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During summer, phytoplankton blooms occur frequently off the southeast Vietnam coast
in the western South China Sea (WSCS). Using multi-source remote sensing data, such
as sea surface temperature (SST), sea surface wind (SSW), aerosol optical thickness
(AQT), sea level anomalies (SLA), and chlorophyll-a (Chl-a) data from 1998 to 2020
and in situ observations of analyzed data, we report the patterns of spatial variation
of summer phytoplankton blooms in this region. The partial correlation and multiple
stepwise linear regression analyses reveal that Ekman transport (ET) and Ekman pumping
velocity (EPV) exert a greater impact on the summer phytoplankton blooms than the
other environmental factors, suggesting that the phytoplankton blooms in the region
may be mainly triggered by the enhanced nutrients by wind-induced upwelling and
vertical mixing. AOT only weakly correlates with Chl-a concentration in the region,
probably these prominent abundant nutrients in the region come from upwelling and
convective-overturn. A northeastward jet causes the distribution of high Chl-a in the
WSCS to be plume-shaped. A new finding in this study is that the northward current
in this area may cause the northward deviation of phytoplankton blooms from the areas
of upwelling.

Keywords: summer phytoplankton blooms, upwelling, Ekman transport, western South China Sea, Ekman
pumping, northward current

INTRODUCTION

The South China Sea (SCS) (Figure 1A) is a large, semi-enclosed tropical marginal sea, the depth
of which can exceed 5,500m (Qiu et al., 2011; Zhao and Zhang, 2014). The influence of East
Asian monsoonal flows renders the winds primarily southwesterly in summer and northeasterly in
winter (Shaw and Chao, 1994; Shaw et al., 1999; Qu, 2000; Yang et al., 2002). Seawater is essentially
oligotrophic, with plenty of light in upper layers but nutrients are limited throughout the year
(Gong et al., 1992; Ning et al., 2004). The upwelling systems off the west coast of the SCS, where
deeper nutrients are uplifted into the shallow layers, prove to be key locations of phytoplankton
growth (Figure 1B) (Chen et al., 2006; Piedras and Odebrecht, 2012; Behrenfeld and Boss, 2014).
In summer, the prevailing southwestern monsoon winds induce coastal upwelling and drive
a northeastward jet (Figure 1C) of water along the Vietnamese coast (Lin et al., 2009). Coastal
upwelling off Vietnam occurs from about 109-114°E, 7.5-17.5°N (Chai et al., 2002); this upwelling
was first discovered by Wyrtki (1961), with sea surface temperature (SST) dropping by more than
1°C in June and July. Satellite observations reveal chlorophyll-a (Chl-a) concentrations in the
Vietnam upwelling area generally to be higher than in the non-upwelling areas (Zhao et al., 2005a).
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FIGURE 1 | (A) Depth map of the South China Sea (SCS) and the study region of box A; (B) the summer (June-September) climatological chlorophyll-a (Chl-a)
concentration (1998-2020) in the study region (in this study, we ignore the region where the depth is shallower than 200 m to remove the influence of coastal water.
The Chl-a concentration is processed by logarithm with a base of e = 2.71828); (C) The geostrophic flow velocity northwest of SCS. The arrow indicates the direction
and size of the geostrophic flow. Box B (7.5-16.5°N, 105-115°E) in the (A), is the region of (B).
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A negative correlation between Chl-a concentration and SST
was also proposed by Lin and Zhao (2012). The upwelling
systems bring nutrient-rich, cooler subsurface water into upper
layers, leading to an increased concentration of Chl-a. The
previous studies revealed that a northeastward jet at the inter-
gyre boundary in summer (Kuo et al., 2000; Fang et al., 2002;
Xie et al., 2003; Ma et al., 2012; Shao et al., 2015) from 110-
113°E, 12°N with surface velocities > 0.5 m-s~! (Lin et al., 2009),
causing advection of coastal upwelling water and enhancing
oftshore Chl-a concentrations (Liang et al., 2018). The interaction
between divergence/convergence in cyclonic/anticyclonic eddies
with this northeastward jet results in a high chlorophyll belt along
the eddy edge (Liang et al., 2018).

One of the most significant Chl-a variations in the SCS
occurs in the western South China Sea (WSCS) (Yan and Wang,
2011). The study aimed to investigate the distribution of summer
high Chl-a concentrations in the WSCS and examine how
phytoplankton blooms correlate with environmental variables
[SST, sea surface wind (SSW), aerosol optical thickness (AOT),
sea level anomalies (SLA), Ekman transport (ET), and Ekman
pumping velocity (EPV)] from 1998 to 2020. This analysis
improves the understanding of regional ecosystem responses to
climate change.

MATERIALS AND METHODS
Study Area and Data

The WSCS study region is located off the southeast Vietnam coast
(Figure 1A). Southwesterly winds first appear in this study in
May, extend throughout the entire SCS in July and August, and
persist until late September (Shaw and Chao, 1994). The stirring
effect of strong summer winds, low water temperatures, and
high nutrients caused by the coastal upwelling provided favorable
conditions for Chl-a, high concentrations of which first appear
off southeast Vietnam in early June and persisted for about 4
months (Kuo et al, 2000; Xie et al., 2003; Tang et al., 2004,
2006; Feng et al., 2019; Shi et al., 2019). The high concentrations

occurred in a long, narrow plume along with the strong offshore
currents (Chen et al., 2014).

In this study, the months from June-September represented
summer to investigate the entire process of plume formation
and dissipation. The optical conditions in the study area were
complex and affected by the terrestrial input, suspended material,
sea-land interactions, sediments, and high phytoplankton
primary productivity (Lu et al., 2010; Xing et al., 2019). The
regions with water depth shallower than 200m, where Chl-
a is overestimated due to the influence of coastal water with
high suspended matter concentration and yellow matter were
excluded (Lin and Zhao, 2012; Shen et al., 2020). Time series data
for Chl-a and other environmental variables were collated for
the region from the box (109-111°E, 11-12.5°N) for Chl-a time
series, the box (109-111°E, 11-14°N) as SST time series, 109—
111°E, 10-12°N for SSW time series, 109-111°E, 11-12.5°N for
AOQOT time series, 109-113°E, 12-15°N for SLA time series, 109-
111°E, 10-11.5°N for ET time series, and the parallelogram with
four vertexes (107°E, 11°N; 109.5°E, 12.5°N; 110°E, 11.5°N; and
107.5°E, 10°N) for EPV time series, where the variations of them
were more significant, respectively.

Data

The data of Chl-a and AOT of T865 derived from four different
sensors of Sea WiFS, MODIS, MERIS, and VIIRS with GSM
Model (Maritorena and Siegel, 2005; Maritorena et al., 2010)
are generated from GlobColour database provided by HERMES.
The merged daily/weekly/monthly L3 products of Chl-a and
monthly AOT with a spatial resolution of 0.04° x 0.04° are
obtained for the period from 1998 to 2020. The influence of
dust indexed by AOT is investigated through the analysis of the
relation between the aerosol depth (i.e., AOT) and the Chl-a in
the WSCS.

The data of SST and SSW are obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF) at 0.25°
x 0.25° spatial resolution. The monthly products are used from
1998 to 2020. In addition, EPV and ET in the study region are
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investigated to clarify the change of Chl-a, and the possible roles
of wind fields play in the WSCS.

The data of SLA and geostrophic velocity both with 0.25° x
0.25° spatial resolution are available from AVISO (the Archiving,
Validation and Interpretation of Satellite Oceanographic dataset).
The daily multi-mission merged products are obtained from 1998
to 2020.

The World Ocean Atlas 2018 (WOA18) is obtained from
the Ocean Climate Laboratory of the National Oceanographic
Data Center. The spatial resolution of monthly nitrate is 1° x1°.
Considering the fact that nitrate limitation occurs in the SCS,
the nitrate data are used as an indicator of available nutrients in
the study.

In situ data, such as Chl-a, temperature, and salinity that were
derived from the work of Wang et al. (2016), during the period
from September 2 to September 9, 2007, were used in the study.
The detailed data information can be found in Wang et al. (2016).

Methods

ET and EPV

Ekman pumping velocity regulated the intensity of upwelling in
coastal regions by wind-driven offshore transport. We used ET
and EPV to evaluate the possible vertical transport induced by
wind fields and calculated them using the wind stress vector t
(Halpern, 2002).

ET = pif x t (1)

T = Cppair U2 (2)

EPV = curl(2) 3)
of

where ET is the ET (m?-s~1), EPV is the EPV (m-s~!) induced by
wind stress curls (7); f is a Coriolis parameter (f = 2wsing); tisa
unit tangent vector to the local coastline; p and pg;, are t seawater
(1.025 x 103 kg-m_3), and air (1.29 x 103 kg-m_3) densities,
respectively; U is wind speed; and Cp is the drag coeflicient.

Multiple Correlation Analysis

In this study, simple and multiple correlation analyses were used
to determine the relative roles of environmental variables on
Chl-a. The correlation matrix between variables of x1, x3, ..., X,
y is defined as (Wang et al., 2012a; Zhao et al., 2013):

i1 rn2 ... "m 7‘1),

21 122 ... T2m Ty
R =

"ml "Tm2 -+ Tmm Tmy

Tyt Ty2 ... Tym Tyy

Correlation coefficients Ry.1,2,.,m and the partial correlation
coefficients Ry;.1, 2, ..,m between x and y are:

IR|

R}’}’
Ry

Ryi12 —
yi-l,2,...m =
/RWR,','

Ry-1,2,...,m =

where y is the dependent variable and x;, x3, ..., X, are causative
variables. |R| is the determinant of a matrix R, and Ry, R,
and Ry; are the algebraic complements of ry), r;;, and r)in R,
respectively. In this study, r is a simple correlation among the
variables x1, X2, ..., X, and y.

Stepwise Regression

Stepwise regression (Jennrich, 1977) is a systematic method that
adds variables in a step-by-step manner, on the condition that
each passes an F statistic test. After each new variable is added,
old variables with F statistics are considered insignificant and will
be removed. This process goes through several steps until no new
variables can be added or old variables removed.

RESULTS

Distribution of Chl-a Concentration

The monthly data for Chl-a concentrations averaged over 23
years from 1998 to 2020 reveals a plume of high concentration in
the WSCS during summer (Figure 2). The high concentrations
(about 0.5 mg-m~%) typically appear in early June near the
southeast coast of Vietnam, then extend into the open sea in a
plume induced by the northeastward jet (Figure 1C), consistent
with the previous research (Xie et al., 2003; Tang et al., 2004; Zhao
and Tang, 2007); high concentrations persist for about 4 months,
peaking in August and dissipating in September.

Satellite Observation of Environmental

Variables

Sea Surface Temperature

The annual average SST in the tropical WSCS is relatively high.
A strong monsoon wind forms at about 11°N in summer, which
may cause considerable sea surface heat loss. The location of a
relatively low SST region (< 29°C) (Figure 3A) is comparable
to that of a region of high Chl-a concentration off southeast
Vietnam (Figure 2). During the summer, SST throughout the
WSCS is relatively uniform, and except for the low SST in the
region of upwelling, no obvious latitudinal temperature gradient
is apparent.

Distribution of Wind and AOT

Mean SSW can exceed 7 m-s~! during the prevailing southwest
monsoons, and speeds of over 8.5 m-s~! near the southeast
coast of Vietnam (Figure 3B); the strongest winds are mainly
between 8°N and 12°N. Wind directions from June to August
are similar, but wind intensity gradually increases; wind speeds
begin to weaken in September. The region with higher wind
speeds usually corresponds with higher AOT. Figure 3C depicts
variations in monthly mean AOT values throughout the WSCS,
with higher values in August (> 0.13) and lower values in June (<
0.11). The high AOT concentrations (Figure 3C) occur far from
the southeast coast of Vietnam, suggesting dust precipitation,
roughly coinciding with patterns in SSW (Figure 3C).

SLA and Geostrophic Flow
From SLA data (Figure 3D), a general upward trend is apparent
near the southeast coast of Vietnam. Sea surface height in the
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FIGURE 2 | Monthly climatology of Chl-a with a spatial resolution of 0.04° in the period 1998-2020. The Chl-a is processed by logarithm with a base of e = 2.71828.

upwelling region is usually lower than in the surrounding area.
A large warm eddy occurs above 12°N in June, and a cold
eddy occurs between 109.5-113°E and 11-15°N (Figure 3D)
from July to September. The cold eddy impacts the warm eddy
(i.e., dipole eddies), which is similar to “dividing into two.” The
warm eddy moves below 12°N from July to September, and the
cold eddy inhibits the northern movement of the warm eddy.
The direction of geostrophic flow is similar to the direction
in the center of high Chl-a moves in. We speculate that an
advection effect caused by these phenomena affects the center of
phytoplankton blooms.

Wind-Caused ET and EPV

Compared with June and July, ET off southeastern Vietnam is the
strongest in August and the weakest in September (Figure 3E).
Strong ET (> 3 m2-s~1) occurs southeast of Vietnam (109-
112°E, 8.5-12.5°N) (Figure 3E). The wind-induced EPV patterns
(Figure 3F) tend to downwell (< 107> m-s!), implied by
negative EPV throughout most of the WSCS. However, a strong
upwelling tendency from EPV (> 107> m-s~!; Figure 3F) is
apparent near the southeast coast of Vietnam, similar in location
to high Chl-a concentrations (Figure 2). Both the high ET and
EPV occur near the southeast coast of Vietnam. While, high
ET extends to the southeast, perpendicular to the coast, high
EPV occurs off the southeast coast of Vietnam and extends to
the northeast.

In situ Observations in the WSCS
Climatological Nitrate

The WOAI18 summer mean nitrate concentrations at
depths of 0, 20, 30, and 50m are illustrated in Figure 4.
The high nitrates occur over a 2° x 2° area centered
around 109°E, 9.5°N, at 50m depth near the southeast
coast of Vietnam but become shallower with a northern
progression. Until near the surface, the locations of high
nitrate are broadly comparable to the phytoplankton bloom
locations (Figure 2).

In situ Observations in the WSCS September 2-9,
2007

Satellite Chl-a images averaged for September 2-9, 2007, indicate
higher Chl-a concentrations occurred in the southwestern WSCS
(Figure 5A). To test the validity of these satellite Chl-a data, in
situ observations at 26 stations are also used in this study. The
results (Figure 5B) show a high correlation (R* = 0.7240, p <
0.01) between the remote sensing Chl-a data and in situ surface
Chl-a observations, indicating the reliability of the analyses based
on the former. The maximum Chl-a concentrations occurred in
subsurface layers between 25 and 75m depth (Figure 5C). The
three-dimensional structure (Figure 5) depicts the upward trend
in temperature and salinity off the southeast coast of Vietnam.
A high Chl-a (> 0.5 mg-m~3, Figure 5C) occurs in the 25-
50 m layer; low temperature (< 24°C, Figure 5D) occurs in the
25-100 m layer; and high salinity (> 34.2, Figure 5E) occurs in
the 25-75m layer; all the layers are located in a similar region
(109-112°E, 10.5-13°N).

Chl-a and EPV, ET, WS, SLA, SST Time

Series Data

The scatter graphs (Figure 6) for Chl-a vs. SST, SSW, AOT,
SLA, EPV, and ET, present a good tendency with each other. A
correlation analysis indicates that Chl-a (Table 1) is positively
correlated with SSW, AOT, ET, and EPV (Chl-a vs. SSW,
Pearson’s r = 0.5882, p < 0.01; Chl-a vs. AOT, r = 0.4002, p
< 0.01; Chl-a vs. ET, r = 0.6171, p < 0.01; and Chl-a vs. EPV,
r = 0.6115, p < 0.01), and negatively correlated with SLA and
SST (Chl-a vs. SST, r = —0.7080, p < 0.01 and Chl-a vs. SLA,
r = —0.4491, p < 0.01). Of these, SST and ET are most highly
correlated with Chl-g, followed by EPV, SSW, and last SLA and
AOT. These correlations indicate that Chl-a concentration is
mainly affected by SST and ET.

A multiple correlation analysis is used to further analyze
the influence of SST, SSW, AOT, SLA, ET, and EPV on
Chl-a concentrations. A strong correlation between Chl-
a concentration and ocean conditions (Figure 6; Table 2)
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(E) Ekman transport (ET), and (F) Ekman pumping velocity (EPV) averaged from 1998 to 2020. The arrows in (B) indicate the direction and size of wind speed. The

ET (m*s™) SLA (m)

EPV (m-s™)

110°E  112°E  114°E

Frontiers in Marine Science | www.frontiersin.org

September 2021 | Volume 8 | Article 740130


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Chen et al.

South China Sea Phytoplankton Blooms

16°N

14°N

12°N

10°N

8°N

16°N

14°N

12°N

10°N

8°N

108°E  110°E  112°E  114°E

106°E

(WOA18) with a spatial resolution of 1°, respectively.

Nitrate (umol/L)
3.0

FIGURE 4 | The summer (June-September) mean nitrate concentration in the study region at depths of 0, 20, 30, and 50 m from the World Ocean Atlas 2018

112°E  114°E

110°E

106°E  108°E

indicates that these factors largely explain increased Chl-a.
The coefficient of multiple correlation (R) (Table 2) between
Chl-a and the total environmental conditions is significant (R
= 0.798, p < 0.01). Additionally, partial coefficients between
Chl-a concentration and SST, SSW, AOT, SLA, ET, and
EPV are —0.481, —0.132, 0.094, —0.187, 0.218, and 0.144,
respectively (Table 2). The partial correlation between AOT
and Chl-a is the poorest and is the first to be eliminated.
The variables with the lowest partial correlation coeflicients are
then sequentially eliminated from the remaining environmental
variables. EPV also has a non-negligible role on Chl-a based
on Table 2.

Relationships between Chl-a and SST, SSW, AOT, SLA,
ET, and EPV are examined using multiple stepwise linear
regression analysis (Table 3). AOT is first removed from the
regression equation because its p-value is the greatest. After
removing AOT, the SSW p-value is then, the greatest, so
it is also removed in the next step, and so on, until the
remaining SST and ET in the regression equation cannot be
removed, revealing that these two variables most significantly
impact Chl-a.

DISCUSSION

Possible Environmental Factors Regulating

Summer Phytoplankton Blooms
Considerable variation in high Chl-a concentration appears off
the southeast coast of Vietnam in summer (Figure 2). The high
Chl-a levels typically first appear in early June and persist
for about 4 months. The SST, SSW, AOT, SLA, ET, and EPV
values all vary from June to September (Figure 3). Based on a
simple correlation analysis (Figure 6; Table 1), six environmental
factors are highly correlated with Chl-a. The multiple correlation
coefficient (Table 2) between Chl-a and all the environmental
factors (R = 0.798, p < 0.01) indicates that each of all factors
impacts summer phytoplankton blooms in the WSCS. However,
in offshore waters, ET and EPV have greater effects on summer
phytoplankton blooms than any other factor, consistent with the
previous studies (Liu et al., 2012; Gao et al., 2013; Tang et al., 2014;
Liang et al., 2018; Zhao et al., 2018).

Analysis of multiple and partial correlations (Table 2) suggests
that the influence of AOT on surface Chl-a is low, as the
partial correlation (r = 0.094) is insignificant. The AOT inputs
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are considered major forces in regional oceanic ecosystems
(Wong et al., 2007). Although AOT can significantly enhance
the phytoplankton blooms in the SCS (Wang et al., 2012b), and
impact primary production and ocean biogeochemical cycles
(Duce, 1986; Martin et al., 1994; Migon and Sandroni, 1999; Jo

et al., 2007), aerosol precipitation plays a more obvious role in
the basin (open sea) (Lin et al., 2007). Lin et al. (2009) reported
that with increased distance from the coastline, the potential
role of atmospheric aerosols increased, and the correlation
increased between Chl-a and AOT. Due to other nutrient sources
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TABLE 1 | The simple correlation coefficients between Chl-a blooms and ocean conditions.

SST SSwW AOT SLA ET EPV

r —0.7080 0.5882 0.4002 —0.4491 0.6171 0.6115
P p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01
TABLE 2 | The multiple correlations and partial coefficients between the Chl-a and others.

SST AOT SSW SLA EPV ET Multiple correlation
All factors —0.481* 0.094 0.132 -0.187 0.144 0.218 0.798
Removed AOT —0.496* —0.121 -0.176 0.160 0.216 0.796
Removed AOT and SSW —0.485* —0.191 0.196 0.202 0.793
Removed AOT, SSW and SLA —0.574~ 0.165 0.228 0.784
Removed AOT, SSW, SLA and EPV —0.600* 0.439* 0.777

*These values are significant while those non-marked ones are insignificant.

(upwelling and convective-overturn), the effect of AOT is only
weakly correlated with Chl-a.

Ilumination conditions (such as temperature and light)
and nutrients are the main limiting factors of phytoplankton
growth (Wu et al., 2003; Zhao and Tang, 2007). The optimum
temperatures for growth of most phytoplankton range 20-
30°C (Lin et al.,, 2009; Li and Lin, 2019). The SCS in the
tropical monsoon region has strong light penetration throughout
the year (Liu et al, 2002; Zhao and Tang, 2007). Summer
SST is relatively uniform at 28-30°C, and its influence on
the phytoplankton distribution is deemed to be insignificant.
Therefore, we believe that nutrients are the main limiting factor
of Chl-a concentrations in summer throughout most of the SCS
(Tac and Du, 1988). Low SST weakens the stratification and
enhances the vertical mixing (Phillips, 1966; Zhao et al., 2005b),
further promoting dispersal of deep nutrients into upper ocean
layers, thereby contributing to phytoplankton growth. As low
SST is caused by upwelling, what we see in the SCS is essentially
the product of indirect stimulation of phytoplankton growth
by upwelling.

Ekman pumping velocity and ET greatly influence the
phytoplankton blooms (Figure 6; Tables 1-3), with correlation
coefficients Chl-a of 0.6172 and 0.6115 (Figure 6; Table 1),
respectively; partial correlation coefficients also suggest that
both EPV and ET play important roles in the formation of
phytoplankton blooms. Although the influence of EPV on surface
Chl-a is less than that of ET, a significant change in EPV
(Figure 3F) is more consistent with that of Chl-a (Figure 2).
Figure 3F indicates a possible prevailing tendency for upwelling
in this region.

The regions of low SST in Figure 3A, low temperature
from 50-75m in Figure 5D, and high nitrate concentration
from 30-50m in Figure4, are all similar, and coincide with
that of ET-induced upwelling (Figure 3). This might indicate
that ET-induced upwelling provides a continuous source of
cold and nutrient-rich water to surface layers, leading to the
phytoplankton blooms (Chereskin and Price, 2001; Zhao et al,,
2012). SLA (Figure 3C) reveals the occurrence of both cold and

warm eddies in the WSCS in summer. The areas of high Chl-
a appear at the junction of two eddies, where current velocity
is high. The high Chl-a distribution areas are consistent with
the current direction, demonstrating that current velocity and
direction affect surface layer Chl-a distribution.

Influence of Upwelling, Northward Current,
and the Northeastward Jet on Summer
Phytoplankton Blooms

Nutrients regulate phytoplankton growth in most WSCS areas
(Zhao et al., 2005a; Zhao and Tang, 2007). Stable stratification
during summer in euphotic layers inhibits nutrient transport
from deeper waters (Zhao et al, 2018). Vertical transport
is an important source of euphotic nutrients in oligotrophic
seas (Xie et al., 2003; Jin et al, 2009; Zhao et al., 2018).
In summer with conditions of high SST, the growth of
phytoplankton gradually migrates to the subsurface layer
to adapt to the growth environment. Therefore, maximum
subsurface chlorophyll concentrations appear between 25 and
75 m depth (Figure 5). High temperature and low salinity (where
precipitation exceeds evaporation) in upper layers, and low
temperature and high salinity in deeper layers, are general
characteristics of the SCS. Therefore, the horizontal movement
of relatively low-salinity high-temperature water may represent
either water mass sinking or mixing (Figures 5D,E); relatively
high-salinity and low-temperature water may suggest an upward
trend. EPV and ET are strong (Figures 3E,F) during summer,
suggesting upwelling. Additionally, the center of high nitrate
concentrations in the 30-50 m layer (Figure 4) is closer to the
center of ET (Figure 3E), which is indicative of upwelling.
Therefore, we consider that upwelling has a major impact on the
summer phytoplankton blooms in this region.

A strong northward-flowing coastal current exists from 7.5°N
to the turning point of the Vietnamese coastline at about 11°N
(Figure 1C). This current flows north along the southeast coast
of Vietnam, and when it flows into the sea near 11°N, it
turns northeastward to form a northeastward jet (Figure 1C)
(Fang et al, 2012). We refer to these two currents as the
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TABLE 3 | Correlation coefficient using a stepwise multiple linear regression, significance level, F-statistic, root mean square error (RMSE), and regression equation.

Regression processed Correlation Significance F-statistic RMSE Regression equation
coefficient level (p)

All factors 0.798 p < 0.01 18.4211 0.0651 Chl-a = 3.5682 — 0.1149SST -
0.0156SSW + 0.3790A0T - 0.2110SLA
+ 1681.42EPV + 0.0354ET

AOT removed 0.796 p < 0.01 22.1461 0.0649 Chl-a = 3.7028 — 0.1185SST -
0.0143SSW - 0.1972SLA + 1859.73EPV
+ 0.0353ET

SSW removed 0.793 p < 0.01 27.4656 0.0649 Chl-a = 3.4460 - 0.1121SST -
0.2150SLA + 2227.03EPV + 0.0196ET

SLA removed 0.784 p < 0.01 35.0193 0.0656 Chl-a = 3.9379 - 0.1294SST1875.75EPV
+ 0.0225ET

EPV removed 0.777 p < 0.01 50.9618 0.0660 Chl-a = 4.1491 - 0.1366SST + 0.0338ET

“northward current” and “northeastward jet” (Figure 1C). The
centers of low SST (Figure 5D) and high Chl-a (Figure 2) do
not overlap; areas of abnormally SLA also do not overlap with
high Chl-a concentration. These differences are probably due
to the northward current (Figure 1C), which may influence the
centers of phytoplankton blooms and upwelling in summer.
According to WOAI18 mean nitrate distributions (Figure 4),
high nitrate concentrations at 30 m occur further north than
that in 50 m transported northward about 100 km (Figure 4).
Additionally, relatively high Chl-a concentrations occur at 50 m
centered around 111.5°E, 11.5°N, but high Chl-a concentrations
at 25 m are centered around 111.5°E, 12.5°N, possibly indicating
northerly movement (Figure 5). These changes indicate that the
upwelling and phytoplankton blooms are likely to be affected by
the northward current. The position of this current and where
it jets northeastward from the coast of Vietnam varies between
10 and 14°N (Shaw and Chao, 1994; Chao et al., 1996; Takano
et al., 1998), possibly because of changes in the direction of
the Vietnamese coastline (Shaw and Chao, 1994). The coastal
waters are influenced by marine, river, and terrestrial inputs
(Gao et al, 2013). In our study region, high Chl-a near the
Mekong River Estuary are contributed by discharge from the
Mekong River all year along flowing northeastward far (Gao
et al,, 2013). Although this study excludes regions with water
depth shallower than 200 m where Chl-a is overestimated due
to the influence of coastal water, there is still a few nutrients
input from the Mekong River that may be transported to the
studied region by the background circulation (northeastward
jet). In summer, the strong wind drives a northeastward jet of
water along the Vietnamese coast. The northeastward jet will
carry a few nutrients input from the Mekong River transported
northeastward, which will enhance the growth of phytoplankton
and cause the distribution of high Chl-a in the WSCS to be
plume-shaped (Figure 2).

CONCLUSION

The present study reveals a “plume-shape” distribution of the
high Chl-a in the WSCS under the influence of the northeastward
jet. Combining SST, SSW, AOT, SLA, ET, and EPV for analysis,

we get a significant correlation between these environmental
factors and the sea surface Chl-a. In addition, a further
analysis using the multiple stepwise correlations suggests that
the upwelling due to ET and EPV play dominant roles in
the summer phytoplankton blooms. The phytoplankton blooms
are caused by the nutrients enhancement through the wind-
induced upwelling and vertical mixing due to SSW forcing
and heat loss. In addition, AOT was only weakly correlated
with Chl-a concentration, probably because of these prominent
abundant nutrients from upwelling and convective-overturn. We
consider that the northward current in this area may cause the
northward deviation of phytoplankton blooms from the areas
of upwelling.
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