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Details of the development of coastal hypoxia in response to the passage of Typhoon Bavi (2020) in the East China Sea were reconstructed by numerical modeling using a three-dimensional coupled physical–biogeochemical model. The model was validated via repeated surveys along a transect across a submerged river valley off the Changjiang Estuary before and after the passage of Typhoon Bavi. Before Bavi’s arrival, survey data indicated that the coastal hypoxia had formed off the Changjiang Estuary. However, the hypoxia was not eliminated but instead migrated and aggravated along the observed transect after the typhoon passage. This phenomenon cannot be attributed to the typhoon-induced mixing. Simulation results reveal that the observed development and spatial migration of hypoxia was mainly controlled by typhoon-induced oceanic advection. Results show that Bavi stimulated a regional quasi-barotropic cyclonic loop circulation and coastal downwelling reversing general summer circulation patterns. The onshore transport of the warmer shelf water and subsequent downwelling resulted in a warming of coastal water. The southward coastal current and downwelling induced by the typhoon also led to a migration of the hypoxic zone. Meanwhile, a massive transport of resuspended planktonic detritus from the steep inner shelf and the shallow Changjiang bank toward the submerged river valley occurred. This study reveals that the typhoon-driven currents can play an important role in the development of hypoxia and redistribution of deposited organic matter in coastal shelf seas, which may have both short- and long-term effects on the regional marine biogeochemical environment.
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Introduction

A tropical cyclone (TC), referred to as a “typhoon” when occurring in the northwestern Pacific Ocean with a maximum wind speed of at least 32.7 m·s−1, exerts significant impact on the ocean through the input of freshwater and exchange of momentum and heat over several hundreds of kilometers around its center (Price, 1981; Morey et al., 2006; Mei et al., 2015). Recovery of the upper ocean in response to passage of a TC may take several days to weeks (Hazelworth, 1968; Price et al., 1986; Hart et al., 2007; Wang et al., 2016; Zhang et al., 2021). The violent synoptic disturbance brought by TCs may also cause dramatic changes in the marine environment (Chai et al., 2021; Zhang et al., 2021). Recently, an increase in the frequency of TCs passing coastal seas has been revealed by Wang and Toumi (2021) as a global pattern. This indicates an increasing impact of TCs on coastal ecosystems.

Widespread coastal hypoxia, conventionally defined as occurring when the dissolved oxygen (DO) concentration falls below 2–3 mg·L−1, degrades the biodiversity and the resilience of marine ecosystems (Wu, 2002; Diaz and Rosenberg, 2008; Vaquer-Sunyer and Duarte, 2008; Breitburg et al., 2018; Fennel and Testa, 2019). Coastal hypoxia is sensitive to mixing and advection (Ni et al., 2016; Zhou et al., 2017; Zhang W. et al., 2019; Zhou et al., 2020). The response of coastal hypoxia to TCs is associated with the interaction of the local biogeochemical environment and the extreme weather conditions produced by a TC, which may lead to severe ecological hazards (Stauffer et al., 2012). Coastal hypoxia also mediates the mean CO2 air–sea flux (Li et al., 2019; Yu et al., 2020). In order to understand the impact of TCs on the long-term CO2 air–sea flux, it is important to distinguish the responses of hypoxic and non-hypoxic zones to the impact of TCs (Li et al., 2019).

In the open upper ocean, a TC can deepen the mixed layer, drive non-axisymmetrical surface Ekman cyclonic divergence flow, and shed near-inertial wakes and internal waves (Zhang et al., 2021). A TC will cool the sea surface primarily via enhancing vertical mixing, which is also attributed to TC-induced upwelling and air–sea heat exchange; meanwhile, a TC will warm the subsurface water due to mixing, which is also modulated by near-inertial pumping (Zhang H. et al., 2016; Zhang H. et al., 2019). During the recovery period, high-chlorophyll patches are frequently observed along TC tracks at the sea surface (Pan et al., 2017), which can be up to 30-fold more concentrated when compared to conditions before the passage of a TC (Lin et al., 2003), although the underlying mechanisms are still not clear (Chai et al., 2021).

The confined lateral boundaries and shallow depth of coastal waters make the hydrodynamic response to the passage of a TC more complicated than that in the open ocean (Halliwell et al., 2011; Glenn et al., 2016; Seroka et al., 2016). One distinct phenomenon is that passage of a TC may result in an increase in the coastal sea surface temperature (SST) when its periphery sweeps the coast (Sun et al., 2014; Seroka et al., 2016; Seroka et al., 2017; Zhang Z. et al., 2019; Jin et al., 2020; Wang and Zhang, 2021). The increase in coastal SST is caused by the advection driven by a TC, which transports the warmer shelf water towards the coast to overlay the cooler coastal water. Similar phenomena also occur in late summer and autumn in other regions subject to storms when surface water temperatures are higher at mid-shelf than along coasts (Zhang W. et al., 2016). Zhang Z. et al. (2019) even found that the increase in coastal SST in turn contributed to the rapid intensification of a TC before landfall. The onshore water transport further induced coastal downwelling episodically in an upwelling prevailing season (Zhang Z. et al., 2019). To date, the nature of the hypoxia response in association with TC-induced coastal ocean warming remains unknown.

Several observational endeavors, including the cruise in this study, found that a coastal hypoxic zone still persisted despite of the passage of a TC (Su et al., 2017; Wang et al., 2017; Guo et al., 2019; Zhao et al., 2021). The time series data obtained from moorings further revealed the relief and the subsequential reoccurrence of hypoxia off the Changjiang Estuary in response to the passage of the TC (Ni et al., 2016). Ni et al. (2016) suggested that although the strong winds from the TC would relieve the hypoxic conditions through mixing, the mixing would also support a subsequent phytoplankton bloom and result in re-establishment of hypoxia. Wang et al. (2017) suggested that apart from the strong mixing, the elevated river discharge caused by TC-induced heavy rainfall would also contribute to the nutrients needed by the subsequent phytoplankton bloom to re-establish hypoxia. Zhao et al. (2021) found that although the local respiration rate was the major driver of hypoxia after passage of the TC, the invasion of subsurface water from the outer-shelf with low-oxygen content also contributed an additional 8.6 ± 1.7% of the depletion of DO in the hypoxic zone off the Pearl River Estuary. Guo et al. (2019) found that although a TC eye passed through the core hypoxic zone, the stratification at the submerged river valley off the Changjiang Estuary was not completely eliminated and the residual hypoxic water persisted there. The case studies have suggested quite complex and various coupled physical–biogeochemical responses in terms of hypoxia to a passing TC.

The East China Sea (ECS) is located on a wide continental shelf and enclosed by the northwestern Pacific Ocean, which is often exposed to typhoons. On average, ~5 typhoons cross the ECS mostly in the summer and autumn (Li et al., 2019). Seasonal hypoxic zones have been often found off the Changjiang Estuary and in the submerged river valley, which are distributed from 28°N to 33°N (Figure 1A) (Li et al., 2002; Wei et al., 2007; Zhou et al., 2010; Zhu et al., 2011; Wang et al., 2012; Zhang W. et al., 2019; Chi et al., 2020; Zhou et al., 2020). Therefore, the ECS is an ideal region for studying the responses of coastal hypoxia to typhoons passing in various scenarios. This study focused on a scenario that the passing typhoon is incapable to completely destroy the stratification at the hypoxic zone owing to insufficient wind speed or impacting duration. In that scenario, both the hypoxic water mass and particulate organic matter may be migrated by the typhoon-induced oceanic advection, which appends new knowledge to the diversity in the typhoon–hypoxia interaction.




Figure 1 | (A) The occurrence frequency for hypoxia off the Changjiang Estuary retrieved from 20 ship-borne surveys from 1988 to 2015 based on 3.0 mg·L−1 contours of dissolved oxygen (DO) concentration. Cruise information and hypoxia extents can be referred to Zhou et al. (2020). The isobaths are shown by gray contours with 10-m intervals from 20 to 60 m. The location of “Datong hydrologic station” is indicated by a yellow pentagram. (B) The wind field vectors over the ECS at 12:00, August 25, 2020 were derived from the cross-calibrated multi-platform (CCMP) ocean vector wind analysis product and are denoted by black vectors where the color indicates speed. The typhoon track (red line) was derived from the western north Pacific Tropical Cyclone database created by the China Meteorological Administration (Ying et al., 2014; Lu et al., 2021). Typhoon strength is classified by the maximum wind speed near the center of the circulation denoted by dots in different colors with the strength marked every 6 h (format: time–date). TD, tropical depression; TS, tropical storm; STS, severe tropical storm; TY, typhoon; STY, severe typhoon; SuperTY, super typhoon. The sampling stations before and after the typhoon passage are denoted by green upward-pointing triangles and purple downward-pointing triangles, respectively. The red rectangle highlights the transect analyzed in this study. The isobaths are shown using white contours at 10-m intervals from 20 to 60 m. A zoomed-in map appears below the legend.





Materials and Methods


Ship-Borne Survey

A ship-borne survey was conducted off the Changjiang Estuary for hypoxia from August 17 to 30, 2020. Prior to that cruise, Tropical Storm Jangmi (Enteng) passed the ECS with a lifetime from August 6 to 11. During the cruise, Typhoon Bavi (Figure 1B) passed the ECS. Bavi developed initially in the northwestern Pacific Ocean, skirted the Island of Taiwan, and finally entered the ECS heading to the northeast. It then went north on August 24. During its passage over the ECS, its eye was mostly off the 40-m isobath. Bavi had gradually intensified over the ECS and became a typhoon on August 24. It crossed the latitude where the submerged river valley is located on the 25th and reached its peak intensity on the 26th. Bavi left the ECS from the north boundary on the 26th. This typhoon stayed ~200 km from the west coast of mainland China during its passage over the ECS (Figure 1B). Many typhoons have followed similar paths while passing over the ECS (Sun et al., 2015). The cruise was then divided into two legs, which were conducted from the 17th to 22nd before the typhoon passage and from the 28th to 30th after the typhoon passage, respectively. The first leg took in situ measurements at nine stations along the 31°N transect as shown in Figure 1B. The second leg revisited the 31°N transect with measurements taken at five stations (Figure 1B). An SBE911 plus CTD with SBE-43 DO and FLNTURTD-6001 sensors was used to collect temperature, salinity, DO, chlorophyll-a (Chla), and turbidity profiles.



Remote Sensing Datasets

Two Optimally Interpolated (OI) SST products involving multi-platform remote sensing data and other available observational data were employed for model validation. One product was obtained from the US National Oceanic and Atmospheric Administration (NOAA) with a resolution of 1/4° (Reynolds et al., 2007) (available at https://psl.noaa.gov/dat/gridded/data.noaa.oisst.v2.highres.html). The other, with a resolution of 9 km, was produced by the Remote Sensing Systems (REMSS), which was sponsored by US National Oceanographic Partnership Program and the US National Aeronautics and Space Administration Earth Science Physical Oceanography Program (Wentz et al., 2000) (available at www.remss.com).



Model Description

A coupled physical–biogeochemical model was applied. The physical module was based on a customized Regional Ocean Modeling Systems (ROMS) model particularly tuned for the ECS (Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008; Zhou et al., 2015; Zhou et al., 2017). The biogeochemical module was based on the carbon, silicate, and nitrogen ecosystem (CoSiNE) model (Chai et al., 2002; Xiu and Chai, 2014). The coupled ROMS-CoSiNE model (hereafter BYESbio24) was capable of simulating the seasonal, and synoptic, variation of the hypoxic zone in the ECS (Zhou et al., 2017; Zhou et al., 2020; Tian et al., 2022).

The curvilinear grid of the BYESbio24 model covered 117.5−132.0°E and 23.5−41.0°N with a homogeneous 1/24° horizontal resolution. The s-coordinate terrain-following vertical grid had 30 levels. For spin-up, a flow field was initiated from a climatological January mean based on observations spanning from 1958 to 1987 (Chen, 1992) and driven by climatological Comprehensive Ocean–Atmosphere Data Set (COADS, available at http://iridl.ldeo.columbia.edu/SOURCES/) with forcings for three annual cycles. The climatological run output was then used as the initial field for a continuous realistic run from 1998 to 2020. The daily-averaged outputs in 2020 were analyzed in this study. The detailed setup is listed by Zhou et al. (2015). Furthermore, the lateral and surface forcings in the present study were updated along with newly released products. The tidal constituents including major diurnal and semi-diurnal components were derived from the Oregon State University TPXO9-atlas (Egbert and Erofeeva, 2002). The 6-hourly wind field was obtained from the cross-calibrated multi-platform (CCMP, available at www.remss.com) ocean vector wind analysis product (Atlas et al., 2011; Wentz et al., 2015; Mears et al., 2019). Figure 1B shows that the typhoon eye location from the CCMP dataset was consistent with that from the western north Pacific TC database created by the China Meteorological Administration (Ying et al., 2014; Lu et al., 2021). Any wind speed that was larger than 25 m·s−1 was reassigned as 25 m·s−1, and this was then converted to the sea surface stress via the formula by Large and Pond (1981) because the wind-induced stress ceases to increase or perhaps decreases slightly with TC-scale winds (Powell et al., 2003). The surface heat and freshwater fluxes were obtained from the European Centre for Medium-Range Weather Forecasts ERA5 product (Hersbach, 2019; Hersbach et al., 2020) (available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview). The temperature, salinity, velocity, and sea level elevation at open boundaries were nudged to the daily-mean HYbrid Coordinate Ocean Model (available at https://www.hycom.org) hindcast outputs (George and Halliwell, 1998; Bleck, 2002; Kelly et al., 2007). The CoSiNE model consisted of 13 state variables: nitrate, phosphate, silicate, ammonium, diatoms, picophytoplankton, microzooplankton, mesozooplankton, nitrogen-based detritus organic matter (hereafter detritus), biogenic silica detritus, DO, total CO2, and total alkalinity. The model framework was elaborated by Chai et al. (2002) and Xiu and Chai (2014). The customized CoSiNE model, particularly for the ECS and Changjiang Estuary, was provided by Zhou et al. (2017). The runoff and nutrient concentrations at Datong hydrological station in the lower reach of the Changjiang River (Figure 1A) were from the Changjiang Maritime Safety Administration (available at https://cj.msa.gov.cn/ ) and measurements by the research team in the Second Institute of Oceanography, Ministry of Natural Resources, respectively. For other setups, parameterization schemes, parameters, and validations, one can refer to Zhou et al. (2017), Zhou et al. (2020). The ROMS and CoSiNE modules were coupled online, i.e., all the 13 state variables were driven by the real-time hydrodynamics.




Results


Model Validation and Limitations

In order to validate the modeled SST, the simulated daily-mean SSTs averaged over the ECS for the entire year were compared with the two OI SST products (Figure 2). The high correlation coefficients between the model outputs and the observational products suggest good performance of the model in simulating the daily variation in temperature. The heterogeneous SST change after Bavi’s passage was also well reproduced by the model (Figure 3). The model (Figure 3A) and the two OI SST products (Figures 3B, C) all exhibit sea surface cooling to the east of approximately 123°E and sea surface warming approximately to the west of 123°E in response to Bavi’s passage. Note that the model estimated milder cooling than that found by the OI SST products, while the sea surface warming in the model was stronger. The daily-mean model outputs were further compared with survey data for profiles in terms of temperature, salinity, Chla, and DO in Figures 4A–D. The model outputs agreed relatively well with both of the measurements during Legs 1 and 2 taking into the dramatic variations induced by the passing typhoon. Figures 4A–D also indicate some substantial discrepancies between the observed and simulated parameters. Looking into the individual profiles, the model overestimated the temperature of a bottom water mass, which was with an observed temperature of ~19°C found during Leg 1, to the east of 123.5°E (Figure 4A). This suggests that the model probably underestimated the stratification where the Taiwan warm current (TWC) prevails before the passage of Bavi. The model overestimated the salinity of the Changjiang diluted water (CDW) particularly within the observed range of 25–30 PSU during Leg 1 (Figure 4B). This suggests that the model probably underestimated the mixing near the Changjiang Estuary. The model generally overestimated the DO concentration in bottom water when the observed DO concentration was <8 mg·L−1 (Figure 4D). This is probably because the sediment oxygen consumption was not taken into account by the model (Meng et al., 2022).




Figure 2 | Averaged daily mean sea surface temperature (SST) within 121–127°E and 27–32°N from the numerical model (in this figure: Model), US National Oceanic and Atmospheric Administration (NOAA) Optimally Interpolated (OI) SST product (in this figure: NOAA), and the Remote Sensing Systems  OI SST product (in this figure: REMSS) over time. The Pearson correlation coefficients between the model outputs and the observational products, r, are shown.






Figure 3 | Sea surface temperature (SST) difference (ΔSST) found by subtracting daily mean SST on August 22, 2020 from that on August 28, 2020 derived from the (BYESbio24 model; (A), US National Oceanic and Atmospheric Administration (NOAA) Optimally Interpolated (OI) SST product (B), and Remote Sensing Systems (REMSS) OI SST product (C).






Figure 4 | Point to point comparisons between the survey data and the daily-mean model outputs. Measured (A) temperature, (B) salinity, (C) chlorophyll-a (Chla), and (D) dissolved oxygen (DO) data at 1-m-depth intervals were retrieved from stations conducted during Leg 1 (blue) and Leg 2 (orange). The darker patch in Panels (A, B, D) indicates the higher point density. The number of samples (N), coefficient of determination (R2), root-mean-square error (RMSE), and bias are exhibited in the figure. The coefficient of determination and root-mean-square error in Panel (C) were calculated in logarithmic space, which are denoted by   and RMSElog, respectively.



Repeated survey at the 31°N transect revealed complex three-dimensional variations in both hydrographical and ecological environments in response to Bavi’s passage (Figures 5A–C). The survey also revealed that surface cooling occurred to the east of 123°E, while surface warming occurred to the west of 123°E, which is consistent with the findings of the OI SST products (Figures 3B, C). However, subsurface warming occurred beneath the cooled surface layer based on the survey data. Correspondingly, both the coastal water to the west of 123°E and the subsurface water to the east of 123°E were diluted, while the offshore surface water to the east of 123°E was condensed as inferred from the variation in salinity field (Figure 5B). The variation in DO was more complicated and exhibited a sandwich-like vertical structure particularly to the east of 123°E; that is, in response to the passage of Bavi, DO concentration declined, increased, and declined again from the surface to the subsurface, and at the bottom, respectively. In Figures 5D–F, the daily-mean state variables on the 22nd were subtracted from those on the 28th to represent the simulated coastal ocean response to the passage of Bavi. Figure 5D shows that the model reproduced the turnover from sea surface warming to sea surface cooling quite well at approximately 123°E, and the internal warming that occurred to the east of 123°E. Nevertheless, the simulated cooled surface layer depth was thicker than that of the observational result. Figure 5E shows that the model also reproduced the near-shore freshening response and the offshore condensed response in surface water. However, the turnover location derived from the model occurred more offshore than that based on observational data. In addition, the freshening process in the bottom water beneath the condensed layer was also reproduced by the model. The model qualitatively reproduced the sandwich-like vertical variation in DO concentration (Figure 5F). Nevertheless, both the reduction in DO concentration in the surface layer and increment of the DO concentration in the subsurface layer derived from the model were milder than the observations, while the simulated subsurface water mass with an increased DO concentration was located closer to shore than the observed location. Note that the observed extent in the reduction in DO in the bottom water agreed well with the simulated results.




Figure 5 | Differences in (A) temperature, (B) salinity, and (C) dissolved oxygen (DO) found by subtracting the profiles at the repeated sample stations (indicated by small black dots) conducted during Leg 1 from those during Leg 2 in the survey at the 31°N transect. Differences in (D) temperature, (E) salinity, and (F) dissolved oxygen (DO) at the 31°N transect derived from the model obtained by subtracting daily mean model output on August 22, 2020 from that on August 28, 2020. Zero contour lines are plotted by thin black solid lines throughout the figure.



The model errors are within reasonable ranges that do not alter the conclusive results. The root-mean-square error (RMSE) for temperature compared to the ship-borne survey data is within ~2°C (Figure 4A), which is smaller than the coastal variation in temperature (~5°C) before and after the passage of Bavi (Figures 5A, D). When compared with the ship-borne survey data, the RMSE for salinity is within ~4 PSU (Figure 4B). Note that the survey stations are few in number and very close to the coast. However, it is still smaller than the variation in coastal salinity (~10 PSU) before and after the passage of Bavi (Figures 5B, E). The RMSE for DO is within ~2 mg·L−1 (Figure 4D), half less than the coastal DO variation (~5 mg·L−1) before and after Bavi’s passage (Figures 5C, F). Nevertheless, further improvement is needed in the modeling to better resolve the multi-scale air–sea interaction processes under the circumstance of severe disturbance by a tropical cyclone. For example, wind-induced shear stress on the ocean surface ceases to increase along with an increase in wind speed once a threshold is met and even slightly decreases afterwards (Powell et al., 2003). Our model assumes that such a threshold in wind speed is 25 m·s−1, as most empirical parameterizations do, but does not consider a subsequent decrease of shear stress when wind speed exceeds this value. This might result in an overestimation of wind shear stress on the semicircle side of Bavi where winds were strongest due to a superimposition of the TC’s translation and rotational speeds and the background atmospheric system (Figure 1B). Furthermore, the present model does not include waves. Waves not only play an important role in modulating the air–sea momentum transfer (Huang and Qiao, 2021) but also drive a transfer of momentum to the deeper coastal water through breaking on the surface (Bruneau et al., 2018). In the ECS, a significant impact of waves on the bottom shear stress, which is comparable to the tide-induced bottom shear stress, is mostly confined within the shallower inner-shelf with <20-m depth (Luo et al., 2017). The present simulation results are of larger uncertainty in areas shallower than 20-m depth (underestimation of particle resuspension and turbulent mixing and associated biogeochemical processes). The modeling of air–sea gas exchange also involves remarkable uncertainties particularly during a typhoon passing over a hypoxic zone (Li et al., 2019). Although the scheme of Keeling et al. (1998), which was used in the model to calculate the air–sea flux of oxygen, has been demonstrated to well reproduce the seasonal variations in the oxygen flux, its applicability to extreme wind events is limited (Prytherch et al., 2010). Nevertheless, because the wind speed in the study area (between 122°E and 125°E) was generally below 20 m·s−1 (Figure 1B), the uncertainty in the estimate of the air–sea air exchange flux should lie within an acceptable range so that it does not alter the general distribution pattern of DO.



Currents Before, During, and After the Typhoon Passage

The passage of Bavi drove violent change in the regional circulation system (sequences in Figures 6A–D and Figures 7A–D). The daily-mean outputs on the 22nd and 28th were taken to represent the states before and after Bavi’s passage, and the daily mean outputs on the 25th and 26th were taken to illustrate the rapid change that occurred during Bavi’s passage. Before Bavi’s passage (Figure 6A), the surface currents in the shallow region (depth ≤ 50 m) were mild and heterogeneous when compared with the currents on the outer shelf (depth > 50 m). The outflow from the Changjiang River meandered on the shelf driving the CDW towards the northeast (Figure 6A). The strong barotropic northeastward TWC prevails off the 50-m isobath on the shelf (Figure 7A). A minor portion of the inshore branch of the TWC guided northward flushing into the submerged river valley following the topography (Figure 7A). During Bavi’s passage through the ECS on August 25, a regional cyclonic loop current centered at ~124.5°E and ~30.0°N was stimulated (Figure 6B); it did not significantly attenuate until reaching the ocean bottom (Figure 7B). As Bavi moved further to the north on August 26, the shrinking cyclonic loop current centered at ~124.0°E and ~31.0°N was still found in the surface layer (Figure 6C), while the extent of the cyclonic loop current at the bottom was larger than that in the surface layer (Figure 7C). Shortly after Bavi’s passage, the suppressed TWC (Figures 7B, C) quickly recovered (Figure 7D), while the southward coastal current remained in place due to the bottom trap effect (Zhang et al., 2018).




Figure 6 | Vectors for daily-mean surface currents superimposed by colors for zonal velocity on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020. Yellow lines indicate isobaths.






Figure 7 | Vectors for daily mean barotropic currents superimposed by colors for meridional velocity on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020. Yellow lines indicate isobaths.



Figures 8A–L further reveal the three-dimensional flow fields in response to the passage of Bavi. Figure 8A can be interpreted as showing that, before the passage of Bavi, the CDW moved offshore from the shallow inner shelf, but the inshore branch of the TWC at the bottom layer clung to the steep slope around 123°E and was oriented inshore following the topography. As the typhoon eye crossed 31°N from the 25th to 26th, strong onshore surface flow at the 31°N transect was initially found (Figure 8B), followed by intensification of the coastal relaxation offshore flow at the bottom (Figure 8C). After Bavi had passed, a relatively strong subsurface offshore flow still persisted across the steep slope (Figure 8D). In the meridional direction, the inshore branch of the TWC pushed the northward flow at the bottom before Bavi had passed (Figure 8E). Since the typhoon eye track was all the way to the east of the steep slope, strong southward flow was driven by Bavi down to the bottom (Figures 8F, G). The southward flow along the steep slope remained after Bavi’s passage (Figure 8H). A coastal upwelling was found before the passage of Bavi that was centered on the steep slope where the depth was approximately 40 m (Figure 8I). On the 25th, the coastal upwelling remained and intensified (Figure 8I). Nevertheless, as shown in Figures 8I, J, the vertical flow field seemed to be contaminated by the near-inertial wakes shed by a preceding Tropical Storm Jangmi spanning from August 6 to 11 along a similar track as that of Bavi. On August 26, a strong downwelling was found across the steep slope (Figure 8K). On August 28, the near-inertial oscillation again was obvious, which should be attributed to Bavi, while an upwelling across the steep slope had formed, which was next to a downwelling branch (Figure 8L).




Figure 8 | The modeled daily-mean zonal velocity (u; positive eastward) at the 31°N transect on August 22 (A), 25 (B), 26 (C), and 28 (D), 2020. The modeled daily-mean meridional velocity (v; positive northward) at the 31°N transect on August 22 (E), 25 (F), 26 (G), and 28 (H), 2020. The modeled daily-mean vertical velocity (w; positive upward) at the 31°N transect on August 22 (I), 25 (J), 26 (K), and 28 (L), 2020.





Dissolved Oxygen Before, During, and After the Typhoon Passage

The modeled bottom DO distributions before (Figure 9A), during (Figures 9B, C), and after (Figure 9D) the passage of Bavi revealed an astonishing fact. The hypoxic zone did not disappear; instead, it extended southward and eastward in response to the typhoon passage.




Figure 9 | The modeled bottom DO concentration distributions on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020. Yellow and white contour lines indicate DO concentrations of 2 and 3 mg·L−1, respectively.



The high and low DO concentrations in the surface and bottom layers, respectively, at the 31°N transect before the passage of Bavi suggest that high levels of primary production occur in the surface layer and decomposition of excessive organic matter occurs in the bottom layer (Figure 10A). On August 25 (Figure 10B), the DO concentration in the surface layer declined relative to that on the 22nd (Figure 10A), suggesting that the release of oversaturated oxygen caused by enhanced mixing occurred during Bavi’s passage. The hypoxic zone (DO < 3 mg·L−1) on the 25th (Figure 10B) enlarged relative to that on the 22nd (Figure 10A). The zone also moved upward, which may be associated with the upwelling on the steep slope (Figure 8J). On August 26 (Figure 10C), the hypoxic zone extended further offshore and moved downward, which may be associated with the downwelling on the steep slope shown in Figures 8C, K. Shortly after Bavi passed, the hypoxic zone split and shrank when compared with that on the 26th (Figures 10C, D). However, the zone was still distributed in a wider longitudinal extent than that before Bavi’s passage (Figures 10A, D). Comparing to the measured DO concentration at the 31°N transect before and after the passage of Bavi (Figures 10E, F), the model underestimated the hypoxia condition in bottom water. As mentioned, this may have been caused by the underestimation of stratification by the model and the lack of a sediment oxygen consumption module. The aggravation of hypoxia at the submerged river valley can be told from the observation (Figures 10E, F). That variation, which occurred in such a short time, can be only explained by the water mass movement as revealed by the model.




Figure 10 | The modeled daily-mean DO concentrations at the 31°N transect on August 22 (A), 25 (B), 26 (C), and 28 (D), 2020. Measured DO at the 31°N transect during Leg 1 (E) and Leg 2 (F), respectively. The white contour line is for 3 mg·L−1.





Detritus Before, During, and After the Typhoon Passage

A hotspot for the accumulation of detritus before the passage of Bavi was found on the steep slope to the west of 123°E (Figure 11A), which was consistent to a recent study targeting the distribution of hypoxia (Wei et al., 2021). During Bavi’s passage, the variation in the distribution of detritus (Figures 11B, C) was weaker than that of DO (Figures 10B, C). Comparing the distributions before and after the passage of Bavi, the amount of detritus on the steep slope decreased, while a remarkable amount of detritus accumulated at the submerged river valley to the east of 123°E (Figure 11D).




Figure 11 | The modeled daily-mean detritus concentrations at the 31°N transect on August (A) 22, (B) 25, (C) 26, and (D) 28, 2020.



Although the turbidity can be regulated by both the suspended particulate matter and the dissolved matter, field measurements have found a close correlation between turbidity and the suspended particulate matter concentration in the bottom water on the ECS shelf (Hoshika et al., 2003). The particulate organic carbon content and particulate organic nitrogen content of the particulate matter in those bottom water samples were found to be relatively steady (Hoshika et al., 2003). Therefore, it can be argued that the measured turbidity before and after the passage of Bavi (Figures 12A, B) qualitatively reflected the variation in detritus organic matter concentration in the bottom water. Figure 12C exhibits a substantial decrease in turbidity in the bottom layer on the steep slope after the passage of Bavi. It suggests the reduction in detritus organic matter there, which is consistent with the simulated result.




Figure 12 | Measured turbidity at the 31°N transect during Leg 1 (A) and Leg 2 (B), respectively. (C) Difference in turbidity found by subtracting the profiles at the repeated sample stations (indicated by small black dots) conducted during Leg 1 from those during Leg 2 in the survey at the 31°N transect. Zero contour lines are plotted by thin black solid lines.





Cross-Isobath Transports of DO and Detritus

The governing equations for DO and detritus concentrations can be written in a uniform form as Eq. (1):



where the x- and y-axes point horizontally eastwards and northwards, respectively, while the z-axis points vertically upwards; C stands for DO or detritus; velocity components in the x, y, and z coordinates are denoted by u, v and w, respectively; ws is the additional sinking velocity that is 0 m·s−1 for DO but 1.736 × 10 m·s−1 for detritus; kh and kv are the horizontal and vertical diffusivities, respectively; S is the source/sink term that resulted from the biogeochemical processes; and F is composed of the extrinsic fluxes through the boundaries. In order to diagnostically examine the transport of substances during the typhoon’s passage, the sequential daily-mean xadv, yadv, vadv, hdiff, vdiff, and bio terms marked in Eq. (1) at the 31°N transect were calculated. Positive xadv and yadv terms indicate effluxes from the control volume in terms of a specific substance due to zonal advection and meridional advection, respectively. A positive vadv term indicates efflux due to vertical convection. Positive hdiff and vdiff terms indicate influxes due to horizontal mixing and vertical mixing, respectively. The positive bio term indicates the increment of a specific substance within the control volume through intrinsic biogeochemical processes. Figures 13A–P show xadv, yadv, vdiff, and bio terms for DO on the days before, during, and after Bavi’s passage. The distribution of the vadv term is not explicitly displayed. The hdiff term was minor throughout, and it was neglected in the analyses. Two regions enclosed by rectangles in Figures 13A–P were particularly focused on, in order to understand why the DO concentration in Region I increased after Bavi’s passage, but the DO concentration in Region II decreased. Region I is located on the steep slope where exceptionally high detritus concentration (Figure 11A) and low DO concentration (Figure 10A) were found before Bavi’s passing. It is also a typical situation in summer related to hypoxia (Wei et al., 2021). Region II is located on the submerged river valley floor. Lower amounts of detritus (Figure 11A) and higher DO concentrations (Figure 10A) were observed in Region II than those in Region I before the passage of Bavi. However, an increase in detritus concentration (Figure 11D) and a decrease in DO concentration (Figure 10D) were found in Region II after Bavi’s passage. The variations in the DO and detritus budgets in Regions I and II during passage of the typhoon manifest the underlying mechanisms for the seaward/offshore migration of the hypoxic water and particulate organic matter. The diagnostic terms within Regions I and II were averaged and are shown versus dates spanning from August 22 to 28 in Figures 13Q, R, respectively.




Figure 13 | The diagnostic terms for xadv, yadv, vdiff, and bio in terms of dissolved oxygen (DO) at the 31°N transect on August 22 (A–D), 25 (E–H), 26 (I–L), and 28 (M–P), 2020. Regions I and II are marked by dashed rectangles in (A–P). (Q, R) are time series of diagnostic terms in terms of DO averaged in Regions I and II, respectively.



In Region I, the DO concentration slightly decreased until August 26, but it abruptly increased from the 26th to 27th; it then decreased slightly by the 28th (Figure 13Q). The zonal transport, xadv, and the meridional transport, yadv, dominated the DO variation particularly during the typhoon’s passage. Before Bavi passed, the prevailing bottom onshore current (Figure 8A) conveyed low-DO water (Figure 10A) into Region I, while the northward current (Figure 8E) conveyed relatively high-DO water (Figure 9A) into Region I (Figure 13Q). However, along with the reversing of both the zonal and meridional currents (Figures 8C, G), the coastal high-DO water (Figure 10B) and the hypoxic water in the north (Figure 9B) were transported into Region I (Figure 13Q). The oxygen depletion by biogeochemical processes was steady during Bavi’s passage, suggesting that the local organic matter was abundant and able to sustain bacterial respiration (Figure 13Q). The contributions of vertical diffusion and advection to the DO budget in Region I were slightly elevated but not prominent (Figure 13Q).

In Region II, the DO concentration continuously decreased during the study period, and the interruption caused by the passage of Bavi was not obvious (Figure 13R). Compared to Region I, both the hydrodynamics and biogeochemical processes were much weaker in Region II before Bavi’s passage (Figure 13R). The zonal transport removed DO from Region II during the passage of Bavi, but the meridional transport together with the vertical transport compensated for the lost DO for Region II (Figure 13R). The almost constant biogeochemical oxygen consumption rate that occurred despite of the typhoon’s passage suggests that organic matter was abundant there during the study period. Therefore, another question arises: what are the supplement pathways for the accumulation of organic matter in Region II?

Similar to the diagnostic analysis for DO, xadv, yadv, vdiff, and bio terms for detritus on the days before, during, and after the passage of Bavi are shown in Figures 14A–P. The diagnostic terms within Regions I and II were averaged and plotted in sequence in Figures 14Q, R, respectively. Before the passage of Bavi, the detritus concentration in Region I was much higher than that in Region II. However, after Bavi’s passage, the detritus concentration in Region I was comparable to that in Region II. It is of interest to investigate the processes that redistributed detritus within the submerged river valley. In both Regions I (Figure 14Q) and Region II (Figure 14R), the vdiff and bio terms were predominant and appeared to be opposite, i.e., they were large and varied in an opposite way. Looking into Figures 14I–P, the vertical peak value of vdiff normally occurred in subsurface layer above the submerged river valley, and the pattern of bio term coincide with that of vdiff. These findings suggest that the respiration in the water column consumed a major portion of freshly deposited planktonic detritus. However, the lateral/cross-isobath transports during the typhoon’s passage played a significant role in redistributing the detritus. In Region I, the zonal transport nearly ceased to replenish the detritus during the passage of Bavi, while the meridional transport changed dramatically between the removal and supplement status for the detritus (Figure 14Q). In Region II, zonal transport removed the detritus during Bavi’s passage, while meridional transport replenished the detritus (Figure 14R). As a result, the accumulated detritus on the steep slope before Bavi’s passage was diluted, and additional detritus was evenly found in the submerged river valley (Figures 11A, D).




Figure 14 | The diagnostic terms for xadv, yadv, vdiff, and bio in terms of detritus at the 31°N transect on August 22 (A–D), 25 (E–H), 26 (I–L), and 28 (M–P), 2020. Regions I and II are marked by dashed rectangles in Panels (A–P). Panels (Q, R) are time series of diagnostic terms in terms of detritus averaged in Regions I and II, respectively.






Discussion


Reversal of Hydrographic Regime by the Typhoon and Consequence in Biogeochemistry

As pointed out previously, a change in coastal ocean temperature in response to a typhoon/TC passage has been found in many cases due to far-field advection rather than local mixing (Sun et al., 2014; Seroka et al., 2016; Seroka et al., 2017; Zhang Z. et al., 2019; Jin et al., 2020; Wang and Zhang, 2021). This was also confirmed in the passage of Bavi. A warming of coastal waters induced by onshore transport of shelf water was accompanied by violent synoptic variation in the three-dimensional current system, which further exerted profound impact on the marine biogeochemical environment.

In normal summer conditions, the decomposition of oceanic phytoplankton-produced organic matter in a strongly stratified hydrographic environment facilitates the formation and persistence of the seasonal hypoxia off the Changjiang Estuary (Zhou et al., 2010; Wang et al., 2017; Zhou et al., 2017; Zhang W. et al., 2019; Liblik et al., 2020; Zhang et al., 2020; Zhou et al., 2020). However, a lateral transport of sinking detritus by energetic subsurface currents often results in a spatial shift between the location of algal blooms in surface waters and the near-bottom hypoxic zones (Zhou et al., 2020). An offshore advection of CDW together with the TWC carries a large amount of detritus northward to the submerged river valley, making the area one of the hotspots for hypoxia (Zhang et al., 2020). The fresh and warm CDW plume is directed offshore but with a high variability in its dimension (Zhou et al., 2009). A persistent upwelling in boreal summer centred on the steep slope along the ~40-m isobath was predominantly driven by a secondary circulation across the tidal front (Lü et al., 2006). Bottom cold water will upwell to the surface to form a cold core, which is 3°C–4°C cooler than the surrounding coastal water, located to the west of 123°E (Lü et al., 2006). Based on the understanding of these circulation patterns, Wei et al. (2021) proposed three major physical mechanisms for the formation and development of hypoxia off the Changjiang Estuary: (1) organic detritus is concentrated by flow convergence on the offshore side of the bottom front located on the steep slope where the core of the hypoxic zone is formed; (2) coastal upwelling brings the hypoxic water upward; and (3) the CDW plume drives a seaward expansion of oxygen-deficient water.

The aim of the process-oriented study is to understand the key dynamic process transmitting the impact of the passing typhoon to the biogeochemical parameters. It is crucial to statistically estimate the overall impact of the passage of typhoons on regional biogeochemical budgets over a long period. By linking the impact of passage of typhoons and the high concentrations of carbon dioxide in hypoxic bottom waters with the vertical mixing process, Li et al. (2019) found hypoxic bottom waters to be a carbon source to atmosphere. However, in this study, the coastal warming, the internal freshening, the aggravation of bottom hypoxia, and the decrease in bottom turbidity after the typhoon passage found by the repeated surveys cannot be completely explained by the vertical mixing process. Based on the good reproduction of the variations in the state variables by the model, it is revealed that the phenomena mentioned above at the transect were probably due to the variation in the three-dimensional circulation system.

During the passage of Bavi, the common circulation patterns in summer were interrupted or even reversed reflecting in a shoreward transport of warmer water from the mid-shelf and subsequent downwelling. This advection rather than mixing played an important role in driving the variation of hypoxia and carbon transport. The originally north-eastward spreading CDW plume was turned southward by the cyclonic loop current generated by the typhoon (Figures 6B, C). The influence of the cyclonic loop current reached down to the bottom, and the bottom water masses were also transported southward (Figures 7B, C). The pre-typhoon upwelling was reversed to downwelling (Figure 8K), which led to an internal warming and freshening of seawater to the east of 123°E (Figures 5A, B). As a consequence, the hypoxic zone was spatially shifted, and organic detritus was massively resuspended and redistributed.



The Impact of Bavi’s Passage on Migration of Hypoxic Water and Redistribution of Particulate Organic Matter

The impact of Bavi’s passage on migration of the hypoxic water and redistribution of particulate organic matter is summarized as follows, which may be found in other coastal waters subject to both hypoxia and TCs. During the typhoon passage, the cyclonic wind field (Figure 15) stimulated a regional cyclonic loop current in the ECS and a coastal downwelling occurred, which is contrary to the general circulation pattern in summer. The onshore transport of warmer water resulted in coastal warming (Figure 15). Both southward and offshore/seaward bottom currents intruded into the submerged river valley across isobaths. Before the typhoon passed, the water masses with low DO concentration and high planktonic detritus organic matter were distributed at the shallow Changjiang bank to the north of the submerged river valley and on the steep slope to the west of the submerged river valley. Due to the transport of hypoxic water by the currents driven by the typhoon (Figure 15), the hypoxic zone at the submerged valley migrated offshore/seaward. By the typhoon-driven currents, the particulate organic matter was also transported to the deeper sea floor (Figure 15). The synoptic transport of detritus suggests a significant pathway for cross-isobath transport of particulate organic matter, and the subsequential decomposition may further affect the evolution of hypoxia long after the typhoon’s passage.




Figure 15 | Schematic diagram for the coastal ocean warming induced by the passage of Bavi and the impact of the typhoon’s passage on migration of hypoxic water and redistribution of particulate organic matter: (A) the typhoon wind field; (B) variation in the sea surface temperature (SST) before and after the typhoon passage; (C) distribution of planktonic detritus organic matter before the typhoon’s passage; and (D) the dissolved oxygen (DO) concentration before the typhoon’s passage, bathymetry, and currents.






Conclusions

The process-oriented study on the development of coastal hypoxia off the Changjiang Estuary in response to the passage of a typhoon in close proximity to the coast via repeated surveys and the three-dimensional physical–biogeochemical model revealed the following findings:

	1. The typhoon-induced physical process that largely changed the coastal environment can be advection more than mixing as suggested in this year. A phenomenon indicating the predominant role of advection is the coastal ocean warming. During the passage of Bavi, a regional quasi-barotropic cyclonic loop current in the opposite direction of the general coastal currents in summer was generated. A strong shoreward transport of shelf surface water and the subsequent coastal downwelling resulted in a warming of the coastal water.

	2. The observed offshore migration of the hypoxic zone along a transect through the submerged river valley after Bavi’s passage was a result of the cross-isobath intrusion of bottom hypoxic water from the north and west.

	3. The cross-isobath intrusion of bottom water also transported particulate organic matter from the inner shelf and the shallow Changjiang bank towards the submerged river valley, suggesting both short- and long-term effects on the regional marine biogeochemical environment induced by the passage of Bavi.



However, the impact of typhoon passages through the ECS on the seasonal variation in the hypoxic zone and their impact on the long-term sequestration of carbon remain unclear. More efforts will be needed to address these questions.
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