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A B S T R A C T

Hypoxia and acidification are universal environmental issues in coastal seas, especially in large river dominated
shelves, and the East China Sea shelf is a typical case among them. However, the responses of status of hypoxia
and acidification in coastal seas to the extremes of river discharges are still to be revealed. This study surveyed
the influences of a summer drought on the status of hypoxia and acidification on the inner East China Sea shelf
off the Changjiang estuary. In August of 2023 during a summer drought, carbonate system parameters and
dissolved oxygen (DO) were surveyed on the East China Sea shelf off the Changjiang estuary. As expected,
dissolved inorganic carbon (DIC) removal (up to >40 μmol kg− 1) and DO over-saturation (up to >110 %)
accompanied by high pH (up to >8.15) in the surface water were observed. However, low DO (32–172 μmol
kg− 1), low pH (7.63–8.04) and low saturation state index of aragonite (ΩAr) (1.34–3.06) in the bottom water
were observed. Relationships of Excess DIC with DO consumption, and pH and ΩAr with Excess DIC indicated that
the hypoxia and acidification in the bottom water was due mainly to the remineralization of the marine-sourced
organic matter. Nevertheless, both hypoxia and acidification were mitigated, i.e. the hypoxic area was smaller,
the minimum DO concentration, pH and saturation state index of aragonite were higher in August of 2023 than
under the general summer condition. The lower Changjiang discharge (~60 % of the long-term monthly average)
mitigated eutrophication of the East China Sea shelf and decreased the phytoplankton biomass in the surface
water and subsequently the hypoxia and acidification in the bottom water. However, acidification of the bottom
water on the East China Sea shelf was still severe even during the summer drought. Regulating the anthropogenic
impact on the coastal marginal seas is still urgently needed to mitigate the acidification status.

1. Introduction

Hypoxia and acidification in estuaries and coasts are universal
environmental problems in the recent decades (Caballero-Alfonso et al.,
2015; Feely et al., 2018; Fennel and Testa, 2019; Rabalais et al., 2010;
Zhao et al., 2020). The northern Gulf of Mexico, the East China Sea shelf,
the Pearl River estuary and the Baltic Sea, etc., are well-known cases
(Carstensen et al., 2014; Li et al., 2002; Rabalais et al., 2010; Rabalais
et al., 2002; Wang et al., 2016; Zhao et al., 2020).

In large river estuaries and adjacent coastal areas, eutrophication
due mainly to riverine input, stimulates primary production, and in-
creases the marine sourced organic matter production and subsequently
fuels dissolved oxygen consumption in bottom water (Carstensen et al.,
2014; Rabalais et al., 2010; Zhao et al., 2020). Eutrophication induced

bottom water hypoxia usually companied by enhanced ocean acidifi-
cation (much more severe than the acidification induced by atmospheric
CO2 invasion), such as the northern Gulf Mexico, the East China Sea, the
Puget Sound (an urbanized estuary), the St. Lawrence estuary, and the
coast off Oregon, etc. (Cai et al., 2011; Chou et al., 2013; Feely et al.,
2010; Guo et al., 2021; Grantham et al., 2004; Jiang et al., 2019; Jutras
et al., 2020).

The East China Sea is a typical marginal sea influenced by large river
(the Changjiang). Hypoxia in the bottom water of the East China Sea
shelf was found for the first time in August of 1999 (Li et al., 2002). Since
then, development and maintenance mechanism of hypoxia has become
a research hotspot for more than two decades (Wang et al., 2012; Wang
et al., 2016; Wang et al., 2017; Wang et al., 2021; Wei et al., 2007; Xu
et al., 2020b; Zhang et al., 2016; Zhang et al., 2018, 2019, 2023; Zhou
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et al., 2017; Zhu et al., 2017; Zhu et al., 2023). Usually hypoxic area
covers 5000–20,000 km2 (Li et al., 2002; Wang et al., 2021; Zhou et al.,
2017). Strong organic matter remineralization as a sequence of eutro-
phication and the strong stratification are the important processes pro-
ducing summer bottom water hypoxia (Ni et al., 2016; Wang et al.,
2016; Wang et al., 2017).

In the bottom water of the East China Sea shelf, Cai et al. (2011)
found that the eutrophication induced acidification in the bottom water
of the East China Sea shelf is 0.29 of pH decrease, which is much higher
than the CO2-invation induced acidification (0.11 of pH decrease).
Subsequently, Chou et al. (2013) found that the saturation state index of
aragonite in the bottom water of the East China Sea shelf ranged 1.7–3.2
in the summer of 2009. Xiong et al. (2020) report the saturation state
index of aragonite to be 1.2–1.4 in the hypoxic bottom water in the East
China Sea off the Changjiang estuary in the summer of 2018.

The Changjiang discharge is an important factor regulating the pri-
mary production and the hypoxia status on the East China Sea shelf (Liu
et al., 2015; Zhang et al., 2023). However, the response of field observed
status of acidification to the extremes of the Changjiang discharge has
not been reported.

Average monthly summer discharge from the Changjiang is 2.0×104

to 7.1×104 m3 s− 1, with long-term seasonal average of 4.4×104 m3 s− 1.
However, the lower Changjiang drainage basin was very dry from spring
to summer of 2023, and monthly average freshwater discharge from
June to August ranged 2.6×104 to 3.0×104 m3 s− 1, which were only
~60 % of the long-term monthly average (Fig. S1). How the status of
hypoxia and acidification responses to the summer drought is a common
concern. In this study, based on comparison with August of 2016, we
report the mitigated status of hypoxia and ocean acidification on the
inner East China Sea shelf off the Changjiang estuary in August of 2023
during a summer drought. The major reasons of the mitigated hypoxia
and ocean acidification are also addressed to get a broader implication.

2. Materials and methods

2.1. Study area

The East China Sea is located in the temperate northwestern Pacific
(Fig. 1). It covers a surface area of 1.25 × 106 km2, with >70 % of
continental shelf shallower than 200 m (Wang et al., 2000). The
Changjiang inputs 940 km3 of freshwater (Dai and Trenberth, 2002),
300 × 104 t of N, 8× 104 t of P, and 100 × 104 t of Si into the East China
Sea annually (Gao et al., 2009; Li et al., 2014; Zhang et al., 2007), which
reach maximum in summer.

The East China Sea is connected to the Yellow Sea in the north, with a
line connecting the northern coast of the Changjiang estuary and the
southwestern coast of the Cheju Island separating them (Fig. 1). The
climate of the East China Sea is modulated by the East Asian monsoon,
with strong northeastern monsoon dominating in winter and relatively
weak southwestern monsoon dominating in summer. The Changjiang
plume flows northeastward in summer but southwestward along the
China mainland coastline in winter (Lee and Chao, 2003). On the
northern East China Sea shelf, the Yellow Sea Coastal Current (along the
coast of the Jiangsu Province) flows southward year-round, which
brings coastal Yellow Sea water characterized by high dissolved inor-
ganic carbon to the coastal East China Sea except in summer under the
influence of the strong southwest monsoon (Liu et al., 2021; Yuan et al.,
2017). In the offshore area, the northward flowing Kuroshio follows the
isobaths beyond the shelf break at ~200 m (Lee and Chao, 2003; Liu
et al., 2021). The Kuroshio Current and Changjiang plume mainly
dominate mixing on the East China Sea shelf (Yang et al., 2011).

The sea surface temperature (SST) in the East China Sea is low in
winter and early spring, but high in summer and early fall (Guo et al.,
2015). In addition to the Changjiang input, upwelling of Kuroshio sub-
surface water is also an important nutrient source on the East China Sea
shelf (Chen and Wang, 1999). In general, productivity on the East China

Sea shelf is high (primary production up to >1 g C m− 2 d− 1) during
warm seasons, especially in the Changjiang plume (Gong et al., 2011). In
the Changjiang plume, freshwater discharge and biological productivity
mainly control the surface water CO2 partial pressure (pCO2) and air-sea
CO2 fluxes (Tseng et al., 2014).

In the productive Changjiang plume in summer, strong stratification
occurs with low pCO2 and high dissolved oxygen (DO) in the surface
water, versus high pCO2 and low DO in the subsurface and bottom water
(Chou et al., 2009). Hypoxia occurs in the bottom water in summer (Li
et al., 2002; Wang et al., 2012; Wang et al., 2018;Wei et al., 2007; Zhang
et al., 2018; Zhang et al., 2023; Zhu et al., 2017). Strong remineraliza-
tion of marine-sourced organic matter is the major cause of the summer
bottom water hypoxia (Wang et al., 2017; Wang et al., 2016; Wei et al.,
2007). Hypoxia in the bottom water is accompanied by enhanced
acidification, which is much severe than that induced by the atmo-
spheric CO2 invasion (Cai et al., 2011; Guo et al., 2021).

2.2. Sampling and analysis

Seven cross-shelf transects were visited during August 15–22 of 2023
on board R/V Yanping II. At each station, depth profiles of salinity and
temperature were measured and recorded with a Seabird® SBE 917
Conductivity-Temperature-Depth/pressure (CTD) sensor package.
Discrete water samples were collected at selected depths with 12-L
Niskin bottles mounted on a Rosette sampler. Water samples for dis-
solved oxygen (DO) and carbonate system parameters were collected.
Sub-samples for DO, pH, dissolved inorganic carbon (DIC) and total
alkalinity (TA) were taken with Tygon® tubing free of air bubbles, with
ample sample overflow to minimize contamination from atmospheric
oxygen or CO2. Samples for DO were sampled with 60 mL biological
oxygen demand bottles and fixed with Winkler regents (Carpenter,

Fig. 1. Topographic map of the East China Sea shelf adjacent to the Changjiang
estuary with major surface currents in summer. CDW is Changjiang Diluted
Water; YSCC is Yellow Sea Coastal Current; TWC is Taiwan Warm Current;
TSWC is Tsushima Warm Current. The black dots are the sampling stations and
C1–C7 are the names of the transects. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

S. Lei et al.
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1965). Samples for DIC/pH/TA measurements were taken into 250 mL
borosilicate bottles with grounded stoppers and poisoned with 200 μL of
saturated HgCl2 solution. The pH/DIC/TA samples were stored in dark
at room temperature and returned to the laboratory in Xiamen Univer-
sity for analyses.

All parameters were measured at 25 ◦C. The samples were placed in a
constant-temperature water bath at 25.00 ± 0.01 ◦C for at least 1 h
before measurements. DO samples were measured spectrophotometri-
cally at 466 nm on onboard within 4 h of sampling (Labasque et al.,
2004). pH and DIC were measured simultaneously, and TA values were
measured within two days after the DIC and pH measurements. DIC
values were measured with a DIC Analyzer (Apollo SciTech model AS-
C6L) with a precision of better than ±2 μmol kg− 1. pH values were
measured spectrophotometrically with a home-made automatic system
integrated with an Agilent 8453 spectrophotometer with a precision of
±0.0005 and the measured pH values were in total hydrogen scale at
25 ◦C (Dickson et al., 2007). TA values were determined with a Gran
titration method using an automated alkalinity titrator (Apollo SciTech
model AS-ALK3) with a precision of better than ±2 μmol kg− 1. Both DIC
and TA measurements were calibrated with the certified reference ma-
terial (CRM) provided by Dr. Andrew Dickson of the Scripps Institution
of Oceanography to achieve an accuracy better than ±2 μmol kg− 1.

2.3. Data processing

As pH values were sensitive to temperature, two sets of values were
presented in this study. pH values at 25 ◦C and at in situ temperatures
were indicted by pH25 and pHin-situ, respectively. pH25 were the
measured values, while pHin-situ were calculated with the program
CO2SYS (version 14) (Pierrot et al., 2006) with DIC and TA as input
parameters. The dissolution constants of carbonic acid were from Mill-
ero et al. (2006). The CO2 solubility coefficient was from Weiss (1974)
and sulfate dissociation constant was from Dickson (1990). Saturation
state index of aragonite (ΩAr) was also calculated with the program
CO2SYS (version 14) (Pierrot et al., 2006) and the parameters input and
coefficient selections were the same with the calculations of pHin-situ.

The DIC and pH25 values at CO2 equilibrium with the atmosphere
(DICEqu. and pH25, Equ.) were calculated with TA and atmospheric pCO2
with the program CO2SYS (version 14) (Pierrot et al., 2006), and the
parameters input and coefficient selections were the same with the
calculations of pHin-situ and ΩAr. The measured average atmospheric
pCO2 during the cruise (410 μatm) was taken.

Excess DIC was defined as the difference between the observed DIC
and DICEqu following Xu et al. (2017). Similarly, the pH25 and ΩAr
changes due to organic matter remineralization were defined as the
differences between the observed values and the values at equilibrium

Fig. 2. Temperature, salinity, dissolved oxygen (DO), DO consumption, total alkalinity (TA), dissolved inorganic carbon (DIC), pH at 25 ◦C (pH25), pH at in situ
temperature (pHin-situ) and saturation state index of aragonite (ΩAr) in the surface water of the East China Sea shelf in August of 2023. The black dotes are the
sampling stations.

S. Lei et al.
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with the atmosphere (Guo et al., 2023). DO consumption is defined as
the difference between the saturated DO and the observed DO, the
former of which was calculated according to the empirical formula of
Benson and Krause (1984).

The satellite chlorophyll data were retrieved from the MODIS
(Moderate Resolution Imaging Spectroradiometer) onboard the NASA
Aqua satellite. Level-3 standard mapped image of 4 km resolution
chlorophyll in August of 2023, and 2009, 2013 and 2016 (as references)
were obtained from the Asia-Pacific Data Research Center (http://apdrc.
soest.hawaii.edu:80/dods/public_data/satellite_product/MODIS_Aqua/
chla_mapped_mon_4km).

3. Results

3.1. Hydrological settings

Surface water temperature ranged 27.0–30.6 ◦C (29.2 ± 0.7 ◦C), and
the spatial distribution was patchy (Fig. 2A). Low temperature was at
the southwestern corner of the study area, and high temperature was at
the Changjiang estuary mouth and the center of the study area. Surface
water salinity ranged 20.4–33.9 (30.7 ± 3.0), with low values at the
inshore zone and increased offshore (Fig. 2B).

In the bottom water, temperature ranged 19.0–28.4 ◦C (21.9 ±

2.3 ◦C), with highest temperatures located at the inshore zone and low
temperatures at the southeastern zone (Fig. 3A). This was mainly
attributed to the influence of the high-temperature river water. Salinity
ranged 20.9–34.5 (33.1 ± 2.4). Low salinities were observed in the
inshore and the northern zones which were attributed to the river water
dilution and the influence of the Yellow Sea water. High salinities were
observed in the open East China Sea (Fig. 3B).

3.2. Spatial distributions of DO and carbonate parameters

3.2.1. Surface water
In the surface water, DO ranged 87.3–234.5 μmol kg− 1 (39.1 %–

116.6 %). Low DO was near the Changjiang estuary and the north-
western corner of the study area (Fig. 2C). Spatial distribution of DO
consumption was opposite to that of DO, and DO consumption ranged
− 32.2 to 116.3 μmol kg− 1. There was DO production (negative DO
consumption values) in the southeastern zone. However, in the inshore
zone and the northwestern corner of the study area, there was high DO
consumption (>100 μmol kg− 1) (Fig. 2D).

Generally, the spatial distribution pattern of TA followed that of
salinity, i.e. lowest TA (<2100 μmol kg− 1) was in the inshore zone, and
high values (>2250 μmol kg− 1) were in the open East China Sea
(Fig. 2E). Different from the TA distribution pattern, spatial distribution
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Fig. 3. Temperature, salinity, dissolved oxygen (DO), DO consumption, total alkalinity (TA), dissolved inorganic carbon (DIC), pH at 25 ◦C (pH25), pH at in situ
temperature (pHin-situ) and saturation state index of aragonite (ΩAr) in the bottom water of the East China Sea shelf in August of 2023. The black dotes are the
sampling stations. The area enclosed by magenta curve is the hypoxic zone. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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of DIC was patchy. There were two patches of highest DIC (>2050 μmol
kg− 1) near the Changjiang estuary. However, DIC in the southwestern
zone was lowest (<1950 μmol kg− 1) although salinity was high (Fig. 2F).

Spatial distributions of pH were also patchy and generally opposite
to that of DIC. pH25 and pHin-situ range were 7.80–8.17 and 7.79–8.13,
respectively (Fig. 2G and H). The pHin-situ values were lower than pH25
due to the fact that pHin-situ decreases with temperature. As temperature
in the entire study area was higher than 25 ◦C, pHin-situ was lower than
pH25. High pH values were in the southeastern zone where DIC was low;
lowest pH values were in the inshore zone and the high-DIC patches
(Fig. 2G and H). ΩAr ranged 1.89–4.05, and the distribution pattern was
similar to those of pH, i.e. with lowest values in the inshore zone and the
high-DIC patches and high values in the southeastern zone (Fig. 2I).

3.2.2. Bottom water
In the bottom water, DO ranged 32.0–171.6 μmol kg− 1 (14 %–80 %).

There was two patches of low DO in the inshore zone. If DO <63 μmol
kg− 1 (2 mg L− 1) is defined as hypoxia, only the northwestern corner and
a station in the C4 section was hypoxic (5 stations totally, enclosed by
the magenta curves in Fig. 3C). The area of the hypoxic zone was ~2000
km2. DO consumption ranged 41.8–189.8 μmol kg− 1 and its spatial
distribution pattern was opposite to that of DO (Fig. 3D).

Spatial distribution of TA was also similar to that of salinity, i.e. low
TA values (<2100 μmol kg− 1) at the Changjiang estuary and high TA
values (>2250 μmol kg− 1) in the open East China Sea (Fig. 3E). DIC
distribution in bottom water was patchy, and there were two high-DIC
patches (>2130 μmol kg− 1) off the Changjiang estuary. However, DIC
in the inshore low-salinity zone was low, which might be influenced by
the Changjiang freshwater input (Fig. 3F). Spatial distributions of both
pH25 and pHin-situ were opposite to that of DIC. pH25 and pHin-situ ranged
7.63–8.04 and 7.66–8.00, respectively (Fig. 3G and H). ΩAr ranged
1.34–3.06, and the spatial distribution pattern was similar to that of pH,
and opposite to that of DIC (Fig. 3I). The spatial distribution of DIC was
opposite to that of DO, and the spatial distribution pattern of pH was
similar to that of DO, suggesting the domination of strong reminerali-
zation of organic matter.

4. Discussion

4.1. DIC consumption in surface water and addition in bottom water

Surface water of the southeastern zone was characterized by low
DIC, high pH, high ΩAr and high DO and negative DO consumption (DO
production), which suggests net biological uptake of DIC and production
of DO. Conversely, the surface water off the Changjiang estuary and the
northwestern zone was characterized by high DIC, low pH, low ΩAr, low
DO and conspicuous DO consumption, which might be influenced by the
upwelled bottom water as shown by the vertical distributions (Fig. S2).
The high DIC, low pH and low DO in the inshore surface water were also
observed in August of 2016 (Guo et al., 2021), which suggest that this
phenomenon might be common in summer.

Comparison of the observed DIC and DO with the DICEqu. and DO
saturation showed that DIC was lower than the DICEqu (Fig. 4A)., while
DO was higher than the DO saturation (Fig. 4B) in the surface water of
the southeastern zone. Average DIC removal was 8.9 ± 20.4 μmol kg− 1,
and average DO production was 13.1± 10.2 μmol kg− 1. However, in the
surface water of the northwestern zone, DIC was higher than the DICEqu
(Fig. 4A) and DO was lower than DO saturation (Fig. 4B).

In the bottom water, DIC in the entire study area was higher than the
DICEqu. (Fig. 4C), while DO was lower than the DO saturation (Fig. 4D).
The average DIC addition and DO consumption were 84.1 ± 24.3 μmol
kg− 1 and 100.8 ± 33.6 μmol kg− 1, respectively. The ratio of DIC addi-
tion to DO consumption was 0.77, which was the same with the Redfield
ratio (Redfield et al., 1963). This suggests that the DIC addition and the
DO consumption was mainly attributed to the remineralization of
eutrophication induced marine-sourced organic matter (Wang et al.,
2017; Wang et al., 2020).

Compared with previous observations, the DIC removal (8.9 ± 20.4
μmol kg− 1) in the surface water in August of 2023 was much lower than
that in August of 2009 and 2013 (88 μmol kg− 1) (Wang et al., 2017), and
August of 2016 (90 μmol kg− 1) (Yao, 2019).

The nutrients input fluxes from the Changjiang was dominated by
river discharge (Gao et al., 2012; Wang et al., 2019). Model results
suggest that chlorophyll concentration on the East China Sea shelf off
the Changjiang estuary was dominated by the Changjiang nutrient
supply (Xu et al., 2020a). Liu et al. (2015) also report the relationship

Fig. 4. Relationship of observed DIC (DICobs.) and DIC at equilibrium with the atmosphere (DICequ.), and observed DO with the DO saturation in surface and bottom
waters. The dashed lines are the 1:1 lines.

S. Lei et al.
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between the primary production and the Changjiang nutrient discharge.
This is consistent with the field observations. Gong et al. (2011) found
that the Changjiang flood is the major regulator of the phytoplankton
biomass on the East China Sea shelf. Therefore, the low freshwater
discharge from the Changjiang in the summer of 2023 would result in
low phytoplankton biomass. In fact, the satellite derived chlorophyll
concentration in the surveyed area (29.25–32.5 N, 122–124.25◦E) in
August of 2023 (2.26 μg L− 1) were much lower than those in August of
2009 (4.48 μg L− 1), 2013 (3.51 μg L− 1) and 2016 (3.74 μg L− 1) (Fig. 5) or
the monthly average from 2004 to 2022 (3.79 μg L− 1).

As a consequence of the low phytoplankton biomass in the surface
water, the amount of the settling and the subsequent remineralization of
the marine-sourced organic matter would be also lower. Chen et al.
(2009) reported the domination of the Changjiang discharge on the
community respiration on the East China Sea shelf. Liu et al. (2015) also
report the Changjiang discharge dominating the seafloor DO demand.
The field measured DIC addition in the bottom water in August of 2023
(84.1 ± 24.3 μmol kg− 1) was much lower than that in August of 2016
(145 μmol kg− 1). The lowered amount of the organic matter reminer-
alization in August of 2023 mitigated the status of hypoxia and ocean
acidification, which will be discussed in the next section.

4.2. Mitigation of hypoxia and acidification in the bottom water impacted
by the summer drought

In August of 2023, average DO in the bottom water was 112.4 ±

31.1 μmol kg− 1, and the lowest DO was 32.0 μmol kg− 1. The lowest DO
was slightly higher than or similar to those in other summer after 2000
(Wang et al., 2021; Zhu et al., 2017), and much higher than that in
August of 2016 (3.3 μmol kg− 1) (Table 1, Guo et al., 2021). The hypoxic
area off the Changjiang estuary usually ranges from >5000 to 20,000
km2 after the year 2000 (Wang et al., 2021; Zhu et al., 2017). Hypoxic

area in August of 2016 was ~11,000 km2 (Table 1; Yao, 2019). How-
ever, the hypoxic area in August of 2023 was only ~2000 km2.
Compared to the literature reports, the hypoxic area in August of 2023
was much smaller, and the minimum DO concentration was higher than
other summer.

Excess DIC increases with DO consumption (Fig. 6A), and the ratio of
DIC addition to DO consumption was 0.77 as stated above. This ratio is
very consistent with that in August of 2016 (0.75) (Guo et al., 2021).
Additionally, pH25 decrease with Excess DIC (Fig. 6B). Similar to pH, ΩAr
also decreases with Excess DIC, which was due to the fact that ΩAr was
dominated by pH (Zeebe and Wolf-Gladrow, 2003). ΔpH25 and ΔΩAr
also decreased with the Excess DIC linearly (Fig. 6C), suggesting the
domination of the organic matter remineralization influence (Fig. 6D
and E). ΔpH25 and ΔΩAr ranged − 0.05 to − 0.38 and − 0.28 to − 1.53,
respectively. Averaged the entire study area, pH25 and ΩAr decreases
were 0.179 ± 0.061 and 0.82 ± 0.23, respectively, in the bottom water
in August of 2023 (Table 1).

Fig. 5. Spatial distribution of monthly average satellite derived chlorophyll concentration in August of 2023 (A), and August of 2009 (B), 2013 (C) and 2016 (D) on
the East China Sea shelf. The data are MODIS-Aqua level-3 standard mapped image of 4 km chlorophyll concentration, which were obtained from the Asia-Pacific
Data Research Center (http://apdrc.soest.hawaii.edu:80/dods/public_data/satellite_product/MODIS_Aqua/chla_mapped_mon_4km). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of bottom hypoxia and acidification in August of 2023 with 2016.

Parameter August 2023 August of 2016a

Average DO (μmol kg− 1) 112.4 ± 31.1 85.5 ± 38.9
Minimum DO (μmol kg− 1) 32.0 3.3
DO consumption (μmol kg− 1) 108.8 ± 33.6 138.8 ± 39.9
Hypoxic area (km2) 2000 11,000
pH25 7.814 ± 0.069 7.801 ± 0.084
Minimum pH25 7.629 7.601
ΩAr 2.03 ± 0.28 1.98 ± 0.34
Minimum ΩAr 1.34 1.27
pH decrease 0.179 ± 0.061 0.205 ± 0.086
ΩAr decrease 0.82 ± 0.23 0.87 ± 0.32

a From Guo et al. (2021).

S. Lei et al.
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pH25 range of the bottomwater of August of 2023 was 7.814± 0.069
and the minimum value was 7.629. Both the average and the minimum
values were higher than those of 2016 (Table 1). The average and
minimum ΩAr values in the bottom water of August of 2023 were 2.03±

0.28 and 1.34, respectively, which were also higher than those in 2016
(Table 1). The largest pH25 and ΩAr decrease in the bottom water of
August of 2023 were 0.38 and 1.53, respectively, and they were located
in the northwestern zone (the hypoxic zone). The ΩAr in the hypoxic
zone in August of 2023 were 1.34–1.68, which were higher than in
August of 2016 (1.31–1.60, Guo et al., 2021) and 2017 (1.21–1.29,
Xiong et al., 2020). That is to say, as a consequence of the decreased
organic matter remineralization, acidification in August of 2023 also
mitigated.

Additionally, weakened water stratification on the shelf due to the
decreased freshwater discharge might also play a role in mitigating
bottom water hypoxia and acidification (Zhao et al., 2020). On the East
China Sea shelf, the Changjiang plume played a significant role in con-
trolling the stratification (Zhang et al., 2019). Decreasing river discharge
reduces the water stratification and thereby increases the vertical oxy-
gen supply from the surface water (Zheng et al., 2016). Continuous
monitoring shows that the DO variation in the bottom water is closely
related to that of water stratification (Ni et al., 2016). Model results
show that the bottom DO response to the stratification at only 6–50 h
(Zhang et al., 2018). Therefore, decreased freshwater discharge in the
summer of 2023 might weaken the water stratification, which might
also mitigate hypoxia and acidification of the bottom water.

To sum up, DO, pH and ΩAr values in the bottom water increased,
and hypoxic area shrunk as a result of lowered remineralization of

organic matter in August of 2023 compared to the previous summer. The
drought in the summer of 2023 decreased the organic carbon production
in the surface water and subsequently the remineralization in the bottom
water and sediment on the East China Sea shelf. The lower organic
matter remineralization mitigated hypoxia and acidification. The
weakened water stratification as a result of the decreased freshwater
discharge might also play a role. These processes can be represented by
the schematic diagram of Fig. 7.

Although hypoxia and acidification in August of 2023 was mitigated
compared to the other summer conditions, pH25 and ΩAr decrease were
still conspicuous. The lowest pH25 and ΩAr were 7.63 and 1.34,
respectively. ΩAr value of 1.5 was regarded as a critical threshold for
marine shellfish development (Ekstrom et al., 2015; Waldbusser et al.,
2015). Although acidification in August of 2023 was mitigated, the ΩAr
values in the hypoxic zone were still below the threshold value of 1.5.
Regulating the anthropogenic influence on the river water quality and
the marginal seas are still urgently needed to mitigate the acidification
status.

5. Concluding remarks

This study reports a field observed mitigation of hypoxia and acidi-
fication in a dry summer on the East China Sea shelf, a well-known
summer hypoxic zone. The freshwater discharge from the Changjiang
in the three months in the summer of 2023 was only ~60 % of the long-
term monthly average. As a consequence, chlorophyll concentration on
the East China Sea shelf was conspicuously lowered (2.26 μg L− 1 in
August of 2023 as compared to 3.79 μg L− 1, the monthly average from

Fig. 6. Relationship of excess DIC with DO consumption (A), and pH at 25 ◦C (pH 25, B), ΩAr (C), pH25 change (ΔpH25, D) and ΩAr change (ΔΩAr, E) resulted from
organic matter remineralization with excess DIC in the bottom water. Dashed line in panel C shows ΩAr = 1.
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2004 to 2022). Filed observations found that DO consumption and the
DIC addition in the bottom water were decreased due to the lowered
remineralization of organic matter and weakened stratification. Conse-
quently, hypoxia and acidification in the bottom water were mitigated.
This suggests that decrease in river discharge may mitigate hypoxia and
acidification in the adjacent coastal waters. However, as a large river,
the influence of the Changjiang on the acidification of the bottom water
on the East China Sea shelf is still very severe even during a drought.
Regulating the anthropogenic impact on the river water quality and
subsequently the coastal marginal seas are still urgently needed to
mitigate the acidification status.
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