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The continental shelf and open sea region have different ocean physical and environmental responses to tropical cyclones (TC). The present study firstly compared the grid-based maximum response (GMR) of sea surface chlorophyll a (Chl-a) to TCs Wind Pump between the continental shelf (depths 50-200m) and open sea (depths>200 m) region in the South China Sea (SCS) during 1998-2020, using multiple-satellite data. For all TC events, the average Chl-a increases by 0.13 mg/m3. The comparisons between the pre- and post-TC periods show that Chl-a increases by 0.18 mg/m3 (115%) in the continental shelf and 0.07 mg/m3 (57%) in the open sea region, respectively. In both areas, TC-induced Chl-a enhancement (Chl_en) strongly depends on TC maximum wind speed and translation speed. The strong and fast-moving TCs and weak and slow-moving TCs both induce the maximum Chl_en in the continental shelf region. While in the open sea, the maximum Chl_en was induced by the strong and slow-moving TCs. Overall, our results reveal that the TC wind pump’s effects on Chl-a enhancement are stronger in the continental shelf region than in the open sea.
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1 Introduction

The South China Sea (SCS; defined here as a region covering 3°-22°N and 105°–120°E, Figure 1A) is a semi-enclosed ocean basin connected to the Northwest Pacific Ocean by the Luzon Strait (Hu et al., 2000). Tropical cyclones (TCs), one of the most powerful meteorological activities on earth, have dramatic effects on the upper ocean environment (Peduzzi et al., 2012; Menkes et al., 2016; Sui et al., 2022). TCs are frequent, with roughly 8 TCs coming through the South China Sea each year (Pan et al., 2018). And the continental shelf and the open sea region, usually divided by the 200m isobaths, have different physical and biological conditions. Understanding the effect of water depth on chlorophyll a (Chl-a) enhancement induced by TC is an essential issue in assessing the general mechanism of the upper ocean response to a TC (Foltz et al., 2015).




Figure 1 | (A) Topography of the South China Sea basin (extrapolated from ETOPO1 gridded bathymetry data). The black contour represents the 200-m isobath; (B-D) Geographic distribution of the number of TC track points, mean TC wind speed and mean TC translation speed in the SCS between 1998 and 2020. The TC number is defined as the number of all identified TC track points in each 1°×1° pixel.



In the past decades, numerous studies have been devoted to quantifying and understanding the phytoplankton bloom generated by individual TCs in the continental shelf (Li et al., 2009; Zhou et al., 2011; Zhang et al., 2014, 2019; Yang et al., 2015; Qiu et al., 2019) and open sea (Shang et al., 2008; Ye et al., 2013; Liu et al., 2019c; Liu et al., 2020)region in the SCS. And multi-parameter approaches like satellite observations (Lin et al., 2003), in-situ observations (Maneesha et al., 2011), Bio-Argo (Chacko, 2017; Roy Chowdhury et al., 2022) and model simulations (Subrahmanyam et al., 2002; Sui et al., 2022) were used to study the TC-induced Chl-a enhancement.

Previous studies showed that the water depth has a non-negligible effect on the variations of dynamic responses in the water column during TC events (Cubukcu et al., 2000; Chen et al., 2003). They reported that the water depth acts to cool the sea surface by intensifying the deep-water currents, turbulent mixing and upwelling near the coast. For a storm approaching cross-shelf, the response is primarily baroclinic and only weakly dependent on the water depth using model simulation (Cooper and Thompson, 1989b, 1989a; Tuleya, 1994). By comparing the ocean responses to TCs over different water depths, researchers found that TC effects differed significantly, and in the shallower area, the depth-integrated primary productivity increased mostly (Chen et al., 2017). We need a feasible comprehensive investigation to understand the mechanisms of water depth’s act on the TC-induced Chl-a enhancement.

TC characteristics, normally including intensity measured by the maximum surface wind speed and translation speed, can strongly affect the Chl-a concentration after TCs (Sun et al., 2010; Zhao et al., 2017; Chacko, 2019). By comparing the phytoplankton blooms triggered by two typhoons with different intensities and translation speeds in the SCS, scientists found that slow-moving TC had a longer-lasting mixing/upwelling effect on the region around its wake, inducing a stronger phytoplankton bloom, while strong typhoon can induce a bloom over a larger area (Zhao et al., 2008). TC severity varies widely, from a tropical depression to Category 5, significantly impacting the regional marine ecosystem (Zhao and Wang, 2018). However, the TC characteristics and water depth’s combined effects on TC-induced Chl-a enchantment in the SCS remains unknown.

There are two questions to be answered. 1) What is the different mechanism between the continental shelf and open sea’s act on the enhancement of Chl-a after TC? 2) what are the ocean responses to TCs with different wind speed and translation speed considering the water depth in the SCS? The present research aims to reveal the role of the water depth and its potential mechanisms on the timing and magnitude of TC-induced Chl-a enhancement. Here, using a grid-based maximum response method (Li et al., 2020), we analyzed the climatological relationship between Chl-a concentration and water depth of TCs’ paths based on 23-year (1998–2020) satellite-derived data to detect the effect of water depth on the characteristics of Chl-a enhancement. We also examined the relationship among water depth, nutricline, Chl-a, and TCs’ factors, based on the related hypotheses to explain the mechanism of TC-induced phytoplankton bloom.



2 Materials and methods


2.1 Satellite data

To improve the spatial coverage of Chl-a data, considering the influence of thick clouds and heavy rainfall on remote sensing during TC passages, the merged daily Chl-a products with 4 km × 4 km resolution during 1998-2020 were used in this study. This dataset was provided by the GlobColour project (https://hermes.acri.fr/), and it combines multiple satellite products including those from the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS), Medium Resolution Imaging Spectrometer (MERIS), Moderate Resolution Imaging Spectroradiometer (MODIS), and Visible Infrared Imaging Radiometer Suite (VIIRS), which is merged into the products using the Garver-Siegel-Maritorena (GSM) model (Maritorena and Siegel, 2005; Maritorena et al., 2010). The merged product nearly doubles the data coverage of any single mission.

The TC track data were acquired from the Joint Typhoon Warning Center (JTWC, http://www.metoc.navy.mil/jtwc/). This best track data provides the 1-minute maximum sustained 10 m wind speed and the location (longitude/latitude) of the TC center at a 6-h interval.

The wind stress vector with a 0.25° × 0.25° resolution were calculated based on daily data from the Copernicus Programme (https://marine.copernicus.eu/). The Ekman pumping velocity (EPV, positive means upwards) was calculated from the surface wind stress vector (τ) as  , where f is the Coriolis force parameter, and ρω is the sea water density set to 1025 kg/m3.

Monthly climatological nitrate profiles were from the World Ocean Atlas 2018 (WOA18, https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/). This dataset has a spatial resolution of 1°×1°, and 54 vertical layers at standard depth levels were included. The nutricline was defined as the depth at which the   concentration first reached 1 μmol/kg from the surface downward (Liao et al., 2021).

The bathymetry data was derived from the ETOPO1 (https://ngdc.noaa.gov/mgg/global/global.html), a global relief model of earth’s surface that integrates land topography and ocean bathymetry. This dataset has a spatial resolution of 1 arc-minute, developed by the National Geophysical Data Center (NGDC).



2.2 Methods


2.2.1 Delineation of TC-influenced areas

We revised Bresenham’s Line algorithm to obtain the TC-influenced area (Bresenham, 1965). Firstly, each TC track point is plotted as a grid on a 0.04° × 0.04° (i.e., the spatial resolution of Chl-a data) gridded map (Figures 2A, B). Secondly, the approximation line of the original TC track is drawn using Bresenham’s line algorithm (Figure 2C). Then, by parallel shifting this approximate trajectory (Figure 2E), a TC-influenced area of any width can be obtained (Figure 2D). Since the upper ocean response to TCs is asymmetric at most times, stronger currents (Price, 1981), sea surface cooling (Liu et al., 2019a; Liu et al., 2019b), and phytoplankton bloom (Pan et al., 2017) were found in the right side of TC track in previous studies; the TC-influenced area was built that extended 1° leftward and 2° rightward from the each TC track (Figure 2F).




Figure 2 | Schematic diagram of the TC-influenced area determined by Bresenham’s line algorithm. (A, B) TC track points are plotted as a grid on a 0.04° × 0.04° gridded map; (C) the approximation line of the original TC track is drawn using Bresenham’s line algorithm. (D) TC-influenced area of equal width is obtained; (E) parallel shifting this approximate trajectory; (F) the TC-influenced area that extended 1° leftward and 2° rightward from the TC track.



In this study, the TCs with track points less than four (i.e., the lingering time in the SCS is shorter than one day) are excluded, and each TC track is divided into two individual cases based on its location (continental shelf and open sea region). Furthermore, to exclude the influences of the Pearl River diluted water and coastal upwelling, we did not extend our study area farther shoreward to the coastal water region (depths< 50m) as the suspended sediments caused by strong wind mixing and bottom reflectance may affect the quality of satellite retrieved Chl-a.



2.2.2 The grid-based maximum response method

To obtain the average Chl-a enhancement in the TC-influenced area of each event, the grid-based maximum response (GMR) method was used (Li et al., 2020) in this study. Figure 3 displays an instance of a Chl-a bloom in the open sea region that was affected by the TC Durian in 2006. The TC-influenced area is firstly identified by the method illustrated in 2.2.1 (see dark grey shading in Figure 3A). Since the initial forcing time by the TC varies with location, the Chl-a time series is recorded for each grid (Figure 3B). The Chl-a response period was defined as the period from the start time t (0) to the end time t (13) because the maximum increase in Chl-a in previous studies rarely occurred more than two weeks after the passage of a TC.




Figure 3 | (A)TC Durian influenced area in the open sea region. The 6-hourly locations of TC centers are annotated with solid circles, and different colors denote different Saffir-Simpson Hurricane Wind Scale; (B) timeseries of the Chl-a enhancement at 109°E, 13°N (i.e., the red rectangle in (A, C); (C) composite Chl_en plot.



Second, for each grid i, we calculate the initial Chl-a concentration by averaging the Chl-a from t (-7) to t (-1). The responding Chl-a is calculated by finding the maximum Chl-a within the period t (0) to t (13). The Chl-a enhancement at grid i is then calculated as the responding Chl-a minus the initial Chl-a:



Where dval is the number of days with valid Chl-a values from time t (-7) to t (-1). As for the grid marked by a red rectangle in Figure 3A, the dval is four (i.e., t (-7), t (-6), t (-5), t (-4)), and the Chl-a reached its maximum four days after the passage (Figure 3B).

Third, the maximum Chl-a enhancement in each grid is plotted on a new map (Figure 3C). The resulting map is the Chl-a response map obtained by the GMR method. Overall, the TC-induced Chl-a enhancement (Chl_en) can be evaluated as follows:



where n is the number of valid grids in the TC-influenced area (Note that we only calculated the TC event whose number of nonzero grids accounted for over 50% of the total grids in the influenced area).





3 Results


3.1 General TC features

TCs are common in the SCS, and 299 TC events occurred during the past 23 years. In total, there were 960 (2,577) TC locations in the continental shelf (open sea) region, respectively. The spatial distribution of the TC track points at each 1° × 1° grid demonstrated that approximately 53% of TCs are in the northern SCS (north of 16°N; Figure 1B). In this region, TCs were most frequently observed to the west of Luzon Strait, with 20% of TCs located east of 115°E (16°–21°N). In contrast, the southern SCS was of sparse TC activities. Although the continental shelf was not the region where TCs were most frequently observed, TCs had considerable great intensity in this area, especially in the northern SCS (Figure 1C). However, the pattern of TC translation speed was quite different from that of TC wind speed. The fastest TCs were found at the southeast SCS (Figure 1D). Both the average TC wind speed and the translation speed in the continental shelf region were faster than that in the open region in the SCS (Table 1), accompanied by a larger range.


Table 1 | The TC case numbers (those in parentheses show the number with a phytoplankton bloom, i.e., Chl_en >0), TC wind speed (WS), translation speed (TS), nutricline and TC-induced Chl_en in the continental shelf and open sea region in the SCS.



The monthly number of TC events also exhibited significant seasonal variability (Figure 4A). In the second half of the year (i.e., from July to December), the number of TC events was 248, accounting for about 83% of the total. Furthermore, strong TCs with the intensity of category 4&5 also occurred almost exclusively during these months. Prominent annual changes in TCs were also obvious in Figure 4B, with a mean value of ~11 TCs per year, a little higher than those documented in some previous studies (Wang and Xiu, 2022). This is mainly because we took the tropical depression and tropical storm into account. The annual variation of TC wind speed and translation speed is shown in (Figures 5A, B). Note that the TC wind speed and translation speed were firstly calculated from each TC event and then averaged each year in the continental shelf and open sea region, respectively. In most years, the TC wind speed is higher in the continental shelf than in the open sea region, which suggested the TC’s destruction of the coastal environment may be more severe than in the open sea (Mei and Xie, 2016; Li and Chakraborty, 2020). At the same time, no significant trend was found for the TC wind speed. However, during the study period (1998-2020), the TC translation speed exhibited a significant increasing trend of 0.065 (0.075) m s-1 year-1 at the 95% confidence level in the continental shelf (open sea) region, respectively (Figure 5B). This is generally consistent with previous findings in the South China Sea (Chang et al., 2020) and the Western North Pacific (Gong et al., 2022) during a similar period.




Figure 4 | Statistics of TCs in the South China Sea between 1998 and 2020: (A) monthly and (B) annual number of TC events classified by the Saffir-Simpson Hurricane Wind Scale.






Figure 5 | Time series of annual-mean (A) wind speed (m/s); (B) translation speed (m/s); (C) TC-induced Chl-a enhancement (mg/m3) and their linear trends.





3.2 Response of Chl-a to TCs

As mentioned earlier in section 2.2.1, we divided the TC tracks into two individual cases to study their varying impact on the Chl-a enhancement in the two regions. Details on averaged TC information are given in Table 2. In the continental shelf region, Chl-a increased 83 times (87% of all events), and the average Chl-a increased by 0.13 mg/m3, with the maximal increase reaching up to 1.21 mg/m3. While in the open sea region, increases in Chl-a occurred 77 times (93% of all events), and the comparisons between the pre-and post-TC periods show that Chl-a increased on average by 0.07mg/m3, with the maximal increase reaching up to 0.60 mg/m3. In general, the average Chl_en in the continental shelf was 2.6 times higher than that in the open sea area, and the former has a larger range of Chl_en variation, while the latter has a higher proportion of TC-induced Chl-a enchantment (i.e., Chl_en>0).


Table 2 | TC-induced Chl_en (mg/m3) of four groups categorized based on the average of TC wind speed (WS) and translation speed (TS).



Figure 6 shows the temporal evolution of the composite area-mean Chl_en induced by TCs in the continental shelf and open sea region. Within three days after TC, the Chl-a concentration started to decrease and recover to its original level (i.e., 7-d mean Chl-a concentration before TC), which was probably due to the vertical mixing process immediately altering the spatial and vertical distribution of phytoplankton (Qiu et al., 2019). Afterward, the Chl-a in the two regions both increased and decreased three times, and the three high values occurred on days 4-5, 7, and 9-10 after TC, respectively. Among them, the highest value occurred at the third rise (i.e., days 9-10). In the continental shelf area, it is ~0.13 mg/m3. And in the open sea area, it is ~0.06 mg/m3, approximately half of that in the continental shelf area. The reason for this interesting result may be the grazing effect of zooplankton (Zhou et al., 2011). Mainly due to the lack of nutrient supply, Chl-a reached its maximum value at a longer time in the open sea than in the continental shelf area. This result is generally consistent with previous findings in the SCS (Zhao et al., 2008). After three oscillations, the Chl-a recovered to the level before TC on day 15 (16) in the continental shelf (open sea) region, respectively.




Figure 6 | Timeseries of Chl_en in the continental shelf area (black curve) and open sea area (red curve). The shading indicates different stages of variations in Chl_en.





3.3 Effect of TCs’ characteristics on Chl-a

To examine the dependence of TC-induced Chl_en on TC wind speed and translation speed, we divided the TCs into four groups (Table 2). The Chl-a response to TCs with specified wind speed and translation speed varied significantly between the two regions (Figure 7). In the continental shelf region, both the strong and fast-moving and weak and slow-moving TCs can induce the highest Chl_en at ~0.23 mg/m3 among all the four groups, which means even a weak TC can cause a phytoplankton bloom as a strong TC. This phenomenon has been discussed in previous case studies (Zhang et al., 2014; Yang et al., 2015; Zhao et al., 2017). In contrast, the strong and slow-moving TCs engender the least Chl_en at 0.10 mg/m3. However, in the open sea region, the strong and slow-moving TCs can induce the highest Chl_en at 0.14 mg/m3, while the weak and fast-moving TCs triggered the least Chl_en at 0.02 mg/m3. Overall, the Chl_en in the continental shelf region is ~3.89 times that in the open sea region for identical TC forcing.




Figure 7 | Average Chl_en induced by four groups of TCs in the continental shelf (black bar) and open sea (red bar) regions.



Here we examined the TC Durian in 2006 to explain the relationship between the Chl_en and the TC wind speed and translation speed. Durian originated in the Northwest Pacific and moved westwards through the middle of the South China Sea before landing (Figure 8A). On average, the Chl_en in the continental shelf (~0.44 mg/m3) was twice that in the open sea (~0.22 mg/m3) region (Figure 8C). According to the grid proportion with different Chl_en, the ratio of grids with Chl_en greater than 0.2 mg/m3 in the continental shelf is higher than that in the open sea region (Figures 8B, C). And TC Durian was a strong and slowing-moving TC in the open sea region, while it turned into a weak and fast-moving TC in the continental shelf region.




Figure 8 | (A) TC Durian influenced area in the continental shelf (green shading) and open sea (blue shading) region. The black contour represents the 50-m and 200-m isobaths; (B) composite Chl_en plot; (C) Frequency histogram of the proportion of grids with different Chl_en to total non-empty grids of the TC-influenced area in the continental shelf (black bar) and open sea (red bar) region. The black and red lines represent the average Chl_en in the two regions. The black and red pentacles represent the average wind speed and translation speed of TC Durian in the two regions.



The partial correlation coefficient was calculated among the Chl_en and TC wind speed, translation speed and water depth (nutricline)under the TC tracks in the continental shelf (open sea) region (Tables 3, 4). For all TC events in the open sea area, Chl_en and wind speed are positively correlated (r=0.50, p<0.01); rather, Chl_en and translation speed are negatively correlated (r= -0.31, p<0.01). This result is quantitively consistent with the previous studies. There is also a significant positive correlation between the Chl_en and nutricline (r = 0.31, p<0.01). The deeper the nutricline is, the higher the nutrient content phytoplankton can use to support their growth after TC’s passing. For the strong and slow-moving TCs, the linear correlation becomes stronger for both Chl_en and wind speed (r=0.77, p<0.01) and Chl_en and translation speed (r = -0.65, p<0.05). What’s more, there is a strong linear correlation between Chl_en and nutricline for the strong and fast-moving TCs (r = 0.70, p<0.01). While for the other two groups (i.e., the weak and slow-moving and weak and fast-moving TCs), no significant correlations were found. As for the TCs in the continental shelf region, there is only one significant negative correlation between Chl_en and water depth underneath the TC track for the strong and fast-moving TCs (r= -0.48, p<0.05). This probably indicates that the shallower the depth under the TC track, the higher the sea surface Chl-a concentration can be triggered. The correlation between the Chl_en and EPV is positive (negative) in the open sea (continental shelf) region, which suggests that upwelling plays a more important role in TC-induced Chl_en in the open sea region.


Table 3 | The Partial correlation coefficients between the Chl_en and TC wind speed (WS), translation speed (TS), nutricline and Ekman pumping velocity (EPV) in the open sea region.




Table 4 | The Partial correlation coefficients between the Chl_en and TC wind speed (WS), translation speed (TS), water depth and Ekman pumping velocity (EPV) in the continental shelf region.






4 Discussion


4.1 Seasonal variation of TC-induced Chl_en

In the SCS, the nutricline and the chlorophyll maximum layer are always below the mixed layer (Kuss et al., 2021). When the mixed layer after a TC is deeper than the chlorophyll maximum layer, a high Chl-a concentration can be transmitted to the sea surface (Wang et al., 2010); when the mixed layer is deeper than the nutricline, more nutrients are transported to the euphoric layer, which promotes the growth of phytoplankton (Palter, 2015). Moreover, the bloom can remain for a week or even longer if the disturbance reaches deeper than the nutricline (Lu et al., 2018). Thus, upper ocean conditions play an important role in the injection of nutrients from the subsurface to the surface layer (Zhang et al., 2021). Our study also showed that the responses of phytoplankton to TCs have distinct characteristics in different seasons, which may be due to seasonal changes in the upper ocean conditions of the SCS.

In Autumn, TCs in the continental shelf region are with the characteristics of the highest wind speeds and translation speed, resulting in the highest Chl_en during the whole year (Figure 9). However, in winter, TCs in the open sea region with the characteristics of the highest wind speeds and the third translation speed, and the second highest Chl_en were found. This phenomenon in the two seasons is like the strong and fast-moving (Autumn) and weak and slow-moving (Winter) TCs shown in Figure 7, even though the nutricline was rather deeper (Note that the nutricline in Figure 9C is the mean nutricline in the TC-influenced area). In the open sea area, the strongest responses of Chl-a were found in Winter. The TCs are with characteristics of strong and slow-moving. Besides, the nutricline in Winter is the shallowest, which means nutrient-rich water can be easily injected into the euphotic zone and support the growth of phytoplankton.




Figure 9 | Seasonal variations of TCs (A) wind speeds; (B) translation speeds; (C) nutricline (only in the open sea region); (D) Chl_en. Spring (March-May, MAM), Summer (June-August, JJA), Autumn (September-November, SON), Winter (December-February, DJF). The central box represents the values from the lower to upper quartile (25 to 75 percentile). The middle line represents the median. The horizontal line extends from the minimum to the maximum value. The rectangular point represents the mean-value.





4.2 The difference between TC-induced Chl_en in the continental shelf and open sea region

TCs can induce upwelling or vertical mixing of the seawater, one of the most important drivers in the supply of nutrients from the deep layer to the euphotic zone. The nutrients upward can support an increase in Chl-a concentration. These processes can easily occur in the continental shelf region where the stratification is shallower and easily broken up by TCs (Chen et al., 2017). Under low-intensity TCs, the continental shelf water remains stratified, and the oceanic response is similar to the open sea (Cooper and Thompson, 1989a). Hence, in the continental shelf area, the weak and slow-moving TCs can trigger the highest Chl-a enhancement, whose mechanism is like the strong and slow-moving TCs in the open sea area. While the strong and fast-moving TCs have a relatively short impact time on the coastal ocean, the calm ocean environment after TC is suitable for the growth of phytoplankton with the rich-nutrients water diluted from the runoff. The nutrient is not a limiting factor for the phytoplankton growth in the continental shelf, compared to the open sea region.

In continental shelf and open sea regions, the mechanisms of TC-induced Chl_en are quite different. This is due to several factors, such as side boundaries, bottom friction, and variable stratification (Kundu, 1976). The normal velocity at the side boundary of the shelf sea area is 0, so the near-inertial motion near the coast can be suppressed, resulting in a weak near-inertial current. In addition, the side boundary can induce the divergence of the upper flow (Dutkiewicz et al., 2019). The resultant combination of intense wind, boundary depth-driven turbulence, and shallow nutricline may inject nutrients intensively into the euphotic zone. In the continental shelf area, the calm water conditions following the storm are critical for phytoplankton growth (Zheng and Tang, 2007; Zhao et al., 2009; Chen et al., 2017).




5 Conclusion

This study compared the tropical cyclone Wind Pump-induced Chl-a enhancement between the continental shelf and the open sea region in the SCS, using a grid-based maximum method and multi-platform satellite data during 1998-2020. The major conclusions include the following: 1) Stronger Chl-a responses were observed in the continental shelf than in the open sea region. 2) TC-induced Chl_en strongly depends on the TC characteristics. In the continental shelf region, both strong and fast-moving and weak and slow-moving TCs induce the largest Chl-a enhancement. However, in the open sea region, the largest Chl-a enhancement was induced by the strong and slow-moving TCs. 3) The main mechanisms of TC-induced Chl_en can differ in the two regions. In the continental shelf region, a stable marine environment is the most critical factor for phytoplankton growth. In the open sea area, whether the disturbance caused by the TC can reach the maximum chlorophyll layer and the subsequent nutrient supply is the key to a phytoplankton bloom. In this paper, due to the lack of in-situ data, only the surface Chl-a variations were analyzed. We will try to use higher spatial and temporal resolution data from numerical model to obtain the vertical variation of TC-induced Chl_en in the two regions in future work.
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