

[image: Changjiang and Kuroshio contributions to oxygen depletion on the Zhejiang Coast]
Changjiang and Kuroshio contributions to oxygen depletion on the Zhejiang Coast





ORIGINAL RESEARCH

published: 26 October 2023

doi: 10.3389/fmars.2023.1285426

[image: image2]


Changjiang and Kuroshio contributions to oxygen depletion on the Zhejiang Coast


Haokun Wu 1, Wen Yang 1, Wenxia Zhang 2,3* and Xin Zhao 2


1 State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai, China, 2 Key Laboratory of Ocean Space Resource Management Technology, Ministry of Natural Resources, Hangzhou, China, 3 State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China




Edited by: 

Pengfei Xue, Michigan Technological University, United States

Reviewed by: 

Fajin Chen, Guangdong Ocean University, China

Xing Zhou, Georgia Institute of Technology, United States

*Correspondence: 

Wenxia Zhang
 wenxiazhang1986@126.com 
zhangwx@sio.org.cn


Received: 29 August 2023

Accepted: 13 October 2023

Published: 26 October 2023

Citation:
Wu H, Yang W, Zhang W and Zhao X (2023) Changjiang and Kuroshio contributions to oxygen depletion on the Zhejiang Coast. Front. Mar. Sci. 10:1285426. doi: 10.3389/fmars.2023.1285426



In recent decades, intensified anthropogenic activities have resulted in increasing occurrence of hypoxia in the East China Sea. Kuroshio, as a natural factor, also threatens the oxygen content over the continental shelf. There have been many studies investigating the different contributions of Changjiang and Kuroshio to oxygen depletion over the continental shelf. This study revisited this issue and further investigated the mechanisms controlling the different role of Changjiang and Kuroshio in oxygen depletion and focused mainly on the Zhejiang Coast. A coupled high-resolution physical-biogeochemical model was used to investigate the connections between the variations in nutrients, chlorophyll, stratification, and oxygen and the delivery of Changjiang diluted water and Kuroshio subsurface water over the shelf, especially on the Zhejiang Coast in the summer of 2017. The distinct features of hypoxia off the Changjiang estuary (severe but transient) and that along the Zhejiang Coast (mild but prolonged) are caused by the different dynamic environments and nutrients sources. North of 30˚N, intense oxygen depletion and bottom hypoxia are typically under the constraint of Changjiang diluted water. While the impacts of upwelled materials associated with the Kuroshio subsurface water enhance southward with the simultaneously weakened impacts from the Changjiang diluted water. Besides confirming the support of upwelling on surface phytoplankton bloom along the Zhejiang Coast, this study detected subsurface chlorophyll maximum immediately underneath the main pycnocline offshore of the Zhejiang Coast during upwelling. This indicated that the upwelled oceanic nutrients were transported further offshore along isopycnals and also fertilized phytoplankton growth at the subsurface. The exacerbation of either anthropogenic or natural factors could potentially intensify oxygen depletion along the Zhejiang Coast.
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1 Introduction

Hypoxia, defined as dissolved oxygen concentration in seawater below 2 mg·L-1 or 62.5 mmol·m-3, has been rapidly increasing in recent years due to frequent human activities in coastal areas (Levin et al., 2009; Breitburg et al., 2018; Fennel and Laurent, 2018; Jarvis et al., 2021). Dissolved oxygen plays an indispensable role in sustaining marine organisms, and its depletion poses a considerable threat to the marine ecosystem, resulting in habitat destruction, reduced biodiversity, and even mortality (Diaz and Rosenberg, 2008; Zhang et al., 2010; Zhang et al., 2013). The increasing frequency and the detrimental effects of hypoxia have drawn extensive attention from researchers and stakeholders.

Over the past few decades, hypoxia has frequently occurred in the East China Sea (Chen et al., 2007; Wei et al., 2017). The dissolved oxygen concentration in the East China Sea had exhibited a pronounced decline trend over time (Wang, 2009; Ning et al., 2011), and the extent of hypoxia exceeded 15000 km2 (Zhu et al., 2017). Due to significant differences in the spatial development of oxygen depletion, the hypoxic zone can be divided into two parts: the northern region (off the Changjiang estuary) and the southern region (along the Zhejiang Coast) (Wang et al., 2012; Chi et al., 2020). Changjiang strongly influences hypoxia formation and sustainment in the northern region (Rabouille et al., 2008; Liu et al., 2015; Zhou et al., 2017). The northern region bottom hypoxia is severe, but its duration is generally short due to the mobile spatial distribution of Changjiang diluted water (Zhang et al., 2018). On the other hand, oxygen depletion in the southern region is more moderate but longer-lived under the persistent influence from the intrusion of Kuroshio subsurface water (Zhu et al., 2011). With the presence of multiple water masses (i.e., Changjiang diluted water, continental shelf water, and Kuroshio water) (Chen, 2009), the hydrological environment and nutrient dynamic of the East China Sea is complex (Gong et al., 1996; Liu et al., 2021).

Changjiang is the primary terrestrial source of the East China Sea (Tong et al., 2015), forming a buoyancy plume called Changjiang diluted water by the mixing of riverine freshwater and continental shelf water (Chang and Isobe, 2003). The Changjiang diluted water predominantly expands northeast in summer under the East Asian Monsoon (Isobe et al., 2002), with a portion being transported to the Zhejiang Coast as the southern branch (Lie et al., 2003). The riverine inputs of freshwater and anthropogenic nutrients enhance water column stratification and stimulate phytoplankton blooms, promoting subsurface oxygen depletion and even resulting in severe hypoxia (Wei et al., 2007; Zhou et al., 2017; Liblik et al., 2020; Zhang et al., 2021). Therefore, regions with substantial riverine inputs may be particularly vulnerable to hypoxia.

Kuroshio subsurface water intrudes onto the continental shelf of the East China Sea (Chen, 2009), and also significantly impacts the shelf processes (Zhang et al., 2007; Yang et al., 2018). The southward Changjiang diluted water, the shelf water, and the northward Kuroshio intrusion confluence along the Zhejiang Coast, and interact with one another. The meeting of different water masses with large density differences induces horizontal density gradients and forces frontogenesis. The density front is maintained by strong tidal mixing and subsequently triggers the formation of upwelling (Zhu, 2003; Lü et al., 2006; Lü et al., 2007). As an essential pathway for Kuroshio affecting the upper layer, coastal upwelling introduces subsurface nutrient-rich water to the euphotic layer, elevating the phytoplankton biomass (Chen et al., 2004; Chen et al., 2021). Although the concentration of oceanic nutrients from Kuroshio is much lower compared to that of riverine nutrients, the northward intrusion of Kuroshio subsurface water persistently provides nutrients to the East China Sea (Chen, 1996; Chen and Wang, 1999; Yang et al., 2013). Oceanic nutrients fuel the growth of phytoplankton and play an important role in the development of hypoxia (Wang et al., 2016; Große et al., 2020; Xu et al., 2020; Tian et al., 2022). Wei et al. (2021) used in-situ observation to explore the effects of river plumes and coastal upwelling on oxygen depletion along the Zhejiang Coast.

Investigations based on traditional in-situ observations are usually constrained by limited temporal and spatial resolution. Numerical models can serve as a cost-effective and practical tool to investigate oxygen depletion processes, particularly when attempting to capture fine-scale variations. Meng et al. (2020) found that the supply of nutrients by vertical advection stimulated the phytoplankton growth in the southern East China Sea. Luo et al. (2023) pointed out that the transport of oceanic nutrients was affected by upwelling, regulating the primary production over the inner shelf. Große et al. (2020) tracked different nutrient sources in a 3-D model and quantified the contributions of riverine and oceanic nutrients to hypoxia formation over the shelf. Zhou et al. (2017) and Tian et al. (2022) suggest that the hypoxia extent in the East China Sea was regulated by both riverine and oceanic nutrients. Zhang et al. (2021) also suggested that nutrients from Changjiang and Kuroshio both regulate the hypoxia extent and chlorophyll content over the East China Sea. To advance the existing findings, this study explores the mechanisms of contributions of Changjiang and Kuroshio to oxygen depletion in different regions over the continental shelf. Six-hour model data for July 2017, a time period with no typhoon affecting the shelf, was analyzed to avoid the intense distraction of extreme events on dissolved oxygen dynamics. First, we described the main hydrological and biochemical characteristics in the study area (Figure 1). Then, we analyzed the time series of variables and linked the variations in nutrients, chlorophyll, and oxygen with the delivery of Changjiang diluted water and Kuroshio subsurface water to discuss the reasons of the spatially different effects of Changjiang and Kuroshio on oxygen depletion. The time continuum and inventory (depth-integration) of chlorophyll imply that the delivery of oceanic nutrients via upwelling also temporally relieves the nutrients limiting of subsurface phytoplankton growth for the offshore region along the Zhejiang Coast.




Figure 1 | The model area (A) and the study area (B). In panel (A), the red dot indicates the location of Changjiang in the model, the thick red arrow indicates the paths of Kuroshio, the thin red arrow indicates the paths of nearshore Kuroshio branch current (NKBC), and the black rectangle indicates the location of the study area in the model area. In panel (B), the white lines indicate the locations of sections S1 and S2, the red and blue dots indicate the locations of sites P1 and P2, respectively, and the brown ellipse roughly marks the upwelling area of the Zhejiang Coast.






2 Methodology



2.1 Model description

We used the Regional Ocean Modeling System (ROMS) (Shchepetkin and McWilliams, 2005) hydrodynamic model coupled with a biogeochemical model. The hydrodynamic model domain is the same as Zhang et al. (2018), which encompasses the entire Bohai Sea, Yellow Sea, East China Sea, part of the Japan Sea and deep region offshore (Figure 1A). This ROMS-based model has 30 vertical layers, with a minimum water depth of 3 m and a maximum depth of slightly greater than 7000 m. The horizontal resolution ranges from around 500 m in the upper estuary, to ~1 km in the plume near-field region, and to ~2 km in the offshore region. The model run was initiated from rest and was forced with surface momentum and heat fluxes from the ERA5 dataset provided by the European Center for Medium-Range Weather Forecasts (ECMWF, https://www.ecmwf.int/en/forecasts/datasets), freshwater flux of Changjiang that obtained from Datong gauging station, and current and tide at the open boundary. The initial and open boundary conditions for physical components are extracted from the daily Hybrid Coordinate Ocean Model (HYCOM, https://www.hycom.org/dataserver). Thirteen tidal constituents (MM, MF, Q1, O1, P1, K1, N2, M2, S2, K2, MN4, M4, and MS4) are imposed based on tidal elevations and currents extracted from the global inverse tide model TPXO7.2 of Oregon State University (Egbert and Erofeeva, 2002).

The biogeochemical component is a simplified nitrogen cycle model (Fennel et al., 2006) that expanded to include the dynamics of DIP (Dissolved Inorganic Phosphorus) (Laurent et al., 2017) (Figure 2). A mass-conserving sediment oxygen demand was specified following Fennel et al. (2006), which assumes all sinking (aquatic phytoplankton-derived) oceanic organic matter that reaches the water-sediment interface is remineralized instantaneously. This sediment treatment consumes dissolved oxygen and releases NH4 and PO4 to the bottom water, and a portion of the organic nitrogen is lost to nitrogen gas (N2) via denitrification. The same biogeochemical model scheme has been successfully applied and shown satisfying performance in other hypoxic regions, including the northern Gulf of Mexico and the Chesapeake Bay (Fennel et al., 2013; Feng et al., 2015). The initial and open boundary conditions for nutrients and oxygen were extracted from the climatological monthly World Ocean Atlas 2013 (WOA13, https://www.nodc.noaa.gov/OC5/woa13/). A full description of the model setup is provided by Zhang et al. (2018) and Zhang (2022a).




Figure 2 | The biogeochemical model is represented by a schematic that illustrates the ecological processes and pathways. The model marks the biogeochemical processes that generate and consume dissolved oxygen (O2), which are denoted as an O2 source and sink, respectively. Note that this figure was modified based on Zhang (2022a).



This coupled model has been previously validated to be in good agreement with the observed data for temperature, salinity, bottom dissolved oxygen, and surface chlorophyll (Zhang et al., 2018; Zhang et al., 2019; Zhang et al., 2021). Readers can refer to Zhang et al. (2018) and Zhang (2022a) for a detailed description of the model setup and parameter selections. This model has been used to investigate oxygen dynamics off the Changjiang estuary and factors controlling the short-timescale spatiotemporal spread of seasonal hypoxia off the estuary (Zhang et al., 2018; Zhang et al., 2022b). In this study, the model was initiated in January 2015 and ran for 3 years, with the first two years for sufficient spin-up. Strong wind like typhoons can disrupt bottom hypoxia (Zhang et al., 2020). There were no typhoons passing through the Changjiang estuary in July 2017. Thus, no strong wind events (typhoons) would affect the oxygen dynamics in July 2017, which is required for our investigation on a continuous time scale. For this reason, we focused on the status in 2017. The in-situ observation data collected in July 2017 were used to validate the model performance for temperature, salinity, and dissolved oxygen (RMSEs of 2.66, 5.08, and 64.99, respectively) (Figure 3). The model performance is decent, and the analysis of dynamical and biological processes in the Changjiang estuary region based on this model is reliable.




Figure 3 | Model validation by in-situ observation in July 2017. The location of stations (A) and the validation results of dissolved oxygen (B), temperature (C), and salinity (D). The blue and red circles represent surface and bottom data, respectively. The circle and square represent data collected by bottle and CTD, respectively.






2.2 Data analysis

In this study, we utilized the difference in density between the surface and bottom to simply represent the strength of vertical stratification. In addition, we used the maximum vertical gradients of density and dissolved oxygen at the sites to represent the pycnocline and oxycline. The gradient method was also used to calculate the bottom salinity front for front detection (Huang et al., 2010; He et al., 2016). The model grids were firstly interpolated into the orthogonal grids, and then the salinity gradient was calculated for all 3 × 3 grids using Equation (1).

 

where   and   are salinity differences along the diagonal of all 3 × 3 grids, and   and   are the distance between the diagonals. The grid is considered to be located in the frontal zone when the salinity gradient is greater than 10 times the average salinity gradient in the study area (Fedorov, 1986).





3 Results



3.1 Hydrological environment and chlorophyll distribution

The evolutions of the distribution of surface temperature, salinity, chlorophyll, and depth-integrated chlorophyll in the study area in July 2017 were checked (Figure 4). Low-temperature patches (dark blue areas, Figures 4A-D) were seen along the Zhejiang Coast with significant surface temperature variations compared to the surrounding water (Figures 4A-D). The low-temperature patches gradually shrank and almost disappeared on July 20. Previous studies suggested that upwelling uplifted subsurface cold water to cool the surface water forming low-temperature patches (Lü et al., 2010), which was an essential way for Kuroshio intrusion to affect the inner shelf (Yang et al., 2013). The extent of low-temperature patches evolved over time, so four specific periods (July 6, 10, 15, and 20) were selected to investigate the evolution of the effects of upwelling and Kuroshio in the study area.




Figure 4 | Sea surface temperature (A-D), sea surface salinity (E-H), sea surface chlorophyll (I-L), and depth-integrated chlorophyll (M-P) for the four periods. In panels (A, E), the grey lines indicate the locations of sections S1 and S2, and the red and blue hollow circles are the locations of sites P1 and P2. In panels (E-H), the white lines indicate the 31 isohalines. In panels (I-P), the dark green lines indicate the 2 mg·m-3 chlorophyll contour.



Surface salinity was utilized to investigate the distribution of Changjiang diluted water by using 31 isohalines (white isolines in Figures 4E-H) (Zhang et al., 2018). On July 6, the surface low-salinity water (salinity less than 31) was primarily concentrated off the Changjiang estuary, and a small portion of low-salinity water flowed southward (Figure 4E). During this period, the southern branch of the Changjiang diluted water covered sites P1 and P2 (red and blue circles in Figure 4E). Then, the Changjiang diluted water shifted northeastward, while the surface low-salinity water along the Zhejiang Coast gradually retreated (Figures 4F-H). The surface salinity of site P2 increased to above 31, while that of site P1 remained below 31 under the continuous influence of the Changjiang diluted water. Thus, there was a redistribution process of the Changjiang diluted water during the four periods.

Surface chlorophyll between July 6-20 was checked to investigate the variations of surface primary production (represented by chlorophyll concentration) (Figures 4I-L). The high chlorophyll mainly distributed off the Changjiang estuary and along the Zhejiang Coast, while the high values north of 30˚N were constrained within the range of the Changjiang diluted water (Figures 4I-L). The chlorophyll concentration and areal extent of high chlorophyll were larger off the Changjiang estuary (Figures 4I-L). The highest chlorophyll concentration off the Changjiang estuary on July 20 exceeded 12 mg·m-3, while that along the Zhejiang Coast was approximately 7 mg·m-3 (Figures 4I-L). During the redistribution of Changjiang diluted water, the chlorophyll concentration off the estuary gradually increased, and the high chlorophyll area expanded northeast (Figures 4J-L). On the other hand, the moderate chlorophyll area (around 6 mg·m-3) offshore of the Zhejiang Coast on July 6 disappeared (Figures 4I, L).

The vertical variation of chlorophyll in the whole water column was further explored by calculating the depth-integrated chlorophyll. The distribution of depth-integrated chlorophyll showed similarities to surface chlorophyll (Figures 4M-P). High depth-integrations (about 60-80 mg·m-2) were found in an offshore area of the Zhejiang Coast (Figures 4L, P) with surface chlorophyll concentrations below 2 mg·m-3 (dark green isolines in Figures 4I-P). This area was outside the range of Changjiang diluted water, suggesting other nutrients sources supporting the phytoplankton growth. Comparisons between the spatial distribution of surface chlorophyll and depth-integrated chlorophyll, we found distinct vertical distribution of chlorophyll distribution between the Zhejiang Coast and the region off the Changjiang estuary, such that subsurface chlorophyll maximum existed in the offshore region of Zhejiang Coast.




3.2 Hypoxia characteristics

The hypoxia threshold was often defined as 62.5 mmol·m-3 (Rabouille et al., 2008; Zhu et al., 2011; Zhang et al., 2021), and this study used 60 as the threshold for hypoxia for simplicity. Different dissolved oxygen concentration thresholds of 20, 40, 60, and 80 mmol·m-3 (with an interval of 20) were used to comprehensively investigate the degree of oxygen depletion (severe, moderate, usual, mild hypoxia). The frequency of hypoxia with different thresholds during the summer months (June, July, and August) was obtained by accumulating the time of hypoxia occurrences (Figure 5). The model results show that a small area (around 92 km2) off the Changjiang estuary experienced severe hypoxia (20 mmol·m-3) (Figure 5A). The frequency of hypoxia occurrence gradually increased with the threshold for dissolved oxygen. Both the regions off the Changjiang estuary and along the Zhejiang Coast had larger areas of hypoxia (60 mmol·m-3) compared to moderate hypoxia (40 mmol·m-3) (Figures 5B, C). The extent of moderate hypoxia off the Changjiang estuary was 1388 km2, and 313 km2 along the Zhejiang Coast. However, the extent of hypoxia off the Changjiang estuary increased to 5725 km2, and also expanded to 1427 km2 along the Zhejiang Coast. With a threshold of 80 mmol·m-3, the extent of mild hypoxia almost doubled and increased to 11741 km2 and 3054 km2 off the Changjiang estuary and along the Zhejiang Coast, respectively (Figure 5D). Mild hypoxia off the Changjiang estuary expanded beyond 32°N and 124°E (Figure 5D). Although the areal expansion off the Zhejiang Coast showed trivial changes, the occurrence frequency increased significantly (Figure 5D). Overall, hypoxia events along the Zhejiang Coast primarily occurred between the 20-50 m isobaths.




Figure 5 | The frequency of hypoxia events with different thresholds at the bottom of the study area in summer 2017.



There were two distinct high-frequency regions of hypoxia: the northern core near the submarine canyon and the southern core at approximately 29.5°N along the Zhejiang Coast (Figure 5D). The frequency of hypoxia was low off the Changjiang estuary in average, despite its large coverage compared to that along the Zhejiang Coast. Outside the northern core, the occurrence frequency ranged from 10% to 20% at a threshold of 40 mmol·m-3, while inside the core, it ranged from 30% to 40% (Figure 5B). The core region exhibited even higher frequency ranges of 60-70% and 80-90% with higher dissolved oxygen thresholds, but areas outside the core region remained below 50% (Figures 5C, D). Along the Zhejiang Coast, the frequency differences between the core and outside-core regions were relatively small. At thresholds of 40, 60, and 80 mmol·m-3, the frequency of hypoxia outside the southern core region spanned from 10% to 60%, while inside the core region, it spanned from 20% to 80% (Figures 5B-D). Mild hypoxia was generally more frequent and longer-lasting along the Zhejiang Coast compared to that off the Changjiang estuary. Therefore, to analyze the processes of oxygen depletion along the Zhejiang Coast, we examined the variables along two transects (S1, located in the northern part of Zhejiang Coast; S2, located in the middle part of Zhejiang Coast, as shown in Figure 1B) and their corresponding nearshore sites (Figure 1B).




3.3 The sectional view of Zhejiang Coast



3.3.1 Section S1

Section S1, located at the intersection of Changjiang estuary and Zhejiang Coast (Figure 1B), experienced the presence of low-salinity water (blue contours in Figures 6A-H) covering the upper layer from July 6 to July 20. The nitrate concentration in the nearshore area (inner end of the section) surpassed 16 mmol·m-3 and reduced seaward (Figures 6A-D). The expansion of low-salinity water with high-nitrate in the upper layer gradually contracted during the redistribution of the Changjiang diluted water. By July 15 and 20, Changjiang diluted water was generally constrained to the nearshore region, the extremely low nitrate was seen in the offshore area (outer end of the section) (Figures 6C, D). In addition, the presence of low-salinity water impacted the vertical density structure. With the retreat of the surface low-salinity water, the offshore surface-bottom density difference decreased from larger than 4 kg·m-3 to about 3 kg·m-3 (Figures 6C, D).




Figure 6 | Sectional distributions of nitrate (A-D), chlorophyll (E-H), and dissolved oxygen (I-L) for section S1 for four periods. The grey lines, red and black dots in panels (A-D) are the isopycnals, the locations of site P1, and model grids, respectively. The blue lines in panels (A-H) are the 31 isohalines. The black lines in panels (I-L) represent the 90 and 120 mmol·m-3 isooxylines.



The chlorophyll concentration in the range of low-salinity water was relatively high (Figures 6E-H). The chlorophyll distribution was similar to the low-salinity water. As the low-salinity water contracted shoreward between July 15 and 20, the surface chlorophyll concentration in the nearshore area maintained exceeding 7 mg·m-3, while that in the offshore area decreased to a very low level (Figures 6G, H). The areas with high dissolved oxygen concentration in the upper layer were generally co-located with those high chlorophyll concentration in the upper layer (Figures 6I-L). The minimum dissolved oxygen concentration was below 100 mmol·m-3 throughout all four periods. To distinguish the different degrees of oxygen depletion, we referred to the hypoxic and low-oxygen water with thresholds of 60 mmol·m-3 (equivalent to around 2 mg/L) and 90 mmol·m-3 (around 3 mg/L), respectively. On July 6 and 10, low-oxygen water existed along the nearshore slope, with dissolved oxygen concentration below 90 mmol·m-3 (Figures 6I, J). Meanwhile, the bottom dissolved oxygen concentration of the offshore area was beyond 120 mmol·m-3. The nearshore low-oxygen water disappeared during the redistribution of Changjiang diluted water, and the offshore dissolved oxygen concentration increased to above 140 mmol·m-3 (Figures 6K, L).

To further investigate the nearshore oxygen depletion, we chose site P1 on section S1 and examined the variable variations over time (Figure 7). For the majority of July, the upper layer of site P1 experienced low-salinity water (Figure 7A). The nutrient concentration in the upper layer was relatively sufficient, with nitrate concentration mostly larger than 12 mmol·m-3 (Figure 7B). The chlorophyll concentration of the upper layer was consistently high, mostly larger than 4 mg·m-3 (Figure 7D). On July 20, a large amount of low-salinity water reached site P1, causing a sharp decrease in salinity (Figure 7A), and a subsequent increase in surface chlorophyll concentration (Figure 7D). After that, the surface nitrate concentration decreased significantly (lower than 12 mmol·m-3) (Figure 7B). There was an upwelling event on July 10, indicated by the low-temperature, high-salinity, and high-density water (19°C, 33 psu, 1023 kg·m-3) from the bottom to a depth of approximately 15 m (Figures 7A, C, E). The presence of other upwelling events was also found on July 2 and 17. However, the increase in chlorophyll associated with upwelling was difficult to identify due to the intense impacts from the Changjiang diluted water (Figures 7B, D).




Figure 7 | Time series profiles of salinity (A), nitrate (B), temperature (C), chlorophyll (D), density anomaly (E), and dissolved oxygen (F) profiles at site P1 in July. The red lines in panel A are the 31 isohalines. The blue lines in panel (F) represent the 60 and 90 mmol·m-3 isooxylines. The time format is “day/hour [dd/hh]”.



The bottom dissolved oxygen concentration at site P1 was typically below 120 mmol·m-3 (Figure 7F). On July 4, there was a sharp increase in the bottom dissolved oxygen concentration, coinciding with a decreased density difference (Figures 7F, 8A). Despite a density difference above 2 kg·m-3 and a surface chlorophyll concentration higher than 5 mg·m-3 from July 10 to 20, the bottom dissolved oxygen concentration was relatively high (over 90 mmol·m-3). The Changjiang diluted water shifted direction after July 10 (Figures 4E-H), and there was a highly dynamic environment during this time. According to Zhou et al. (2020), this dynamic environment can lead to the spatial separation of areas with high chlorophyll and locations with oxygen depletion. Thus, the mild oxygen depletion between July 10 and 20 may be attributed to the lateral delivery of high-oxygen water. After July 20, a substantial volume of low-salinity water arrived, causing a rapid increase in surface-bottom density differences, reaching 6 kg·m-3 (Figure 8A). It led to rapid development of low-oxygen condition and hypoxia from July 25 onward (Figure 7F). Overall, the depths of pycnocline and oxycline at site P1 exhibited similar variations in July (Figure 8B).




Figure 8 | Time series of density difference (A), the depths of pycnocline and oxycline (B) at sites P1 and P2 in July. The red and blue lines represent sites P1 and P2, respectively. The solid and dashed lines in panel (B) represent the depths of pycnocline and oxycline, respectively. The time format is “day/hour [dd/hh]”.






3.3.2 Section S2

Section S2 is located farther from the Changjiang estuary than section S1 (Figure 1B). The 31 isohaline only appeared before July 6 (Figures 9A, E), and section S2 was free from the impacts of Changjiang diluted water after July 6. Consequently, the nitrate concentration exhibited a typical bottom-up vertical distribution with the highest values at the bottom (Figures 9A-D). The high nitrate concentration at the nearshore surface decreased from greater than 8 mmol·m-3 on July 6 to a very low level by July 20 (Figures 9A-C). The offshore nitrate was genuinely deficient at the surface. High-nitrate (over 10 mmol·m-3) and high-density (greater than 1024 kg·m-3) water tongue was seen along the slope. The density difference of the nearshore area on July 6 was greater than 4 kg·m-3 and subsequently decreased to approximately 2 kg·m-3, leading to sparser distribution of isopycnals.




Figure 9 | Sectional distributions of nitrate (A-D), chlorophyll (E-H) and dissolved oxygen (I-L) in section S2 for four periods.



During all four periods, the chlorophyll concentration along section S2 was consistently lower than that along section S1 (Figures 9E-H). On July 6, the nearshore chlorophyll concentration in the upper layer exceeded 6 mg·m-3 (Figure 9E) and dissolved oxygen concentration was low (Figure 9I). Under the deficient nutrients condition in the upper layer, phytoplankton growth was restricted and phytoplankton bloomed in the subsurface layer (Figures 9F-H). On July 20, the surface chlorophyll concentration decreased to about 2 mg·m-3, with the highest chlorophyll concentrations occupied the depth of about 10 m (Figure 9H). The subsurface chlorophyll maximum occurred immediately underneath the main pycnocline. The minimum dissolved oxygen concentration was greater than 110 mmol·m-3 after July 6 (Figures 9I-L).

We chose a nearshore site P2 on section S2 for a further investigation in oxygen depletion. The surface salinity at site P2 remained consistently high after July 6 (Figure 10A). The nitrate concentration in the upper layer gradually decreased after July 6, reaching an extremely low level (Figure 10B). The redistribution of Changjiang diluted water weakened its southern branch (Figures 4E-H). As a result, the riverine influences at site P2 retreated soon after July 6 (Figure 10A). In comparison to site P1, the chlorophyll concentration at site P2 was generally lower (Figure 10D). As the upper layer underwent nutrients declined, the chlorophyll concentration decreased from approximately 5 mg·m-3 on July 5 to less than 2 mg·m-3 after July 22 (Figure 10B). Meanwhile, phytoplankton growth occurred in the subsurface layer (Figure 10D). An upwelling event took place on July 10, characterized by the uplift of low-temperature, high-salinity, high-density, and nutrient-rich water (21°C, 34 psu, 1024 kg·m-3, and 6-8 mmol·m-3) to a depth of approximately 10 m (Figures 10A, C, E). The nutrients associated with this upwelling (approximately 8 mmol·m-3) resulted in a surface chlorophyll concentration increase to 4 mg·m-3 (Figures 10B, D). The chlorophyll concentration peaked at the subsurface layer while the surface nutrients were deficient (Figure 10D).




Figure 10 | Time series profiles of salinity (A), nitrate (B), temperature (C), chlorophyll (D), density anomaly (E), and dissolved oxygen (F) profiles at site P2 in July.



The bottom dissolved oxygen concentration was higher than 120 mmol·m-3, except for two low-oxygen periods on July 5 and 25 (Figure 10F). These two low-oxygen events occurred simultaneously with density differences exceeding 2 kg·m-3 (Figure 8A). Between July 10 and 20, the bottom oxygen concentration maintained above 120 mmol·m-3 (Figure 10F). Although the chlorophyll concentration remained mostly greater than 4 mg·m-3 during this period, the density difference is smaller than 2 kg·m-3 (Figures 8A, 10D). The density difference gradually increased after July 20 due to the warmer upper layer, but remained lower than the density difference at site P1 (Figures 8A, 10C). On July 25, a low-oxygen event occurred at the bottom of site P2, coinciding with the same period as site P1. However, site P2 did not experience hypoxia like site P1 did, and bottom oxygen concentration at P2 was generally higher than that at P1 (Figures 7F, 10F). Same as site P1, the pycnocline and oxycline depth at site P2 also exhibited similar variations over time (Figure 8B).






4 Discussion



4.1 The impact of upwelling

Upwelling, characterized by low temperature in surface, is commonly observed on the Zhejiang Coast (Hu and Wang, 2016; Chi et al., 2020; Wei et al., 2021). Upwelling-favorable wind can induce near-coast upwelling and support phytoplankton growth (Luo et al., 2023). In this study, the upwelling associated with the distortion of isopycnal caused by the confluence of Changjiang diluted water, shelf water, and Kuroshio subsurface water was the focus. The formation of upwelling depends on density gradient and diapycnal transport (Zhu, 2003; Lü et al., 2006; Lü et al., 2007; Zhang et al., 2015). To identify the location of bottom salinity fronts and determine their probability of occurrence during summer, we followed Wu and Wu (2018) and employed the gradient method (Huang et al., 2010; He et al., 2016) (Figure 11). The high-frequency bottom salinity fronts predominantly emerged between the 20-50 m isobaths along the Zhejiang Coast, which was co-located with the hotspot of hypoxia (Figure 5). The Zhejiang Coast was influenced by the confluence of Changjiang diluted water, shelf water, and Kuroshio subsurface water. The meeting of water masses with distinct density resulted in concentrated isopycnals (frontogenesis), and the distortion of density surface caused diapycnal transport (convergence), and the convergent flow occurred at the foot of the front and upwelled along the front (Zhang et al., 2015). The water masses with distinct density influenced site P1 for longer time than site P2 in July (Figure 7A, 10A). Although sites P1 and P2 were both situated near the vicinity of the salinity fronts, the front occurrence frequency at P2 was much lower (Figure 11) and the impacts of upwelling at site P1 were more intense than at site P2 (Figure 4A-D). It indicates that the meet of Changjiang diluted water and Kuroshio subsurface water would intensify upwelling, leading to more intense impacts of Kuroshio intrusion. The uplifted subsurface/bottom materials along tilted isopycnals reached the upper layer and offshore area to supply extra nutrients (Chen et al., 2021), supporting the growth of phytoplankton in this region and leading to the further decomposition of organic matter and oxygen depletion (Feng et al., 2014; Wei et al., 2021; Lao et al., 2023a).




Figure 11 | The occurrence probability of bottom salinity fronts in summer 2017. The gray lines indicate the locations of sections S1 and S2. The red and blue hollow circles indicate the locations of sites P1 and P2, respectively.



Upwelling-induced phytoplankton blooms can lead to increased organic matter production and subsequent oxygen depletion in the water column (Bianucci et al., 2011). Similar findings have been reported in other upwelling systems. For example, upwelling on the New Jersey shelf resulted in a significant increase in particulate organic carbon and a 75% depletion of oxygen in the bottom water (Glenn et al., 2004). In the California Current System, the heterogeneous alongshore pattern of nearshore oxygen can be explained by the interplay between variability in local upwelling intensity and subsequent primary production (Cheresh and Fiechter, 2020). The findings in this study are consistent with previous studies (Chen et al., 2004; Chen et al., 2021). Furthermore, this study found that upwelling also temporally relieved nutrients deficiency at the subsurface of offshore area along the Zhejiang Coast, resulting in decent depth-integrated chlorophyll (Figure 10D). This indicated that the oceanic nutrients were further transported offshore along isopycnals and reached the offshore euphotic zone.




4.2 The different effects of Changjiang and Kuroshio on oxygen depletion

The isopycnals concentrated surrounding the oxygen deficiency water (Figures 6I-L), and the depth of the pycnocline and oxycline exhibited similar variations over time at both sites (Figure 8B). This indicates that stratification is necessary for the sustainment of oxygen depletion by limiting vertical oxygen exchange. Thus, the low-salinity water delivered from Changjiang can significantly enhance the strength of stratification, which limits the vertical exchange of oxygen and facilitates the formation of hypoxia (Zhou et al., 2017; Zhang et al., 2021). Kuroshio also contributes to the formation of hypoxia (Zhou et al., 2018). Model results show that there was a high depth-integration chlorophyll (about 60-80 mg·m-2) but low surface chlorophyll (below 2 mg·m-3) offshore area along the Zhejiang Coast (Figures 4L, P). This area was outside the range of Changjiang diluted water, implying nutrients from Kuroshio supporting the phytoplankton growth. Therefore, the Zhejiang Coast is influenced by both the southward branch of Changjiang diluted water and the intrusion of Kuroshio. The complex dynamic environment and various nutrients sources contribute to the spatially different oxygen depletion on the Zhejiang Coast (P1, P2, S2, and S2). Hypoxia events along the Zhejiang Coast are always confined near the coast, which was different from that off the Changjiang estuary (Figure 5). Water in regions deeper than 50 m rapidly exchanges with water from Kuroshio, the dissolved oxygen concentration in which is typically higher than that in the high-primary-production coastal water. The consumed oxygen can be rapidly replenished via lateral advection. On the other hand, the concentrated isobath along the Zhejiang Coast acts as a natural barrier to prevent direct water mass exchanges. The Mid Atlantic Bight is a typical prototype that has similar geographical features that trigger similar physical and biogeochemical processes (Zhang and Gawarkiewicz, 2015; Zhang et al., 2023). Although Changjiang diluted water occasionally appeared and impacted site P2, Kuroshio subsurface water was the main factor regarding physical processes and biogeochemical cycles (Figures 7F, 10F).

Changjiang and Kuroshio subsurface water jointly regulate the formation and sustainment of low oxygen condition over the continental shelf. However, Changjiang and Kuroshio play spatially distinct roles in the phytoplankton growth (Xu et al., 2020) and vertical stratification (Figure 8A), and subsequently the dissolved oxygen depletion over the shelf (Große et al., 2020). The distribution of chlorophyll off the Changjiang estuary differed from that south of 30˚N (Figures 4I-L). The region off the Changjiang estuary exhibited large areal expansion of high surface chlorophyll, generally constrained within the range of Changjiang diluted water. During the co-existence of Changjiang diluted water and upwelled Kuroshio subsurface water, Changjiang is the controlling factor regarding the rapid development of high vertical stratification and bottom hypoxia, such as site P1 and section S1. On the other hand, upwelled nutrients associated with Kuroshio subsurface water become the predominant fertilizer for phytoplankton growth along the Zhejiang Coast, such as site P2 and section S2. The vertical stratification associated with upwelling of Kuroshio subsurface water was mild due to the lack of the buoyant layer atop. The surface chlorophyll concentration and depth-integrated chlorophyll along the concentrated isobath on the Zhejiang Coast were relatively lower. However, the offshore high depth-integrated chlorophyll indicated the existence of subsurface chlorophyll maximum (Figures 4P, 9H, 10D). Phytoplankton growth at a depth of the nitracline is one of the reasons for the subsurface chlorophyll maximum formation (Barbieux et al., 2019). The findings suggest that nutrients from Kuroshio were also important for the growth of subsurface phytoplankton in offshore areas on the Zhejiang Coast.

The delivery of nutrient-rich water masses can stimulate phytoplankton growth (Lao et al., 2022 and Oziel et al., 2017; Lao et al., 2023b). This promoted phytoplankton growth leads to a rise in organic matter. The decomposition of organic matter significantly consumes dissolved oxygen, ultimately resulting in the formation of hypoxia (Chen et al., 2021; Wei et al., 2021; Sun et al., 2022; Sathish et al., 2023). In the case of Changjiang, the substantial nutrients in the upper layer greatly stimulated phytoplankton growth (Figures 8A, B). Additionally, the freshwater strengthened vertical stratification by enlarging the density difference from bottom to surface. The intense degradation of organic matter at the subsurface layer, coupled with simultaneous strong vertical stratification, leading to rapid oxygen depletion and the development of bottom hypoxia. However, the hypoxia events off the Changjiang estuary were typically transient (short sustainment in time) (Figure 5) due to the mobile Changjiang diluted water (Zhang et al., 2018). On the other hand, Kuroshio subsurface water intrusion was the strongest during summer (Yang et al., 2018), persistently delivering oceanic nutrients via upwelling. The oceanic nutrients also fertilized phytoplankton growth. Although the stratification strength was not significantly intensified, the increased organic matter associated with phytoplankton continuously consumed dissolved oxygen. The frequency of severe hypoxia along the Zhejiang Coast was lower overall while that of mild hypoxia was more prolonged (Figure 5). It has been observed that the nutrients from Kuroshio Intermediate Water, a significant source of coastal upwelling water, have increased as a result of weakened ventilation in the North Pacific Intermediate Water (Lui et al., 2014). Zhou et al. (2017) suggested that a Kuroshio nutrient increase can cause the maximum hypoxia extent in August to increase by 32%. This indicates that the oxygen depletion along the Zhejiang Coast would be intensified by the potentially elevated nutrient delivery from Kuroshio in the future.

The dissolved oxygen concentration of Kuroshio subsurface water, 125 mmol·m-3 (Wang et al., 2023), also has far-reaching impacts on the continental shelf oxygen dynamics. The Kuroshio subsurface water preconditions the shelf with relatively low dissolved oxygen prior to the approaching of hypoxic season, and replenishes the hypoxic zone as an oxygen source during hypoxic season (Chi et al., 2020). Deoxygenation is happening and accelerating globally with oxygen loss rate spanning a wide range in different latitudes or regions (Ito et al., 2017; Oschlies et al., 2018). Hence, deoxygenation of Kuroshio would further intensify its influence on the oxygen dynamics over the continental shelf, especially along the Zhejiang Coast, with high confidence in the future.





5 Conclusions

A coupled physical-biogeochemical model was used to investigate the contributions of Changjiang and Kuroshio to oxygen depletion over the continental shelf over the East China Sea. The regions off the Changjiang estuary and along the Zhejiang Coast have distinct oxygen depletion features. Changes in nutrients, chlorophyll, stratification, and oxygen were linked with the delivery of Changjiang diluted water and Kuroshio subsurface water. Changjiang diluted water spread southward and occasionally influenced Zhejiang coastal region, especially near Zhoushan. Its influences along the Zhejiang Coast weakened southward, letting the effects of upwelling of Kuroshio subsurface water stand out. The persistent intrusion of Kuroshio subsurface water continuously fertilized phytoplankton growth, resulting in mild oxygen depletion and sustained prolonged low-oxygen condition. Upwelling emerged as a key mechanism by which nutrients from Kuroshio affected the inner shelf along the Zhejiang Coast. Additionally, this study indicated that upwelling of Kuroshio subsurface water also caused phytoplankton growth at the subsurface of offshore areas.
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