
1. Introduction
The Pearl River is the second largest river in China in terms of freshwater discharge, fed by three main trib-
utaries (the West River, the North River, and the East River) and many local rivers. The Pearl River Estuary 
(PRE) includes three subestuaries, Lingding Bay, Modaomen, and Huangmaohai. About 50%–55% of the fresh-
water from the Pearl River discharges into the Lingding Bay, which is the focus area of this study. The PRE is 
located in the central area of the Guangdong-Hong Kong-Marco Greater Bay Area of China. In recent years, 
with a rapidly growing population and socioeconomic development, input of nutrients and diverse contami-
nants increased rapidly, which led to a wide range of environmental problems, such as eutrophication, hypoxia, 

Abstract The Pearl River Estuary and adjacent seas in South China Sea are frequently affected 
by tropical cyclones (TCs). Previous in situ and remote sensing studies have found that typhoons can 
enhance phytoplankton biomass and induce blooms in this region. However, the mechanistic links between 
phytoplankton blooms and typhoons have not been well understood due to the interplay of multiple complex 
processes along the land-ocean-atmosphere interface. Here, we constructed an integrated modeling system 
with the marine ecosystem and sediment components for the China Great Bay Area. By using the integrated 
modeling system, we quantitatively investigated the phytoplankton response to hydrological conditions 
variations under Typhoon Hato (2017), a strong typhoon case. Passive tracer experiments showed that with 
high river discharge induced by heavy rainfall, the residence time within Lingding Bay is as short as 15 days, 
less than half of that under the climatological discharge. The increase in freshwater pulse washes out the 
phytoplankton biomass within Lingding Bay. While for the offshore region, the analysis of various source and 
sink terms for the offshore region's post-typhoon response showed that the increase of phytoplankton biomass 
in the first week was because of the uplift of nutrient-rich subsurface water, while in the second week, it was 
due to the seaward propagation of nearshore high phytoplankton biomass water. While riverine nutrients 
support phytoplankton growth in the third week, a large part of phytoplankton biomass was lost to zooplankton 
grazing, showing the system shifted from the bottom-up control to the top-down control.

Plain Language Summary Several previous satellite-based studies observed phytoplankton 
blooms within the Pearl River estuary-coastal system after the passage of Typhoons. However, the mechanisms 
controlling the occurrence of the bloom are not very well known. Here, we introduce a comprehensive 
modeling system to quantitatively diagnose the relative importance of multiple processes in regulating the 
phytoplankton bloom from the inner bay to the outer shelf. By taking a strong typhoon case, Hato (2017), as 
an example, we found that much of the phytoplankton was washed out of the Lingding Bay after Hato. The 
nearshore phytoplankton bloom occurred 2 weeks after Hato's arrival due to the increased terrestrial runoff 
after heavy rainfall. For the offshore region, storm-induced upwelling also played a role in increasing the 
phytoplankton biomass, in addition to the impact from the river discharge. However, the offshore bloom did not 
occur due to the high grazing impact from the zooplankton.
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and ocean acidification (Guo et al., 2020; Hu et al., 2021; Ke et al., 2022; Y. Zhao et al., 2021). Furthermore, 
during the past decade, the activity of typhoons (also referred to as tropical cyclones [TCs] or hurricanes) has 
increased because of global warming (Balaguru et al., 2012, 2016; Da et al., 2021; Elsner et al., 2008; Goldenberg 
et al., 2001; Mei et al., 2015; Webster et al., 2005; Wu et al., 2005). During 1949–2020, there were about 1,942 
typhoons in the Northwest Pacific Ocean and the South China Sea (SCS), and about 3 of them hit the coast of the 
northern SCS per year during the summer monsoon season on average (G. Pan et al., 2017; Wang et al., 2007).

Typhoons play an important role in phytoplankton blooms and primary productivity for the PRE and adjacent 
seas (H. Liu et al., 2013; S. Liu et al., 2020; J. Pan et al., 2018). By using satellite remote sensing data with field 
observations, previous research found that typhoons can trigger phytoplankton blooms in and near the PRE, as 
well as the offshore regions of the SCS (D. Qiu et al., 2019; Ye et al., 2013; H. Zhao et al., 2009, 2017; Zheng 
& Tang, 2007). The processes that were proposed to play a role in the blooms include wind-induced vertical 
mixing, terrestrial precipitation, freshwater discharge, nutrient input, the after-typhoon wind-driven circulation, 
and strong near-inertial oscillations. Although these in situ and satellite-based studies provide insights into the 
response of phytoplankton variability to hydrodynamic conditions under extreme weather conditions, they were 
limited in evaluating the relative importance of physical and biological processes. For example, the high surface 
chlorophyll-a (Chl-a) concentration observed in the coastal region can be caused by various processes, such 
as the horizontal advection of phytoplankton from the estuary, upward entrainment of phytoplankton from the 
subsurface Chl-a maximum and new production of Chl-a due to enhanced nutrient concentration by horizontal 
advection and vertical mixing, whose relative significance is less clear. In addition, typhoons are usually associ-
ated with intense rainfall and cloud cover, substantially reducing satellite data availability (Chang et al., 2008). 
Besides, the subsurface Chl-a bloom, which may be stronger and longer in duration than the surface signal, may 
not be well captured by remote sensing methods (Chai et al., 2021; Ye et al., 2013).

Numerical models are invaluable tools for untangling the relative roles of physical and biological processes under 
extreme weather conditions and assessing the influence of subsurface processes. Fujii and Yamanaka  (2008) 
developed ecosystem models for the subarctic western North Pacific to investigate the response of primary 
production to storms. However, their models are embedded in idealized physical frameworks, suggesting that 
studies using numerical models with more realistic physics are needed. G. Pan et  al.  (2017) used a coupled 
physical-biogeochemical model to study the phytoplankton response to all typhoons that affected the SCS 
during 2000–2009. They found over 50% of typhoons triggered phytoplankton blooms, and 44% of those blooms 
happened in the coastal ocean. Although their model includes the general features of ocean dynamics (mixing, 
entrainment, and upwelling), the effects of an increased river discharge after rainfall, which is well-known to 
contribute to the coastal bloom significantly, were not considered. As a matter of fact, the phytoplankton response 
of the shallow ocean in coastal regions is very complicated, involving land, ocean, atmosphere, biogeochemi-
cal, and sediment processes. For example, typhoon-induced upwelling and vertical mixing can overcome the 
upper-ocean stratification, and entrain nutrients from the subsurface into the euphotic layer, which can support 
phytoplankton growth and increase the primary production (Y. Liu et al., 2019). Additionally, the storm-induced 
resuspended sediments can influence water transparency and remineralization, which may also impact phyto-
plankton blooms ultimately (Bianucci et al., 2018; N. Chen et al., 2018).

In summary, we need an integrated modeling system to better simulate the ecological environment under extreme 
weather conditions. Here, we investigate phytoplankton dynamics from an ecosystem model that is coupled to a 
Land-Ocean-Atmosphere modeling system for the PRE. Taking Typhoon Hato as an example, we analyzed envi-
ronmental differences and, phytoplankton source and sink terms along the ecological gradient from high-nutrient 
plume waters to low-nutrient offshore waters, focusing on the quantification of phytoplankton variability to a 
change in hydrological conditions. Hato was a strong typhoon that formed in the western Pacific and rapidly 
intensified into a Category 3 intense typhoon (increased 10 kt within 3 hr) just before making landfall near Zhuhai 
City, Guangdong Province, on August 23, 2017. According to the Statistics and Census Service of Macau, Hato 
severely devastated the city, with 10 fatalities and estimated economic losses exceeding US$1.5 billion (http://
www.nmdis.org.cn/hygb/zghyzhgb/).

The study is organized as follows. Section 2 presents the configuration of the integrated land-ocean-atmosphere 
modeling system with marine ecosystem and sediment resuspension components. In Section 3, we present model 
validation with satellite observations and biophysical conditions for the PRE-coastal system during, pre-, and 

http://www.nmdis.org.cn/hygb/zghyzhgb/
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post-Hato. Section 4 provides a discussion on predominant processes affecting phytoplankton biomass within the 
mixed layer depth (MLD), summarizes the findings, and proposes future research.

2. Data and Methods
2.1. Track of Typhoon Hato

The 6-hr best-track TC data were obtained from the Shanghai Typhoon Institute, China Meteorological Adminis-
tration (CMA), which includes the location (in longitude and latitude) of the TC center, maximum sustained 10-m 
height wind speed, and the radius of maximum winds (Figure 1a). The track information reveals that Typhoon 
Hato formed over the western North Pacific at 128°E, 20.4°N on August 21, 2017. It moved westward and passed 
the Luzon Strait at about 0000 UTC on August 22 and intensified into a Category 1 typhoon by 0800 UTC 
on August 22, with the maximum sustained near-surface wind speed increasing to 33 m s −1. At 0000 UTC on 
August 23, Hato was upgraded to a Category 2 typhoon with the maximum sustained near-surface wind speed of 
42 m s −1. About 3 hr later, Hato reached its peak intensity with a maximum sustained near-surface wind speed  of 
48 m s −1. Finally, Hato made landfall near Zhuhai City (113.2°E, 22.1°N), Guangdong Province, at 0450 UTC 
on August 23. Soon after its landfall, Hato weakened rapidly to 30 m s −1 in several hours and dissipated by 0800 
UTC on August 24.

2.2. Satellite Observations

In situ measurements of physical and biological environments under extreme weather conditions are rare. In this 
study, we used weekly composites from GlobColour (https://hermes.acri.fr/), which provide a continuous data set 
of merged L3 Ocean Color products for surface chlorophyll distribution before (August 15–21), during (August 
22–28), 1 week (August 29 to September 4), and 2 weeks (September 5–11) after Hato's landfall to validate our 
biogeochemical model. We also used maps of ocean salinity from National Aeronautics and Space Administra-
tion (NASA) Soil Moisture Active Passive (SMAP) missions https://data.remss.com/smap/SSS/V04.0/FINAL/
L3/8day_running/ to validate our simulated sea surface salinity. Despite SMAP SSS having been documented 
to exhibit bias compared to Argo SSS in shallow waters near river mouths, the variability was widely used to 
determine the plume patterns (Fournier & Lee, 2021).

2.3. The Guangdong-Hong Kong-Marco Great Bay Area Modeling System

2.3.1. The Modeling System Compartments

Our modeling system covers the northern part of the SCS (Figure 1). The ocean-atmosphere components are 
based on the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modeling system, which 
consists of the Weather Research Forecasting (WRF) model and the Regional Ocean Modeling System (ROMS) 
(Warner et al., 2008, 2010). The WRF domain spans from 97.70°E to 122.30°E and from 16.25°N to 30.37°N 
with an averaged horizontal resolution of about 12 km, which covers the entire Pearl River Watershed and north-
ern part of the SCS. The ROMS domain spans the region from 104.98°E to 120.55°E and from 16.54°N to 
25.96°N, with an average spatial resolution of about 4 km. The model has 30 terrain-following vertical layers. 
The physical model is configured to use the recursive MPDATA 3-D advection scheme for tracers, fourth-order 
horizontal advection of tracers, third-order upwind advection of momentum, and the Mellor and Yamada (1982) 
turbulence closure scheme for vertical mixing. The Community Sediment Transport Modeling System (CSTMS) 
was also included to simulate total resuspended sediment concentration during Hato. Three types of sediment 
(clay, silt, and fine) were defined with different grain diameters and settling velocities. The simulated resus-
pended sediment concentrations within Lingding Bay, for both nearshore and offshore, are shown in Figure S1 
in Supporting Information S1. For more details regarding the sediment model setup and validation, please see Y. 
Chen et al. (2019). We only considered the hydrodynamic impact on sediment transport, not vice versa, since the 
sediment concentrations in this region are not high enough to generate turbidity flow and influence the hydrody-
namics. The ecosystem model is the Fennel module (Fennel et al., 2006, 2011) that has been embedded in ROMS, 
which represents a simplified nitrogen cycle with seven state variables: nitrate (NO3), ammonium (NH4), phyto-
plankton (Phy), zooplankton (Zoo), small and large detritus (SDet and LDet), and chlorophyll (Chl). Daily river 
discharge is generated from the land surface model SWAT (Soil and Water Assessment Tool). The model was 

https://hermes.acri.fr/
https://data.remss.com/smap/SSS/V04.0/FINAL/L3/8day_running/
https://data.remss.com/smap/SSS/V04.0/FINAL/L3/8day_running/
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configured specifically for the Pearl River Basin and has been validated with observed monthly river discharge 
for the period 2013–2017 from the SCS Sub-Bureau (Figure S2 in Supporting Information S1). WRF atmos-
pheric output at 6-hr intervals, including rain, temperature, wind velocity, relative humidity, and shortwave and 
longwave radiations, have been used to force the land surface model to generate daily river discharge, especially 
the extreme levels of discharge caused by the storm. River nutrient concentrations were retrieved from water 

Figure 1. Model domains applied in this study. The entire panel (a) is the Weather Research Forecasting (WRF) model 
domain (12 km resolution). The black box represents the ROMS model domain (∼4 km resolution). The blue box with 
a dashed line (20.7–23.5°N, 112–115.7°E) covers the Pearl River estuary (PRE)-coastal systems. More details on the 
PRE-coastal system are shown in (b). The blue, red, and magenta boxes are Lingding Bay, nearshore (0–30 m), and offshore 
(30–70 m) regions in Figures 5, 10, and 11. The dashed blue line highlighted the cross-section we focused on analyzing in the 
main text. Location of Hato on August 23 00:00 was noted, which was the timing of the vertical dashed line in Figure 5.
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samples collected monthly from the eight river outlets of the Pearl River Delta (Lu et al., 2009), including NO3, 
NH4, and organic nitrogen. All riverine organic matter was treated as SDet in our simulation. The phytoplankton, 
zooplankton, and LDet are all set to zero. The method to treat riverine materials is consistent with other bioge-
ochemical modeling studies in river-dominated estuarine-coastal systems (Feng et al., 2015; Yu et al., 2015). In 
all model simulations, the river nutrient concentration is kept constant while the loading varies with the changing 
river discharge. Since the total nitrogen loading is the nutrient concentration multiplied by the river discharge, the 
loading increases due to typhoon-induced flooding incorporated in this simulation scheme. Since the ecosystem 
module is the central component for the study, we next describe it in detail.

2.3.2. The Ecosystem Module for Phytoplankton Dynamics

The time rate of change of phytoplankton due to biological sources and sinks is given by

𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝜇𝜇𝜕𝜕𝜕𝜕𝜕 − 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑚𝑚𝜕𝜕𝜕𝜕𝜕𝜕𝜕 − 𝜏𝜏(𝑆𝑆𝑆𝑆𝑆𝑆𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕)𝜕𝜕𝜕𝜕𝜕 −𝑤𝑤𝜕𝜕

𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 (1)

where 𝐴𝐴 𝐴𝐴 is the phytoplankton growth rate, which depends on the temperature (T) during the period when the 
growth rate is a maximum 𝐴𝐴

(

𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇 ) = 𝜇𝜇01.066
𝑇𝑇
)

 (Eppley,  1972), on the photo-synthetically available 
radiation I, and on the nutrient concentration 𝐴𝐴 𝐴𝐴𝐴𝐴3 and 𝐴𝐴 𝐴𝐴𝐴𝐴4 .

𝜇𝜇 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓 (𝐼𝐼)
(

𝐿𝐿𝑁𝑁𝑁𝑁3
+ 𝐿𝐿𝑁𝑁𝑁𝑁4

)

 (2)

where

𝐿𝐿𝑁𝑁𝑁𝑁3
=
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𝑘𝑘𝑁𝑁𝑁𝑁3
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1

1 +𝑁𝑁𝑁𝑁4∕𝑘𝑘𝑁𝑁𝑁𝑁4

 (3)

𝐿𝐿𝑁𝑁𝑁𝑁4
=

𝑁𝑁𝑁𝑁4
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 (4)

The light available for photosynthesis I is estimated using the following equation:
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 (5)

where 𝐴𝐴 𝐴𝐴0 is the incoming light intensity right below the surface layer, Z is the water depth, and par is the fraction 
of light that is available for photosynthesis. 𝐴𝐴 𝐴𝐴𝑤𝑤 and 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐𝑐 are the light attenuation coefficients for water and chloro-
phyll, respectively. 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴(𝜗𝜗) represents the concentration of chlorophyll, the dynamics of which were derived from 
a phytoplankton equation by multiplying the ratio of chlorophyll to phytoplankton biomass.

𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝜌𝜌𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 − 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝜕𝜕𝜕𝜕𝜕

𝑃𝑃𝜕𝑃𝑃
− 𝑚𝑚𝑃𝑃𝜕𝜕𝜕𝜕𝜕 − 𝜏𝜏(𝑆𝑆𝑆𝑆𝑆𝑆𝜕𝜕 + 𝑃𝑃𝜕𝑃𝑃)𝜕𝜕𝜕𝜕𝜕 (6)

where 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐𝑐 = 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚𝜇𝜇𝜇𝜇𝑐𝜇𝜇∕𝛼𝛼𝛼𝛼𝛼𝛼𝑐𝑐𝑐 , 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , and is the maximum ratio of chlorophyll to phytoplankton biomass. We 
added a new sediment-induced light attenuation term within the original ecosystem model in this equation. 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 
is the light attenuation coefficient due to suspended sediments, and 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴(𝜗𝜗) is total suspended sediment concen-
tration in the respective layer. SSC was generated from a separate run with the Simulating Waves Nearshore 
(SWAN) module, CSTMS, and ROMS hydrodynamic module (See below and Figure  2). The function 𝐴𝐴 𝐴𝐴 (𝐼𝐼) 
represents the photosynthesis-irradiation relationship (Evans & Parslow, 1985)

𝑓𝑓 (𝐼𝐼) =
𝛼𝛼𝐼𝐼

√

𝜇𝜇2
𝑚𝑚𝑚𝑚𝑚𝑚 + 𝛼𝛼2𝐼𝐼2

 (7)

where 𝐴𝐴 𝐴𝐴 is the initial slope. The phytoplankton loss due to microzooplankton grazing is 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 , where the grazing 
rate g is represented by
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𝑔𝑔 = 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑃𝑃𝑃2

𝑘𝑘𝑃𝑃 + 𝑃𝑃𝑃𝑃𝑃2
 (8)

With 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 as the maximum grazing rate and 𝐴𝐴 𝐴𝐴𝑃𝑃 as the half-saturation concentration for phytoplankton ingestion. 
Other phytoplankton loss terms are mortality, represented by 𝐴𝐴 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃 , aggregation of phytoplankton and small 
detritus to large detritus 𝐴𝐴 𝐴𝐴(SDet + 𝑃𝑃𝑃𝑃𝑃)𝑃𝑃𝑃𝑃𝑃 , where 𝐴𝐴 𝐴𝐴 is the aggregation parameter. Values for the biological 
model parameters are provided in Table 1.

2.3.3. Initial and Boundary Conditions

To obtain a stable initial condition for the biogeochemical variables, we first conducted a 5-year run (from Janu-
ary 1, 2013 to August 15, 2017) using the coupled physical-biogeochemical model with observed river discharge 
and nutrients. The hydrodynamic and biogeochemical model setup is identical for the spin-up period and the 
typhoon run. For the atmospheric forcing in the spin-up run, we used the following parameters from ERA-5 
reanalysis: longwave radiation, air-pressure, air-humidity, rain, shortwave radiation, air-temperature, and U, V 
wind fields. Note that the spin-up run is one-way coupled with the ocean being forced by reanalysis atmospheric 
fields. Since this study focuses on the ocean's biogeochemical response to typhoons, we extracted output from the 
last day of the spin-up simulation on August 15, 2017, used it as the initial condition and then ran the modeling 
system for 1 month (August 15 to September 14, 2017) for the Hato simulation (Step 2 of Figure 2). At the open 
boundary, the physical module is forced by daily averaged temperature, salinity, current velocity, and de-tidal 
water-level from a high-resolution regional SCS model (Peng et al., 2015). The biogeochemical variables use 
climatological values based on a historical run of CESM2-WACCM-FV2 (covering the period 2005–2014), a part 
of CMIP6 (https://esgf-node.llnl.gov/search/cmip6/).

2.3.4. The Simulation Procedure

To investigate the phytoplankton response to Typhoon Hato, we run the integrated modeling system in three 
steps: (a) conduct a simulation by coupling the sediment module CSTMS, SWAN, and ROMS hydrodynamic 
module to obtain a 3D field of resuspended sediments during the typhoon; (b) modify the ecosystem module (the 
Fennel module) of ROMS to include light attenuation induced by resuspended sediments; (c) the coupled model 
(ROMS hydrodynamic and ecosystem modules, WRF and SWAT) was run by using the 3D field of resuspended 
sediment as an input.

Figure 2. Flow chart of initial (5 years 139 days) and Typhoon Hato simulation (1 month). In step 1, only the coupled hydrodynamic-ecosystem model (ROMS-Fennel) 
was run, which provides initial inputs for the next period. In step 2a, coupled ocean (ROMS hydrodynamics), sediment transport (CSTMS sediment), and wave module 
(SWAN) were run to obtain resuspended sediment. In step 2b, coupled atmosphere (WRF atmosphere), land surface model (SWAT land), and modified biogeochemical 
(Fennel biogeochemistry) modules were run by using the resuspended sediment as an input to estimate light attenuation availability for photosynthesis.

https://esgf-node.llnl.gov/search/cmip6/
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To better describe spatio-temporal variations of the biophysical response during our simulation period, we sepa-
rated the PRE-coastal system into three regions, Lingding Bay, nearshore (0–30 m), and offshore (30–70 m) 
(Figure 1b).

2.4. Passive Tracer Experiments and Estimation of Residence Time

The residence time is defined as the time taken by a conservative tracer to leave a control volume. Passive tracers 
are widely used in numerical models for residence time calculation (Geyer et al., 2000; Monsen et al., 2002; W. G. 
Zhang et al., 2010; Z. Zhang et al., 2019). To examine how quickly the water mass moves out of Lingding Bay due 
to the increased runoff by heavy rainfall, we added a conservative passive tracer with concentrations of 1.0 kg/m 3 
in the control volume of Lingding Bay. The tracers were added on August 15, 2017 and we ran the model for the 
entire Typhoon Hato period. To highlight the influence of river discharge, two additional experiments were also 
run by switching the SWAT simulated daily river flow with SWAT simulated climatological flow from August 
15 to September 14, 2017.

The passive tracers escape the control volume gradually following the movement of the water mass. Thus, the 
total tracer mass remaining in the control volume V at the time is the integration of the tracer concentration over 
the entire control volume.

𝑀𝑀(𝑡𝑡) = ∫
𝑣𝑣

𝐶𝐶(𝑡𝑡𝑡 𝑡𝑡)𝑑𝑑𝑑𝑑 (9)

The water mass in the control volume is assumed to have been replaced when the tracer mass remaining in the 
volume falls below 10% of the initial value. Besides, we also calculated the rate of tracer decay (λ) as:

𝑀𝑀𝑡𝑡 = 𝑀𝑀0𝑒𝑒
−𝜆𝜆𝜆𝜆 (10)

Here T is the time duration over which the concentration of particles becomes half of its original value.

Symbol Description Value Units

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐𝑐 Light attenuation coefficients for chlorophyll 0.02486 (mgChl m 2) −1

𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁4
 Half-saturation constant for ammonium uptake 0.5 mmole Nm −3

𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁3
 Half-saturation constant for nitrate uptake 0.5 mmole Nm −3

𝐴𝐴 𝐴𝐴𝑃𝑃 Half-saturation concentration of phytoplankton ingestion 2 (mmole Nm −3) 2

𝐴𝐴 𝐴𝐴𝑊𝑊  Light attenuation coefficients for water 0.04 m −1

𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 Light attenuation for sediment 0.052 m −1

𝐴𝐴 𝐴𝐴 Initial slope of the P-I curve 0.025 (W m −2) −1 day −1

𝐴𝐴 𝐴𝐴𝑃𝑃 Phytoplankton mortality rate 0.15 day −1

par Fraction of light that is available for photosynthesis 0.43 Dimensionless

𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 Zooplankton maximum growth rate at 0°C 0.6 day −1

𝐴𝐴 𝐴𝐴0 Phytoplankton growth rate 0.48 day −1

𝐴𝐴 𝐴𝐴𝑃𝑃 Vertical sinking velocity for phytoplankton 0.1 day −1

𝐴𝐴 𝐴𝐴𝐿𝐿𝐿𝐿 Vertical sinking velocity for large detritus 5 day −1

𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆 Vertical sinking velocity for small detritus 0.1 day −1

𝐴𝐴 𝐴𝐴𝑅𝑅𝑅𝑅−𝑁𝑁 Small detritus remineralization rate 0.3 day −1

𝐴𝐴 𝐴𝐴𝑅𝑅𝑅𝑅−𝑁𝑁 Large detritus remineralization rate 0.01 day −1

𝐴𝐴 𝐴𝐴 Aggregation parameter 0.02 day −1

Table 1 
Definitions of Biogeochemical Parameters Used in State Variable Equations
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2.5. The Mass Budget Analysis

The surface phytoplankton biomass is regulated by both the physical and biological processes. We integrate the 
volume of each term in Equation 1 within the surface layer to estimate their relative contribution as follows:
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where 𝐴𝐴 𝑴𝑴𝑷𝑷𝑷𝑷𝑷𝑷 is the total phytoplankton content (in units of kg-N) within the surface layer. The first term on the 
right-hand side of the equation is the cross-shore influx of phytoplankton into the offshore region. Similarly, 
the second term is the along-shore influx of phytoplankton. The third term is the vertical advective flux across 
the  lower boundary, which reflects the contribution of upwelling. The fourth term represents the vertical diffu-
sive flux. In addition to hydrological processes, the fifth to ninth terms represent the phytoplankton produced by 
primary production (PP), loss to grazing (G), mortality (M), aggregation (AGG), and sinking (Sink), respectively.

3. Results
3.1. Model Validation

Firstly, we compared the simulated sea surface salinity with SMAP observations (Figure 3). The SMAP Level 3 
SSS has a coarse resolution with no data next to the Lingding Bay and nearshore within 20 m isobath. However, 
the simulated offshore SSS spatio-temporal variability is consistent with that from SMAP before, during, and 
post-Hato, although the model had higher SSS than SMAP in terms of magnitude. Before Hato, there was rela-
tively low SSS in the offshore region in both satellite data (∼32.3 PSU) and simulations (∼32.9 PSU) (Figures 3a 
and  3e and Figure S5e in Supporting Information  S1). The salinity increased to higher than 33 PSU during 
Hato and decreased to ∼31 PSU 2 weeks later (Figures 3b–3d and 3f–3h and Figure S5e in Supporting Infor-
mation S1). Within the Lingding Bay and the nearshore region (for areas within the 10 m isobath), SSS was 
below 26 PSU. Further, the freshwater (<26 PSU) extended offshore over the 30 m isobath 1 week after Hato 
(Figures 3c and 3g). We also calculated the deviation of SSS from the mean SSS before, during, and after Hato 
(Figures 3i–3p). Both the satellite observations and model simulations consistently show positive values between 
30 and 70 m 2 weeks after Hato, which is due to the offshore region becoming fresher (Figures 3l and 3p).

Besides, we also compared the simulated salinity field in the spin-up period with cruise data available from June 
2017 (Figures S6b and S6d in Supporting Information S1). The results show that the model simulated salinity 
fields are highly consistent with observations. Quantitative comparison for surface salinity shows that the simu-
lated SSS is lower than the observation by about 0.02 PSU on average. The root mean square difference (RMSD) 
is 4.23 PSU and the spatial correlation is high (∼0.93). Considering the subsurface, the simulated salinity is lower 
than the observed by 2.23 PSU on average. The RMSD is 7.02 PSU and the correlation coefficient is as high as 
0.89.

Next, we compared the simulated sea surface chlorophyll concentration with both satellite and in situ-based obser-
vations (Figure 4 and Figure S7a in Supporting Information S1). The surface chlorophyll concentration from the 
model was extremely low in Lingding Bay before Hato (Figure 4e). This is because the river outlets in the model 
were distributed in the upper part of the Bay and consequently the high freshwater discharge dilutes the surface 
chlorophyll concentration. While synchronized comparison with cruise-based observations shows  that the model 
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simulated surface chlorophyll is in good agreement with the observed high chlorophyll concentration in the 
middle and lower part of Lingding Bay despite a slight overestimation (Figure S7a in Supporting Information S1).

In the nearshore region, the satellite observed surface chlorophyll concentration was high within the 30 m isobath 
before and 1 week after Hato (Figures 4a and 4c). In both simulation and satellite observations, the nearshore 
surface chlorophyll concentration reduced greatly during Hato's passage (Figures 4b and 4f).

Also, in both satellite observations and model simulation, the high surface chlorophyll concentration extended 
over the 30-m isobath near the western bank 1 week after Hato (Figures 4c and 4g), and 70-m isobath 2 weeks 
after Hato (Figures 4d and 4h). The surface chlorophyll at PRE nearshore increased greatly 1 week after Hato.

A point-by-point comparison before, during, and after Hato has also been done after interpolating model output 
to observational sites (Figures S8a–S8d in Supporting Information S1). Before Hato, the surface chlorophyll 
concentration from the model was in good agreement with observations, as indicated by a high correlation coeffi-
cient (0.72), a low bias (0.09), and an RMSD of 0.4. After Hato, while the correlation coefficient reduced (∼0.5), 
both the bias (∼0.49) and RMSD (∼0.71) increased. A detailed analysis indicates that the overestimation mainly 
occurred offshore (Figure S5f in Supporting Information S1).

However, it is worth noting that satellite-based surface chlorophyll concentrations derived from remote sensing 
algorithms applied to ocean color sensors are generally designed for the optical properties of open ocean waters. 
Applying these algorithms to estuarine and coastal waters often results in poor predictions (Ye et al., 2020). This 
probably implies that the surface chlorophyll concentrations from satellites may also have a bias. Therefore, the 

Figure 3. Composite of surface salinity (a–h) and deviation (i–p) before (August 15–21 ) (a, e, i, and m), during (August 22–28 ) (b, f, j, and n), 1 week after (August 
29 to September 4) (c, g, k, and o), and 2 weeks after (September 5–11 ) (d, h, l, and p) Typhoon Hato. The bathymetry for nearshore (30 m) and offshore separation 

(70 m) were added as gray dashed lines. The deviation was calculated as the 𝐴𝐴

√

(

𝐷𝐷𝑖𝑖 −𝐷𝐷

)2

 , where 𝐴𝐴 𝐴𝐴𝑖𝑖 is data at the selected period (i = 1, 2, 3, and 4), 𝐴𝐴 𝐷𝐷 is the mean of 
four period overall.
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comparison with satellite-based surface chlorophyll cannot accurately represent the bias in the model. Though 
we do not have in situ observed surface chlorophyll during Typhoon Hato, some data collected during the June 
2017 cruise correspond to a period that is immediately after Typhoon Merbok (Figure S8e in Supporting Infor-
mation S1). Though not synchronized, the simulation results 4–5 days after Hato and the cruise data 4–5 days 
after Merbok are highly correlated (0.77) with a low bias (0.28) and RMSD (0.43) (Figure S8f in Supporting 
Information S1).

Since both model and satellite observations have a bias, we also compare the deviation of surface chlorophyll 
concentration (Figures 4i–4p). The results reveal similar spatio-temporal variability. During Hato, the high surface 
chlorophyll water is distributed closer to the Lingding Bay (Figures 4j and 4n). It spreads to the nearshore region 1 
week after Hato and the offshore region 2 weeks after Hato (Figure 4k, 4l, 4o, and 4p). The goal of our work is to 
quantitatively estimate the potential mechanisms driving the variability of phytoplankton that has been identified 
from satellite observations in previous research. The consistency in deviations indicates that differences between 
simulated and satellite-observed chlorophyll will not impact our discussion significantly.

3.2. Spatio-Temporal Variability of Phytoplankton Distribution Under Hato

Satellite data show that high chlorophyll concentration co-occurs with low salinity during the simulation period. 
However, the satellite product poorly resolves the nearshore plume region, and the data resolution was coarse 
for the PRE and adjacent seas. Besides, satellite observations of surface chlorophyll in shallow waters during 
and after the passage of storms are affected significantly by the presence of clouds. Since in situ data are rarely 
available for strong typhoon cases such as Hato, our modeling system could serve as an important tool for testing 

Figure 4. Composite of surface chlorophyll concentration (a–h) and deviation (i–p) before (August 15–21 ) (a, e, i, and m), during (August 22–28 ) (b, f, j, and n), 1 
week after (August 29 to September 4) (c, g, k, and o), and 2 weeks after (September 5–11 ) (d, h, l, and p) Typhoon Hato. The bathymetry for nearshore (30 m) and 
offshore separation (70 m) were added as gray dashed lines.
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various hypotheses about phytoplankton biomass and primary production across the ecological gradient from the 
Lingding Bay, via the nearshore, to the adjacent offshore region.

In the following, we first averaged the simulated phytoplankton biomass and SSS over the three selected regions 
to discern their evolutions (Figures 5a–5f). Within Lingding Bay, the phytoplankton biomass started at about 
5.8 μM (mmole-N/m 3) and dropped to 3.3 μM during Hato's passage (Figure 5a). Meanwhile, SSS increased 
from 2.9 to 5 PSU (Figure 5b). This asymmetry was caused by strong vertical mixing, which entrains subsurface 
high-salinity and low-biomass seawater into the surface layers. After Hato, the phytoplankton biomass decreased 
gradually to 1 μM with a slightly increase to 1.2 μM 2 weeks after (September 4). Meanwhile, SSS dropped to 1 
PSU on August 29 after Hato and increased to 2 PSU 2 weeks later. For the nearshore region, the phytoplankton 
biomass started at about 3 μM and decreased to about 1 μM on August 23 during Hato's passage (Figure 5c). It 
remained at low levels for 5 days and increased afterward. Subsequently, the phytoplankton biomass increased by 
3 μM over the 2-week period following Hato (September 3). Meanwhile, the SSS in the nearshore started at about 
28 PSU and increased to about 32 PSU on August 23 during Hato's passage (Figure 5d). Subsequently, it reduced 
to 29 PSU and remained at this level until August 26. Next, the SSS dropped rapidly to 18 PSU until September 2 
and increased to about 28 PSU 2 weeks later. For the offshore region, phytoplankton concentration began at about 
1.4 μM and remained below 1 μM until August 23 (Figure 5e). After the passage of Hato, it increased gradually 
to over 2 μM by September 10 with two sharp increases on August 26 and 31. The offshore SSS was 33.5 PSU 
on August 23 and decreased to below 30 PSU by September 10 (Figure 5f). While the correlation coefficient 
between the time series of surface phytoplankton biomass and SSS is positive (0.87) within Lingding Bay, it 
becomes negative nearshore (−0.7) and offshore (−0.8).

Vertical mixing, entrainment, and upwelling have been recognized as processes that play an important role in 
triggering surface phytoplankton blooms after typhoons in the offshore region of the northern SCS. However, we 
wondered if the surface phytoplankton biomass was mainly due to the upward mixing of nutrients from the deep 
water into the ocean surface or because surface entrainment of deep chlorophyll maxima. We therefore examine 
the averaged phytoplankton biomass within the MLD for the offshore region next. If the supply of nutrients did 

Figure 5. The simulated phytoplankton biomass, sea surface salinity (SSS), and mixed layer depth (MLD). (a, b) The averaged surface phytoplankton biomass and SSS 
within the Lingding Bay; (c, d) the averaged surface phytoplankton biomass and SSS nearshore; (e, f) the averaged surface phytoplankton biomass and SSS offshore; (g) 
the averaged phytoplankton biomass within offshore MLD; (h) the offshore MLD. The boxes over which the averages were calculated for the Lingding Bay, nearshore 
and offshore regions are shown in Figure 1. The gray shaded area highlights the timing of runoff increase due to the heavy rainfall.
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not play an important role, we would expect the averaged phytoplankton biomass within the MLD would differ 
from the surface phytoplankton concentration substantially. The MLD is estimated as the depth where the density 
increases with respect to its value near the surface by 0.03 kg/m 3 (de Boyer Montégut et al., 2004). Starting at 
5 m, the MLD deepened to 13.6 m on August 23, and increased further to 27.8 m by August 27 (Figure 5h). 
Subsequently, the MLD shoaled to about 1 m rapidly on August 29. After that, the MLD deepened to about 
11.4 m on September 4, and then shoaled to about 5 m on September 6, where it remained until September 10. 
The averaged phytoplankton biomass within the MLD for the offshore region differs slightly from the surface 
value (Figure 5g). They both drop slightly on August 27 although the overall trend is positive. The above results 
suggest that the upward of nutrients into ocean surface played a dominant role in stimulating the primary produc-
tion after typhoon, while surface entrainment of deep chlorophyll maxima played a minor role.

For a better understanding of the associated change in biophysical conditions, we next consider snapshots of 
surface and cross-sectional phytoplankton along with nitrate concentration, salinity, temperature, velocity, and 
eddy viscosity before (August 19), during (August 23), within 1 week (August 26), 1 week (August 31), 2 weeks 
(September 3), and 3 weeks (September 12) after Hato (Figures 6–9). Figure 6 shows that the surface phytoplank-
ton biomass concentrations were high within Lingding Bay, moderate next to the coast, and extremely low in the 
offshore region before, during, and within 1 week after Hato's passage. In contrast, the phytoplankton biomass 
reduced greatly within Lingding Bay, but increased near the mouth of the Bay on August 31. The phytoplankton 
biomass continued increasing near the western bank 2 weeks later along with high concentrations near the eastern 
bank and offshore region 3 weeks after Hato.

Before Hato, although the surface phytoplankton biomass was low, the subsurface phytoplankton increased 
downwards between 10 and 40 m from near-to offshore, forming the deep phytoplankton maximum (DPM) right 
above the high NO3 concentration water (Figure 7a). On August 23 and within 1 week, the DPM vanished, and 
high phytoplankton biomass was present throughout the water column in the nearshore region (Figures 7b–7c). 
One week after Hato, the high phytoplankton biomass water extended from 17 to 40 km offshore and in the 
upper-10 m. The offshore extension was accompanied by high riverine NO3, which supports the high phytoplank-
ton growth rate in this region (Figures 7d–7e). In addition, we also observed high phytoplankton biomass around 
65 km offshore and detached from the nearshore signal. The detached phytoplankton biomass reaches a value as 
high as 2.4 μM 3 weeks after Hato (Figure 7f).

Figure 6. Snapshots of simulated surface phytoplankton biomass on August 19 (before Hato); August 23 (during Hato); August 26 (within 1 week); August 31 (within 
1–2 weeks); September 3 (2 weeks), and September 12 (3 weeks). Units: μM (mmole-N/m 3). The isobaths demarking the nearshore (30 m) and offshore (70 m) regions 
have been added as gray dashed lines.
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Figure 7. Snapshots of simulated phytoplankton biomass (background color) and nitrate concentrations (contours) along the cross-section from Lingding Bay to the 
offshore region (see Figure 1) on August 19 (before Hato); August 23 (during Hato); August 26 (within 1 week); August 31 (within 1–2 weeks); September 3 (2 weeks) 
and September 12 (3 weeks). Contour units: μM (mmole-N/m 3). The gray triangles on top indicate the separation between the Lingding Bay, nearshore, and offshore 
regions.

Figure 8. Snapshots of simulated salinity (background color) and temperature (contours) along the cross-section from Lingding Bay to offshore (see Figure 1) on 
August 19 (before Hato); August 23 (during Hato); August 26 (within 1 week); August 31 (within 1–2 weeks); September 3 (2 weeks) and September 12 (3 weeks). 
Contours units: °C. The gray triangles on top noted the separation between the Lingding Bay, nearshore, and offshore region. The green star shows the location of time 
series of temperature in Figure S10 in Supporting Information S1.
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3.3. Response of Physical Fields to Hato

Next, we examined vertical cross-sections of salinity, temperature, eddy viscosity, and currents, which can help 
our understanding of the underlying drivers for the phytoplankton response discussed earlier (Figures 8 and 9). 
On August 19, before Hato, the model simulated river plume within the Linding Bay reached the bottom of 
the water column and extended from 17 to 60 km in the upper-layers nearshore. The thermocline tilted upward 
toward the surface, dividing the plume into two regions approximately near 45 km (Figure 8a). The currents were 
offshore, and vertical mixing was small (Figure 9a). The plume water within the Lingding Bay and the nearshore 
region is collocated with high phytoplankton biomass water. The subsurface DPM was aligned with the 23 PSU 
isotherm (Figure 7a).

During Hato and within 1 week of its passage, the low salinity plume water was well-mixed throughout the water 
column within the Lingding Bay and the nearshore region (Figures 8b–8c). The isotherm is stretched vertically, 
and vertical mixing was large in the top 10 m. The surface currents were offshore on August 23, and turned 
onshore on August 26 (Figures 9b–9c). The high phytoplankton biomass water was mostly confined within the 
Lingding Bay and the nearshore region (Figures 7b–7c). On August 26, the vertical mixing was high between 60 
and 70 km offshore (below 40 m), where strong upwelling occurred (Figure 9d). It was also where the subsurface 
nitrate-rich cold water upwelled, and the detached offshore bloom happened (Figures 7c and 8c).

One to two weeks after Hato, we observed that the plume water extends 40–50 km offshore in the top 10 m 
(Figures 8c–8e). The 26°C, 27°C, and 28°C isotherms were uplifted 60–70 km offshore. Besides, we observed 
that the eddy viscosity reduced greatly in the upper layers (Figure 9c). The surface currents became onshore on 
August 31 and offshore on September 3 (Figures 9d–9e). Again, the subsurface nitrate-rich cold water upwelled 
and detached offshore.

Three weeks after Hato, the plume water extended farther offshore to 75 km (Figure 8f). The temperature and 
nitrate patterns recovered to pre-typhoon conditions. A low salinity water mass was around 60 km, detached from 
the main plume. The eddy viscosity was low, and the surface currents returned onshore (Figure 9f). The detached 
plume water was also where surface high phytoplankton biomass occurred offshore (Figure 7f).

Figure 9. Snapshots of simulated eddy viscosity (AKv; background color) and velocity (arrows, contours) along the cross-section from Lingding Bay to offshore (see 
Figure 1) on August 19 (before Hato); August 23 (during Hato); August 26 (within 1 week); August 31 (within 1–2 weeks); September 3 (2 weeks) and September 12 
(3 weeks). Contour units: m s −1. The gray triangles on top noted the separation between the Lingding Bay, nearshore, and offshore region. The vertical velocity has been 
enlarged 10 3 times more than the original.
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In summary, the high phytoplankton biomass water within the Lingding Bay and the nearshore region, before and 
after Hato, are aligned with river plume water. While the subsurface high phytoplankton biomass water on August 
19 and the detached phytoplankton bloom offshore is aligned with isotherms within 2 weeks, and with plume 
water after 3 weeks. This suggests that the increased Pearl River discharge and nutrients after rainfall contribute 
to the enhanced phytoplankton biomass and the chlorophyll bloom within the Lingding Bay and the nearshore 
region. The phytoplankton bloom offshore is triggered by an increase of nutrients through mixing, entrainment, 
and upwelling within the first 2 weeks after Hato and is nourished by riverine water subsequently.

3.4. Tracer Concentration and Residence Time of Water Mass

To quantify how much the residence time of Lingding Bay can be changed by the sudden runoff increase after 
Hato, passive tracers are released within Lingding Bay with SWAT daily and climatological runoff forcings, 
respectively (Figure 10). After Hato, most tracers spread within the 30-m isobath after leaving the Lingding Bay 
in both experiments. One week after Hato, the tracer concentrations within Lingding Bay in the experiment forced 
by the daily runoff are lower than in the experiment forced by the climatological runoff (Figures 10b and 10e). 
In contrast, the tracer concentration between the mouth of the Bay and the 30 m isobath is higher. Almost all 
tracers leave the Lingding Bay within 2 weeks after Hato in the experiment with daily river forcing (Figure 10c). 
Further calculations reveal that the water mass residence time was 15 days for the simulation forced with daily 

Figure 10. The evolution of passive tracer concentrations within the Lingding Bay in passive tracer experiments (a, b, and c for daily runoff; d, e, and f for 
climatological runoff). Histograms of daily averaged tracer mass remaining in the control volume over time for the daily (g) and climatological (h) runoff experiments. 
The concentration snapshots start on August 23, 2017 since they were the same before that. The passive tracers were released instantaneously into the Lingding Bay on 
August 23, 2017 for both experiments. The gray isolines are for isobath 30 and 70 m.
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runoff and over 1 month for the simulation forced with climatological runoff. And the decay rate of water mass 
was 0.07 days −1 with daily runoff, doubling the run with climatological runoff (0.14 days −1), respectively. The 
above results suggest that the low phytoplankton biomass within Lingding Bay after Hato was primarily because 
the residence time was greatly shortened by the Typhoon-induced heavy rainfall.

3.5. The Mass Budget of Surface Phytoplankton

The phytoplankton increase by PP was about 172 kg per day before Hato (Figure 11a). This increase in phyto-
plankton due to PP was reduced by about 23% during Hato, but enhanced by about 27% during the week after 
Hato (Table 2). The additional increase was due to the upwelling of subsurface nutrient-rich waters. Much of the 

Figure 11. Model-estimated daily source and sink terms of surface phytoplankton biomass for the offshore region. The alternating red-blue background color 
highlights the before, during, 1 week, 2 weeks, and 3 weeks later periods corresponding to Hato's passage in Table 2.

During Hato 
(8.21–8.23)

1 week after Hato 
(8.24–8.30)

2 weeks after 
Hato (8.31–9.6)

3 weeks after 
Hato (9.7–9.13)

Biological process Primary Production (PP) 131.6 ± 30.8 217.6 ± 27.9 245.9 ± 118.9 582.1 ± 58.3

Grazing (G) −52.1 ± 20.9 −31.4 ± 9.0 −71.4 ± 48.7 −267.8 ± 51.7

Mortality (M) −55.7 ± 2.8 −72.0 ± 11.6 −97.0 ± 12.0 −131.8 ± 11.8

Aggregation (AGG) −5.4 ± 0.8 −7.4 ± 2.2 −14.8 ± 3.8 −27.2 ± 4.3

Sinking (Sink) −3.7 ± 0.2 −4.8 ± 0.8 −6.5 ± 0.8 −8.8 ± 0.8

Physical process Alongshore adv. 15.5 ± 79.7 −2.8 ± 28.4 50.2 ± 18.3 −0.6 ± 46.7

Crossshore adv. 23.5 ± 78.4 2.5 ± 26.4 54.6 ± 108.9 −34.9 ± 53.5

Vertical adv. 29.3 ± 47.0 −33.7 ± 36.6 9.5 ± 75.7 38.7 ± 73.1

Vertical diff. −28.7 ± 59.0 22.0 ± 22.9 −66.1 ± 100.3 −68.7 ± 57.4

Table 2 
The Source and Sink Terms of Surface Phytoplankton Biomass During, 1 Week, 2 Weeks, and 3 Weeks After Hato (Unit: 
kg-N/day)
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increase in phytoplankton biomass is lost to zooplankton grazing and phytoplankton mortality. The amount lost 
to mortality is higher than grazing during, 1 week, and 2 weeks after Hato.

The net primary production (NPP) represents the rate of accumulation of phytoplankton biomass. We calculate 
it by removing zooplankton grazing and phytoplankton mortality from the gross primary production. During 
Hato's passage, the NPP was about 24 kg per day, smaller than the amount lost to the vertical mixing (29 kg per 
day). The NPP was as high as 114 kg per day 1 week after Hato, much higher than the source and sink terms 
from multiple physical processes. In contrast, the NPP was about 78 kg per day 2 weeks after Hato, smaller than 
the amount supplied by horizontal advection, including both the along- and cross-shore components (105 kg per 
day). It is noteworthy that the gross primary production 3-week after Hato was three times higher than that before 
Hato. However, different from 1 week and 2 weeks after Hato, the phytoplankton biomass lost due to zooplankton 
grazing is two times higher than that due to phytoplankton mortality, indicating the ecosystem converted from 
being a bottom-up control process to a top-down control process.

4. Discussion and Conclusions
While extensive studies have been done on the biophysical response to hurricanes in the open ocean (Chai 
et al., 2021; Da et al., 2021; Gierach et al., 2009; Gierach & Subrahmanyam, 2008; Lin, 2012; G. Qiu et al., 2021), 
few studies paid attention to the response of the shallow ocean water in coastal regions, where more complicated 
atmosphere, hydrodynamic, sediment and ecosystem processes interact (N. Chen et al., 2018; Glenn et al., 2016; 
Y. Liu et al., 2019; Z. Zhang et al., 2019). Here, the phytoplankton response to Typhoon Hato (2017), a Cate-
gory 3 TC, was studied using a realistic, three-dimensional (3D), land-ocean-atmosphere modeling system with 
marine ecosystem and sediment components for the PRE. The comprehensive modeling system reproduced the 
satellite-observed variability of sea surface salinity and chlorophyll before, during, and after Hato's passage. The 
passive tracer experiments showed that high river discharge induced by heavy rainfall from the storm doubled 
the decay rates and halved the residence time. The freshwater pulse washed out the phytoplankton biomass 
within the  Lingding Bay, resulting in a positive relationship between SSS and phytoplankton biomass during the 
1-month simulation period.

Figure 12 summarizes the predominant mechanisms regulating the spatio-temporal variability of phytoplank-
ton biomass in and near the PRE during the extreme weather event. The phytoplankton biomass was washed 
out by the river discharge within the Lingding Bay during the whole simulation period, while it shows strong 
spatio-temporal variability nearshore and offshore regions during and after Hato. During Hato's passage, the 
strong vertical mixing confines the low-salinity, high-nutrient water within the Lingding Bay, resulting in lower 
phytoplankton biomass for the nearshore and offshore regions. One week after Hato, the freshwater is released 
again, which increases the available nutrients for the nearshore region promoting the phytoplankton biomass 
there. The vertical mixing and upwelling were strong in the offshore region, increasing phytoplankton biomass 
significantly. Two weeks after Hato, the increased nutrient availability associated with the significant runoff 
increase elevated the phytoplankton within the Lingding Bay and the nearshore region. The strong offshore 
currents advect the high phytoplankton biomass water seawards. The advection of nutrients was responsible for 
high primary production in the third week. However, the total biomass increase was low due to the top-down 
pressure from zooplankton grazing.

Our modeling system shows strong upwelling within 1 week after Hato in the offshore region. To examine if 
the presence of upwelling is a real physics process instead of model artifact, we checked the Aqua/MODIS 
sea surface temperature (SST) as well as the reanalysis temperature from Hybrid Coordinate Ocean Model 
(HYCOM). Though with poor spatial coverage, the Aqua/MODIS SST was as high as 31°C before Hato (August 
20). It reduced to 29°C 1 week (August 26) after Hato and bounced back to 30°C 3 weeks after (September 10) 
(Figure S9 in Supporting Information S1). The SST decrease on August 26 is consistent with our simulation. The 
3D temperature in our simulation at 60-km offshore indicates that the thermocline shoaled rapidly after Hato, 
leading to a low surface temperature until September 4 (Figure S10 in Supporting Information S1). Even though 
the temperature was higher in HYCOM reanalysis relative to our model simulation, the SST decreased after Hato 
was also present. All of the above results suggest that strong upwelling existed right after the eye passage in the 
offshore region, which was possibly induced by the cyclonic wind field in the southwest quadrant of the storm.
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Previous studies at different estuarine and coastal regions observed that heavy storm-induced precipitation 
increases river runoff, which then moves the salinity gradient, inorganic nutrients, and organic matter seaward 
after the storm (Bianucci et al., 2018; Herbeck et al., 2011). Herbeck et al.  (2011) investigated the change in 
hydrological and biogeochemical conditions near the Wenchang/Wenjiao Estuary (WWE) on the tropical island 
of Hainan, China, before and after typhoon Kammuri in August 2008 using in situ observations. Their results 
suggest that the uptake of excess nutrients inside the lagoon was inhibited because of reduced water transpar-
ency and lack of phytoplankton, which has been washed out by the initial freshwater pulse. Two weeks after the 
typhoon, the biogeochemical characteristics are still different from pre-typhoon conditions. Bianucci et al. (2018) 
used a diverse suite of data sets for the northern Gulf of Mexico and found that a few days after Hurricane Rita's 
passage, the elevated consumption of dissolved oxygen was associated with an increase in organic matter. The 
environmental context for our modeling simulation was identical to that of Herbeck et al. (2011) and Bianucci 
et al. (2018) by providing a quantitative measure of the relative importance of different processes.

Although our modeling system captures the general spatio-temporal variability of satellite-based sea surface 
salinity and chlorophyll, it overestimates their magnitude. A further comparison with in situ data shows that the 
simulated sea surface salinity and temperature are closer to the observed, but the simulated surface chlorophyll 
field has a positive bias relative to the observation (Figures S6 and S7 in Supporting Information S1).

The differences can partially originate from satellite observations. But more importantly, there are still many 
limitations to the current biogeochemistry model setup and parameterization schemes used, including (a) the PRE 
is known as a phosphate-limitation system during summer (Gan et al., 2014; Yin et al., 2004; Yu & Gan, 2022), 
while the effect of phosphorus-limitation has not been incorporated in the current version of water-column bioge-
ochemistry model; (b) the impact of sediment processes on phytoplankton growth is not only limited to altering 
light attenuation, but also to nutrient regeneration through complicated biogeochemical processes; and (c) the land 
module in our modeling system is limited only in generating the fresh river runoff, while typhoon-induced soil 
erosion may increase the contribution of terrestrial organic matter and inorganic nutrients. Finally, the riverine 

Figure 12. Schematic diagram for the response of phytoplankton to Typhoon Hato during the 1-week, 2-week, and 3-week period after Hato.
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inorganic suspended sediment (ISS) is also an important term to reduce the light attenuation in the marine ecosys-
tem model, which was not incorporated in the current model (Feng et al., 2015).

The current study aims to investigate the potential mechanisms driving the variability of phytoplankton observed 
by satellites quantitatively. The bias of simulated results will not impact the overall discussion on the relative 
amount of phytoplankton biomass altered by multiple processes. To further improve the modeling system and 
to make it more realistic, it may be worth implementing the hydrodynamic-sediment transport-biogeochemical 
model for this region, which links the CSTMS, water column biogeochemistry model, and the seabed diagenetic 
model (Moriarty et  al.,  2017, 2018, 2021). It will also be necessary to include a process-based land ecosys-
tem  model  in future modeling efforts to incorporate land biogeochemistry and ISS (Tian et  al.,  2015; Yao 
et al., 2021). However, constructing a more comprehensive modeling system requires additional observational 
data to improve model parameterization schemes and for validation of the model. We believe future advanced 
observational techniques, especially autonomous surface vehicles that could be adapted to extreme weather 
conditions, such Bio-Argo, Wave Glider, and Sail-drone (Chai et  al.,  2021), will be helpful in verifying the 
hypothesis presented in this study and for further improving the accuracy of model simulations in future.

Data Availability Statement
Both the ocean color and sea surface salinity used for the model-observation comparison are publicly availa-
ble from the website. For the GlobColour, data were available from https://hermes.acri.fr/. For SMAP Level 3, 
data were available from https://data.remss.com/smap/SSS/V04.0/FINAL/L3/8day_running/. Both SWAT and 
COAWST were open source software. The SWAT code can be downloaded from https://swat.tamu.edu/software/
swat-executables/. The version of COASWT code with all observational, satellite, and model data used in this 
research has been uploaded to Zenodo https://doi.org/10.5281/zenodo.6806149.
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