
1.  Introduction
The Taiwan Strait (TWS; Figure 1) is an important waterway that connects the East China Sea (ECS) and 
South China Sea (SCS). It has complex topography and hydrodynamics. The currents and marine ecosystem 
of the TWS are affected by the East Asia Monsoon. Strong northeasterly (NE) monsoon prevails over the strait 
from September to April, and southwesterly (SW) monsoon prevails from May to August (Chen et al., 2006; 
Hong, Chai, et al., 2011). Under the NE monsoon, the China Coastal Current (CCC, Figures 1a and S7 in 
Supporting Information S1) (Oey et al., 2014) brings fresh, cold, low-density, and nutrient-rich water south 
along the western coast of the TWS. Wu et al. (2013) reported that the CCC is driven by both the NE wind and 
buoyancy; Meanwhile, the Southern Mixing Current (SMC, Figures 1a and S7 in Supporting Information S1) 
(Wang et al., 2016) carries saline, warm, high-density, and nutrient-poor mixed water from the Kuroshio and 
South China Seas into the strait along the Penghu Channel (Hong, Chai, et al., 2011; Hu et al., 2010). The 
SMC is mainly driven by the ever-existing northward pressure gradient force all year round (Yang, 2007). As 
a result, an intense, off-coast front separating the two water masses of different densities is often formed in 
the northern strait at about 50–60 km offshore from the mainland coast (Hu, 2002). Due to complex coastal 
bathymetry and the influence of highly variable NE monsoon winds, the front displays considerable spati-
otemporal variability (Hu,  2002; Liao et  al.,  2013; Lin et  al.,  2016; Oey et  al.,  2014; Wang et  al.,  2016). 
Although the NE wind generally prevails from late fall to early spring, it frequently relaxes and sometimes 
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turns southwesterly for short synoptic periods (Hu et al., 2010; Zhao et al., 2020). With the relaxation of the 
NE wind, the SMC is allowed to flow northward into the TWS (Hu et al., 2010). Generally, the NE wind can 
intensify the along-shore front by inducing Ekman transport of denser fluid over lighter, which is referred to 
as a down-front wind (Mahadevan et al., 2012; Thomas & Lee, 2005). While the SW wind acts as an up-front 
wind, which intensifies stratification near the surface Ekman layer depth (Chang & Oey, 2011; Mahadevan 
et al., 2012).

The nutrient-rich CCC contributes to the growth of phytoplankton and increases primary production in the TWS. 
Based on data collected in the winter and early spring of the period of 1983–1984, Zhang (2001) reported an 
average chlorophyll-a concentration (Chl-a) of 0.88 mg·m −3 and average nitrate and phosphate concentrations 
of 9.55 μmolN·L −1 and 0.63 μmolP·L −1, respectively. The corresponding N/P ratio (15.2:1) was close to the 
Redfield ratio (16:1), which may be the result of nutrient accumulation (Ji & Huang, 1992). Therefore, in winter 
and early spring, phosphorus or nitrogen limitation cannot inhibit primary production (Smith, 1984). The nitrate 
pattern approximately correlates with that of the nutrients in the TWS.

Figure 1.  Location of the Taiwan Strait (TWS) (a) with bottom topography (contours, units: m) and cruise stations (red dots) in the northern strait (b). (a) TWS, 
East China Sea (ECS), and South China Sea (SCS) denote the Taiwan Strait, East China Sea, and South China Sea, respectively. China Coastal Current (CCC) and 
Southern Mixing Current (SMC) denote the China Coastal Current and Southern Mixing Current. The red box indicates the location of the inset (b). The blue dashed 
box in (a and b) indicates the spatial domain of the NCEP wind data used in computing the NE wind timeseries from 1998 to 2018. (b) Color shading shows the 
bottom topography. The black solid lines show 30, 50, and 60-m isobath. The blue diamonds indicate the location of the wind observation Buoys A and B The positive 
cross-shore and along-shore directions are indicated by the arrows of x and y, respectively. PTI denotes the Pingtan Island. Time series of the daily running-mean NCEP 
NE wind (blue line) and the observed NE wind (red line) measured by Buoys A (c) and B (d) in the TWS from February 25 to 31 December 2009.
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However, despite the high-nutrient standing stock, phytoplankton biomass in the northern strait is relatively 
low during boreal winter and early spring (Zhang,  2001), although episodes of anomalously high Chl-a can 
occur in winter (Wang et al., 2016; Zhang & Huang, 2000). There are two primary reasons for the relatively low 
Chl-a in the TWS, namely, low water temperature (Zhang & Huang, 2000) and intensive turbulent mixing due 
to strong NE monsoon winds (Huang & Oey, 2015; Huisman et al., 1999, 2004, Taylor & Ferrari, 2011a). The 
critical depth theory suggests that a bloom begins when the mixed-layer becomes shallower than a critical depth 
(Sverdrup, 1953), whereas the critical turbulence theory suggests that a bloom develops when turbulent mixing 
is less than a critical turbulence level (Huisman et al., 1999, 2004).

Wang et  al.  (2016) suggested that the relaxation of the NE wind can trigger off-coast phytoplankton blooms 
based on a coupled physical-biological model. Phytoplankton blooms are also frequently observed in frontal 
zones. Previous studies have demonstrated that water column stability can influence phytoplankton growth. 
Lewis et al.  (1984) reported that turbulent-induced mixing impacts the algal photosynthetic rate. Meanwhile, 
frontal instability processes can also impact phytoplankton productivity. The scales are 0.1–10 km horizontally 
and 10–100 m vertically comparable to the baroclinic Rossby radius and mixed-layer depth, and hours–days 
comparable to the inertial period (Capet et al., 2008; McWilliams, 2016). The timescale on which submesos-
cale processes transport oceanic properties and tracers are comparable to those of the phytoplankton growth 
(Mahadevan,  2016). Submesoscale instabilities can overcome large-scale balances (Molemaker et  al.,  2005), 
generating vertical motion and enhanced mixing in localized regions near the sea surface, as revealed by stud-
ies using submesoscale-resolving models (Freilich & Mahadevan, 2021; Mahadevan, 2006) and in situ drifters 
(Tarry et al., 2021). Therefore, intense upwelling can be induced by submesoscale frontal instabilities, such as 
symmetric instability (SI, Bachman et al., 2017; Brannigan, 2016; Thomas et al., 2013) and mixed-layer baro-
clinic instability (BCI, Boccaletti et al., 2007; Fox-Kemper et al., 2008). Upwelling in fronts can bring nutrients 
into the euphotic zone, which can cause intermittent blooms (Levy et  al.,  2012; Mahadevan,  2016). Frontal 
instabilities also lead to restratification of the near-surface layer (Bachman et al., 2017; Boccaletti et al., 2007; 
Haine & Marshall, 1998), trapping nutrients and phytoplankton cells in the euphotic zone, increasing mean light 
exposure, and triggering blooms (Mahadevan et al., 2012; Taylor & Ferrari, 2011a).

In this study, we analyzed physical and biological parameters using observational and model data. The results 
suggest that instability-related restratification near the coastal front plays a significant role in the off-coast bloom-
ing during NE wind relaxation in the northern TWS.

2.  Materials and Methods
2.1.  Field Investigation and Cruise Observation

Seven in situ cruises were carried out in the northern TWS study area (Figure 1b) in February 2012 April 2014, 
March 2015 November 2015, March 2016 March 2018, and March 2019 (i.e., winter and early spring). They were 
sponsored by Natural Science Foundation of China (NSFC), and served by R/V Yanping No. 2. The cruise in 
March 2019 was high-resolution and others were low-resolution, with their cross-shore section spatial resolutions 
of roughly 3 and 20 km, respectively. Sea conditions were severe and dangerous under strong sustained NE wind. 
Consequently, only one cruise was carried out during a persistent NE wind. Additionally, only one cruise was 
conducted during a persistent SW wind, due to the scarce wind condition in the winter and spring TWS. The other 
five cruises were conducted during the NE wind relaxation period.

A total of 54 hydro-cast stations were located along nine cross-shore transects near China's mainland coast (red 
dots in Figure 1b), including seven low-resolution and two high-resolution sections. Hydrographic data were 
collected at each station using Sea-Bird® SBE917plus CTD. The measurement accuracy (i.e., the correctness) 
of temperature, conductivity, and pressure sensors are 0.001°C, 0.0003  S m −1, and 1  dbar, respectively. The 
measurement resolution (i.e., the least significant digit) of temperature, conductivity, and pressure sensors are 
0.0002°C, 0.00004 S m −1, and 0.68 dbar, respectively. According to the specifications for oceanographic survey 
from National Standardization of the P. R. China (GB/T 12763.2–2007, Tang et al., 2007), measurements of the 
downward CTD casts were derived as the in situ data. After the process of quality control (e.g., bad data erasing, 
zero pressure correction, adverse pressure data processing, etc.), the in situ data were chosen or linearly interpo-
lated at the standard observation depths (as shown in Figures 2–5).

For the low-resolution cruises, seawater samples were collected at the standard depths of each station and 
analyzed for nutrients and Chl-a. Nitrate analysis was conducted employing a copper–cadmium reduction method 
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(Hydes & Hill, 1985) using a Bran + Luebbe® QUAATRO continuous-flow analyzer (Dafner, 2015) with a 
detection limit of 0.03 μmolN L −1. Chl-a was determined with seawater samples via high-performance liquid 
chromatography (HPLC, Bidigare et al., 1985), with a Dionex® UltiMate 3000 HPLC employed, with a detection 
limit of 0.01 mg m −3. It was also measured directly by Seapoint® Chlorophyll Fluorometer carried on CTD via 
fluorometric method (Welschmeyer, 1994), with a detection limit of 0.02 mg m −3. Generally, measurements of 
oceanic Chl-a by the two methods present similar patterns, with values of fluorometric Chl-a relatively higher 
than HPLC Chl-a (Bianchi et  al.,  1995). As the fluorometric method can be influenced by Chl-b and Chl-c, 

Figure 2.  (a) Nesting model domain of the parent (blue) and child (red) grids with a nesting scale of 5, and the bottom topography (color shading), the dashed black 
box shows the location of the zoomed-in view (b). ECS, SCS, and TWS denote the East China Sea, South China Sea, and Taiwan Strait, respectively. (b) The parent 
(blue) and child (red) grids with one line per 30 real grids, and bottom topography (color shading) in the TWS. PTI denotes the Pingtan Island. Composite maps of the 
OC-CCI sea-surface Chl-a in March and April from 1998 to 2018 (c), and from 31 March to 4 April 2015 (d). Cruise stations in late March of 2015 are presented as 
black dots.
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Bianchi et al. (1995) suggested HPLC as a routine technique for analyzing Chl-a in both continental margin and 
open ocean systems. Consequently, Chl-a measurements via HPLC were employed for the low-resolution cruises. 
In contrast, in situ data of HPLC Chl-a and nitrate measured with seawater samples were not available for the 
high-resolution cruise because of the sampling time constraint. Therefore, Chl-a data measured via fluorometric 
method were used instead for the high-resolution cruises in this study.

2.2.  Satellite Data Analysis

Remote sensing of daily sea-surface Chl-a was obtained from the Ocean Color Climate Change Initiative (OC-CCI, 
https://esa-oceancolour-cci.org/) project of the European Space Agency. The data set is from September 1997, to 
December 2018, with a spatial resolution of 4 by 4 km. Zhang et al. (2006) and Hong, Liu, et al. (2011b) demon-
strated that the sea-surface Chl-a in the TWS derived from satellite data are consistent with the concurrent field 
observations, except in turbid coastal waters.

2.3.  Wind Data

Sea-surface wind data taken at 6-hr intervals from 1998 to 2018 were obtained from the National Centers for 
Environmental Predictions (NCEP)-DOE Reanalysis 2 data set (Kanamitsu et al., 2002). The spatial resolution 
is approximately 1.9° by 1.9° in the study area. NCEP wind data over the cruise stations in the northern TWS 
(dashed blue box in Figure 1b) were extracted for the analyses. Meanwhile, time series of the observational wind 
data at 1-hr interval in 2009 were collected from two buoys (blue diamond Figure 1b). The NCEP and observed 
wind vectors were projected in the along-shore direction (double-headed arrow in Figure 1b) to extract the NE 
wind component. Figures 1c and 1d demonstrate that the correlation coefficients between the daily running-mean 
NCEP NE wind (blue line) and the observed NE wind (red line) can reach 0.88 (Figures 1c) and 0.86 (Figure 1d), 
with relatively low Root-Mean-Square Error (RMSE) of 4.15 and 3.44 m s −1, at wind observation Buoys A and B 
from 25 February to 31 December 2009, respectively. It shows that the NCEP wind data have sufficient accuracy 
across the TWS (Kuang et al., 2015), and can be used for further analyses. Note that the daily running-mean 
NCEP wind was used to remove the signal of high-frequency (i.e., hourly) variations. It also proves that the 
prevailing winds in the TWS are spatially homogeneous, particularly during the NE monsoon period (Hong, 
Chai, et al., 2011; Hu et al., 2010).

2.4.  Sea-Surface Temperature Data

Daily Optimum Interpolation sea-surface temperature (OISST, Huang et al., 2021) data from 1998 to 2018 were 
obtained from NOAA Physical Sciences Laboratory (PSL, https://psl.noaa.gov/data/gridded/data.noaa.oisst.
v2.highres.html). It has a spatial resolution of 0.25° by 0.25° in the study area. OISST has the advantage of being 
available from 1998 to 2018. It can be used to reasonably derive the location and spatiotemporal variations of 
the front in the TWS, although it has relatively coarse resolution and may underestimate of the front intensity. 
Similarly, Koseki et al. (2019) employed the OISST to study the frontogenesis of the Angola-Benguela Frontal 
Zone in the mixed layer; Oey et al. (2013) also used the OISST to reflect the spatial characteristics of the warming 
trend in the TWS.

2.5.  Diagnostic Methods

The buoyancy (b) and buoyancy frequency (𝐴𝐴 𝐴𝐴
2 ) are:

𝑏𝑏 = − (𝑔𝑔𝑔𝑔∕𝜌𝜌0) ,� (1)

𝑁𝑁
2
≡ 𝑏𝑏𝑧𝑧 = − (𝑔𝑔𝑔𝑔𝑧𝑧∕𝜌𝜌0) ,� (2)

where g is the acceleration due to gravity (9.8 m·s −2), 𝐴𝐴 𝐴𝐴 the potential density, ρ0 the reference density (1,025 kg·m −3), 
z the vertical coordinate, and subscript “z”denotes partial differentiation.

The Ekman layer depth (𝐴𝐴 𝐴𝐴𝐸𝐸 ) can be written mathematically using the classical Ekman theory calculation 
(Stewart, 2008):

𝐷𝐷𝐸𝐸 = (𝜋𝜋𝜋𝜋air𝑈𝑈wind𝐶𝐶𝑑𝑑) ∕
(

0.0127𝜌𝜌0Ω
√

2 sin𝜑𝜑
)

,� (3)

https://esa-oceancolour-cci.org/
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
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where 𝐴𝐴 𝐴𝐴air denotes the air density (1.3 kg·m −3); 𝐴𝐴 𝐴𝐴wind , wind speed; 𝐴𝐴 𝐴𝐴𝑑𝑑 , the drag coefficient; 𝐴𝐴 𝛀𝛀 , Earth's angular 

velocity 𝐴𝐴
(

7.3 × 10−5 rad ⋅ s−1
)

 ; and 𝐴𝐴 𝐴𝐴 , local latitude (26°N in the northern TWS).

The instability-induced eddy-driven overturning stream function (𝐴𝐴 𝐴𝐴𝑒𝑒 ) can be parameterized as follows 
(Fox-Kemper et al., 2008):

𝜓𝜓e = 0.06𝐻𝐻2
𝑏𝑏x∕𝑓𝑓𝑓� (4)

where H denotes the ML depth. It is estimated as the depth of the lighter CCC on the nearshore side of the 
along-shore front in the TWS. bx is the near-surface front intensity, x denotes the cross-shore coordinate, and 
subscript “x” denotes partial differentiation; and f denotes the Coriolis frequency.

The classical Ekman scaling of the wind-induced mean overturning stream function (𝐴𝐴 𝐴𝐴𝑤𝑤 ) is as follows:

𝜓𝜓𝑤𝑤 = −𝜏𝜏∕𝜌𝜌0𝑓𝑓𝑓� (5)

where 𝐴𝐴 𝐴𝐴 denotes the surface wind stress.

Consequently, the ratio (r) of eddy-driven and wind-driven buoyancy fluxes can be estimated as follows 
(Mahadevan et al., 2010, 2012):

𝑟𝑟 = 𝜓𝜓𝑤𝑤∕𝜓𝜓𝑒𝑒 = −𝜏𝜏∕
(

0.06𝜌𝜌0𝑏𝑏𝑥𝑥𝐻𝐻2
)

.� (6)

The positive and negative values of the ratio r denote the effects of down-front and up-front winds, respectively. 
If the absolute value of the ratio r is smaller than 1, the eddy-driven buoyancy flux is dominating, suggesting 
near-surface restratification mainly induced by frontal instabilities (Bachman et al., 2017; Boccaletti et al., 2007; 
Haine & Marshall, 1998); In contrast, if the absolute value of the ratio r is larger than 1, the wind-driven buoy-
ancy flux is dominating. At this time, down-front wind drives destratification of the water column (Thomas & 
Lee, 2005), while up-front wind lead to restratification near the Ekman depth (Chang & Oey, 2011).

SI begins when there is negative Ertel potential vorticity (PV) near the frontal region in the northern hemisphere 
(Hoskins, 1974). PV is formulated as follows:

PV = 𝜁𝜁a ⋅ ∇𝑏𝑏𝑏� (7)

where 𝐴𝐴 𝐴𝐴𝑎𝑎 =
(

f𝐤𝐤 + ∇ × ⃖⃗𝐮𝐮
)

 is the absolute vorticity. k, unit vector in the vertical direction; 𝐴𝐴 ∇ , three-dimensional 
Hamiltonian operator; 𝐴𝐴 ⃖⃗𝐮𝐮 = (𝑢𝑢𝑢 𝑢𝑢𝑢𝑢𝑢) , three-dimensional velocity. 𝐴𝐴 ∇𝑏𝑏 is the spatial derivative of buoyancy, denot-
ing the front intensity. Hence, one can visualize the “opening” of the angle between 𝐴𝐴 𝐴𝐴a and 𝐴𝐴 𝐴𝐴x from an initially 
zero value to π/2 as the down-front wind forces an increasingly stronger front. SI acts to restore the fluid back to 
a marginally stable state, that is, 𝐴𝐴 𝐴𝐴𝐴𝐴 = 0 , by effectively mixing in a fluid of higher PV from surrounding waters 
(Bachman & Taylor, 2014; Bachman et al., 2017). Note that restratification by SI is effective but minimal once 
PV reaches zero (Bachman et al., 2017), and the SI-neutral state can still be unstable to other forms of instability 
such as BCI (Haine & Marshall, 1998).

The balanced Richardson number (Rib) can be used as another criterion for the development of SI and BCI. It can 
be written as (Thomas et al., 2013):

𝑅𝑅𝑅𝑅b = 𝑓𝑓
2
𝑁𝑁

2∕∇ℎ𝑏𝑏
2
,� (8)

where 𝐴𝐴 ∇ℎ denotes the two-dimensional Hamiltonian operator in the horizontal direction, which can be estimated 
as 𝐴𝐴 𝐴𝐴x in the TWS. A series of previous studies have shown that SI occurs when 0.25 ≤ Rib ≤ 0.95, which is 
equivalent to negative PV in the northern hemisphere (Stone, 1966, 1970). Meanwhile, the SI-unstable state is 
also unstable to the frontal BCI, for that BCI can develop even when Rib > 1 (Boccaletti et al., 2007).

The BCI-induced eddy energy evolution can be described based on the instability energy equation (Equations s7 
and s8 in Supporting Information S1). BC is the baroclinic conversion term (Equation 9). If it is positive, energy 
is drained from mean potential energy to eddy potential energy (EPE, Equation 10); PKC is the buoyancy flux 
conversion term (Equation 11). If it is positive, it extracts energy from EPE to eddy kinetic energy (EKE, Equa-
tion 12). These terms per unit mass can be expressed as (Oey, 2008; Orlanski & Cox, 1972):

BC = −�2
[

�′�′
(

�
)

x + �′�′
(

�
)

�

]

∕
(

�20�
2
)

.� (9)
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EPE = 𝑔𝑔
2
𝜌𝜌′

2∕
(

2𝜌𝜌2
0
𝑁𝑁

2
)

.� (10)

PKC = −𝑔𝑔𝜌𝜌′𝑤𝑤′∕𝜌𝜌0.� (11)

EKE =
(

�′2 + �′2
)

∕2.� (12)

Contributions of the mean (mean term) and eddy (perturbation term) buoyancy advections to the temporal evolu-
tion rate of N 2 can be expressed as follows (Mahadevan et al., 2010; Taylor & Ferrari, 2010):

(

�2)

t =

Mean
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

−
[

�
(

�
)

x
+ �

(

�
)

�
+�

(

�
)

z

]
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where subscript “t” denotes temporal differentiation. B z is the vertical turbulent diffusion coefficient. The eddy 
buoyancy advection is mainly driven by the submesoscale instability processes, while the mean buoyancy advec-
tion is associated with larger-scale processes such as Ekman transport and geostrophic adjustment. Note that 
lighter water flowing above denser water leads to a positive buoyancy advection.

Contributions of physical and biological processes on the temporal variation rate of Chl-a can be expressed as 
follows (Wang et al., 2016):
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Chl and Zoo denote Chl-a and zooplankton concentration, respectively. Physical process includes advection and 
diffusion. The advection process includes mean (MeanAdv) and perturbation (PerturbationAdv) advections, 
which are primarily driven by the larger-scale and submesoscale processes, respectively. The diffusion process 
is dominated by vertical diffusion with horizontal diffusion negligible. Biological process (Bio) includes phyto-
plankton growth (μ denotes the growth rate), zooplankton grazing (g denotes the grazing rate), phytoplankton 
mortality (m denotes the mortality rate), aggregation (τ denotes the aggregation rate), and sinking (wp denotes 
the sinking velocity).

In the above equations, overbar denotes a 3-day averaging operator according to the spatiotemporal scale of the 
instability, and prime denotes the deviation from this average.

2.6.  Self-Organizing Map Analysis

We employed the self-organizing map (SOM; Kohonen, 1998, 2013) method to analyze the cruise and satel-
lite observational data. The SOM is based on an unsupervised learning neural network and effectively identi-
fies and classifies features in data (Liu et al., 2006; Lu et al., 2019). It extracts data features through mapping 
high-dimensional input data onto a low dimensional (usually two-dimensional) space. It preserves the information 
of the input data by keeping their topological relationships. Liu et al. (2006), Reusch et al. (2005) demonstrated 
that the SOM could be more effective than the more traditional empirical orthogonal function method for feature 
extraction, especially highly nonlinear signals. Therefore, this method is widely used in oceanography (Gu 
et al., 2018; Liu & Weisberg, 2011; Solidoro et al., 2007; Yin et al., 2014; Zeng et al., 2015, etc.). In this study, 
we define the map size as three-by-one to represent the features of Chl-a distribution in the TWS during NE wind 
(Type I), NE wind relaxation (Type II), and SW wind (Type III).
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2.7.  High-Resolution Model Configurations

2.7.1.  Physical Model

A High-resolution physical–biological model was applied to reproduce off-coast bloom in the TWS. The 
physical model is an updated version of the Taiwan Strait Nowcast/Forecast System (TFOR), a robust oper-
ational ocean model of the TWS (Chen et  al.,  2014; Liao et  al.,  2013; Lin et  al.,  2016; Lu et  al.,  2015; ; 
Wang et  al.,  2013,  2016). It is based on the Regional Ocean Modeling System (ROMS, Shchepetkin & 
McWilliams, 2003, 2005), a free-surface, terrain-following, primitive equation ocean circulation model under 
hydrostatic and Boussinesq assumptions. The modeling domain covers the northwestern Pacific Ocean using 
curvilinear-orthogonal grids, with a horizontal resolution of nearly 3 km in the TWS (blue grid in Figure 2b). 
A child grid was nested with a nesting scale of 5, leading to a horizontal resolution of about 0.6 km in the TWS 
(red grid in Figure 2b). 30 vertical layers were derived using a stretching function, where 𝐴𝐴 𝐴𝐴s = 3.0 , 𝐴𝐴 𝐴𝐴b = 0.4 , and 

𝐴𝐴 𝐴𝑐𝑐 = 10m following the S-coordinate scheme (Song & Haidvogel, 1994). The model bathymetry was obtained 
by combining 25 digitized ocean charts from the Maritime Safety Administration (China), the 0.5' gridded 
bathymetry of the TWS (http://www.odb.ntu.edu.tw), and the ETOPO2v2 data published by the National 
Geophysical Data Center at the National Oceanic and Atmospheric Administration (NOAA, https://www.ngdc.
noaa.gov). A weak filter (rfact = 0.35) was applied to smooth the bathymetry to reduce the unexpected diapy-
cnal mixing error.

The model used the centered fourth-order advection scheme for momentum and tracers. The model used 
Smagorinsky algorithm to parameterize the horizontal turbulent mixing (Smagorinsky, 1963), and the Mellor–
Yamada level 2.5 turbulence scheme to parameterize the vertical turbulent mixing (Mellor & Yamada, 1982), 
with the background vertical viscosity and diffusion coefficients set to 10 −5 and 10 −6 m 2 s −1, respectively. 
Chapman (Chapman, 1985) boundary conditions were used for free surfaces, Flather boundary conditions 
(Flather, 1976) were used for two-dimensional momentum, and clamped boundary conditions were employed 
for three-dimensional momentum and tracers. The initial fields and lateral open boundary conditions, includ-
ing sea level, velocity, temperature, and salinity, were obtained from MyOcean data (http://marine.coperni-
cus.eu/servicesportfolio/access-to-products/). Tidal forcing with 10 main tidal components (M2, S2, N2, K2, 
K1, O1, P1, Q1, Mf, and Mm) was provided by TPXO7.0 (Egbert & Erofeeva, 2002) at the lateral boundary. 
The monthly mean discharges of the major rivers along the mainland coast were also included in the model, 
with their salinities set to zero. The air-sea fluxes, including momentum flux, heat flux, and freshwater flux, 
were interpolated from the National Centers for Environmental Prediction data (NCEP, https://data.nodc.
noaa.gov/ncep/). Moreover, the sea-surface net heat flux was justified by nudging the referenced sea-surface 
temperature with a modest relaxation coefficient to improve the modeling performance of temperature 
(Zhao et al., 2020). Other details on the settings and evaluations of the physical model can be found in Lin 
et al. (2016).

2.7.2.  Biological Model

The physical model was coupled with a nitrogen-based nutrient–phytoplankton–zooplankton–detritus biological 
model (Fennel et al., 2006). The biological model solves for nitrate, ammonium, phytoplankton, Chl-a, zooplank-
ton, small detritus, and large detritus. Following Geider et al. (1996, 1997), it accounts for the change in Chl-a 
content per phytoplankton cell relative to changes in light and nutrient conditions. The model separates new and 
regenerative productivity processes by nitrate and ammonium. The model also accounts for the inhibition of 
nitrate uptake by ammonium. It groups detritus according to size into large and small components. Small detritus 
resulting from phytoplankton mortality and inefficient zooplankton ingestion can aggregate to form large detri-
tus. A fraction of the detritus mineralizes into ammonium, and the remaining sinks to the seabed.

The initial fields and the lateral open boundary conditions of the nitrate concentration and Chl-a were obtained 
from the World Ocean Atlas (WOA)-2005 (https://www.ncei.noaa.gov/products/world-ocean-atlas) and SeaW-
iFS data sets (http://oceancolor.gsfc.nasa.gov/), respectively. The Chl-a vertical profile in the euphotic layer was 
extrapolated from the SeaWiFS sea-surface Chl-a (Morel & Berthon, 1989). Chl-a below the euphotic depth was 
set to 0.02 mg m −3. The initial fields and the lateral open boundary conditions of the phytoplankton and zooplank-
ton concentrations were set as half and one fifth of the Chl-a (Liu et al., 2002). Other details on the settings and 
evaluations of the biological model can be found in Wang et al. (2016).

http://www.odb.ntu.edu.tw
https://www.ngdc.noaa.gov
https://www.ngdc.noaa.gov
http://marine.copernicus.eu/servicesportfolio/access-to-products/
http://marine.copernicus.eu/servicesportfolio/access-to-products/
https://data.nodc.noaa.gov/ncep/
https://data.nodc.noaa.gov/ncep/
https://www.ncei.noaa.gov/products/world-ocean-atlas
http://oceancolor.gsfc.nasa.gov/
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As presented in Figures 2c and 2d, off-coast phytoplankton bloom north of the PTI was observed by satellite in 
late March of 2015, with significantly high Chl-a extending near 100 km off the mainland coast. The off-coast 
Chl-a reached 3.5 mg m −3 (Figure 2d) while its climatological value (21-year composite) is below 2.0 mg m −3 
(Figure 2c). To reproduce this bloom, the physical–biological model was hot-started from its restart file on 1 
January 2014 with the parent grid. Subsequently, the child grid was nested with the parent grid on 1 March 2015, 
and conducted to 10 April 2015.

3.  Observation and Model Results
3.1.  Low-Resolution Cruise Results

We classify the low-resolution cruise observations into three groups based on the dominant wind direction: NE 
wind (Section 3.1.1), SW wind (Section 3.1.2), and NE wind relaxation (Section 3.1.3). We define off-coast 
bloom as when the surface to 20-m averaged Chl-a reaches or exceeds 0.6 mg m −3.

3.1.1.  NE Wind

Figure 3 shows the density, Chl-a, nitrate concentration, and N 2 at cruise sections Y3, Y2, and Y1 (panel n) in 
February 2012. Note that we conducted the cruise at Y3 first, then Y2 and Y1, as indicated in the wind time series 
(panel m). The wind was predominantly NE during this cruise. It was weak SW before the cruises. However, it 
became NE during Y3 and Y2, and strengthened to more than 10 m s −1 before weakening during Y1. Observation 

Figure 3.  Cross-shore density (a, e, i), HPLC Chl-a (b, f, j), nitrate concentration (c, g, k), and buoyancy frequency (d, h, l) at sections Y1, Y2, and Y3 (see map inset 
in n). Observation stations are labeled across the top, and white dots indicate the sample points for each station. (m) Time series of wind vectors (magenta arrows) and 
the along-shore component (blue line) over the stations (dashed blue box in Figure 1b) in late February of 2012. Red dashed lines indicate cruise times for each section.
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shows that the lighter and eutrophic CCC flowed within the western part of the sections, whereas the denser and 
oligotrophic SMC occupied the eastern part. Cross-shore nitrate presented spatial similarity to density, suggest-
ing distinctive physical–biological characteristics of the two water masses. Along-shore front was formed where 
the two water masses converged (Hong, Chai, et al., 2011; Hu et al., 2010). Under the down-front NE wind, the 
density exhibited vertical homogeneity (Figures 3a, 3e and 3i) with tilted isopycnals and weak stratification near 
the surface (small N 2, Figures 3d, 3h, and 3l).

As a result, Chl-a was low in this NE wind series (Figures 3b, 3f and 3j). For sections Y1, Y2, and Y3, the surface 
20-m averaged Chl-a was 0.21, 0.29, and 0.24 mg m −3, respectively. Therefore, phytoplankton did not bloom.

Fronts at sections Y2 and Y3 were located further offshore compared with Y1. This might be because the cruises 
at sections Y2 and Y3 were conducted several days before Y1, during which a strong down-front NE wind 
persisted over the strait (Figure 3m). Another possible reason is that sections Y2 and Y3 are located nearshore 
off the PTI (Figure 1b), where the CCC tends to separate from the mainland due to topography (Liao et al., 2013; 
Wang et al., 2016). Moreover, although the NE wind relaxed before the cruise along section Y1 (25–29 Febru-
ary), the winds sustained relatively high speeds of about 5 m·s −1.

3.1.2.  SW Wind

Figure 4 presents cross-shore physical–biological observations at sections MC, MB, and MA (panel n) in April 
2014. Wind time series (panel m) shows an up-front SW wind of approximately 5 m·s −1 persisted for nearly 

Figure 4.  Cross-shore density (a, e, i), HPLC Chl-a (b, f, j), nitrate concentration (c, g, k), and buoyancy frequency (d, h, l) at sections MC, MB, and MA (see map 
inset in n). Observation stations are labeled across the top, and white dots indicate the sample points for each station. (m) Time series of wind vectors (magenta arrows) 
and the along-shore component (blue line) over the stations (dashed blue box in Figure 1b) in middle April of 2014. Red dashed lines indicate cruise times for each 
section.
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4 days before this cruise, and was relaxing to zero during this cruise. Along-shore density and nutrient front also 
existed in this SW wind series. However, flatter isopycnals (Figures 4a, 4e and 4i) with intense stratification (high 
N 2, Figures 4d, 4h, and 4l) near the 20-m depth were observed under the up-front SW wind. With 𝐴𝐴 𝐴𝐴wind equaling 
4 m·s −1 (Figure 4m) and 𝐴𝐴 𝐴𝐴𝑑𝑑 equaling 0.0012, the estimated Ekman layer depth 𝐴𝐴 𝐴𝐴𝐸𝐸 is 22 m. Therefore, the intense 
stratification developed near the Ekman layer depth, closely related to the Ekman effect of the up-front wind.

This SW wind series also had low Chl-a (Figures 4b, 4f and 4j). For sections MC, MB, and MA, the surface 
20-m averaged Chl-a was 0.55, 0.39, and 0.35 mg m −3, respectively. Therefore, phytoplankton blooms did not 
occur. Note that the anomalously high Chl-a near station MA1 was removed from the analysis (Figure 4j). This 
station is located too nearshore (nearly 10 km, Figure 4n) to be considered as an off-coast bloom. Unlike the NE 
wind series, the cross-shore nitrate in the SW wind series did not correlate strongly with density, with higher 
nitrate concentrations inshore relative to the fresher water (Figures  4c, 4g and  4k). The different patterns of 
nitrate and density indicate that the water mass theory cannot fully explain the transportation and distribution 
of  nutrients (e.g., nitrate) in the TWS. Other physical processes which likely play a role are described in the 
following Sections.

3.1.3.  NE Wind Relaxation

Off-coast phytoplankton blooms occurred during each of the low-resolution cruises that took place during the NE 
wind relaxation periods: March 2015 November 2015, March 2016, and March 2018. Typical cruise in late March 
of 2015 are presented in this sub-Section.

Figure 5 presents cross-shore observations at sections Y0, Y1, and Y3 (panel n) in late March of 2015. Wind time 
series (panel m) shows a strong NE wind of nearly 10 m·s −1 was relaxing to zero roughly 1 day before this cruise, 
and became SW wind of 3–4 m·s −1 during this cruise. Near the off-coast frontal region, intense near-surface 
stratification of high N 2 (less than 10-m depth, e.g., Figure 5d) was observed during this cruise.

With the development of surface stratification, off-coast phytoplankton bloom occurred during this cruise, with 
the surface 20-m averaged Chl-a being 0.89, 0.88, and 0.82 mg m −3 for sections Y0, Y1, and Y3, respectively 
(Figures 5b, 5f and 5j). High Chl-a of nearly 1.2 mg·m −3 (Figures 5b and 5f) was correlated with low nitrate 
concentration (Figures 5c and 5g) near stations Y03 and Y13, suggesting the consumption of nutrients by phyto-
plankton growth.

On the other hand, observations indicated nearshore nitrate appeared to be transported toward the offshore upper 
layer, especially near the pycnocline (e.g., Figures  5c and 5g). This process provided sufficient nutrients for 
near-surface phytoplankton growth, conducive to the bloom development. Note also that nitrate and density 
exhibited similar cross-shore patterns in this NE wind relaxation series, as observed in the NE wind series.

Cruises conducted in November 2015 March 2016, and March 2018 demonstrated similar off-coast bloom 
processes as in March 2015, as presented in Figures S1, S2, and S3 in Supporting Information S1, respectively.

3.1.4.  Composite and SOM Analyses

Composite analysis was conducted using the cross-shore observations from the six low-resolution cruises to 
extract the characteristic patterns under different wind series in the TWS. The 18 sectional patterns were first 
interpolated to the terrain-following sigma coordinate (Shchepetkin & McWilliams, 2005). Note that sigma levels 
of 0 and −1 denote the near-surface and near-bottom depths of available in situ data, respectively. As shown in 
Figure 6, composite patterns during NE and SW wind both exhibit low off-coast Chl-a (Figures 6b and 6j), with 
weak stratification under NE wind (Figure 6a, as in Section 3.1.1) and intense stratification near the Ekman layer 
under SW wind (Figure 6i, as in Section 3.1.2). In contrast, composite pattern during NE wind relaxation shows 
off-coast bloom, with the surface 20-m averaged Chl-a reaching 0.84 mg m −3 (Figure 6f). It is worthy to note that 
the bloom occurs with along-isopycnal nutrient supplement (Figures 6e and 6g) and intense near-surface stratifi-
cation (Figure 6h) near the frontal region, as aforementioned in Section 3.1.3.

SOM analysis was also conducted using the cross-shore Chl-a observations from the six low-resolution cruises. 
The 18 sectional Chl-a patterns on the sigma coordinate were arranged in a three-by-one SOM array to obtain 
three characteristic types (Figure S4 in Supporting Information S1). The SOM patterns are consistent with the 
composite patterns, with Type I (Figure S4 in Supporting Information S1, row 1), II (Figure S4 in Supporting 
Information S1, row 2), and III (Figure S4 in Supporting Information S1, row 3) similar to composites of NE wind 
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(Figure 6, row 1), NE wind relaxation (Figure 6, row 2), and SW wind (Figure 6, row 3), respectively. Among 
the 12 sections during NE wind relaxation period, 11 of them were grouped in Type II, demonstrating the pattern 
during off-coast bloom.

3.2.  High-Resolution Cruise Results

An high-resolution cruise was also conducted during NE wind relaxation in March of 2019. The cross-shore 
observations at sections G and F are presented in Figure 7. Wind time series (panel i) shows a NE wind of 
nearly 10 m·s −1 was relaxing to zero several hours before this cruise, and then developed as a weak NE wind of 
3–4 m·s −1 during this cruise. Along-shore density front was generated by the cold, fresh CCC and warm, saline 
SMC (Figure S5 in Supporting Information S1), whose fine structure was resolved with a spatial resolution of 
roughly 2–3 km (Figures 7a and 7e).

Off-coast bloom developed in the near-surface frontal region at section G (stations G9 and G11, Figure 7b). The 
near-surface Chl-a reaches 2.0 mg m −3 and the surface 20-m averaged Chl-a was nearly 1.1 mg m −3. Note that 
the high Chl-a co-occurred with the intense near-surface stratification (Figure 7d). Figure 8a shows cross-shore 
Rib calculated using the high-resolution density at section G. The Rib was less than 1 near the frontal region 
with a horizontal length scale of ∼5 km. It indicated the existence of submesoscale instabilities including SI and 
BCI. The near-surface stratification could only be driven by the restratification effect of instabilities under the 

Figure 5.  Cross-shore density (a, e, i), high-performance liquid chromatography (HPLC) Chl-a (b, f, j), nitrate concentration (c, g, k), and buoyancy frequency (d, h, 
l) at sections Y0, Y1, and Y3 (see map inset in n). Observation stations are labeled across the top, and white dots indicate the sample points for each station. (m) Time 
series of wind vectors (magenta arrows) and the along-shore component (blue line) over the stations (dashed blue box in Figure 1b) in late March of 2015. The short red 
line in (m) indicates the identified NE relaxation event as in Section 3.4.
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down-front NE wind. With bx ∼ 𝐴𝐴 − 6.8 × 10−7 s−2 and H ∼ 30 m near stations G9 and G11, the down-front NE 
wind of ∼4 m s −1 gives the r value of approximately 0.56. It indicates that restratification effect of instabilities 
was more vigorous compared with destratification effect of the down-front wind, triggering near-surface stratifi-
cation and thus the off-coast bloom.

In contrast, near-surface stratification and off-coast bloom did not develop at section F (Figures 7e and 7f). High 
Chl-a distributed only in the near-shore subsurface 15-m layer (Figure 7f). Figure 8b also shows low cross-shore 
Rib near the frontal region of stations F5 and F6, suggesting the development of submesoscale instabilities with a 
horizontal length scale of ∼4 km. However, the r value reached 1.26 with the bx ∼ 𝐴𝐴 − 6.7 × 10−7 s−2 and H ∼ 20 m. 
As a result, destratification effect of the down-front wind exceeded restratification effect of the instabilities. 
Also note that Rib was even less than 0.25 near the front, indicating the existence of Kelvin-Helmholtz instability 
(Taylor & Ferrari, 2009).

3.3.  High-Resolution Model Results

Off-coast bloom in late March of 2015 was also reproduced by the high-resolution nesting model to further 
demonstrate the contributions of submesoscale instabilities on driving off-coast near-surface stratification and 
bloom during NE wind relaxation. Horizontal resolution of ∼0.6 km of the child grid is sufficient to resolve 
submesoscale processes in the TWS.

Figure 9 depicts the horizontal distributions of modeled sea-surface Chl-a, N 2, and nitrate concentration from 29 
to 31 March in the TWS. With the NE wind existing on 29 March (Figure 5m), modeled Chl-a remained relatively 
low (roughly 2–3 mg m −3) and distributed nearshore (Figure 9a). When the NE wind relaxed to zero and turned 
SW from 30 to 31 March (Figure 5m), the modeled Chl-a was increasing significantly (reaching 5 mg m −3) and 
stretching off-coast, leading to an off-coast bloom (Figures 9b and 9c). Modeled sea-surface Chl-a (Figure 9c) 
reasonably reproduced the spatial pattern of the concurrent satellite Chl-a (Figure 2d) on 31 March, despite of 
the overall higher model values. Note that both model and satellite Chl-a presented signatures of submesoscale 
perturbations and eddies. During the bloom development, rapid restratification (Figures 9e and 9f) was occurring 
near the surface, corresponding to the off-coast extending of the along-shore front, as denoted by the isopycnal 

Figure 6.  Composite patterns of sectional density (a, e, i), high-performance liquid chromatography (HPLC) Chl-a (b, f, j), nitrate concentration (c, g, k), and buoyancy 
frequency (d, h, l) for the low-resolution cruises during NE wind (row 1, including Figure 3), NE wind relaxation (row 2, including Figures 5, S1, S2, and S3 in 
Supporting Information S1), and SW wind (row 3, including Figure 4) on the vertical sigma coordinate.



Journal of Geophysical Research: Oceans

ZHAO ET AL.

10.1029/2022JC018752

14 of 29

Figure 7.  Cross-shore density (a, e), fluorometric Chl-a (b, f), temperature (c, g), and buoyancy frequency (d, h) at sections G and F (see map inset in j). Observation 
stations are labeled across the top, and white dots indicate the sample points for each station. (i) Time series of wind vectors (magenta arrows) and the along-shore 
component (blue line) over the stations (dashed blue box in Figure 1b) in middle March of 2019. Red dashed lines indicate cruise times for each section. Note the 
different color scale used for density and Chl-a to present the fine spatial structure, as compared with low-resolution cruises.

Figure 8.  Cross-shore balanced Richardson number (Rib) at high-resolution sections G (a) and F (b). Observation stations are 
labeled across the top, and white dots indicate the calculation points. Magenta solid contours indicate observed Chl-a, with 
contour interval of 0.25 mg m −3. Black dashed contours indicate observed density, with contour interval of 0.15 kg m −3.
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of 22 kg m −3. In the meantime, sea-surface nitrate was being consumed rapidly by the growing phytoplankton 
(Figures 9h and 9i). Note that high Chl-a, N 2, and nitrate always distributed mainly on the nearshore side of the 
along-shore front during the blooming (e.g., Figures 9c, 9f and 9i).

On the other hand, Figure 10 shows the bloom development at section Y1 from 29 to 31 March. As described 
above, modeled Chl-a remained relatively low with tilted isopycnals on 29 March (Figure  10a). Afterward, 
Near-surface Chl-a (Figures 10e and 10i) was evidently increasing with the rapidly shallower isopycnals and 
increasing N 2 (Figures 10g and 10k) on 30 and 31 March, especially between the off-coast stations Y12 and 
Y14. On the other hand, the increasing off-coast phytoplankton rapidly consumed the available nitrate near 
the surface (Figures 10f and 10j). The high-resolution model robustly reproduced the cross-shore spatial struc-
ture of cruise-observations at section Y1 on 31 March. Observed and modeled Chl-a consistently show high 
Chl-a near the surface between stations Y12 and Y14, reaching ∼20-m depth (Figures 5f and 10i). In the mean-
time, observed and modeled density exhibit intense near-surface restratification process (Figures 5h and 10k). 
In addition, observed and modeled nitrate present tendency of transport along-isopycnally from nearshore to 
off-coast surface, and nitrate near the station Y13 has been largely consumed by the growing phytoplankton there 

Figure 9.  Modeled sea-surface Chl-a (a–c), N 2 (d–f), and nitrate concentration (g–i) from March 29 to 31, 2015. Black contours denote the isopycnal of 22 kg m −3. 
Cruise stations in late March of 2015 are presented as black dots.



Journal of Geophysical Research: Oceans

ZHAO ET AL.

10.1029/2022JC018752

16 of 29

(Figures 5g and 10j). On the whole, the high-resolution model is sufficiently robust to reproduce bloom develop-
ment in the TWS, despite of the overall higher and lower values of the modeled Chl-a and nitrate relative to the 
observations, respectively.

The following diagnoses illustrate the significance of submesoscale instabilities on the off-coast restratification 
near the surface. When the down-front NE wind persisted on 29 March (Figure 5m), negative PV developed 
within the upper 20-m where intense submesoscale fronts existed with tilted isopycnals, especially between 
off-coast stations Y12 and Y14 (Figure 10d). It suggests the existence of vigorous SI. Near the same region, 
vigorous BCI co-existed with positive BC and PKC terms (Figures 11a and 11c), effectively transferring mean 
potential energy to eddy energy (EPE and EKE, Figures 11b and 11d). SI and BCI-induced eddy buoyancy advec-
tion was largely positive near the surface 20-m region, restratifying the surface layer (Figure 12a); However, the 
down-front NE wind destratified the water column, as suggested by the negative mean buoyancy advection in the 
upper 20-m layer (Figure 12b).

When the wind turned to SW in the following two days of 30 and 31 March, SI and BCI were becoming weaker 
with shallowing isopycnals (e.g., Figures 10h, 11e, and 11g). The positive eddy buoyancy advection suggested 
significant restratification effects of the instabilities, especially in the upper 10-m of the mixed layer (Figures 12c 
and 12e); while the mean buoyancy advection were largely negative near the surface 10-m (Figures 12d and 12f). 
It is worthy to note that the positive eddy buoyancy advection showed spatial consistency with high N 2 near 
the surface (Figures 10g and 10k). Hence, the intense near-surface restratification co-occurring with blooming 
was mainly driven by submesoscale instabilities. Note also that the mean buoyancy advection (Figures 12b, 12d 
and 12f) restratified the water column near the middle layer of ∼20 m (Figures 10c, 10g and 10k), which mainly 
related to the larger-scale processes of the geostrophic adjustment and Ekman transport (Wang et al., 2016; Zhao 
et al., 2020). Likewise, the middle layer stratification was also observed by the high-resolution cruise in March 
2018 (Figures 7d and 7h).

Contributions of physical and biological effects (such as near-surface restratification) on the off-coast blooming 
can be depicted by diagnoses of the Chl-a budget equation (Equation 14). From the plane view in Figure 13, the 
evolution rate of the sea-surface Chl-a was relatively low on March 29, suggesting the blooming was not starting 
yet (Figure 13a). Advection term was relatively large and mostly positive with perturbation advection dominating, 
especially on the offshore side of the along-shore front (Figures 13d, 13g and 13j). It was primarily driven by 

Figure 10.  Modeled cross-shore Chl-a (a, e, i), nitrate concentration (b, f, j), N 2 (c, g, k), and Ertel PV (d, h, l) at section Y1 from 29 March to 31 March 2015. Black 
contours denote modeled isopycnals. Observation stations are labeled across the top.
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Figure 11.  Modeled cross-shore BC term (a, e, i), EPE (b, f, j), PKC term (c, g, k), and EKE (d, h, l) at section Y1 from 29 March to 31 March 2015. Black contours 
denote modeled isopycnals. Observation stations are labeled across the top.

Figure 12.  Modeled cross-shore eddy (a, c, e) and mean (b, d, f) buoyancy advection terms at section Y1 from 29 March to 
31 March 2015. Black contours denote modeled isopycnals. Observation stations are labeled across the top.
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Figure 13.  Modeled sea-surface Chl-a temporal variation rate (a–c), perturbation (d–f), mean (g–i), and total (j–l) advections, 
diffusion (m–o), and Bio term (p–r) in Chl-a budget equation from March 29 to 31, 2015. Black contours denote the isopycnal 
of 22 kg m −3. Cruise stations in late March of 2015 are presented as black dots.
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submesoscale instabilities and could transport nearshore Chl-a off the mainland coast. Diffusion term was also 
large while negative (Figure 13m) with weak surface stratification (Figure 9d) under NE wind (Figure 5m). The 
intense vertical mixing can inhibit phytoplankton growth, as concluded in previous studies (for example, Lewis 
et al., 1984; Taylor & Ferrari, 2011b). Consequently, the Bio term was relatively low and negative (Figure 13p) 
with weak phytoplankton growth (Figure S6a in Supporting Information S1), despite of the sufficient nitrate 
supply (Figure 9g). Beginning on March 30, the off-coast bloom was occurring, as presented by the positive and 
large Chl-a variation rate in Figure 13b. The increasing Chl-a was predominantly contributed by the positive Bio 
term (Figure 13q), where the process of phytoplankton growth was dominating (Figure S6b in Supporting Infor-
mation S1). Diffusion term was weakened (Figure 13n) with near-surface restratification (Figure 9e). It trapped 
nutrients and phytoplankton cells within the euphotic layer, increasing light exposure and thus the phytoplankton 
growth rate (Mahadevan et al., 2012; Taylor & Ferrari, 2011a). The large Bio term distributed mainly on the 
nearshore side of the along-shore front (black contour in Figure  13q). Meanwhile, positive perturbation and 
mean advections distributed mainly on the offshore side of the front, suggesting the transport of growing Chl-a 
further offshore (Figures 13e, 13h and 13k). On 31 March, positive Chl-a evolution rate was moving northward 
with negative values covering the off-coast stations of section Y1 (Figure 13c). The increasing Chl-a northward 
of section Y1 was attributed to the positive Bio (Figure 13r) and advection terms (Figure 13l) distributed mainly 
on the nearshore and offshore sides of the along-shore front, respectively. The decreasing Chl-a southward of 
section Y1 was also related to the negative Bio (Figure 13r) and advection terms (Figure 13l) there. In terms of 
the biological processes, the positive Bio term northward of section Y1 was dominated by phytoplankton growth 
(Figure S6c in Supporting Information S1), which was closely related to surface stratification (Figure 9f) and 
nitrate availability (Figure 9i); while the negative Bio term southward of section Y1 was mainly due to phyto-
plankton mortality (Figure S6i in Supporting Information S1).

From the sectional view at section Y1 in Figure  14, the advection and Bio terms contributed to the bloom-
ing within different depth range. When the vertical diffusion term largely diminished on March 30 with the 
near-surface restratification process (Figures 14d and 14i), the Bio term increased significantly within the upper 
10-m of the mixed layer (Figures 14e and 14j). It primarily contributed to the upper-layer Chl-a increment at 
section Y1 (Figure 14f). In the meantime, the perturbation advection term presented patchy structure and influ-
enced the Chl-a evolution mainly within the upper 10-m layer (Figure 14g), related with submesoscale instabili-
ties; while the contribution of the mean advection term was mostly positive and reached beyond the 20-m depth 
(Figure 14h), associated with larger-scale geostrophic adjustment and Ekman transport (Wang et al., 2016; Zhao 
et al., 2020). On 31 March, the Bio term decreased evidently (Figure 14o) due to the consumption of available 
nitrate near the surface, especially the off-coast region from station Y12 to Y14 (Figure 10j). With the contribu-
tions of the advection process (Figures 14l and 14m), the Chl-a evolution rate became largely negative near the 

Figure 14.  Modeled Chl-a temporal variation rate (a, f, k), perturbation (b, g, l) and mean (c, h, m) advections, diffusion (d, i, n), and Bio term (e, j, o) at section Y1 
from 29 to 31 March 2015. Black contours denote modeled isopycnals. Observation stations are labeled across the top.
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off-coast stations (Figure 14k). It suggested the off-coast bloom reached its maximum and began to disappear at 
section Y1.

Based on the high-resolution cruise observations and model results, the down-front NE wind could tilt the isop-
ycnals and intensify the along-shore front, thus driving vigorous submesoscale SI and BCI in the TWS. When 
the NE wind relaxed, the submesoscale instabilities could induce rapid near-surface restratification and offshore 
stretching of the along-shore front within the upper 10-m mixed layer. It favored near-surface phytoplankton 
growth through the weakening of vertical diffusion, thus triggering bloom within a synoptic timescale of a few 
days. In the meantime, the surface 10-m phytoplankton could be entrained further offshore by the mean and 
eddy advection processes; while Chl-a increment reaching the middle 20-m was mainly contributed by the mean 
advection process during blooming.

As comparison, Wang et al. (2016) concluded that both the ∼20-m layer restratification and offshore advection 
due to larger-scale geostrophic adjustment triggered blooming during NE wind relaxation period. Nevertheless, 
this study emphasizes that near-surface restratification within the upper 10-m mixed layer was always a signifi-
cant physical trigger for bloom development. Submesoscale instabilities could drive the rapid restratification and 
offshore stretching within the upper 10-m layer, favoring near-surface phytoplankton growth; while the contribu-
tion of larger-scale advection due to geostrophic adjustment and Ekman transport reached beyond ∼20-m depth.

3.4.  Satellite Results

To further demonstrate the occurrence of TWS off-coast bloom during NE wind relaxation, a composite anal-
ysis of satellite sea-surface Chl-a and wind data from 1998 to 2018 was conducted. Figure S7 in Supporting 
Information S1 presents time series of the daily running-mean along-shore wind component for the 21 years 
(double-headed arrow in Figure 1b). The positive and negative values represent the NE and SW winds, respec-
tively. A total of 48 NE wind relaxation events were observed, defined by 5 days of persistent NE wind followed 
by at least 2 days of SW wind, regardless of the wind magnitude, as denoted by the short red lines in Figure S7 
in Supporting Information S1. These 48 events correspond well with the NE wind relaxation periods identified 
during the cruise investigation (e.g., the short red line in Figure 5m).

Figure 15 demonstrates the spatial distributions of the composite sea-surface Chl-a and temperature during differ-
ent wind series scenarios. Meanwhile, the horizontal gradient of sea-surface temperature during NE wind relax-
ation is also presented to indicate the location of the along-shore front (contours in Figures 15c and 15f). In this 
sub-Section, we define the off-coast averaged Chl-a over 1.6 mg·m −3 as the criterion for the off-coast bloom 
(note that different bloom criterions are used due to the different Chl-a measurements by satellite and cruise). 
The off-coast area is defined by the sea-surface temperature gradient larger than 0.036°C m −1 during NE wind 
relaxation (blue contours in Figures 15c and 15f). Under the influence of strong NE wind, phytoplankton does 
not bloom with low off-coast Chl-a of roughly 1.21 mg·m −3 (Figure 15a), despite of the occupation of cold, light, 
and eutrophic CCC in the western strait (Figure 15d). Under the influence of strong SW wind, off-coast bloom 
does not develop either with low off-coast Chl-a of roughly 1.25 mg·m −3 (Figure 15b). The two scenarios testify 
that turbulent mixing by strong wind can inhibit off-coast phytoplankton growth (Lewis et al., 1984), and high 
Chl-a tends to distribute in the nearshore region (Figures 15a and 15b). In contrast, High off-coast averaged Chl-a 
exceeding 1.8 mg·m −3 presents during NE wind relaxation (Figure 15c), suggesting the occurrence of a phyto-
plankton bloom. Meanwhile, the location of the intense along-shore front (blue contours in Figures 15c and 15f, 
as the definition of the off-coast area) is highly consistent with the increment of off-coast Chl-a during bloom 
(Figures 15c and 15f). It further testifies NE wind relaxation is able to trigger off-coast bloom in the TWS, and 
the frontal processes are significant to the phytoplankton growth.

Time series of the along-shore winds and the off-coast surface Chl-a for the 7 composite days are demonstrated in 
Figure 16. Steady NE wind of approximately 7–8 m·s −1 persists for the first 4 days (red solid line in Figure 16a) 
and then relaxes to zero during the fifth day (the relaxation period). Subsequently, weak SW wind of around 
1–2 m·s −1 develops for the last 2 days. According to the temporal evolution of off-coast Chl-a (green line in 
Figure 16b), the 7 days can be divided into three stages. During stage 1 (days −5 to −1), the off-coast Chl-a 
decreases and remains low (less than 1.4 mg·m −3) under the influence of NE wind. During stage 2 (days −1 to 
0), the NE wind drops to zero and then turns into a weak SW wind. An incremental increase in off-coast Chl-a 
to nearly 1.82 mg·m −3 corresponds to the relaxing NE wind, supporting the conclusion that NE wind relaxation 
can trigger off-coast phytoplankton bloom within a synoptic timescale. During stage 3 (days 0–1), the bloom 
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Figure 15.  Single-day composite of sea-surface Chl-a in the northern TWS after 2-day consecutive NE winds stronger than 10.5 m s −1 (a), after 2-day consecutive 
SW winds stronger than 4.5 m s −1 (b), and during the NE wind relaxation periods (c). The corresponding composite maps of sea-surface temperature (shading) and its 
horizontal gradient during NE wind relaxation (contours, units: °C m −1) (d, e, f). The red, yellow, and blue contours denote the values of the horizontal gradient of 0.04, 
0.038, and 0.036, respectively. The blue contour in (c and f) indicates the off-coast area for calculating the off-coast Chl-a. The black dots denote cruise stations as in 
Figure 1b.

Figure 16.  (a) All NE wind relaxation events identified in Figure S7 in Supporting Information S1 (gray lines), plotted 
5 days before and 2 days after the wind changes direction. The composite mean is indicated by the red solid line and ±1 s.d. 
by the red dashed lines. (b) Composite sea-surface Chl-a averaged over the off-coast area (blue contour in Figure 15c) from 
day −5 to +2 of all the relaxation events. The green dashed lines indicate ±1 s.d. of the off-coast sea-surface Chl-a for each 
composite day. The wind relaxation and off-coast bloom period is from day −1 to 0, indicated by magenta shading.



Journal of Geophysical Research: Oceans

ZHAO ET AL.

10.1029/2022JC018752

22 of 29

disappears, and Chl-a drops back to roughly 1.3 mg·m −3 under the influence of the SW wind. Note that this 
composite analysis has statistical error due to severe intermittent cloud cover over the TWS. Variations in front 
intensity, riverine discharge, and nutrient supply in the TWS can also introduce uncertainties in this analysis.

Figure 17 presents the spatial pattern of phytoplankton growth during off-coast blooms. Bloom development 
corresponds to significant off-coast Chl-a increase during NE wind relaxation (Figure 17c). The maximum Chl-a 
increase in the off-coast region can exceed 1.0 mg·m −3, with the averaged value of approximately 0.6 mg·m −3. 
The off-coast Chl-a increment during bloom is spatially consistent with the along-shore front, extending nearly 
50–100 km off the mainland coast. Cruise observations during NE wind relaxation consistently indicated that 
intense surface stratification (e.g., Figures 5d and 6h) and high Chl-a (e.g., Figures 5b and 6f) spread over a 
comparable distance off the mainland coast during off-coast blooming. Additionally, nitrate can be transported 
over the comparable distance from nearshore to offshore surface layer (e.g., Figures 5c and 6g), favoring off-coast 
phytoplankton growth. Note that satellite surface Chl-a data are more reliable off-coast than the nearshore data 
in the TWS.

SOM analysis was conducted using the 21-year remote sensing surface Chl-a data to extract three characteristic 
patterns in the TWS (Figure 18). The corresponding 7-day time series of the dominant winds (Figures 18d–18f) 
are also presented. Note that due to the vastly different data types and temporal coverage, the three SOM catego-
ries do not directly correspond to those of the cruise data. The three types are roughly consistent with the three 
categories in terms of the dominant wind temporal variation, however.

Type I demonstrates that Chl-a is lower off-coast (averaged value of 1.58 mg·m −3, Figure 18a) under moder-
ate NE wind (roughly 5 m·s −1, Figure 18d). Type II shows significantly high surface Chl-a (averaged value of 
2.34 mg·m −3, Figure 18b) spreading near 50–100 km off-coast during NE wind relaxation (Figure 18e). Type 
III demonstrates that Chl-a is lowest near the off-coast region (averaged value of 1.31  mg·m −3, Figure  18c) 
under SW wind (Figure 18f). The off-coast bloom development during NE wind relaxation can be clearly seen 
from the Chl-a increment in Figures  18g and  18h. SOM analysis reveals that relatively low off-coast Chl-a 
frequently occurs under NE or SW wind (48.8% and 34.1% of all occurrences, respectively), whereas off-coast 
blooms during NE wind relaxation account for only 17.1%. The occurrence frequencies derived from the SOM 

Figure 17.  The composite of sea-surface Chl-a for (a) day −2 to −1 and (b) day −1 to 0 of the wind relaxation events of Figure 16 and (c) their difference (b minus a). 
The red, yellow, and blue contours denote the values of the corresponding sea-surface temperature horizontal gradient of 0.040, 0.038, and 0.036, respectively (units: °C 
m −1). Cruise stations (Figure 1b) are indicated by black dots. The blue contour in (b and c) indicates the off-coast area for calculating the off-coast Chl-a.
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of satellite data differ from those derived from cruise data as the cruise data are heavily biased toward the NE 
wind relaxation.

Although satellite Chl-a is overall higher than the cruise observation due to the satellite inversion algorithm, 
the significant off-coast Chl-a increment during the NE wind relaxation period is consistent in both data sets. 
In a short summary, composite analysis of the 21-year sea-surface Chl-a and wind data further confirm that NE 
wind relaxation can trigger off-coast bloom in the TWS. The bloom can develop within a synoptic timescale 
(Figure 16), and has a significant spatial consistency with the along-shore front (Figure 17). The results further 
suggest that frontal instabilities play a significant role in the off-coast blooming.

4.  Discussion
4.1.  Different Contributions of SI and BCI on Blooming

High-resolution cruise observations and model results consistently testify the existence of SI near the along-shore 
front region during the off-coast blooming in the TWS. As noted by the previous researches, SI is able to drive 
vigorous along-isopycnal exchange of tracers within the water column (Bachman et  al.,  2017; Bachman & 
Taylor, 2014). Likewise, cruise and model data show that nearshore nitrate tended to be transported toward the 
offshore euphotic layer along the isopycnals, especially near the pycnocline, during both the NE wind (Figure 3) 
and NE wind relaxation periods (Figures 5 and 10). Therefore, it is reasonable to speculate that this nutrient 

Figure 18.  A three-by-one self-organizing map (SOM) of sea-surface Chl-a (a–c) and the corresponding wind time series (d–f). The frequency of occurrence (in 
percentage) is listed on the upper panels. Magenta shading denotes the period of remote sensing Chl-a. Sea-surface Chl-a difference (g) between Type II and Type I (b 
minus a), as well as difference (h) between Type II and Type III (b minus c).
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transport could be significantly attributed to SI, which was conducive to the off-coast phytoplankton growth 
during near-surface restratification. In contrast, nitrate located comparably nearshore relative to the fresher water 
under the up-front SW wind (Figure 4), indicating that nearshore nitrate could not be transported offshore effec-
tively without SI. This topics is worthy to be explored using the model results.

Moreover, previous studies have reported that SI is a two-dimensional process independent of the along-front 
direction, whereas BCI is three-dimensional with meanders and eddies developing along fronts (Taylor & 
Ferrari, 2011a). Therefore, different roles SI and BCI play in triggering off-coast bloom can be explored using 
idealized model experiments.

4.2.  Chl-a Spatial Variability During Bloom

Along-shore Chl-a heterogeneity was also revealed by the cruise during off-coast bloom (e.g., Figure 5). It can 
be explained by several factors, for example, cruise time; spatiotemporal evolution of the dominant wind (Brink 
& Seo, 2016) and the along-shore front; spatial variation of coastline and topography (Durski & Allen, 2005); 
riverine discharge and nutrient supply (Hong, Chai, et al., 2011); current advection, etc. For example, observation 
at section Y3 presented weaker stratification (Figure 5l) and lower Chl-a (Figure 5j) compared with sections Y1 
and Y2, presumably because cruise at section Y3 was conducted earlier, so that surface stratification and bloom-
ing had not fully developed. In addition, previous studies also reported that various continental slopes correspond 
to different levels of BCI development. The flatter the continental slope is, more intense the instability will 
develop (Brink, 2012; Brink & Cherian, 2013). Therefore, steeper slope at section Y3 might result in weaker 
instability-induced restratification and bloom.

4.3.  Biological Effects and Significances

Phytoplankton is responsible for roughly half of the global primary production (Longhurst et  al., 1995). It 
usually does not grow uniformly but is rather punctuated by patchy blooms lasting for several days (Dutkiewicz 
et  al.,  2001), consistent with submesoscale processes (Mahadevan,  2016). Oceanic phytoplankton blooms 
play a significant role in increasing primary production and significantly contributes to global photosyn-
thetic carbon fixation (Lu, Luo, et al., 2018; Sabine et al., 2004). Therefore, the spatiotemporal heterogeneity 
of phytoplankton should be better understood to improve estimates of global primary production and ocean 
carbon uptake.

Oceanic phytoplankton blooms are impacted not only by multi-scale physical processes (for example, Lu, Oey, 
et al., 2018; Lu et al., 2017; Wang et al., 2021), but also by biological processes. The high-resolution model 
results show that phytoplankton mortality was mainly responsible for the decrement of Chl-a during bloom, 
compared with other processes such as zooplankton grazing (Figure S6 in Supporting Information S1). However, 
Calbet and Landry  (2004) reported that microzooplankton consumption is the main source of phytoplankton 
mortality in the oceans. The ratio of phytoplankton growth and microzooplankton grazing varies modestly among 
various oceanic regions, ranging from 60% for coastal regions to 70% for the open oceans. In addition, Strom 
et al. (2001) found that microzooplankton grazing accounts for 78% and 42% of the phytoplankton growth during 
phytoplankton blooms and low biomass periods, respectively, in two productive coastal regions of the North 
Pacific. Consistently, in situ measurements in the summer TWS also presented significant grazing pressure of 
the microzooplankton on the primary productivity, reaching 71% ∼ 281% in Zeng et al. (2006) and 40% ∼ 151% 
in Zeng and Huang (2012). It indicates that microzooplankton grazing is one of the primary reasons for the 
phytoplankton mortality in the TWS, especially during the off-coast bloom. Similar story was also found in 
the adjacent ECS (Sun et al., 2003) and northern SCS (Zheng et al., 2012). Consequently, the disappearance 
the off-coast bloom roughly 1–2 days after the NE wind relaxation (Figure 16) is possibly due to the increased 
microzooplankton consumption. Certainly, this biological process needs to be further testified. Note also missing 
values of the remote sensing Chl-a may also influence the composite temporal variation of Chl-a.

Off-coast blooms in the TWS also have other ecological and biological significances. For example, they may 
influence the biogeochemical characteristics of the adjacent waters, such as the ECS and SCS, considering the 
complicated current system (Hu et al., 2010). In the meantime, the domination of different species in different 
bloom scenarios (Hong, Chai, et al., 2011) may also have ecological impacts.
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Therefore, further interdisciplinary studies are required to more comprehen-
sively understand the mechanism and concomitant biological and ecological 
consequences of the off-coast phytoplankton bloom observed in this study.

5.  Summary and Conclusion
Phytoplankton growth and Chl-a concentration during different wind series 
scenarios were comprehensively analyzed using multi-year cruise, model 
and satellite data in the TWS. Through composite and SOM analyses, the 
three data sets consistently show that strong NE and SW winds could inhibit 
phytoplankton growth, whereas NE wind relaxation favored off-coast phyto-
plankton growth and triggered blooming near the surface. The off-coast 
bloom developed within a few days and spread near 50–100 km off the main-
land coast, co-locating with the along-shore front in the TWS.

High-resolution cruise observations and model results were applied to demonstrate the intrinsic mechanisms of 
the off-coast bloom. As shown by both data sets, the down-front NE wind could tilt the isopycnals and intensify 
the along-shore front, thus driving the development of submesoscale SI and BCI near the along-shore front in the 
TWS. Subsequently when the NE wind was relaxing, the vigorous submesoscale instabilities could induce rapid 
near-surface restratification and offshore stretching of the along-shore front near the surface 10-m of the mixed 
layer within a synoptic timescale of a few days. The intense surface stratification trapped phytoplankton cells and 
available nutrients within the surface euphotic layer, increasing light exposure and favoring phytoplankton growth 
off the mainland coast. In the meantime, the surface 10-m phytoplankton could be entrained further offshore by 
the mean and eddy advection processes; while Chl-a increment reaching the 20-m depth was mainly contrib-
uted by the mean advection process, which was associated with larger-scale geostrophic adjustment and Ekman 
transport. Furthermore, cruise and model data exhibit tendency of nitrate transport from nearshore toward the 
offshore euphotic layer along isopycnals during off-coast blooming. This process was conducive to the off-coast 
phytoplankton growth and is reasonably speculated to be driven by the along-isopycnal mixing effects of SI.

Contributions of the instability-related processes on the off-coast blooming for the low-resolution cruises can be 
summarized in Table 1. The processes include near-surface restratification and offshore nutrient supply. For NE 
wind series, the latter condition was satisfied but not the former. For SW wind series, neither of the two condi-
tions were met. Both conditions were available for NE wind relaxation series. Therefore, off-coast phytoplankton 
bloom only developed during NE wind relaxation. In all, this study shows that submesoscale instabilities of SI 
and BCI near the along-shore front play a significant role in triggering the off-coast bloom during the down-front 
NE wind relaxation in the TWS.
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Cruise
Dominant 

wind
Restratification by submeso 

processes SI and/or BCI
Nutrient 

supply by SI Bloom

2012,02 NE wind No Yes No

2014,04 SW wind No No No

2015,03

2015,11 NE wind Yes Yes Yes

2016,03 Relaxation

2018,03

Table 1 
Summary of Contributions of the Instability-Related Processes on the 
Off-Coast Blooming for the Low-Resolution Cruises in the TWS
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temperature (OISST, Huang et al., 2021) data set, Version 2.1, NOAA Physical Sciences Laboratory (PSL), avail-
able online at https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html.
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