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Reoxygenation of the Hypoxia in the East China Sea: A Ventilation Opening for Marine Life
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Hypoxia and upwelling co-occur in the summer, and well-mixed water typically reaches the subsurface in the East China Sea (ECS), especially off the Changjiang River estuary. The impact of upwelling on hypoxia and, therefore, on the ecosystem in the ECS is not known. This study demonstrates both positive and negative effects of upwelling on hypoxia and its impact on the ecosystem. With upwelling, the spatial extent of hypoxic water increases with a lower pH but waters with high regenerated nutrients and fugacity of CO2 (fCO2), which are normally confined to the near-bottom, are found just up to 5–10 m below the surface. This upwelled high nutrient water can enhance phytoplankton growth in this region. On one occasion in August 2014, upwelling reached to the surface and lasted for 3 weeks, with the area of coverage ranging from 326.8 to 24,368.0 km2. During this event, the water was mixed thoroughly throughout the water column, with high concentrations of nutrients, chlorophyll a, and slightly undersaturated dissolved oxygen but saturated fCO2, alongside a normal pH. This event may have served as an important pathway from the ocean to the atmosphere for the regenerated CO2. It also provided a productive and suitable environment for marine life and ventilation to alleviate low-oxygen stress in this hypoxic but upwelling region in the ECS.
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INTRODUCTION

In coastal oceans, the hypoxic zone (commonly known as a “dead zone”) has been expanding globally over the last half-century (Diaz and Rosenberg, 2008; Breitburg et al., 2018). The frequency, duration, and severity of hypoxic events are increasing mainly because of human activities such as nutrient pollution from agricultural runoff, fossil fuel burning, and wastewater treatment effluents (Rabalais et al., 2002; Diaz and Rosenberg, 2008; Vaquer-Sunyer and Duarte, 2008). In the inner shelf of the East China Sea (ECS), especially outside the Changjiang River estuary (CRE, or Yangtze River; Figure 1), hypoxia has been frequently observed since the 1950s using evidence from sediment microfossils (Li et al., 2002, 2011). This and the nearby area also form an important fishing ground (Zhang et al., 2016). The extent of the hypoxic region can reach 15,400 km2 in the summer (Chen et al., 2007; Zhu et al., 2017), comparable to that observed in the northern Gulf of Mexico or the northwest shelf of the Black Sea (Rabalais et al., 2002; Obenour et al., 2013; Scavia et al., 2017; Fennel and Testa, 2019). Hypoxia has a severe impact on coastal waters, causing the death of marine life, changing benthic communities with a catastrophic effect on the marine ecosystem, and altering sedimentary structures and biogeochemical cycles (Rabalais et al., 2002; Vaquer-Sunyer and Duarte, 2008; Conley et al., 2009; Breitburg et al., 2018). Acidification and high nutrient regeneration have also been observed in the hypoxic regions in the ECS (Cai et al., 2011; Wang et al., 2016; Zhu et al., 2017; Chen et al., 2020).
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FIGURE 1. Designed sampling stations in East China Sea are marked by an “x” with station number above the mark. The frequently observed hypoxic region off the Changjiang River estuary is shaded with light blue, modified after Li et al. (2002). The rectangle with a yellow a broken yellow line indicates the observed upwelling region proposed by Zhao et al. (2001). Bottom depth is indicated by color coding, and depth contours of 100, 200, and 1,000 m are also played as dashed lines.


Interestingly, upwelling often has been observed within or near the region of frequent hypoxia of 122° 20′–123° 10′ E and 31° 00′–32° 00′ N, with an upwelling rate estimated to be 1.0–5.0 × 10–3 cm s–1 (Figure 1; Zhao et al., 2001; Lü et al., 2006; Hu and Wang, 2016). This upwelling may be induced result from multiple forcing mechanisms, including the tide, intrusion of Kuroshio subsurface water (KSW), and discharge of Changjiang River water over a deep trough located outside the CRE where upwelling is forced by the pressure gradient because of vertical squeezing of the vortex tube and bottom frictional effect (Zhao et al., 2001; Lü et al., 2006; Liu and Gan, 2015). Even though this upwelling has been observed over the past two decades, it is located away from the coast and has received relatively little attention (Zhao et al., 2001). Some studies have focused on the impact of this upwelling on this hypoxic region and how the combined effect of upwelling and hypoxia impact the ecosystem (Hu and Wang, 2016; Xu et al., 2017; Chen et al., 2021b).

In summer, the bottom water off the CRE is generally upwelled to 5–10 m below the surface but does not reach the surface (Zhao et al., 2001; Lü et al., 2006; Liu and Gan, 2015; Hu and Wang, 2016). In contrast, in this study, the upwelling did reach to the surface during August 2014. Here we examine the underlying mechanisms that caused the bottom water to upwell to the surface. Further we examine whether this intensified upwelling event had a different effect on hypoxia compared to the typical upwelling in this region. This study explores the hypothesis that upwelling to the surface opens a ventilation pathway for dissolved gases, especially for O2 and CO2, from the bottom water to the water surface. To explore this, shipboard observations, an ocean model, and remote sensing data are examined to evaluate the physical, chemical, and biological ocean variables in the area during the summer of 2014. This time period during which the bottom water reached the surface is contrasted with another year (2003) when bottom water was isolated below a warm and saline surface layer.



MATERIALS AND METHODS


Study Area and Sampling

Water samples were collected from the ECS during four cruises in the summer of 2003 (June 18–26 and August 13–23) and 2014 (July 16–29 and August 20–31) on the R/V Ocean Researcher I and V. The planned sampling stations were distributed throughout the ECS (Figure 1), but the actual sampling stations in different sampling periods varied as displayed in Figure 2. The samples were collected in Teflon-coated Go-Flo bottles (20 L; General Oceanics Inc., Miami, GL, United States) mounted on a Rosette assembly (Model 1015; General Oceanics Inc.). At each station, 5–10 samples were taken at depths ranging from 2 to 50 m, depending on the total water depth. Subsamples were taken for immediate analyses (DO, dissolved inorganic nutrients, and Chl a). The methods used to collect the hydrographic data and analyze the response variables followed those described by Chen et al. (2006, 2009, 2013, 2017, 2021a). The descriptions of the methods used are presented briefly in the following sections. Note that portions of these data were published by Chen et al. (2007) and Chou et al. (2016).
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FIGURE 2. Contours of concentration of dissolved oxygen (DO) in bottom water column or at 100 m if water column depth was >100 m in East China Sea in (a) June and (b) August 2003 and (c) July and (d) August 2014. Contour lines of DO = 3 mg L–1 are provided in white bold for reference. Please note that panels (a,b) were modified from Chen et al. (2007).




Physical, Chemical, and Biological Hydrographics

Conductivity, temperature, and depth (CTD) were recorded throughout the water column with a CTD instrument (SBE9/11 Plus; Sea-Bird Electronics Inc., Bellevue, WA, United States). The mixed layer depth (MD) was based on the potential density criterion of 0.125 kg m–3 (Levitus, 1982).

Water subsamples for dissolved inorganic nutrient analysis (NO3– and PO43–) were collected from every sampling depth with 100-ml polypropylene bottles and frozen immediately with liquid nitrogen. A custom-made flow injection analyzer was used for nitrate and phosphate analyses, for which the detection limits were 0.3 and 0.01 μM, respectively (Gong et al., 2003).

The water subsamples for DO from every sampling depth were siphoned into 60-ml BOD bottles and fixed immediately by adding 0.5 ml manganese chloride and 0.5 ml alkaline iodide reagent (Pai et al., 1993). The concentration of O2 was measured using a direct spectrophotometry method, with a precision of 0.02 mg L–1. If applicable (e.g., August of 2003 and 2014), for a continuous profile, the concentration of O2 was measured using a DO sensor (SBE 43; Sea-Bird Electronics Inc.) attached to the Sea-Bird CTD and calibrated by the directly measured concentration of O2 (all p < 0.001).

Water subsamples for pH, dissolved inorganic carbon (DIC), and total alkalinity (TA) measurements were collected following standard operating procedures (Dickson et al., 2007). pH was determined spectrophotometrically at 25°C on the total hydrogen ion concentration scale (pHT at 25°C) (Clayton and Byrne, 1993). DIC was measured by coulometry using a single-operator, multiparameter metabolic analyzer, with a precision of 0.1% (Johnson et al., 1993). TA was measured by Gran titration using the open-cell method with a semiautomatic titration system (AS-ALK2; Apollo SciTech, Newark, DE, United States; Gran, 1952). This TA titration system has a precision better than 0.2% (Cai et al., 2010). For details on pH, DIC, and TA measurements, please refer to Chou et al. (2016). The fugacity of CO2 (fCO2) was estimated from DIC and TA data using the designed CO2SYS program (Lewis and Wallace, 1998; Pierrot et al., 2006).

The concentration of Chl a was measured with a fluorometer (AquaTracka III; Chelsea Instruments Ltd., England) attached to the Sea-Bird CTD for a continuous profile of in vivo fluorescence and calibrated by in vitro fluorometry (all p < 0.001). Water samples (2 L) for in vitro Chl a measurement were immediately filtered through a GF/F filter paper (Whatman, 47 mm), and the GF/F filter was stored in liquid nitrogen. The Chl a retained on the GF/F filter was determined fluorometrically (10-AU-005; Turner Designs, CA, United States; Parsons et al., 1984).



Model Description

To explore the potential mechanisms that drove upwelling in the ECS off the CRE, the East Asian Seas Ocean Nowcast/Forcast System (EASNFS) was used (Ko et al., 2008). This data assimilative ocean model combines data assimilation, a dynamic ocean model (the Navy Coastal Ocean Model), a statistical data analysis model (the Modular Ocean Data Assimilation System), and various data sources for ocean bathymetry, climatological data, surface forcing, open boundary forcing, and observations for data assimilation (Martin, 2000; Ko et al., 2008). This model domain covers the entire East Asian marginal seas and part of the West Pacific Ocean from 17.3° S to 52.2° N and from 99.2° E to 158.2° E. The horizontal resolution (∼1/12°) ranges from approximately 9.8 km at the equator to approximately 6.5 km at the model’s northern boundary. There are 41 sigma-z levels with more closely spaced levels in the upper ocean to increase resolution. EASNFS also implemented river forcing and astronomical tides. Inside the model domain 142 rivers derived from the World Meteorological Organization Global Runoff Data Center archives were included with monthly climatologic mass flux, temperature and zero salinity from their respective river mouths. The preliminary numerical experiments noted the importance of tides in driving enhanced upwelling in the seas around Taiwan and ECS so eight tidal constituents (K1, O1, P1, Q1, K2, M2, N2, and S2) were included (Ko et al., 2016). These were obtained from the Oregon State University Tidal Prediction Software (Egbert and Erofeeva, 2002). To simulate a typhoon event, the atmospheric forcing input was included from high-resolution Weather Research and Forecasting model outputs, supplemented with Navy Operational Global Atmospheric Prediction System products (Rosmond, 1992). For more details on the model, refer to Ko et al. (2008, 2016).



Satellite Sea Surface Temperature and Surface Wind Data

To help evaluate the temporal duration and spatial distribution of upwelling off the CRE, daily SST with 9 km spatial resolution was examined using optimally interpolated satellite microwave and infrared (MW_IR OI) data product. For details of the data processing, refer to the Remote Sensing Systems website.1 The daily surface wind was obtained from the National Centers for Environmental Prediction–National Center for Atmospheric Research. The daily wind speed field was calculated for the CRE from July 15 to September 16, 2014.




RESULTS


Hypoxia Off the Changjiang River Estuary

Hypoxia was observed in July 2014, and it covered a wider area in the ECS in August of 2003 and 2014, especially off the CRE and along the Zhejiang coast (Figures 2b–d). The lowest DO was 1.07 mg L–1 (ca. 14.5% of DO saturation) at St. 18 in August 2014 (Figure 2d). In the hypoxic regions, high concentrations of nutrients (e.g., nitrate and phosphate) were observed in the bottom water (Figures 2, 3a,b,e,f, 4c–f,i,k, 5c–f,i,k). For example, both nitrate and phosphate concentrations of bottom water reached 17.9 and 1.82 μM in the hypoxic region at St. 18 in August 2014, respectively (Figures 3b,e). Additionally, significant negative linear relationships were between DO saturation and concentrations of nitrate or phosphate were evident (both with p < 0.001; Figure 6). Interestingly, compared to nitrate, a relatively high phosphate concentration (e.g., 2.07 μM) was observed in the low-DO (≤3 mg L–1) water, with a lower N to P molar ratio of 5.62. Low pH was also measured in low-DO and hypoxic regions in 2014, with values as low as 7.64 (Figures 3c,g, 7a,b). However, the fugacity of carbon dioxide (fCO2) value was high, reaching 906 μatm in the bottom water in the hypoxic region (Figures 3d,h, 7c,d).
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FIGURE 3. Contours of different variables, including nitrate (NO3–), phosphate (PO43–), pH, and fugacity of CO2 (fCO2), in bottom water column or at 100 m if water column depth was >100 m in East China Sea in (a–d) July and (e–h) August 2014. The range of variables are also displayed at the top of each panel. Color codes for the values of each variable are given in the left panels.
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FIGURE 4. Depth profiles of temperature (▲), salinity (■), and dissolved oxygen (DO; ●) at St. 19A, 19, and 20 in different sampling periods in the East China Sea. Please refer to Figure 1 for stations. For reference, the horizontal dashed lines indicate the mixed layer depth at stations, and the vertical dashed lines indicate where DO = 3 mg L–1 (blue) and Salinity = 34.26 (black). Please note that panels (a–e) were modified from Chen et al. (2007).
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FIGURE 5. Depth profiles of nitrate (▲), phosphate (■), and chlorophyll a (Chl a; ●) at St. 19A, 19, and 20 in different sampling periods in East China Sea. Please refer to Figure 1 for stations. For reference, the horizontal dashed lines indicate the mixed layer depth at stations. Please note that panels (a–e) were modified from Chen et al. (2007).
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FIGURE 6. Relationships between dissolved oxygen (DO) saturated rate (%) vs. concentrations (μM) of (a) nitrate (NO3–) and (b) phosphate (PO43–) for all pooled data in this study, except for DO rate >90%. Data marked with red represent salinity <30. Linear regression is displayed and applies only to the data marked with blue (or salinity ≥30).
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FIGURE 7. Depth profiles of pH and fugacity of CO2 (fCO2) at sampling stations off the Changjiang River estuary along northern-most transect line (e.g., St. 19, 20, 21, and 22) and near-coast transect line (e.g., Sts. 19, 19A, 29, and 17) in July (a,c) and August (b,d) 2014. For reference, the values of fCO2 = 468–471 μatm and pH = 4.96 were marked in black. The bathymetry/elevation data retrieved from GEBCO (https://www.gebco.net/data_and_products/gridded_bathymetry_data/). Please refer to Figure 1 for stations.


High concentrations of nutrients, such as nitrate and phosphate, were also observed in the surface water of the hypoxic region and the entire ECS, particularly before hypoxia occurred (Figures 5a,b,f,g and Table 1). For example, before the onset of hypoxia in July 2014, the nitrate concentration reached 47.7 μM in the surface water at St. 19A (Figure 5f). Notably, linear relationships were significant between concentrations of nitrate (all p < 0.001) or phosphate (all p < 0.05) vs. salinity in the surface water for almost the entire sampling period, except phosphate in August, 2003. Fueled by high concentrations of nutrients, phytoplankton generally flourished in periods prior to hypoxic events in our observations (Figures 5a,b,f,h and Table 1). This pattern was especially pronounced in the hypoxic region; for example, phytoplankton biomass here reached 66.7 and 10.5 mg Chl m–3 in June 2003 and July 2014, respectively (Figures 5b,h). During the bloom period, high primary production resulted in a supersaturated level of DO, reaching as high as 139% in June 2003 (St. 19; Figure 4a).


TABLE 1. Mean (± SD) concentrations of nitrate (NO3–; μM), phosphate (PO43–; μM), and chlorophyll a (Chl a; mg Chl m–3) of surface water over entire East China Sea in different sampling periods.

[image: Table 1]
Physically, hypoxic formation is strongly related to water column stratification. Strong stratification was observed during the summers in this study (Table 2); it was associated with the higher temperature (21.0°C) and lower salinity (27.2) water near the surface relative to the colder (17.8°C) and saltier (31.0) bottom water using St. 19 in June, 2003 as an example (Figure 4). Both the halocline and thermocline contributed to water column stratification, but their relative contribution varied temporally (Table 2). For example, the thermocline contributed more to water column stratification in August, 2003 (Table 2), even though the bottom water temperature was generally higher in August than in June or July (Figure 4, Supplementary Figure 1, and Table 2). Even so, the sharper density gradient was observed in this study (Table 2). For example, the average density difference between surface and bottom water was greater than -2.5 kg m–3 for the four northwestern-most stations (Table 2). Additionally, the mixed layer depths were generally shallower in June and July than in August in the hypoxic regions (Table 2).


TABLE 2. Mean (± SD) values of mixed layer depth (MD; m) and bottom temperature (TempBot; °C), and difference between surface and bottom water of temperature (TempDiff), salinity (SalDiff), and density (δθDiff; kg m–3) in different sampling periods of East China Sea.
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Upwelling Off the Changjiang River Estuary


Upwelling in to a Sub-Surface Layer (5–15 m Below the Surface)

Upwelling events occurred during the hypoxia in this region off the CRE. The bottom water upwelled to within 5–15 m below the surface, especially at Sts. 19A, 19, and 20 (Figures 1, 4a,b,d–h). Using St. 19 in June and August of 2003, and July 2014, respectively (Figures 4a,d,g) as an example, bottom water advected vertically to 10, 10, and 5 m below the surface with average salinity values (± SD for this and all parameters discussed henceforth) over the upwelling water of 31.02 (± 0.02), 33.11 (± 0.01), and 31.60 (± 0.01). Hypoxia was associated with decreased DO saturation and pH, but increased nutrients and fCO2 in the bottom water in the ECS (Figures 2–7). However, the affected water was shoaled to the subsurface when hypoxia was located within the upwelling region, namely, off the CRE in the ECS (Figures 4d–f,k, 7). For example, the low-DO bottom water could shoal to 10 m below the surface water at St. 19A in July of 2014, where pH and fCO2 values were 7.77 and 581 μatm, respectively (Figures 4f, 7a). Accompanied by the upwelled hypoxic water, high-nutrient water was also uplifted to the mixed layer, and the highest NO3– and PO43– concentrations reached 23.3 and 1.11 μM, respectively (Figures 4d–f,k, 5d–f,k).



Upwelling to Surface Water Event

Instead of upwelling to 5–15 m below the surface, the bottom water upwelled to the surface at St. 19 in August 2014, referred to as “upwelling to the surface event” hereafter (Figures 4j, 5j). The water was well mixed throughout the water column during this upwelling to the surface event. This phenomenon is apparent in the small vertical variation of water properties and concentrations over the water column at St. 19 that include the following: temperature [24.24 (± 0.01)°C], salinity [31.35 (± 0.01)], DO [5.29 (± 0.01) mg L–1 or 75.6 (± 0.2)% of saturation], nitrate [5.81 (± 0.44) μM], phosphate [0.30 (± 0.01) μM], and chlorophyll a [Chl a; 2.01 (± 0.20) mg Chl m–3; Figures 4j, 5j]. Similar to other variables at St. 19, the fCO2 was also well mixed throughout the water column with an average value of 463.3 (± 12.0) μatm; it also suggests that a huge quantity of fCO2 contained in the bottom water was fluxed into the atmosphere during this event (Figure 7d). This is indirectly supported by the large difference of fCO2 between bottom water and surface water, namely, 292 μatm observed at St. 19A, the nearby hypoxic station close to this upwelling to the surface event (Figure 7d). During this event, there was acidification relief at St. 19 with a mean pH value of 7.97 (± 0.01) over the water column compared to the adjacent stations (St. 19A and 20; Figure 7b), where pH values were as low as 7.64 (Figure 3g).

The MW_IR OI SST data was used to explore the temporal and spatial coverage of this upwelling to the surface event. On the sampling date in August 2014, the SST around St. 19 was lower than that of the surrounding water and close to the observation (Figures 4j, 8d). However, this phenomenon was not observed during other summer study periods (Figures 8a–c). This upwelling to the surface event lasted for longer than 3 weeks, starting on August 13 and ending on September 6, 2014 (Supplementary Figure 2). Assuming the SST where the bottom water upwelled to the surface was below 24.5°C, similar to the observed temperature in the upwelling to surface water, the coverage area of this event was estimated to be around 6,000 km2 on the sampling date (August 26, 2014) and it ranged from 326.8 to 24,368.0 km2 during this event period (Figure 8d and Supplementary Figure 2). A similar upwelling to the surface event was also observed prior to this event, occurring from July 31 to August 4, 2014 (Supplementary Figures 2b,c). During that event, Typhoon “Nakri” passed by the ECS shelf with a wind speed reaching 10.43 m s–1 in the upwelling region (Supplementary Figure 3).
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FIGURE 8. Images of sea surface temperature (SST) of optimally interpolated satellite microwave and infrared (MW_IR OI SST) data on sampling date, displayed in labels, of St. 19 marked with ✩ in different sampling periods. Color code for SST is given for reference.






DISCUSSION


Impact of Hypoxia on the Ecosystem Off Changjiang River Estuary

Hypoxia was found in the ECS, with its coverage area varying for the different sampling periods (Figure 2). For example, low-DO (≤3 mg L–1) water covered an area greater than 12,000 km2 (or 432 km3 in volume) in August 2003 (Figure 2b; Chen et al., 2007). The lowest DO level was 1.07 mg L–1 in this study, and it has been reported to be as low as 0.71 mg L–1 in the ECS according to other studies (Figure 2d; Zhu et al., 2017). In the hypoxic region, high concentrations of nutrients were observed in the bottom water of this study (Figure 3). The high nutrient concentrations may be partially regenerated during hypoxic events such that the concentrations increased with increasing oxygen consumption (Figure 6; Zhu et al., 2017; Chen et al., 2020). Additionally, this low-DO water also had a low N to P molar ratio (5.62) or relatively high phosphate concentration (2.07 μM). This may have provided an important source of phosphate for this phosphate-limited coastal ecosystem in the ECS (Tseng et al., 2014; Chen et al., 2021b). Furthermore, some recent studies have shown that the metabolic decomposition process may not only induce high O2 consumption but also DIC regeneration, and thereby forming high fCO2 and low pH in the bottom water in the hypoxia area off the CRE (Chou et al., 2013; Xiong et al., 2020). This phenomenon was also observed in the hypoxic bottom water in this study where the fCO2 value reached 906 μatm and pH was as low as 7.64 (Figures 3g,h, 7c,d). This implies that a significant quantity of CO2 can be released into the atmosphere once the surface mixed layer disappears during winter or under strong physical disturbance (e.g., typhoons) when high-CO2 water reaches the surface (Chen et al., 2006; Li et al., 2019).

The formation of hypoxia in the ECS has been attributed to water column stratification and decomposition of marine-derived organic matter enhanced by the enrichment of nutrients from river runoff (Chen et al., 2007; Wang et al., 2016; Chi et al., 2020). Strong water column stratification was apparent in this study (Table 2; Chen et al., 2007; Wei et al., 2015; Chi et al., 2020). The halocline and/or thermocline may contribute to water column stratification, and their relative contribution varied temporally; for example, thermocline contributed more in August and it may be more attributed to halocline in June or July (Table 2). Temporally, these episodic hypoxic events occurred seasonally and are especially common during the highly productive summer period as in this study (Figures 2b,d; Wei et al., 2015; Chen et al., 2020; Chi et al., 2020). High phytoplankton production here is normally fueled by nutrient enrichment through riverine discharge, especially from the Changjiang River (Gong et al., 2011). High nutrient concentrations were also measured in the surface water off the CRE in this study; for example, nitrate concentration here reached 47.7 μM (Figure 5f). This evidence suggests that, in addition to being a terrigenous source, the high phytoplankton biomass enhanced by riverine input of inorganic nutrients might be an important source providing marine-derived organic matter for the following O2 consumption during the formation of hypoxia (Li et al., 2011; Wang et al., 2016).

Alongside previous factors, the inflow of KSW and the bottom topography associated with the deep trough just off the CRE (the similar regions as the hypoxic area of this study), may also play key roles in the development of hypoxia (Wang, 2009; Zhang et al., 2019). In this study, the intrusion of lower temperature and high salinity (>34.26) of the KSW was observed to reach the northwestern-most stations (over 31° N), especially within the bottom water; this is apparent in the salinity and stands out in a temperature vs. salinity diagram (Figures 4c,e, Supplementary Figures 1d, 4, and Supplementary Table 1). The low-O2 of the KSW was observed in the bottom water at stations, including Sts. 34, 8, 31, 17, 29, along the track of this KSW intrusion, with average DO values over the stations ranging from 4.37 (± 1.03) to 5.46 (± 1.41) mg L–1. Additionally, it could also be supported by the average DO saturation with values ranging from 57.1 (± 12.5) to 75.7% (± 21.8) in different sampling periods (Figure 1 and Supplementary Table 1). The results suggest that the inflow of the KSW may serve as an important water source for the hypoxic formation off the CRE since it not only has waters with low-O2 level but also with high salinity and lower temperature (during summer), providing an essential prerequisite for water column stratification (Wang, 2009; Zhang et al., 2019).



Potential Formation Mechanisms of Upwelling (to Surface Event) Off Changjiang River Estuary

In the hypoxic region off the CRE, a typical upwelling was also observed; namely, the upwelled bottom water was capped around 5–10 m below the sea surface by a layer of low-salinity and high-temperature surface water, especially at Sts. 19A, 19, and 20, consistent with other studies (Figures 1, 4a,b,d,h; Lü et al., 2006; Hu and Wang, 2016). To explore potential formation mechanisms for the typical upwelling vs. for the upwelling to the surface event off the CRE, output from a data assimilative ocean model, EASNFS, was examined (Ko et al., 2016). The model demonstrates that an upwelling event appeared around the submarine valley off the CRE (Figure 1). The tide has been suggested and demonstrated as one of the major drivers of the upwelling in this model (Ko et al., 2016). For comparison of results with and without the tidal effect on upwelling, please refer to Figure 5 of Ko et al. (2016) for details. Additionally, the effect of the KSW on upwelling can be revealed by examining whether KSW reaches the northwestern-most stations (over 31° N) in the model output, as stated described above (Figure 4, Supplementary Figure 4, and Supplementary Table 1). As for the Changjiang River discharge water, its contribution to upwelling may be inferred by examining (in the model output) the baroclinic effects associated with the density gradient plume (Figure 4 and Supplementary Figure 4; Lü et al., 2006). It is found here that overall, this upwelling was induced by combined physical forcing, including the tide, KSW, and Changjiang River discharge water over the canyon (Lü et al., 2006). The wind played only a limited role in inducing upwelling since the summer monsoon was generally weak, for example, 4.9 m s–1 in July 2014 in the ECS (Supplementary Figure 3b). This phenomenon was reproduced and revealed in the model results (Figure 9). For example, at the end of July 2014 (before Typhoon Nakri), the bottom water upwelled to 5–10 m below the surface in the upwelling region (along 31.625° N transect; Figure 9a).
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FIGURE 9. Temperature profiles along 31.625° N transect predicted by East Asian Seas Nowcast/Forecast System (EASNFS): (a) At the end of July 2014, the water was well stratified with a 5–10-m warm layer on the top. (b) At the onset of Typhoon Nakri, the water column became well mixed. (c) After the passing of the typhoon, the water was weakly restratified. (d) Tidal mixing was able to fully mix the water column under weak stratification.


This upwelling reached to the surface in August 2014, which has rarely been observed in the summer in the ECS (Figures 4j, 5j and Supplementary Figure 2; Zhao et al., 2001; Lü et al., 2006). During this upwelling to the surface event, the water was well mixed throughout the water column for all measured variables, e.g., temperature, salinity, DO, nitrate, phosphate, Chl a, pH, and fCO2 (Figures 4j, 5j, 7b,d). In this study, the upwelling to the surface event was found during two periods: (1) the Typhoon Nakri period and (2) a few days after the passing of this typhoon (including the one on August 26, 2014) using MW_IR OI SST data and the EASNFS model results (Figures 8d, 9b,d and Supplementary Figure 2). The previous upwelling mechanisms also serve as the fundamental forcing for this upwelling to the surface event. At the onset of Typhoon Nakri, the water became well-mixed throughout the water column; this upwelling outpoured to the surface water and it may be mostly induced by strong vertical wind mixing with a wind speed of 10.6 (± 0.6) m s–1 (Figure 9b and Supplementary Figures 2d, 3b). A significant drop in surface temperature was observed during this event, especially off the CRE (Supplementary Figures 2b,c, 3). This upwelling to surface event ended 2 days after the passing of the typhoon, the water was weakly restratified, and the surface heating over warmer water was not as effective as that over colder water (Figure 9c).

As for the upwelling to the surface event that occurred a few days after the passing of the typhoon (including the one on August 26, 2014; Figures 8d, 9d and Supplementary Figure 2), this event may have been associated with the lasting impact induced by Typhoon Nakri (Figure 9d). Prior to the typhoon, a strong density gradient was observed in July 2014 since the bottom water was relatively cold and covered by warm and fresher surface water, especially in the vicinity off the CRE (Figures 4f,g, 9a). After the strong wind mixing induced by the typhoon, the bottom water became well mixed and warm along the track and in the vicinity of Typhoon Nakri, and it continued to flow north- or northwestward in the ECS (Supplementary Figures 1e,g, 4c,d). This warm water made the heating of the surface water less effective. The heating from solar radiation on warm water is roughly the same as that on cold water; the radiation of heat out of the ocean as long waves is greater over warm water than cold water. The heating from the sensible heat flux, which depends on the air–sea temperature difference, is less over warm water, and the heating due to the latent heat flux, which depends on the sea temperature and air moisture, is mostly negative over warm water; namely, it may evaporate and lose heat. Conversely, the moisture in the air may condense, and the ocean may gain heat over cold water. Together, the temperature would increase less in warm water than in cold water, assuming the atmospheric condition is the same. These all resulted in the small density gradient (or weak stratification) near the surface, and it allowed the tidal mixing to upwell the bottom water to the surface and completely mix the water column (Figures 9c,d).



Potential Impact and Implication of Upwelling on Hypoxic Region Off Changjiang River Estuary

How upwelling impacts on the hypoxic ecosystem has been rarely evaluated, especially in the ECS (Chen et al., 2021b). In the hypoxic bottom water, it was normally associated with a decrease in DO and pH, but an increase in concentrations of nutrients and fCO2, and the phenomena were also observed in this study (Figures 2–7; Chen et al., 2020, 2021b). In the upwelling region, the hypoxic water shoaled to the subsurface water (e.g., 10 m below the surface water), especially near Sts. 19 and 20 in August 2003 and St. 19A in July 2014 off the CRE (Figures 1, 4d–f,k, 7). This may have caused more severe negative effects on marine life when low-DO and low-pH water were uplifted near the surface, filling the subsurface water column and increasing the total hypoxic water volume. Additionally, the negative effect of combined hypoxia and acidification may even more severely threaten marine life (Gobler and Baumann, 2016). Accompanied by this upwelled hypoxic water, high-nutrient water was also uplifted to the mixed layer (Figures 4d–f,k, 5d–f,k). These uplifted nutrients might significantly increase phytoplankton growth. The organic matter, derived from phytoplankton production, is the primary source of organic matter that fuels microbial oxygen consumption and causes more severe hypoxia in this region (Wang et al., 2017).

However, the impact of upwelling on hypoxia and its effect on the ecosystem may be quite different when upwelling outpoured to the surface, for example, St. 19 in this study (Figures 4j, 5j, 7b,d). The water column was well mixed from the bottom to the surface during the event, with a DO value of 5.29 ± 0.01 mg L–1 (75.6 ± 0.2% of DO saturation; Figure 4j). The higher DO suggests that this event may have provided a ventilation opening for marine life in this hypoxic region. Additionally, high concentrations of nitrate, phosphate, and Chl a were also well mixed throughout the entire water column (Figure 5h). This provided a productive environment for marine organisms near the surface, inducing blooms. Similar events have occasionally been observed, mainly caused by the passage of typhoons (Ni et al., 2016; Wang et al., 2017; Li et al., 2019). However, more severe hypoxia was observed immediately after the sinking of bloom-derived organic matter and restratification of the water column.

During the upwelling to the surface event, the fCO2 was also well mixed throughout the water column (Figure 7d). This suggests that this upwelling to the surface event could release the regenerated CO2 sealed under the mixed layer and diffuse it into the atmosphere, serving as an important pathway for CO2 in this generally well-stratified coastal ecosystem in the summer (Chen et al., 2006; Chou et al., 2009). To estimate the CO2 efflux during this event, the deficit of averaged CO2 values over the water column between St. 19 and nearby stations (e.g., Sts 19A and 20) during the event period (i.e., 13–26 August, 2014) were estimated. As expected, the estimated CO2 efflux was high, with a value of + 247.7 mmol m–2 day–1. This estimated value is higher than that typhoon-induced CO2 efflux which reached + 111.6 mmol m–2 day–1 in hypoxic water off the CRE (Li et al., 2019). On average (1997–2018), it has been estimated that typhoon-induced CO2 efflux is approximately + 0.2 Tg C year–1, which accounts for 18% of summer CO2 influx in the ECS shelf (Li et al., 2019). Overall, a tremendous quantity of fCO2 diffused into the atmosphere during this episodic upwelling to the surface event. However, it provided a more productive and suitable environment, such as normal pH, and a ventilation opening for marine life to alleviate low-O2 stress in this frequently hypoxic, but upwelling, region in the ECS.




CONCLUSION

Hypoxia and upwelling occurred simultaneously during the summers of 2003 (June and August) and 2014 (July and August) in a region off the CRE in the ECS. Typically, well-mixed water often reaches 5–10 m below the surface in this upwelling during summer. With upwelling, hypoxic water expands up to the subsurface with a lower pH but high regenerated nutrients and fCO2, which are normally confined to the near-bottom water. In regions with low DO or hypoxia, the pH value could be as low as 7.64, and fCO2 could reach 906 μatm. The results demonstrated that this upwelling could shoal its hypoxic and acidified bottom water to the subsurface water, and it also increased the stress environment for marine life. The over-saturated fCO2 was capped by surface water, but it was more easily released to the atmosphere once the shallower mixed layer disappeared. A high concentration of nutrients (e.g., nitrate and phosphate) in the bottom water may be partially regenerated during hypoxic events or under low-redox conditions. This upwelled high nutrient water could enhance phytoplankton growth in this region. Afterward, the sinking of newly formed labile organic matter may enhance microbial O2 consumption and cause more severe hypoxia in this region.

On one occasion in August 2014, this upwelling, normally upwelled to 5–10 m below the surface, outpoured to the surface. This phenomenon has rarely been observed previously. Based on a data assimilation ocean model, the East Asian Seas Nowcast/Forecast System, this upwelling to the surface event occurred during Typhoon Nakri, which passed by the ECS shelf at the beginning of August 2014. This event reoccurred 1 week after the typhoon and lasted for over 3 weeks, which may have been associated with the lasting impact induced by Typhoon Nakri. The coverage area of this event ranged from 326.8 to 24,368.0 km2. Notably, such an event induced by the lasting impact of a typhoon has never been observed previously. Moreover, the impact of this event was quite different from when the upwelling reached the subsurface, as described previously. The water column was well mixed throughout the event and had a DO value of 5.29 (± 0.01) mg L–1 in this region. This was also evidenced from variables with mean ± standard deviation values over the water column in this region, including temperature (24.24 ± 0.01°C), salinity (31.35 ± 0.01), nitrate (5.81 ± 0.44 μM), phosphate (0.30 ± 0.01 μM), pH (7.97 ± 0.01), fCO2 (463.3 ± 12.0 μatm), and chlorophyll a (2.01 ± 0.20 mg Chl m–3). The results suggest that this event may have served as an important conveyor from the ocean to the atmosphere for the regenerated CO2. It also provided a productive and suitable environment for marine life and ventilation to alleviate low oxygen stress in this frequently hypoxic but upwelling region in the ECS. Its importance may be even greater than expected in the ECS, where typhoons frequently occur in the summer months.
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For a systematic comparison, only four northwestern-most stations (i.e., St. 19, 20,

28, and 29) were used for the calculation (Figure 1).
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