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Abstract The frequency of riverine floods is predicted to increase in East Asia. However, the response of
coastal hypoxia (<63 pmol L) to floods has not been well understood. In the summer of 2020, characterized
by one of the most significant Changjiang water fluxes in three decades, we conducted a cruise during the flood
period on the East China Sea inner shelf. Our observations revealed severe bottom hypoxia with a maximum
spatial coverage of ~11,600 km? and a minimum dissolved oxygen concentration (DO) of 21 pmol L™". In the
surface layer, the relationships between salinity and nitrate, dissolved inorganic carbon (DIC) indicated
significant organic matter production, validated by a high-Chlorophyll-a (Chl a) patch (>5 pg L™).
Furthermore, the significant relationship between apparent oxygen utilization and DIC of deep waters reveals
that the organic matter decomposition primarily drove the hypoxia during the flood period. Episodic wind
events also influenced bottom DO and DIC, by transporting surface waters to the deep. Multiple-years data set
shows that the average Changjiang nitrate flux during flood years is about 1.4 times that during non-flood years.
The flood waters mix with estuarine waters, forming the high-nutrient plume waters, which expanded farther
offshore during the flood period. While high turbidity remained confined to the inner estuary. Consequently, the
high-Chl a area significantly expanded, which significantly exacerbated the hypoxia.

Plain Language Summary Coastal waters are severely threatened by hypoxia, which impacts the
growth, reproduction, and migration of marine organisms. Nutrient inputs from river basins are one of the major
controlling factors of hypoxia in coastal oceans. The frequency and intensity of floods in river basins are
projected to increase in the context of global warming in East Asia. However, the relationship between floods
and coastal hypoxia is not well documented. The year 2020 witnessed lots of riverine flood events across Asian
countries, which provided us with an excellent opportunity to reveal the influences of flood on hypoxia
development on the shelf. In 2020, the August nitrate flux of Changjiang was 1.5 times higher compared to that
in non-flood years. We observed maximum hypoxic waters covering 11,600 km?® with a minimum DO of

21 pmol L™" on the East China Sea inner shelf. Historical data showed that the floods led to the expansion of the
high-nutrient plume area, resulting in high biological production in the plume, and a nearly doubling of the
hypoxia extent in the bottom waters. With the growing risk of intensive floods, hypoxia is likely to aggravate in
coastal waters.

1. Introduction

Dissolved oxygen (DO) concentrations have been declining globally in the open ocean and coastal waters in the
past several decades (Breitburg et al., 2018; Ito et al., 2017). Coastal hypoxia (<63 pmol L™") was observed in
hundreds of sites worldwide. It affects the growth, reproduction, and migration of eukaryotes (Rabalais
et al., 2003), particularly that comprising the benthos, leading to a loss of biodiversity, biomass, and the ability to
support ecosystem services in estuarine and shelf systems from both social and economic aspects (Diaz &
Rosenberg, 1995; Vaquer-Sunyer & Duarte, 2008). Additionally, it contributes to phosphate and iron release
(Elrod et al., 2004; Ingall & Jahnke, 1994) and the accumulation of greenhouse gases, including methane, nitrous
oxide, and carbon dioxide (D. W. Li et al., 2019; Nagqvi et al., 2010).
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Coastal hypoxia develops due to the complex interaction of factors, such as anthropogenic nutrient input from
rivers and watersheds, water column stratification, and water and sediment respiration in estuaries and shelf
waters (Dai et al., 2023; Fennel & Testa, 2019; Pitcher et al., 2021; Rabalais et al., 2003; Scully, 2010; B. Wang
et al., 2017). In general, a necessary condition for the development of coastal hypoxia is enough organic matter
that consumes DO in both the water column and sediment. Hypoxia develops if the oxygen consumption rate
exceeds the oxygen supply from the atmosphere, nearby waters, and photosynthesizing organisms. Besides the
anthropogenic nutrient input, global warming significantly affects coastal hypoxia by enhancing stratification and
reducing oxygen solubility (Feng et al., 2012; Meier et al., 2011; Murphy et al., 2011; Scully, 2010).

An increase in flood frequency with uneven regional distributions was predicted to occur due to global warming in
East Asia (Hirabayashi et al., 2013; S. Zhang et al., 2022). Floods also significantly influence coastal systems by
loading extreme freshwater flux and large amounts of terrestrial matter. The outflow of fresh water mixes with
estuarine water, typically forming a river plume, especially for large rivers (Gan et al., 2009; H. Wu et al., 2011).
The dynamics of large river plumes are important for coastal biogeochemical processes (Cao et al., 2011; Gong
et al., 2011). In 1993, the Mississippi River flood significantly increased nutrient concentrations, biomass, and
stratification strength over the Gulf of Mexico shelf, expanding the hypoxic area (Rabalais et al., 1998). The
complex interplay between hydrographic and biogeochemical processes triggered by floods likely enhanced
hypoxia in the northern Gulf of Mexico (Rabalais et al., 1998). However, whether this mechanism can also be
applied to other coastal systems remains unclear, and challenging to determine.

Over the past two decades, the East China Sea shelf has experienced severe hypoxia events, with an even larger
hypoxic volume than that in the Gulf of Mexico (Fennel & Testa, 2019; Pitcher et al., 2021; B. Wang et al., 2017;
Q. X. Wei et al.,, 2017; W. X. Zhang et al., 2022). Flooding promotes biomass accumulation over the broad East
China Sea shelf (Gong et al., 2011). However, on the inner shelf, the tremendous sediment load during flooding
potentially inhibited organic matter production (Ning et al., 1988). Thus, whether hypoxia is exacerbated on the
inner shelf during flood periods is unknown. In addition, the Kuroshio waters feed into the bottom waters of the
Changjiang Estuary (Hsueh et al., 1992; Zhou et al., 2015), creating a much shorter bottom water residence time
than that in the Gulf of Mexico (Fennel & Testa, 2019; Rabouille et al., 2008). The dynamic and complex in-
teractions of these factors make the East China Sea inner shelf an interesting setting for documenting and
examining the effects of floods on hypoxia.

In 2020, a historical riverine flood event occurred in the Changjiang catchment of China. We conducted a cruise in
the late summer of 2020, to investigate the influence of this historical flooding event on hypoxia on the East China
Sea inner shelf. Additionally, the synthesis of biogeochemical data during the flood and non-flood periods was
examined to validate the role of flooding in hypoxia development on the shelf.

2. Method
2.1. Samplings and Data Analysis

We conducted a cruise onboard R/V Runjiang I, from 17 to 30 August 2020. Six cross-shelf sections on the East
China Sea inner shelf were surveyed from 17 to 22 August (Leg 1, Figure 1a). 18 stations were revisited from 28
to 30 August in the aftermath of Typhoon Bavi (Leg 2, Figure 1a). Heavy rainfall occurred in the Changjiang
Basin of China from June to July 2020 (Figure 1b), resulting in an extreme monthly average Changjiang water
flux in July, which was ~1.5 the average flux that had occurred over the past two decades (Figures 1c and 1d).

Water samples were collected using Niskin bottles mounted on a Rosette sampling assembly equipped with a
conductivity-temperature-depth recorder (Sea-Bird SBE911). The DO samples were measured using Winkler's
method. Subsamples of dissolved inorganic carbon (DIC) were transferred to 350 mL borosilicate bottles and
treated with 0.1 mL HgCl, for storage. The DIC was measured in triplicate using an Apollo Sci-Tec AS-C3 (LI-
COR 7000) (Cai et al., 2004; Huang et al., 2012). The precisions of DIC analyses were +2 pmol kg™". Certified
Reference Materials (CRM) from A. G. Dickson were used for calibration.

Chlorophyll a (Chl a) and particulate organic carbon (POC) samples were filtered using Whatman GF/F fiber
filters (0.7 pm) and stored at —20°C. Dissolved inorganic nutrient samples were filtered using 0.45 pm cellulose
acetate filters and frozen to be stored for laboratory analyses. Chl a was extracted from the samples with 10 mL of
90% acetone and measured using a Trilogy Laboratory Fluorometer (Turner Designs). To assess POC, samples
were dried and weighed to measure total sediment matter (TSM). They were then treated with 2 N HCI to remove
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Figure 1. Sampling site of the study and hydrological background of the cruise. (a) Sampling sites of Leg 1 and Leg 2. The
trajectory of Typhoon Bavi (2020) was also denoted. (b) Accumulated rainfall (mm) from 1 June to 20 July over East Asia
and the Western Pacific Ocean. (c) Monthly Changjiang water flux (m® s™') from 1998 to 2020. (d) Average monthly
Changjiang water flux (m> s™"). The river flux data were obtained from the Changjiang Maritime Safety Administration
(https://cj.msa.gov.cn/).

the particulate inorganic carbon. POC concentrations were determined using an elemental analyzer (Elementa,
Germany). The concentrations of nitrate and phosphate were measured with an Auto Discrete Chemical Analyzer
(Smartchem 600, AMS Alliance, Italy) in the laboratory using colorimetric methods, as described by Grasshoff
et al. (2009).

The apparent oxygen utilization (AOU) was calculated as the difference between the saturated and measured
oxygen. The accumulated precipitation data were obtained from the climate prediction center merged analysis of
precipitation.

The flood period in this study is defined as the period of the flood event, characterized by the Changjiang water
gauge attaining a height of 14.4 m (measured at the Datong hydrological station), per the flood numbering criteria
(Ministry of Water Resources of China, 2019). This gauge corresponds to a water flux of about 63,000 m’ s~ at
the Datong hydrological station. Consequently, within the context of this study, the category “flood year” denotes
ayear featuring at least one such flood event. It should be noted that the effects of flood waters on biogeochemical
cycles in the Changjiang Estuary last for weeks to months after the discharge.

The hypoxia area denotes the spatial coverage of waters with DO less than 63 pmol L™'. The DO data were
processed using the Kriging interpolation method. And hypoxia area was estimated with Surfer (Golden Soft-
ware). Temporal fluctuations in the hypoxia area within the Changjiang Estuary were observed throughout the
year. For our study, which centers on assessing hypoxia severity in the Changjiang Estuary during a specific year,
the maximum observed hypoxia area among different cruises or legs is considered representative of that year's
hypoxia extent. The upper boundary depth of hypoxic waters was calculated using linear interpolation. The
thickness of hypoxic waters is the difference between the upper boundary depth and station depth. The volume of
hypoxic water was obtained by multiplying the hypoxia area by its thickness.

Hypoxia data from multiple years were obtained from our field observations, open data banks, and publications.
These are listed in Table 1. The river flux data are obtained from the Changjiang Maritime Safety Administration
(https://cj.msa.gov.cn/). The spatial probabilities of hypoxia and high-Chl a (>5 pg L™") plume waters were
determined by calculating the ratio of total event occurrences to the total number of years within a specific zone.
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Table 1
List of Data Sources

Parameters Method Sampling date (Year/Month) Category Data source
DO Winkler method 1998/08 Flood year B. D. Wang (2009)
DO Seabird CTD 1999/08 Flood year D. J. Li et al. (2002)
DO YSI 6600 2003/09 Non-flood year H. Wei et al. (2007)
DO Winkler method 2006/08 Non-flood year Zhu et al. (2011)

DO Seabird CTD 2008/08, 2009/08 Non-flood year Liu et al. (2012)

DO Seabird CTD 2011/08, 2013/08, 2014/08, 2017/08 Non-flood year Yang et al. (2023)
DO Winkler method 2016/07 Flood year Ge et al. (2021)

DO Winkler method 2016/08 Flood year J. F. Chen et al. (2020)
DO Winkler method 2020/08 Flood year This study

Chl a Chl a fluorometer 1998/07 Flood year Gong et al. (2006)
Chl a Chl a fluorometer 2003/08 Non-flood year Gong et al. (2006)
Chl a Chl a fluorometer 2004/07 Non-flood year Gong et al. (2006)
Chl a Chl a fluorometer 2006/07 Non-flood year K. Wang et al. (2014)
Chl a Chl a fluorometer 2011/07 Non-flood year Tseng et al. (2013)
Chl a Chl a fluorometer 2013-2015 July, 2017-2018 July Non-flood year W. Q. Li (2022)

Chl a Chl a fluorometer 2016/07 Flood year Ge et al. (2021)

Chl a, Chl a fluorometer 2020/08 Flood year This study

This calculation was performed at a resolution of 0.2° X 0.2° to provide detailed spatial insights into the dis-
tribution of hypoxia and high-Chl a plume events.

Previous research usually used a salinity criterion of 31 when assessing the coverage of the Changjiang plume. It
is the accumulation and falling of organic matter that contributes to hypoxia. And Chl a peaked at a salinity of
approximately 24 (W. Q. Li et al., 2021). Thus, in this study, we use isohaline of 24 to compare the extension of
plume waters. A quantification of high-Chl a plume area was defined as the waters with Chl a larger than
5ug L7

2.2. End-Member Analysis

To obtain the DIC and DO changes due to biological factors in deep waters (deeper than 20 m), we removed the
influence of water parcel mixing using a simple end-member mixing model (B. Wang et al., 2017; H. J. Wang
et al., 2016). The end-member mixing model was constructed based on the formulas as follows:

fith+f=1 (1
O1h+60:h+0sf,=0 2
sihtsh+sf=9S 3)

where f|, f,, and f; are the fractions of the three end-members, respectively; 6,, 6,, and 05 are the potential
temperature of the three end-members, respectively; s, s,, and s5 are the salinity of the end-members, respec-
tively; € and S are the potential temperature and salinity of the samples, respectively.

The nutrient concentration due to the conservative mixing of the three end-members (V,,;,) and the biological part
(Npio) can be calculated as follows:

lei+N2fé+N3fZ‘%=Nmix (4)

Nyio = N=Npix Q)
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) ' UL where N;, N,, and N; are the nutrient concentrations of the three end-

307 Offshore Surface !V%tef members, respectively. N is the concentration of the specific water sample.
287 Changjiang Plume @ ~ i = l.- The estuarine waters are the mixing products of three major water masses:
© e " I Changjiang Plume Water, warm and saline Offshore Surface Water, and cold
E 261 3 N ' Offshore Deep Water, as indicated by the potential temperature-salinity (7-S)
% \\ l:l b plot (Figure 2). The end-members had also been previously described (B.

g 24 - \: - . Wang et al., 2017; K. Wang et al., 2014).
.y

EJ 22 ‘#.1 The end-member values are shown in Table 2. The end-member values were
;‘_—3 -\\:.l’ 1 obtained by averaging the corresponding water samples. In our model, the
S 20+ \ Changjiang Plume Water is characterized by heavily reduced DIC, while
E Offshore Deep Water \t moderately supersaturated oxygen, a condition that is mediated by air-sea
18 1 7] exchange and biological activity (Table 2) (Zhai et al., 2013). We first esti-
®  Deep waters (depth>20m) U mated the water parcel fractions of a water sample. The influence of physical
L : 1'0 1'5 ' 2'0 " 2'5 j 3'0 ) 35 mixing was removed by subtracting the estimated conservative mixing value
Salinity from the observed value (B. Wang et al., 2017). The outcome denotes the part

that results from biological processes. Solar heating will influence sea surface
temperature, which produces uncertainties in model results. Thus, we only ran

Figure 2. Potential temperature-salinity relationship in the inner shelf in

2020. The end-members are shown with red dots.

the model for waters deeper than 20 m, well below the thermocline.

3. Results
3.1. Distributions of Surface and Bottom Parameters

In 2020, our cruise revealed extended river plume waters on the East China Sea inner shelf during Leg 1 with high
surface nitrate and Chl a concentration (maximum of 29.62 pg L") (Figures 3a, 3c, and 3d). The hypoxia area
(<63 pmol L™ and low bottom DO (<90 pmol LY area covered ~2,400 and ~20,300 km?, respectively
(Figure 3i).

Approximately a week later in Leg 2 (28-30 August), we observed more severe hypoxia, covering an area of
~11,600 km?, with a minimum DO of 21 pmol L™" (Figure 3m). Moreover, the eastern edge of the hypoxic waters
extended eastward to 123.6°E, which was less reported before (W. X. Zhang et al., 2019). The DO in hypoxic
waters decreased from 67 to 42 pmol L™" within ~10 days, which corresponds to an oxygen decrease rate of
2.5 pmol L~'d™", which represented the net competing balance of biological oxygen consumption and physical

oxygen supply.

In Leg 2, bottom water DIC did not increase compared with that in Leg 1 in hypoxic waters (Figures 3j and 3n).
The maximum bottom water DIC was 2,163 pmol kg™ in Leg 2 (123.1997°E, 30.9553°N, Figure 3n), which was
only close to that in Leg 1 (2,164 pmol kg™, Figure 3j). The maximum bottom phosphate in Leg 2 decreased from
1.23 to 0.85 pmol L™" in Leg 1 (Figures 31 and 3p).

3.2. Vertical Distributions of Hydrological and Biogeochemical Parameters

Distributions of salinity, temperature, and density all show strong vertical differences from surface to bottom
(Figure 4). In Leg 1, the bottom waters in transect B were cold (<19°C) and high in salinity (>34, Figures 4j and
4k). While they were warmer (>20°C) and mild in salinity (<33.5) in transect J (Figures 4b and 4c¢). In Leg 2, the
bottom salinity decreased and temperature increased when compared with that in Leg 1 (Figures 4f, 4g, 4n,
and 40).

Table 2

The End-Member Values of Water Parcels

End-member Temperature (°C) Salinity (PSU) Phosphate (umol L") Nitrate (umol L™") DIC (umol kg™ DO (pmol kg™
Changjiang Plume Water 27.68 + 1.57 23.88 + 4.90 0.05 + 0.16 15.17 + 8.94 1812 + 135 290 + 62
Offshore Surface Water 29.32 + 0.56 3323 +0.48 0.13 + 0.03 0.48 + 0.19 1,960 + 28 21249
Offshore Deep Water 18.87 + 0.36 34.46 + 0.01 0.70 + 0.03 9.60 + 0.05 2,002 + 4 143 £ 6
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Figure 3. Surface and bottom distributions of parameters in 2020. Surface distributions in Leg 1 and Leg 2 are shown in panels (a—h). Panels (i-p) show bottom
distributions. In panels (i and m), the covered red and dashed lines denote the 63 and 96 pmol L™" contour lines, respectively. The black and orange lines mark transects J

and B in Figure 4, respectively.

Hypoxic waters with high DIC were observed from a depth of approximately 20 m to the bottom in transect J
(Figures 5a, 5b, 51, and 5j). Surface DO in both transects decreased from Leg 1 to Leg 2. The DO of waters at 20 m
in transect B was similar between Leg 1 and Leg 2. While they decrease by about 30 pmol L™! from 30 m to the
bottom (Figures 5i and 5m). The average DIC (30 m to bottom) in transect B in Leg 1 and Leg 2 were 2,154 and
2,135 pmol kg~!, respectively. The average phosphate (30 m to bottom) in transect B also decreased by
0.43 pmol L™ from Leg 1 to Leg 2 (Figures 51 and 5p).

4. Discussion
4.1. Extended Flood Plume Waters With High Biological Carbon Production in 2020

The Changjiang River outflow mixes with the estuarine waters, forming the expansive Changjiang plume waters,
which extend hundreds of kilometers offshore (Gong et al., 2011). Consequently, the high nutrient load carried by
the Changjiang facilitates elevated primary production over a broad coverage, especially in 2020. The August
nitrate flux of Changjiang is 1.5 times that of non-flood year (Sun et al., 2023). In August 2020, high nitrate and
high-Chl a (>5 pg L™") patch was observed in the surface low-salinity plume waters (Figures 3a and 3d). We
observed Chl a of 29.62 pg L™" and POC of 868 pg L' within the high-Chl a patch (Table 3), indicating sig-
nificant organic matter production during the flood. Such high POC was almost twice that observed by Hung
et al. (2013) in the Changjiang plume waters. Flooding has also been frequently observed to increase biological
carbon production in other river-dominated shelf waters (Ye et al., 2017).

Strong biological productions were also inferred from the relationships between salinity and nutrient, DIC
(Figures 6a and 6b). Mixing diagrams are frequently used to validate biological activities. The salinity-nitrate
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Figure 4. Vertical sections of salinity, temperature (7), and density anomaly during Leg 1 and Leg 2. Section distributions of transect J during Leg 1 and Leg 2 are shown
in panels (b—d) and (f-h), respectively. Panels (j-1) and (n—p) show section distributions of transect B during Leg 1 and Leg 2, respectively.

relationship of surface waters (Figure 6a) showed non-conservative mixing within the salinity range of 10-31,
which validated the intense biological production, similar to that reported in the Mississippi River plume
(Lohrenz et al., 1999). The nitrate consumption due to biological consumption could be up to ~32 pmol L™" if we
simply compared the measured value with the conservative two-endmember mixing result (Figure 6a). Biological
production was also inferred from the salinity—DIC relationship (Figure 6b), which showed considerable DIC
removals along salinity gradients. The minimum DIC during Leg 1 was 1,615 pmol kg™', observed at a salinity of
~16. The DIC consumption attributed to biological consumption in surface waters across the B, A, N, and J
transects during Leg 1 could be estimated to be ~340 pmol kg~' (a spatially-weighted average of
194 + 130 pmol kg™"), using the method proposed by Xiong et al. (2019) (Figure 6b). In comparison, Xiong
et al. (2019) reported an average biologically induced DIC consumption of 211 + 102 pumol kg™" in the river
plume during flooding in July 2016.

During Leg 2, nitrate uptake was also considerable, similar to that observed during Leg 1 (Figure 6a). However,
the DIC consumption at a low salinity of ~14 was modest. Conversely, at salinity higher than 23, the biological
DIC consumptions were comparable to those observed during Leg 1. Overall, during Leg 2, we also observed
significant biological carbon and nitrate consumption, albeit generally lower than that during Leg 1. It's worth
noting that Leg 2 was conducted three days after the passage of typhoon Bavi. The biological signals were likely
diluted due to typhoon-induced water mixing. Previous research has reported strong biological production
triggered by typhoon-induced vertical mixing (D. W. Li et al., 2019). However, it usually occurs approximately a
week after the typhoon. Nevertheless, the organic matter produced during and before Leg 1 accumulated in the
water column and probably settled to the bottom during Leg 2.

The salinity—Chl a relationship showed double peak values at a salinity of ~16 and ~24 (Figure 6d). Previous
research showed Chl a peaked at a salinity of ~28 in the Changjiang Estuary and adjacent shelf (Ning et al., 1988).
Light limitation restricts primary production in turbid coastal waters (Ning et al., 1988). And waters with a salinity
of ~16 typically stay in the turbid inner estuary during the non-flood periods. In the inner estuary in 2020, the
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respectively.

Table 3

maximum TSM concentration was larger than 300 mg L™"

relatively low in the turbid waters (Figure 3d, Table 3).

(Figure 3b, Table 3). It is expected that Chl a was

However, the scatter plot of salinity and Chl a of multiple cruises indicated that high-Chl a water (>5 pg L™") had
a wide salinity range of 10-32 (Figure 6d) during the flood period of 2020 and 2016. The TSM isoline of
50 pg L™! is located west of 122.5°E (Figure 3b). It seems that suspended particles did not move further offshore
when the TSM in 2020 was compared with that in previous non-flood years (Tseng et al., 2013). Though the
relationship between TSM and the euphotic zone depth is complex, low TSM generally represents good light
conditions (Devlin et al., 2008). Furthermore, the high-nutrient low-salinity waters extended further eastward
during the flood period. Thus, phytoplankton in waters at a salinity range of 10-20 can also have favorable light
and nutrient conditions (Figure S2 in Supporting Information S1 and Figure 6a).

The expansion of plume waters with high nutrients and light availability implied elevated total organic matter

production within the euphotic zone, even if the carbon production rate or concentration did not show a
significantly higher value. In 2010 and 1998, the total Chl a and carbon fixed in the plume waters tripled due to the
larger plume area, despite the primary production rate being lower than that of non-flood periods (Gong
et al.,2011). Similarly, the biological signal of a single station did not show a significantly high value, as inferred
from our study: the DIC removal during 2020 did not exhibit much larger values compared to the previously

Particulate Organic Carbon and Other Parameters of Surface Waters During Leg 1

Station

Longitude (°)

Latitude (°)

Salinity

Temperature (°C)

Chla (ug L™ POC (ug L™ TSM (mg L™

High-Chl a patch (J5)

Inner estuary (B4)

123.203°E
122.204°E

32.111°N
31.025°N

15.33
13.97

28.57
26.51

29.62
2.73

868
2,170

5.90
326.60
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apparent oxygen utilization are presented in unit of pmol kg™", which is approximately 0.98 times that in unit of pmol L™,

reported value (Xiong et al., 2019). The observed high Chl a of 29.62 pg L™" has also been documented in past
cruises (Ge et al., 2021; W. Q. Li, 2022; Tseng et al., 2013). Nevertheless, the large high-Chl a area indicates an
ample supply of organic matter for respiration in the bottom layer.

4.2. Hypoxia During Flood Periods in 2020

The DO value in 2020 was close to the minimum reported in the dynamic East China Sea shelf (B. Wang
etal., 2017; H. J. Wang et al., 2016; Q. X. Wei et al., 2017; Zhu et al., 2017). The average thickness of hypoxic
waters is approximately 16.4 m during Leg 2. The hypoxia volume was estimated to be 190 x 10° m?, which was
higher than that previously reported from the Gulf of Mexico (92 x 10° m®) (Fennel & Testa, 2019).

The timing and severity of hypoxic events are determined by the balance of the major oxygen sink and source
terms (Fennel & Testa, 2019). The onset of severe hypoxia during a flood period is triggered by an enhanced
oxygen sink, a reduced oxygen supply, or both. Flooding events may enhance the development of hypoxia
through the strong surface production and subsequent respirations of organic matter at the bottom. As discussed,
the surface high Chl a concentration and significant nitrate removal reveal strong organic matter production
during flood periods in 2020.

The bottom DIC in hypoxic waters was 2,164 pmol kg™!, much higher than the DIC from the background DIC
value (~2,070 pmol kg™") (B. Wang et al., 2017; Xiong et al., 2020). Such DIC addition can only be achieved by
the decomposition of organic matter. The decomposition of organic matter can also be revealed by determining
the relationship between DO, DIC, and nutrients (Zhu et al., 2011). Significant relationships of DIC-AOU, and
nitrate—phosphate for the deep waters (below thermocline, no less than 20 m) during Leg 1 and Leg 2 were
observed (Figures 7a and 7b, p < 0.01). The regression slope of the AOU and DIC (1.053) in the southern deep
waters of Leg 1 was generally in agreement with the Redfield ratio (O: C = 138:106), which is the stoichiometry
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of marine phytoplankton organic matter decomposition, indicating the effects of organic matter respiration. Such
relationships between biogenic elements have also been observed in hypoxic waters in other systems (Xue
et al., 2015; Zhai et al., 2015; Zhao et al., 2020).

The hypoxia area exhibits significant temporal variations, as inferred from the results of Leg 1 (~2,400 m?) and
Leg 2 (11,600 m?) of our study in 2020. The bottom distribution of DO and DIC showed a decrease of DO and
DIC in waters from Leg 1 to Leg 2 (Figures 3i, 3j, 3m, and 3n), which was inconsistent with the effects of organic
matter decomposition. Wind patterns modulate the hypoxia except for the organic matter decomposition triggered
by riverine nutrient input. Leg 2 of our study was conducted 3 days following the passage of Typhoon Bavi,
positioned approximately 50 km east of the easternmost station. Intense wind event is associated with vertical
mixing, disrupting stratification, and increasing bottom DO (Ni et al., 2016).

A comparison of density profiles between Leg 1 and Leg 2 showed the persistence of stratification, suggesting the
typhoon did not thoroughly mix the water column. While the bottom density and salinity decreased in the deep
waters of transect B in Leg 2 compared with that in Leg 1 (Figures 41 and 4p). Also, the phosphate concentrations
were generally lower than that in Leg 1 (Figures 31 and 3p), suggesting that the bottom waters were influenced by
low-salinity and low-phosphate plume waters (Ni et al., 2016). The passing typhoon Bavi (22 August) could
deepen the mixed lay depth, similar to the typhoon's influences in the western North Pacific Ocean (Q. Y. Wu &
Chen, 2012).

The signal of mixing or diffusion of surface waters into waters below the thermocline can also be seen in the DIC—
AOU relationship. The regression results of DIC-AOU for the deep-water samples in Leg 2 differed from those in
Leg 1. Surface water DO equilibrates with the atmosphere in about a week, while it takes a much longer time,
perhaps several months, to equilibrate the mix-layer CO, (Zeebe & Wolf-Gladrow, 2001). Thus, the surface
waters probably have nearly equilibrated DO but unsaturated CO, (Zhai et al., 2013). Such a scenario was
supported by the observations of reduced DIC but moderate AOU in surface waters during Leg 1 (Figure 6c,
oval). The CO,-reduced but nearly oxygen-equilibrated surface waters could influence the AOU-DIC ratio in
shallow stations, by vertical advection or mixing during typhoon Bavi. Previous research also observed different
excess DIC-AOU relationships between shallow stations and deep stations in the northern East China Sea,
resulting from different equilibrium times of DO and carbon in surface waters (Xiong et al., 2020). To justify our
hypothesis, we constructed an end-member mixing, which is described in the Method.

LIET AL.

10 of 17



NI

ADVANCING EARTH
AND SPACE SCIENCES

Version of Record at: https://doi.org/10.1029/2024JC021299

Journal of Geophysical Research: Oceans 10.1029/2024JC021299

Our model results show that the estimated biologically induced DIC (ADIC) and DO (ADO) changes were
significantly related in the deep waters in the two Legs (Figure 7c, p < 0.01). Additionally, this ratio agreed with
the canonical Redfield ratio, which confirmed that DO depletion was dominated by community respiration
(Xiong et al., 2020). The change in nitrate (AN) and phosphate (AP) roughly followed the Redfield ratio (N:
P = 16:1), which was consistent with the inference regarding marine-origin organic matter decomposition
(Figure 7d).

The diffusion or mixing of oxygen-rich surface waters by Typhoon Bavi introduces oxygen to the bottom waters,
which causes the opposite effect on the increase in the hypoxia area from Leg 1 to Leg 2. During Leg 1 of 2020,
we observed a large plume with high nutrient and high Chl a (>5 pmol L™"). The abundant organic matter
accumulated and respirated in the bottom from Leg 1 to Leg 2. Besides, a substantial area with low DO (<90 uM)
was observed in Leg 1 (20,300 km?). Considering the time scale for hypoxia development in the Changjiang
Estuary spans days to weeks (Ni et al., 2016; B. Wang et al., 2017), the significant increase in hypoxia area from
Leg 1 to Leg 2 (2,400 to 11,600 km?) was reasonable. A previous study suggested that typhoon-induced currents
could transport the hypoxic waters offshore (Meng, Zhou, et al., 2022), thereby expanding the hypoxia area. If the
high-phosphate bottom waters from the west advect offshore (Figures 5i and 5p), the bottom phosphate should
have increased from Leg 1 to Leg 2. However, the decrease in bottom phosphate indicated a limited influence of
advection. In summary, the biological decomposition of accumulated organic matter leads to severe hypoxia.

The ADIC and ADO in transect B (20 m to bottom, average depth of 33 m) increase by approximately 41 and
50 pmol kg™ from Leg 1 to Leg 2, respectively. The net respiration rate can be estimated as 41 (pmol C kg™")/
10d x 33 m x 1,021 (kg m™>) x 12 (g mol™") = 1.66 g m™> d~", which is higher than the estimation of B. Wang
et al. (2017). Both observed oxygen decreasing rate (2.5 pmol L' d™') and the estimated ADO increasing rate
(5.0 pmol kg™ d™") are higher than the apparent DO depletion rate (1.8 pmol kg™' d™") (Xiong et al., 2020),
suggesting enhanced respiration during the flood period. Previous research also inferred strong respiration during
flood periods. The community respiration rate within the euphotic zone was higher during the flood years in the
East China Sea (C.-C. Chen et al., 2017). In an estuary in the western Gulf of Mexico, floods also elevate
community respiration and drive the system to net heterotrophic (Bruesewitz et al., 2013). In the semi-closed
North Yellow Sea, strong net community respiration leads to low CaCO; saturation states after a summer
flood (Zhai et al., 2015).

Generally, the respiration signals can be either from the water column or from the sediment-water interface. In the
Changjiang Estuary, major oxygen sink was attributed to biological oxygen consumption in the water column,
fueled by freshly produced organic matter (B. Wang et al., 2017; H. J. Wang et al., 2016). A comprehensive
analysis indicated a hypoxic thickness-dependent sediment contribution (Fennel & Testa, 2019). The thickness of
hypoxic waters in transect B is ~33 m. The depth-integrated ADO increasing rate can be estimated as 50 (pmol O,
kg™')/10 d x 33 m x 1,021 (kg m™>) = 168 mmol 0O, m~2 d™!. Previous sediment oxygen consumption rates
obtained using batch incubation revealed the average and maximum rates of 8.4 and 17.6 mmol O, m~2d7,
respectively, in the East China Sea (Song et al., 2016). This maximum rate represented only 10.4% of the observed
biological oxygen consumption rate in the column. Results from a pelagic-benthic coupled model also supported
the importance of oxygen sinks in water columns (Meng, Zhang, et al., 2022). The contribution of sediment
oxygen loss can be substantial in shallow hypoxic water, such as the northern Gulf of Mexico (Rowe et al., 2002).

Besides the fresh autochthonous organic matter, the decomposition of terrestrial materials can also enhance
oxygen sinks in coastal waters (Swarzenski et al., 2008). Floods contribute to hypoxia by promoting the respi-
ration of floodplain vegetation and sewage in estuaries (Wong et al., 2010). In the East China Sea inner shelf,
terrestrial particles were typically confined to a narrow area on the inner estuary, as indicated by a sharp decrease
in the TSM (Figure 3b). Hypoxic waters were located northeast of the estuary (Figure 3i). Therefore, the
contribution of terrestrial matter to hypoxia was limited per our results. The high Chl a in the plume waters also
indicated a source of fresh oceanic organic matter in the plume waters, concurring with that reported by B. Wang
et al. (2017).

The total supply of fresh organic matter is primarily constrained by nutrient inputs within the euphotic zone
(Lohrenz et al., 1999; K. Wang et al., 2014), especially riverine nutrients. The nutrient input from flood waters
determines the potential for biological organic matter production under favorable light conditions. Large plume
areas with abundant organic matter during the flood period favored the hypoxia development in the East China
Sea inner shelf, which was similar to the hypoxia development in the northern Gulf of Mexico during the flood
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Figure 8. Variations in Changjiang nitrate flux, high-Chl a plume area (>5 pug L™"), and hypoxic area during non-flood and flood periods (a). Probability of high Chl a
(>5 pg L") occurrence (b) and probability of hypoxia occurrence (c). Data were cited from published literature (J. F. Chen et al., 2020; Ge et al., 2021; Gong

etal., 2006; D.J. Lietal., 2002; W. Q. Li, 2022; Liu et al., 2012; Tseng et al., 2013; B. D. Wang, 2009; K. Wang et al., 2014; H. Wei et al., 2007; Yang et al., 2023; Zhu
et al., 2011) and our study. The data sources are listed in Table 1 and the estimated method is shown in the Method section.

period in 1993 (Rabalais et al., 1998). While typhoons influence hypoxia by vertical mixing and horizontal
advection as a short-term event, determining their net contribution to hypoxia, and quantitatively differentiating
their role from that of flood in hypoxia development poses challenges.

4.3. Hypoxia During Flood and Non-Flood Years

To validate the influences of flood on surface biological production of plume waters and hypoxia on the inner
shelf, we collected DO, Chl g, and other biogeochemical data during both the non-flood and flood years. The data
sources are listed in Table 1. During the flood years (1998, 1999, 2016, and 2020), the average riverine nitrate flux
was approximately 1.4 times that of the non-flood years (Figure 8a). The spatial distributions of isohaline and
nitrate isoline in 1998, 2016, and 2020 showed an eastward extension of high-nutrient plume waters (Figures 9a
and 9b). The high-nutrient plume waters during the flood periods covered much larger areas than those in the other
normal-flux periods. The plume dynamics in estuaries are influenced by various factors, including river flux,
topography, tide, wind patterns, and regional currents (Liu et al., 2021; Schiller et al., 2011). Previous studies in
the Changjiang Estuary and other estuarine systems have indicated that large river flux during flooding periods
enlarge the river plume area (Gong et al., 2011; Rabalais et al., 1998).

No significant difference in turbidity front was observed between the flood and non-flood periods (Figure 9c),
probably because the massive particles carried by the floods settled rapidly (J. Li & Zhang, 1998; Liblik
et al., 2020). The turbidity front was calculated based on the method of W. Q. Li et al. (2021). In the inner shelf,
plume waters with high biological production rates are usually located within a narrow belt between the turbidity
and plume fronts (W. Q. Li et al., 2021), with sufficient nutrients and light. During the flood period, the belt with
replete nutrients and favorable light conditions extended when compared with those during the non-flood periods
(Figure 9).

Multiple-year observations also revealed a much larger patch of high-Chl a (defined as >5 pg L™") plume waters
during the flood year (Figure 8a). It agrees with previous flood research on the broad East China Sea shelf and the
Gulf of Mexico (Gong et al., 2011; Rabalais et al., 1998). Chl a is typically used to assess biological carbon
production, although the ratio of Chl a and carbon varies across systems and scenarios (Chang et al., 2003;
Jakobsen & Markager, 2016). Generally, a larger high-Chl a area indicates elevated total organic matter pro-
duction. Bottom organic matter accumulation links surface organic matter production and hypoxia in the bottom
waters. However, the bottom organic carbon data are too scarce to reveal differences between flood year and non-
flood year. Additionally, bottom organic carbon is heavily influenced by the sediment suspension process (Hung
etal., 2013). Notwithstanding, Deng et al. (2006) proposed that less than 20% of carbon inventory over the shelf is
buried, with the majority of POC produced being decomposed. Thus, the additional supply of organic matter in
upper waters probably contributes to hypoxia development. Our historical data showed that the average hypoxic
area during the flood years (11,400 + 7,000 km?) was about 1.7 times that during the non-flood years
(6,900 + 4,200 km?) (Figure 8a). The flood exerts its influences by spreading plume waters, which are nutrient-
replete, and biologically active.
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Figure 9. Variations in (a) isohaline of 24; (b) nitrate contour line of 10 pmol L™"; (c) turbidity front during non-flood and
flood years. Data from 1998 to 2015 were cited from published literature (Gao et al., 1999; Ge et al., 2021; Tseng et al., 2013;
B.-D. Wang et al., 2003; K. Wang et al., 2014), Data from 2017 to 2022 were collected by this study.

The significance of plume waters in influencing bottom hypoxia was underscored by the spatial distribution of the
probability of hypoxia and high-Chl a plume water (>5 pg L™"), which revealed a spatial correlation between
high-Chl a plume waters and hypoxic hotspot on the inner shelf (Figures 8b and 8c). Compilation of multiple
surveys in the Gulf of Mexico also showed that the highest frequency of hypoxia occurrence located down current
from the discharges of the Mississippi and Atchafalaya Rivers (Rabalais et al., 2003), aligning with the direction
of river plume movement. This implied that as Chl a and biologically-produced organic matter extend offshore
with plume waters, the hypoxic area may expand.

In summary, during a flood, massive nitrate discharge is carried eastward by plume waters. The area of plume
waters with high nutrient and light availability expands compared to non-flood years. Consequently, total carbon
production in the upper layer increases, leading to greater organic carbon accumulation at the bottom. The
respiration of this elevated bottom organic matter results in severe hypoxia during flood periods.

Initially, nutrients fuel surface biological production. A nutrient-based linear regression method has been pro-
posed to predict hypoxia area in the northern Gulf of Mexico (Donner & Scavia, 2007). In the inner shelf of the
East China Sea, the relationship between riverine nitrate flux and hypoxia area is “scatter” (Figure S3 in Sup-
porting Information S1). This scatter relationship is largely due to wind disturbances, particularly from typhoons,
which can substantially modulate hypoxia areas in summer. Previous research has documented a notable increase
in DO following wind events in the Changjiang Estuary (Ni et al., 2016). Similarly, in the Gulf of Mexico, wind
influences hypoxia areas by shifting plume water and altering stratification (Feng et al., 2012). Additionally, the
fluctuating intrusion of the Taiwan Warm Current Bottom varies annually, impacting hypoxia areas through the
advection of low-oxygen waters.
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Both the average hypoxia water area and high-Chl a area exhibit large standard errors, demonstrating the dynamic
nature of the inner shelf (Figure 8a). During the flood years 1999, 2016, and 2020, the hypoxic areas exceeded
10,000 km?. Gong et al. (2011) reported that the total Chl a (in tons) and carbon fixed (in tons carbon per day) in
plume waters in July 1998 were about three times that during the non-flood years. However, the observed hypoxic
area was much smaller, only about ~600 km? in 1998. In addition to physical factors such as wind disturbances
and offshore water advection, the observed limited hypoxia area in 1998 can also be attributed to the timing of
observations. Previous studies have suggested a decoupling of surface Chl a and bottom hypoxia in the
Changjiang Estuary, likely due to the time delay between surface production and bottom respiration in such a
dynamic system (Zhou et al., 2020). The single-cruise observation conducted from July 24 to August 17 may have
missed the peak hypoxic area, which is typically observed in late August in the East China Sea (D. J. Li
et al., 2002; B. Wang et al., 2017; H. J. Wang et al., 2016; Zhu et al., 2017).

5. Conclusion

In summary, our study documented a severe bottom hypoxia event during the flood period in 2020, characterized
by a maximum hypoxia area estimated at ~11,600 km? and a minimum DO concentration of 21 pmol L™
Significant biological nitrate and DIC uptake, and high Chl a in surface waters indicate intense organic matter
production. Furthermore, the decomposition of organic matter in deep waters consumes DO, leading to hypoxia.

Riverine floods were found to be associated with the expansion of the high-nutrient plume area during the flood
periods, while turbid waters remained confined to the inner estuary. The expansion of river plume waters, rich in
high nutrients, led to an expansion of the high-Chl a area. This expansion significantly increased the hypoxia area
when compared to non-flood years.

Data Availability Statement

The field-measured data in 2020 were collected on a cruise jointly funded by the National Programme on Global
Change and Air-Sea Interaction (Phase II)—Hypoxia and Acidification Monitoring and Warning Project in the
Changjiang Estuary, and the Long Term Observation and Research Plan in the Changjiang Estuary and the
Adjacent East China Sea Project of the Second Institute of Oceanography, MNR. These data have been published
in the Mendeley Data (https://doi.org/10.17632/drrdbshf2f.2) (D. W. Li et al., 2024).
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