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Abstract Understanding the natural variability of pH and aragonite saturation state (Ωarag) is important
for assessing ocean acidification (OA) impacts especially in the coastal ocean since anthropogenic CO2

increase‐induced OA is often superimposed by their natural variability. Here, we report the seasonal
variability of sea surface pH and Ωarag from spring to summer in the Jiaozhou Bay (JZB) and compare their
controls based on two cruises conducted in April and August 2018. Results show that sea surface pH on the
NBS scale slightly increases from 8.10 ± 0.05 in spring to 8.13 ± 0.04 in summer, whereas surface Ωarag

substantially increases from 2.05 ± 0.18 in spring to 3.34 ± 0.25 in summer. The difference in pH and Ωarag

seasonal increase is related to the contrasting temperature effects on them, which can be divided into the
first temperature effect associated with acid‐base equilibrium of the CO2 system and the second temperature
effect associated with CO2 solubility‐driven air‐sea exchange. The two temperature effects have opposite
influences on pH, canceling each other and causing a relatively small seasonal variability of pH, while they
have consistent influences onΩarag, reinforcing each other and causing a relatively large variability ofΩarag.
Also, through both qualitative analyses and a 1‐D model, we identify the processes controlling the seasonal
variability of pH and Ωarag. We find air‐sea exchange dominates the seasonal variability of pH and Ωarag in
nearshore areas, while biological production is the most important in the central part of the JZB.

Plain Language Summary Both pH and saturation state of calcium carbonate (CaCO3) minerals
(Ω) are good metrics for ocean acidification (OA). Understanding their natural variability is important for
assessing OA impacts especially on calcifying organisms in the coastal ocean since anthropogenic CO2

increase‐induced OA is often superimposed by their natural variability. Although a lot of work has been
done, their controlling processes have not been well known. For example, how temperature would influence
the seasonal variability of pH and Ω is poorly understood. Here, we divide temperature effects into two
aspects: the first temperature effect associated with acid‐base equilibrium of the CO2 system and the second
temperature effect associated with CO2 solubility‐driven air‐sea exchange. We take the Jiaozhou Bay
as an example to show that the two temperature effects have opposite influences on pH, canceling each other
and causing a relatively small seasonal variability of pH, while the two temperature effects on aragonite
saturation state (Ωarag) reinforce each other, causing a relatively large variability ofΩarag. Also, through both
qualitative analyses and a 1‐Dmodel, we identify the processes controlling the seasonal variability of pH and
Ωarag including temperature variability, air‐sea CO2 exchange, terrestrial inputs, and biological processes.
This study will improve the understanding of the natural variability of OA parameters and their controlling
mechanisms.

1. Introduction

The ocean plays an important role in mitigating atmospheric carbon dioxide (CO2) increase and has
taken up ~30% of anthropogenic CO2 since the beginning of the Industrial Revolution (Friedlingstein
et al., 2019; Gruber et al., 2019). At the same time, the oceanic uptake of anthropogenic CO2 changes its
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chemistry, causing increases in hydrogen ion concentrations ([H+]) and thus decreases in pH, carbonate ion
concentrations ([CO3

2−]), and saturation state of calcium carbonate (Ω), a process called ocean acidification
(OA) (Caldeira &Wickett, 2003; Doney et al., 2009). OA is usually characterized by decreases of pH orΩ over
decades or longer time scales (Cooley et al., 2012). It may exert substantial influences on global ocean
biogeochemical cycling and marine organisms as well as on ocean ecosystem services (Albright
et al., 2018; Waldbusser et al., 2016).

Compared with the open ocean, it is more challenging to detect OA in coastal oceans due to the superimpo-
sition of natural variability of pH and Ω on the effect of anthropogenic CO2 increase (e.g., Dong et al., 2017;
Sutton et al., 2016). In the coastal ocean, seasonal temperature cycle, river inputs, upwelling, eutrophication,
and biological production/respiration all can result in substantial natural variabilities of pH and Ω (Cai
et al., 2011; Feely et al., 2008; Xu et al., 2017; Xue et al., 2017). Therefore, characterizing patterns of pH
and Ω variability is of great importance for assessing OA impacts especially on calcifying organisms and
for improving experiment design designated to study organisms' response to OA (Fassbender et al., 2016;
Sutton et al., 2016).

Although a lot of work has been done to understand the natural variability of pH and Ω (e.g., Hagens &
Middelburg, 2016; Jiang et al., 2019; Omar et al., 2016; Xue et al., 2018), their controlling processes have
not been well known. For example, both pH and Ω are good metrics for OA because they respond simi-
larly to the addition/removal of CO2, but how temperature would influence their seasonal variability is
poorly understood. In the respect of temperature‐driven acid‐base equilibrium of CO2 system
(CO2 + H2O ⇌ H2CO3 ⇌ H+ + HCO3

− ⇌ CO3
2− + 2H+), which can be called the first temperature

effect or “internal temperature effect,” increasing temperature would increase [H+] and [CO3
2−], thus

decreasing pH but increasing Ω (Figure 1). In the respect of CO2 solubility‐driven air‐sea CO2 exchange,
which can be called the second temperature effect or “external temperature effect,” increasing tempera-
ture allows a body of water to release more CO2 in order to maintain equilibrium with the atmosphere,
thus decreasing seawater CO2 concentration and increasing both pH and Ω (Figure 1). The contrasting
influence of the first temperature effects on pH and Ω may cause differences of temperature roles in
the seasonal variability of pH and Ω. However, how the first and the second temperature effects would
interact to influence them is unknown. Note the temperature effects in this work only refer to chemical
equilibrium and air‐sea exchange directly associated with temperature (Jiang et al., 2019; Xue et al., 2017;
Xue & Cai, 2020) and do not include other indirect temperature effects such as influences on the growth
of marine phytoplankton.

The Jiaozhou Bay (JZB, 35°57′ to 36°18′N, 120°04′ to 120°23′E), located on the western coast of the
Yellow Sea, China (Figure 2), is a shallow semienclosed water body with an average water depth of
~7 m. The JZB is dominated by the East Asian monsoon, with a southerly or southeasterly wind in

Figure 1. Schematics showing the temperature influence on (a) pH and (b) Ωarag. The temperature influence includes
the first temperature effect associated with acid‐base equilibrium of the CO2 system (gray line) and the second
temperature effect associated with CO2 solubility (blue line) as well as their net temperature effect (black line) (Jiang
et al., 2019; Xue et al., 2017; Xue & Cai, 2020). Here constant TA (=2,300 μmol kg−1), salinity (=35), DIC
(=2,157.8 μmol kg−1 for the first temperature effect calculation), and pCO2 (=395 μatm for the second temperature effect
calculation) are used. Details can be found in section 2.3.
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spring and summer and a northerly or northwesterly wind in fall and winter. The JZB is featured by a
semidiurnal tide with an average tidal range of 2.7–3.0 m and a maximum of 5.1 m (Zhang, 2007). The
tide results in strong turbulent mixing and nearly homogeneous vertical profiles of temperature and
salinity. Even in summer when the freshwater discharge to the bay reaches its maximum, the
stratification is very weak (Chen et al., 1999).

The JZB is an ideal site for characterizing the natural variability of pH and Ω and understanding their
controlling processes, particularly the interaction between the first and the second temperature effects.
First, the JZB as a midlatitude water body has a strong seasonal signal both physically and biogeochemi-
cally. For example, on average from spring to summer, sea surface temperature (SST) would increase by
~15°C (Deng et al., 2016), and primary production would increase from 406.0 mg C m−2 d−1 in spring to
630.2 mg C m−2 d−1 in summer (Fu et al., 2009). Second, the JZB is seriously disturbed by human activ-
ities such as the overloading of nutrients and carbon (Li et al., 2018; Yang et al., 2018).

The JZB is surrounded by Qingdao, a city with rapid economic development and population growth in
North China, and just to the south is connected with the Yellow Sea via a narrow channel of ∼2.5 km
(Figure 2). There are more than 10 seasonal rivers flowing into the JZB, including the Dagu River, the
Licun River, and the Haibo River (Figure 2), but these rivers have no natural runoff during most of the time
of a year. Instead, most of the middle and lower reaches of these rivers have become conduits for waste-
water and sewage, through which about 75% of the urban sewage flows into the JZB every year (Gao
et al., 2008). Furthermore, the JZB is also an important shellfish‐farming area (Yang et al., 2007), where
scallop and clam, etc., are vulnerable to low pH and Ω. During the past decades, the JZB has received spe-
cial attention in terms of CO2 dynamics (e.g., Deng et al., 2016; Li et al., 2007, 2017; Yang et al., 2018), yet
there is a poor understanding of the seasonal variability of pH and Ω and especially their controlling
processes.

In this study, we report the seasonal variability of sea surface pH and Ω from spring to summer in the JZB
and identify their controls based on two cruises conducted in April and August 2018, respectively (Figure 2).
Our main focus is to compare the controlling processes of surface pH andΩ via both qualitative analyses and
a 1‐Dmodel and especially to clarify how the first and the second temperature effects would interact to influ-
ence the seasonal variability of pH andΩ. This work would improve the understanding of the natural varia-
bility of acidification parameters and their controlling mechanisms.

Figure 2. Study site. Panel (a) shows the relative location of the study site (within the black frame) in the eastern part of China coastal oceans, and panel (b) shows
the study site and sampling stations (blue dots) in the JZB and adjacent estuaries. Also, water depths of the JZB are shown with color bar in panel (b).
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2. Materials and Methods
2.1. Sample Collection and Measurement

We conducted two cruises aboard a fishing vessel during 25–26 April and 3–4 August 2018, respectively.
During the two cruises, the locations of sampling stations are completely the same, and, in each cruise, there
are 23 sampling stations (Figure 2). At each station, just surface samples are collected for dissolved oxygen
(DO), pH, and total dissolved inorganic carbon (DIC) using a Van Dorn water sampler since water column is
vertically well mixed (Chen et al., 1999). Also, during 26–27 July 2018, we collected water samples for DO,
pH, and DIC measurements in the six main estuaries around the JZB (Figure 2).

SST and sea surface salinity (SSS) are measured using YSI 6600, with a nominal precision of 0.01°C and
0.01 psu, respectively. DO is measured with the classic Winkler method as described by Wei et al. (2019).
Also, apparent oxygen utilization (AOU) is calculated by subtracting measured DO content from saturated
oxygen in seawater at a given potential temperature and salinity (Benson & Krause, 1984). pH on the NBS
(NIST) scale is measured at a constant temperature of 25°C (pH@25) using an Orion 3‐Star plus pH
Benchtop meter with a ROSS pH combination electrode (Thermo Fisher Scientific, USA). pH electrode is
calibrated and checked before and after measurements using the pH buffer solutions with pH values of
4.01, 7.00, and 10.01 at 25°C (Thermo Fisher Scientific, USA). The pHmeasurement is repeated at least three
times for each sample with a precision and accuracy of ±0.01 (Zhao et al., 2020). Samples for DIC measure-
ment are stored in 20‐ml vials at 4°C until laboratory analysis after poisoned by 10 μl saturated mercuric
chloride solution. DIC is measured within 1 week with a DIC analyzer (AS‐C3, Apollo SciTech, USA) by
acidifying 0.5–0.8 ml of water samples and quantifying the released CO2. The DIC measurement is repeated
at least three times for each sample with a precision of better than 0.1% and an overall accuracy of
~2 μmol kg−1 (Cai et al., 1998). Throughout the DIC analysis, certified reference materials (CRMs, Batch
173) from Scripps Institution of Oceanography are used to serve as the standard solutions.

2.2. Calculation of Aragonite Saturation State (Ωarag) and Other Carbonate Parameters

Considering that aragonite and calcite are two common polymorphs of calcium carbonate (CaCO3) in the
ocean (Morse et al., 2007) and aragonite is more soluble than calcite (Mucci, 1983), in this work, we just dis-
cuss Ωarag. Ωarag is defined by

Ωarag ¼ CO3
2−

� �
× Ca2þ
� �

=K*
sp; (1)

where [Ca2+] is the calcium concentration and K*
sp is the apparent solubility product of aragonite

(Mucci, 1983).

[Ca2+] is calculated from salinity using the ratio between [Ca2+] and salinity in the JZB (311.94 × salinity
μmol kg−1) (Zhang et al., 1992), and K*sp is calculated after Mucci (1983). [CO3

2−] is calculated from tem-
perature, salinity, pH@25, and DIC using the CO2SYS program (Lewis et al., 1998) with the apparent disso-
ciation constants (K*

1 and K*
2) for carbonic acid of Mehrbach et al. (1973) as refitted by Dickson and

Millero (1987) and the CO2 solubility constant (K0) of Weiss (1974). Meanwhile, we calculateΩarag at in situ
temperature (Ωarag@in situ) and at a constant temperature of 25°C (Ωarag@25), pH at in situ temperature
(pH@in situ), surface partial pressure of CO2 (pCO2), and total alkalinity (TA), parts of which are shown in
Figure S1 in the supporting information.

2.3. Estimation of Temperature Effects on Seasonal Variability of pH and Ωarag

Temperature can influence the composition and concentration of CO2 species, thus altering pH andΩarag by
(I) acid‐base equilibrium of the CO2 system under conditions of constant TA and DIC and by (II) CO2

solubility‐driven air‐sea exchange that just changes DIC but not TA (Jiang et al., 2019; Xue et al., 2017;
Xue & Cai, 2020). To clearly show how temperature will influence pH andΩarag, in this work, we artificially
divide the temperature effect into two types, which factually coexist in the ocean. The first temperature effect
just changes internal allocation of CO2 system species (i.e., bicarbonate ion (HCO3

−), CO3
2−, and CO2)

under conditions of constant TA and DIC, like a parcel of water in a closed system, and is termed the “inter-
nal temperature effect.” The second temperature effect would influence CO2 release to the atmosphere or
CO2 uptake by the ocean by changing CO2 solubility and is realized via air‐sea exchange, like a parcel of
water in an open system, which is termed the “external temperature effect.” In addition, both pH and
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Ωarag can be expressed as a function of DIC and TA at given salinities (S) and temperatures (T) (e.g., Xue
et al., 2016a), that is, f (DIC, TA, S, T), when [Ca2+] is conservative with respect to salinity, and can be cal-
culated using the CO2SYS program (Lewis et al., 1998). Here we take pH as an example and show how to
estimate the two temperature effects on the seasonal variability of pH (similar calculation is done for
Ωarag). We set the springtime as time t1, at which T, S, and carbonate parameters (TA, DIC, pH, Ωarag) are
T1, S1, TA1, DIC1, pH1, and (Ωarag)1, respectively, and the summertime as time t2, at which these parameters
change to T2, S2, TA2, DIC2, pH2, and (Ωarag)2 (also hereafter).

a. First temperature effect: To determine the first temperature effect on the seasonal variability of pH
(ΔpHtem1), we calculate pH at temperature T2 by keeping DIC, TA, and S constant and just allowing tem-
perature to change (f (DIC1, TA1, S1, T2)). Thus, the first temperature effect on pH variability can be cal-
culated using Equation 2a:

ΔpHtem1 ¼ f DIC1;TA1; S1;T2ð Þ − pH1 (2a)

b. Second temperature effect: To give a first‐order estimate of the second temperature effect on the seasonal
variability of pH (ΔpHtem2), according to Xue et al. (2017) and Jiang et al. (2019), we calculate pH by
keeping pCO2, TA, and S constant and allowing DIC to change with temperate on the assumption there
is a transient air‐sea CO2 equilibrium under conditions of different temperatures. Specifically, we first
calculate DIC values (DICe) at temperatures T1 and T2 from constant pCO2, TA, and S (Equations 2b
and 2c) and then calculate pH at temperature T1 from constant TA and changing DICe (Equation 2d)
using the CO2SYS program (Lewis et al., 1998). Thus, the second temperature effect on pH variability
can be estimated using Equation 2d. Accordingly, the net temperature effect on pH (ΔpHtem), that is,
the total effect of the two temperature effects, can be estimated using Equation 2e.

DICe1 ¼ fuc pCO2;TA1; S1;T1ð Þ; (2b)

DICe2 ¼ fuc pCO2;TA1; S1;T2ð Þ; (2c)

ΔpHtem2 ¼ f DICe2;TA1; S1;T1ð Þ–f DICe1;TA1; S1;T1ð Þ; (2d)

ΔpHtem ¼ f DICe2;TA1; S1;T2ð Þ–f DICe1;TA1; S1;T1ð Þ; (2e)

where fuc (pCO2, TA, S, T) is DIC as a function of pCO2, TA, S, and T; DICe1 and DICe2 are DIC values at
temperatures T1 and T2 calculated from constant pCO2, TA, and S.

In this work, mean atmospheric CO2 concentration (420 parts per million, i.e., ppm) during the April cruise
in the JZB measured using an infrared CO2 detector (Li‐Cor 7000) is used as the constant pCO2. Note that in
real ocean, it is almost impossible to reach transient air‐sea CO2 equilibrium due to the slow air‐sea CO2

exchange (Sarmiento & Gruber, 2006), which will lead to overestimation or underestimation of DICe.
However, this influence on ΔpHtem2 is minor since this overestimated or underestimated part would be to
a large extent canceled each other as shown from Equation 2d. This is verified by the insensitivity of
ΔpHtem2 to pCO2 variability, for example, from 300 to 500 μatm (Table S1). Thus, this method is feasible
for providing a first‐order estimate of the second temperature effect on pH variability.

2.4. A 1‐D Mass Budget Model for Quantifying Processes Influencing Seasonal Variability of pH
and Ωarag

Following Xue et al. (2016b) and Xue et al. (2017), we use a 1‐Dmass budget model to estimate the contribu-
tions from temperature, air‐sea exchange, mixing between terrestrial inputs and ocean, biological
production/respiration, and calcium carbonate (CaCO3) formation/dissolution to seasonal variability of
pH and Ωarag in the JZB. Here, we take pH as an example and show how to quantify the processes influen-
cing the seasonal variability of pH (similar calculation is done for Ωarag).

Seasonal variability of DIC, TA, pH, and Ωarag can be expressed as follows:
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ΔDIC ¼ DIC2 − DIC1 ¼ ΔDICa−s þ ΔDICmix þ ΔDICbio þ ΔDICcal; (3a)

ΔTA ¼ TA2 − TA1 ¼ ΔTAmix þ ΔTAbio þ ΔTAcal; (3b)

ΔpH ¼ pH2 − pH1 ¼ ΔpHtem þ ΔpHa−s þ ΔpHmix þ ΔpHbio þ ΔpHcal þ ΔpHnon; (3c)

ΔΩarag ¼ Ωarag
� �

2 − Ωarag
� �

1 ¼ ΔΩtem þ ΔΩa−s þ ΔΩmix þ ΔΩbio þ ΔΩcal þ ΔΩnon; (3d)

where subscripts “tem,” “a‐s,” “mix,” “bio,” and “cal” denote temperature variability, air‐sea exchange,
mixing, biological production/respiration, and CaCO3 formation/dissolution, respectively, and the sign
“Δ” denotes the net change of a parameter from spring to summer. ΔpHnon (or ΔΩnon) is a nonlinear
interaction term, the difference between ΔpH (or ΔΩnon) and the sum of pH (or Ω) change due to each
process, considering that pH and Ωarag are not linear.

In the following, we briefly show how to estimate the contribution of each process to pH variability from
spring to summer.

a. Temperature: Since the second temperature effect is closely related to air‐sea exchange, in the 1‐Dmodel,
the second temperature effect is attributed to air‐sea exchange term, and temperature effect only refers to
the first temperature effect. That is, in the 1‐Dmodel, the temperature effect is quantified by Equation 2a.
Additionally, since the temperature effect has been quantified here, subsequently the four processes (air‐
sea exchange, mixing, biological production/respiration, and CaCO3 formation/dissolution) are dealt
with under isothermal conditions.

b. Air‐sea exchange: Air‐sea CO2 exchange changes DIC, but not TA.

ΔDICa−s ¼ −F × t2 − t1ð Þ= D × Hð Þ; (4a)

DIC2ð Þa−s ¼ DIC1 þ ΔDICa − s; (4b)

ΔpHa − s ¼ f DIC2ð Þa−s;TA1; S1;T1
� �

− pH1; (4c)

where F is the air‐sea CO2 flux calculated based on air‐sea pCO2 gradient and the gas transfer velocity for-
mula of Sweeney et al. (2007). Mean atmospheric CO2 concentrations in the JZB during the cruises of
April and August 2018 were 420 and 408 ppm, respectively, which are measured using an infrared CO2

detector (Li‐Cor 7000), and corresponding sea surface pCO2 is calculated from pH and DIC (Figure S1).
Climatological mean wind speeds during April (6.0 m s−1) and August (4.6 m s−1) in the JZB are used.
D is the seawater density, and H is the mixed layer depth, which is the water depth in the well‐mixed
JZB; (DIC2)a‐s is the predicted DIC at time t2 due solely to air‐sea exchange from time t1 to t2

c. Mixing: we attribute salinity changes solely to mixing between terrestrial inputs and ocean (horizontal
mixing), neglecting the other processes including evaporation and precipitation. Thus, DIC and TA
changes due to mixing can be estimated as follows:

ΔDICmix ¼ DICoce − DICterð Þ= Soce − Sterð Þ × S2 − S1ð Þ; (5a)

ΔTAmix ¼ TAoce − TAterð Þ= Soce − Sterð Þ × S2 − S1ð Þ; (5b)

DIC2mix ¼ DIC1 þ ΔDICmix ; (5c)

TA2ð Þmix ¼ TA1 þ ΔTAmix; (5d)

ΔpHmix ¼ f DIC2ð Þmix; TA2ð Þmix; S2;T1
� �

− pH1; (5e)

where DICoce and DICter are DIC at the ocean and terrestrial end‐members, respectively; TAoce and TAter

are TA at the ocean and terrestrial end‐members, respectively; Soce and Ster are salinity at the ocean and
terrestrial end‐members, respectively. (DIC2)mix is the predicted DIC at time t2 due only to mixing from
time t1 to t2, and similarly, (TA2)mix is the predicted TA at time t2.

During summertime, we select stations at the Bay mouth (Station G22) and estuaries surrounding the JZB as
the ocean and terrestrial end‐members, respectively, where Soce = 31.55, TAoce = 2,358 μmol kg−1,
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DICoce= 2,101 μmol kg−1, Ster = 0.69 ± 0.43, TAter = 3,049 ± 354 μmol kg−1,
andDICter= 3,322±712μmol kg−1. The average of salinity, TA, andDIC in a
sewage outlet within the Haibo River (Station W1) and three estuaries with
low salinities of <2 (Licun River, Baisha River, and Moshui River) along
the eastern coast (Figure 2 and Table 1) is used as the average terrestrial
end‐member values (Table 1).

d. CaCO3 formation/dissolution:

Since the TA change due to biological production/respiration is relatively
minor (ΔTAbio = −17/106 * ΔDICbio) if the Redfield ratio is assumed
(Redfield et al., 1963), here we ignore this biological effect on TA (Xue
et al., 2016b). Thus, Equation 3b can be written as

ΔTAcal ¼ ΔTA − ΔTAmix: (6a)

Given that during CaCO3 formation/dissolution TA and DIC would
change with a ratio of 2:1 (Chen, 1978), thus we can obtain

ΔDICcal ¼ 0:5*ΔTAcal; (6b)

TA2ð Þcal ¼ TA1 þ ΔTAcal; (6c)

DIC2ð Þcal ¼ DIC1 þ ΔDICcal; (6d)

ΔpHcal ¼ f DIC2ð Þcal; TA2ð Þcal; S1;T1
� �

− pH1; (6e)

where (DIC2)cal is the predicted DIC at time t2 due only to CaCO3 formation/dissolution from time t1 to t2,
and similarly, (TA2)cal is the predicted TA at time t2.

e. Biological production/respiration: We assign the rest of DIC change to biological production/respiration
to close the budget.

Thus,

ΔDICbio ¼ ΔDIC − ΔDICa−s þ ΔDICmix þ ΔDICcalð Þ; (7a)

DIC2ð Þbio ¼ DIC1 þ ΔDICbio; (7b)

ΔpHbio ¼ f DIC2ð Þbio;TA1; S1;T1
� �

− pH1; (7c)

where (DIC2)bio is the predicted DIC at time t2 only due to biological production/respiration from time t1
to t2.

Also, relative importance of temperature variability (%ΔpHtem and %ΔΩtem), air‐sea exchange (%ΔpHa–s and
%ΔΩa‐s), mixing (%ΔpHmix and %ΔΩmix), biological production/respiration (%ΔpHbio and %ΔΩbio), and cal-
cium carbonate formation/dissolution (%ΔpHcal and %ΔΩcal) to pH andΩarag variability from spring to sum-
mer as well as the nonlinear term (%ΔpHnon and %ΔΩnon) is calculated as

100 × Xi=∑
6
i¼1∣X i∣: (8)

where Xi is pH or Ωarag change due to one process (the nonlinear term included).

3. Results and Discussion
3.1. Distributions of SST, SSS, and AOU

SST substantially increases from an average of 12.43 ± 0.89°C in spring to an average of 27.34 ± 0.35°C in
summer (Figure 3 and Table 2). Spatially, during spring, SST is high adjacent to land and is low in the
central part of the study area (Figure 3a). During summer, SST distribution is relatively
homogeneous (Figure 3b).

Table 1
Surface Temperature (Temp, °C), Salinity (Sal, psu), In Situ Temperature
pH on the NBS Scale (pH@in situ), Total Dissolved Inorganic Carbon
(DIC, μmol kg−1), and Total Alkalinity (TA, μmol kg−1) in the Six Main
Estuaries Around the JZB and in a Sewage Outlet Within the Haibo River
(W1) During 26–27 July 2018

Station Temp Sal pH@in situ DIC TA

W1 (sewage outlet) 29.3 1.30 6.93 4,179 3,369
R1 (Haibo River) 32.5 20.80 7.10 3,312 3,111
R2 (Licun River) 29.3 0.40 7.41 3,631 3,330
R3 (Baisha River) 30.4 0.39 7.57 2,821 2,665
R4 (Moshui River) 31.6 0.68 8.89 2,657 2,833
R5 (Dagu River) 29.6 16.51 7.79 2,874 2,934
R6 (Yang River) 30.8 13.14 7.92 2,772 2,858

Note. Locations are shown in Figure 1.
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In contrast, SSS obviously decreases from an average of 32.57 ± 0.25 psu in spring to an average of
31.16 ± 0.25 psu in summer (Figure 3 and Table 2). Spatially, during spring, SSS is high in the western part
of the study area and is low in the eastern and northeastern part (Figure 3c) due to influences of sewage dis-
charge from wastewater treatment plants surrounding the JZB (Yang et al., 2018). During summer, very low
SSS is observed in the west (Figure 3d) possibly due to influence of land runoff.

From spring to summer, AOU becomes more negative with an average of−3.76 ± 17.04 μmol kg−1 in spring
and an average of −17.17 ± 18.38 μmol kg−1 in summer (Figure 3 and Table 2), indicating that there may be
a net biological production from spring to summer. Spatially, during spring, AOU shows negative values in
the west and positive values in the north and east (Figure 3e). During summer, AOU is negative in the whole
study area with more negative values in the north and northeast (Figure 3f).

3.2. Distributions of Sea Surface DIC, pH, and Ωarag

Sea surface DIC decreases from an average of 2,183 ± 23 μmol kg−1 in spring to an average of
2,054 ± 38 μmol kg−1 in summer (Figure 4 and Table 2). Generally, the spatial distribution of DIC is

Figure 3. Spatial distributions of (a,b) SST, (c,d) SSS, and (e,f) AOU during spring and summer 2018 in the JZB.
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relatively homogeneous. During spring, surface DIC is high in the north-
eastern part of the study area with DIC values of 2,190–2,240 μmol kg−1

and is low in other parts with DIC values of 2,140–2,165 μmol kg−1

(Figure 4a). During summer, low DIC values of <2,040 μmol kg−1 are
observed in the north (Figure 4b).

From spring to summer, sea surface pH@25 shows a large increase, with
an average of 7.94 ± 0.04 in spring and an average of 8.16 ± 0.04 in sum-
mer (Figure 4 and Table 2). Spatially, during spring, surface pH@25 is
slightly high in the central part of the study area and low in the west
and in the northeast (Figure 4c). During summer, surface pH@25 is
slightly high in the north and low in the northeast (Figure 4d).
Compared to pH@25, from spring to summer, sea surface pH@in situ just
shows a small increase, with an average of 8.10 ± 0.05 in spring and an
average of 8.13 ± 0.04 in summer (Figure 4 and Table 2). The spatial pat-
tern of pH@in situ is similar to that of pH@25 (Figures 4c–4f).

In contrast to pH, both Ωarag@25 and Ωarag@in situ show a substantial sea-
sonal increase (Ωarag@25 distribution is very similar to Ωarag@in situ and
thus just shown in Figure S1). Surface Ωarag@25 increases from
2.23 ± 0.19 in spring to 3.28 ± 0.24 in summer, and surface Ωarag@in situ

increases from 2.05 ± 0.18 in spring to 3.34 ± 0.25 in summer (Figure 4 and Table 2). The spatial patterns
of bothΩarag@25 andΩarag@in situ are similar to those of pH@25 (Figure 4 and Figure S1). During spring, sur-
face Ωarag@25 and Ωarag@in situ are high in the central part of the study area and low in the west and in the
northeast. During summer, surfaceΩarag@25 andΩarag@in situ are high in the north and low in the northeast
and the southwest. Overall, surface DIC, pH, and Ωarag from spring to summer exhibit an obvious seasonal
variability, and their spatial distributions are relatively homogeneous. Thus, hereafter, we focus on the pro-
cesses that control the seasonal variability of pH and Ωarag.

3.3. Influences of Temperature and Air‐Sea Exchange on Seasonal Variability of pH and Ωarag

3.3.1. Interaction Between the First and the Second Temperature Effects
To qualitatively analyze the temperature influence on pH and Ωarag, with the method described in
section 2.3 (Equations 2b–2e), we use the mean value during the cruise of April 2018 as the starting point
of calculation and simulate pH and Ωarag variability solely due to the first, the second, and the net tempera-
ture effects (Figures 5a–5d). We find that the simulated pH@in situ and Ωarag@in situ due only to net tempera-
ture effect and the simulated pH@25 andΩarag@25 due only to the second temperature effect are generally in
agreement with their respective observational mean values in August 2018. It demonstrates that SST varia-
bility may play a dominant role in the seasonal variability of pH and Ωarag from April to August in the JZB.

However, factually, temperatures exert different influences on the seasonal variability of pH and Ωarag. An
obvious difference is that the first temperature effect has opposite influences on pH and Ωarag, which would
cause differences in their net temperature effect and even influence their amplitude of seasonal variability
(Figure 5). Specifically, the first and the second temperature effects have opposite influences on pH, which
would cancel out each other and result in a relatively small net effect. Using the method described in
section 2.3, we find that in the JZB when SST on average increases by ~15°C from April to August
(Table 2), the first temperature effect would decrease pH by 0.19 ± 0.01 but the second temperature effect
would increase pH by 0.23 ± 0.01 (Figure 5 and Table 3). As a result, most part of the second temperature
effect on pH is canceled out by the first temperature effect, which makes the net temperature effect just
induce a pH increase of ~0.04 (0.23–0.19 = 0.04). In contrast, the first and the second temperature effects
have consistent influences on Ωarag, which would reinforce each other and result in a relatively large net
effect. When SST increases by ~15°C from April to August (Table 2), the first and the second temperature
effects would increase Ωarag by 0.23 ± 0.02 and 1.22 ± 0.07, respectively (Figure 5 and Table 3). Due to the
aggravation between the first and the second temperature effect on Ωarag, the net temperature effect would
make Ωarag increase by ~1.45 (0.23 + 1.22 = 1.45). Clearly, no matter pH or Ωarag, in the JZB from spring to
summer, the second temperature effect is larger than the first temperature effect in absolute values (Figure 5

Table 2
Average of Sea Surface Temperature (SST), Salinity (SSS), Apparent
Oxygen Utilization (AOU), Surface Partial Pressure of CO2 (pCO2), Total
Alkalinity (TA), Total Dissolved Inorganic Carbon (DIC), pH at 25°C on
the NBS Scale (pH@25), pH at In Situ Temperature (pH@in situ),
Seawater Saturation State With Respect to the Mineral Aragonite at 25°C
(Ωarag@25) and at In Situ Temperature (Ωarag@in situ) During Spring
(April) and Summer (August) 2018 in the JZB

Spring Summer Difference

SST (°C) 12.43 ± 0.89 27.34 ± 0.35 14.91 ± 0.86
SSS (psu) 32.57 ± 0.25 31.16 ± 0.25 −1.41 ± 0.37
AOU (μmol kg−1) −3.76 ± 17.04 −17.17 ± 18.38 −13.41 ± 30.64
pCO2 (μmol kg−1) 493 ± 72 494 ± 50 1 ± 88
TA (μmol kg−1) 2,346 ± 19 2,311 ± 36 −34 ± 38
DIC (μmol kg−1) 2,183 ± 23 2054 ± 38 −130 ± 41
pH@25 7.94 ± 0.04 8.16 ± 0.04 0.22 ± 0.06
pH@in situ 8.10 ± 0.05 8.13 ± 0.04 0.03 ± 0.07
Ωarag@25 2.23 ± 0.19 3.28 ± 0.24 1.05 ± 0.34
Ωarag@in situ 2.05 ± 0.18 3.34 ± 0.25 1.29 ± 0.34

Note. The seasonal variability from spring to summer is also shown
(Difference).
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Figure 4. Spatial distributions of (a,b) sea surface DIC, (c,d) pH@25, (e,f) pH@in situ, and (g,h) Ωarag@in situ during spring and summer 2018 in the JZB.
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Figure 5. Property‐property plots of pH@in situ, pH@25, Ωarag@in situ, and Ωarag@25 with (a–d) SST, (e,f) SSS, and (g,h) AOU for the data collected during April
(black empty circle) and August (blue empty circle) 2018 in the JZB. Solid circles in each panel denote mean values of related parameters during the April
and August cruises. Dashed lines denote simulated pH and Ωarag variability solely due to the first temperature effect, second temperature effect, net temperature
effect (a–d), theoretical mixing between terrestrial inputs and ocean (mixing line) (e,f), and biological production/respiration (Redfield line) (g,h). These dashed
lines start from the mean value during April cruise (the starting point of calculation), and more details can be found in sections 2.3 and 2.4. In panels (e)
and (f), we use the mean of salinity (0.69 ± 0.43), TA (3,049 ± 354 μmol kg−1), and DIC (3,322 ± 712 μmol kg−1) in a sewage outlet within the Haibo River (station
W1) and three estuaries with low salinities of <2 (Licun River, Baisha River, and Moshui River) as the average terrestrial end‐member values (Table 1) and use the
average plus standard deviation and average minus standard deviation as the upper and lower bounds of terrestrial end‐member values, respectively.
Thus, the black dashed line denotes average mixing, and the blue and gray dashed lines denote the upper and lower bounds of mixing, respectively. In panels
(g) and (h), change in pH and Ωarag due only to biological production/respiration indicated by AOU is calculated based on the classic Redfield ratio of DIC:
AOU = 106:138.
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and Table 3). That is, the second temperature effect dominates the net temperature effect and would play a
very important role in the seasonal variability of pH@in situ and Ωarag@in situ. Also, it suggests that the net
temperature effect would have a minor influence on pH but a substantial influence on Ωarag, and the
contrast between the first temperature effects on pH and Ωarag to some extent decreases the seasonal
amplitude of pH but increases the seasonal amplitude of Ωarag (Table 3). This implies that the maximum
or minimum of pH and Ωarag in seasonal cycles would be often out of sync (e.g., Omar et al., 2016;
Takahashi et al., 2014; Xue et al., 2017).

In addition, we find that the contrast between the first temperature effects on pH and Ωarag is the biggest
difference among their controlling processes. The property‐property plots of pH@25 with SST, SSS, and
AOU are very similar to the property‐property plots of Ωarag@25 with SST, SSS, and AOU (Figure 5). The
model results (Figures 6 and 7) also show that except for the first temperature effect, the controlling pro-
cesses of pH and Ωarag are almost the same. Realizing the opposite influence on pH and Ωarag by the first
temperature effect is important for understanding the controls and dynamics of pH and Ωarag on different
time scales. For instance, the opposite influence on pH andΩarag by the first temperature effect leads to lati-
tudinal differences (spatial variability) between pH and Ωarag in open oceans (Jiang et al., 2019). However,
this influence on the spatial distributions of pH@in situ and Ωarag@in situ is not obvious in the JZB during
the two cruises (Figures 4e–4h) due to the relatively homogeneous spatial distributions of SST as shown
in Figures 3a and 3b.
3.3.2. The Second Temperature Effect and Air‐Sea Exchange
In practice, the interaction between the first and the second temperature effects usually behaves as the
interaction between the first temperature effect and air‐sea CO2 exchange, since the second temperature
effect is realized mainly via air‐sea CO2 exchange. The 1‐D model results show that on average, from
spring to summer, air‐sea CO2 exchange would increase pH and Ωarag by 0.20 ± 0.13 and 1.01 ± 0.70,
respectively (Table 3). The contribution by air‐sea CO2 exchange is generally consistent with the pH
(0.23 ± 0.01) and Ωarag variability (1.22 ± 0.07) by the second temperature effect (Table 3), suggesting that
the second temperature effect is realized mainly via air‐sea CO2 exchange. As discussed in section 3.3.1,
the influence on pH from air‐sea exchange (29%) is almost completely offset by that from the first tem-
perature effect (−28%, Table 3), resulting in a relatively small seasonal variability of pH from spring to
summer in the JZB. In contrast, the influences on Ωarag from the first temperature effect (9%) and
air‐sea exchange (39%, Table 3) reinforce each other, leading to a relatively large seasonal variability of
Ωarag. That is, the second temperature effect or air‐sea exchange plays an important role in the seasonal
variability of pH and Ωarag. Given the possible influence of other processes on air‐sea CO2 exchange such
as biological processes and the uncertainty in quantifying the second temperature effect mainly due to
air‐sea CO2 disequilibrium in the ocean, hereafter, the second temperature effect is included in the
air‐sea exchange term, and instead temperature effect only refer to the first temperature effect especially
in the 1‐D model, if not otherwise specified.

Table 3
Regionally Averaged Contribution of Temperature Variability, Air‐Sea Exchange, Mixing Between Terrestrial Inputs and Ocean, Biological Production/Respiration,
and Calcium Carbonate (CaCO3) Formation/Dissolution to pH and Ωarag Variability From Spring to Summer (ΔpH and ΔΩ) as well as the Nonlinear Term

ΔpH %ΔpH ΔΩ %ΔΩ

a (first) Temperature effect (tem) −0.19 ± 0.01 −28.29 ± 5.91 0.23 ± 0.02 9.34 ± 2.18
Second temperature effect 0.23 ± 0.01 — 1.22 ± 0.07 —

Air‐sea exchange (a‐s) 0.20 ± 0.13 28.51 ± 16.16 1.01 ± 0.70 38.97 ± 23.50
Mixing (mix) −0.04 ± 0.01 −6.42 ± 2.02 −0.20 ± 0.05 −8.20 ± 2.67
Biological production/respiration (bio) 0.11 ± 0.14 17.22 ± 18.69 0.57 ± 0.65 24.10 ± 24.97
CaCO3 formation/dissolution (cal) −0.08 ± 0.05 −11.02 ± 5.73 −0.34 ± 0.20 −13.41 ± 6.94
Nonlinear term (non) 0.03 ± 0.04 3.90 ± 3.89 0.02 ± 0.08 1.26 ± 2.40

Note. Relative importance is also shown (%ΔpH and %ΔΩ). Note that the second temperature effect associated with CO2 solubility is not considered when the
relative importance is calculated, and except for this term, all other results are based on the 1‐D model described in section 2.4. Positive values denote increases
of pH and Ωarag and negative values decreases of pH and Ωarag.

aHere the temperature effect only refers to the first temperature effect associated with thermo-
dynamically driven acid‐base equilibrium of the CO2 system and does not include the second temperature effect associated with temperature‐driven CO2 solu-
bility, which is included in the air‐sea exchange term.
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3.4. Influences of Mixing and Biological Activities on Seasonal Variability of pH and Ωarag

Here, we examine the influences from mixing between terrestrial inputs and ocean and biological processes
on the seasonal variability of pH andΩarag through both the qualitative analyses and the 1‐Dmodel. We find
that the mixing effect on the seasonal variability of pH andΩarag is minor. This is because usually terrestrial
inputs would decrease both salinity and pH of coastal oceans such as in the JZB (Table 1) (Li et al., 2017; Xue
& Cai, 2020). As a result, if mixing exerted a large influence on the seasonal variability of pH and Ωarag, pH
and Ωarag would decrease with decreasing SSS as shown by the theoretical mixing lines (Figures 5e and 5f).
However, we observe in the JZB fromApril to August both pH andΩarag increase with decreasing SSS. Thus,
we infer that the mixing effect on the seasonal variability of pH and Ωarag may be minor. This result is well

Figure 6. Relative importance of (a) temperature variability (%ΔpHtem), (b) air‐sea exchange (%ΔpHa–s), (c) mixing (%ΔpHmix), (d) biological
production/respiration (%ΔpHbio), and (e) calcium carbonate formation/dissolution (%ΔpHcal) to pH variability from spring to summer as well as (f) the
nonlinear term (%ΔpHnon). Results are based on the 1‐D model described in section 2.4. Positive values denote pH increases and negative values pH decreases.
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consistent with the model result, which shows that mixing between terrestrial inputs and ocean just plays a
minor role in the seasonal variability of pH and Ωarag. On average, mixing would decrease pH and Ωarag by
0.04 and 0.20 from spring to summer, just accounting for −6% and −8% of the total seasonal variability,
respectively (Table 3).

Note that the composite terrestrial end‐member values will vary mainly due to spatial differences in
end‐member values of estuaries around the JZB, which may cause uncertainties for the 1‐Dmode. To exam-
ine the possible influence from variability of terrestrial end‐member values, we use the average plus stan-
dard deviation and average minus standard deviation as the upper and lower bounds of terrestrial
end‐member values, respectively. We find when the upper and lower bounds of terrestrial end‐member
values are considered, mixing would decrease pH and Ωarag by 0.04 ± 0.03 and 0.20 ± 0.14 from spring to
summer, respectively (Figures 5e and 5f). It indicates though the contribution from mixing is sensitive to

Figure 7. Relative importance of (a) temperature variability (%ΔΩtem), (b) air‐sea exchange (%ΔΩa–s), (c) mixing (%ΔΩmix), (d) biological production/respiration
(%ΔΩbio), and (e) calcium carbonate formation/dissolution (%ΔΩcal) to Ωarag variability from spring to summer as well as (f) the nonlinear term (%ΔΩnon).
Results are based on the 1‐D model described in section 2.4. Positive values denote Ωarag increases and negative values Ωarag decreases.
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the variability of the composite terrestrial end‐member values, it does not influence our conclusion (Table 3).
The good agreement between the results from the qualitative analyses and from the 1‐Dmodel suggests that
the 1‐D model is robust in quantifying the mixing effect. Also, it means that biological effect would be well
quantified by the 1‐D model, considering that the biggest uncertainty of the 1‐D model may originate from
the mixing term, which directly affects the estimation of biological effect.

Biological production will consume CO2 and produce oxygen, thus increasing pH and Ωarag and decreasing
AOU. Therefore, if biological production/respiration exerted a large influence on the seasonal variability of
pH andΩarag, pH andΩarag would increase with decreasing AOU as shown by the Redfield lines (Figures 5g
and 5h). From April to August in the JZB, we observe both pH andΩarag increase with decreasing AOU, but
they do not well follow the Redfield lines. Thus, we infer that biological production from spring to summer
may play an important but not a dominant role in the seasonal variability of pH and Ωarag. This result is in
good agreement with the model result, which shows that biological production plays an important role in
the seasonal variability of pH and Ωarag. From spring to summer, on average, biological production would
increase pH and Ωarag by 0.11 and 0.57, accounting for 17% and 24% of the total seasonal variability, respec-
tively (Table 3). Also, model results show that on average, CaCO3 formation would decrease pH andΩarag by
0.08 and 0.34, accounting for −11% and −13% of the total seasonal variability, respectively (Table 3).
However, compared to biological production, the contribution from CaCO3 formation is small. The pH
and Ωarag decrease induced by CaCO3 formation can be completely offset by the biological production
induced pH and Ωarag increase, and thus on the whole, biological processes increase pH and Ωarag from
spring to summer in the JZB (Table 3). Overall, both the qualitative analyses and the 1‐Dmodel indicate that
for the entire study area, air‐sea exchange followed by biological production plays the most important role in
the seasonal variability of pH and Ωarag from spring to summer (Table 3).

3.5. Spatial Difference of Processes Controlling Seasonal Variability of pH and Ωarag

Here we show the spatial difference of controlling processes based on the 1‐Dmodel. Considering the spatial
patterns of relative importance and absolute contribution of each process discussed in the 1‐D model
(Figures 6 and 7 and Figures S2 and S3) are very similar, we just show the spatial patterns of relative impor-
tance in the main text. We find that the contribution of each process to the seasonal variability of pH and
Ωarag shows a large spatial heterogeneity (Figures 6 and 7). In the entire study area, increased temperature
from spring to summer decreases pH (Figure 6a). ΔpHtem ranges from −0.20 to −0.15 (Figure S2) and
%ΔpHtem varies from −37% to −12.5%, with strong temperature influences in the southern part of the study
area (Figure 6a) where there is a rapid warming from spring to summer (Figures 3a and 3b). In contrast, from
spring to summer in the whole study area, air‐sea exchange increases pH. It plays a dominant role in the sea-
sonal variability of pH in shallow nearshore areas with water depths of less than ~10 m, with %ΔpHa‐s of
>40% (Figure 6b), whereas its influence is minor in the central part of the JZB due to deep water depths
of greater than ~10 m (Figure 2). Different from air‐sea exchange, in the central part of the JZB, biological
production plays a dominant role in the seasonal variability of pHwith %ΔpHbio of >25%, while in nearshore
areas, biological respiration/degradation slightly decreases pH (Figure 6d). This model result is consistent
with the incubation experiment result that the excess CO2 especially along the eastern coast of the JZB is
mainly from the aerobic respiration (Han et al., 2017).

Compared to influences from temperature, air‐sea exchange, and biological production/respiration, influ-
ences from mixing between terrestrial inputs and ocean and CaCO3 formation/dissolution are relatively
small.ΔpHmix ranges from−0.07 to−0.03 (Figure S2), and %ΔpHmix varies from−9% to−3%, with relatively
strong influences in the west and northwest of the study area (Figure 6c) possibly due to strong river inputs
in summer (Figures 3c and 3d). CaCO3 formation decreases pH in most part of the JZB especially in the
north and the northwest with %ΔpHcal between−12.5% and−7.5%, and just in a small portion of the eastern
part, CaCO3 dissolution increases pH with %ΔpHcal of ~2.5% (Figure 6e). This result is in good agreement
with that based on an isotopic method (Yang et al., 2018), which again indicates the robustness of the 1‐D
model. Compared to the controlling processes considered in this work, the nonlinear effect of pH is relatively
minor with %ΔpHnon < 9% (Figure 6f).

Different from pH, in the entire study area, increased temperature from spring to summer increases Ωarag

(Figure 7a). ΔΩtem ranges from 0.18 to 0.24 (Figure S3), and %ΔΩtem varies from 6% to 12%, with strong
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temperature influences in the southern part of the study area (Figure 7a) due to a rapid warming from spring
to summer (Figures 3a and 3b). Further, we find, except for the temperature effect or the first temperature
effect, that processes controlling pH and Ωarag are very similar (Figures 6 and 7). For example, in nearshore
areas, air‐sea exchange plays a dominant role in the seasonal variability of Ωarag with %ΔΩa‐s of >40%,
whereas biological production plays a dominant role in the central part with %ΔΩbio of over 40%
(Figure 7). Overall, from spring to summer, increased temperature decreases pH but increases Ωarag in the
entire study area; air‐sea exchange plays a dominant role in the nearshore area, while biological production
plays a dominant role in the central part.

4. Conclusions

Realizing the opposite influence on pH andΩarag by the first temperature effect is important for understand-
ing the controls and dynamics of pH and Ωarag on different time scales. The contrast between the first tem-
perature effects on pH andΩarag is the biggest difference among their controlling processes. It makes the net
temperature effect have aminor influence on pH but a large influence onΩarag, and to some extent decreases
the seasonal amplitude of pH but increases the seasonal amplitude ofΩarag such as in the JZB. Also, it causes
differences in spatial distributions of pH and Ωarag (e.g., latitudinal difference) (Jiang et al., 2019) and even
the unsynchronization of the maximum or minimum of pH and Ωarag in seasonal cycles (e.g., Omar et al.,
2016; Takahashi et al., 2014; Xue et al., 2017).

Both the qualitative analyses and the 1‐D model indicate that in the JZB, from spring to summer, air‐sea
exchange or the second temperature effect dominates the seasonal variability of pH and Ωarag in shallow
nearshore areas, while biological production plays the most important role in the central part of the JZB.
This work would improve the understanding of the natural variability of acidification parameters and their
controlling mechanisms.
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