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Wind mixing is important in regulating dissolved oxygen (DO) variability; however,
the transect response of DO dynamics to wind disturbance has seldom been
documented with field data. In the summer of 2017, repeat transect observations
off the Changjiang Estuary were conducted throughout a fresh wind (the maximum
wind speed was 9.8 m s—1) event to reveal the role of physical mixing and
biological activity in DO variations. After the wind event, hypoxia was alleviated
presenting as the hypoxia thickness decreased from 30 m to 20 m. However,
poorly ventilated near-bottom hypoxia was aggravated with a further decrease in
DO. Generally, the saturation of dissolved oxygen (DOs) in depth-integrated water
column increased by 9%-49% through physical diffusion with a weakened
stratification and enhanced phytoplankton bloom. However, in this case, the
wind-induced physical water mass mixing by transporting DO downward had a
limited contribution to the water-column DO budget, while upwards nutrients
induced by mixing fueled the larger vertical area of algae bloom and subsequent
substantial oxygen consumption. As the wind speed increased, the air-sea
exchange would be important in supplying DO, especially in nearshore areas,
which could effectively offset the DO deficiency. In summary, frequently occurring
fresh wind-mixing events off the Changjiang Estuary would alleviate hypoxia in the
water column but probably exacerbate hypoxia at the bottom, as determined by
competing ventilation and respiration roles. Such complex interactions likely occur
and perform differently as wind stress varies. Thus, high-spatial and long-term
process observations are required to better understand the net effects of bottom
hypoxia evolution.
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1 Introduction

Coastal hypoxia (dissolved oxygen <62.5 umol L™" or 2 mg L"),
driven by anthropogenic eutrophication, has been commonly
increasing worldwide (Diaz and Rosenberg, 1995; Rabalais et al,
2002; Hagy et al., 2004; Gilbert et al., 2005; Dai et al., 2006; Rabalais
et al., 2010; Carstensen et al.,, 2014). The dissolved oxygen (DO)
concentration is determined by the initial concentration and
accumulated effects of oxygen sources and sinks, and hypoxia is
generated as the oxygen sinks are greater than the oxygen sources
under limited physical supply (Fennel and Testa, 2019). Coastal
hypoxia is generally seasonal and occurs under strong stratification
owing to freshwater discharge and summer warming (Rabouille et al.,
2008; Fennel and Testa, 2019). However, stratification can be easily
modulated by wind events such as storms, typhoons, monsoons, and
cold air (Testa et al., 2017; Lu et al., 2018b; Laurent and Fennel, 2019;
Zhao et al,, 2021). The strength and the duration of wind mainly
determine the strength of stratification and thus the extent of hypoxia,
whereas the wind direction also influences the geographic distribution
of hypoxia (Fennel and Testa, 2019). In river-dominant coastal
oceans, local winds that interact with river discharge have a
significant effect on plume dispersion (Wang and Justic, 2009; Lu
et al., 2018b; Laurent and Fennel, 2019; Zhang et al., 2020)—for
example, upwelling-favorable wind facilitates hypoxia in the northern
Gulf of Mexico by changing the distribution of fresh, high-chlorophyll
plumes (Feng et al., 2014; Yu et al,, 2015). In a semi-enclosed bay, the
wind direction plays an important role in modulating the hypoxia
duration nearly year-round (Scully, 2016). In Chesapeake Bay, the
advective process forced by alongshore wind supplies oxygen to
subpycnocline waters rather than direct vertical mixing as the
stratification maintained nearly year-round (Scully, 2010; Scully,
2016). Overall, the formation-vanish-recovery process of hypoxia is
the result of the interaction between ventilation (physical mixing) and
biological processes (photosynthesis and respiration) (Zhang and Li,
2010; Meier et al., 2018; Fennel and Testa, 2019; Pitcher et al., 2021).
Therefore, the quantitative identification of these two processes
throughout the entire episodic event is critically important for
predicting hypoxia evolution (Mattern et al., 2013; Testa et al., 2017).

The seasonal bottom hypoxia off the Changjiang Estuary is
considered one of the world’s largest coastal hypoxia scenarios (Li
et al,, 2002; Chen et al., 2007; Diaz and Rosenberg, 2008; Ning et al.,
2011). Over the last several decades, comprehensive studies on the
formation mechanism, long-term changes, and ecosystem responses
have been reported (Zhu et al., 2011; Ni et al., 2016; Wang et al., 2017;
Zhu et al, 2017). Stratification of the water column and oxygen
consumption through organic decomposition are two major factors
responsible for the hypoxia formation in this area (Li et al, 2002;
Chen et al,, 2007; Ning et al., 2011). Strong stratification caused by
significant temperature and salinity differences between fresh
Changjiang diluted water (CDW) and salty Taiwan Warm Current
prevents vertical DO exchange from the atmosphere and surface
waters (Li et al., 2002; Chen et al.,, 2007; Ning et al., 2011). Several
recent studies have focused on the role of wind in hypoxia evolution,
mainly by mooring systems and model simulations (Ni et al., 2016;
Zhang et al., 2018b; Meng et al., 2022). Combining in
situ observations and high-resolution ecosystem models,
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Zhang et al, (2018)a revealed that the magnitude and direction of
wind would strongly regulate the distribution of the Changjiang River
plume, which controls the evolution of vertical stratification and
bottom hypoxia. Low-oxygen condition near the bottom recovers
within 1 to 2 weeks as the stratification reestablished after the wind
mixing events (Ni et al., 2016; Wang et al., 2017; Zhang et al., 2018b),
while organic matter remineralization continued consuming
dissolved oxygen. However, in situ transect observation of the water
column throughout the episodic wind event is rarely reported, which
inhibits understanding the contribution of physical and biological
processes in the alleviation and reconstruction of hypoxia under
wind influence.

In this study, we showed vertical DO distribution based on
repeated transect observations off the Changjiang Estuary in the
summer of 2017. To identify the controlling processes, a three-end-
member mixing model (Han et al., 2012) was used to semi-quantify
the contributions of physical mixing, biological processes, and air-sea
exchange. The strength and the direction of the wind significantly
vary across a variety of timescales throughout the year. In this case, we
present the effects of a fresh wind event (5 days) on DO dynamics,
which frequently occurred off the Changjiang Estuary but could be
significant in regulating the bottom hypoxia evolution.

2 Materials and methods

2.1 Study area

As a river-dominated estuary, the hydrological conditions of the
Changjiang Estuary in summer are primarily controlled by
northeastward Changjiang diluted waters and Taiwan Warm
Current (Su, 1998; Chen, 2009). Changjiang, the third largest river
in the world, carries a runoff of 9 x 10'" m® year™ and a large load of
terrestrial nutrients and organic matter (Zhang et al., 2007). The giant
freshwater forms a vast diluted water plume off the Changjiang
Estuary. Taiwan Warm Current, derived from Kuroshio, flows
northward under the prevailing southerly winds and reaches
Changjiang Estuary in summer (Su, 1998; Chen, 2009). The
thermocline and halocline are formed there with the upper high-
temperature/low-salinity water. With the main nutrient input from
these two waters, the primary productivity is high (1.15+ 1.19gCm™>
day™") in the summer, especially within the Changjiang plume (Liu
et al., 2019).

2.2 Sampling and analyses

Typical locations for summer bottom hypoxia off the Changjiang
Estuary occur mainly under the Changjiang River plume (Wang et al.,
2017; Zhang et al., 2018a). Section J (122-124° E, 32° N) crosses the
core of the northern hypoxic area (Figure 1A). Our cruise was
conducted off the Changjiang Estuary onboard the R/V Runjiang I
from August 22 to September 6, 2017, and the maximum river
discharge typically occurred in July (Figure 1B). There was a fresh
wind event with a maximum wind speed of 9.8 m s™' near section J
(Figure 1C) (http://apdrc.soest.hawaii.edu). For the purpose of

frontiersin.org


http://apdrc.soest.hawaii.edu
https://doi.org/10.3389/fmars.2023.1081688
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Miao et al. 10.3389/fmars.2023.1081688
A B
34°N A — _.l
- -
v E 5 Sampling period
33°N 20m 2 4
&
40m £ 3
22
32°N -]
60 m 5 1
. 20
East China Sea | gom J FMAMIJJASOND
31°N
100
e
200m 20 —— West wind
30°N st
300m E € 10
IR Vs
se |\ L\ 271 [ [ /7
29°N 500 m E 'E ] I —
2% First sampling Second sampling
) 10000 -104
Kuroshio 826 828 830 91 93 95
28°N - & N _
120°E 122°E 124°E 126°E
FIGURE 1
(A) Sampling stations and the bottom hypoxic zones (purple polygons) during the cruises. The red dots (JI~J6) are repeated sampling stations. The black
triangle (W) is the wind observation site from WindSat. (B) Changjiang River discharge at the Datong hydrological station (data from: http://www.cjw.gov.
cn/zwzc/bmgb/). The gray bars show the average monthly river discharge for 2000—-2017. The broken line represents the average monthly net flow in
2017. (C) 10-m surface wind speed at W from August 26 to September 5 of 2017. The dashed gray line represents the average wind speed (6.7 m/s™%) in
August and September.

diagnosing the wind effect on DO vertical distribution, repeated
observations and sampling of section ] were carried out on August
28 and September 2. At each station, vertical profiles of temperature
and salinity were obtained using SBE 917 plus CTD. Water samples
were collected from 5-L Niskin bottles at 2, 5, 10, 20, and 30 m and at
the bottom layer (2 to 3 m above the seabed) where the water depth
was >30 m and fewer layers where the water depth was<30 m.

The DO samples were fixed and titrated following the classic
Winkler procedure (Oudot et al., 1988), which has a precision of +1
umol™'. The pH was determined using an Orion versa Star Pro pH
analyzer fitted with an Orion 8102BN Ross combination pH
electrode. The pH system was calibrated against three NIST-
traceable pH buffers (pH 4.01, 7.00, and 10.01 at 25°C, Thermo
Scientific). The precision of the pH measurements was 0.01.

For dissolved inorganic carbon (DIC) and total alkalinity (TA)
measurements, samples were collected into 125-ml borosilicate glass
bottles and poisoned using 0.1 ml saturated HgCl, solution. To ensure
data quality, the samples were sealed with a ground-glass stopper and
vacuum grease and then fixed with a rubber band and a hose clamp
(Huang et al., 2012). DIC and TA were analyzed following the
procedure described by Cai (2011), with a precision of +2 mol kg™,
Both measurements were calibrated using certified reference materials
from A.G. Dickson’s laboratory at the Scripps Institution of
Oceanography (Dickson et al., 2007).

Nutrient samples were filtered through 0.45-um cellulose acetate
filters and divided into two subsamples. One subsample for
ammonium (NH, ) concentration was analyzed onboard by the
indophenol blue spectrophotometric method (Grasshoff et al., 1999),
while the other subsample was stored frozen for later laboratory
analysis. The concentration of nitrate (NO;"), nitrite (NO,”, and
silicate [Si(OH)4] was analyzed by using Skalar San++ Automated
Analyzer (Grasshoff et al., 1999), with detection limits of 0.1 pmol LY
respectively. The precision of these methods is approximately 5%.
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The profile of chlorophyll o (chl o) concentrations in situ was
obtained by a submersible fluorescence probe along with CTD. The
surface chl 0. (2 m) was measured using a Turner Design Fluorometer
after extraction of the GF/F sample filter in 90% acetone for 24 h in
cold darkness.

2.3 Mixing model

The combination of the regional potential temperature and
salinity (6-S) curve and three-end-member mixing model was used
to analyze the influence of initial water masses as well as to distinguish
the effect of physical mixing and biological processes on vertical DO
distributions. The three water masses are distinguishable in the 6-S
curve shown in Figure 2: Changjiang diluted water, shelf surface water
(SSW), and shelf bottom water (SBW). Characterized by the lowest
salinity, the diffusion range of the CDW was determined by the
maximum salinity horizontal gradient line at the outer edge of the
low-salinity tongue (Mao et al., 1963). For all stations within the line,
the average potential temperature and salinity at the surface (<5 m)
were calculated as the end-member characteristics of the CDW. The
SSW is mainly the upper Taiwan Warm Current, which has the
maximum temperature. As dominated by the Kuroshio subsurface
water and lower Taiwan Warm Current at the bottom water on the
shelf, the SBW has the maximum salinity. The characteristics of the
three water masses are listed in Table 1.

Based on two conservation parameters of potential temperature
and salinity, the three-end-member mixing model was constructed to
calculate the fractions of initial water masses (Cao et al., 2011; Han
et al, 2012; Wang et al,, 2014; Wang et al., 2017). By combining DO,
DIC, TA, and nutrients, we can semi-quantitatively estimate the
composition and source of materials controlled by physical water
mixing as well as the modulation effect of biological metabolism. The
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FIGURE 2

Scatter plot of potential temperature (6) vs. salinity (S) of all samples

during the cruises. The yellow triangles are the samples on August 26,

and the red dots are the samples on September 2. The labeled vertices

represent the three end-member water masses: Changjiang diluted
water, shelf surface water, and shelf bottom water.

calculation process was described by Cao et al. (2011) and Wang et al.
(2017), while the uncertainty assessments were based on Han et al.
(2012). The equations are as follows:

Ocpw X fepw + Ossw X fosw + Ospw X fspw = 0 (1)

0 represents the potential temperature, S represents the salinity,
and fepws fssw> and fepw represent the fraction of the CDW, SSW,
SBW respectively. The conservative DO value (DO,,;,) caused by
physical water mixing can be calculated according to f. DOy, the
difference between the measured DO (DO,,) and DO, represents
the biological processes of DO. Moreover, the differences in DO,,
(ADOy), DOy (ADOpi), and DOy, (ADOy,) express the
effects of wind events on water mixing and biological processes.
The calculations for DIC and nutrients were structurally identical
to those of the DO formulas. The uncertainty assessment follows Han
et al. (2012), and the transect-average derivation along Section J is
1.96 for eADO », 0.82 for eADIN, and 0.70 for €ASi before the wind
and 1.72, 0.65, and 0.51 after the wind, respectively.

3 Results and discussion

3.1 Spatiotemporal variations in
DO concentrations

As shown in Figure 3, the vertical DO distribution and bottom

hypoxia reflected spatial variations along transect J during a fresh
wind event. On August 28 (before the wind event), the surface DO at
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stations J1-J5 had a value of 209-287 umol Lt (Figure 3A), and the
saturation of dissolved oxygen (DO,) was oversaturated at 101%-
135% (Figure 3B). The highest DO was 287 umol L™" at the surface of
station J4. The DO sharply decreased below the surface water.
Hypoxia occurred below approximately 8 m around J4-J5, with low
DO, (<26%), and the vertical area was approximately 159 km?>. The
DO minimum was 54 pmol L™! at station J5. On September 2 (after
the wind event), the mixed layer got deeper (Figure 3C). The DO was
178-232 pmol L', and the DO; at most stations was undersaturated
at approximately 6%-110%. Bottom hypoxia still existed as the
hypoxic depth extended to approximately 15 m in J4 and reduced
to below 30 m in J5. The DO minimum continued to decrease to 41
ptmol L' and migrated to station J4. However, the observed vertical
hypoxic area decreased to 82 km®.

After the wind event, the thickness of the mixed layer increased
significantly (from approximately 8 m to more than 15 m). However,
the high DO signal at the surface disappeared, and the average DO in
the upper mixed layer slightly decreased from 207 + 47 to 198 + 22
umol L', As for the hypoxic area, water column hypoxia was
alleviated, while the degree of near-bottom hypoxia intensified. The
vertical coverage area of hypoxia substantially decreased by 49%
(from 159 to 82 km?). The DO of bottom hypoxia decreased by 6-
27 umol L7, and the hypoxia layer depth increased at station J4.
Thus, this fresh wind event, which weakened the stratification and
took high-oxygen surface waters downward, released water column
hypoxia in the subsurface water. However, for the poorly ventilated
bottom water, hypoxia continued to develop and exacerbated.

3.2 Processes regulating the vertical
distribution of DO

3.2.1 The supplement of DO by physical
water mixing

A strong density gradient induces stratification, which reduces the
intensity of vertical mixing within water columns. As shown in
Figures 4A, B, before the wind event, there was an obvious
thermocline and halocline at 5-10 m, with warmer and fresher
water in the upper layer (T > 27°C, S< 31) and colder, saltier water
in the lower layer (T< 25°C, § > 32). Stratification still existed after the
wind event (Figures 4C, D), but its depth increased to 18-28 m. The
salinity increased and the temperature decreased at the surface. The
difference in temperature between surface and bottom waters was
significantly reduced from 3.01 £ 1.30°C to 1.10 + 1.05°C. The salinity
difference decreased from 3.23 + 1.77 to 0.70 + 0.61. The surface
spread of the CDW vanished as water above the post-stratification
was well mixed.

DO varies in different water masses (Table 1), as it was 102 + 12
umol L™! in SBW, much lower than that in CDW (195 + 27 pmol LY
and SSW (205 + 11 pumol LY. The wind changes the fractions (fi) of
the water masses at a certain position, thereby changing its initial DO.
The fraction of each water mass calculated by Equations (1)-(3)
reveals that wind induced the oxygen-rich SSW down to the deep
layer and oxygen-deficient SBW up to the surface layer (shown in
Figures 5A-C). At nearshore, there is a significant reduction in DO
supplied by physical mixing (Figure 5D) as there was an increase in
SBW and a decrease in CDW and SSW. The same occurs in the
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TABLE 1 End-member characteristics of three water masses based on measurements obtained during the cruise.

Water masses 06°C S DO DIC TA Si DIN
Changjiang diluted water 28.85 + 1.22 17.01 + 3.42 195 + 27 1,847 + 60 1,924 + 70 85.0 + 16.6 72.7 + 16.0
Shelf surface water 28.40 + 0.19 3352 + 052 205 + 11 1,931+ 17 2,241 +9 22431 0.6+03
Shelf bottom water 19.02 + 0.51 34.46 + 0.09 102 + 12 2,108 + 14 2,264 + 12 201 25 123+ 1.1

The concentration units of DO, DIC, TA, Si, and DIN are in pmol L

offshore surface waters. However, for the waters below the pre-wind (<5 m) and bottom hypoxic areas, which agreed with the decrease in
stratification offshore, the replacement of SBW by SSW contributed to  chl o at station J4 (Figure 7A). However, DO released by
an increase in DOy;y. photosynthesis (/AADOy;, > 0) exceeded the amount consumed by
The general spatial and temporal distribution of DO off  respiration (/ADOy;,< 0) by both the area and the concentration.
Chanjiang Estuary is determined by the interaction of Changjiang  The increase in chl o (Figure 7B) at station J5 also suggested the
Estuary and Taiwan Warm Current. The DO of the subsurface layer,  expanded and enhanced algal bloom. Thus, the accumulated DO
which is basically controlled by the Taiwan Warm Current, is lower  within 5 days likely compensates for the serious pre-wind DO loss
than that of the surface layer. In addition, the summer strong caused by the degradation of organic matter and would greatly
stratification hinders oxygen exchange and inhibits oxygen alleviate hypoxia. For intensified bottom hypoxia, three-end-
replenishment, which is a physical prerequisite for the development — member models demonstrated that the increase in SSW supplied
of hypoxia. On the seasonal scale, typhoons in summer and strong 2 to 3 umol L™' DO, and biological respiration consumed 6-26 pmol
mixing in autumn affect the existence and strength of the thermocline, L', exceeding the physical oxygen supplement.
thus controlling the area and duration of the summer bottom hypoxia The obvious biological DO increase mainly occurs at the offshore
off Changjiang Estuary (Li et al., 2011; Wang et al., 2017; Chen et al.,  subsurface layer rather than at the surface layer and nearshore.
2020). On the interannual scale, a variation of DO in end-member  Substantive quantities of nutrients are injected upwards by strong
water, such as the DO reduction of Kuroshio current, may make the = wind-induced mixing, which supports algal blooms (Wang et al.,
bottom layer more prone to hypoxia (Lui et al., 2014; Wei et al,, 2015;  2016; Li et al,, 2022). The algae blooms triggered by the upwelling of

Wang et al., 2021). nutrient-rich bottom water attributable to typhoons in the

Changjiang Estuary have been reported with cruises (Hung et al,
3.2.2 The Supplement of DO by 2010), buoy (Li et al,, 2019), and underway observations (Yu et al.,
biological production 2022). However, the DO released by biological processes decreased at

The vertical distribution of properties related to biological  the nearshore surface after wind, as shown in Figure 6A. This is
processes revealed that photosynthesis predominated over  possibly due to the strong respiration supported by upward organic
respiration overall after wind as biological DO increased,  matters (Lu et al,, 2018a). Li et al. (2013) also reported that the chl o
coinciding with decreased biological DIC, DIN, and Si(OH),  declined sharply after the passage of a typhoon in the southern East
(Figure 6). The contrary occurred in the nearshore surface water  China Sea. Surface algal blooms may not recover to the pre-wind level
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FIGURE 3
Dissolved oxygen distributions and saturation of dissolved oxygen along section J before wind (A, B) and after wind (C, D) and the differences between
repeated observations (E, F).
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owing to water cooling or increased turbidity. Whether the biological
DO increases or decreases depends on the balance between
photosynthesis supported by nutrients and respiration supported by
organic matter.

3.2.3 Air—sea exchange contributing to DO

In this study, the air-sea DO flux was estimated as the depth-
integrated DO minus the gross results of physical water mixing and
biological processes. The oxygen saturation at the surface after the
wind was 97 + 7% and did not completely reach supersaturation. This
means that there would be oxygen supplementation from the air to
the sea. Stable stratification would hinder the air-sea exchange and
exchange of the mixed surface-subsurface layer, thereby impeding
oxygen supplementation. The fresh wind breaks the stratification and
facilitates the movement upwards of low-oxygen bottom water
(Figure 4C), which enlarges the difference between sea surface O,
and saturation oxygen concentration, thereby strengthening the DO
flux from air to sea (Stigebrandt, 1991). Furthermore, the elevated
wind speed further enhanced this effect by promoting change velocity
(Wanninkhof, 1992). Air-sea oxygen exchange is the dominating
factor for DO variations under higher wind speeds and more wavy
oceans, and it takes 1 to 2 days to equilibrate for mixed layers (McNeil
et al., 2006; Wesslander et al., 2011).
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Differences of fractions in three end-member water masses and dissolved oxygen (DO) supplemented by physical mixing along section J: (A) Changjiang

3.3 Quantification of different processes on
water column DO under the wind event

Excluding J1 (DO and DOy decreased by 0.03 mol m~2 and 3%,
respectively), the water column DO concentration increased (by 0.22-
3.51 mol m™?) overall after wind and DO correspondingly increased
by 9%-49% (Figure 8A). The depth-integrated results were used to
evaluate the contributions of physical water mixing, biological
processes, and air-sea exchange to the DO variations in the
study area.

For the entire water column, the changes in depth-integrated
ADO,,;x were relatively small and consistent with the depth-
integrated Afi (Figure 8A). At nearshore (as J1 and J2), DO
supplied by physical mixing decreases by 0.11 mol m>, owing to
the declining CDW and SSW fraction and the increasing of SBW
fraction. Oftshore (from J3 to J6), the depth-integrated ADO,;, of
each station increased to varying degrees (0.06-0.52 mol m™), as the
oxygen supplement by the increase in SSW (below 5 m) completely
offsets the oxygen loss by the increase of SBW (at the surface).
However, the contribution of physical mixing to the water column
DO budget was limited after wind. The loss of DO due to physical
mixing is offset by other processes at nearshore, and the DO
supplemented by mixing cannot fully account for the increase in
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FIGURE 6

Distribution of parameters related to the biological process along section J: (A) dissolved oxygen, (B) dissolved organic carbon,

nitrogen, and (D) Si(OH)4.

DO offshore, whereas the depth-integrated ADO,,,x is 2%-46% of the
depth-integrated ADO,,,.

The differences between the DO,,, and DO,,;, of the surface waters
included the effects of biological processes and air-sea exchange. /\Si
(OH)4 bio was substituted into the Redfield ratio to analyze the real
DO released by phytoplankton photosynthesis and predict potential
hypoxia under the influence of strong winds. The depth-integrated
/\Si(OH), caused by biological processes increased at J1 and J4 and
decreased at the other stations (Figure 8B). This revealed that
respiration exceeded photosynthesis, contributing to ADOy;,
consumption at J1 and J4, and the inverse occurred at the other
stations (Figure 8A). In the entire section, /\Si(OH), ;, Was negative,
indicating net photosynthesis after the wind. The biological uptake of
silicate increased by 0.03 x 10° mol m™', resulting in 0.24 x 10° mol
m™" of oxygen released by the algae bloom.

The calculated air-sea DO fluxes (as the measured value minus the
water mixing value and the biological value) were positive at most
stations and replenished oxygen to the ocean. Especially at J1, the DO

10.3389/fmars.2023.1081688
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(C) dissolved inorganic

supplemented by air-sea exchange almost completely offset the DO loss
caused by the invasion of bottom water and net respiration effects.

In conclusion, the depth-integrated DO of the water column
overall increased, and the vertical coverage area of hypoxia decreased
(Figure 9). However, the degree of hypoxia intensified as biological
consumption prevailed in the physical mixing supplements. In this
study, by bringing down the oxygen-rich water to the bottom and
bringing up the oxygen-deficient water to the surface, wind-induced
physical water mixing relieved the bottom hypoxia but had a limited
effect on the depth-integrated DO. However, upwards deep water
driven by physical mixing actuates significant changes in biological
processes and air-sea exchange. The former is that the supplement of
nutrients to the upper layer facilitates the extended vertical area of
algae bloom, thus releasing substantial DO. The latter is because the
upwards deep oxygen-deficient water accelerates the speed of air-sea
oxygen exchange by exacerbating the DO difference between air and
sea, which compensates for DO loss. In addition, the tide could cause
limited contribution in bottom hypoxia off Changjiang Estuary due to
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Distribution of chl o before and after the wind event: (A) chl o in station J4 and (B) chl o in station J5. The circles represent profile chl o obtained by a
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Depth-integrated concentration differences of (A) dissolved oxygen and saturation of dissolved oxygen and (B) Si(OH), and fi (the fractions of three
along section J (after wind minus before wind). The lines represent the differences in measurements

water masses)

the interaction effects of DO supplement by physical mixing and DO
depletion by biological respiration (Zhu et al., 2017).

Furthermore, potential hypoxia induced by post-wind blooms
cannot be disregarded. If the newly formed in situ organic matter
was fully decomposed, 0.24 x 10° mol m™ DO would be potentially
consumed (equal amount of DO released by algae blooms). According
to the pre-wind hypoxia area in section J, the remaining total amount of
DO is 0.21 x 10° mol m™ after the winds, which is 85% of the potential
oxygen consumption. Specifically, the extent and the degree of potential
hypoxia would be more severe than it was before the wind.

4 Conclusions

In this study, repeated transect observations revealed differences
in vertical DO distribution before and after a wind event. The effect of
wind on water column DO variation through physical mixing,
biological processes, and air-sea exchange was also analyzed. After
wind, the water column hypoxia area decreased significantly owing to
the downwards surface oxygen-rich waters. The DO and DOy of the
water column increased by 0.22-3.51 mol m™ and 9%-49%,

Air-sea oxygen exchange
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respectively. However, near-bottom hypoxia intensified as bottom
DO continued to decrease by 5-25 pmol L™, The three-end-member
mixing model results showed that biological respiration consumed 6-
26 umol L™' DO, which offset the physical mixing supplement (2 to 3
umol L™). In summary, physical mixing induced by fresh wind
ventilation decreased the coverage area of hypoxia by inducing
surface oxygen-rich waters to the subsurface, but it had limited
effects on the water column DO budget: the DO loss due to the
upwards bottom oxygen-deficient waters was offset by other processes
near the shore, and physical supplementation only accounted for 2%-
46% of the water column DO increase. However, the upwards bottom
water was laden with abundant nutrients, which promoted algal
blooms and released large amounts of DO. Moreover, air-sea DO
exchange was important, especially in nearshore areas, as it is made
up of the loss caused by physical mixing and biological respiration.
Frequently occurring fresh wind mixing events off the Changjiang
Estuary alleviated hypoxia by decreasing the coverage area but
probably exacerbated hypoxia at the bottom as determined by the
competing roles of ventilation and respiration. Such complex
interactions likely occur and perform differently as wind stress
varies. Thus, high-spatial and long-term process observations are

Air-sea oxygen exchange
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FIGURE 9

Conceptual model for the variations of the vertical distribution of dissolved oxygen (DO) under the wind event. Before the wind event (A) the
stratification strictly prevented the replenishment of DO. Algal blooms and DO are oversaturated above the stratification, while hypoxia occurs below the
stratification as sinking particle organic matter remineralizing and consuming substantial DO. After the wind event (B) the vertical area of hypoxia
decreased as downwards oxygen-rich surface water and enhanced algal bloom in the thickened mixed layer. However, bottom hypoxia intensified as
further biological DO consumption negatively impacted the ventilation. Moreover, the flux of air-sea oxygen exchange increased with higher wind
speed, especially at nearshore where the influx of DO from air offset the DO deficiency.
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required to better understand the net effects of bottom
hypoxia evolution.
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