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Abstract

Estuaries are often a significant source of atmospheric CO,. However, studies of carbonate systems have
predominantly focused on large estuaries, while smaller estuaries have scarcely been documented. In this study,
we collected surface and bottom seawater carbonate samples in the subtropical Jiulong River Estuary across
different tidal levels from 2019 to 2021. The results showed that estuarine mixing of freshwater from the river with
seawater was the dominant factor influencing the estuarine carbonate system. Moreover, estuarine mixing is
concomitantly impacted by the net metabolism of biological production and decomposition, groundwater input,
release of CO, from the estuary, and precipitation or dissolution of calcium carbonate. The estuarine partial
pressure of CO, (pCO,) varied from 530 patm to 7 715 patm, which represents a strong source of atmospheric CO,.
The mean annual air-sea CO, flux estimated from three different parameterized equations was approximately
(25.63 £ 10.25) mol/(m?-a). Furthermore, the annual emission to the atmosphere was approximately (0.031 +
0.012) Tg C, which accounts for a mere 0.007 7%-0.015% of global estuarine emissions. Dissolved inorganic
carbon (DIC), total alkalinity (TA) and the pCO, exhibited high variability throughout the tidal cycle across all
cruises. Specifically, the disparities observed between DIC and TA during low and high tides at identical stations
during all cruises ranged from approximately 15% to 30%. The variance in the pCO, was even more pronounced,
ranging from approximately 30% to 40%. Thus, tidal discrepancies may need to be taken into consideration to

estimate the CO, flux from estuarine systems more accurately.
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1 Introduction

Estuaries are among the most productive marine ecosystems
and are generally considered to be semienclosed areas connec-
ted to the outer sea, where seawater is significantly diluted by
freshwater from land runoff (Gattuso et al., 1998; Pritchard,
1967). Estuaries are subject to both tidal and runoff actions; they
are water bodies with short retention times and circulation peri-
ods and rapidly changing hydrodynamic conditions. In addition,
estuarine deltas are often human gathering places, and rivers im-
port large amounts of organic matter and nutrients into estuaries,
which are generally characterized by pronounced physicochem-
ical gradients, active biology, and strong sedimentation dynam-
ics (Abril and Borges, 2005). After dividing the global ocean into
estuaries (0.3%), the continental shelf (7.2%), and the open ocean
(92.5%), the contribution of estuaries to the carbon balance is sig-

nificant despite their small size (Walsh, 1988). The CO, fluxes re-
leased to the atmosphere from estuaries are numerically equal to
those from the continental shelf, and both play a significant role
in global carbon flux (Borges et al., 2005; Cai et al., 2006; Taka-
hashi et al., 2002, 2009). Therefore, it is necessary to study the
carbonate system in estuaries to evaluate the global carbon cycle.

Historical studies have shown that estuaries are generally
sources of atmospheric CO,, with inner estuaries being strong
sources and outer estuaries being weak sources or weak sinks.
Chen assessed air-sea CO, fluxes from 165 estuaries worldwide
and found that mid-latitude estuaries export the most CO, to the
atmosphere, followed by low-latitude estuaries and high-latitude
estuaries. CO, flux is related to water temperature, seawater res-
idence time, and complex biogeochemical processes (Chen et al.,
2013). Due to shallow and easily churned water, turbidity in in-
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ner estuaries is usually high, biological photosynthesis is inhib-
ited, and a high nutrient input leads to increased biological res-
piration. When organic carbon consumption is higher than pro-
duction, the estuary is in a state of heterotrophic metabolism
(Hellings et al., 2001), but this does not necessarily mean that the
estuary is transporting CO, to the atmosphere.

Many studies have revealed that the carbonate system in es-
tuaries is significantly influenced by tidal forcing in addition to
processes such as riverine inputs, biological respiration and pho-
tosynthesis, mineralization of organic matter, and precipitation
and dissolution of calcium carbonate. Dai et al. (2009) found a
negative correlation between tidal height and pCO, in estuaries
along the Taiwan Strait and suggested that tidal mixing is the
main process controlling the change of pCO, in surface seawater.
Liu et al. (2019) revealed that the sea surface pCO, was mainly
controlled by tidal mixing except in summer on a daily scale in
Hangzhou Bay.

Currently, most studies of estuarine carbonate systems and
carbon fluxes have focused on large estuarine deltas, with less re-
search having been done on smaller estuaries. There have been
few studies on the carbonate system in the Jiulong River Estuary
(JRE), although, in recent years, Yin et al. (2020) reported inor-
ganic carbon dynamics in the Jiulong River basin and estuary and
explored the process of additional inorganic carbon production
through isotope analyses. However, Yin et al. (2020) did not con-
sider the strong tidal action in the Jiulong River estuary. In this
study, we analyze tidal variation for a more in-depth understand-
ing of the JRE. We also report the level of air-sea CO, fluxes in the
JRE, which has not been discussed previously.

The aim of this study was to analyze seawater samples collec-
ted throughout the salinity gradient in different seasons and at
different tides and to use data on various parameters of the car-
bonate system, as well as temperature, salinity, dissolved oxygen,
and turbidity, to investigate the mechanism of the rapid change
in the estuarine carbonate system in the tidal cycle. In addition,
we sought to clarify the sources and sinks of inorganic carbon
and to evaluate the level of CO, fluxes at the air-sea interface of
the JRE, thus contributing to the assessment of carbon emissions
from subtropical estuaries.

2 Materials and methods

2.1 Study site

The JRE (Fig. 1) is located in the southeastern part of Fujian
Province, China (24.37°-24.50°N, 117.75°-118.15°E) and is influ-
enced by a monsoon climate, with obvious seasonal variation in
rainfall. Annual precipitation falls within the range of 1 400-1 800
mm, precipitation is abundant from May to September and dry
from October to January (Li et al., 2023). The JRE is a shallow es-
tuary with a water depth of approximately 3-18 m (Li et al., 2011).
The Jiulong River is the second largest river in Fujian Province,
with a large catchment area and three major tributaries (the
northern stream, western stream, and southern stream) conver-
ging in the JRE. The JRE is subject to variation in tidal influence
and is dominated by semidiurnal tides, with a maximum differ-
ence of 5 m in tide level. The water is rapidly renewed, and Wang
et al. (2015) used radium isotopes to calculate an estuarine water
mass residence time of only 1 day to 3 days. The dual effect of
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Fig. 1. Map of Jiulong River Estuary with the location of the sampling stations. Different symbols represent different cruises, and the
dotted lines are the boundaries of the upper, middle, and lower reaches of the estuary. The sampling Stations J4, 8, J10, J12, J14 were

consistently surveyed across the seven cruises in this study.
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land runoff and tides makes for complex hydrodynamic condi-
tions in the estuary (Li et al., 2021). There is an inhabitant popu-
lation of 6.5 million people within the watershed, rapid industri-
alization and urbanization have caused severe anthropogenic
disturbance over the past few decades. Furthermore, livestock
farming is widespread in the upper reaches of the northern
streams and produces large amounts of organic waste, so the JRE
maintains high nutrient levels (Wu et al., 2017).

The JRE is divided into the upper estuary (117.75°-117.85°E),
middle estuary (117.85°-118°E), and lower estuary (118°-
118.15°E) based on differences in physical, chemical, and geo-
morphic environments. The upper reaches are narrow and dom-
inated by freshwater input from the river, the middle reaches
have the strongest mixing and are dominated by brackish water,
and the lower reaches are close to Xiamen Bay and are domin-
ated by saltwater input from the ocean (Yan et al., 2012).

2.2 Surveys and sampling

In this study, surface and bottom seawater samples were col-
lected in different seasons from the mouths of the northern
stream and western stream along a salinity gradient to the mouth
of Xiamen Bay. A total of seven cruises were made: 19 January
2019 (sampling occurred during the transition from low to high
tide, which is more characteristic of low tide), 26 June 2021 dur-
ing low tide and high tide, and 21 and 27 October 2021 for low
and high tide (Fig. 1). On 21 and 27 October 2021 (the spring tide
and neap tide of that month), high tide reached 603 cm and
528 cm, respectively, according to data from Xiamen Harbor,
which is close to the mouth of Xiamen Bay (www.chaoxibiao.
net). The stations were set up similarly on each cruise, primarily
to achieve full coverage of the salinity gradient and to facilitate
observations of tidal differences.

Parameters such as temperature, salinity, DIC, total alkalinity
(TA), dissolved oxygen, and turbidity were measured. DIC and
TA samples were collected according to the “Guide to best prac-
tices for ocean CO, measurements”. A 250 mL glass bottle was
washed 2-3 times, the sampling tube was inserted into the bot-
tom, and the tube was squeezed to allow seawater to spill out at a
uniform rate at least half the volume of the bottle before the tube
was slowly pulled out. After collecting samples, a saturated mer-
curic chloride solution was immediately added to the bottle to in-
activate any biological activity. The bottle was then sealed by ap-
plying vacuum grease around the mouth and stopper and trans-
ported back to the land laboratory for analysis after the cruise.
Temperature, salinity, dissolved oxygen, and turbidity were
measured in situ. Temperature (+0.1°C) and salinity (+0.1) were
measured with a conductivity meter (Cond 3110, WTW) and dis-
solved oxygen (DO) (+0.01 mg/L) was measured with a portable
dissolved oxygen meter (HQ30d, HACH).

2.3 DIC and TA measurements

The DIC samples were analyzed with a total dissolved inor-
ganic carbon analyzer (AS-C3, Apollo Co. USA) to quantify the
total dissolved inorganic carbon in seawater based on the peak
area of the infrared spectrum of the LI-7000 CO,/H,0 analyzer
with an accuracy of approximately +2 pmol/kg. TA samples were
analyzed by Gran potentiometric titration (Gran et al., 1950) us-
ing a high precision pH meter, pH electrode, and a TA titrator
(AS-ALK2, Apollo Co. USA) with an accuracy of approximately
+2 pmol/kg. The methods used for DIC and TA are widely recog-
nized (Sun et al., 2020, 2021; Wang et al., 2013).

The measurements were calibrated with Certified Reference
Material (CRM) provided by Professor Dickson of the Scripps In-

stitution of Oceanography, USA. The CRM was first analyzed to
obtain 2-3 values with an error of less than 0.1% before the
samples were measured. In this study, we used CRM batch #139.

2.4 Calculations

In this study, the carbonate system software CO2SYS was
used to calculate pH and pCO, (Lewis and Wallace, 1998), and
the value of the carbonate dissociation constant was chosen for a
freshwater system (Millero, 2010). Orr et al. (2015) have pointed
that the original version of Millero (2010)’s carbonate dissoci-
ation constant is subject to an error. Li et al. (2022) verified that
used a value of a; for K, from Millero’s unpublished spreadsheet
further reduced the error. Therefore, the value of a; = -3.373 8 for
K, was also used in this study to replace the o, = -3.374 in the ori-
ginal version for improved accuracy. The calculation of the sea
surface pCO, by CO2SYS has been generally accepted as a simple
and reliable method (Ries, 2011).

Temperature changes the solubility and dissociation con-
stant of CO, and generally has an important influence on the sea
surface pCO,. According to the temperature effect coefficient, the
sea surface pCO, increases by approximately 4.23% for each 1°C
increase (Takahashi et al., 1993). To eliminate the effect of tem-
perature on the sea surface pCO,, NpCO, was calculated by nor-
malizing the temperature to the mean temperature.

NpCO, = pCO, - e0‘043(ﬁ—SST)’ 0

where SST is the in situ sea surface temperature (‘C), SST is the
mean sea surface temperature (C) and NpCO, was used to re-
move the effect of temperature to determine the influence of oth-
er factors on the pCO,.

The air-sea CO, fluxes in this study were calculated using the
air-sea CO, partial pressure difference method, calculated as

FCO, = K - a - ApCO,. ©)

According to the new standard protocol HY/T 0343.4-2022
and HY/T 0343.7-2022 issued by the Ministry of Natural Re-
sources of China for calculating air-sea CO, fluxes, and these
were further amended as described below:

FCO, = (K x 24 x a x p x ApCO,)/(1.013 25 x 10%),  (3)

where K is the CO, transport rate, a is the solubility of CO, in sea-
water under certain temperature and salt conditions, and the cal-
culation of a is now well established (Weiss, 1974). p is the dens-
ity of surface seawater and ApCO, is the difference between the
surface sea pCO, and atmospheric pCO,.

K = koo % (S¢/600)7%, 4)

where Scis the Schmidt constant for a given temperature and salt
condition (Amann et al., 2015). K is generally considered to be a
function dominated by wind speed, and, in this study, different
wind speed parametric equations proposed by Ho et al. (2011),
Van Dam et al. (2019), and Jiang et al. (2008) for shallow estuar-
ies were used to estimate K values.

koo = 0.06 + 0.266 x U2 (Ho et al., 2011), ()

ksoo = 1.3 X Uyp + 3.8 (Van Dam et al., 2019), (6)


www.chaoxibiao.net
www.chaoxibiao.net

Chen Weicong et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 11, P. 12-25

keoo = 3.99 — 0.436 x Uy + 0.314 x U?, (Jiang et al., 2008), (7)

where U, is the wind speed at a height of 10 m. Real-time wind
speeds were not measured on the ship carrying the expedition,
and the wind speed data used in this study were provided by the
Xiamen Gao qi International Airport monitoring station (24.48°N,
118.08°E, 14 km straight-line distance from the JRE, https://www.
wunderground.com). Real-time wind speeds vary rapidly, and to
better investigate tide-induced flux differences, daily average
wind speeds were used for the same sampling day.

3 Results

3.1 General water properties

Salinity ranged from 0.15 to 32.70, generally increasing gradu-
ally from the upper to lower estuary (Table 1, Fig. 2), with low sa-
linity near the river and high salinity near the ocean. Salinity was
lowest in summer and highest in winter, but the seasonal differ-
ences were not significant. Differences in salinity due to tidal
variation were pronounced, with mean salinity in the upper and
middle estuary at high tide much greater than at low tide, thanks
to an influx of highly saline water from the ocean to the deeper
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part of the estuary at high tide. Temperatures decreased slightly
from the upper to lower estuary, with seasonal variation. The
highest temperatures occurred in summer (as high as 30.2°C),
followed by autumn, and the lowest temperatures occurred in
winter (as low as 17.1°C). Overall, temperatures remained high,
creating the ideal conditions for organic matter to decompose
aerobically in the water column and anaerobically in the sedi-
ment.

Dissolved oxygen (DO) increased gradually from the upper to
the lower estuary, approaching saturation in the lower estuary.
An average dissolved oxygen value above 50% occurred for all
cruises, with a maximum value of 96.8%. Although the estuary is
not an anoxic environment, an overall oxygen deficit does not
support the biosorption of inorganic carbon. Turbidity was
greatest in the upper estuary, followed by the middle estuary, and
turbidity was least in the lower estuary. This is due to the river
scouring the mudflats and other environments and to the shal-
low depth of the estuary and the easy mixing of the water body. In
surface waters, the distribution of turbidity and dissolved oxygen
showed a negative correlation. High turbidity caused light limita-
tion and inhibit biological photosynthesis, so the net effect of
photosynthesis and respiration will be weakened.

Table 1. The range of temperature, salinity, dissolved oxygen concentration (DO) and turbidity parameters for all cruises, by mean+SD

Dat Tid Temperature/C Salinity DO/% Turbidity/FTU
ate 1ae Upper  Middle  Lower Upper Middle Lower Upper Middle Lower Upper Middle Lower
20210626 Low 28.1+0.3 27.8+0.3 27.9%0.7 0.3 8.0+7.0 288+26 68.6+73 646+89 829+24
High 28.6+0.3 27.9+0.5 273+0.6 14%1.6 21.9+6.5 31.4+1.8 605+106 79.4+8.0 93.7+2.4
20211021 Low 26.3+0.2 25.7+0.3 26.0+0.2 1.5+0.7 11.8+5.6 27.7+3.4 593+6.3 53.7+19.8 68.6+33 99.4+758 853+36.5 61.9+38
High 259+0.2 257+0.2 26.1+0.1 9.7+6.0 251+5.0 31.9+0.5 529+9.9 68.8+12.0 79.6+4.3 123.5+82.8 83.7+71.5 117.2+113
20211027 Low 24.8+0.2 24.2+0.3 242+0.2 1.6+1.7 11.9+54 27.7+3.0 56.6+2.8 53.7+124 63.8+8.1 77.0+41.9 76.4+59.7 53.2+70.4
High 25.0+0.2 244+0.1 244+0.1 7.7+4.3 232+53 305+0.7 54.4+6.8 63.6+10.0 70.8+14.0 51.7+39.3 42.4+19.9 34.7+21.9
20190119 19.0£0.6 18.1+0.5 175+0.3 4.5+3.1 149+4.8 24.4+0.9
upper middle lower upper middle lower
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Without considering the state of anthropogenic factors, run-
off into the JRE can be approximated as the sum of the runoff
from the two hydrological stations: Punan in North Stream and
Zhengdian in West Stream. Seasonal variation in runoff was plot-
ted according to the river discharge data provided by the Min-
istry of Water Resources, China (http://xxfb.hydroinfo.
gov.cn). The results showed that river discharge is highest in
summer, followed by autumn and then winter (Fig. 3).

3.2 Distribution of carbonate system parameters during the tidal

cycle

DIC concentrations in the JRE ranged of 956-1 971 pmol/kg,
with the highest mean concentration of (1 633 + 242) pmol/kg in
winter, the second highest concentration of (1 594 + 314) umol/kg
in autumn, and the lowest concentration of (1 549 + 362) pmol/kg
in summer (Table 2). TA varied from 790 pmol/kg to 2 145
pmol/kg, with the highest mean value of (1 633 +297) pmol/kg in
winter, the second highest value of (1 608 + 408) pmol/kg in au-
tumn, and the lowest value of (1 574 + 498) pmol/kg in summer,
which was caused by dilution due to an increase in runoff after
high precipitation in summer. The spatial distribution of DIC was
similar to that of TA, being lowest at the riverine end, gradually
increasing along the salinity gradient from the upper to lower es-
tuary, and reaching its highest value at the oceanic end (Fig. 4)
where it increased slightly with depth. pH ranged from 6.59 to
8.05, with the highest values in winter, followed by autumn, and
then summer. pH also increased gradually along the salinity
gradient, with low values and greater variability in the upper es-
tuary and high, stable values in the lower estuary.

The pCO, in the surface waters of the JRE varied from
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Fig. 3. The monthly average water discharge of the Jiulong River
in 2019 and 2021. The shaded area shows the historical monthly
average data from 1961 to 2022 and the four-pointed stars repres-
ent the dates of the survey cruises in this study.

556 patm to 7 761 patm, decreasing significantly from the upper
to the lower estuary, which suggests the existence of a strong CO,
release process. The pCO, in the lower estuary remained higher
than the atmospheric equilibrium pCO, (approximately 406
patm), suggesting that the whole estuary acted as a source of at-
mospheric CO,. The pCO, showed great seasonal variability, with
mean values of (2 620 + 2 093) patm in summer, (1 771 +
1 060) patm in autumn, and (1 369 + 880) patm in winter. In addi-
tion, high pCO, values were found to be accompanied by low pH
in combination with the distribution of pH.

According to tidal data from Xiamen Harbor, the difference in
tidal height between high tide and low tide on the same sampling
day was approximately 4-5 m, which was consistent with the wa-
ter depth data obtained from sampling. High tide and low tide re-
flected the difference in the degree of mixing. DIC, TA, and pH in
the JRE had significant tidal differences (Fig. 4): these factors
were all high at high tide and low at low tide, while, in contrast,
the pCO, is high at low tide and low at high tide. At high tide,
marine salt water with high DIC, high TA, high pH, and a low
pCO, pours deeper into the estuary, making the carbonate sys-
tem throughout the estuary significantly different than it is at low
tide. The 21st day, as the spring tide, compared to the 27th day, as
the neap tide in October 2021, also shares the above characterist-
ics.

The JRE is strongly influenced by tidal action, and tidal vari-
ation seriously affects the carbonate system in the estuary. The
difference between DIC and TA at low tide and high tide at the
same stations in all cruises ranged from approximately 15% to
30%, and the difference was approximately 30% to 40% for the
pCO,. The differences caused by tidal variation were most pro-
nounced in the middle estuary, where the magnitude of change
in DIC and TA at Station J8 was close to 40%, and the magnitude
of change in the pCO, was close to 60%, which suggests that the
changes in the estuarine carbonate system caused by the tidal
cycle are more pronounced than those caused by other pro-
cesses.

3.3 CO, fluxes at the air-sea interface in the JRE

Our calculations indicated that air-sea CO, fluxes in the JRE
had significant spatial and temporal variability (Table 3). It de-
creased significantly from upper to lower estuary, with a mean
CO, flux of (131.2 + 65.07) mmol/(m?.d) in the upper, (47.7 +
25.91) mmol/(m2.d) in the middle, and (16.64 = 10.69)
mmol/(m2.d) in the lower, which was highly similar to the spatial
distribution of sea surface pCO,. The change in ApCO, resulted
in the variation of air-sea CO, fluxes. The ApCO, decreased signi-

Table 2. The range of carbonate parameters for all cruises, by Mean+SD. The pCO, data is only for the surface water, and the rest in-

cludes the surface and bottom water

DIC/(pmol-kg1)

TA/(pmol-kg1) pH

pCO,/patm

Season Cruise  Tide

Upper Middle Lower Upper

Middle

Lower Upper Middle Lower Upper Middle Lower

Summer 20210626 Low 1035+45 1281 +2121 850 +72

867+55 1198+2731984+111 7.0+0.17.2+0.27.8+0.1 5599+ 1868 3 245+1496 841 +187

High 1093+76 1664+1691900+48 952+89 1720+237 2074+71 70 76x02 7.8 4760+264 1309+613 65762
Seasonal average 1549 + 362 1574 +498 75+04 2620+2 093
Autumn 20211021 Low 1115+53 1515+1501868+63 1029+72 1503+178 1958+94 7.2+0.175+0.17.7+0.1 2757+649 1527+308 1007+138
High 1431+176 1812+97 1944+11 1397+2061898+145 2129+18 7.4+0.17.7+0.1 7.9 1886+336 922+174 613+12
20211027 Low 1072+74 1540+1621881+51 954+103 1502+226 1966+79 7.1+0.17.4+037.7+0.1 3473+752 1409+490 1029 +192
High 1422+207 1811+90 1941+12 1334+2141875+136 2092+28 7.2+0.17.7+0.1 7.8 3239+622 1013+£251 686+65
Seasonal average 1594 +314 1 608 + 408 7503 1771 +1 060
Winter 20190119 1349+1841707+1221941+23 1306+1841708+177 2028+39 7.5+027.6+x027.8+0.1 1335+656 1576+1065 711+204
Seasonal average 1633 +£242 1633 +£297 76+0.2 1369 + 880
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Fig. 4. Spatial distribution of carbonate system parameters during tidal cycle. HT: high tide; LT: low tide.

Table 3. CO, fluxes at the air-sea interface of JRE

Cruise  Zone T/C Al () (e B et (mmelamzd )
20210626LT Upper 28.0 0.3 5216 2.07 199.81 £ 71.74 292.57 £105.04 53.99 £19.38 182.12 +120.27
Middle 28.0 7.3 2857 2.07 107.22 + 58.98 157 £ 86.37 28.97+£15.94 97.73 £ 64.54
Lower 27.8 27.6 449 2.07 15.08 +6.59 22.08 £9.65 4.07+1.78 13.74 +9.08
20210626HT Upper 28.8 1.1 4375 2.07 167.30 £ 10.65 244,97 £15.59 45.20 +2.88 152.49 +100.71
Middle  27.6 20.4 918 2.07 32.54 +22.91 47.65 + 33.54 8.79+6.19 29.66 +19.59
Lower 274 308 263 2.07 8.61+2.20 12.61 +3.23 2.33+0.6 7.85+5.18
20211021LT Upper 26.2 1.4 2355 3.05 113.75 £ 31.62 158.18 +43.97 51.75+14.38 107.89 + 53.46
Middle  25.7 10.8 1129 3.05 52.40 £15.53 72.87 +£21.59 23.84 +£7.06 49.71 + 24.63
Lower 25.8 25.2 612 3.05 26.37 £6.42 36.67 £ 8.93 12 £2.92 25.01 £12.39
20211021HT Upper 25.9 8.2 1 486 3.05 69.87+17.30 97.16 £ 24.06 31.78 £7.87 66.27 £ 32.83
Middle  25.7 23.8 525 3.05 22.87+8.23 31.81 +11.44 10.41 £3.74 21.7+10.75
Lower 26.0 317 216 3.05 8.89 +0.52 12.36 £0.72 4.04 £0.24 8.43+4.18
20211027LT Upper 24.9 1.0 3 069 4.34 213.58 +53.06 251.69 +62.53 135.16 + 33.58 200.14 +59.42
Middle  24.3 11.1 1008 4.34 67.47 +£34.45 79.51 +40.60 42.69 +21.8 63.22 +£18.77
Lower 24.1 25.3 631 4.34 39.08 £12.17 46.06 £ 14.34 2473 7.7 36.63 £10.87
20211027HT  Upper 25.1 6.4 2836 4.34 192.46 + 42.18 226.81 +49.7 121.79 + 26.69 180.35 + 53.54
Middle 244 223 615 4.34 38.88 £16.95 45.82£19.98 24.6+10.73 36.43 +£10.82
Lower 24.4 30.2 287 4.34 17.21 £ 4.06 20.29+4.78 10.89 £ 2.57 16.16 £ 4.79
20190119 Upper 19.3 5.2 929 1.6 33.35+23.84 47.88 +34.23 6.04 +4.32 29.09 £ 21.24
Middle 18.4 14.1 1171 1.6 40.65 +37.38 58.36 + 53.67 7.37+6.77 35.46 + 25.89
Lower 17.7 23.8 308 1.6 9.99.16 £ 6.75 14.34 £9.69 1.81+£1.22 8.71+6.36

ficantly at high tide compared to low tide, due to the substantial
intrusion of low pCO, seawater from offshore into the JRE. Thus,
the air-sea CO, fluxes of the JRE (including the upper, middle,
and lower) were markedly reduced at high tides than at low tides.
The potential for the entirety of the estuary to release CO, to the
atmosphere was thereby greatly curtailed during high tide. Air-
sea CO, fluxes were lower in winter than in summer and autumn,
but all show positive values, suggesting that the whole JRE was

transporting CO, to the atmosphere.

To estimate the annual mean air-sea CO, flux of the JRE, the
spring pCO, data of Yin et al. (2020) were used for additional cal-
culations because spring data were not obtained in this study.
Averaged over different seasons, the annual mean air-sea CO,
flux from the JRE was estimated to be approximately (25.63 +
10.25) mol/(m?-a). The JRE covers an area of approximately
100 km?2 (Zheng et al., 2011) and emits carbon approximately
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(0.031 +£0.012) Tg to the atmosphere annually. Historical studies
have estimated annual global estuarine CO, emissions (in terms
of C) to be approximately 0.2 Pg/a to 0.4 Pg/a, so the JRE ac-
counts for approximately 0.007 7% to 0.015% of global estuarine
emissions. Note that given many estuaries worldwide experience
semi-diurnal tidal fluctuations akin to the JRE, scaling findings to
the global scale impels quantifying uncertainties introduced
when failing to account for such tidal oscillations in air-sea flux
assessments. Annual flux estimates could underestimate or over-
estimate net CO, emissions depending on whether flux is pre-
dominately tallied during high or low tide periods.

4 Discussion

4.1 Carbonate system during estuarine mixing

DIC and TA in the JRE were significantly and positively correl-
ated with salinity, and both were near the conservative mixing
line (Fig. 5), reflecting the fact that the exchange of river water
and ocean water is close to conservative mixing, especially in
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summer.

To investigate the deviation of the sample DIC from conser-
vative mixing, we used a two end-member mixing model to cal-
culate the DIC concentration predicted by conservative mixing of
riverine freshwater and marine hypersaline water at different sa-
linities, referring to Samant’s study (Samanta et al., 2015). The
DIC,;, value was calculated as follows:

DICpix = DICyiver X (1 - Ssample/socean) + DICocean(Ssample/socean)-
®

Deviation of the actual level from the conservative mix was
evaluated by subtracting the DIC_;, value from the sample DIC
value, and the excess of the sample DIC relative to the DIC ;.
value was defined as excess DIC.

DICexcess = DICsample — DICpjx. (9)
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Fig. 5. Variations of DIC (a, b, ¢, d), TA (e, f, g, h) with salinity. Grey line is the mixing line obtained by end-member model calcula-

tion for each cruise.
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Excess DIC is the sum of all DIC inputs from within the estu-
ary. The mixing calculation for TA is similar to that for DIC and
only requires that the corresponding DIC values are converted to
TA values. DIC/TA is increased by respiration, decomposition of
organic matter, and precipitation of calcium carbonate and de-
creased by photosynthesis, dissolution of calcium carbonate, and
emission of CO,. In addition, TA changes caused by the precipit-
ation or dissolution of calcium carbonate alone are twice as large
as those caused by DIC.

The DIC/TA concentrations at the stations during the sum-
mer were generally in line with the positions predicted by the
conservative mixing of seawater and freshwater (Figs 5a, €). Less
excess DIC/TA indicates that the variation in DIC/TA during the
summer was almost entirely controlled by the conservative mix-
ing of the river with seawater. Higher river discharge and short
residence times reduce the reaction of water with the soil and
sediment, allowing more carbon to flow out in a particulate state,
thus making nonconservative DIC/TA inputs less pronounced.
The high turbidity that prevents photosynthesis, combined with
relatively low dissolved oxygen, indicates low primary produc-
tion and no significant DIC removal in the estuary. Although the
entry of rich DIC and TA pore water from the underground estu-
ary of the Jiulong River into the JRE will increase DIC and TA, the
output of groundwater is a nonpoint source of the estuary and
will not lead to a significant increase in the mixing line under
steady-state conditions (Wang et al., 2015). In addition, although
the estuary is supersaturated with significant CO, emissions, it is
likely to be compensated by CO, from processes such as respira-
tion and denitrification and reach equilibrium, so no significant
addition or removal of DIC occurs during mixing (Guo et al.,
2008). Therefore, although a range of biogeochemical processes
occur during mixing in the summer, their effects are limited relat-
ive to the mixing process.

However, in autumn and winter, several stations with signific-
antly higher than conservative mixing concentrations (Figs 5b, c,
d, f, g and h) were observed in the middle and upper estuary, sug-
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gesting that there are additional processes that produce DIC/TA.
This phenomenon is slightly more pronounced at low tide than at
high tide. As autumn and winter are dry seasons, low river runoff
leads to less flushing, which may cause the addition of DIC/TA.
CO, produced in sediments can increase DIC by mixing with es-
tuarine water through tidal oscillations and pore water exchange
(Jahnke et al., 2003). Additionally, under nonsteady-state condi-
tions, groundwater output may cause DIC and TA to exhibit sig-
nificant additions to the mixing line (Wang et al., 2015). Further-
more, aragonite saturation states (Q) were calculated using
CO2SYS software, and were found to be less than 1 in the upper
estuary and in some parts of the middle estuary, demonstrating
that the dissolution of calcium carbonate may have occurred.
Overall, changes in DIC and TA in the JRE can be attributed to
the combined effects of mixing processes, terrestrial runoff, aer-
obic respiration, remineralization of organic matter, precipita-
tion and dissolution of CaCO,, CO, release from the air-sea inter-
face, and subterranean estuarine inputs.

To understand and quantify the composition of estuarine
DIC, calculations were performed in conjunction with the Jiang
et al. (2008) approach. It is assumed that the DIC value of the
river end-member is 0, and the DIC concentration when no DIC
is provided by the river and only provided by the ocean for mix-
ing is calculated accordingly:

DICmix—ocean = DICocean(Ssample/Socean)' (10)

As shown in Fig. 6a, the sample DIC can be numerically equal
to the sum of the excess DIC, the riverine DIC, and the oceanic
DIC. According to Eqgs (8), (9) and (10), the riverine DIC is nu-
merically equal to the DIC_;, minus the DIC ;... and the
oceanic DIC is numerically equal to the DIC The choice
of end-element values is shown in Table 4.

Data from Stations J4, J8, J10, J12, and J14 were selected to
analyze the composition of DIC and the differences between
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Fig. 6. Diagrams of the concentrations of DIC and dissolved CO, ([CO,]) versus salinity during estuarine mixing. a represents the cal-
culation of the DIC composition of the estuary, with salinity on the X-axis and DIC concentration on the Y-axis; b represents the calcu-
lation of [CO,] composition of the estuary, with salinity on the X-axis and dissolved CO, concentration on the Y-axis.

Table 4. End-member values of DIC and TA used in mixing model calculation

River end-member

Ocean end-member

Date DIC/(umol-kg™) TA/(pmol-kg!) Salinity DIC/(pumol-kg!) TA/(pmol-kg!) Salinity
20210626 958 827 0.3 1920 2112 32.2
20211021 1027 917 0.5 1954 2145 32.1
20211027 975 831 0.2 1954 2145 32.1
20190119 1181 1101 1.8 2045 2203 32.0

Note: The ocean end-member for January 19, 2019 utilizes Lin’s observations near Xiamen Bay (Lin, 2012), and the rest is from this study.
The ocean end-member for both October 21 and October 27 is identical due to the presence of low salinity at the farthest station on the latter
date. Consequently, the high-salinity end-member from October 21 is selected in both cruises.



20 Chen Weicong et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 11, P. 12-25

tides and seasons. The results showed that riverine and seawater
mixing processes dominate, while excess DIC caused by respira-
tion and other biogeochemical processes accounts for a small
proportion (Fig. 7). Considerable spatial variability in dissolved
inorganic carbon composition was observed among various re-
gions within the estuary. Station J4 in the upper was dominated
by riverine inputs. Stations J8 and J10 in the middle exhibited a
signature primarily affected by riverine and seawater mixing pro-
cesses. Station J14 in the lower shifted to ocean domination.
Thus, the longitudinal gradient conveyed a transitioning domin-
ion over DIC patterns—from riverine domination in the upper
estuary to ocean control over composition in the Lower estuary,
with mid-estuary undergoing variably balanced mixed influence
from the two endmember sources under tidal dispersion and
biogeochemical modification.

The proportion of excess DIC was lowest in summer and in-
creased in autumn and winter, which is consistent with our qual-
itative analysis. Compared with autumn, dissolved oxygen was
higher and apparent oxygen consumption was lower in summer;
thus, lower excess DIC in summer may be due to enhanced pho-
tosynthesis, which reduces more excess DIC to offset some of the
increased excess DIC from decomposition. The riverine DIC con-
tribution was highest in summer, a clear signal of higher runoff,
and weaker in autumn and winter, which is consistent with the
historical river discharge of the Jiulong River (Fig. 3).

Excess DIC and riverine DIC were significantly more concen-
trated at low tide than at high tide, while oceanic DIC was the
dominant component of DIC at high tide, contributing more than
70%. The differences due to tidal variation were more pro-
nounced than differences due to seasonal variation. This differ-
ence was most accentuated evident in the middle. Particularly il-
lustrative of this phenomenon was Station J8, where tidal fluctu-
ations engendered a near exclusive dominance of riverine input
at low tide that transformingly gave way to preponderant oceanic
DIC exceeding riverine proportions during high tide. Thus, un-
der the oscillations of the semi-diurnal tidal cycle, the JRE con-
veyed a drastic pendular shifts between endmember carbon
sources, especially in the middle. At low tides, river flows prom-
inent control over DIC composition; whereas, oceanic DIC surges
to the fore at high tides. Overall, our quantitative calculations
clearly revealed the dynamic change of DIC components

upper

throughout the estuary under tidal effect, and DIC in the estuary
was dominated by the mixing of the river and seawater, which is
also consistent with the findings of Yin et al. (2020).

4.2 Factors affecting sea surface pCO, and dissolved CO, in the

JRE

Generally, seasonal variation in the pCO, in river-dominated
estuaries is influenced by temperature and river runoff inputs
(Jiang et al., 2008). The NpCO, values obtained by normalization
of average temperature have had the effect of temperature re-
moved, enabling us to judge the role of other influences on the
sea surface pCO,. After normalizing to an annual mean temperat-
ure of 24.9°C to remove the effect of temperature (Fig. 8), the
NpCO, still showed distinct seasonal characteristics and tidal dif-
ferences, suggesting that temperature may not be the main cause
of seasonal variation in pCO,. The NpCO, is highest in summer,
followed by autumn, and lowest in winter, which is consistent
with seasonal variation in river discharge (Fig. 3); thus, runoff
may have a strong influence on estuarine pCO,.

Intense anthropogenic activities and high levels of nutrients
in the Jiulong River Basin have led to the production of large
amounts of CO, from respiration, organic carbon degradation,
and other processes. Yin et al. (2020) found that the surface wa-
ter pCO, of the northern stream and western stream was high
(2 938-6 794 patm), so seasonal mixing of high pCO, river water
with low pCO, marine water may cause spatial and temporal
variation in the pCO, in the estuary. Rivers with a high pCO, flow
into the upper estuary; at the same time, due to narrow river
channels and fast flow rates, these rivers can stir the bottom,
make the water more turbid, and reduce the efficiency of photo-
synthesis, resulting in the highest pCO, in the upper estuary. A
large amount of CO, has already escaped to the atmosphere by
the time the ocean mixes with the river, and the pCO, becomes
lower in the middle estuary. In the lower estuary, the pCO,
reaches its lowest value due to the increased deposition of sus-
pended sediments, high transparency of the water body, and nu-
trients carried by the river that provide conditions for photosyn-
thesis.

Dissolved CO, ([CO,]) from the river, [CO,] from the ocean,
and [CO,] generated within the estuary together contribute to the
total [CO,] in the estuary, and the method of Jiang et al. (2008)
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Histogram of the proportion of DIC composition in the JRE. HT: high tide; LT: low tide.
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Fig. 8. Variation of NpCO,(T = 24.9°C) with longitude in the JRE. HT: high tide; LT: low tide.

was used to quantify their respective contributions in a simple
way. Similar to the calculation of DIC, estuarine [CO,] can be cal-
culated from the difference between the sample [CO,] concentra-
tion and the [CO,],;, from conservative mixing of seawater and
freshwater, and river [CO,] is calculated from the difference
between [CO,],;, and [CO,] i ocean- HOWevVer, it should be noted
that the change in [CO,] during the mixing process is not conser-
vative, so it cannot be calculated directly by end-member mixing
(as DIC can be calculated), and it is necessary to calculate the
DIC, ;o DIC i oceans TAmiw and TA . .. and then calculate the
corresponding [CO,] by CO2SYS. In addition, since [CO,] varies
with the water temperature, the temperature was normalized to a
mean annual temperature of 24.9°C. The calculation process is
shown schematically in Fig. 6b.

Data from Stations J4, J8, J10, J12, and J14 were selected to
analyze the composition of [CO,] and the differences between
tides and seasons (Fig. 9). The results show that dissolved CO, in
the estuary comes primarily from riverine [CO,], especially at Sta-
tion J4 in the upper and J8 in the middle which were close to the
riverine source. At these locales, [CO,] were observed to be nearly
exclusively supplied by the river (Fig. 9). In contrast, at Stations
J12 and J14, where the sea surface became more expansive down-
estuary, the riverine contribution diminished while estuarine

[CO,] produced by biogeochemical processes became a notable
component. Thus, the interplay of external and internal carbon
dioxide sources shifted longitudinally in tandem with the fluctu-
ating hydrodynamic dominance of marine versus riverine dis-
charges under changing tidal and geomorphological influences.

Riverine [CO,] was highest in summer, second highest in au-
tumn, and lowest in winter, and its variation aligned with fluctu-
ation in river discharge (Fig. 3). However, riverine inputs were
severely attenuated at high tide, which greatly curtails riverine
action, and the magnitude of tidal action surpassed seasonal
variation. Within a one-day’s tidal cycle, the contribution of river-
ine [CO,] to total [CO,] was twice as pronounced during low tide
compared to high tide, whereas the seasonal difference amoun-
ted to merely half of that. These findings underscore the overrid-
ing dominance of tidally modulated hydrodynamics relative to
seasonal shifts in governing estuarine carbon dioxide distribu-
tion.

Furthermore, the sample [CO,] was lower than the conservat-
ive mixing [CO,] between the river and the ocean in autumn and
winter in areas of lower salinity (S < 15, Figs 9 and 10), indicated
that [CO,] produced within estuaries through biogeochemical
processes such as aerobic respiration could not compensate for
the depletion caused by the release of CO, to the atmosphere. In
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Fig.9. Histogram of the proportion of [CO,] composition in the estuary. HT: high tide; LT: low tide.
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addition, the calculated results show that [CO,] generated in the
estuary is also an important source of [CO,] in the JRE, and the
contribution of estuarine [CO,] is enhanced during high tides.

4.3 Factors affecting air-sea CO, fluxes in the JRE

Air-sea CO, fluxes in estuarine ecosystems are usually influ-
enced by a combination of factors, such as wind, turbulence, tid-
al currents, and water depth. Ho et al. (2011) used the *He/SF
dual tracer technique in the strongly tidal Hudson River Estuary
and demonstrated that wind was the main driver of gas exchange
in the tidal Hudson River; other factors were negligible. In the
JRE, where as another shallow estuary strongly influenced by
tides, wind may also be the significant factor constraining air-sea
CO, flux. However, the Ho model overemphasizes the role of
wind speed, and if the wind speed is too low on the day of

sampling, the calculated flux will be underestimated. While tidal
oscillations exert primacy in propelling fluid motions through es-
tuarine systems, additional hydrodynamic forces modulate gas
transfer dynamics at the air-water interface. Current velocity was
also an influencing factor should be considered in tidal estuary
(Ho et al., 2016). Especially under low to moderate wind condi-
tions, current velocity may even be a driver of gas exchange in
shallow tidal estuary (Rosentreter et al., 2017). In this study, three
parametric equations with different wind speeds proposed for
shallow estuaries (Van Dam et al., 2019; Ho et al., 2011; Jiang et al.,
2008), were used to estimate the transport rate of CO,, and an av-
eraging process was applied to these three models for the estima-
tion of air-sea CO, fluxes. In this study, wind speeds on the samp-
ling days were not high, which resulted in low fluxes calculated
by the Ho2011 model; therefore, the air-sea CO, fluxes calculated
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in this study may be smaller than they actually are in the JRE.

CO, exchange fluxes were higher in summer and autumn
than in winter, partly because of lower wind speeds (1.6 m/s) on
the day of sampling in winter and partly because of lower CO, ex-
change rates. Temperature is an important limiting factor for gas
exchange rates (Raymond and Cole, 2001), and lower surface wa-
ter temperatures in winter result in lower air-sea CO, exchange
rates, leading to lower CO, emissions. In contrast, a significant
increase in surface water temperature in summer and autumn,
combined with relatively high wind speeds on the sampling days,
led to a further increase in CO, emissions.

By averaging the fluxes in different seasons, the annual mean

air-sea CO, fluxes in the JRE were estimated to be approximately
(25.63 £ 10.25) mol/(m?-a). Compared with estuaries in other re-
gions of the world (Table 5), the results show that estimated an-
nual mean air-sea CO, exchange fluxes in the JRE are slightly
lower than those in the Modaomen Estuary in the Zhujiang River
basin and higher than those in the Changjiang River and
Huanghe River estuaries. Compared with other low-latitude estu-
aries in the world, CO, fluxes in the JRE remain at an intermedi-
ate level. The air-sea CO, fluxes in the JRE are similar to the aver-
age release by tidally influenced estuaries at low and middle latit-
udes, as suggested by Laruelle et al. (2013) and lower than the
spatially limited estuarine fluxes suggested by Chen et al. (2012).

Table 5. The sea surface pCO, and air-sea CO, fluxes from different estuaries in the world

Estuary Country Area/km? pCO,/patm CO, flux/(mol'-m-2-a-1) Reference
Jiulong River Estuary China 110 530-7 715 25.7 This study
Modaomen Estuary China 1012 - 30.8 Tang et al. (2018)
Changjiang River Estuary China 10 800 650-4 600 14.6 Zhai et al. (2007)
Huanghe River Estuary China 1521 - 6.14 Shen et al. (2020)
Hooghly estuary India 325 559-3 679 47.3 Akhand et al. (2022)
Mekong inner estuary Vietnam - - 44.2 Borges et al. (2018)
Tagus estuary Portugal 320 487-4 575 33.6 Oliveira et al. (2017)
Elbe inner estuary Germany 276 380-2 200 40.4 Amann et al. (2015)
Guadalquivir estuary Spain 39 520-3 606 31.1 De la Paz et al. (2007)
Coffs Creek estuary Australia - 403-7 920 18.4 Jeffrey et al. (2018)
Neuse River Estuary us 455 196-2 510 4.7 Crosswell et al. (2012)
Note: - represents data have not been mentioned in the reference.
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