observation system (GO8050, General Oceanics,
Miami, FL, USA) collected pCO2 and atmospheric partial pressure of carbon dioxide (pCO2a)
data. We calibrated the observation system by using CO2 standard gas (produced by the
Chinese Academy of Meteorological Sciences, with an uncertainty of less than 0.3%). The
water intake pump continuously extracted seawater samples from the monitoring well
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and delivered them to the laboratory at a high flow rate. The difference between the water
temperature in the water vapor equilibrator of the observation system and the original
water temperature was less than 0.2 ◦C. The water vapor equilibrator pCO2 was calculated
using the saturated vapor pressure equation [18]; pCO2 in the equilibrator was corrected
to pCO2 in situ temperatures using the empirical formula of Takahashi et al. (1993) [19].
The atmospheric sampling site was located at the top of the bow, and was isolated from
pollution sources such as the ship’s chimney and human activities. Eco-environmental
elements were simultaneously measured and mutually calibrated by using a temperature
and salinity sensor (SBE21, SEA-BIRD, Seattle, WA, USA), a dissolved oxygen (DO) sensor
(Oxygen Optode 3835, Aanderaa Bergen, Norway), and a multi-parameter water quality
meter (YSI6600, YSI, New York, NY, USA). Meteorological elements were observed by a
shipborne automatic weather instrument (XZC5-1, NOTC, Tianjin, China).

Water temperature and salinity was measured at conductivity–temperature–depth
stations during the full-depth observation. Seawater samples were collected simultaneously.
Seawater samples for measuring dissolved inorganic carbon (DIC) and total alkalinity
(TALK) were poured into 250 mL glass bottles with ground glass stoppers until full and
stored at room temperature after the addition of 0.1% (v/v) saturated mercuric chloride
solution. TALK and DIC in seawater was determined by using an open-cell titration and
nondispersive infrared absorption, the uncertainties of TALK and DIC were less than 0.1%.
The pH in the vertical profile was analyzed by a high precision pH meter; its uncertainty
was 0.005. Nutrient samples were filtered on site and poured into 100 mL plastic bottles
until full and stored in a frozen state. The sample analysis method was based on flow
injection analysis, and its uncertainty was 5%.

2.3. Sea–Air CO2 Flux Estimation

The sea–air CO2 flux estimation equation is F = k × s × ∆pCO2, where
k = 0.27 u2 (Sc/660)−0.5 [20] is the CO2 gas transmission rate, u is the mean 10 m wind
speed during the observation period, s is the solubility of CO2 in seawater, and ∆pCO2 is
the sea–air CO2 partial pressure difference, that is, pCO2—pCO2a. Negative F values indi-
cate that the ocean absorbs CO2 from the atmosphere, whereas positive F values indicate
that the ocean releases CO2 into the atmosphere.

3. Results and Discussions
3.1. Distributions of pCO2 and Underway Environmental Factors
3.1.1. Spatiotemporal Distributions of pCO2

In the summer of 2011, pCO2 varied between 312 µatm and 522 µatm, with a mean of
417 µatm, pCO2a was 375 µatm, and ∆pCO2 was 42 µatm. In the summer of 2014, pCO2
varied between 324 µatm and 527 µatm around a mean of 405 µatm, pCO2a was 377 µatm,
and 4pCO2 was 28 µatm (Table 1). Both these ∆pCO2 values were positive. The mean
pCO2 was higher in section A than in the other sections in both 2011 and 2014, at 434 µatm
and 426 µatm, respectively. pCO2 was the highest at the western entrance of the Qiongzhou
Strait and in the region to the west of the Leizhou Peninsula (Table 1, Figure 2). In 2011 and
2014, pCO2 was relatively high in section D, at 420 µatm and 412 µatm, respectively. pCO2
gradually increased from the inner gulf to the mouth of the gulf (Table 1, Figure 2). The
lowest mean pCO2 of 400 µatm in 2011 and 370 µatm in 2014 occurred in section B. pCO2
was the lowest in the intersection areas between sections B and C (Table 1, Figure 2). In
addition, pCO2 in section C between 20.5◦ N and 21.0◦ N in 2011 was higher than that in
the surrounding areas; in 2011 and 2014, pCO2 in the waters near 19.5◦ N in the southern
part of section C was lower than that in the surrounding areas (Figure 2).
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Table 1. Summary of pCO2, SST, SSS, DO, chlorophyll a and sea–air CO2 flux estimation in the
summers of 2011 and 2014.

Survey Period
/Domains

pCO2 ∆pCO2 SST SSS DO Chlorophyll α Sea–Air CO2 Flux
µatm µatm ◦C mg L−1 µg L−1 mmol m−2 d−1

Summer 2011
312–522

42
29.73–31.43 29.77–33.17 6.63–8.06 0.1–6.4

3.3 ± 2.8417 ± 28 30.47 ± 0.38 31.98 ± 0.71 7.11 ± 0.08 0.5 ± 0.6

A transect
390–522

59
29.90–31.11 31.53–32.60 6.69–8.06 0.3–4.4

4.6 ± 2.8434 ± 40 30.36 ± 0.35 32.19 ± 0.29 7.01 ± 0.10 0.6 ± 0.6

B transect
312–485

25
29.98–30.80 29.76–31.22 6.63–7.61 0.7–4.6

2.0 ± 6.0400 ± 48 30.29 ± 0.25 30.31 ± 0.42 7.22 ± 0.14 1.6 ± 0.9

C transect
313–437

36
30.27–31.43 29.93–32.77 7.00–7.98 0.3–0.7

2.8 ± 1.4411 ± 19 30.77 ± 0.30 32.00 ± 0.52 7.12 ± 0.07 0.3 ± 0.1

D transect
409–439

45
29.73–30.33 31.67–33.17 6.98–7.25 0.3–0.6

3.5 ± 0.3420 ± 8 30.15 ± 0.13 32.48 ± 0.44 7.10 ± 0.03 0.3 ± 0.1

Summer 2014
324–527

28
29.03–31.44 24.04–33.05 6.58–7.41 0.1–2.5

1.6 ± 2.2405 ± 42 29.97 ± 0.54 31.62 ± 1.89 7.07 ± 0.11 0.9 ± 0.5

A transect
359–527

49
29.61–31.44 31.18–32.33 6.60–7.23 0.5–2.0

2.8 ± 3.5426 ± 66 30.31 ± 0.70 31.88 ± 0.38 6.99 ± 0.11 1.2 ± 0.3

B transect
324–424 −7

29.24–29.68 24.04–26.31 6.58–7.41 0.9–2.1 −0.4 ± 1.3370 ± 24 29.39 ± 0.09 25.13 ± 0.74 6.90 ± 0.13 1.4 ± 0.3

C transect
338–451

7
29.03–30.19 28.07–32.86 6.59–7.33 0.1–2.5

0.4 ± 1.1384 ± 21 29.78 ± 0.27 31.82 ± 1.03 7.12 ± 0.07 0.9 ± 0.5

D transect
384–429

35
29.29–30.43 32.62–33.05 7.20–7.38 0.1–1.0

2.0 ± 0.7412 ± 13 29.75 ± 0.26 32.90 ± 0.11 7.28 ± 0.02 0.5 ± 0.2
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3.1.2. Distributions of Underway Environmental Factors

The mean values of sea surface temperature (SST) were 30.47 ◦C and 29.97 ◦C in the
summer of 2011 and 2014, respectively (Table 1). The high SST values in 2011 ranged from
30.27 to 31.43 ◦C around a mean of 30.77 ◦C (Table 1) and were distributed over the area
at the northern end of section C near 21.0◦ N and at the southern end near 19.5◦ N. The
middle part of the area was characterized by a low temperature (Figure 3). The high SST
values in 2014 ranged from 29.61 to 31.44 ◦C around a mean of 30.31 ◦C (Table 1) and were
located at the western entrance of the Qiongzhou Strait and to the west of the Leizhou
Peninsula (Figure 3) in section A. During the observation period, the SST was low along
sections B and D (Figure 3).
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The mean sea surface salinity (SSS) was 30.31 in 2011 and 25.13 in 2014. SSS in section B
in 2014 was clearly lower than in 2011 and was distributed over a wider area (Table 1,
Figure 3); the lowest SSS was in section B and ranged from 29.76 to 31.22 and from 24.04 to
26.31 in the summers of 2011 and 2014, respectively. In addition, there was a large area of
low SSS in the southern part of section C in 2011 (Table 1, Figure 3). The low salinity of
sections B and C was mainly affected by coastal water masses. The highest SSS in 2011 was
between 20.5 and 21.0◦ N in section C (32.77) and in the waters east of 107.5◦ E in section D
(33.17). The highest SSS in 2014 was in section D, with a maximum of 33.05 (Table 1,
Figure 3). The high salinity feature of section D was controlled by SCS intrusion water.

The DO concentration in the eastern part of Beibu Gulf ranged from 6.63 mg L−1 to
8.06 mg L−1 and 6.58 mg L−1 to 7.41 mg L−1 in the summer of 2011 and 2014, respectively
(Table 1). DO was high where sections B and C meet, but the highest value of DO in the
summer of 2011 was more than that in the summer of 2014 (Figure 3). The distributions of
high chlorophyll a was similar to that of DO, the maximum of chlorophyll α was 6.4 µg L−1

in the summer of 2011 and higher than 2.5 µg L−1 in the summer of 2014. In both 2011 and
2014, section B was a high chlorophyll α area [12,21]. However, the high chlorophyll α
area in 2011 was located at the eastern end of section B, whereas chlorophyll a was highest
in 2014 where sections B and C meet (Figure 3). The distribution area of highest DO and
chlorophyll a was essentially consistent with the lowest pCO2 (Figures 2 and 3).

3.2. Impact of Water Masses in Eastern Beibu Gulf on pCO2
3.2.1. Qiongzhou Strait Passage Water

The direction of the Qiongzhou Strait transport is westward all year round. Water flows
from the northern part of the SCS from the east to the west through the Qiongzhou Strait
into the Beibu Gulf (Figure 1). At the western entrance of the Qiongzhou Strait, the flow
turns northwestward and northward along the waters to the west of the Leizhou Peninsula.
After reaching the coast of Guangxi Province, the flow turns westward (Figure 1) [22,23].
Under the influence of the Qiongzhou Strait passage water, pCO2 at the western of the
Qiongzhou Strait and in the waters to the west of the Leizhou Peninsula was relatively high
(above 430 µatm) in the summers of 2011 and 2014 (Figure 2). The impact range could reach
waters near 109 ◦E. Moreover, dissolved inorganic nitrogen (DIN) and phosphate (PO4

3−)
concentrations were high in the waters near the western entrance. The corresponding
maximum values of these two variables were, respectively, 146.9 µg L−1 and 27.0 µg L−1

in the summer of 2011 and 121.4 µg L−1 and 8.2 µg L−1 in the summer of 2014. These
nutrient concentrations, especially those of phosphate, were higher in 2011 than in 2014
(Figures 4 and 5). When the passage water reaches the western entrance, it diverges in the
direction of the flow and slows. Sediment suspended in water precipitates and accumulates
near the western entrance, leading to an increase in water transparency [24]. Nutrients
carried by water promote phytoplankton growth, and photosynthesis absorbs CO2 in
water. In the summer of 2011, pCO2 fell sharply in a small area at the western entrance
of the Qiongzhou Strait to a minimum that was approximately 80 µatm lower than in the
surrounding waters (Figure 2). In addition, in the summer of 2011, the upper water centered
at 108.75 ◦E in section A had low temperature and low salinity (Figure 4), and pCO2 ranged
from 390 µatm to 400 µatm. The mean pCO2 of 396 µatm was significantly lower than that
of section A (434 µatm) (Figure 2). According to the sea-surface meteorological observation
results, it was possible that heavy rainfall process diluted SSS and reduced SST and pCO2,
and that wind during the rainfall strengthened, which increased the upper mixed layer
depth (Figures 2 and 3). In the summers of 2011 and 2014, the surface water at the western
end of section A had a high temperature but low salinity (Figure 4), whereas the water
temperature was low and the salinity was high at the bottom. The difference between the
surface and bottom waters was obvious (Figures 3 and 4). The surface water is the coastal
water mass from the western coast that is brought to the central and eastern parts under
the combined effect of the monsoon and cyclonic circulation [25]. The bottom water is SCS



J. Mar. Sci. Eng. 2023, 11, 46 7 of 14

intrusion water from the southern mouth of the gulf. These characteristics of water masses
will be analyzed later based on the observations for sections C and D.
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3.2.2. Coastal Water Mass

The northern coastal water mass of the Beibu Gulf is mainly composed of runoffs from
the Nanliu River, Dafeng River, Qin River, Maoling River, Fangcheng River and Beilun
River on the Guangxi coast (Figure 1), the salinity of this water mass is generally not greater
than 32 [15]. The SSS in coastal water was lower than 31.5 in the summers of both 2011 and
2014; section B and the northern of section C were controlled by coastal water (Figure 3). The
northern coastal water mass decreased the salinity while carrying nutrients that facilitated
phytoplankton reproduction, but pCO2 and SSS showed a negative correlation when SSS
was less than ~ 27 (Figure 6). DIC was imported into the coastal area by runoff, while low
water transparency limited the growth of phytoplankton. The concentration of chlorophyll a
reached the maximum when SSS increased to ~ 27, phytoplankton photosynthesis absorbed
CO2 in water and released O2, resulting in an increase in chlorophyll a and DO and a
decrease in pCO2 in section B (Figure 6). The minimum pCO2 in section B in the summers of
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2011 and 2014 was 312 µatm and 324 µatm, respectively (Table 1, Figure 2). pCO2 and SSS
showed a positive correlation when SSS was higher than ~ 27 (Figure 6), mainly because
the concentration of chlorophyll a and DO% gradually decrease with the increase in SSS
(Figures 2 and 3), and the role of phytoplankton in absorbing CO2 in water decreased,
leading to the gradual increase in pCO2 (Figures 2 and 3). These results were consistent
with the distribution characteristics of a typical estuarine plume area [26,27].

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 15 
 

 

Figure 4. Distribution of temperature, salinity, DIN and PO43− along A transect in the summer of 
2011. 

 
Figure 5. Distribution of temperature, salinity, DIN and PO43− along A transect in the summer of 
2014. 

3.2.2. Coastal Water Mass 
The northern coastal water mass of the Beibu Gulf is mainly composed of runoffs 

from the Nanliu River, Dafeng River, Qin River, Maoling River, Fangcheng River and 
Beilun River on the Guangxi coast (Figure 1), the salinity of this water mass is generally 
not greater than 32 [15]. The SSS in coastal water was lower than 31.5 in the summers of 
both 2011 and 2014; section B and the northern of section C were controlled by coastal 
water (Figure 3). The northern coastal water mass decreased the salinity while carrying 
nutrients that facilitated phytoplankton reproduction, but pCO2 and SSS showed a nega-
tive correlation when SSS was less than ~ 27 (Figure 6). DIC was imported into the coastal 
area by runoff, while low water transparency limited the growth of phytoplankton. The 
concentration of chlorophyll a reached the maximum when SSS increased to ~ 27, phyto-
plankton photosynthesis absorbed CO2 in water and released O2, resulting in an increase 
in chlorophyll a and DO and a decrease in pCO2 in section B (Figure 6). The minimum 
pCO2 in section B in the summers of 2011 and 2014 was 312 μatm and 324 μatm, respec-
tively (Table 1, Figure 2). pCO2 and SSS showed a positive correlation when SSS was 
higher than ~ 27 (Figure 6), mainly because the concentration of chlorophyll a and DO% 
gradually decrease with the increase in SSS (Figures 2 and 3), and the role of phytoplank-
ton in absorbing CO2 in water decreased, leading to the gradual increase in pCO2 (Figures 
2 and 3). These results were consistent with the distribution characteristics of a typical 
estuarine plume area [26,27]. 

  
Figure 6. Relationships between pCO2 and SSS, and between pCO2 and DO% in coastal water.

The northern end of section C is also affected by the coastal water mass. In the sum-
mer of 2011, the northern coastal water mass was limited to the waters north of 21◦ N in
section C, where the water depth of coastal water mass was approximately 10 m. This area
has low TALK and DIC, with minimum values of 2011.0 µmol kg−1 and 1579.4 µmol kg−1,
respectively (Figure 7). In the summer of 2014, the northern coastal water arrived further
south, at 20◦ N in the middle of section C, where the water depth of coastal water mass was
approximately 20 m. There were relatively large areas of low TALK and DIC (Figure 8), with
minimum values of 2022.0 µmol kg−1 and 1658.6 µmol kg−1, respectively. There were tem-
poral and spatial differences in the impact range of the northern coastal water mass. There
was a low-SSS area in the northern Beibu Gulf in 2011 with a minimum SSS of 29.77 and
a large low-SSS area in the central and northern waters in 2014, with a minimum SSS of
24.04 (Table 1, Figure 3). This indicated that the runoff into the sea in the summer of 2014
was greater than that in 2011; the coastal water might be from different runoffs since they
had not been able to fully mix due to low flux into the sea (Figure 6). However, the clear
upwelling of bottom water between 20◦ N and 21◦ N in the summer of 2011 also prohibited
the coastal water mass from spreading further southward (Figure 7).
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pCO2 ranged from 431 µatm to 479 µatm, with a mean of 451 µatm. pCO2 had
extremely high values and DO% dropped at the eastern end of section B (Figure 6), although
the high chlorophyll α area in the summer of 2011 was located at the eastern end of section B
(Figure 3). This result was obtained mainly because the eastern end of section B is close to
Beihai city, Guangxi Province. Due to the influence of urbanization there, the runoff into
the sea promotes phytoplankton photosynthesis, while a large quantity of organic matter is
also imported, and the degradation of organic matter and biological oxygen-consuming
respiration increase pCO2 in the water [29,30]. Moreover, the mangroves and salt marsh
ecosystems along the coast had a certain contribution to the addition of pCO2 [31].

3.2.3. SCS Intrusion Water

The surface and subsurface saline water (S = ~34.0) of the SCS intrudes into the Beibu
Gulf from the southern mouth of the gulf (Figure 1). In some years, saline water can reach
sea areas nearly as far north as 20.5◦ N [32]. In the summer of 2011, saline SCS intrusion
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water reached areas near 19◦ N, and this water mass went beyond 20◦ N to near 20.25◦ N
in the summer of 2014. There was more intense SCS water intrusion in the summer of 2014
than in 2011, but the bottom water between 20.5◦ N and 21.0◦ N upwelled in the summer
of 2011 (Figures 7 and 8). Due to the influence of the SCS intrusion water, the DO and
pH of the bottom water in section C showed a distinct decrease. The minimum DO of
4.79 mg L−1 and 4.65 mg L−1 in the summers of 2011 and 2014, respectively, was located
near 20.5◦ N. The minimum pH of 8.07 and 8.05 for 2011 and 2014, respectively, was located
in the southern most area of section C (Figures 7 and 8). The minimum DO of the bottom
water in section C was located near 20.5◦ N. The reasons may be the following: (1) The
water column in the eastern part of Beibu Gulf was obviously stratified in summer. As
the DO-poor SCS intrusion water moved northward, the DO-rich surface water could not
compensate for the low DO of the bottom layer. (2) When the range of influence of the SCS
intrusion water reached 20.5◦ N, the combined effect of oxygen consumption by bottom
organic matter (including terrestrial and marine organic matter) and biological respiration
resulted in the low DO concentration at this location [33,34].

In the summer of 2011, the area in the southern mouth of the gulf with SSS greater
than 33 was limited to the southeastern end of section D. In the summer of 2014, the
areas with SSS greater than 33 reached 19◦ N, at the intersection between sections C and
D (Figure 3). pCO2 in areas with SSS higher than 33 in the southern mouth of the gulf
was also greater than 400 µatm in the summers of 2011 and 2014 (Figures 2 and 3). pCO2
and SSS gradually decreased from the southern mouth of the gulf to the inner gulf, and
were positively correlated with SSS; SSS was a main controlling factor of pCO2 (Figure 9).
However, pCO2 and DO% have no obvious correlation in the summer of 2011 when the
intensity of SCS intrusion water was weak. pCO2 was positively correlated with DO% in
the summer of 2014, and DO% in DO-rich surface water gradually decreased, accompanied
by a salinity reduction from the southern mouth of the gulf to the middle (Figure 9).
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3.3. Impact of Circulation in Eastern Beibu Gulf on pCO2

Ocean circulation is one of the most important factors that controls the absorption of
anthropogenic CO2 by the oceans. As a component of ocean circulation, coastal circulation
has an important impact on seawater pCO2 distribution and the ocean carbon source/sink
pattern [35]. In summer, the northern part of the Beibu Gulf is controlled by a cyclonic
circulation (Figure 1) [36,37]. During the summer observation in 2011, the circulation was
centered between 20.5◦ N and 21.0◦ N in section C. The salinity of the entire water layer
increased by approximately 1.0 and the temperature also decreased by about 0.5 ◦C in the
center of cyclonic circulation, so the cyclonic circulation induced a clear upwelling of bottom
water (Figure 7). As a result, DIC increased by approximately 100.0 µmol kg−1 (Figure 7),
and pCO2 ranged from 422 µatm to 437 µatm, with a mean of 432 µatm. Compared to
the surrounding areas, pCO2 at the circulation center was more than 15 µatm higher, and
the mean was more than 10 µatm higher (Figure 2). The lowest DO in the bottom layer
(4.79 mg L−1) was between 20.5◦ N and 21.0◦ N in section C, and the pH was low (8.08).
Upwelling-induced decreases in DO and pH are among the main factors causing ocean
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hypoxia and acidification [38]. No significant upwelling of the bottom water was observed
in the same area in the summer of 2014.

In the summer of 2011, in the area between 19◦ N and 20◦ N centered at 19.5◦ N in
section C, the waters with high temperature and low salinity exhibited a clear downwelling
tendency, and the vertical depth was greater than 20 m (Figure 7). pCO2 ranged from
394 µatm to 405 µatm around a mean of 399 µatm, which was significantly lower than
the mean pCO2 of 416 µatm in the southern areas of section C (Figure 2). The DIC in
the entire water layer was significantly reduced to below that of the surrounding area
by approximately 100.0 µmol kg−1 (Figure 7). In the summer of 2014, SST was more or
less the same area, but slightly increased, SSS decreased slightly, and pCO2 was slightly
lower than in the surrounding areas (Figure 2). No clear downwelling was observed in
summer 2014 (Figure 8). In summer, the southern area of the Beibu Gulf is controlled by an
anticyclonic circulation, and the surface water at the center of the circulation downwells
(Figure 1) [37]. The observation results in section C between 19◦ N and 20◦ N were in line
with the characteristics of anticyclonic circulation. The downwelling surface water of high
SST and low SSS was from the Red River plume from Vietnam on the western coast of the
gulf (the western coastal water mass), which spread offshore to the middle and eastern
parts of the gulf [39]. Due to the impact of multiple factors, such as runoff and monsoon,
there are interannual differences in the estuarine plume area [40]. The impact range of the
western coastal water mass in the summer of 2011 was significantly greater than that in
2014 (Figures 2, 7 and 8).

3.4. Summer Sea–Air CO2 Flux in Eastern Beibu Gulf

During the summer observation period in 2011 and 2014, the mean wind speed was
5.3 m s−1 and 4.6 m s−1, respectively, and the sea–air CO2 flux was 3.3 mmol m−2 d−1 and
1.6 mmol m−2 d−1, respectively, corresponding to sources of atmospheric CO2 (Table 1).
These fluxes were comparable with the sea–air CO2 fluxes of 3.2 mmol m−2 d−1 [41] and
(1.9–3.8) mmol m−2 d−1 [42] that were reported in the waters over the continental slope
in the northern SCS, whereas CO2 fluxes above −0.2 mmol m−2 d−1 were reported in the
shelf waters of the northern SCS [42]. In the summers of 2011 and 2014, the combined
effect of coastal water masses and phytoplankton photosynthesis significantly reduced
pCO2 in the sea areas. The minimum pCO2 was 312 µatm in 2011 and 324 µatm in 2014
(Table 1, Figure 2), corresponding to atmospheric CO2 sinks. pCO2 in coastal water affected
by runoff input was mainly controlled by phytoplankton productivity or biological oxy-
gen consumption respiration, and the coastal sea area acted as the sink of atmospheric
CO2 when phytoplankton productivity was stronger than biological oxygen consumption
respiration [43,44].

The impact of the Qiongzhou Strait passage water and the SCS intrusion water mass re-
sulted in relatively high pCO2 in areas to the west of the Leizhou Peninsula and at the south-
ern mouth of the gulf. In the summer of 2011, the sea–air CO2 fluxes of sections A and D
were 4.6 mmol m−2 d−1 and 3.5 mmol m−2 d−1, respectively. In 2014, the sea–air CO2
fluxes of sections A and D were 2.8 mmol m−2 d−1 and 2.0 mmol m−2 d−1, respectively.
This region was a source of atmospheric CO2 in both years. In the middle of the gulf
affected by the mixed water mass, pCO2 was slightly lower. In the summers of 2011 and
2014, the sea–air CO2 flux in section C was 2.8 mmol m−2 d−1 and 0.4 mmol m−2 d−1,
respectively. Moreover, offshore circulation caused an increase in pCO2 at the cyclonic
circulation center in the northern part of section C in the summer of 2011, and the CO2
source intensity increased. Both pCO2 and the CO2 source intensity decreased at the center
of the southern anticyclonic circulation. Section B was affected by coastal water masses
and had the lowest pCO2. The sea–air CO2 fluxes in 2011 and 2014 were 2.0 mmol m−2 d−1

and −0.4 mmol m−2 d−1, respectively. Section B remained a source of atmospheric CO2 in
2011, mainly because the degradation of organic matter and biological oxygen-consuming
respiration in the eastern area increased the water pCO2.
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4. Conclusions

1. In the summers of 2011 and 2014, pCO2 in the eastern part of Beibu Gulf ranged from
312 µatm to 522 µatm and from 324 µatm to 527 µatm, respectively. The mean pCO2
was 417 µatm and 405 µatm, pCO2a was 375 µatm and 377 µatm, and the sea–air CO2
fluxes were 3.3 mmol m−2 d−1 and 1.6 mmol m−2 d−1, respectively. In both periods,
the Beibu Gulf was a source of atmospheric CO2.

2. The eastern part of Beibu Gulf was a source of atmospheric CO2 in summer, only
the region affected by the northern coastal water in the Beibu Gulf was a sink of
atmospheric CO2, and regions controlled by other water masses were sources of atmo-
spheric CO2. In the summer of 2011, the northern and southern parts of the Beibu Gulf
were controlled by a cyclonic circulation and an anticyclonic circulation, respectively;
pCO2 at the circulation center was more than 15 µatm higher and approximately
17 µatm lower than in the surrounding areas.

3. The key ocean dynamical processes in the eastern part of Beibu Gulf have spatiotem-
poral differences, and the water masses and circulation structure are complex and
variable. As a result, pCO2 and sea–air CO2 fluxes show characteristics of an uneven
spatial distribution and interannual variability. Therefore, the carbon source/sink
pattern and biogeochemical processes in the eastern part of Beibu Gulf need to be
further studied.
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