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Abstract

:

Strong typhoon winds enhance turbulent mixing, which induces sediment to resuspend and to promote chlorophyll-a (Chl-a) blooms in the continental shelf areas. In this study, we find limited Chl-a responses to three late autumn typhoons (typhoon Nesat, Mujigae and Khanun) in the northwestern South China Sea (NWSCS) using satellite observations. In climatology, the Chl-a and total suspended sediment (TSS) concentrations are high all year round with higher value in autumn in the offshore area of the NWSCS. After the typhoon passage, the Chl-a concentration increases slightly (23%), while even TSS enhances by 280% on the wide continental shelf of the NWSCS. However, in the southern area, located approximately 100 km from the typhoon tracks, both TSS and Chl-a concentrations increase 160% and 150% after typhoon passage, respectively. In the deeper area, the increased TSS concentration is responsible for the considerable increase of the Chl-a. An empirical analysis is applied to the data, which reveals the TSS and Chl-a processes during typhoon events. The results of this study suggest a different mechanism for Chl-a concentration increase and thus contribute toward further evaluation of typhoon-induced biological responses.
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1. Introduction


Typhoons inject substantial amounts of energy into the ocean and initiate various ocean processes, e.g., mixing and near-inertial oscillations (NIOs). During typhoon passage, the main response of the upper ocean is related to wide-scale cooling. Hu and Kawmura [1] found that the cold core with a sea surface temperature (SST) difference greater than 2 °C compared to the surrounding areas may be observed using an Advanced Very High Resolution Radiometer (AVHRR) sensor. Since 2010, typhoon-forced near inertial waves have been a research focus for many projects [2]. Guan, et al. [3] examined the upper ocean dynamic response to typhoon Megi (2010) with the presence of a strong internal tide. Sun, et al. [4] found that the waveguide effect of the background shear flow redistributed the NIOs energy after the typhoon passage and trapped energy in the area of the typhoon’s negative vorticity. Typhoons induce the oceanic geostrophic response, which perturbs the underlying ocean eddy field [5]. Typhoon intensity can then be strengthened by the warm ocean mesoscale eddy [6].



In addition to the physical typhoon-induced interactions, biogeochemical interactions between the typhoon and ocean occur under the enhanced mixing and transport of water and nutrients. In 2004, enhanced chlorophyll-a (Chl-a) concentrations were revealed in the central South China Sea (SCS) in November 2001 after the passage of typhoon Lingling [7]. The NIOs induces uplift of nutrients and Chl-a into the mixed layer from below, leading to a surface Chl-a increase [8,9]. High winds can induce upwelling, and cold eddies often promote the considerable growth of phytoplankton after a typhoon [10]. Chl-a concentrations increase after typhoon passage and remain at a high concentration for around 5 days before beginning to return to initial conditions [11,12]. Moreover, Wang [13] showed that increases of Chl-a concentration occur after 70% of the typhoons in the SCS based on 16 years of data.



The SCS is one of the areas most affected by typhoons anda local typhoon birthplace [14]. Typhoons generated in October and November are known as late autumn typhoons in the SCS, which may have a stronger impact on their local environment because of their high intensity. Chl-a concentrations during this period increase over the entire SCS, but they remain at a high level (~0.3 mg m−3) in the coastal region [15]. Previous studies have described Chl-a blooms induced by late autumn typhoons. For example, the Chl-a concentration increased by 226% on the 7th day after the passage of typhoon Nesat (2011), associated with the near-inertial baroclinic shear instability [16]. The maximum increase of chlorophyll-a (Chl-a) concentration induced by typhoon Mujigae (2015) occurred in the shelf sea of the NWSCS, with features of unusual surface cooling [17,18].



Moreover, the SCS sits in the East Asian monsoon region, with northeasterly winds prevailing in winter and southwesterly wind in summer. Previous studies have indicated that a southwestward coastal current is present west of Guangdong throughout the year [19,20]. In summer, the occurrence of southwest monsoons is an important factor in the formation of the southwestward coastal current on the shelf [21], while the northeasterly wind-induced southwestward flow prevails over the continental shelf of the northern SCS in winter [22]. Sufficient nutrition and Chl-a are transported by the southwestward current from the Pearl River Estuary in the autumn and winter. Thus, the Chl-a concentration is very high on the continental shelf of the northwestern South China Sea (NWSCS).



Furthermore, the monsoon winds could mix the offshore waters well to the bottom in winter [23]. As the maximum Chl-a concentration is observed in the subsurface water (50–70 m), the vertical mixing effect would transport the Chl-a in the subsurface layer up to the surface layer and cause the Chl-a concentration to increase [24,25,26]. The prevailing winds produce onshore Ekman transport, which consists of freshwater discharge from the Pearl River. Thus, the coastal current also plays an important role in transporting the Pearl River water and sediment. In the NWSCS, there is a seasonal coastal upwelling system, which occurs from April to September with the strongest upwelling period in June and July [27].



Strong typhoon winds would induces sediment to resuspend and to promote Chl-a blooms in continental shelf areas. However, Lü, et al. [28] found that a high total suspended sediment (TSS) near the shore and a lack of nutrients in the bottom resulted in no Chl-a bloom in the shelf area. This study aims to investigate the mechanisms for Chl-a increase during three late autumn typhoons (Nesat (2011), Mujigae (2015) and Khanun (2017)) landed in the NWSCS.



This paper is organized as follows. Section 2 describes an introduction to the data and methods including algorithms for retrieval of the colored dissolved organic matter (CDOM) and TSS concentrations from satellite observations. Section 3 and Section 4 present the analysis of the monthly variation in TSS and Chl-a concentrations and the distribution of the TSS and Chl-a concentrations during typhoon passage in the NWSCS. Section 5 discusses the Pearl River water transport, mixing, and upwelling effects to the Chl-a blooms. Section 6 contains a summary.




2. Materials and Methods


2.1. Study Area


The SCS is one of the largest semi-closed marginal seas of the northwestern Pacific Ocean as shown in Figure 1. It connects the Pacific Ocean, the East China Sea, and the Indonesian Seas via the Luzon Strait, the Taiwan Strait, and the Karimata Strait, respectively. A deep basin with a maximum depth of about 5500 m sits in the center of the SCS. The wide continental shelf with a depth less than 200 m is distributed around the basin, which occupies about 48% of the total area [29,30].



The study area sits in the NWSCS. We divide it into two sub-areas: Yuexi (A1) and Qiongdong (A2) as shown in Figure 1. A1 is featured by a broad continental shelf. In the north of A1, the largest river system in South China, the Pearl River Estuary is located. The previous studies have shown that a southwestward coastal current dominates the shelf circulation of the NWSCS in autumn and winter [29]. Qiongdong coastal upwelling occupies the area of about 20–50 km from the coastline of A2 [31,32,33], and it is a seasonal coastal upwelling system occurring from April to September with the strongest upwelling period in June and July [23].




2.2. Late Autumn Typhoons


There were three late autumn typhoons—Nesat (2011), Mujigae (2015), and Khanun (2017)—which made landfall on the southwest coast of China during 2010–2019. The typhoons Nesat (2011), Mujigae (2015), and Khanun (2017) originated from the Pacific Ocean (Table 1), moved northwestward, crossed the continental shelf of the NWSCS, and made landfall on the southwest coast of China. The tracks of the typhoons, as shown in Figure 1, are downloaded from the Tropical Cyclone Data Center of the China Meteorological Administration (CMA) (http://tcdata.typhoon.org.cn, accessed on 4 March 2021) [34,35]. The typhoon center locations, minimum pressure, and two-minute mean maximum sustained wind near the typhoon center are collected at a temporal resolution of 6 h.




2.3. Satellite Ocean Color Data


The daily Chl-a data for the typhoon periods and the monthly data from 2004 to 2019 are downloaded from http://oceandata.sci.gsfc.nasa.gov/ (accessed on 7 February 2021). The dataset is a level-3 product with a spatial resolution of 4 km from the moderate resolution imaging spectroradiometer (MODIS) onboard satellites Terra and Aqua (Table 2). The data from the two platforms are merged for improving the coverage of the Chl-a data [36]. The average Chl-a concentration from the Terra and Aqua satellites is estimated and used in this study. The monthly mean Chl-a concentration from 2004 to 2019, with a spatial resolution of 4 km, are derived from http://oceandata.sci.gsfc.nasa.gov/ (accessed on 5 October 2020).



The Chl-a concentration varied with isobaths (z) in the study area was estimated using the following equation:


   C  Chl −  a  Mean      ( z )  = ∫ ∫  C  Chl − a    (  x , y , z  )    d x d y .  



(1)




where CChl-a(x,y,z) is the Chl-a concentration obtained from daily Chl-a data.



In order to estimate the Chl-a concentration variation during the typhoon events, the Chl-a concentration anomaly is estimated with respect to a climatological mean:


  A  c  Chl −  a  Mean      ( z )  =  C  Chl −  a  Mean      ( z )  − C c  ( z )  .  



(2)




where Cc(z) is the climatological mean (2004–2019) for Chl-a concentration varied with isobaths. The climatological mean for Chl-a concentration (Cc(z)), e.g., for October, was estimated by


  C c  ( z )  =  1  16    ∑  i = 2004   2019       C c  (  z ,   t  )   |    t = 10    



(3)




where Cc(z,t) is the monthly mean Chl-a concentration varied with isobaths (z) from 2004 to 2019. Cc(z,t) is estimated by using Equation (1) from monthly Chl-a concentration.



The MODIS reflectance (Rrs) data at 412, 555, and 645 nm with a spatial resolution of 4 km are obtained from http://oceandata.sci.gsfc.nasa.gov/ (accessed on 7 February 2021) and used to calculate the TSS concentration (Section 2.4) and CDOM (Section 2.5).




2.4. TSS Retrieval


Remote sensing techniques have been applied to quantify the TSS concentration. Empirical relationships between TSS concentration and equivalent reflectance values were established with the linear, polynomial models, and even artificial neural networks [37,38]. Various algorithms for estimating the TSS have been developed using Rrs (443), Rrs (488), Rrs (555), and Rrs (645) data [39,40,41]. As the suspended concentration is high in the continental shelf area, especially near the Pearl River estuary, the TSS concentrations (CTSS) are estimated with retrieval algorithms using Rrs (645) data [41]:


   C  TSS   = 0.6455 + 1455.7 × R r s 645 .  



(4)







TSS concentration varied with isobaths (z) and anomaly could be estimated from Equations (1) and (2).




2.5. CDOM Retrieval


Satellite ocean color sensors (e.g., MODIS) offers global coverage of CDOM. The amount of CDOM is expressed by the absorption coefficient at 400 nm. The CDOM absorption coefficient at 400 nm is estimated by using monthly Rrs (412) and Rrs (555) data [42,43]:


   a  C D O M  (  400  )    = 0.2355 ×  R  − 1.3423   ,  



(5)




where R = Rrs(412)/Rrs(555).




2.6. Sea Level Anomaly and Geostrophic Current


Satellite altimeter sea level anomaly (SLA) data are downloaded as a gridded product from the Copernicus Marine Environment Monitoring Service (CMEMS). The temporal resolution is daily and monthly, and the spatial resolution is 0.25° in latitude and longitude with global ocean coverage. The data merged from multiple altimetry sensors are computed with respect to a twenty-year mean.



The daily geostrophic current is provided by the Copernicus Marine Environment Monitoring Service (CMEMS). The monthly mean geostrophic current velocities are calculated using monthly mean SLA data:


  u = −  g f    ∂ η   ∂ y   ,  



(6)






  v =  g f    ∂ η   ∂ x   ,  



(7)




where g is the acceleration of gravity, f is the Coriolis parameter and  η  is monthly mean SLA, respectively.




2.7. Sea Surface Wind and Ekman Pumping


The sea surface wind data at 10 m above the sea surface are obtained from the CMEMS at http://marine.copernicus.eu/ (accessed on 24 April 2021). The data are a level-2 product with a spatial resolution of 25 km, measured by the Advanced Scatterometer (ASCAT) instrument on the EUMETSAT Metop-A satellite. The monthly sea surface wind data from 2010 to 2019 with a spatial resolution of 0.25° are obtained from CMEMS. The climatological sea surface wind is calculated from monthly sea surface wind data.



The velocity of Ekman pumping is calculated by [44]:


  W e =  1  ρ f    (  ∇ × τ  )  ,  



(8)




where f, ρ and τ are the Coriolis parameter, the seawater density and the wind stress, respectively.



A finite difference scheme is applied to calculate wind stress curl [45]:


  ∇ ×  τ  i , j   =  1  R cos  φ  i , j      (       (   τ y   )    i + 1 , j   −    (   τ y   )    i − 1 , j     2 Δ λ   −      (   τ x  cos φ  )    i , j + 1   −    (   τ x  cos φ  )    i , j − 1     2 Δ φ    )  ,  



(9)







The wind stress curl is determined as [46]:


  τ =  ρ a   C D  U  | U |  ,  



(10)




where ρa, CD, and U are the air density, the drag coefficient and the 10 m wind, respectively. The drag coefficient is calculated as [47]:


   C D  =  {       (  0.75 + 0.067 U  )  ×   10   − 3     0 < U ≤ 26      m   s    − 1         2.5 ×   10   − 3     U > 26      m   s    − 1           .    



(11)









3. Climatological and Time Series Analyses


3.1. Monthly Variations of TSS and Chl-a Concentrations


Figure 2 shows the monthly TSS concentration averaged for 2004–2019 varied with isobaths (z) in A1 and A2. The depth-averaged TSS values decrease with the depth increase in A1 throughout the year. The averaged TSS concentration in the summer half year is higher than 3 mg L−1 in the offshore area. In the winter half year, the high TSS concentrations extend to the shelf area with a depth of ~100 m.



In A2 (Figure 2b), low TSS concentration of <0.1 mg L−1 occurred in the offshore and shelf areas in the summer half year. However, a very high TSS concentration of >1.0 mg L−1 is also observed, of which the range extends to the areas as deep as 100 m.



Figure 2c,d show that the monthly TSS concentrations in both A1 and A2 in the winter half year are much higher than that in the summer half year. The TSS concentration in A1 is about 3.0 mg L−1, almost twice as that in A2. Moreover, a relatively high TSS concentration (>2 mg L−1) sustains during late autumn period in A2, and is twice as that of the remainder of the year.



From Figure 3, one can see that the monthly mean Chl-a concentrations in A1 and A2 decrease as the depth increases throughout the year. In A1 (Figure 3a), higher Chl-a concentrations (>1 mg m−3) appear in the offshore area with depths less than 40 m. Meanwhile, the Chl-a concentrations in the shelf area (40–200 m) show clear annual variations. In the summer half of the year from April to August, Chl-a concentrations higher than 0.5 mg m−3 are distributed in the areas with depths less than 40 m. In contrast, in the autumn, the main areas of high Chl-a concentrations have depths < 100 m. The Chl-a concentrations in areas with depths of 100–200 m in the autumn (~0.4 mg m−3) are more than twice as that in the summer half year. The concentrations in the deep-sea areas (>200 m) are much lower.



From Figure 3b, one can see that in A2, the Chl-a values in the offshore areas are much lower than that in A1, and higher Chl-a concentrations are observed in March and October. However, the Chl-a concentrations in the shelf area (40–100 m) are slightly higher (~0.6 mg m−3) than that in A1. Moreover, annual variations in Chl-a concentrations are observed not only in the shelf area but also in the offshore areas.



The high Chl-a concentrations are distributed in the areas with depths less than 80 m in A1 and A2 as shown in Figure 3c,d. The Chl-a concentrations in both A1 and A2 in the autumn are much higher than that in the summer half year. In the summer half year, the mean Chl-a concentrations in A1 and A2 are 0.9 and 0.4 mg m−3, respectively, with 1.4 and 0.9 mg m−3 in the winter half year, respectively. Furthermore, two Chl-a concentration in A2 peaks occur in March and October.



In general, the distribution of TSS and Chl-a concentrations in A1 are comparable, i.e., high TSS and Chl-a concentrations are mainly concentrated in the offshore area throughout the year. In the autumn, relatively high TSS and Chl-a concentrations are found in the shelf area due to a well-mixed water column. The TSS and Chl-a concentrations concurrently increase after September. The mean TSS and Chl-a concentrations in October reach 3.1 mg m−3 and 1.4 mg L−1, respectively.



In A2, the distributions of TSS and Chl-a concentrations are similar from April to December. The lower TSS concentrations (<1.0 mg L−1) occur in March, whereas the Chl-a concentration peaks at 0.8 mg m−3. Moreover, in contrast to the higher Chl-a, remarkably lower TSS concentrations (<0.1 mg L−1) in the offshore area are observed from April to August. The high TSS concentrations (>1.5 mg L−1) are accompanied by high Chl-a concentrations (>1 mg m−3), of which the distribution extends to the depth as 100 m as observed in October.




3.2. TSS and Chl-a Concentrations in A1 during the Typhoon Period


The time series of TSS concentrations varied with isobaths (z) on the continental shelf in A1 during typhoons Nesat (2011), Mujigae (2015) and Khanun (2017) are shown in Figure 4. The TSS concentration in the offshore area (<40 m) was 6.3 mg L−1 before Nesat (2011), Mujigae (2015), and Khanun (2017) arrived. This phenomenon is also shown in Figure 2a, since the monthly mean TSS was high in the offshore area, especially in the winter. The TSS concentration in the offshore area increased significantly to as high as 20.0 mg L−1, after typhoons’ landfall (red curves in Figure 4b,d,f). The significant increase of TSS was also observed at a depth of 80 m. In the basin water, the TSS concentration increased slightly. Ten days later, the TSS concentration for three cases reduced gradually to the previous level.



Figure 5 shows time series of Chl-a concentration during the typhoon periods. The Chl-a concentration increased slightly in the offshore areas during the typhoon period, e.g., ~1.0 mg m−3 for typhoon Mujigae (2011). The Chl-a concentrations increased about 1.5 mg m−3 in the shelf area. In the basin area, the Chl-a concentrations showed only slight fluctuation. Ten days after the typhoon passage, the Chl-a concentrations increased significantly.



Interestingly, the mean Chl-a values only increased 23% in the offshore areas after the typhoon passage. However, that of TSS concurrently increased by 280% (13.6 mg L−1). In contrast, the Chl-a concentration increased by 200% (1.3 mg m−3) at the depth of 60 m, while TSS concentration increased by 450%. Thus, there is no Chl-a bloom even with enhanced TSS, which is different from the feature in the shelf region and many previous literatures.




3.3. TSS and Chl-a Concentrations in A2 during the Typhoon Period


Figure 6 shows how the time series of TSS concentration responded to typhoons Nesat (2011), Mujigae (2015), and Khanun (2017) in sub-region A2. There was a remarkable response of TSS concentration to typhoons at the depth of 100 m. After Mujigae (2015) passed, high TSS concentrations were observed at 200 m depth (Figure 6c,d). Moreover, the maximum increase of the TSS concentration was shown in the shelf area (i.e., ~100 m); it increased by 5.7, 3.7, and 0.6 mg L−1 for Nesat (2011), Mujigae (2015), and Khanun (2017), respectively. The TSS concentration only increased by about 0.3 mg L−1 in the offshore areas. Ten days after the typhoon passage, the TSS concentration decreased to a background level.



Figure 7 shows the time series of the Chl-a concentration during the three typhoon periods. The maximum increase of Chl-a concentration occurs concurrently with that of TSS in the shelf area. The concurrent phenomenon indicates that the high level concentration of Chl-a is the result of the high level concentration of TSS. The Chl-a concentrations increase by about 1.0, 3.0, and 0.5 mg m−3, respectively. In the basin area, however, the Chl-a concentrations show only slight fluctuations.



In October, the background TSS and Chl-a concentrations (Figure 2b and Figure 3b) were high in the shelf area, e.g., ~2.0 mg L−1 and 1.0 mg m−3, respectively. In all three typhoon cases, typhoons enhanced Chl-a concentrations in the offshore and shelf areas by 160% and 150%, respectively.





4. Empirical Analysis of Temporal Variations


We divide the study area into two sub-areas: the continental shelf and the basin area and calculate the mean TSS and Chl-a concentration of shelf area with a depth less than 100 m in A1, and with a depth less than 200 m in A2. Here we use a Rayleigh function to fit the time series of TSS and Chl-a concentration:


  y = A    (  t + T  )     σ 2    exp  (  −      (  t + T  )   2    2  σ 2     )  + Δ  



(12)




where A is the coefficient of the TSS and Chl-a concentration; t is the time (d); T is the time lag (left-ward shift with a positive value); σ2 is the variance of TSS and Chl-a concentration.  Δ  is a background concentration of TSS and Chl-a.



Figure 8 shows the TSS concentrations 10 days before and after typhoons Nesat (2011), Mujigae (2015), and Khanun (2017). The TSS concentration in the shelf area of A1 was about 2–7 mg L−1 before typhoon landfall (Figure 8a). After typhoon landfall, the maximum of TSS concentration was as high as 22 mg L−1, then decreased to 3 mg L−1 within 10 days. Figure 8b shows that in the basin area of A1, the mean TSS concentration increased from 0.7 to 0.8 mg L−1 during typhoon passage.



In the shelf area of A2, the mean TSS concentration remained lower than 1 mg L−1 before typhoon landfall (Figure 8c), peaked to 5 mg L−1 and then reduced to 1 mg L−1 after typhoon passing. In the basin area, the mean TSS concentration (~0.7 mg L−1) only showed slight fluctuations (Figure 8d).



The empirical function explains the TSS variation process during typhoon events very well, especially for the shelf of A1. The coefficient of TSS concentration in A1 is as high as 90 mg L−1 with R2 value of 0.69 (Table 3), which means that TSS concentration could reach about 25 mg L−1 during typhoon events. In the basin, the coefficient of TSS concentration decreases to 10 mg L−1.



Fore Chl-a, we divided A1 into three sub-areas: the offshore (<40 m), shelf (<100 m), and the basin area. One can see that the time series Chl-a concentrations in the offshore area (Figure 9a) changed slightly. The Chl-a concentrations after typhoon landfall were even lower than those six days before typhoon passage in the case of typhoon Mujigae (2015). Moreover, in the case of typhoon Khanun (2017), Chl-a concentrations decreased from 2.9 to 2.4 mg m−3 during typhoon passage. Figure 9b shows that the Chl-a concentrations increased from ~0.5 to ~1.0 mg m−3 in the shelf area. In the basin area (Figure 9c), the Chl-a concentrations increased from ~0.1 to ~0.15 mg m−3.



Time series Chl-a concentrations in the offshore and shelf area of A2 are shown in Figure 9d. The Chl-a concentrations increased significantly after typhoon passage, from 0.2 to about 1.0 mg m−3. However, the Chl-a concentrations increased slightly in the basin area (Figure 9e).



Rayleigh function fits revealed the Chl-a variation process during typhoon events. The coefficient of the Chl-a concentration is as high as 6 mg m−3 with R2 value of 0.44 (Table 3). The R2 value is not so high, and the main reason is the data missing during the passage of typhoon.




5. Discussion


5.1. Pearl River Water Transport


Previous studies have revealed that typhoons result in substantial increases of TSS and Chl-a concentrations [7,10,48]. An offshore bloom exhibited a Chl-a peak of 0.7 mg m−3 relative to a background of 0.1 mg m−3 before landfall of typhoon Damrey [49]. The maximum Chl-a concentration was enhanced to approximately 7.5 times the climatological value after the typhoon Nuri (2008) [50,51]. Li, et al. [19] found that the Chl-a concentration in the offshore area increased three times in five days after landfall of typhoon Mangkhut (2018). The maximum Chl-a concentration in the offshore area resulted from the suspended particulate matter from runoff or mixing [52,53,54]. Hu, et al. [55] found that the photochemical reactions would transfer sedimentary organic matter into dissolved organic matter and affect ultimate fate in aquatic ecosystems. The resuspended sediments on the continental shelf would release inorganic nutrients under the effect of sunlight within a few hours [56,57,58].



However, in the current study, the TSS concentration in the offshore area of A1 (Figure 4) was very high due to the strong wind during autumn typhoon events, whereas the Chl-a concentration only increased by 23% (about 0.3 mg m−3) compared with the monthly mean Chl-a value (Figure 2). In the shelf area, the TSS concentration increased by four times, whereas the Chl-a concentration increased twice with respect to the climatological value. It remains unclear, therefore, why the increment of Chl-a concentration was so different between the offshore and shelf area during these late autumn typhoon events.



The CDOM, considered as the powerful indicators represents the degree riverine plumes to be affected by terrestrial inputs [43,59]. Figure 10a shows the climatological CDOM distribution of the study area in July. One can see that CDOM (aCDOM) is mainly distributed in the offshore area. Huang, et al. [60] observed high nutrient contents and TSS concentrations in the offshore area in summer and the terrestrial organic matter contributed 38% of TSS in the Pearl River Estuary. Lao, et al. [61] found that the nitrate content along the coast of A1 was strongly influenced by discharges from local urban areas and the westward flow of diluted Pearl River water. Therefore, it is reasonable to attribute summer CDOM to influences of local urban area discharges and Pearl River water.



Figure 10b shows that in October the CDOM is much higher than that in July and distributed over the shelf area. As above mentioned, the coastal current with the Pearl River water flows southwestward [62]. Combined with the climatological geostrophic current (Figure 10c,d), one can concludes that the Pearl River water transported by the alongshore current supplies the phytoplankton in the offshore area of A1, which results in a high Chl-a concentration in the winter half year (Figure 3a).



Figure 10e,f show the geostrophic current before and after typhoon Mujigae (2015), which reversed the geostrophic current direction, compared with the climatological geostrophic current in July (Figure 10c). The climatological geostrophic current in October (Figure 10d) flows southwestward at a velocity as high as 0.3 m s−1.



Lü, et al. [28] found no Chl-a bloom in the nearshore and shelf areas in mid-latitude regions during a typhoon event with the characteristics of coastal downwelling and insufficient sunshine. Here, we find that Chl-a increase during three late autumn typhoons (Nesat (2011), Mujigae (2015) and Khanun (2017)) landed in the NWSCS and aim to investigate the mechanisms. However, this study area sits in the low latitudes with the sufficient sunshine. The mixing effect (Section 5.2) is strong in the monsoon season in the offshore area, especially during typhoon periods, implying that the downwelling effect is weak. Thus, the case of no Chl-a bloom is seldom seen.



Furthermore, Huang, et al. [63] found that the offshore area of A1 was mainly impacted by the Pearl River water, and nutrition are sufficient to feed phytoplankton in winter. Thus, the balance of nutrition could explain why late autumn typhoons only had a slight effect on the Chl-a concentration in the offshore of A1.



The water on the offshore and shelf area originated from the same source [19], and the coefficient of Chl-a concentration for the offshore and shelf areas of A1 are similar, about 6 mg m−3. The Chl-a increments in the offshore area (1.4 mg m−3) and the shelf area (1.3 mg m−3) are almost the same.



In A2, unusually high TSS concentrations were observed in the offshore area for three cases with a weaker sea surface wind (~100 km away from the typhoon track). Zheng, et al. [64] found that the upper layer current turned southwestward after typhoon passage in the shelf area of A2. Figure 10e,f show the same result, i.e., the current transported the shelf water with high TSS from A1 into the offshore and shelf areas of A2, which induced the high TSS in A2. The transported TSS induced an increase of Chl-a concentration in the shelf area of A2 (Figure 10d).




5.2. Upwelling Effect and Mixing


Typhoon with strong winds would induce upwelling and mixing, which are important to nutrient transport. Figure 11 shows the Ekman pumping velocity on 2, 3, and 4 October 2015. The upwelling before typhoon passage was weak (about 1 × 10−6 m/s) in A1 and A2. On 4 October, when typhoon Mujigae (2015) reached A1, upwelling became stronger. The upwelling velocity for the whole layer was as high as 2 × 10−5 m s−1, representing an increase of twenty times. Because A2 is far away from the typhoon track, the upwelling effect changed little. Wang, et al. [65] pointed out that the pumping velocity in the upper layer was as high as 1 × 10−4 m s−1 during typhoon Washi (2005) using mooring observation data. The Ekman pumping velocity for the other two typhoons was almost the same. The ocean surface cooling reached ~5 °C after the typhoon events [16,17].



In addition to Ekman pumping, the mixing effect during the typhoon event is also important. The climatological wind speed in October is about 10 m s−1, whereas about 3 m s−1 in July. The mixing forced by the prevailing wind is another reason for the CDOM distribution in the shelf area (Figure 10a,b). A high nutrient concentration has been observed in the bottom water (~40 m) of the offshore area (in A1) [66]. The nutrients would be transported to the surface layer by the mixing effect together with the Ekman pumping. Moreover, wind-induced upper water mixing during the winter in the NWSCS may also provide subsurface nutrients as the ultimate marine end-member for offshore surface waters [67].





6. Conclusions


In this study, we investigate the response of TSS concentration and Chl-a blooms to late autumn typhoon events over the NWSCS. Three cases of typhoons Nesat (2011), Mujigae (2015) and Khanun (2017) in October are examined using satellite observations. The major findings and results are summarized as follows.



The high TSS and Chl-a concentrations are mainly concentrated in the offshore area throughout the year. They concurrently increase after September. The mean TSS and Chl-a concentrations in October are 1.4 mg L−1 and 3.1 mg m−3, respectively. In the upwelling area (A2), in contrast to high Chl-a, a considerably low TSS concentrations (<0.1 mg L−1) occur from April to August in the offshore area. High TSS concentrations (>1.5 mg L−1) accompanied by high Chl-a concentrations (>1 mg m−3) occur in March and October.



The mechanisms of Chl-a concentration increase, induced by late autumn typhoon events vary throughout the study area. The alongshore currents play different roles in Chl-a blooming on the track and adjacent area, which would reduce the Chl-a blooming in the NWSCS during late autumn typhoon events. Chl-a concentrations on the typhoon tracks increase 1.4 mg m−3 (23%), with TSS concurrently increasing by 13.6 mg L−1 (280%) in the offshore area. The Chl-a bloom is restrained by the alongshore current from the Pearl River Estuary with the sufficient nutrition. However, in the upwelling area, the Chl-a bloom in the shelf area is mainly associated with TSS transported from the typhoon track. The empirical analysis is applied to the time series TSS and Chl-a concentration data. The results show that the Rayleigh function describe the TSS and Chl-a variation process during typhoon events well. With three late autumn typhoons cases, this study contributes toward further evaluation of typhoon-induced biological responses.
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Figure 1. Study area and typhoon tracks in the NWSCS. Black curves with color dots (every 6 h) represent the typhoon tracks of typhoon Nesat (2011) Mujigae (2015), and Khanun (2017). Color dots on the black curves represent the typhoon intensity. The typhoon passing times are coded by month (first two digits), day (the middle two digits), and hour (the last two digits in red). Pink polygons represent the study area consisting of two subareas: Yuexi (A1) and Qiongdong (A2). Numerals on the isobaths are in m. 
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Figure 2. Climatological monthly mean TSS concentration. Time series of ocean surface TSS concentration variation with isobath depth in A1 (a) and A2 (b). Mean climatological monthly mean TSS concentration with a depth less than 80 m in A1 (c) and A2 (d). Error bars in (c,d) are standard deviations of TSS. Color codes for TSS concentration (logarithmic scale) are in mg L−1. 
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Figure 3. Climatological monthly mean Chl-a concentration variation with isobath depth in A1 (a) and A2 (b) and at depths less than 80 m (c) and (d). Error bars in (c,d) are the STD of Chl-a. Color codes for Chl-a concentration (logarithmic scale) are in mg m−3. 
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Figure 4. Time series of TSS varied with isobaths (z) on the continental shelf of A1 (a,c,e). TSS concentration anomaly along the continental shelf (b,d,f). (a,c,e) are from Equation (1). X-axis indicates the concentration varied with isobaths (z). Y-axis indicates the time during the typhoon event. (b,d,f) are from Equation (2). Data are limited to the depth of 1000 m. Black lines in (a,c,e) represent passing times of typhoons Nesat (2011), Mujigae (2015) and Khanun (2017), respectively. Color codes for TSS concentration (logarithmic scale) are in mg L−1. In (b,d,f), black, red and green curves represent the Chl-a concentrations before, and after typhoon passage, respectively. The legend indicates the observation time of satellite. 
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Figure 5. Time series of Chl-a concentration varied with isobaths (z) on the continental shelf of A1 (a,c,e). The Chl-a concentration anomaly along the continental shelf is shown in (b,d,f). (a,c,e) are from Equation (1). X-axis indicates the concentration varied with isobaths (z). Y-axis indicates the time during the typhoon event. (b,d,f) are from Equation (2). Data are limited to the depth of 1000 m. Black lines in (a,c,e) represent passing times of typhoons Nesat (2011), Mujigae (2015) and Khanun (2017). Color codes for Chl-a concentration (logarithmic scale) are in mg m−3. In (b,d,f), black, red and green curves represent Chl-a concentration before and after typhoon passage, respectively. The legend indicates the observation time of satellite. 
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Figure 6. Time series of TSS concentration varied with isobaths (z) on the continental shelf of A2 (a,c,e). TSS concentrations anomaly along the continental shelf (b,d,f). (a,c,e) are from Equation (1). X-axis indicates the concentration varied with isobaths (z). Y-axis indicates the time during the typhoon event. (b,d,f) are from Equation (2). Data are limited to the depth of 1000 m. Black lines in (a,c,e) represent passing times of typhoons Nesat (2011), Mujigae (2015) and Khanun (2017). Color codes for TSS concentration (logarithmic scale) are in mg L−1. In (b,d,f), black, red, and green curves are Chl-a concentration before and after typhoon passage, respectively. The legend indicates the observation time of satellite. 
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Figure 7. Time series of Chl-a concentration varied with isobaths (z) on the continental shelf of A2 (a,c,e). Chl-a concentrations anomaly along the continental shelf (b,d,f). (a,c,e) are from Equation (1). X-axis indicates the concentration varied with isobaths (z). Y-axis indicates the time during the typhoon event. (b,d,f) are from Equation (2). Data are limited to the depth of 1000 m. Black lines in (a,c,e) represent passing times of typhoons Nesat (2011), Mujigae (2015) and Khanun (2017). Color codes for Chl-a concentration (logarithmic scale) are in mg m−3. In (b,d,f), black, red and green curves are Chl-a concentrations before and after typhoon passage, respectively. The legend indicates the observation time of satellite. 
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Figure 8. Rayleigh function fits of TSS time series increase after typhoon passage in A1 (a,b) and A2 (c,d). The colored symbols show the observations on the continental shelf (a,c) and basin area (b,d). The solid curves are the Rayleigh function. Averaged depths are upper 100 m and 200 m for (a) and (c), respectively. 
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Figure 9. Rayleigh function fit of time series Chl-a concentration in A1 (a–c) and A2 (d,e). The colored symbols show the observations on the continental shelf (a,b,d) and open sea (c,e). Blue lines are the Rayleigh function. 






Figure 9. Rayleigh function fit of time series Chl-a concentration in A1 (a–c) and A2 (d,e). The colored symbols show the observations on the continental shelf (a,b,d) and open sea (c,e). Blue lines are the Rayleigh function.
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Figure 10. CDOM aCDOM (a,b), monthly mean SLA (c,d), and daily SLA (e,f) in the NWSCS. (a) and (c) climatological data in July from 2010 to 2019. (b) and (d) climatological data in October from 2010 to 2019. (e) SLA on 24 September 2015. (f) SLA on 4 October 2015. Arrows in (c–f) represent the geostrophic currents. Numerals on the isobaths are in m. 
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Figure 11. Sea surface wind (arrows) and Ekman pumping velocity (colored) in the NWSCS. The unit of velocity (color bar) is m s−1. (a–d) were captured at 13:45 UTC on 2 October, 2:16 UTC on 3 October, 13:24 UTC on 3 October, and 1:55 UTC on 4 October 2015, respectively. 
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Table 1. Summary of typhoon cases passing over the study area.






Table 1. Summary of typhoon cases passing over the study area.





	Typhoon
	Date
	Category
	Origin





	Nesat
	24–30 September 2011
	Typhoon
	Pacific Ocean



	Mujigae
	02–05 October 2015
	Super typhoon
	Pacific Ocean



	Khanun
	11–16 October 2017
	Typhoon
	Pacific Ocean
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Table 2. Details of the ocean color data used in this study.






Table 2. Details of the ocean color data used in this study.





	Time Period
	Data
	Temporal Resolution
	Spatial Resolution
	Satellite/Sensor





	19–31 September 2011
	Chl-a, Rrs645
	daily
	4 km
	Terra, Aqua/MODIS



	20 September–31 October 2015
	Chl-a, Rrs645
	daily
	4 km
	Terra, Aqua/MODIS



	01–31 October 2017
	Chl-a, Rrs645
	daily
	4 km
	Terra, Aqua/MODIS



	2004–2019
	Chl-a, Rrs412, Rrs555, Rrs645
	monthly
	4 km
	Terra Aqua/MODIS
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Table 3. Summary of TSS and Chl-a decrease in A1 and A2.






Table 3. Summary of TSS and Chl-a decrease in A1 and A2.





	
Area

	
∆TSS (mg L−1)

	
ATSS (mg L−1)

	
T

(d)

	
σ2

	
R2

	
∆Chl-a

(mg m−3)

	
AChl-a

(mg L−1)

	
T

(d)

	
σ2

	
R2






	
A1

	
Offshore

	
2.5

	
90

	
2

	
2.5

	
0.69

	
2.6

	
6

	
2

	
2

	
0.44




	
Shelf

	
0.3

	
6

	
2

	
3

	
0.39




	
Basin

	
1

	
10

	
2

	
2.5

	
0.45

	
0.1

	
0.3

	
2

	
3

	
0.37




	
A2

	
Shelf

	
0.8

	
20

	
3

	
3

	
0.11

	
0.2

	
6

	
3

	
2

	
0.23




	
Basin

	
0.8

	
0.8

	
3

	
3

	
0.12

	
0.12

	
1

	
3

	
2

	
0.37
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