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The summer hypoxia off the Changjiang Estuary is one of the largest coastal hypoxic systems in the world and has displayed spatial heterogeneity in recent years. Based on observation data in the summer of 2014, hypoxia was identified both in the bottom and mid-layers. Except for the typical bottom hypoxia in the submarine canyon, the subsurface oxygen minima (SOM) were captured in the mid-layer of 10~15 m, with lower dissolved oxygen in the mid-layer than at the bottom (30–50 m). This SOM phenomenon was located in the lower boundary of the pycnocline and above the Taiwan warm current (TWC) and Kuroshio subsurface water (KSSW). Due to the southern expansion of Changjiang diluted water (CDW), a high phytoplankton biomass (the maximum chlorophyll a of 25 μg L−1, pH of 8.6, and DO of 11 mg L−1) band occupied the surface area along 123°E. By analyzing the 24-h continuous observation and high-resolution profile data, we revealed that the subsurface oxygen minima were predominantly controlled by remineralization and bottom-flushing effects. Fast local consumption occurred near the pycnocline layer, while the lateral transport of oxygen-rich ambient water replenished the bottom oxygen deficit from south to north. We summarize and contextualize three hot spots of hypoxia into a conceptual diagram and emphasize the influences of advection, mixing, and respiration on their location and severity. Overall, compared with the discussion about the low DO background of TWC/KSSW, this research highlights the flushing effects of TWC/KSSW that will reshape the hypoxia structure and alleviate the hypoxia severity in the south hypoxia area off the Changjiang Estuary.
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1  Introduction


Increases in the severity and extent of coastal hypoxia (dissolved oxygen (DO)<62 μmol kg−1; i.e., about 25% of air saturation) have been reported globally. It is usually attributed to the combined forcing of global warming (Gruber, 2011; Laurent et al., 2018; Bates and Johnson, 2020) and excess anthropogenic nutrient enrichment (Rabalais et al., 2014; Levin, 2018; Pitcher et al., 2021). Changes in DO concentration in seawater from 1976 to 2000 decreased nearshore (<300 m) at a rate of −0.28 μmol kg−1 year−1 (Gilbert et al., 2010). This rate was much faster than the rate of decrease in the open sea (−0.02 μmol kg−1 year−1). Reduced dissolved oxygen in aquatic systems will subsequently influence the living resources in coastal ecosystems (Levin et al., 2015; Levin, 2018; Fennel and Testa, 2019).


Eutrophication and biogeochemical processes in estuaries and coastal oceans are the leading causes of hypoxia (Diaz and Rosenberg, 2008; Rabalais et al., 2014; Fennel and Testa, 2019). However, recent studies have emphasized the importance of ocean dynamics (such as circulations and wind stress) in determining the different structures of hypoxia. For example, the subsurface oxygen minima occurred in several coastal areas, in contrast to the normal bottom hypoxia. In coastal California upwelling systems, deep water with low oxygen and nutrient enrichment enters the shelf and aggravates the coastal hypoxia (Grantham et al., 2004). In Tokyo Bay, the intrusion of outer seawater causes the redistribution of low-oxygen water masses at the bottom of the bay and the emergence of subsurface layers of hypoxia (Fujiwara and Yamada, 2002). On the Louisiana shelf, midwater oxygen minimum layers affect the vertical distribution of zooplankton and fish (Parker-Stetter et al., 2009). Current- and wave-induced resuspension brought the organic matter (OM) to the offshore mid-shelf area, resulting in the subsurface oxygen minima (SOM) (Fry et al., 2015). Overall, coastal hypoxia has displayed spatial heterogeneity in recent years due to the fluctuation of dynamic physical and biological processes.


Hypoxia off the Changjiang Estuary (CJE) in the East China Sea (ECS) has been increasingly reported and has experienced large interannual variability in spatial extent and duration. Dynamic changes in the Changjiang diluted water (CDW) (Zhang et al., 2018; Wei et al., 2021a), topography (Wang et al., 2012; Zhu et al., 2016), and variations of wind patterns (Ni et al., 2016) and ocean circulations (Zhou et al., 2017) appear to modulate the structure of the hypoxia jointly each year. The coupling between surface phytoplankton bloom and bottom hypoxia has been confirmed in several studies (Wang et al., 2017; Chen et al., 2021a; Meng et al., 2022). Furthermore, a temporal and spatial mismatch or decoupling of surface high-biomass regions and hypoxic zones was also observed. Nonuniform offshore advection and detachment of subsurface segments of water underlying the Changjiang River plume are the key drivers (Zhou et al., 2020; Wei et al., 2022). Zhang et al. (2022) characterized the use of timescales of deficit and residence to evaluate near-bottom DO variations. More recently, Wei et al. (2021b) reported the mid-layer hypoxic phenomenon in the Zhejiang coastal area in August 2018 and attributed it to the seaward expansion of low-oxygen water protruding from the bottom-sloping region. As hypoxia expands off the CJE (Chen et al., 2020; Wang et al., 2021), the vertical structure of oxygen and nutrients becomes increasingly important (Wei et al., 2022). The pelagic organisms are more sensitive to oxygen than the benthos, thus the mid-layer hypoxia would be disastrous for their survival, especially for small zooplankton and juvenile fishes (Vaquer-Sunyer and Duarte, 2008; Hofmann et al., 2011).


During the field cruise in the summer of 2014, we first observed a SOM occurring in the 15–20 m water layer instead of the bottom water. In this study, we focus on three objectives. (1) We determined the cause of the southward expansion of CDW during summer rather than the usually defined northeastern expansion because of the southern wind. (2) Using the 24-h continuous observation and high-resolution profile data, we present the vertical structure of these subsurface oxygen minima and elucidate their controlling mechanisms. (3) We discussed the bottom-flushing effects of the Taiwan warm current (TWC) and Kuroshio subsurface water (KSSW) and their potential role in modulating the extent of summer hypoxia in the ECS.





2  Materials and methods




2.1  Study area


The ECS is one of the largest marginal seas in East Asia and is mainly affected by the East Asian monsoon, with the southwestern monsoon occurring in summer and the northeastern monsoon occurring in winter (Liu et al., 2003). The spreading of CDW and the offshore circulation are the two main dynamic processes in the estuarine and offshore areas. Changjiang (also known as Yangtze River), the third largest river in the world, has an annual discharge of 9.25 × 1011 m3 year−1, a sediment load of 2.5 × 1014 g year−1, and an organic matter of 3 × 1012 g C year−1. More importantly, a large number of nutrients (9 × 1011 g year−1 of nitrate, 2 × 1010 g year−1 of phosphate) were transported into the ECS, fueling one of the most productive continental shelf seas in the world (Liu et al., 2015; Zhang et al., 2021). Summertime Changjiang River plumes are highly variable but generally have three typical pathways of plume extension (Xuan et al., 2012; Wu et al., 2014; Moon et al., 2019): northeastward, eastward, and southeastward (Bai et al., 2014). Among them, the less-captured southward expansion of CDW is important to fuel the biomass in Min–Zhe coastal area, which is usually observed in the dry season (Wu et al., 2014). In the subsurface, the TWC and KSSW were mixed together and moved northward to Zhejiang offshore areas. It can reach 32°N at the end of the submarine canyon, which is located off the CJE along the 50-m isobaths around 122.5°–123°E (Wang, 1991; Su, 1998). With low temperature (14.8°C), high salinity (34.6), and high phosphate (with N/P<16) (Chen and Wang, 1999), the substantial intrusion of TWC/KSSW (N/P<16) in summer in the subsurface water can alleviate the phosphorus limitation caused by the “excess nitrogen” in the ECS (N/P>16) (Wong et al., 1998; Yang et al., 2012). Continuous nutrient input from river plumes in the upper and TWC/KSSW in the subsurface co-support the high primary productivity in the summer of inner ECS. The average annual chlorophyll a concentration on the inner shelf of ECS is 1.05 mg m−3 (Chen et al., 2003; Furuya et al., 2003; Yamaguchi et al., 2012; Hao et al., 2019). High OM deposition and subsequent decomposition reduce the DO in the bottom layer, resulting in an increasingly severe seasonal bottom hypoxia phenomenon in the ECS (Wang et al., 2017; Zhou et al., 2020).





2.2  Sampling and method


The field cruise was conducted onboard the R/V Zhehaihuanjian off the CJE from 21 August to 05 September 2014 (
Figure 1
). Water depths at the sampling stations ranged from the surface to 75 m. At each station, discrete seawater samples from one to five layers were collected using Niskin bottles mounted with a precalibrated CTD unit (Sea-Bird Electronics, SBE-917 plus Bellevue, WA, 98005 USA). For DO measurements, samples collected from the Niskin bottles were fixed and titrated onboard following the classic Winkler procedure, which has a precision of ±1 μmol L–1. A pH analyzer (Orion Star Newton Drive, Carlsbad, 9200, USA) with an Orion®8102BN Ross combination electrode calibrated against three NIST standard buffers (4.01, 7.00, and 10.01) was used to measure pH with a precision of 0.01 units.





Figure 1 | 
Study area and station map marked with coastal ocean currents. (A) Sampling stations are marked with solid red dots, and the solid blue arrow lines represent the primary circulation in the ECS in summer. The gray-shaded area is the upwelling area of Min–Zhejiang. (CDW, Changjiang diluted water; TWC, Taiwan warm current; YSWC, Yellow Sea warm current; YSCC, Yellow Sea coastal current; ZFCC, coastal current of Fujian and Zhejiang). (B) Daily wind pattern from July to September; shaded rectangle represents the sampling period. (C) Monthly averaged river discharge at Datong hydrological stations in 2014, and averaged 2005–2021.






Nutrient samples were filtered through cellulose acetate filters (0.45 μm pore size) and then refrigerated. A Skalar San++ automated analyzer was used to determine the concentrations of nitrate, silicate, and phosphate. The quantification limits (in μmol L−1) are 0.1 for nitrate, 0.1 for silicate, and 0.03 for phosphate, with a precision of 5% (Grasshoff et al., 2009). Chl a was measured using a Turner Designs 10-AU fluorometer. Dissolved inorganic carbon (DIC) was measured in triplicate using a DIC analyzer (Apollo Scitech Inc. Newark, DE 19713 USA, AS-C3), whereas total alkalinity (TA) was measured in duplicate using open-cell Gran titrations with 25 ml samples (Apollo Scitech Inc., AS-ALK2 alkalinity titrator). Both of these methods have a precision of better than 0.1% ( ± 2 µmol kg−1) (Cai et al., 2011; Huang et al., 2012). Certified reference materials (CRMs) from Dickson et al. (2007) were used for daily DIC and TA calibrations.





2.3  Model calculations


Three-end-member mixing models have been used to distinguish the effects of physical mixing and biological processing on the concentrations of seawater constituents (Han et al., 2012; Sarmiento and Gruber, 2013). Using these end-member characteristics (
Table 1
) in combination with the θ and S measured for each sample, we can determine the fractional contribution f
i of each water mass i and thereby predict the conservative concentrations of nutrients, DO, DIC, and TA. The difference (Δ) between the calculated and the measured constituent was attributed to biological effects (Su et al., 2017; Wang et al., 2017). In this study, we only chose the central and south stations to discuss the water mass fractions. f
a represents the traction of CDW, f
b represents the fraction of shelf surface water (SSW), and f
c represents the fraction of shelf bottom water (SBW). SBW has also been introduced as the TWC/KSSW in this study.



Table 1 | 
End-member of different water masses in August 2014.










3  Results




3.1  Spatial distributions of salinity and dissolved oxygen


Apart from the usual northeast expansion in summer, the low-salinity water in late August 2014 expanded mainly to the south and southeast areas (
Figure 2
). From the surface to 10 m depth, the CDW with salinities less than 30 covered a large area from 29°N to 32°N and west of 124°E (
Figure 2A
). The strong north-south salinity front was prominent on the surface at 123°E, and a similar salinity front still existed up to 10 m depth. In the inner frontal area, the salinity range was 22–30. Outside of this salinity front area, the surface salinity was approximately 31–32. Below 20 m depth, higher-salinity (>32) TWC/KSSW occupied in the south area of 32°N. In the bottom water, the saline bottom water (S>34) covered a large area from 29°N to 32°N in latitude and 122°E to 125°E in longitude, indicating the intrusion of TWC/KSSW in this summer. For DO, there was a large high-DO area from 122°E to 123.5°E and from 28°N to 30°N at the surface. The highest DO concentration was 11 mg L−1. This wide high-DO (DO>8 mg L−1) band was consistent with the CDW plume area, mainly located in the inner part of the salinity front. The DO distribution pattern in the 10-m layer had two low-DO centers. One was located off the CJE, with the DO decreased to 4 mg L−1. The other low-DO center was located at 28°N, 123°E. In the 20 m layers, a low-DO (DO<3 mg L−1) tongue spread from the far eastward inner shore to 125°E. The canter transect was immediately off the CJE at approximately 31°N. In the bottom water, hypoxic water was observed centered at 31°N, 123°E, where the submerged valley of the CJE existed.





Figure 2 | 
Salinity and DO spatial distributions in the water column (depth of 2 m, 10 m, 20 m, and bottom). (A) Salinity distribution. (B) Dissolved oxygen distribution map (unit: mg L−1). The distributions of salinity and DO at the bottom layer cover the regions with varying depths and intersect with the upper layers at nearshore regions.






For transect distribution, the largest vertical hypoxic area was located in section C, at approximately 31°N, 122.5–123.5°E. The hypoxic zone then decreased to the north (sections A and B) and south (sections D, E, and F). In the southern area, low-DO water only occupied a limited area, close to the west inner-shore area, with a depth of less than 50 m (
Figure 3
), and was absent in the eastern area. Notably, the SOM can be captured in sections C, D, and F but not in sections A, B, and E. This SOM occurred in the upper 15–20 m along 123°E, with a water depth of >50 m. In particular, the subsurface oxygen minima in sections C and D were closely connected to the hypoxic core area, whereas in section F, the SOM was separated and detached from the hypoxic core. In across-shore transect G-C (
Figure 4
), the hypoxia zone is consistent with TWC/KSSW coverage, with a low temperature (<22°C), high-density anomaly, low N/P ratio (N/P<15), and high SBW fraction (f
c) (>0.8). In the upper area above the hypoxic area, the subsurface chlorophyll a maximum (SCM) was prominent at a depth layer of 10 m. However, in cross-shore transect D (
Figure 5
), the hypoxia zone is located on the inner nearshore side, which is absent from the TWC/KSSW with an f
c of 0.7. Above the pathway of TWC/KSSW was the SOM layer. Notably, the SCM also appeared above this SOM layer. For the alongshore 123°E transect (
Figure 6
), DO concentration declined from south to north until reaching the steepness of the submarine canyon, where hypoxia existed. This hypoxic zone was also characterized by an f
c of 0.7, an N/P ratio of 20, and a relatively higher temperature than the TWC core area. Thus, the flushing effects of TWC/KSSW are different between the pathway and when reaching the submarine canyon.





Figure 3 | 
Transect DO distribution from north to south. Bottom purple areas represented the hypoxic area in each section (A–F). (A) Hypoxic zone in the bottom. (B) Transect distribution of DO from north to south. The location of each transect was located on the left station map marked with a caption.









Figure 4 | 
Distribution of DO, temperature, chlorophyll fluorescence, density anomaly, N/P ratio, and fc (fraction of TWC/KSSW) in transect G–C. (A) DO (mg L−1); (B) temperature; (C) chlorophyll fluorescence; (D) density anomaly, (E) N/P ratio, and (F) fc (fraction of TWC/KSSW). CDW, Changjiang diluted water; SCM, subsurface chlorophyll a maximum; TWC/KSSW, Taiwan warm current and Kuroshio subsurface water.









Figure 5 | 
Distribution of DO, temperature, chlorophyll fluorescence, density anomaly, N/P ratio, and fc (fraction of TWC/KSSW) in transect D. (A) DO (mg/L); (B) temperature; (C) chlorophyll fluorescence; (D) density anomaly, (E) N/P ratio, and (F) fc (fraction of TWC/KSSW). CDW, Changjiang diluted water; SCM, subsurface chlorophyll a maximum; TWC/KSSW, Taiwan warm current and Kuroshio subsurface water.









Figure 6 | 
Distribution of DO, temperature, chlorophyll fluorescence, density anomaly, N/P ratio, and fc (fraction of TWC/KSSW) in transect 123°E. (A) DO (mg L−1); (B) temperature; (C) chlorophyll fluorescence; (D) density anomaly; (E) N/P ratio; and (F) fc (fraction of TWC/KSSW). CDW, Changjiang diluted water; SCM, subsurface chlorophyll a maximum; TWC/KSSW, Taiwan warm current and Kuroshio subsurface water.









3.2  Continuous observation results for the SOM


To better explore the structure of this SOM, 24-h continuous observation results at station D5 are presented in 
Figure 7
. Station D5 is located in the center of the SOM, as shown in 
Figure 5A
. This SOM layer exists in 18–28 m (
Figure 7A
), located in the lower boundary of the pycnocline with a density anomaly of 22 to 24, a temperature range of 22°C–26°C, and a salinity range of 32–34. Above this SOM layer was the CDW plume water (salinity< 30) in the upper 10 m and the high SCM in the upper 5–15 m (Chl a > 5 µg L−1). Below this SOM layer was the low temperature (<20°C;) and high-salinity (>34) TWC/KSSW water mass. Based on the 24-h observation, this SOM was stable throughout the entire day with a thickness of 10–15 m. As the TWC/KSSW upwelled into the 20 m depth at the ninth and 21st hours, this SOM layer was also uplifted to a depth of 15 m. Meanwhile, the SCM was prominent in the upper layer of 5–15 m depth throughout the day. The relatively higher Chl a concentration was captured 3 h later, after the uplifting of TWC/KSSW. Therefore, this SOM can be continuously supported by the labile OM from the upper phytoplankton bloom.





Figure 7 | 
Continuous observation for 24 h in station D5. (A) DO; (B) density anomaly; (C) Chl a fluorescence; (D) temperature; (E) salinity. SOM, subsurface oxygen minimum; CDW, Changjiang diluted water.









3.3  High-resolution profiles of T, S, DO, and NO.3



As shown in 
Figure 8
, high-resolution profiles of T, S, DO, and NO3 at stations D3, D5, D6, and F4 were plotted. In the upper layer, the continuous profile data of temperature and salinity indicated that the depths of the mixed layers at stations D3, D5, and D6 were 8, 10, and 16 m, respectively. The mixing layer gradually increases from the nearshore to the continental shelf. The thickness of the thermocline is approximately 20 m, but with different gradients of 0.17°C m−1, 0.29°C m−1, and 0.38°C m−1, respectively. The mixed layer depth at station F4 was 5 m, whereas the thickness of the thermocline was 50 m. In the subsurface, the cold water at the bottom (<19.2°C) tends to climb along the continental slope but is prohibited because of the stratification intensity. For station D3, the bottom temperature was approximately 21°C from 30 to 50 m. For stations D5 and D6, the cold (<19.2°C) bottom water occupied the 30- to 60-m layer and 40- to 65-m layer, respectively. However, for station F4, the bottom water had the lowest temperature of 18°C from 60 to 70 m and reached strong temperature gradients around 55–60 m.





Figure 8 | 
High-resolution depth profiles of temperature, salinity, DO, and nitrate (ISUS) in four stations: (A) D3; (B) D5; (C) D6; and (D) F4. Red solid line represents temperature, green is salinity, purple is DO, and the blue dotted line is .






According to the full-depth data from the DO and ISUS-NO3 profiles, the subsurface dissolved oxygen minima at stations D5 and F4 were more prominent (
Figure 8
). Stations D5 and D6 had their DO minima at 22 m (DO of 1.80 mg L−1) and 24 m (DO of 2.0 mg L−1), respectively, while at station D3, the DO minimum was located at the bottom (DO of 2.38 mg L−1). For the south-most station F4, the DO minimum value appeared at the 15-m layers (DO = 2.44 mg L−1), whereas the bottom DO value was 4.31 mg L−1. For the NO3 profiles, the high peak of NO3 at all four stations occurred within the lower part of the thermocline and halocline. More importantly, each high-NO3 peak corresponded to a low-DO peak. For station D5, there were two high-NO3 peaks (20 µmol L−1) at 10 and 20 m. The former peak is located in the upper isoclines, whereas the latter is located in the middle isoclines. For station F4, the high-NO3 peak (26 µmol L−1) was located at approximately 12 m within the middle isocline. Below this peak depth, NO3 declined significantly to approximately 5 µmol L−1 and gradually increased to 10–15 µmol L−1. In summary, stations D5 and F4 represent two different depth profiles of SOM, which were captured with high-resolution profile data.






4  Discussion




4.1  Southward expansion of CDW in summer, 2014


The southward expansion of the CDW has received much less attention than the typical northeast and east expansion situation in summer (Chen et al., 2021b). However, this less-captured southward expansion of the CDW in summer has a noticeable effect on plume-related processing and material transportation in the Min–Zhe coastal area. Upon multiyear satellite data, the southward along-shore expansion of CDW occurred only in very limiting years, driven by continued strong cyclonic wind forcing during typhoon (or tropical storms) periods (Bai et al., 2014; Chang et al., 2014). During our field cruise in the summer of 2014, the southward expansion of the CDW was prominent and dominated the main pathway (
Figure 2A
), which differed from the average year. In late August 2014, the Changjiang discharge was 4.83 × 104 m3 s−1 in July and 4.11 × 104 m3 s−1 in August, which was similar to the long-term average July discharge of 4.40 × 104 m3 s−1 and August discharge of 4.83 × 104 m3 s−1 (
Figure 1C
). The monthly average wind speed for the wind field was 5.9 m s−1 in the southwesterly direction. During the sampling period, the average wind speed declined to 3.1 m s−1 (
Figure 1B
). The weakening of the southwestern winds prohibited the northeastern expansion, and the eastward Ekman transport enhanced the southeast and southward expansion of CDW to Zhejiang coastal areas. Overall, we provide a nontypical expansion of the CDW with field data and propose that the southern expansion of the CDW is important in determining the southward phytoplankton biomass and the subsequent formation of the southern hypoxia of the Min–Zhe coastal area.





4.2  
.In situ respiration fueled the subsurface hypoxia


In addition to vertical stratification, in situ respiration of organic matter is another key process driving the dissolved oxygen deficit. In 
Figures 7
, 
8
, the SOM layer was thinner than the pycnocline but well consistent with the NO3 maximum layer. This indicated that water mass mixing or protrusion alone could not result in the SOM. A process of biological utilization jointly makes the contribution. This in situ respiration mainly occurred in the 10–15 m and the 2–30 m layers at station D4. In station F4, in situ remineralization primarily occurred in the 5–15 m layer. According to depth-integrated calculations, the consumed DO at station D4 was roughly 260 µmol dm−2 (34.7 × 15/2), whereas the increase in nitrate was 30 µmol dm−2 (4 × 15/2). This resulted in a ΔDO/ΔNO3 ratio of 8.6, which is consistent with the classical Redfield ratios (Redfield, 1958). At station F4, the depth-integrated ΔDO and ΔNO3 were 345 µmol dm−2 (2.16 × 32 × 10/2) and 40 µmol dm−2 (8 × 10/2), respectively, resulting in a similar ratio of 8.6. Overall, it is evident that the process of in situ remineralization of OM by biological respiration consumes oxygen and releases nitrate.


In addition to the high-resolution depth profiles, we summarized the scatter plots of the different parameters (
Figure 9
). By dividing the hypoxia stations and the south ECS stations into two groups, the AOU/PO4 regression slope for the southern ECS stations was 110. This ratio is consistent with the slope on the pathway of KSSW (Qian et al., 2017; Wei et al., 2021b). For the hypoxia stations, the slope of AOU/PO4 was higher than 138 (
Figure 9C
). In particular at the SOM stations, this ratio can reach up to 160. This indicated that the in situ respiration process occurring during the phosphate limitation status had a much higher recycling efficiency of phosphate, leading to the high AOU/PO4 ratio. For density anomaly versus PO4 plot, these SOM stations also deviated from the cumulative scatter, which also indicates that the protruding process from the isocline was not clearly observed (
Figure 9D
). From the DO and f
c plot, the hypoxia was mostly likely to happen when the fraction of TWC/KSSW was 0.7–0.8 (
Figure 9B
). When the f
c increases to 0.9, the bottom DO increases to the DO background of TWC/KSSW. Therefore, we concluded that the in situ respiration fueled by upper-high biomass consumes the oxygen in subsurface water and leads to subsurface hypoxia.





Figure 9 | 
Scatter plot of physical and chemical parameters for hypoxia stations and the southern ECS stations. (A) T-S plot; (B) DO, and f
c; (C) AOU and  ; (D) density anomaly and AOU and  .









4.3  Flushing effects resulted in the SOM


Several studies have confirmed the role of TWC/KSSW in providing the low-DO background for developing hypoxia. Notably, the TWC had a DO value higher than 3 mg L−1, which is beyond the definition of hypoxia. Here, we reveal that TWC is conducive to alleviating bottom hypoxia because of its renewal role for the bottom hypoxic water. The alleviation contribution has been discussed in several papers (Zhou et al., 2017; Chi et al., 2020; Zhou et al., 2020; Chen et al., 2021a). Zhang et al. (2022) suggested that lateral transport of oxygen-rich ambient water replenishes the local deficit of bottom DO. Luo et al. (2018) summarized data from 10 cruises in 2012 and 2013 and pointed out that hypoxia frequently occurred near the 30–50-m isobaths and was prone to occur without the presence of the KSSW. In this study, we confirmed the alleviation role of TWC/KSSW and proposed its contribution role in the formation of SOM.


Based on previous research, the northern and southern hypoxic areas off the Changjiang Estuary are widely recognized (Zhu et al., 2011; Luo et al., 2018; Wei et al., 2021a). In this study, we propose that the southern hypoxia should be separated due to the difference in TWC/KSSW in the submarine canyon area and in the southern area. In the central submarine canyon area, local deficit prevails over the lateral exchange and leads to long-lasting bottom hypoxia because of bathymetry and sufficient OM (Zhang et al., 2022). In the southern area, hypoxia usually occurs on slopes within restricted areas. This band area along 123°E is characterized by frequent algal blooms at the surface in spring and summer, but it is usually absent with bottom hypoxia (Luo et al., 2018; Pitcher et al., 2021). The flushing effects of subsurface water can continually refresh DO values in this area to alleviate bottom hypoxia. In addition, the local deficit promotes subsurface hypoxia, but lateral exchange along the 123°E replenished bottom water DO, which jointly led to the SOM. In summary, we contextualize these into a conceptual diagram to elucidate the formation mechanism of SOM (
Figure 10
). In particular, we provide a nontypical hypoxia case and aim to highlight the alleviation role of the TWC and the formation mechanism of SOM in the summer season along 123°E.





Figure 10 | 
Conceptual diagram for three typical hypoxia areas off the Changjiang Estuary and the formation mechanism of subsurface oxygen minima (SOM). Both the cross-shore transect (31°N) and alongshore transect (123°E) are shown in the left and right vertical panels. Round cycles represent the organic matter remineralization. Three are three hypoxia areas (purple shading area of the estuary): the north hypoxia is most likely to encounter severe hypoxia but is easily interrupted by wind events; the middle hypoxia is most commonly observed for its long-lasting character due to topography; and the south hypoxia only existed close to the inner boundary of TWC/KSSW. The SOM usually occurs along the 123°E in the south hypoxia area, regulated by OM respiration and bottom flushing effects.










5  Conclusion


Using multidisciplinary observational data from the summer of 2014, this study investigated the SOM in the inner ECS and attempted to analyze its formation mechanism. Firstly, the southward expansion of CDW was prominent in this cruise, which substantially fueled the high biomass at the surface and subsequent OM respiration in the subsurface water along the Min–Zhe coastal area. Secondly, in situ respiration of organic matter in the water column is another key process driving the dissolved oxygen deficit. Most importantly, the flushing effects of TWC/KSSW (performing as the lateral exchange effects) prevailed over the local deficit effects below the pycnocline and shaped the vertical morphology of DO. This bottom renewal role finally determined the occurrence of SOM and could play an important role in alleviating the southern hypoxia of the CJE. These findings will give valuable insight into understanding hypoxia from the alongshore perspective and highlight the importance of integrating observation and simulation for improving future hypoxia prediction.
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