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A B S T R A C T

Various biogeochemical processes complicate carbon dioxide (CO2) behaviour in coastal oceans. Through eight
summer surveys, detailed variations in CO2 mechanisms in the urbanized Jiaozhou Bay, China, were analysed.
During the rainless period, respiration and dissolved inorganic carbon input from treated wastewater made the
northeastern region a strong CO2 source, while the western region with cleaner seawater was a weak source
because calcium carbonate (CaCO3) precipitation exceeded primary production. Rainfall events with different
intensities and locations caused significantly different effects. When rainfall occurred over the sea, enhanced
primary production caused a CO2 sink; when rainfall induced little terrestrial pollutant input, CaCO3 pre-
cipitation exceeded net primary production, leading to a CO2 source. When heavy rain caused bulk runoff, the
northeastern region was a strong CO2 source because rivers flowing through downtown regions inputted con-
siderable organic matter, while in the western region, runoff through suburbs and wetlands led to a strong sink.

1. Introduction

Coastal oceans are areas of interaction among the land, sea and
atmospheric systems. Due to high productivity and strong anthro-
pogenic perturbations, carbon dioxide (CO2) sink/source patterns in
coastal oceans have received much attention (Borges, 2011; Cai, 2011;
Laruelle et al., 2014). However, multiple and variable biogeochemical
processes make the spatial and temporal variations in the partial
pressure of CO2 (pCO2) in coastal oceans highly complicated. For in-
stance, Bianchi et al. (2009) reported that in the Patagonia Sea, stra-
tification, primary production and thermochemical effects controlled
the distribution of pCO2 during summer and caused the nearshore re-
gion to be an atmospheric CO2 source, while the shelf break acted as a
CO2 sink. Lohrenz et al. (2010) suggested that in the northern Gulf of
Mexico, strong primary production caused the river-influenced region
to be a CO2 sink in April and August; in contrast this region acted as a
CO2 source in October due to enhanced remineralization caused by the
introduction of terrestrially derived organic matter associated with
storm surge inundation, as well as destratification and the resuspension
of bottom sediments. The investigation on the Oregon shelf by Evans
et al. (2011) showed that primary production caused the seawater to be
a CO2 sink in winter and spring, while upwelling of bottom water with

high CO2 concentrations made this region a strong CO2 source in
summer and autumn. In this area, strong upwelling in early summer
caused the surface pCO2 to increase from<200 μatm to> 1000 μatm
in only ten days. Saderne et al. (2013) reported that primary production
made the nearshore seawater in the Baltic Sea become a CO2 sink in
early summer, while upwelling of water masses with elevated pCO2

levels in response to offshore winds caused the pCO2 values in this re-
gion to sharply increase to over 2000 μatm in late summer. Therefore,
increasing survey frequency and further investigating the detailed
variations in CO2 sink/source patterns and their controlling mechan-
isms are of great significance for the accurate assessment of CO2 fluxes
in coastal oceans.

Jiaozhou Bay (JZB) is a typical semi-closed shallow bay system lo-
cated in the southern Shandong Peninsula in northern China. The bay is
highly affected by urbanization due to its proximity to the city of
Qingdao, which has a population of ~4.8 million inhabitants. Strong
respiration and primary production coexist in the bay (Yang et al.,
2004; Han et al., 2017). Among the recent studies that measured pCO2

data in JZB, Zhang et al. (2012) suggested that remineralization caused
the bay to act as a CO2 source in autumn and that enhanced primary
production led the bay to become a CO2 sink in winter. Zang et al.
(2018) suggested that decreased temperature and strong primary

https://doi.org/10.1016/j.marpolbul.2019.07.039
Received 17 April 2019; Received in revised form 16 July 2019; Accepted 16 July 2019

⁎ Corresponding author.
E-mail address: longjunz@ouc.edu.cn (L.-J. Zhang).

Marine Pollution Bulletin 146 (2019) 767–778

Available online 22 July 2019
0025-326X/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2019.07.039
https://doi.org/10.1016/j.marpolbul.2019.07.039
mailto:longjunz@ouc.edu.cn
https://doi.org/10.1016/j.marpolbul.2019.07.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpolbul.2019.07.039&domain=pdf


production were the main controlling mechanisms for the bay acting as
a CO2 sink in winter. To understand the processes in summer, our re-
search group conducted three surveys to investigate the influence of
heavy rain on surface pCO2 in the summer of 2014 (Li et al., 2017). The
results showed that before rainfall occurred, respiration and treated
wastewater input with high levels of dissolved inorganic carbon (DIC)
in the northeastern region and calcium carbonate (CaCO3) precipitation
in the western region led the entire bay to act as a strong CO2 source.
When heavy rain resulted in bulk river runoffs, the highly urbanized
northeastern region of the bay continued to act as a CO2 source, while
enhanced primary production led the western region (where the sea-
water was relatively cleaner) to become a strong CO2 sink. However,
limited surveys are not sufficient to reveal the detailed variations in the
distribution and controlling mechanisms of surface pCO2 on a seasonal
scale that usually lasts several months.

In this study, we conducted five surveys in JZB on 29th June and 4th
July 2016 and 28th June, 5th and 21st July 2017 and collected data
from the three surveys conducted by our research group in the summer
of 2014 which discussed the influence of heavy rain on CO2 mechan-
isms in JZB (Li et al., 2017). Based on carbonate parameters, such as
pCO2, DIC, total alkalinity (TA) and pH, and hydrological and bio-
chemical parameters, such as temperature, salinity, DO% and chlor-
ophyll a (Chl a), the combined effects of biological processes, CaCO3

processes and anthropogenic activities such as DIC-rich treated waste-
water input, as well as the effects of rainfall events with different in-
tensities and locations, on the variations in pCO2 in JZB during summer
were analysed, and the detailed variations in these mechanisms are
discussed.

2. Materials and methods

2.1. Study area

JZB (36°01′-36°18′N, 120°04′-120°23′E) is located on the eastern
coast of China and adjoins the southern Yellow Sea (Fig. 1). JZB has a
water area of ~300 km2 and an average water depth of ~7m. This
region has an East Asian monsoon climate with southerly winds pre-
vailing in summer and northerly winds prevailing in winter. The tides
are regular semi-diurnal tides, and seawater is nearly vertically
homogeneous due to strong tidal mixing (Liu et al., 2004). The bay is
surrounded by land on three sides and exchanges seawater with the
Yellow Sea only through the mouth of the bay in the south. The
northeastern region of the bay adjoins downtown Qingdao and suffers

from the effects of substantial urbanization, while the western region of
the bay contains an ecological wetland with an area over 50 km2

(http://ly.qingdao.gov.cn/n32205798/n32205833/index.html; in Chi-
nese). The seawater in the western region is relatively cleaner than that
in the northeastern region due to the removal of organic matter by the
wetland. The rivers entering JZB are generally ephemeral and only
discharge freshwater after rainfall. Three large-scale wastewater treat-
ment plants (WWTPs) with discharge capacities> 100,000m3/day are
located in the estuaries along the eastern coast of JZB (Fig. 1), and the
three associated rivers are therefore conduits for wastewater (Yang
et al., 2018; Liu et al., 2019).

2.2. Sampling and analysis

The distributions of survey stations in JZB are shown in Fig. 1.
Surface seawater from a depth of ~1.5m was pumped into continuous
measurement equipment in each survey. Sea surface temperature,
salinity, pCO2 and DO% were measured underway. Discrete samples
were collected with Niskin bottles for measurements of DIC, TA, pH and
Chl a.

Temperature and salinity were measured using an SBE 45 Micro
TSG (Sea-Bird Inc., Bellevue, WA, USA); pCO2 was measured using
wavelength-scanned cavity ring-down spectroscopy (WS-CRDS) with a
G2131-I Analyzer (PICARRO, USA); DO% was measured with a YSI-
5000 oxygen analyser (YSI Corporation, Yellow Spring, OH, USA),
which was calibrated using the Winkler titration method. The mea-
surement precisions of temperature, salinity, CO2 and DO% were
0.002 °C, 0.005, 50 ppbv (5min) and 0.1%, respectively.

Water samples for DIC and TA analysis were filtered to remove
particulate matter. DIC samples were collected directly using syringes
and were filtered through disposable syringe filters with 0.45-μm cel-
lulose acetate membranes to avoid CO2 exchange. TA samples were
filtered through 0.45-μm cellulose acetate membranes using a bor-
osilicate glass filter. DIC and TA samples were both poisoned with
moderately saturated mercury dichloride solutions to inhibit biological
activity; these samples were then preserved at 4 °C. DIC was determined
by acid extraction using a DIC analyser (Apollo SciTech, USA); the
measured deviation between duplicates was<2‰. TA was determined
by Gran titration using an alkalinity titrator (AS-ALK2, Apollo SciTech,
USA). The titration HCl concentrations were calibrated against a cer-
tified reference material (provided by A.G. Dickson from the Scripps
Institution of Oceanography). The measurement precision for TA
was< 1‰. pH was measured immediately after sample collection

Fig. 1. Locations of survey stations in JZB. Asterisks indicate survey stations. Black dots indicate wastewater treatment plants.
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using an Orion 3-Star Plus pH benchtop meter with a ROSS pH elec-
trode (Thermo Fisher Scientific, Inc., Beverly, MA, USA) calibrated
according to the National Institute of Standards and Technology for
values of 4.01, 7.00, and 10.01 at 25 °C. The precision of the pH mea-
surement was approximately± 0.01. Chl a samples were filtered
through GF/F glass fibre membranes (0.7 μm; Whatman, Maidsone, UK)
at pressures below 0.05MPa. A saturated magnesium carbonate solu-
tion was added to the membranes after filtration, and the samples were
preserved at −20 °C. Membrane samples were later extracted with 90%
acetone, and the supernatant fluid was then analysed using a fluores-
cence spectrophotometer (F4500, Hitachi Co., Tokyo, Japan).

The aragonite saturation state (Ωarag) was calculated using CO2SYS
(Lewis et al., 1998) based on the on-site temperature and salinity
measurements and lab-measured DIC and TA values. The carbonic
coefficients K1 and K2 were from Mehrbach (1939) as refitted by
Dickson and Millero (1987). The Ksp values for aragonite were taken
from Mucci (1983). The Ca2+ concentrations were assumed to be
proportional to salinity as presented in Millero (1979).

3. Results

3.1. Temperature and salinity

The sea surface temperature in JZB during summer ranged from
19.0 to 29.6 °C, as shown in Fig. 2. The surface temperature gradually

increased from June to late July in each year. The average temperatures
for surveys in June, early July and late July were 22.5 °C, 24.0 °C and
25.9 °C, respectively. However, the temperatures in 2017 were sig-
nificantly higher than those in 2014 and 2016. Spatially, the tem-
perature differences between the highest and lowest values in each
survey ranged from 3.5 to 6.7 °C, and the surface temperatures all de-
creased from the northern end to the mouth of the bay. The highest
values appeared in the northeastern and northwestern regions of the
bay where seawater was shallow (Fig. 1) and more affected by land,
while the lowest values appeared in the mouth of the bay where sea-
water was well exchanged with the Yellow Sea.

The surface salinity in JZB during summer ranged from 22.4 to 32.1,
and the average values for the surveys in June, early July and late July
were 31.2, 31.1 and 29.7, respectively. Except for the survey on 29th
July 2014, in which the salinity increased from the northeastern and
northwestern regions of the bay to the mouth of the bay (Fig. 2c), the
surface salinity in all surveys increased from the northeastern region to
the mouth of the bay. The rivers that enter JZB are generally ephemeral
when no rainfall occurs. Terrestrial freshwater input after heavy rain
and direct input of rainwater into the sea were the main causes for the
variations in salinity. The city of Qingdao experienced a heavy rainfall
before the survey on 29th July 2014 (22nd–25th July), and the average
precipitation was 157mm (https://www.wunderground.com; pre-
cipitation data hereafter are from the same website). Bulk terrestrial
freshwater input from the watercourses caused the salinity to decrease

Fig. 2. Distributions of sea surface temperature (colour scale) and salinity (isolines) in JZB during summer. Panels a–c represent surveys in 2014 and were re-drawn
according to data from Li et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to 22.4–33.0, and the salinity difference between the highest and lowest
values reached 7.6 (Fig. 2c). There was also a rainfall event before the
survey on 21st July 2017 (16th July), and the average precipitation was
38mm. The salinity showed low values in the northwestern region and
along the eastern coast, with the lowest values in the northeastern re-
gion, indicating a terrestrial input signal (Fig. 2h). The salinity ranged
from 30.5 to 31.9, and the salinity difference was 1.4. The salinity
differences of other surveys were all< 1.4, including the rainfall-as-
sociated surveys on 4th July 2016 (30th June, 25mm) and 5th July
2017 (1st July, 24mm). Although the salinity of these two surveys was
lower than their respective preceding surveys, the salinity differences
were only ~0.9, indicating that the rainfall events mainly occurred over
the sea and that the terrestrial input was relatively weak. Notably,
except for the survey on 29th July 2014 after heavy rain, in which
salinity was lowest in the northwestern region, the salinity in other
surveys, with or without rainfall, was lowest in the northeastern region.
The northeastern region of the bay adjoins downtown Qingdao, and
three large-scale WWTPs are located in the estuaries along the eastern
coast (Fig. 1). When river input was weak, treated wastewater input
from WWTPs became one of the main drivers of the low salinity values
in the northeastern region.

3.2. pCO2 and pH

As shown in Fig. 3, the surface pCO2 in JZB during summer ranged

from 252 to 1177 μatm. The average value for surveys in June was
636 μatm and that in early July decreased to 560 μatm, while the
average value in late July recovered to 615 μatm. Spatially, the pCO2

for the four rainless surveys in June of each year and on 1st July 2014
showed the highest values in the low-salinity zone in the highly urba-
nized northeastern region and decreased from the northeastern region
to the mouth of the bay (Fig. 3a–b, d, f). According to the average at-
mospheric CO2 concentration (405 ppm) in the summers of 2014–2017
measured by NOAA on the Tae-ahn Peninsula (36.73°N, 126.13°E)
adjacent to the southern Yellow Sea, the entire bay acted as a strong
atmospheric CO2 source, especially the northeastern region, in which
the pCO2 values exceeded 1000 μatm. In the surveys on 4th July 2016
and 5th July 2017 following direct precipitation into the sea, the pCO2

values were markedly lower than those in the respective preceding
surveys (Fig. 3e, g). Significant CO2 sinks appeared in the western re-
gion on 4th July 2016 and in the eastern region on 5th July 2017, with
minimum pCO2 values lower than 350 μatm. For the surveys in late
July, the distributions of surface pCO2 varied greatly. In the survey on
29th July 2014 with bulk terrestrial runoff input after heavy rain
(157mm) (Fig. 3c), almost the entire western half of the bay, where
seawater was relatively cleaner, acted as a CO2 sink, with the lowest
pCO2 value of only ~250 μatm. Conversely, the northeastern region
that adjoins downtown Qingdao acted as a strong source, with pCO2

values over 1000 μatm. In the survey on 21st July 2017 with weak
terrestrial input after a relatively small rainfall event (38mm) (Fig. 3h),

Fig. 3. Distributions of sea surface pCO2 (isolines) and pH (colour scale) in JZB during summer. Panels a–c represent surveys in 2014 that were re-drawn according to
data from Li et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

X.-Y. Liu, et al. Marine Pollution Bulletin 146 (2019) 767–778

770



the entire bay acted as a CO2 source, and the pCO2 values in almost all
the nearshore areas (approaching 700 μatm) were higher than those in
the middle and mouth of the bay.

The surface pH in JZB during summer ranged from 7.76 to 8.33
(Fig. 3). The average value for the surveys was 8.00 in June, reached
8.05 in early July, and decreased to 8.03 in late July. The distribution of
pH in each survey corresponded well with that of pCO2. The pH for the
four rainless surveys in June of each year and on 1st July 2014 all
increased from the northeastern region to the mouth of the bay, with
the lowest values appearing in the low-salinity zone in the northeastern
region with the highest pCO2 values (Fig. 3a–b, d, f). For the surveys on
4th July 2016 and 5th July 2017 following direct precipitations into the
sea (Fig. 3e, g), the pH values were significantly higher than those in
the respective preceding surveys, and the highest values were located in
the western or eastern areas, which acted as the strongest CO2 sinks in
each survey. In late July, in the survey on 29th July 2014 with bulk
terrestrial runoff input after heavy rain (Fig. 3c), the pH values sig-
nificantly increased from the northeastern region to the western region
of the bay. In the western region with extremely low pCO2 values, the
pH values exceeded 8.11, while those in the highly urbanized north-
eastern region were generally lower than 7.96 and were associated with
a strong CO2 source. In the survey on 21st July 2017 with relatively
weaker rainfall and terrestrial input (Fig. 3h), the pH values of the
entire bay were low and the pH values along the nearshore areas were
relatively lower than those in the middle and mouth of the bay. This

trend corresponded well with the fact that the entire bay acted as a CO2

source and that the pCO2 values along the nearshore areas were higher
than those in the middle and mouth of the bay.

3.3. DO% and Chl a

The surface DO% values in JZB during summer ranged from 81 to
191, as shown in Fig. 4. For the four rainless surveys in June of each
year and on 1st July 2014 (Fig. 4a–b, d, f), when the entire bay acted as
a CO2 source, the nearshore areas were undersaturated with respect to
DO, and the DO% values reached the lowest in the northeastern region
with pCO2 values of ~1000 μatm, indicating the existence of intense
respiration. The middle and mouth of the bay, as well as part of the
western region, were approximately saturated or slightly oversaturated
with respect to DO, with an average DO% value of 104. However, these
regions acted as CO2 sources. In the surveys on 4th July 2016 and 5th
July 2017 with relatively low pCO2 levels following direct precipitation
events into the sea (Fig. 4e, g), almost the entire bay was oversaturated
with respect to DO, and the DO% showed the highest values in the CO2

sinks, approaching values of 185, indicating strong primary production.
In the survey on 29th July 2014 with bulk terrestrial runoff input after
heavy rain (Fig. 4c), the DO level was oversaturated in the western
region of the bay that acted as a CO2 sink, while the DO level was
undersaturated in the northeastern region of the bay with pCO2 values
higher than 1000 μatm. In the survey on 21st July 2017 with weaker

Fig. 4. Distributions of sea surface DO% (colour scale) and Chl a (isolines) in JZB during summer. Panels a–c represent surveys in 2014 that were re-drawn according
to data from Li et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rainfall and terrestrial input (Fig. 4h), the DO% values exceeded 110 in
the northeastern region and 100 in other regions. We noted that al-
though the entire bay was generally oversaturated with respect to DO in
this survey, the seawater acted as a strong CO2 source.

The Chl a concentrations in JZB during summer generally increased
from June to early July and late July (Fig. 4). Spatially, the distribu-
tions of Chl a in the four rainless surveys in June of each year and on 1st
July 2014 formed a distinct pattern. The Chl a concentrations were high
in the northeastern and northwestern regions of the bay, which were
undersaturated with respect to DO (Fig. 4a–b, d, f). Especially in the
low-salinity zone in the northeastern region, the Chl a concentration
was the highest, the DO% was the lowest, and the pCO2 was the highest.
This pattern indicated the coexistence of respiration and primary pro-
duction, with the former being stronger than the latter. For the surveys
on 4th July 2016 and 5th July 2017 with low pCO2 levels following
direct precipitations into the sea (Fig. 4e, g), the Chl a concentrations
were significantly higher than those in the respective preceding sur-
veys, and almost the entire bay was oversaturated with respect to DO.
The Chl a concentrations showed the highest values in the northeastern
region of the bay in both surveys. However, the northeastern region still
acted as a CO2 source on 4th July 2016 but became a CO2 sink on 5th
July 2017. We noted that the maximum Chl a concentration in the
northeastern region exceeded 36 μg/L on 5th July 2017, which was an
order magnitude higher than that on 4th July 2016. In the survey on
29th July 2014 with bulk terrestrial runoff input after heavy rain

(Fig. 4c), the Chl a concentrations were high in the cleaner western half
of the bay, with a maximum value exceeding 24 μg/L. In the north-
eastern region, with undersaturated DO and high pCO2 levels, the Chl a
concentrations were< 6 μg/L. In the survey on 21st July 2017 with
weaker rainfall and terrestrial input (Fig. 4h), the Chl a concentrations
throughout the entire bay were high, with concentrations over 18 μg/L
appearing in the northeast, middle and mouth of the bay. Notably, the
average Chl a concentration in this survey (~15 μg/L) was the highest
among all surveys, but the average DO% value was only 108, and the
entire bay acted as a strong source.

3.4. DIC and TA

As shown in Fig. 5, the sea surface DIC concentrations in JZB during
summer ranged between 1737 and 2270 μmol/kg. The average values
for surveys in June, early July and late July were 2066 μmol/kg,
2027 μmol/kg and 1996 μmol/kg, respectively. In the four rainless
surveys in June of each year and on 1st July 2014 (Fig. 5a–b, d, f), the
surface DIC concentrations decreased from the northeastern region to
the mouth of the bay and increased from the western region to the
mouth of the bay, with the highest value in the low-salinity zone in the
northeastern region and the lowest value in the western region where
the seawater was relatively cleaner. In the surveys on 4th July 2016 and
5th July 2017 with relatively low pCO2 levels following direct pre-
cipitations into the sea (Fig. 5e, g), except for the mouth of the bay,

Fig. 5. Distributions of sea surface DIC (isolines) and TA (colour scale) in JZB during summer. Panels a–c represent surveys in 2014 that were re-drawn according to
data from Li et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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most regions featured DIC concentrations that were significantly lower
than those in the preceding surveys. On 4th July 2016, the DIC de-
creased the most (~100 μmol/kg) in the western region, where the DIC
concentration was the lowest in the preceding survey. On 5th July
2017, the DIC concentrations decreased the most (~120 μmol/kg) in
the northeastern region, where the DIC concentration was the highest in
the preceding survey. Notably, these two areas with the greatest re-
ductions in DIC corresponded well with the CO2 sinks (Fig. 3e, g). In
late July, in the survey on 29th July 2014 with bulk terrestrial runoff
input after heavy rain (Fig. 5c), the DIC concentrations were markedly
lower than those in the preceding survey. The DIC decreased by
~100 μmol/kg in the northeastern region, which adjoins downtown
Qingdao, and by ~200 μmol/kg in the western region. However, the
DIC concentrations were still the highest and lowest in the northeastern
and western regions of the bay, respectively. Correspondingly, the
northeastern region acted as a strong CO2 source, while the western
region acted as a strong CO2 sink (Fig. 3c). In the survey on 21st July
2017 with weaker rainfall and terrestrial input (Fig. 5h), the DIC con-
centrations were significantly higher than those in the preceding survey
and were relatively equally distributed, with slightly higher values
along the nearshore areas in the northeastern and northwestern regions.
Correspondingly, the pCO2 levels in these nearshore areas were rela-
tively higher.

The TA concentrations in JZB during summer ranged from 2049 to
2378 μmol/kg, as shown in Fig. 5. The average values for surveys in
June, early July and late July were 2247 μmol/kg, 2238 μmol/kg and
2203 μmol/kg, respectively. Spatially, the distributions of TA were si-
milar to those of DIC, but the ranges varied greatly. In the four rainless
surveys in June of each year and on 1st July 2014 (Fig. 5a–b, d, f), the
TA values were the highest in the northeastern region and the lowest in
the western region of the bay. However, the DIC/TA values in the
northeastern region ranged from 0.920 to 0.958, while those in the
western region ranged from 0.907 to 0.927. The extent to which TA
exceeded DIC was higher in the western region than in the northeastern
region. The dilution effect of precipitation and terrestrial input can
cause decreases in DIC and TA concentrations. However, after the direct
precipitations into the sea (Fig. 5e, g), the TA concentrations decreased
by ~40 μmol/kg in the western region on 4th July 2016, whereas the
DIC concentrations decreased by ~100 μmol/kg. Furthermore, on 5th
July 2017, the TA concentrations decreased by ~80 μmol/kg in the
northeastern region, whereas the DIC concentrations decreased by
~120 μmol/kg. The reductions in TA were smaller than those in DIC
and the area where the DIC concentrations decreased the most corre-
sponded well with the CO2 sink where pCO2 sharply decreased (Fig. 4e,

g). This trend indicated that in addition to the dilution effect of pre-
cipitation, the removal of DIC may also have resulted from primary
production. A similar situation appeared after the heavy rain process. In
the survey on 29th July 2014 with bulk terrestrial runoff input after
heavy rain (Fig. 5c), the TA concentrations were markedly lower than
those in the preceding survey. The reduction in TA in the northeastern
region was ~100 μmol/kg, which was similar to the reduction in DIC,
while the TA reduction in the western region was ~80 μmol/kg, which
was significantly lower than the reduction in DIC (~200 μmol/kg).
Therefore, when precipitation and terrestrial input caused dilutions in
DIC and TA concentrations, biogeochemical processes were also
changed. In the survey on 21st July 2017 with weaker rainfall and
terrestrial input (Fig. 5h), the TA concentrations were distributed
equally, and the degree to which TA exceeded DIC was slightly lower in
the nearshore region than in the middle of the bay.

4. Discussions

4.1. Non-conservative behaviours of DIC and TA

DIC and TA in coastal oceans are usually non-conservative due to
the influences of terrestrial input, biological processes, CaCO3 processes
and other factors (Wang et al., 2011; Lejart et al., 2012). In some es-
tuaries with considerable riverine inputs, the DIC value calculated from
the conservative mixing of fresh and saline water is usually selected as
the reference point to assess the influences of biogeochemical processes
on DIC (Alling et al., 2012; Samanta et al., 2015). In some coastal bays
without large riverine inputs, a single oceanic end-member can be used
as a reference point, and the differences between the measured DIC
values and the oceanic contribution can be used to discuss the changes
in DIC caused by terrestrial inputs and other biogeochemical processes
(Jiang et al., 2013; Li et al., 2017; Yang et al., 2018). Comprehensive
discussions of the changes in DIC and TA contribute to identifying the
mechanisms controlling pCO2. TA is one of the carbonate parameters,
and its changes can be calculated using the same method for DIC (Li
et al., 2017; Yang et al., 2018).

The rivers entering JZB are generally ephemeral during periods
without rainfall, and the treated wastewater discharges from the mu-
nicipal WWTPs become the main freshwater input. Therefore, in JZB,
there are no clear riverine inputs, and the DIC (TA) value at the mouth
of the bay is suitable for use as the oceanic reference point to assess the
changes in DIC (TA) resulting from biogeochemical processes within the
bay (Li et al., 2017; Yang et al., 2018). However, when we tried to
compare the changes in DIC (TA) among different surveys using the
same method, we found that in addition to the changes resulting from
salinity variation with seawater exchange, the DIC (TA) in the mouth of
the bay was also affected by biochemical processes. For example, the
mouth of the bay can be slightly oversaturated or slightly under-
saturated with respect to DO (Fig. 4). To avoid these effects of bio-
chemical processes, linear regression analyses were applied to the DIC
(TA) data from the station with the highest salinity in the mouth of the
bay in each survey (Fig. 6; DIC=76.136× salinity− 312.41,
TA=89.499× salinity− 529.88). The DIC (TA) values after linear
regression were selected as the oceanic reference point.

According to the approach of Jiang et al. (2013) (Eqs. (1) and (2)),
the changes in DIC (TA) resulting from biochemical processes within
the bay can be calculated using the oceanic DIC (TA) values after linear
regression as a baseline:

= ×DIC DIC S
S

DICi
i

ocean
nOcean (1)

= ×TA TA S
S

TAi
i

ocean
nOcean (2)

where ΔDIC and ΔTA are the addition or removal of DIC and TA, re-
spectively. Si (Socean), DICi (DICnocean) and TAi (TAnocean) are the

Fig. 6. Linear regressions of DIC (circles) and TA (squares) with salinity at the
station with the highest salinity value in the mouth of the bay in each survey.
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salinity, DIC and TA of station i (oceanic end-member), respectively.
The variations in ΔDIC and ΔTA with salinity are shown in Fig. 7.

The non-conservative behaviours of DIC and TA in JZB during summer
showed significant differences. In the four rainless surveys in June of
each year and on 1st July 2014 (black data points in Fig. 7), the DIC and
TA concentrations showed significant additions in the low-salinity zone
in the highly urbanized northeastern region of the bay. Because this
region was undersaturated with respect to DO (Fig. 4), respiration and
direct input of terrestrial DIC may be the main controlling mechanisms.
The data points showed significant removal of DIC and TA were from
the western region with relatively cleaner seawater. However, most
stations in this region were only approximately or slightly saturated
with respect to DO, indicating the occurrence of other mechanisms that
remove DIC and TA in addition to primary production. In other regions,
the additions or removals of DIC and TA were small. In the surveys on
4th July 2016 and 5th July 2017 (blue data points in Fig. 7), the DIC
and TA in the entire bay showed significant removals. The DO levels
throughout almost the entire bay in these two surveys were over-
saturated, with the highest values approaching 185% (Fig. 4e, g). Ap-
parently, primary production made important contributions. For the
two surveys in late July when rainfall caused enhanced terrestrial input,
in the survey on 29th July 2014 with bulk terrestrial runoff input after
heavy rain (red data points in Fig. 7a, a'), the additions of DIC and TA
gradually increased with the decrease in salinity, and only a few sta-
tions in the western part and mouth of the bay showed slight removals.
Terrestrial runoff input was obviously the main cause for these addi-
tions. However, the additions in DIC varied greatly in the northeastern
and western regions of the bay. Under the same salinity level, the ad-
ditions in the northeastern region were ~200 μmol/kg higher than
those in the western region, while the additions of TA were consistent
throughout. This trend not only indicated the differences in the ter-
restrial inputs but also in the biochemical processes in these two

regions. In the survey on 21st July 2017 with relatively weaker rainfall
and terrestrial input (red data points in Fig. 7c, c'), additions of DIC and
TA were observed in only a few low-salinity stations in the northeastern
region, while in other regions, removals were observed. However, the
ΔDIC and ΔTA values were very low, and the lowest values were<1/2
of those in the preceding surveys (blue data points in Fig. 7c, c'). No-
tably, although the entire bay in this survey was generally over-
saturated with respect to DO (Fig. 4h), the bay acted as a strong at-
mospheric CO2 source (Fig. 3h).

4.2. Mechanisms controlling pCO2 during the rainless period

In the four rainless surveys in June of each year and on 1st July
2017 during early summer, the entire JZB acted as a CO2 source, and
the DIC and TA showed significant additions in the northeastern region
of the bay and removals in the western region. CO2 is the variable
constituent in DIC, and processes that cause DIC additions or removals
can affect the pCO2 level in seawater. The processes influencing the
conservation of DIC include terrestrial input, biological processes,
CaCO3 processes, air-sea CO2 exchange, and others. These processes all
alter the DIC and TA concentrations in fixed ratios. By comparing the
ratio of ΔDIC and ΔTA at each station with the fixed ratios of the var-
ious processes that alter DIC and TA, we can further identify the specific
processes influencing the carbonate system at each station. Because the
freshwater input in JZB mainly came from treated wastewater dis-
charge from large-scale WWTPs along the eastern coast when no rain-
fall occurred, we chose the treated wastewater DIC/TA values of 1:0.97
(Yang et al., 2018; Liu et al., 2019) for the fixed ratios of terrestrial
input. For the fixed ratio of the biological processes, because the phy-
toplankton preferred NH4-N as a nitrogen source in JZB (Jiao, 1993),
we adopted the stoichiometric relationship of the Redfield equation
with NH4-N as a nitrogen source. That is, biological processes altered
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the DIC and TA concentrations in a ratio of 106:15 (Redfield et al.,
1963). The fixed ratio of the CaCO3 processes was 2:1 according to the
equation of CaCO3 formation (Ca2++2HCO3

− ⇌
CaCO3+H2O+CO2). The CO2 evasion/invasion only affects DIC but
not TA. By plotting the measured ΔDIC and ΔTA values in the four
surveys with the fixed ratios of the various processes, we obtained
Fig. 8.

As shown in Fig. 8, in the four rainless surveys, the data points of the
highly urbanized northeastern region of the bay are generally located
near the ratio line of terrestrial input in the first quadrant and are
shifted towards the ratio line of respiration, indicating that the addi-
tions of DIC and TA in this region mainly resulted from terrestrial input
and respiration. The data points that are located near the ratio line of
CaCO3 precipitation in the third quadrant are mainly from the western
region where seawater was relatively cleaner, indicating the control of
CaCO3 precipitation on the removals of DIC and TA. However, most of
the data points are also shifted towards the ratio line of primary pro-
duction, indicating a contribution from photosynthesis. The data points
for other region are scattered around the origin.

In the northeastern region, seawater was undersaturated with re-
spect to DO (Fig. 4a–b, d, f), which verified the existence of respiration.
Respiration increases the DIC concentration by producing CO2; there-
fore, this process certainly made great contributions to the formation of
the strong CO2 source in the northeastern region. However, although
respiration causes significant DIC additions, it barely changes the TA
concentration (ΔDIC:ΔTA=106:15). In the northeastern region, DIC
and TA both showed significant additions, and the data points are close
to the ratio line of terrestrial input (Fig. 8). The treatment capacities of
the three WWTPs along the eastern coast are 100,000, 250,000,
160,000m3/day, respectively, and the DIC, TA and CO2 concentrations
in treated wastewater ranged from 2254 to 5173 μmol/kg,
2326–4570 μmol/kg and 34–857 μmol/kg, respectively (Yang et al.,
2018; Liu et al., 2019). Therefore, the direct input of DIC from treated
wastewater was also one of the main causes of the DIC additions and
high pCO2 values in the northeastern region. The data points from the
western region are generally located near the ratio line of CaCO3 pre-
cipitation (Fig. 8), indicating that CaCO3 precipitation was the main
cause of DIC removal. The high Ωarag values (with an average of 2.18)
verified the existence of intense CaCO3 precipitation. This process

removes DIC but produces CO2. Therefore, the western region acted as a
CO2 source while experiencing DIC removal. However, the ΔDIC:ΔTA
values of most of the data points in the western region are higher than
1:2 and are shifted towards the ratio of primary production, indicating
the removal of CO2 via primary production.

Above all, during the rainless early summer, direct DIC input from
treated wastewater caused DIC additions in the highly urbanized
northeastern region, while CaCO3 precipitation caused DIC removals in
the western region where seawater was relatively cleaner. These two
processes both increased pCO2 in seawater and were the main reasons
the entire bay acted as a CO2 source. However, intense biological
processes existed throughout the entire bay, as indicated by the good
negative correlation between the pCO2 values after removing the in-
fluence of temperature (npCO2) and the DO% values (Fig. 9). In the
northeastern region, which was undersaturated with respect to DO,
npCO2 increased sharply with the decrease in DO%. Respiration
strengthened the CO2 source. In the west and middle of the bay, with
the increase in DO%, primary production decreased npCO2. The re-
duction in npCO2 was small and likely resulted from CaCO3 precipita-
tion producing CO2.

4.3. Mechanisms controlling CO2 after direct precipitations into the sea

In the surveys on 4th July 2016 and 5th July 2017 after direct pre-
cipitations into the sea, the pCO2 levels in the entire bay were markedly
lower than those in the preceding surveys (Fig. 3e, g). Precipitation can
provide the seawater with nutrients and trace elements via wet deposition
and promote primary production. Xing et al. (2017a, 2017b) reported that
the concentrations of dissolved nitrogen, phosphorous and SiO3-Si in the
precipitation in JZB were 225 μmol/L, 0.8 μmol/L and 2 μmol/L, respec-
tively, and the concentration of Fe was 26.9 μg/L. According to the dis-
tributions of ΔDIC and ΔTA in these two surveys (Fig. 10), except for a few
exceptional stations, the data points from the entire bay are located in the
third quadrant between the ratio lines of primary production and CaCO3

precipitation. Moreover, the data points from the western region on 4th
July 2016 and the northeastern region on 5th July 2017, which acted as
CO2 sinks, are closer to the ratio line of primary production. Apparently,
primary production and CaCO3 precipitation were the main divers of the
removals of DIC and TA.

Fig. 8. Scatter plot of ΔDIC and ΔTA in the four rainless surveys during early
summer. Circles, squares, triangles and rhombuses represent data points from
the surveys on 13th, 28th and 29th June and 1st July, respectively. Solid,
striped and hollow data points represent the northeastern, western and other
regions, respectively.

Fig. 9. The correlation between npCO2 and DO% in the rainless surveys during
early summer (npCO2 is pCO2 that has been corrected to the average tem-
perature in each survey according to Takahashi et al. (1993)). Circles, squares,
triangles and rhombuses represent data points from the surveys on 13th, 28th
and 29th June and 1st July, respectively. Solid, striped and hollow data points
represent the northeastern, western and other regions, respectively.
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In the two surveys after precipitations over the sea, the entire bay
was generally oversaturated with respect to DO, and the DO% reached
185 in the CO2 sinks (Fig. 4e, g), indicating strong primary production.
Meanwhile, the Ωarag values were the highest among all surveys, with
average values over 2.60 and a maximum value of 4.17, which support
the occurrence of intense CaCO3 precipitation. The stations with
ΔDIC:ΔTA values close to the ratio line of primary production were
from the western region on 4th July 2016 and the northeastern region
on 5th July 2017, both of which acted as CO2 sinks. Therefore, CO2 was
removed via intense primary production. However, the data points are
not located right on the ratio line of primary production but are shifted
towards the ratio line of CaCO3 precipitation. CaCO3 precipitation ex-
isted, but the production of CO2 was weaker than the removal of CO2

via primary production; consequently, these regions acted as CO2 sinks.
The data points from other regions are located around the middle of the
ratio lines of primary production and CaCO3 precipitation (Fig. 10). The
DO saturations in these regions were significantly lower than those in
the CO2 sinks (Fig. 4e, g). This trend indicated that the primary pro-
duction was relatively weak and the removal of CO2 via primary pro-
duction fell below the production from CaCO3 precipitation; therefore,
these regions acted as weak CO2 sources. Notably, treated wastewater
input consistently existed, but after direct precipitations into the sea,
only stations 3 and 4 on 4th July 2016 with the lowest salinity values
showed obvious DIC or TA addition; all other stations showed removal.
This trend may result from the masking effect of primary production
and CaCO3 precipitation. If treated wastewater input did not exist, the
DIC removals would be higher and the pCO2 values would be lower.

We also noticed that the primary production was strongest in the
western region after direct precipitations in 2016 (Fig. 3e) but was the
strongest in the northeastern region in 2017(Fig. 3g). This difference
may still result from the difference in terrestrial input. Although the
rainfall events in these two surveys mainly occurred over the sea,
compared to salinity measurements in each of their preceding surveys,
the salinity reduction in the northeastern region exceeded 0.4 in 2016
(Fig. 2d–e), while the salinity reduction in the western region exceeded
0.3 in 2017 (Fig. 2f–g), both indicating a certain degree of terrestrial
input. Rainfalls along the coastal area caused organic matter input
through surface runoffs, which strengthened respiration and decreased
net primary production.

As shown in Fig. 11, the npCO2 and DO% values in the two surveys
showed good negative correlations, indicating that biological processes

had a large influence on the distribution of pCO2 after direct pre-
cipitation into the sea. However, the npCO2 values on 5th July 2017
were significantly higher than those on 4th July 2016. This trend re-
sulted from the pCO2 values in the preceding survey of 5th July 2017
being higher than those in the preceding survey of 4th July 2016
(Fig. 3d, f). In addition, the increases in temperature showed differ-
ences. Compared to the average temperatures in each of their preceding
surveys, the average temperature on 5th July 2017 increased 1.5 °C,
while that on 4th July 2016 increased 1.1 °C.

4.4. Mechanisms controlling CO2 during periods with enhanced terrestrial
input

In the two surveys in late July, rainfall caused enhanced terrestrial
input. On 29th July 2014, the salinity of the entire bay decreased to
22.4–30.0, and the salinity difference reached 7.6 due to bulk terrestrial
runoff input after heavy rain (Fig. 2c). On 21st July 2017, although the
rainfall was relatively weaker, it also produced terrestrial runoff input
in the northeastern region of the bay, and the salinity values along the
northwestern and eastern coasts were low (Fig. 2h). The salinity dif-
ference was 1.4, which was lower than that on 29th July 2014 but
higher than those in other surveys in this study. Therefore, the DIC/TA
values in most river systems, which were approximately 1:1 (Cai et al.,
2008), were selected as the ΔDIC/ΔTA values for the ratio line of ter-
restrial input. As shown in Fig. 12, in the survey on 29th July 2014 with
bulk terrestrial runoff input after heavy rain, the data points from the
highly urbanized northeastern region are all located near the ratio line
of terrestrial input and are slightly shifted towards the ratio line of
respiration, indicating that the additions of DIC and TA mainly came
from terrestrial input and respiration. In the western region with rela-
tively cleaner seawater, the data points are located between the ratio
lines of CO2 evasion and CaCO3 dissolution on the apparent. However,
this region acted as a CO2 sink, and the high pH (with an average of
8.20) and Ωarag values (with an average of 2.70) indicated that the
possibility of CaCO3 dissolution was very small. Therefore, the western
region was actually mainly controlled by terrestrial runoff input and
primary production. In the survey on 21st July 2017 with relatively
weaker rainfall and terrestrial input, except for a few data points from
low-salinity stations in the northeastern region located in the first and
second quadrant, most of the data points are located between the ratio
lines of primary production and CaCO3 precipitation. However, the

Fig. 10. Scatter plot of ΔDIC and ΔTA in the surveys after direct precipitations
into the sea. Circles and squares represent data points from the surveys on 4th
July 2016 and 5th July 2017, respectively. Solid, striped and hollow data points
represent the northeastern, western and other regions, respectively.

Fig. 11. The correlation of npCO2 and DO% in surveys after direct precipita-
tions into the sea. Circles and squares represent data points from the surveys on
4th July 2016 and 5th July 2017, respectively. Solid, striped and hollow data
points represent the northeastern, western and other regions, respectively.
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removals of DIC and TA at all stations were small, with values< 50
μmol/kg, and the data points from the low-salinity northwestern and
northeastern regions are closer to the origin (Fig. 12).

The northeastern region of JZB adjoins downtown Qingdao and the
river system in highly urbanized area usually has high pCO2 level
(~1000–8000 μatm, Yoon et al., 2017) due to the effects of anthro-
pogenic activities, such as wastewater discharge. On 29th July 2014
after heavy rain, the river input and the treated wastewater input in the
eastern region contributed to the additions of DIC and the high level
pCO2 values. In addition, the data points from the northeastern region
are slightly shifted towards the ratio line of respiration (Fig. 12). Based
on the DO undersaturation in this region (Fig. 4c), respiration likely
also existed. Therefore, the large amount of terrestrial organic matter
input after the heavy rain led to enhanced respiration, which was an-
other important reason why the northeastern region acted as a strong
CO2 source. However, the data points from the western region, which
also suffered bulk terrestrial runoff input, are generally located between
the ratio lines of terrestrial input and primary production (Fig. 12). This
trend may exist because the rivers in the western region of the bay
mainly flow through suburbs with low populations and through wet-
lands, where organic matter is removed. Furthermore, the input of a
reasonable amount of nutrients and trace elements can enhance pri-
mary production (Cooley et al., 2007; Lohrenz et al., 2010). Most of the
western half of the bay was oversaturated with respect to DO, and DO%
values exceeded 180 (Fig. 4c). This trend confirms the removal of CO2

via intense primary production. In the survey on 21st July 2017 with
relatively weaker rainfall and terrestrial input, most of the data points
are located between the ratio lines of primary production and CaCO3

precipitation (Fig. 12). The DO oversaturation and the high Ωarag values
(with an average of 2.23) confirm the existences of primary production
and CaCO3 precipitation, respectively. Because the pCO2 values in the
entire bay generally exceeded 600 μatm and the seawater mainly acted
as a strong CO2 source, the production of CO2 via CaCO3 precipitation
likely exceeded the removal via primary production. Notably, the
average Chl a value in this survey reached ~15 μg/L, which was the
highest of the year, but the average DO% value was only 108. This
trend indicates that primary production was in a strong competition
with respiration and that the former was slightly stronger. The en-
hancement in respiration in this survey first resulted from terrestrial
runoff input. The salinity distribution data show that the salinity values

in the northeastern estuaries and the northwestern and eastern coastal
areas were low (Fig. 2h). Second, the remineralization of organic matter
that formed during the period of intense primary production on 5th
July 2017, which was half month earlier, may also have contributed.

As shown in Fig. 13, in the survey on 29th July 2014 with bulk
terrestrial runoff input after heavy rain, as the DO% values decreased,
the npCO2 values increased sharply in the northeastern region, in-
dicating that respiration strengthened the CO2 source. In the western
region and most of the middle of the bay, where seawater was relatively
cleaner, the good negative correlation between npCO2 and DO% in-
dicates that intense primary production caused the seawater to become
a strong CO2 sink. In the survey on 21st July 2017 with weaker rainfall
and terrestrial input, primary production and respiration were in a
strong competition, but the former was stronger than the latter;
therefore, the seawater became oversaturated with respect to DO. The
entire bay acted as a CO2 source, likely because of the release of CO2 via
CaCO3 precipitation.

5. Conclusions

Distributions and controlling mechanisms of sea surface pCO2 in JZB
during summer experienced a series of variations from the rainless early
summer to the occurrences of rainfall events with different intensities
and locations. During the rainless early summer, the highly urbanized
northeastern region of the bay showed significant DIC additions and
acted as a strong CO2 source due to respiration and direct input of DIC
from treated wastewater. In the western region, where the seawater was
relatively cleaner, CaCO3 precipitation and primary production were
the main controls, but the former was stronger than the latter; there-
fore, this region acted as a weak CO2 source, while DIC showed re-
movals. Rainfalls can cause changes in the mechanisms controlling CO2,
but rainfall events with different intensities and in different regions can
lead to significantly different effects. When rainfall mainly occurred
over the sea, enhanced primary production caused the seawater to show
DIC removals and to act as a CO2 sink. In contrast, when rainfall re-
sulted in the input of a small amount of terrestrial pollutants, net pri-
mary production decreased and CaCO3 precipitation became the main
cause for the seawater showing DIC removals while acting as a CO2

source. Furthermore, when extremely heavy rainfall caused bulk river
runoffs, respiration caused the seawater to show significant DIC addi-
tions and to act as a strong CO2 source in the northeastern region due to

Fig. 12. Scatter plot of ΔDIC and ΔTA in the surveys with enhanced terrestrial
input during summer. Circles and squares represent the surveys on 21st July
2017 and 29th July 2014, respectively. Solid, striped and hollow data points
represent the northeastern, western and other regions, respectively.

Fig. 13. The correlation between npCO2 and DO% in late July during summer.
Circles and squares represent the surveys on 21st July 2017 and 29th July 2014,
respectively. Solid, striped and hollow data points represent the northeastern,
western and other regions, respectively.
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the large amounts of organic matter input with runoffs flowing through
the highly urbanized region. In the western region, the freshwater input
of runoff flowing through suburbs and wetlands, where organic matter
was removed, mainly facilitated primary production; therefore, the
additions in DIC were significantly lower than those in TA, and sea-
water in this region acted as a strong CO2 sink.
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