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Key points: 

(1) Anticyclonic (cyclonic) eddies support deeper (shallower), thicker (thinner), 

and weaker (stronger) SCM layers.  

(2) The impact of eddy on SCM characteristics is the strongest near the eddy 

center and increases with the eddy amplitude. 

(3) The diatoms in SCM layer increased in cyclonic eddies, while more 

coccolithophores are found in anticyclonic eddies. 
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Abstract 

Subsurface chlorophyll maximum (SCM) layers contribute considerably to the 

integrated biomass of the water column and can be strongly modulated by mesoscale 

eddies that are ubiquitous in the global ocean. The mechanisms of eddy-induced surface 

chlorophyll concentration have been extensively examined in the South China Sea 

(SCS). However, the potential impact of mesoscale eddies on SCM layers remains 

unclear. We examined the influence of mesoscale eddies on the depth, thickness and 

magnitude of SCM layers in the SCS using output from an eddy-permitting biological–

physical coupled model over a 22-year period. Our study shows that nutrient 

distribution is largely driven by eddy dynamics, with cyclonic eddies enhancing the 

supply of inorganic nutrients in the upper layers by uplifting the thermocline, and 

downward displacement of the thermocline in anticyclonic eddies, reducing the nutrient 

supply into the euphotic zone from the depth. We found that anticyclonic (cyclonic) 

eddies are responsible for increased (decreased) SCM depth and decreased (increased) 

SCM magnitude; SCM thickness decreased in cyclonic eddies but slightly increased in 

anticyclonic eddies. The effects of mesoscale eddies depend on eddy amplitude. 

Maximal anomalies in depth, thickness and magnitude always occur near the center of 

eddies. Phytoplankton community structure at SCM layers is also affected by eddies, 

with more diatoms in cyclonic eddies and more coccolithophores in anticyclonic eddies. 

Our study will advance our understanding of mesoscale physical–biogeochemical 

interactions.  



Mesoscale eddy modulation of subsurface chlorophyll maximum layers in the South China Sea 

4 

 

Plain Language Summary 

Mesoscale eddies, which are ubiquitous features in the global ocean, play an 

important role in ocean circulation and dynamics and have profound effects on the 

biogeochemical cycles. We investigate how these eddies control the characteristics of 

the subsurface chlorophyll maximum (SCM) layer (including SCM depth, thickness 

and magnitude) in the South China Sea. Anticyclonic (cyclonic) eddies increase (reduce) 

SCM depth and decrease (increase) SCM magnitude; SCM thickness decreases in 

cyclonic eddies and increases slightly in anticyclonic eddies. The effect of eddies on 

the phytoplankton community structure in the surface layer was different from that in 

the subsurface layer, altering the proportion of pico-prokaryotes at the surface and the 

percentage of diatom and coccolithophores at the subsurface. The largest anomalies in 

SCM depth, thickness and magnitude coincide with large eddy amplitudes. This new 

knowledge is expected to help to advance our understanding of the variability in marine 

primary production in the South China Sea. 
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1. Introduction 

Subsurface chlorophyll maximum (SCM) layers show up as pronounced peaks in 

vertical profiles of chlorophyll (Chl) and are widespread features of stratified open 

oceans (Cullen 2015, Yasunaka et al. 2022). They play a crucial role in the global carbon 

cycle, especially in supporting secondary carbon production and exporting carbon to 

the deep ocean (Silsbe and Malkin 2016, Takahashi and Hori 1984). Previous studies 

have suggested that SCM layer could contribute substantially to the vertically 

integrated biomass (~55%, Takahashi and Hori 1984) and to the depth-integrated 

primary production (16~42%, Barbieux et al. 2022) in the oligotrophic stratified open 

ocean. Further insight into the mechanisms underlying SCM layer variability could 

advance our understanding of global carbon cycling. 

Mesoscale eddies have profound effects on the lateral and vertical distributions of 

the physical and biogeochemical properties of seawater throughout the global ocean 

(Amos et al. 2019, Chaigneau et al. 2011, Gaube et al. 2014, McGillicuddy 2016, Zhan 

et al. 2019). The spatial–temporal variability and mechanisms of eddy-induced Chl in 

the surface ocean have been extensively examined through the analyses of ocean color 

satellite images (Frenger et al. 2018, Gaube and McGillicuddy 2017, Gaube et al. 2014, 

Siegel et al. 1999). The variability of phytoplankton in the mesoscale eddy field is 

modulated by eddy transport (such as stirring and trapping), eddy pumping and eddy-

Ekman pumping because of vertical nutrient fluxes (McGillicuddy 2016, Siegel et al. 

2011). However, ocean color satellite images are unable to capture the SCM layer. 
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Therefore, SCM data with sufficiently high temporal and spatial resolutions are limited 

and the impact of mesoscale eddies on subsurface Chl is poorly understood. Targeted 

surveys in specific areas over a short period have shown that the SCM layer becomes 

shallower and increases in magnitude in cyclonic eddies; it increases in depth and 

decreases in magnitude in anticyclonic eddies (Barone et al. 2022, Huang and Xu 2018, 

Wang et al. 2018, He et al. 2019, Xu et al. 2022). Mesoscale eddies bringing episodic 

pulses of deep nutrients into the euphotic zone play a major role in sustaining positive 

net community production in the North Pacific subtropical gyre (Johnson et al. 2010). 

The size composition of phytoplankton in the subsurface layer is markedly different in 

cyclonic eddies compared to background (Benitez-Nelson et al. 2007, Hernández-

Hernández et al. 2020). Biogeochemical Argo (BGC-Argo) floats are considered to be 

one of the most promising approaches for assessing the influence of eddies on 

subsurface biomass (Su et al. 2021, Cornec et al. 2021). Cornec et al. (2021) suggested 

that at the global scale, cyclonic eddies increase SCM magnitude and biomass, while 

SCM magnitudes in anticyclonic eddies are small. However, the availability of field 

measurements is limited in terms of spatial and temporal coverage and parameter types, 

which hinders the quantitative assessment of changes in the SCM layers associated with 

ephemeral mesoscale processes such as mesoscale eddies. 

Physical–biogeochemical models are useful tools for the analysis of the variability 

of subsurface Chl under the influence of physical processes such as upwelling, eddies, 

fronts and sub-mesoscale currents (Gan et al. 2010, Guo et al. 2017, Lévy et al. 2018, 
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Xiu and Chai 2011). The fully coupled physical–ecosystem model developed by the 

Darwin project of the Massachusetts Institute of Technology 

(https://darwinproject.mit.edu) has been successful in modelling the key phytoplankton 

size classes and seasonal/intra-seasonal variation of surface Chl (Qin et al. 2022) and 

has already been used by several research groups to study phytoplankton community 

structure (Benoiston et al. 2017, Kuhn et al. 2019, Mangolte et al. 2022). This well-

tested and eddy-permitting model is useful for studying the impact of mesoscale eddies 

on SCM characteristics and phytoplankton community. 

The South China Sea (SCS) is the largest semi-enclosed marginal sea in the 

western Pacific Ocean with active mesoscale eddies (Chen et al. 2011, Hu et al. 2011, 

Wang et al. 2008, Xiu et al. 2010). It serves as an ideal test bed for studying the spatial 

structure and lifecycle of mesoscale eddies (Zhang et al. 2016b). Eddy-induced 

upwelling and associated nutrient transport have prominent effects on phytoplankton 

growth and productivity in the open SCS (Huang et al. 2010, Ning et al. 2004, Wang et 

al. 2016, Wang et al. 2018, Zhang et al. 2016a), which is categorized as oligotrophic 

waters (Wong et al. 2007). Chen et al. (2007) suggested that the concentrations of 

biogeochemical parameters in the Luzon Strait during an unproductive season are even 

higher than in winter because of high eddy activity. The SCM is a recurrent and 

widespread phenomenon (Gong et al. 2014) and makes considerable contributions to 

phytoplankton biomass and production in the open SCS (Ning et al. 2004). In situ 

measurements show that anticyclonic eddies increase SCM depth and reduce SCM 
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magnitude (Xing et al. 2019, Xu et al. 2022). Additionally, the water-column integrated 

biomass was enhanced at the anticyclonic eddy edges and the fraction of diatom was 

also increased (Wang et al. 2018). Using a coupled three-dimensional physical–

biogeochemical model, Xiu and Chai (2011) found considerable enhancement of depth-

integrated phytoplankton biomass in cyclonic eddies in the SCS basin. Nutrient supply 

and weakening of the light intensity below the surface layer synergistically influenced 

the size structure of phytoplankton in the different eddy polarity at different depths 

(Liang et al. 2018). The impact of eddies on the phytoplankton in the subsurface layer 

and their main driving mechanisms in the SCS are still poorly understood partly 

because of the limited availability of in situ observations and the relatively simplicity 

of existing physical biogeochemical models. Therefore, in this study, we analyzed 

MITgcm Darwin model with a well physical framework and sophisticated 

biogeochemical model output to examine the impact of eddies on SCM characteristics 

(including SCM depth, thickness and magnitude) and phytoplankton community in the 

SCS.  

2. Material and Methods 

2.1 Model description and validation 

We used model outputs from a coupled physical–ecosystem model based on the 

MITgcm (https://doi.org/10.6075/J0BR8QJ1; Jahn et al., 2019) and analyzed physical 

and biogeochemical parameters including 3-day means of sea surface height (SSH), 
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temperature, salinity and various phytoplankton biomass and environmental parameters 

from December 1993 to December 2015. The model uses the configuration of the 

ECCO2 CS510 physical simulation; it has a mean horizontal grid spacing of 18 km and 

50 levels in the vertical direction, which ensures realistic representation of eddy 

formation (Menemenlis et al. 2008). The ecosystem and biogeochemical components 

of this model are based on Dutkiewicz et al. (2015), which incorporate both functional 

and size diversity of plankton. The model features parameterizations based on Ward et 

al. (2012) and resolves a total of 51 plankton types (35 types of phytoplankton and 16 

types of zooplankton). Cycling of carbon, phosphorus, nitrogen, silica, iron, and oxygen 

are included in the model. In this study, we included six functional groups in our 

phytoplankton community analyses; they are prokaryotes, picoeukaryotes, 

coccolithophores, diazotrophs, diatoms and mixotrophic dinoflagellates. 

The model successfully reproduces the regional and seasonal patterns of total Chl 

and key phytoplankton community structures in the surface ocean (Kuhn et al. 2019). 

Vertical distributions of temperature, salinity and Chl concentration from the model 

outputs agree well with the measured profiles by the BGC-Argo in the northern South 

China Sea between July 2014 and December 2015 (Figure 1). Zhang et al. (2016) and 

Xing et al. (2019) analyzed the same float data and identified a SCM and a deep mixed 

layer. The modeled SCM depth is generally consistent with BGC-Argo data. The model 

replicates the observed winter bloom, while the intensity of bloom is weaker than the 

measured. Model performance is further evaluated using scatter plot and liner 
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regression analysis (Figure 2). Good fit is found for temperature and Chl concentration 

with the slopes of regression lines nearly 1. The R2 of the linear regressions are very 

high (0.9) for temperature, and are relatively lower for salinity (0.68) and Chl 

concentration (0.42). Because the BGC-Argo observations were discrete in both 

temporal and spatial, the results of vertical profiles comparison for this long time-series 

were valuable although there were some discrepancies. Furthermore, the undulations in 

the subsurface spatial variability of Chl and other environmental parameters were 

apparently well captured by the model and comparable with the observations albeit the 

magnitude was underestimated in the model. 

2.2 SCM parameters 

To characterize the SCM layer qualitatively and quantitatively, we calculated the 

values of three key parameters: the thickness, depth and magnitude of the SCM. The 

SCM depth is defined as the depth at which Chl concentration is maximum; SCM 

magnitude is defined as the Chl concentration at the SCM depth. In previous studies, 

the thickness of this layer was either ignored or determined by ad hoc choices 

(Beckmann and Hense 2007, Letelier et al. 2004, Pérez et al. 2006). We fitted the Chl 

model output to an exponential power law function (Equation 1) and used it to calculate 

SCM thickness. It is important to note that Chl profile with the SCM depth shallower 

than mixed layer depth was excluded in this study. Those Chl profiles mainly presented 

in the northern SCS in winter, accounting for less than 1% of the total Chl profiles. 

We interpolated the Chl output from a coarse vertical grid (resolution of 
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approximately 10 m) on to a finer grid (resolution of approximately 1 m). Then, the 

profile at each grid point was fitted by: 

𝐶ℎ𝑙𝑚𝑜𝑑(𝑧) = 𝑎 + 𝑏(
𝑝
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1
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where Chlmod represents fitted Chl; a is the background Chl; z is depth; b is a scale 

factor to adjust SCM magnitude to take into account background Chl; (
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is the exponential power distribution that determines the structure of the Chl profile; p 

is the factor controlling the tail region and the shape of the distribution;  represents 

the gamma function. Previous studies have demonstrated that the exponential power 

law (Equation 1) is an appropriate approximation of the Chl profile (Leach et al. 2018, 

Xu et al. 2022). When SCM depth is less than σ, the thickness of the SCM layer is 

defined as the sum of  and σ; otherwise, SCM thickness is 2σ. 

Most of the Chl profiles had p values below 2 (~90%), and only approximately 

~5% had a p value close to 2. Our results indicated that exponential power distribution 

function could effectively describe Chl profiles with a flat Chl peak or a sharp Chl peak, 

which is more superior to the gaussian-type distribution function. 

2.3 Eddy detection and tracking 

Using the 3-day mean gridded SSH data, mesoscale eddies were detected and 

tracked by applying the eddy tracking algorithm developed by Faghmous et al. (2015), 

which defines eddies as the outermost closed-contour SSH containing a single extreme. 

Several eddy parameters were computed, including the position, the amplitude and the 

radius R of the core. We only retained eddies with minimum amplitudes that exceeded 
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1 cm and lifetimes of over 30 days to exclude small-scale noisy structures. In total, we 

identified 1548 eddy trajectories in the SCS between 1994 and 2015; the number of 

anticyclonic eddies (673) was close to that of cyclonic eddies (875). 

2.4 Composite analysis 

We estimated horizontal composite anomalies of SCM characteristics and other 

environmental factor induced by mesoscale eddies in the South China Sea. To 

investigate SCM characteristics variability induced by mesoscale eddies, SCM 

characteristics anomalies were calculated as the difference between the values from 

1994–2015 and climatological monthly means for each grid point. Other environmental 

factors anomalies in the SCM layer were also calculated using the same method. It is 

worth noting that the relative anomalies (hereinafter referred to as anomalies) are 

calculated by dividing anomalies by the climatological monthly means. 

Further, we matched eddies and Chl profiles with SCM layer by following steps. 

For each available Chl profile with SCM layer, we identified all eddies that were 

observed on the same date. We then calculated the distance from each eddy center to 

the Chl profiles. A profile was matched to an eddy if it was < 1.5R from the eddy center. 

If a profile could be matched with more than one eddy, the closest eddy was chosen as 

the matching eddy. 

2.5 Definition and calculation of other supplementary parameters 

The mixed-layer depth is calculated as the depth where the density value is 0.03 

kg m−3 greater than the value at 10 m (Montégut et al. 2004). Euphotic depth (Zeu) is 
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the depth at which photosynthetic available radiation is 1% of its surface value. Then 

the integrated Chl concentrations between the surface and the euphotic depth (ChlZeu) 

is also calculated. Nitracline depth is the depth at which the first derivative of the nitrate 

concentration along the vertical is maximum. We identify first derivatives that 

were >75 % of the first derivative at the nitracline; their mean was the nitracline slope. 

3. Results 

The number of eddy centroids that passed through each 1°×1° grid square over 

the 22-year period of December 1993 to December 2015 is shown in Figure 3a. There 

were large numbers of mesoscale eddies over the northern SCS, and the eddy-rich 

regions coincided with regions of large standard deviations of SSH (Figure 3b); this 

indicates the importance of eddies in SSH variability in the SCS. The characteristics of 

the eddies in the SCS are summarized in Table 1. The amplitudes of mesoscale eddies 

ranged from about 1 cm to over 40.8 cm, with mean values of 6.9 cm for cyclonic and 

7 cm for anticyclonic eddies (Figure 3c and Table 1). Eddy radii ranged from about 30 

km to over 333 km, with median values of 92.1 km for cyclonic and 104.9 km for 

anticyclonic eddies (Figure 3d and Table 1). These values are comparable to those 

reported by previous studies (Chen et al. 2011, Xiu et al. 2010, He et al. 2019) and 

indicate the reliability of the model. 

Hydrographic sections of nutrients and Chl anomaly across the anticyclonic and 

cyclonic eddies are presented in Figure 4. The hydrological structures of the composited 

eddies were consistent with expectations based on eddy polarity: anticyclonic eddies 
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are characterized by a depressed thermoclines with positive temperature anomalies 

(Figure 4a), while cyclones demonstrated shallower thermoclines with negative 

temperature anomalies (Figure 4b). Cyclonic eddy enhanced the supply of inorganic 

nutrient to the upper layer by lifting the thermocline and increased the concentrations 

of Chl (Figure 4c, d), while downward displacement of thermocline in anticyclonic 

eddies moved the deep reservoir of inorganic nutrients further away from the euphotic 

zone and decreased the concentrations of Chl (Figure 4a, b). In isopycnal coordinates, 

the concentrations of Chl in the upper layer of the anticyclonic eddies decreased, but 

the concentrations of nutrients increased (Figure S1a, c), and vice versa in the cyclonic 

eddies (Figure S1b, d). 

Figure 5 shows the composite spatial patterns of SCM depth, magnitude and 

thickness in mesoscale eddies in the SCS normalized by eddy radius. In most cases, 

anomalies were approximately symmetrically distributed around a maximum at the 

center and decayed radially toward the eddy boundary (Figure 5a–e), although the 

maximal thickness anomaly caused by anticyclonic eddies drifted away from the center 

(Figure 5f). The eddy-induced SCM thickness decreased considerably in cyclonic 

eddies and increased slightly in anticyclonic eddies (Figure 5c, f); this result has not 

been reported by previous studies. Near the center of cyclonic eddies, SCM depth, 

magnitude and thickness anomalies were on the order of −11% ± 15% , 12% ±

21% and −11% ± 24%, respectively. Cyclonic eddies reduce SCM depth; as a result, 

depth anomalies were negative near eddy centers (Figure 5a). Cyclonic eddies increased 
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SCM magnitude and reduced SCM thickness (Figure 5b, c). Anticyclonic eddies were 

near mirror images of cyclonic eddies (Figure 5d–f). Near the center of anticyclonic 

eddies, SCM depth, magnitude and thickness anomalies were on the order of 11% ±

19%, −10% ± 16% and 6% ± 28%, respectively. In addition, the impact of the eddy 

on the SCM characteristics had a weak seasonal variability (Figure S2).  

In anticyclonic eddies, the SCM depth increased and water density decreased, 

while the SCM depth decreased and density increased in cyclonic eddies (Figure 6). 

Cyclonic eddies bring isopycnal surfaces closer to the surface (Figure 4); as these 

isopycnal surfaces move downward, unused nutrients and organic matter that have 

accumulated in the surface water with lower density are also transported downward 

(Benitez-Nelson et al. 2007). The density anomaly could also be positive in the 

boundaries of anticyclonic eddies, which may be related to the sub-mesoscale dynamic 

processes in the periphery. 

We investigated the relationship between eddy-induced anomalies and eddy 

amplitude, which has received little attention in previous studies. Figure 7 shows that 

eddy-induced SCM depth and magnitude anomalies increased with eddy amplitude in 

both cyclonic and anticyclonic eddies. Depth anomaly typically grew by about 1% for 

each 1 cm increase in eddy amplitude (R2=0.730 for anticyclonic eddy, R2=0.842 for 

cyclonic eddy) (Figure 7a). For both cyclonic and anticyclonic eddies, SCM magnitude 

increased by about 2% for each 1 cm increase of eddy amplitude (R2=0.944 for 

anticyclonic eddy, R2=0.900 for cyclonic eddy) (Figure 7b). In contrast, the relationship 
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between the thickness anomaly and eddy amplitude in cyclonic eddies was different 

from that in anticyclonic eddies. For cyclonic eddies, thickness decreased linearly with 

increasing amplitude (R2=0.939); for anticyclonic eddies, thickness only increased 

slightly with amplitude (R2=0.066) (Figure 7c). In addition, the temporal evolution of 

SCM layer over mesoscale eddy lifecycles was also investigated. Those eddies with 

lifetimes that first intensify and then weaken monotonically are selected (Figure S3) 

and then divided into five stages. The impact of eddy on SCM layer has slightly 

difference with different eddy life stages (Figure S4). Near the center of cyclonic 

(anticyclonic) eddies, the maximum anomalies of SCM depth, magnitude and thickness 

presented in maturity stage and were on the order of −14% (12%) , 

18% (−12%) and −16% (6%), respectively. 

The eddy-induced Chl anomalies in the surface layer (Chlsurf) and those that have 

been integrated vertically across the euphotic layer (ChlZeu) are shown in Figures 8a 

and 9. Cyclonic (anticyclonic) eddies enhanced (reduced) Chlsurf and ChlZeu. This 

implies that the phytoplankton biomass could be enhanced within cyclonic eddies, 

while anticyclonic eddies tended to suppress phytoplankton biomass. In cyclonic eddies, 

the maxima of Chlsurf and ChlZeu did not coincide with where they appeared in the 

composite map (Figure 9a, c). 

The phytoplankton community structure perturbations associated with mesoscale 

eddies in the surface layer differed from those in the subsurface layer (Figure 8b, c). In 

the surface layer, mesoscale eddies induced an anomaly in the fraction of pico-



Mesoscale eddy modulation of subsurface chlorophyll maximum layers in the South China Sea 

17 

 

prokaryotes; anticyclonic eddies induced an increase in the pico-prokaryote fraction 

while cyclonic eddies induced a decrease. However, in the subsurface layer, cyclonic 

eddies led to a shift in phytoplankton assemblage composition. Cyclonic eddies resulted 

in an increased fraction of diatoms (0.04±0.06) while anticyclonic eddies resulted in an 

increase fraction of coccolithophores (0.03±0.05). Fraction anomalies of the other four 

plankton types were relatively small; they were all negative in cyclonic eddies and all 

positive in anticyclonic eddies. 

Figure 10a shows that the depth (slope) of the nitracline was reduced (increased) 

in cyclonic eddies. As a result, nutrient supply to the euphotic zone was enhanced and 

the concentrations of nutrients (dissolved inorganic nitrogen DIN, which is the sum of 

nitrate, nitrite and ammonia) and photosynthetically active radiation (PAR) in SCM 

layers increased in cyclonic eddies (Figure 10b). In response to the environmental 

perturbations caused by cyclonic eddies, SCM depth decreased and magnitude 

increased (Figure 7a, b). In contrast, the nitraclines associated with anticyclonic eddies 

were deeper and flatter (Figure 10a), and resulted in negative DIN and PAR anomalies 

in SCM layers (Figure 10b). Because of a shortage of light and nutrients, phytoplankton 

in SCM layers in anticyclonic eddies grew slowly and SCM depth increased and 

magnitude decreased (Figure 7d, e). There was a linear relationship between the eddy-

induced anomalies in environmental factors and eddy amplitude (color shading in 

Figure 10). 

The relationships between nitracline depth (slope) and SCM characteristics were 
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furtherly investigated in our study. We found that the nitracline depth is a dominant 

factor to adjust the variability of SCM depth, with a robust positive correlation 

(R2=0.456) (Figure 11a). The magnitude of SCM was affected by the nitracline depth 

but also nitracline slope, and the shallow and steep nitraclines were usually 

accompanied by large SCM magnitude (Figure 11c and 11d). Although there was weak 

relationship between the SCM thickness and nitracline depth (slope), we also found that 

the thicker SCM layers generally appear within the deep and flatter nitracline (Figure 

11e and 11f). Therefore, when investigating the causes of SCM characteristic changes, 

it is necessary to analyze the changes of nitracline depth and slope simultaneously.  

4. Discussions 

Based on 22 years of an eddy-permitting biological–physical coupled model 

output data, an opportunity is provided to assess the impact of eddies on SCM 

characteristics in the SCS. By composite analysis, we find robust differences between 

cyclones and anticyclones in the depth, thickness and magnitude of SCM layer. 

Furthermore, the effects of eddies on phytoplankton communities are related to eddy 

polarity and depth. 

In nutrient replete regions, phytoplankton assemblage structures are usually 

dominated by large-celled species (Pingree et al. 1976). In nutrient deplete 

environments, small-celled species tend to dominate (Irwin et al. 2006, Munk and Riley 

1952), possibly because of their ability to take up nutrients at low concentrations 

(Sigman and Hain 2012). Our results show that the fraction of pico-prokaryotes 
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increases (decreases) in the surface layer in anticyclonic (cyclonic) eddies (Figure 8b). 

In the subsurface layer, the fraction of diatoms (coccolithophores) increases (decreases) 

in cyclonic (anticyclonic) eddies (Figure 8c); this is consistent with previous studies 

that indicated that coccolithophores rapidly rise to dominate over diatoms as the 

nitracline deepens (Cermeno et al. 2008). Nutrient limitation can impact the 

competition between diatoms and coccolithophores and have profound implications on 

the efficiency of biological pumps (Cermeno et al. 2008). In addition, the distribution 

of phytoplankton community may also be associated with eddy retention time. Longer 

retention time inside cyclonic eddies are likely to favor slowly sinking plankton (such 

as diatoms), while shorter retention time inside anticyclonic eddies are likely to favor 

upward motile plankton (Condie and Condie 2016). 

In this study, we identified the impact of mesoscale eddies on SCM depth, 

magnitude and thickness, and phytoplankton community structure in the SCS. However, 

the regional and seasonal variability of the influence of eddies on SCM characteristics 

remains unclear. There is considerable regional variability in eddy characteristics (Chen 

et al. 2011) and a strong seasonal signal in the eddy-induced surface Chl variability in 

the SCS (He et al. 2016). In winter, the SCM layer in the northern SCS disappeared due 

to deep mixing induced by wind and buoyancy forcing. In order to focus as much as 

possible on the impact of eddies on the SCM layer, Chl profiles with SCM depths 

shallower than the mixed layer depth were excluded from this study. Nonetheless, 

failure to consider seasonal variation might lead to biases in the estimation of the impact 
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of eddies on SCM characteristics. In addition, the intensity and decay period of an eddy 

is complex because eddies can increase and decrease intensity multiple times during its 

lifetime due to eddy-to-eddy interactions and eddy-flow interactions. Differences in the 

origin and age of anticyclonic eddies could also result in different effects on 

phytoplankton community in the SCS (Huang et al. 2010). Further studies on the spatial 

and seasonal variability of SCM characteristics associated with mesoscale eddies are 

needed. 

It is generally accepted that the formation of phytoplankton is most likely affected 

by submesoscale processes occurring along the periphery of eddies, where the vertical 

velocities are significant (Capet et al. 2008, Peterson et al. 2011). The asymmetric 

structure in composite map of SCM thickness may related to the submesoscale 

processes along the periphery of anticyclonic eddies. Meanwhile, the asymmetric 

structures induced by submesoscale processes are also found in both observation (Tang 

et al. 2019) and simulation results (Brannigan et al. 2016). Given the phytoplankton are 

restricted to the euphotic zone where light is available for photosynthesis, the SCM 

thickness cannot continue to increase in anticyclonic eddies. As a result, the SCM 

thickness anomaly may show weakly positive linear tend in the anticyclonic eddies. 

The most common manifestations of mesoscale eddies regulating the rates of 

biological processes are related to vertical movements which can affect the availability 

of both light and nutrients to phytoplankton and thereby alter the growth of 

phytoplankton (Cullen 2015, Li et al. 2021). Mesoscale eddies affect phytoplankton 
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distribution and hence Chl concentrations via different mechanisms, such as nutrient 

pumping associated with eddy intensification (Falkowski et al. 1991, McGillicuddy 

2016), diapycnal nutrient fluxes as a result of the steeper vertical gradients in inorganic 

nutrients caused by eddies (Barone et al. 2022) and the redistribution of nutrients in the 

euphotic zone due to eddy-induced vertical oscillations of the pycnocline (Falkowski 

et al. 1991). Previous studies emphasize the optimization of opposing gradients in light 

and nutrient fluxes in SCM layers (Cullen 2015, Letelier et al. 2004). Recent studies 

suggest that interactions and feedbacks between iron and light availability might also 

play important roles in controlling SCM dynamics (Hawco et al. 2021, Hogle et al. 

2018). In this study, we analyzed the variability of light availability and nutrient fluxes 

in SCM layers. Further studies are needed to examine iron and other critical nutrients 

induced by eddies and SCM dynamics in the SCS. 

 

5. Conclusion 

The SCM layers can account for a notable fraction of the total biomass and primary 

production in the water column. In this study, we examined SCM depth, magnitude and 

thickness in response to mesoscale eddies in the SCS using a coupled ocean–ecosystem 

model. Figure 12 summarizes the relationship between mesoscale eddies and SCM 

characteristics. Anticyclonic eddies generally increase SCM depth and thickness and 

reduce SCM magnitude, while cyclonic eddies reduce SCM depth and thickness and 

increase SCM magnitude. Composite analyses of large numbers of eddies indicate that 
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anomalies are the largest at the center of the eddy and decrease toward the eddy 

boundary. Phytoplankton community structures in SCM layers are also clearly affected 

by eddies. In cyclonic eddies, the fraction of diatoms increases and coccolithophores 

are abundant in anticyclonic eddies. The effect of eddies on SCM properties increases 

with eddy amplitude. 
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Figure 1. Observed (Obs) and simulated (Mod) variations of (a, d) temperature, (b, e) 

salinity and (c, f) chlorophyll-a with depth and time along the trajectories of the 

biogeochemical Argo floats in the northern South China Sea between July 2014 and 

December 2015. Observations presented in (a)–(c) have been modified from the results 

published in Xing et al. (2019). 

  



Mesoscale eddy modulation of subsurface chlorophyll maximum layers in the South China Sea 

30 

 

 

Figure 2. (a) Temperature, (b) salinity and (c) chlorophyll simulated by model 

(Model) and measured by biogeochemical Argo floats (Observation). Color indicates 

the density of the data. The dashed black line is the one-to-one line. 
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Figure 3. (a) Number of centroids of eddies (lifetime ≥ 30 days) passing through each 

1° × 1° grid square over the study period of December 1993 to December 2015 (22 

years). (b) Standard deviation of sea surface height based on 22-year model outputs. 

Histograms of (c) eddy amplitude and (d) mean eddy radius. In (c) and (d), only 

eddies with lifetime ≥ 30 days from the study period were included. The blue and red 

lines correspond to cyclonic and anticyclonic eddies, respectively. 
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Figure 4. Composite zonal sections of vertical structure of (a, b) nutrient anomaly and 

(c,d) Chl anomaly across the anticyclonic eddy (left) and cyclonic eddy (right). 

Contours in each panel represent positive (solid lines) and negative (dashed lines) 

temperature anomaly at intervals of 0.1 oC. 
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Figure 5. Composite maps of anomalies of subsurface chlorophyll maximum (SCM) 

depth, magnitude and thickness inside (a–c) cyclonic eddies and (d–f) anticyclonic 

eddies in the South China Sea. Axis values indicate the normalized distance between 

eddy center and eddy radius; R is the radius of the core of the eddy. 
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Figure 6. Composite maps of eddy-induced density anomalies in the subsurface 

chlorophyll maximum layer. Axis values indicate the normalized distance between eddy 

center and eddy radius; R is the radius of the core of the eddy. 
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Figure 7. Eddy amplitude and SCM (a) depth anomaly, (b) magnitude anomaly and (c) 

and thickness anomaly. The line represents the best linear fit result. The blue and red 

lines correspond to cyclonic and anticyclonic eddies, respectively. 

-100

-50

0

50

100
A

n
o
m

a
ly

 (
%

)
cyclonic eddy

anticyclonic eddy

(a)

-150

-100

-50

0

50

100

150

A
n

o
m

a
ly

 (
%

)

(b)

0 5 10 15 20 25 30

Eddy amplitude (cm)

-100

-50

0

50

100

A
n

o
m

a
ly

 (
%

)

(c)



Mesoscale eddy modulation of subsurface chlorophyll maximum layers in the South China Sea 

36 

 

  

Figure 8. (a) Anomalies of eddy-induced surface chlorophyll (Chlsurf) and integrated 

chlorophyll in the euphotic layer (ChlZeu). The fraction anomaly of phytoplankton 

function type in the (b) surface and (c) subsurface layers in the South China Sea. Error 

bar indicates the standard deviation of samples associated with each eddy center. Blue 

and red correspond to cyclonic and anticyclonic eddies, respectively. 
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Figure 9. Composite maps of anomalies of (a, b) surface chlorophyll (Chlsurf) and (c, d) 

integrated chlorophyll between the surface and the euphotic depth (ChlZeu) in the 

South China Sea. Axis values indicate the normalized distance between eddy center and 

eddy radius; R is the radius of the core of the eddy. 
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Figure 10. (a) Nitracline depth and slope anomalies and (b) dissolved inorganic 

nitrogen (DIN; sum of 𝑁𝑂3
−, 𝑁𝑂2

−2 and  𝑁𝐻4
+) and photosynthetically active radiation 

(PAR) anomalies in the subsurface chlorophyll maximum layer. Blue and red 

correspond to cyclonic and anticyclonic eddies, respectively. Color shades represent 

eddy amplitudes divided into 3-cm bins. Error bar represents the standard deviation of 

samples in each amplitude bin. 
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Figure 11. Scatter plots of nitracline depth and slope anomalies (x-axis) against SCM 

characteristic anomalies (y-axis). The black line represents the best linear fit result. 

Color indicates the density of the data. 
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Figure 12. Schematic representation of mesoscale eddy modulation of the subsurface 

chlorophyll maximum layer in the South China Sea.  
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Table 1. Descriptive statistics of eddy characteristics. 

 Mean Median 
25

th
 

percentile 

75
th
 

percentile 
Minimum Maximum 

Amplitude AE (cm) 6.9 4.6 2.3 9.3 1 40.8 

Amplitude CE (cm) 7 4.9 2.5 9.4 1 40 

Radius AE (km) 112.9 104.9 76.3 141.8 30.1 333 

Radius CE (km) 99.1 92.1 69.9 122.6 30 289 

Outliers with values of mean ± 5 standard deviations were excluded from the analysis. AE 

and CE stand for anticyclonic eddy and cyclonic eddy, respectively.  
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