
Citation: Chen, J.; Liu, F. Effects of

Mesoscale Eddies in the Northern

South China Sea on Phytoplankton

Size and Physiological Status. Remote

Sens. 2023, 15, 245. https://doi.org/

10.3390/rs15010245

Academic Editor: Raphael M. Kudela

Received: 18 November 2022

Revised: 26 December 2022

Accepted: 29 December 2022

Published: 31 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Effects of Mesoscale Eddies in the Northern South China Sea on
Phytoplankton Size and Physiological Status
Jinzheng Chen 1 and Fenfen Liu 1,2,3,*

1 School of Marine Sciences, Sun Yat-sen University, Zhuhai 519082, China
2 Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519082, China
3 Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering,

School of Marine Sciences, Sun Yat-sen University, Zhuhai 519082, China
* Correspondence: lfenfen@mail.sysu.edu.cn

Abstract: Mesoscale eddies have essential effects on the distribution of the different sizes of phyto-
plankton and the status of phytoplankton physiology. The impact of mesoscale eddies on phyto-
plankton size and physiological level in the northern South China Sea is analyzed based on satellite
data and HYCOM-simulated results from 2003 to 2018. The results show that there are higher
nanophytoplankton levels for high and low nonlinearity in the center of cyclonic eddies. At the same
time, the growth rate of phytoplankton increased, and the assimilation of phytoplankton decreased.
Moreover, in the center of anticyclonic eddies, a lower nanophytoplankton level is observed in both
high and low nonlinearity. At the same time, the growth rate of phytoplankton decreased, and the
assimilation of phytoplankton increased. In addition, there is a higher nanophytoplankton level in
the mode-water eddy, while the growth rate of phytoplankton is increased, and the assimilation of
phytoplankton is decreased.

Keywords: mesoscale eddies; phytoplankton size; phytoplankton physiological status; northern
South China Sea

1. Introduction

Phytoplankton patterns influenced by mesoscale eddy dynamics can be frequently
detected by satellites. The physical mechanisms responsible for phytoplankton variability
in mesoscale eddies are still hotly debated [1,2]. The main mechanisms of eddy-driven
phytoplankton variability include vertical effects such as eddy pumping, eddy-wind in-
teractions, and eddy impacts on the mixed-layer depth and horizontal effects, such as
eddy stirring and eddy trapping [3]. The former mechanisms can regulate the vertical
distribution of nutrients or light availability to affect phytoplankton productivity. Moreover,
the latter can only advect water masses around the eddy and is not expected to have a
biogeochemical effect [4]. Eddy pumping-induced shallowing (deepening) of the mixed
layer in cyclonic (anticyclonic) eddies uplifts (depresses) the nutricline closer (further) to
the euphotic zone and increases (limits) nutrients available for photosynthesis [5,6]. On the
other hand, the wind-driven Ekman current interacts with the cyclonic (anticyclonic) eddy
and generates convergence (divergence) inside the eddy, resulting in a high phytoplankton
biomass. The chlorophyll anomalies driven by eddy pumping, eddy-wind interactions, and
eddy-induced variability of the mixed layer depth appear as a monopole structure in the
center of the eddies [7,8]. Biological activities associated with anticyclonic eddies are more
complex than those associated with cyclonic eddies [9]. Ring-shaped pattern chlorophyll
anomalies typically occur at the peripheries of anticyclonic eddies with large horizontal
density gradients, strains, and vertical velocities, containing more complex biological activ-
ities [10,11]. The possible mechanism of the ring-shaped pattern is the increase in nutrients
caused by nutrient-rich water transport upward along the up-bowed isopycnals at the
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periphery of eddies, or the addition of nutrients caused by upwelling at the periphery of
anticyclonic eddies. This simulates phytoplankton growth [12–14].

The South China Sea (SCS) is the largest marginal basin connected to the western
Pacific Ocean, with a total area of 3.5 million km2 and an average depth of greater than
3000 m. The SCS is oligotrophic with limited nitrogen and phosphorus within the euphotic
layer. In the northern SCS, there is a meridional gradient of chlorophyll due to differences
in nitrogen between the north and the south [15,16]. The Northern South China Sea
(NSCS) is the dynamically active region in the SCS. Mesoscale eddies are ubiquitous and
generated in the NSCS, often propagating westward and slightly inclining to the south,
near the continental slope. Previous studies have shown that the main eddy mechanisms
affecting phytoplankton include eddy pumping, interactions between wind and eddies,
and advection in the NSCS. Low chlorophyll concentrations caused by eddy pumping are
often observed in the center of anticyclonic eddies [17]. The interactions between wind and
eddies cause the anticyclonic pattern to change. When the anticyclonic pattern is extended
parallel to the South China Sea wind direction, eddy-induced Ekman pumping will induce
high concentrations of chlorophyll [18]. An anticyclone formed near the coastal area of the
NSCS can capture high chlorophyll water and transport it to the oligotrophic region of the
NSCS [19].

However, the impact on the sizes of phytoplankton due to mesoscale eddies has been
sparsely researched. The distribution of diatoms in the small space is very heterogeneous,
especially for mesoscale eddies and submesoscale fronts. Eddies show either enhanced or
reduced abundances in eddy cores [20]. The enhanced productivity in an eddy near the
Luzon Strait shed from the Kuroshio Current was comparable to wintertime productivity
in the SCS basin, which is supported by upwelled subsurface nitrate under the prevailing
Northeastern Monsoon. There were more Synechococcus, picoeukaryotes, and diatoms, but
less Trichodesmium in the surface water inside the eddy than outside [21]. Phytoplankton
in a cold-core eddy with low surface iron concentrations have been shown recently to
upregulate iron uptake and utilize iron from enhanced microbially mediated recycling,
which has large-scale importance in influencing phytoplankton dynamics under climate
change [22,23]. Moreover, the mode-water eddy, which has the same positive sea level
anomaly signal as the anticyclonic eddy detected from the altimeter, but whose chlorophyll
increases abnormally at the eddy’s core, has been less studied. The seasonal pycnocline
is uplifted in the mode-water eddy, while the seasonal pycnocline is compressed in the
anticyclonic eddy. McGillicuddy et al. found that some anticyclonic eddies in the sea
area are mode-water eddies with a lens-shaped internal pycnocline structure and high
chlorophyll values in the surface layer [24]. Barceló-Llull et al. found a mode-water eddy in
the scientific voyage of the eastern boundary upwelling system region [25]. They found that
the mode-water eddy is similar to the cyclonic eddy and is different from the anticyclonic
eddy, which brings cold, low-salinity water to the surface. Most of the studies only studied
the effect of a single eddy on phytoplankton size. Analyses of the effects of multiple eddies
on phytoplankton size over large areas are lacking.

2. Data and Method
2.1. Satellite and Model Data

The study area for the mesoscale eddy analysis covered the area from 15◦N–23◦N
and 110◦E–120◦E, which is also defined as NSCS by Liu et al. (2013). The sea surface level
anomaly (SLA) and geostrophic velocity data that we used to cover approximately sixteen
years from 2003 to 2018 were extracted from the Delayed-Time Reference Series provided
by Archiving, Validation, and Interpretation of Satellite Data in Oceanography (AVISO).
The data were gridded to 1/4◦ × 1/4◦ with a time step of 7 days. The SLA data were
high-pass filtered spatially with half-power filter cutoffs of 20◦ longitude by 10◦ latitude
over the global ocean. This spatial high-pass filtering attenuates SLA variability associated
with large-scale Rossby waves and removes steric heating and cooling effects.
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An algorithm was created based on empirical orthogonal functions (EOFs) for globally
retrieving the chlorophyll-a concentration (Chl-a) of phytoplankton size classes (PSC) with
microplankton, nanoplankton, and picoplankton from multisensor merged ocean color
(OC) products. The data were gridded to 4 km × 4 km with a time step of 1 day and were
extracted from the Copernicus Monitoring Environment Marine Service (CMEMS) [26]. We
also use particulate organic carbon (POC) and Chl-a data from GlobColor [27]. The original
NASA algorithm with correlations of band ratios was used to retrieve POC concentration
data [28]. The Chl-a concentration for case 1 water is merged by all sensor data using
Maritorena’s method [27].

In order to verify the applicability of satellite products in the South China Sea, this paper
uses the HPLC measured data of four cruises in the SEABASS database (https://seabass.gsfc.
nasa.gov/, accessed on 24 December 2022) for verification. Finally, 10 coincident satellite data
and HPLC data were selected at near-surface depths (<10 m) using the nearest method, as
show in Figure 1. The time range includes 2009, 2011, 2013, and 2016.
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To further explore the effect of eddies on phytoplankton, this paper uses the VGPM
model to calculate primary productivity (PP) [29]. Yoshie et al. calculated PP/Chl to
express the carbon sequestration efficiency per unit of chlorophyll in phytoplankton and
calculated PP/POC to express the growth efficiency of phytoplankton [30].

To minimize the effects of data gaps and cloud contamination in the daily image, the
ecological data at each grid box were low-pass filtered in time using a loess smoothing filter
with a half-power cutoff of 30 days. The ecological data were then low-pass filtered in space
with 2◦ × 2◦, similar to the smoothing procedure used to construct the AVISO ‘s SLA fields.
This low-pass spatial filtering removed sudden, local phytoplankton bloom events. The
remaining data gaps were completed using kriging interpolation. The ecological data were
also high-pass filtered zonally to attenuate the zonal wavelength scales larger than 20◦ in
longitude. To attenuate both the large-scale and seasonal variability of the phytoplankton
size data, the ecological data were high-pass filtered at 6◦ × 6◦ and 500 days. Similar to SLA,
after preprocessing, the results in the NSCS were also extracted from global data [12,29].
We only considered the mesoscale eddies in the water depth area of more than 200 m. The
PSC data at depths shallower than 200 m were also removed [15].

HYCOM is a hydrostatic, primitive equation general circulation model that evolved
from the Miami Isopycnic Coordinate Model (MICOM). Its general architecture and initial
validation are documented by Bleck [31], followed by further developments by Halli-
well [32]. Flexible options for the vertical grid enable HYCOM to conserve water mass
properties in isopycnal coordinates when there is strong vertical stratification and provide
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adequate vertical resolution in regions with weak stratification, such as the surface mixed
layer. This study uses HYCOM’s temperature and salinity to calculate the anomaly data,
where the anomaly data were equal to the initial value minus the climatological value.
The quasi-geostrophic vertical velocity is obtained from OMEGA3D model data. The
quasi-geostrophic vertical velocity anomaly is obtained by subtracting the climatological
average from the quasi-geostrophic vertical velocity.

2.2. Calculations and Methods
To identify the three size classes (micro, nano, and pico) and quantify their relative

mproportions, Vidussi et al. [33] selected seven major pigments as diagnostic pigments
(DP) for distinct phytoplankton groups. These seven pigments are fucoxanthin (Fuco),
peridinin (Perid), 19′ = hexanoyloxyfucoxanthin (Hex-Fuco), 19′-butanoyloxyfucoxanthin
(But-Fuco), alloxanthin (Allo), chlorophyll b (Chl b), and zeaxanthin (Zea). Because some
taxonomic pigments might be shared by various phytoplankton groups, Uitz et al. [34]
combined the multiple regression approach of Gieskees et al. [35] to determine the weight
of seven pigments in chlorophyll-a, ∑ DPw, according to

∑ DPw = 1.41× ([Fuco] + [Perid]) + 1.27× [Hex− Fuco] + 0.35× [But− Fuco] + 0.6× [Allo] + 1.01× [Chl b] + 0.86× [Zea] (1)

The fractions of the chlorophyll-a concentration associated with each of the three size classes
are subsequently derived according to

fMicro = 1.41× ([Fuco] + [Perid])/ ∑ DPw (2)

fNano = (1.27× [Hex− Fuco] + 0.35× [But− Fuco] + 0.6× [Allo])/ ∑ DPw (3)

fPico = (1.01× [Chl b] + 0.86× [Zea])/ ∑ DPw (4)

The actual chlorophyll a concentration associated with each of three size classes is derived
according to

[Micro] = fMicro × [Chl a] (5)

[Nano] = fNano × [Chl a] (6)

[Pico] = fPico × [Chl a] (7)

As the distribution frequency of each phytoplankton group was left-skewed, we log-transformed
them to log10 to satisfy a roughly normal distribution.

The model prediction accuracy was evaluated by several statistical parameters: (1) coefficient of
determination (R2), and (2) root mean squared error (RMSE). According to Equations (8)–(11), respectively:

R2 = 1− SSE/SST (8)

SST = ∑n
i=1

(
yi − y′i

)2 (9)

SSE =
n

∑
i=1

(yi − y)2 (10)

RMSE =

√
1
n

n

∑
i=1

(
yi − y′i

)2 (11)

where SST is the sum of square due to error (SSE) and the total sum of square (SST), yi is the true
value in sample I, yi

′ is the predicted value in sample i, and y is the average of the true values.
We identified and tracked mesoscale eddies using a sea surface height-based method developed

by Chelton et al. [36]. The method worked as follows: anticyclonic and cyclonic eddies are defined
separately. When a anticyclonic eddy was identified, the SLA was partitioned starting from a SLA
threshold of −100 cm and proceeded upwards in increments of 1 cm until a closed SLA contour was
achieved, that satisfied the following criteria: (1) the SLA value of all of the pixels in the closed SLA
contour were above the SLA threshold; (2) at least 8 pixels and fewer than 1000 pixels were enclosed
by the closed contour of SLA; (3) there was at least one local SLA maximum; (4) the amplitude of
the eddy was at least 1 cm; and (5) the maximum distance between any pairs of points within the
closed SLA contour must be less than a specified maximum to exclude the irregular shaped eddies.
Chelton et al. have taken the specified maximum to 400 km for latitudes above 25◦, and the maximum
distance criterion was increased linearly to 1200 km at the equator. The cyclonic eddy is similarly
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identified, with the thresholding beginning at 100 cm, and proceeding downwards. This procedure
is also satisfied the five eddy definition criteria, with the criteria (1) is that the SLA value of all of
the pixels in the closed SLA contour were below the SLA threshold; criteria (3) is that there was at
least one local SLA minimum; criteria (4) is that the amplitude of the eddy was at most −1 cm; and
criteria (2) and (5) is the same as the anticyclonic eddy’s criteria (2) and (5).

The identification method of mode-water eddies is as follows. Studies on mode-water eddies
show that compared with anticyclonic eddies, mode-water eddies have a similar shape to the anti-
cyclonic eddies at the SLA. However, the mode-water eddies have negative temperature anomalies
and negative salinity anomalies at the center [25,37]. Therefore, this paper makes a simple modifi-
cation based on Chelton’s method to identify mode-water eddies: if the temperature and salinity
anomaly at the center of the anticyclonic eddy is less than 0, then this anticyclonic eddy is regarded
as a mode-water eddy. The flowchart of the identification method of mesoscale eddies is shown in
Figure 2.
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The properties of each eddy were calculated as follow: the eddy scale (Ls) is defined by the
radius of the circle having the same area as the closed contour of the SLA with the maximum mean
geostrophic current speed; the amplitude of the eddy (A) is defined by the height difference between
the eddy periphery and centroid. The rotation speed U is estimated by

U = gA/ f Ls (12)

where g is the gravitational acceleration and f is the Coriolis parameter. The eddy kinetic energy
(EKE) is the energy associated with the turbulent part of the flow of a fluid. It is calculated by

EKE = 0.5×
(

u2
ag + v2

ag

)
(13)

where uag and vag are the geostrophic velocity anomalies. Finally, the nonlinear degree was defined
as the ratio of the rotation speed (U) to the translation speed (c), which was estimated from the
distance traveled by the eddy centroid and the time interval between the two adjacent positions of
the centroid. The nonlinear degree represents the potential to trap water parcels in the eddy’s interior.
For highly nonlinear eddies (higher ratios), it is more difficult for water parcels to escape from the
eddy interior [36]. Hence, nonlinear eddies have essential effects on marine ecosystem dynamics.
Only nonlinear eddies (U/c > 1) were considered in this study. Low nonlinear eddies are defined as
eddies with nonlinear degree of more than 1, but less than 10; high nonlinear eddies are defined as
eddies with nonlinear degree of more than 10.

The composing analysis was defined as composing the region within a circle centered at the
eddy centroid and twice the eddy scale Ls. Composite values were calculated by averaging the time
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series at each rotated and horizontally normalized location within a radial distance of 2Ls from the
eddy centroid.

Siegel et al. pointed out that chlorophyll’s monopole structure reflects mesoscale eddies’ role in
addition to eddy stirring, and the dipole structure reflects the role of eddy stirring in a mesoscale
eddy [4]. Gaube et al. simulated the monopole and dipole structures of chlorophyll anomalies
and combined them. The results were similar to the anticyclonic eddy observed in the Leeuwin
Current [7]. Frenger et al. separated unipolar SST anomalies by radially averaging the total SST
anomalies relative to the eddy’s centroid [23]. A method is used to separate monopoles and dipoles
in mesoscale eddies; subtract the remaining term of the monopole structure from the synthetic mean
data of the mesoscale eddies as the dipole structure of the mesoscale eddies. The specific formula is

X′(r,θ)= X(r,θ) − X(r) (14)

where r is the eddy radius and θ is the rotational angle. The overbar denotes the radial average, and the
prime denotes the residuals [7]. Figure 3 shows the composites of a CHL monopole and a CHL dipole.
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3. Results
3.1. The Validation of PSC Satellite Data in the SCS

In this paper, we use 10 HPLC measured data to verify the applicability of the PSC satellite data
in South China Sea. These data are obtained from the SEABASS database and come from four cruises.
As a result, in Figure 4, the satellite data is fitted with the in-situ data (R2 > 0.5). However, due to
the lack of on-site data and the influence of remote sensing data on weather and other factors, only
10 sites could be found during the four cruises, while satisfying the match between the measured
data and the remote sensing data.
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3.2. Distribution and Characteristics of Mesoscale Eddies in the Northern South China Sea
The trajectories of different mesoscale eddies in the northern South China Sea are shown in

Figure 5. Figure 5a shows that the anticyclonic eddies in the northern South China Sea are mainly
generated on the eastern side of the northern South China Sea and gather on the southwestern part
of Taiwan Island and the western side of Luzon Island. The eddy trajectories of the anticyclonic eddy
spread almost all over the NSCS. The number of anticyclonic eddy trajectories in summer is 94, and
the number of anticyclonic eddy trajectories in winter is 83. The number of anticyclonic eddies in
the NSCS is greater in summer than in winter. In the NSCS, the anticyclonic eddies move mainly
westward and incline southward along the continental shelf. Figure 5b shows that cyclonic eddies
in the northern South China Sea are mainly generated in the northern South China Sea and mainly
gather on Luzon Island’s west side. The eddy trajectories of the cyclonic eddy are almost all over
the NSCS. The number of cyclonic eddy trajectories in summer is 118, and the number of cyclonic
eddy trajectories in winter is 133. The number of cyclonic eddies in the NSCS is more significant in
winter than in summer. From the total number of eddies, the number of winter mesoscale eddies in
the northern South China Sea is higher than that of summer mesoscale eddies. Figure 5c shows that
the number of mode-water eddies in the NSCS is scarce, with three mode-water eddy trajectories in
winter and six mode-water eddy trajectories in summer. The mode-water eddies are not always in
the northern South China Sea, and the number of mode-water eddies in summer is higher than that
in winter.
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Figure 5. (a) The eddy trajectories of the anticyclonic eddy. Cyan trajectories are the eddy trajectories in
winter. Green trajectories are the eddy trajectories in summer. (b) The eddy trajectories of the cyclonic
eddy. Yellow trajectories are the eddy trajectories in winter; pink trajectories of the cyclonic eddies
in summer; (c) eddy trajectories of the mode-water eddy. Blue trajectories are the trajectories of the
mode-water eddy in winter, and red trajectories are the trajectories of the mode-water eddy in summer.

Table 1 summarizes the characteristics of different mesoscale eddies. In the northern South
China Sea, 177, 251, and 9 eddy trajectories of anticyclonic, cyclonic, and mode-water eddies corre-
spond to 996, 1460, and 27 eddies, respectively. Among them, the numbers of anticyclonic eddies,
cyclonic eddies, and mode-water eddies are 361, 420, and 5 in summer, respectively, and the numbers
of anticyclonic eddies, cyclonic eddies, and mode-water eddies in winter are 635, 1040, and 22, respec-
tively. The numbers of high nonlinear anticyclonic and cyclonic eddies are 12 and 21, respectively, and
the mode-water eddies have no high nonlinear eddies. The numbers of low nonlinear anticyclonic,
cyclonic, and mode-water eddies are 359, 610, and 12, respectively. The average eddy amplitudes
of the anticyclonic eddy, cyclonic eddy, and mode-water eddy are 14.07 cm, 13.02 cm, and 13.09 cm,
respectively. The average rotating speeds are 0.149 m/s, 0.138 m/s, and 0.159 m/s, respectively. The
average transmission speeds are 0.058 m/s, 0.064 m/s, and 0.053 m/s, respectively. The average
effective radii are 134.37 km, 136.43 km, and 126.28 km, respectively. The ratios of nonlinear mesoscale
eddies (U/c > 1) to all eddies are 31.32%, 31.28%, and 27.91% of the total number of anticyclonic,
cyclonic, and mode-water eddies, respectively. The average nonlinearities of anticyclonic, cyclonic,
and mode-water eddies are 2.90, 2.77, and 1.49, respectively.
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Table 1. Statistical data of various eddies in the NSCS (S. means summer, W. means winter.).

Statistical Data Cyclonic Anticyclonic Mode-Water

Eddy’s Number S. W. All S W. All S. W. All

420 1040 1460 361 635 996 5 22 27

Nonlinear Number Low High all Low High All Low High All

610 21 631 359 12 371 12 0 12

A(cm) 13.02 14.07 13.09

U(m/s) 0.138 0.149 0.159

r(km) 112.67 111.58 106.3986

c(m/s) 0.064 0.058 0.053

Trajectories S. W. All S. W. All S. W. All

118 133 251 94 83 177 6 3 9

The ratio of
nonlinear eddies in

all eddies (%)
31.32 31.28 27.91

Average of
nonlinearity 2.77 2.90 1.49

3.3. Monopole Distribution of Phytoplankton Size and Physiological Characteristics inside
Mesoscale Eddies

Figure 6 shows that in cyclonic eddy monopole decomposition, the phytoplankton of each
size in the center of the eddy increased, the increase in phytoplankton gradually decreased with
increasing distance from the center, and there was a slight decrease in phytoplankton at the periphery
of the eddy. Comparing the low nonlinear cyclonic eddy and the high nonlinear cyclonic eddy in the
monopole image, the increase in phytoplankton in the center of the low nonlinear cyclonic eddy is less
than the increase in phytoplankton in the center of the high nonlinear cyclonic eddy. The reduction in
phytoplankton at the periphery in a low nonlinear cyclonic eddy is less than that of phytoplankton at
the periphery in a high nonlinear cyclonic eddy. The reduction in phytoplankton at the periphery of
the cyclonic eddy was much smaller than the increase in the eddy’s center. Comparing the variations
in phytoplankton of different sizes in the cyclonic eddy, the increase in phytoplankton in the center of
the cyclonic eddy was in the order of nanophytoplankton > microplankton > picophytoplankton. The
reduction in phytoplankton of each size at the periphery of the eddy was similar and much smaller
than the increase in the eddy’s center.

Figure 7 shows that in the monopole decomposition of the cyclonic eddy, both PP and POC
increase in the center of the eddy, and the increase in PP and POC in the eddy gradually decreases
with the distance from the center of the eddy. PP and POC concentrations decreased at the periphery
of the eddy. The value of PP/Chl in the center of the cyclonic monopole is low, indicating that the
carbon sequestration efficiency of phytoplankton unit chlorophyll in the center of the cyclonic eddy
is low. The value of PP/POC in the center of the cyclonic monopole is high, indicating that in the
cyclonic eddy, there is increased efficiency with which phytoplankton produces new productivity.
Comparing the physiological status of the high nonlinear cyclonic eddy and the low nonlinear
cyclonic eddy, it can be found that the increases in PP, POC, and PP/POC in the high nonlinear
cyclonic eddy are more significant than those in the low nonlinear cyclonic eddy. With the increase
in PP, POC, and PP/POC in the nonlinear cyclonic eddy, the PP/Chl of the high nonlinear eddy is
smaller than the PP/Chl of the low nonlinear eddy. This shows that the vertical and horizontal effects
of high nonlinear cyclonic eddies have more significant effects on the physiological status of the eddy
than the vertical effect of low nonlinear cyclonic eddies.

Figure 8 shows that in the monopole decomposition of the anticyclonic eddy, the phytoplankton
of each size in the center of the eddy decreased, the decrease in phytoplankton gradually decreased
with increasing distance from the center, and there was an increase in phytoplankton at the periphery
of the eddy. Comparing the low nonlinear anticyclonic eddy and the high nonlinear anticyclonic
eddy, the phytoplankton reduction in the center of the low nonlinear anticyclonic eddy is less than
that in the center of the high nonlinear anticyclonic eddy. The increase in phytoplankton at the
periphery of the linear anticyclonic eddy was less than that of the periphery of the high nonlinear
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anticyclonic eddy. The reduction in phytoplankton at the periphery of the anticyclonic eddy and
the increase in phytoplankton at the center of the eddy were close in magnitude. Comparing the
variations in phytoplankton of different sizes in the anticyclonic eddy, the reduction in phytoplankton
in the center of the anticyclonic eddy was in the order of nanophytoplankton > microplankton >
picoplankton. The increment of phytoplankton at each size at the periphery of the eddy was in the
order of nanophytoplankton > microplankton > picophytoplankton.
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Figure 6. (a–c) are the monopole distribution of microplankton, nanophytoplankton, and picophy-
toplankton in the high nonlinear cyclonic eddy, respectively; (d–f) are the monopole distribution
of microplankton, nanophytoplankton and picophytoplankton in the low nonlinear cyclonic eddy,
respectively. (Unit: mg/m3).
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Figure 9 shows that in the monopole decomposition of the anticyclonic eddy, both PP and
POC in the center of the eddy decrease, and the reduction in PP and POC in the eddy gradually
decreases with the distance from the center of the eddy. PP and POC concentrations increased at the
periphery of the eddy. The higher value of PP/Chl in the anticyclonic eddy monopole center indicates
that the carbon sequestration efficiency of phytoplankton unit chlorophyll in the anticyclonic center
of the eddy is higher. The value of PP/POC in the anticyclonic eddy monopole center is lower,
indicating that phytoplankton in anticyclonic eddies are less efficient at generating new productivity.
Comparing the physiological status of the high nonlinear anticyclonic eddy and the low nonlinear
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anticyclonic eddy, it can be found that the reduction in PP, POC, and PP/POC in the high nonlinear
anticyclonic eddy is more significant than that in the low nonlinear anticyclonic. In the reduction of
PP, POC, and PP/POC in the nonlinear anticyclonic eddy, the PP/Chl of the high nonlinear eddy
is larger than the PP/Chl of the low nonlinear eddy. This shows that the vertical effects of high
nonlinear anticyclonic eddies have a more significant effect on the physiological status of the eddy
than the vertical effect of low nonlinear anticyclonic eddies.
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Figure 9. (a–d) are the monopole distribution of the PP variation, POC variation, PP/Chl, and
PP/POC in the high nonlinear anticyclonic eddy, respectively; (e–h) are the monopole distribution
of the PP variation, POC variation, PP/Chl, and PP/POC in the low nonlinear anticyclonic eddy,
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Figure 10 shows that in the low nonlinear mode-water eddy, microplankton and nanophy-
toplankton at the center of the eddy increase while picophytoplankton decrease. Microplankton
decreased at the periphery of the eddy, while nanophytoplankton and picophytoplankton increased
at the periphery of the eddy. The increase in phytoplankton in the center of the eddy saw more
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nanophytoplankton than microplankton, and the increase in nanoplankton was similar to the increase
in picoplankton at the periphery of the eddy. In contrast, the variation in microplankton at the
periphery is more significant than that in nanoplankton and picoplankton.
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Figure 10. (a–c) are the monopole distribution of microplankton, nanophytoplankton, and picophyto-
plankton in low nonlinear mode-water eddy, respectively. (Unit: mg/m3).

Figure 11 shows that in the monopole decomposition of the mode-water eddy, both PP and
POC increase in the central eddy of the low nonlinear mode-water eddy, indicating that the increase
in eddy phytoplankton in the low nonlinear mode-water eddy causes the eddy internal primary
productivity to increase and generates more POC. The value of PP/Chl is lower in the center of the
low nonlinear mode-water eddy, indicating that the carbon sequestration efficiency of phytoplankton
unit chlorophyll is low in the center of the low nonlinear mode-water eddy. A higher value indicates
that the efficiency of phytoplankton in the low nonlinear mode-water eddy in generating new
productivity is improved. Comparing the physiological status of low nonlinear anticyclonic eddies
and low nonlinear mode-water eddies, the variations in PP and POC in low nonlinear anticyclonic
eddies are opposite to those in low nonlinear mode-water eddies. The PP/Chl of the mode-water
eddy is smaller than the PP/Chl of the low nonlinear anticyclonic eddy, indicating that the unit
chlorophyll carbon fixation efficiency of phytoplankton in the low nonlinear mode-water eddy is
smaller than that of the phytoplankton in the low nonlinear anticyclonic eddy.
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Figure 11. (a–d) are the monopole distribution of PP variation, POC variation, PP/Chl, and PP/POC
in the low nonlinear mode-water eddy, respectively; (Unit: mg/m3).

3.4. 3-Dimensional Vertical Transport Based on HYCOM
The physical properties of the eddy are analyzed from the vertical three-dimensional structure of

the temperature inside the mesoscale eddy. Figure 12a shows a negative temperature anomaly (TA) in
the mode-water eddy. At 0–75 m, there is a low temperature in the center of the eddy, indicating that
the mode-water eddy’s seasonal isothermal uplift indicates that deep cold water enters the surface.
However, below 75 m the center of the mode-water eddy has a positive TA, and the temperature at
the center of the eddy is higher than the temperature at the periphery of the eddy. The positive TA in
the center of mode-water eddy can reach up to 0.5 ◦C, indicating that the subsurface isotherm of the
mode-water eddy sinks. As the depth increases, the positive TA in the eddy gradually weakens. From
the three-dimensional temperature structure of the mode-water eddy, the mode-water eddy presents
a lens-shaped isocline structure. The positive TA produced by the low nonlinear mode-water eddy in
the subsurface is weaker than that produced by the anticyclonic eddy in the subsurface. The surface
of the low nonlinear mode-water eddy has negative TA due to the upward surge of cold water, which
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is entirely different from the positive TA on the surface of the anticyclonic eddy. Compared with the
low nonlinear anticyclonic eddy, the positive TA in the low nonlinear mode-water eddy is lower than
that in the low nonlinear anticyclonic eddy in the subsurface.
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Figure 12. The three−dimensional structure of temperature anomalies in a different eddy. (a–e) are
(a) mode-water eddies, (b) low nonlinear anticyclonic eddies, (c) high nonlinear anticyclonic eddies,
(d) low nonlinear cyclonic eddies, and (e) high nonlinear cyclonic eddies. (Unit: ◦C).

Figure 12b,c shows a positive TA in the center of the anticyclonic eddy. In the anticyclonic eddy,
the positive TA at the eddy’s center gradually weakens with increased depth. In the surface layer
of the anticyclonic eddy, the positive TA of the eddy exists in the northwest direction of the low
nonlinear anticyclonic eddy’s center and a strong positive TA appears inside and outside the strong
nonlinearity anticyclonic eddy. From 50 m, the positive TA is in the center of the eddy. Moreover, it
continues to weaken from the center of the eddy to the periphery. The positive TA signals increase
gradually at 50 m, reaches a peak at 100–125 m, and then gradually weakens. This shows that in
the anticyclonic eddy, the temperature structure in the center of the eddy is regulated by the eddy
itself, while the temperature structure distribution on the surface of the eddy is not only affected by
the eddy itself but also may be affected by the heat of the ocean and atmosphere exchange, ocean
surface monsoon, and other factors. A negative TA is also found at the periphery of the low nonlinear
anticyclonic eddy from 50–200 m. This may be due to the upwelling caused by the presence of
ageostrophic secondary circulation at the periphery of the low nonlinear eddy, which brings deep
cold seawater to the euphotic layer. From the perspective of the three-dimensional structure of
the eddy, the main isothermal and the seasonal isothermal in the low nonlinear anticyclonic eddy
show a downwelling in the anticyclonic eddy, which is similar to the temperature structure inside
the anticyclonic eddy in the previous study. There is a cold-water signal at the periphery of the
eddy subsurface in the anticyclonic eddy, which may be related to the upwelling of the deep-water
body caused by the sub-mesoscale motion of the eddy. The structure of TA at the periphery of
the anticyclonic eddy is similar to the chlorophyll ring structure of the anticyclonic eddy in some
sea areas, which may be regulated by sub-mesoscale dynamics. Compared with the low nonlinear
anticyclonic eddy and the high nonlinear anticyclonic eddy, the temperature structure in the eddy
is similar, but there is higher positive TA in the center of the high nonlinear anticyclonic eddy and
lower negative temperature anomaly in the periphery of anticyclonic eddy.

Figure 12d,e shows that in the cyclonic eddy there is a negative TA in the eddy’s center. In the
surface layer of the low nonlinear cyclonic eddy from 0 m to 25 m, there is a slight positive TA in the
eddy, while in the surface layer of the high nonlinear cyclonic eddy there is negative TA in the center
of the eddy. Starting from 50 m, the negative TA of the cyclonic eddy center is in the center of the
eddy and gradually weakens from the center of the eddy to the outside; the reduction in temperature
starts to increase gradually at 50 m, reaches a peak at 100–125 m, and then gradually weakens. This
shows that in the cyclonic eddy, the temperature structure in the eddy center is regulated by the
eddy-pumping effect, while the temperature structure distribution on the surface of the eddy is not
only affected by the eddy itself but also may be affected by the ocean. It is influenced by atmospheric
heat exchange and ocean surface monsoons. From the perspective of the three-dimensional structure



Remote Sens. 2023, 15, 245 13 of 20

of the eddy, the main and seasonal isotherms in the cyclonic eddy show an upward trend. Compared
with the low nonlinear cyclonic eddy and the high nonlinear cyclonic eddy, the temperature structure
in the eddy is similar, but there is lower negative TA in the center of the high nonlinear cyclonic eddy.
The temperature difference between high nonlinear eddy and low nonlinear eddy may be caused by
the difference of nonlinearity between eddies.

Figure 13a shows that the salinity anomaly (SA) in the eddy is less than 0 in the region of
0–75 m in the low nonlinear mode-water eddy. As the depth increases, the SA in the eddy gradually
decreases. The negative SA increases after 75 m, and the intensity of the negative SA gradually
decreases in the 75–200 m eddy. The SA produced by the low nonlinear mode-water eddy in the
subsurface is more robust than that produced by the anticyclonic eddy in the subsurface.
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Figure 13. The three−dimensional structure of salinity anomalies of the different eddies. (a–e) are
(a) mode-water eddies, (b) low nonlinear anticyclonic eddies, (c) high nonlinear anticyclonic eddies,
(d) low nonlinear cyclonic eddies, and (e) high nonlinear cyclonic eddies. (Unit: PSU).

Figure 13b,c shows a negative SA in the center of the anticyclonic eddy. At 0–50 m of the
anticyclonic eddy, the negative SA of the eddy exists in the northwest direction of the eddy’s center.
Starting from 50 m, the negative SA is in the center of the anticyclonic eddy. It continues to weaken
from the center of the eddy to the periphery. The negative SA signal increases gradually at 50 m,
reaching a peak at 100–125 m, and then gradually weakens at 125–200 m. This shows that in the
nonlinear anticyclonic eddy, the salinity structure at the center of the eddy is regulated by the eddy
itself. There is a positive SA signal at the periphery of the eddy subsurface layer of the anticyclonic
eddy, which may be related to the upwelling of the deep-water body caused by the sub-mesoscale
motion of the eddy. The structure of SA at the periphery of the eddy is similar to the chlorophyll
ring structure of the anticyclonic eddy in some sea areas, which may be regulated by sub-mesoscale
dynamics. Compared with the low nonlinear anticyclonic eddy and the high nonlinear anticyclonic
eddy, the salinity structure in the eddy is similar, but there is lower negative SA in the center of the
high nonlinear anticyclonic eddy.

Figure 13d,e shows that in the low nonlinear cyclonic eddy, there is a positive SA in the center
of the eddy, and the strength of the positive SA continues to weaken from the center of the eddy to
the outside; the positive SA of the eddy gradually increases with depth, reaches a peak at 100 m, and
gradually weakens at the center of the eddy from 100 m to 200 m. This shows that in the nonlinear
cyclonic eddy, the salinity structure in the eddy center is regulated by the eddy-pumping effect. From
the perspective of the three-dimensional structure of the eddy, the main and seasonal isolines in the low
nonlinear cyclonic eddy show an upward trend. Compared with the low nonlinear cyclonic eddy and
the high nonlinear cyclonic eddy, the salinity structure in the eddy is similar, but there is higher positive
SA in the center of the high nonlinear cyclonic eddy. The salinity difference between high nonlinear
eddy and low nonlinear eddy may be caused by the difference of nonlinearity between eddies.
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Figure 14a shows the anomalous distribution of the quasi-geostrophic vertical velocity in the
low nonlinear mode-water eddy. From 0 m to 50 m, the upward vertical velocity anomaly in the
eddy center gradually decreases with depth. From 50 m to 125 m, the downward vertical velocity
anomaly in the eddy center is continuously enhanced with increasing depth, and from 125 m to
150 m, the vertical downward speed is continually reduced with increasing depth. This shows that in
the mode-water eddy, the seasonal pycnocline of the eddy is uplifted, and the main pycnocline in the
subsurface of the eddy is compressed due to the vertical action in the eddy.
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Figure 14. The three−dimensional monopole structure of ageostrophic vertical velocity and anoma-
lies of the different eddies. (a–e) are (a) mode−water eddies, (b) low nonlinear anticyclonic eddies,
(c) high nonlinear anticyclonic eddies, (d) low nonlinear cyclonic eddies, and (e) high nonlinear
cyclonic eddies. (Unit: m/d).

Figure 14b,c shows the anomalous distribution of the quasi-geostrophic vertical velocity of
the anticyclonic eddy. As the depth increases from 0 to 125 m, the vertical downward velocity at
the center of the low nonlinear anticyclonic eddy gradually increases, while at 0–75 m, the vertical
downward velocity at the center of the high nonlinear anticyclonic eddy gradually increases. The
vertical downward velocity decreases from 125 m to 150 m in the low nonlinear anticyclonic eddy,
while the vertical downward velocity in the center of the high nonlinear anticyclonic eddy slowly
decreases from 75 m to 150 m. At the periphery of the eddy, the vertical velocity of the eddy will
gradually increase from 0 to 125 m and slowly decrease between 125 and 150 m. This shows that in
the anticyclonic eddy, the seasonal pycnocline and the main pycnocline in the subsurface of the eddy
is compressed due to the vertical action in the eddy. The distribution of quasi-geostrophic vertical
velocity anomalies in low nonlinear anticyclonic eddies and high nonlinear anticyclonic eddies is
similar. The vertical velocity anomalies in high nonlinear anticyclonic eddies are greater than those
in low nonlinear anticyclonic eddies.

Figure 14d,e shows the anomalous distribution of the quasi-geostrophic vertical velocity of the
cyclonic eddy. As the depth increases from 0 m to 150 m, the vertical upward velocity at the eddy’s
center gradually increases, and the vertical upward velocity decreases after 150 m to 200 m. At the
periphery of the eddy, the vertical velocity of the eddy increases gradually downward from 0 m to
125 m and slowly decreases between 125 m and 250 m. The average vertical upward velocity anomaly
at the center of the eddy is much larger than the average vertical upward velocity anomaly at the
periphery of the eddy. This shows that in the cyclonic eddy, the seasonal pycnocline of the eddy and
the main pycnocline in the subsurface of the eddy are uplifted due to the vertical action in the eddy.
The vertical velocity anomaly changes in the high nonlinear cyclonic eddy are similar to those in
the low nonlinear cyclonic eddy in structure and more significant than those in the low nonlinear
cyclonic eddy.

The uneven distribution of phytoplankton in the eddy may be related to the distribution of eddy
kinetic energy in the eddy. Figure 15 shows that the EKE correlates with the region’s phytoplankton
content. The distribution of the EKE in the eddy was similar to the distribution of phytoplankton of
each particle size in the eddy.
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Figure 15. The monopole distribution of EKE in the eddy. (a) Low nonlinearity anticyclonic eddy.
(b) High nonlinearity anticyclonic eddy. (c) Low nonlinearity mode-water eddy. (d) Low nonlinearity
cyclonic eddy. (e) High nonlinearity cyclonic eddy. (Unit: m2/s2).

3.5. Temporal Variations in Phytoplankton Size and Physiological Status Extracted from the
Eddy-Interior Monopole Results

Figure 16 shows the time series of phytoplankton changes of different particle sizes in the center
of the cyclonic and anticyclonic eddies. For different sizes of phytoplankton, the phytoplankton in the
center of the cyclonic eddies usually increased, and the phytoplankton in the center of the anticyclonic
eddy usually decreased. The changing trends of phytoplankton of different sizes were similar. The
phytoplankton change in the eddy’s center was in the order of nanophytoplankton > microplankton
> picoplankton. In addition, phytoplankton increased in the eddy’s center before and after winter.
For example, in early 2004, early 2008, early 2012, and early 2016, there was a transient increase in
phytoplankton in the eddy’s center. The phytoplankton in the eddy’s center usually decreased before
and after summer, such as in summer in 2003, summer in 2007, and summer in 2009.
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Figure 16. Anomalous time series of phytoplankton of different sizes in the center of anticyclonic
eddies (AEs) (a) and cyclonic eddies (CEs) (b) in the NSCS (unit: mg/m3).

Figure 17 shows the time series of changes in PP and POC in the center of the cyclonic and
anticyclonic eddies. The PP and POC in the center of cyclonic eddies usually increased, and the PP
and POC in the center of anticyclonic eddies usually decreased. PP and POC generally have similar
cyclonic and anticyclonic eddy trends, which is similar to the phytoplankton changes in the eddy.
During the time near winter, the PP and the POC in the eddy trend to increase, while the PP and the
POC in the eddy trend to decreases near the summer.
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Figure 17. Anomalous time series of PP and POC in the center of anticyclonic eddies (AEs) and
cyclonic eddies (CEs) in the NSCS (unit: mg/m3).

4. Discussion
Figure 5 and Table 1 shows that there are more eddies in winter than in summer in the northern

South China Sea, and most mesoscale eddies are observed at the west of Luzon Island, which most of
travel westward and tend to move southward along the continental shelf. This study’s distribution of
mesoscale eddies is consistent with previous reports [32,38–40]. There are few mode-water eddies,
which are mainly in summer. The nonlinear eddies gathered near Luzon Island are mainly cyclonic
eddies and anticyclonic eddies, most of which appear in winter. While previous studies have shown
that nonlinear eddies can capture and transport water masses in the ocean. These eddies may affect
the transport of water mass near Luzon Island to the NSCS. The amplitude of the mode-water eddy
is more significant than that of the cyclonic eddy and smaller than that of the anticyclonic eddy,
indicating that the influence of the mode-water eddy on the eddy pycnocline is between the cyclonic
eddy and the anticyclonic eddy. The rotating speed of the mode-water eddy is slightly higher than
that of the anti-cyclonic eddy, which is greater than the rotating speed of the cyclonic eddy, indicating
that the mode-water eddy is agitated by a high eddy.

The mesoscale eddy-pumping mechanism regulates the increase and decrease in nutrient con-
centrations within the eddy by regulating the uplift and compress of the seasonal and main isopycnal
within the eddy, thereby controlling the increase and decrease in phytoplankton concentration within
the eddy. The phytoplankton concentration decreased in the low nonlinear anticyclonic eddy cen-
ter. The phytoplankton concentration increased in the low nonlinear cyclonic eddy center. Siegel
et al. found that a displacement of 4 m of isopycnic occurred per 1 cm of SLA, which was in good
agreement with the theoretical value of 5.6 m of vertical isopycnal displacement per cm of dynamic
topography [6]. The cyclonic eddy’s low amplitude and the anticyclonic eddy’s high amplitude
suggest that this vertical transport of nutrients may be responsible for the chlorophyll changes near
the eddy center. In addition, chlorophyll maxima were detected in the western North Pacific and
at a depth of approximately 60 m in the South China Sea, with almost 55% of the chlorophyll in the
entire water body in the subsurface chlorophyll maxima layer [40]. Therefore, the eddy-induced
pumping mechanism cannot be ignored in the chlorophyll displacement in the study area. The higher
chlorophyll near the center of the eddy is also reflected in the results of synthetic averaging and often
observed as an inverse covariation relationship between SLA and chlorophyll.

Fronts occur at a wide range of scales and are ubiquitous throughout the ocean, curled by
persistent wind stress or formed by spatially inhomogeneous surface fluxes of heat and freshwater.
Horizontal gradients of buoyancy or fronts help to excite sub-mesoscale dynamics. In the region
of the periphery front of the eddy, the isopycnal separates the less dense water from the denser
water. When baroclinic instability occurs, an ageostrophic secondary circulation with upwelling
and downwelling is generated in the frontal region to restore equilibrium [13]. In the low nonlinear
anticyclonic eddy, the periphery of the eddy is the frontal area. There is a strong horizontal gradient
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with the surrounding water body, so a secondary circulation is generated, which inputs nutrients into
the euphotic layer and promotes the growth of phytoplankton. For the high nonlinear anticyclonic
eddy, it can be found from the temperature profile that the secondary circulation effect of the high
nonlinear anticyclonic eddy is more substantial on the whole due to the enhancement of the horizontal
gradient of the eddy periphery.

The concentration of phytoplankton of each size in the cyclonic eddy is generally higher than
that in the anticyclonic eddy in the NSCS. Generally, there is a strong correlation between isopycnal
displacement and sea level anomalies. The cyclonic eddy triggers upwelling, lifts the isopycnal,
and brings the cold and nutrient-rich seawater below the euphotic layer into the euphotic layer.
The abundant nutrients stimulate the growth of phytoplankton in the euphotic layer of the cyclonic
eddy, and the concentration of chlorophyll on the surface increases; the anticyclonic eddy causes the
downwelling to compress the isopycnal, transports the depleted water mass from the euphotic layer
to the outside of the euphotic layer, depletes the nutrients in the euphotic layer, inhibits the increase
in phytoplankton concentration, and reduces the surface chlorophyll concentration [4,36]. However,
in some years, such as 2003, 2007, 2010, and 2016, the chlorophyll variation in the mesoscale eddy has
a short time difference from the normal situation. This may indicate that the influence of mesoscale
eddies on phytoplankton changes is not only the dynamic mechanism of the eddy itself, but also
the influence of interannual changes. The promotional effect of cyclonic eddies on chlorophyll was
greater than the inhibitory effect of anticyclonic eddies on chlorophyll. The effect of the mesoscale
eddy on surface chlorophyll is not significant in summer, and the effect of mesoscale eddies on surface
chlorophyll is significant in winter because the distance between the depth of the mixed layer and
the main nutrient layer controls the effect of eddy Ekman suction on chlorophyll. The mesoscale
eddy controls the interannual variation in the chlorophyll anomaly within the cyclonic eddy and is
closely related to the El Niño Southern Oscillation. Chen et al. studied the cold eddy entering the
South China Sea from the Luzon Strait and found that the center of the cyclonic eddy displayed great
chlorophyll-a and enhanced nitrate production [21].

Since the NSCS is located in the subtropical water of the earth, from the perspective of bio-
geochemistry, the influence of the ocean on ecology in the subtropical circulation area is mainly
dominated by nutrient limitation. For phytoplankton, the faster-growing cellular phytoplankton
are usually microplankton and nanoplankton that cause blooms where nutrients are more readily
available. In contrast, slower-growing picophytoplankton are commonly found in subtropical circu-
lations, and for picophytoplankton, Synechococcus can reproduce using nitrate [41,42]. However,
Prochlorococcus grows well under ammonium and urea conditions, and grows slowly under nitrate
conditions as a nitrogen source. Prochlorococcus accounted for a large proportion of the phytoplank-
ton biomass in the central basin area, but its number was less regulated by nutrients. The nutrient
delivery mechanism is weak [13]. In the oligotrophic water of the northern South China Sea, the
growth of microplankton and nanophytoplankton is inhibited due to nutrient limitation, and the
concentration of phytoplankton in the NSCS is usually small. At the same time, picophytoplankton
are weakly affected by nutrient limitation, so they can be abundant in the northern South China Sea.
Therefore, the variation in picophytoplankton is dominant in a mesoscale eddy in the NSCS. However,
because microplankton and nanophytoplankton are sensitive to nutrient stimulation when nutrients
increase in the water, microplankton and nanophytoplankton utilize this part of the nutrients and
multiply within a few days, resulting in blooms. When nutrients are depleted in water, the growth of
microplankton and nanophytoplankton is again inhibited due to nutrient limitation, and the number
of phytoplankton declines rapidly. Therefore, in the long-term series of the different eddies, there
are rapid changes in the proportion of microplankton and nanophytoplankton at some time points.
Both diatoms and microplankton thrive in cyclonic eddies [21,43]. According to Sathyendranath
et al., small-cell phytoplankton predominated in the low chlorophyll-a region, and macro-cell phyto-
plankton predominated in the high chlorophyll-a region [44]. Phytoplankton size structure covariates
with total phytoplankton chlorophyll-a biomass, and in oligotrophic seas, there is a background
population of smaller cells that shifts to a larger cell population as nutrients increase the background
population [34,45–48].

It can be known that the mesoscale eddy adjusts the vertical distribution of the eddy’s pycnocline
through dynamic mechanics, thereby changing the nutrient environment inside the mesoscale eddy.
At the same time, in the oligotrophic sea area, the growth of phytoplankton with larger cells is
more sensitive to the stimulation of nutrient concentration. And the northern South China Sea is
mainly dominated by nanophytoplankton [49]. Therefore, the decrease in the anticyclonic eddy is
nano > micro > pico, and the increase in the cyclonic eddy is nano > micro > pico. In summary, the
variation of phytoplankton in the mesoscale eddy is nano > micro > pico.
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5. Conclusions
By analyzing the distribution of the different sizes of phytoplankton and related physiological

status in different mesoscale eddies, it can be seen that the distribution of the different sizes of
phytoplankton and physiological status in the eddies is regulated by the vertical effects of the eddies.
The monopole decomposition in the cyclonic eddy indicated that the phytoplankton in the center
of the eddy increased due to the vertical action of the eddy, and the corresponding PP and POC
contents increased. In addition, the variation in phytoplankton concentration in the cyclonic eddy
is nanophytoplankton > microplankton > picophytoplankton—the carbon sequestration efficiency
of phytoplankton in cyclonic eddies decreases, resulting in increased new productivity effects. In
addition, the variation in phytoplankton concentration in the anticyclonic eddy is nanophytoplankton
> microplankton > picophytoplankton—the carbon sequestration efficiency of phytoplankton in the
anticyclonic eddy increases, and the new productivity effect decreases. The vertical effects of high
nonlinear eddies have more significant effects on the physiological status within the eddy than the
vertical effects of low nonlinear eddies. In the low nonlinear mode-water eddy, the phytoplankton in
the center of the eddy increases.

From the three-dimensional structure of the temperature anomaly and salinity anomaly in the
eddy, it can be seen that the low nonlinear anticyclonic eddy exists in the center of the eddy due to
the eddy-pumping effect compressing the seasonal and main isopycnal. The secondary circulation,
generated by the large horizontal density gradient difference on both sides of the edge, produces
strong upwelling at the periphery of the eddy. The density change in the high nonlinear anticyclonic
eddy’s center is more significant than that in the weak nonlinear anticyclonic eddy, and the regulation
effect of eddy pumping is more substantial. The secondary circulation effect in the periphery of
the eddy increases. In low nonlinear cyclonic eddies, the eddy has seasonal and main isopycnal
uplifts by eddy pumping. In the high nonlinear cyclonic eddy, the anomalous changes in temperature
and salinity inside the eddy are more significant than those in the low nonlinear cyclonic eddy,
indicating that the seasonal and the main isopycnal in the eddy are more significantly uplifted. The
eddy-pumping effect is more substantial. The seasonal isopycnal of the mode-water eddy is uplifted,
and the main isopycnal is compressed, which means that the mode-water eddy has a lens-shaped
structure. This shows that the monopole structure of phytoplankton of each size in the eddy is
regulated by the isopycnal changes caused by the vertical action in the eddy.
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