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Abstract: The Kuroshio Extension(KE) System exhibits highly energetic mesoscale phenomena, but 

the impact of mesoscale eddies on marine ecosystems and biogeochemical cycling is not well un-

derstood. This study utilizes remote sensing and Argo floats to investigate how eddies modify sur-

face and subsurface chlorophyll (Chl-a) concentrations. On average, cyclones (anticyclones) induce 

positive (negative) surface Chl-a anomalies, particularly in winter. This occurs because cyclones 

(anticyclones) lift (deepen) isopycnals and nitrate into (out of) the euphotic zone, stimulating (de-

pressing) the growth of phytoplankton. Consequently, cyclones (anticyclones) result in greater 

(smaller) subsurface Chl-a maximum (SCM), depth-integrated Chl-a, and depth-integrated nitrate. 

The positive (negative) surface Chl-a anomalies induced by cyclones (anticyclones) are mainly lo-

cated near (north of) the main axis of the KE. The second and third mode represent monopole Chl-

a patterns within eddy centers corresponding to either positive or negative anomalies, depending 

on the sign of the principal component. Chl-a concentrations in cyclones (anticyclones) above the 

SCM layer are higher (lower) than the edge values, while those below are lower (higher), regardless 

of winter variations. The vertical distributions and displacements of Chl-a and SCM depth are asso-

ciated with eddy pumping. In terms of frequency, negative (positive) Chl-a anomalies account for 

approximately 26% (18%) of the total cyclones (anticyclones) across all four seasons. The opposite 

phase suggests that nutrient supply resulting from stratification differences under convective mix-

ing may contribute to negative (positive) Chl-a anomalies in cyclone (anticyclone) cores. Addition-

ally, the opposite phase can also be attributed to eddy stirring, trapping high and low Chl-a, and/or 

eddy Ekman pumping. Based on OFES outputs, the seasonal variation of nitrate from winter to 

summer primarily depends on the effect of vertical mixing, indicating that convective mixing pro-

cesses contribute to an increase (decrease) in nutrients during winter (summer) over the KE. 
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1. Introduction 

Mesoscale eddies, which encompass spatial scales ranging from 10 to 100 kilometers 

and temporal scales from weeks to months, are significant drivers of complex interactions 

within the ocean, including its physics, biology, and biogeochemistry [1]. These eddies are 

commonly observed in west boundary currents and are characterized by strong vertical 

and horizontal currents. The Kuroshio Extension (KE), situated in the North Pacific Ocean, 

is a notable component of the western boundary current. It is distinguished by its elevated 

temperature, salinity, flow velocity, and noticeable ocean color [2]. 

The Kuroshio Extension (KE) region is renowned for its prominent ocean front and 

the highest eddy kinetic energy globally. This unique oceanic area is influenced by various 

factors, including topography, monsoons, and the western boundary current. These fac-

tors contribute to the manifestation of complex and dynamic characteristics observed in 

the eddies present within the KE [3]. Throughout the lifecycle of an eddy, from its for-
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mation to dissipation, it actively transports its internal water mass in a westward direc-

tion. This transport is facilitated by a range of physical processes, including eddy stirring, 

trapping, pumping, and eddy-wind Ekman pumping [4-10]. These processes play a cru-

cial role in facilitating horizontal exchange and vertical transport of physical and chemical 

constituents, such as heat, salt, kinetic energy, nutrients, and phytoplankton. The physical 

and biological processes within eddies has a significant impact on the ecological environ-

ment of the upper ocean [11-13]. The widely accepted eddy pumping process, based on 

satellite measurements of cyclonic (anticyclonic) eddies, suggests that the uplifting (deep-

ening) of isopycnals and nitrate into (out of) the euphotic zone stimulates (inhibits) phy-

toplankton growth, resulting in elevated (reduced) concentrations of chlorophyll-a (Chl-

a) [14-20]. With the advancement of Argo and Bio-Argo float deployments, researchers 

now have effective tools to explore the subsurface dynamics within eddies without rely-

ing solely on satellite observations. In a more recent study, Dufois et al. [8] conducted 

cruise observations and provided evidence that anticyclonic eddies in subtropical gyres 

exhibit intensified surface Chl-a concentrations during winter, attributed to convective 

mixing stirring the subsurface Chl-a maximum. Wang et al. [9] proposed that winter cy-

clonic eddies (CE) promote enhanced vertical blooms dominated by phytoplankton bio-

mass due to shallow mixed layers and uplifted thermoclines.  

In South China Sea, He et al. [10] found that intense downwelling within anticyclone 

eddies (ACE) leads to a substantially deeper and less pronounced subsurface Chl-a max-

imum compared to CE during summer. In the North Subtropical Pacific, Huang et al. [12] 

conducted studies and observed that the depth-integrated nitrate and Chl-a anomalies 

within eddies are generally within ±90% for nitrate and ±10% for Chl-a in the euphotic 

layer. However, it is worth noting that the magnitudes of these anomalies can vary signif-

icantly depending on individual eddy analyses. Rii et al. [21] and Bidigare et al. [22] re-

ported substantial increases in anomalies within CE compared to areas outside of eddies, 

with magnitudes ranging from 3.3 to 9.0 times and 1.0 to 1.5 times, respectively. These 

variations highlight the importance of incorporating a significant amount of subsurface 

observation data to distinguish the contributions of different physical processes. Overall, 

Previous studies have provided valuable observational evidence concerning regional var-

iations in the biogeochemical response to eddies. Nevertheless, the biogeochemical re-

sponse driven by eddies remains unclear, particularly with regard to different seasons.  

This study examines the seasonal variations in eddy-driven biogeochemical re-

sponses in the KE using satellite data and decades of oceanographic observation data. 

Eddy-associated surface Chl-a anomalies spanning 21 years are composited onto eddy-

centric coordinates. Additionally, Argo floats are used to normalize Chl-a, nutrient, tem-

perature, and salinity measurements into a standardized vertical profile, allowing for a 

statistical analysis of the vertical structure ( physical and biological) of eddies in the KE 

under different seasons. OFES outputs is used to evaluated the contribution of mesoscale 

dynamics to nutrient transport. 

2. Materials and Methods 

2.1. In Situ Data 

In situ data are obtained from global Argo project (Argo and Bio-Argo) (downloaded 

from http://www.argo.net), which are included the profile of temperature, salinity, Chl-a, 

nutrient and dissolved oxygen. The data are quality-controlled using automated proce-

dures and assessed using statistical analysis residuals. Here, we extracted the in-situ data 

from 1998 to 2020 in thr KE to reveal the change of vertical physical and biochemical struc-

tures, approximately 19000 temperature and salinity profiles, 294 nitrate profiles, 261 Chl-

a profiles (Table1). Argo floats (Chl-a, nutrient, temperature and salinity) are normalized 

into a standard vertical profile under different seasons,which provided a statistical view 

of the vertical structure(biological and physical) of eddied in the KE. 

Table 1. Numbers of Argo floats under different seasons. 
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2.2. Other data 

The daily merged satellite product of Chl-a concentration data was obtained using a 

multisensor approach that integrated data from various sensors, such as SeaWiFS, 

MODIS, MERIS, VIIRS-SNPP, JPSS1, OLCI-S3A, and S3B. These algorithms were de-

signed to provide accurate estimations with a spatial resolution of 4 km, catering to the 

needs of end-users. The Copernicus Marine Environmental Monitoring Center (CMEMS, 

http://marine.copernicus.eu/) served as the source for acquiring the data, which was uti-

lized to analyze and characterize the biomass dynamics at the sea surface [23]. For the 

analysis of eddies, sea level anomaly (SLA) data were obtained from CMEMS. These data 

had a spatial resolution of 25 km and a temporal resolution of 1 day. Multimission altim-

etry datasets were used to detect the eddies. Each day, the detected eddies provided in-

formation on their location, type (cyclonic or anticyclonic), speed, radius, and associated 

metadata. The detection process employed a delayed-time algorithm (version DT2.0exp), 

which was developed and validated in collaboration with D. Chelton and M. Schlax at 

Oregon State University [1]. The altimetry period covered data from 1993 to the present. 

By utilizing these datasets and detection methods, the study aims to investigate the char-

acteristics and behavior of eddies in the designated region. 

The nutrient levels in the upper ocean, specifically above 200 m, were characterized 

by utilizing multi-year average profiles of nitrate. These profiles were derived from the 

World Ocean Atlas 2018 (WOA18), which can be accessed at 

https://www.nodc.noaa.gov/ocs/woa18 

The OFES quasi-global eddy-resolving simulation (accessible at http://www.jam-

stec.go.jp/ofes/ofes.html) utilized the Modular Ocean Model ver.3 (MOM3), developed by 

GFDL/NOAA, with a horizontal resolution of 0.1 degree and 54 vertical levels featuring 

varying intervals from 5 m at the surface to 330 m at a maximum depth of 6065 m. By 

forcing the model with a 5-year integration of NCEP/NCAR monthly climatology, it suc-

cessfully captured the annual cycle of temperature, nitrogen (the sole nutrient), and phy-

toplankton in the upper ocean [20]. These model outputs, encompassing variables such as 

velocity and nitrate, were employed in the present study to investigate the influence of 

mesoscale dynamics on biological production [9]. 

2.3. Composite analysis 

In this study, the eddy trajectories product provided by Chelton et al. [1] covering 

the period from 1998 to 2021 was utilized. To analyze each eddy, the corresponding nor-

malized Chl-a anomalies (Chl-a') field were collocated and projected onto a high-resolu-

tion grid with normalized eddy-centric coordinates. The grid used had a resolution of 

0.025 and consisted of a 161x161 grid cells. The size of the collocation region was deter-

mined based on the eddy radius, denoted as R, ensuring accurate spatial alignment and 

analysis. Chl-a' were used for each composite individual eddy and calculated as: 
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age and is   the standard deviation, both computed over the eddy for r≤2R.                      

2.4. EOF analysis 

CE ACE Edge

Chl-a 11 11 9 3 34 29 10 65 88 192

Nitrate 15 32 16 4 67 36 24 44 43 147

Temperature and Saliny907 1377 922 474 3680 1447 1069 2008 2623 7147

winter spring summer autumn all winter spring summer autumn all winter spring summer autumn all
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Empirical Orthogonal Function (EOF) analysis was employed to identify dominant 

coherent variations and Chl-a' patterns within eddies across different seasons different 

seasons [24]. The space-time Chl-a data set A(x,y,t) can be expressed as:    

)2(),()(),,( yxFtatyxA k

k

k=
 

Where )(a tk
is the modulated function to show the corresponding temporal variation, 

and ),( yxFk
is the Kth model spatial patterns. Typically, the first three modes, character-

ized by higher variance, are likely to possess significant physical interpretations [25]. 

2.5 Mixed layer Nutrient Budget 

To explore the influence of mesoscale dynamics on biological production, we exam-

ined the nitrate budget equation based on the formulation introduced by Caniaux and 

Planton [26] for the mixed layer heat budget. The rate of change of nitrate (N) within the 

mixed layer [27] is: 
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The formula consists of three terms on the right side, namely lateral advection, vertical 

advection, and vertical mixing. Using the Reynolds averaging method, the rate of change 

of N can be divided into contributions from the mean flow and the fluctuating eddy flow 

[28]: 
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                          where the overbar denotes a time mean to be defined and the prime all deviations from 

this time mean (referred as the eddy term).              

3. Results 

The study focused on the KE region, specifically the area between 30°N-40°N and 

140°E-170°E, as illustrated in Figure 1. The standard deviation (STD) of the average SLA 

within this region, calculated from data spanning 1998 to 2020, exhibited high variability 

along the main axis of the KE at 35°N. Both the north and south sides of this axis displayed 

a substantial STD value of 0.3 m, indicative of pronounced eddy activity. The region ad-

jacent to the main axis predominantly featured ACE on the north side and CE on the south 

side. Notably, the concentration of Chl-a within CE was significantly higher compared to 

ACE [11]. 

 

Figure1. Spatial distribution of standard deviation for SLA from 1993 to 2020 year. 

3.1. Eddy features 

Table 2 presents the characteristics of eddies in the KE during different seasons from 

1998 to 2020. The table includes information on the number, amplitude, and rotational 

speed of CE and ACE. The activity of both CE and ACE shows similar seasonal variations, 

with the highest activity observed in spring. While ACE generally have a larger radius 
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across all seasons, CE exhibit slightly higher values in terms of number, average ampli-

tude, and rotational speed compared to ACE. CE are characterized by their smaller size 

and greater intensity compared to ACE. Specifically, in winter, the number, amplitude, 

and rotational speed of CE are 3%, 7%, and 11% larger than those of ACE, respectively, 

while the radius of ACE is 13% smaller than that of CE. Additionally, we utilize a dimen-

sionless coefficient (U/C, where U represents rotational speed and C denotes translational 

speed) greater than 1 to identify nonlinear eddies. This criterion indicates that the water 

within a certain depth maintains its distinct properties without exchanging with the sur-

rounding environment [29]. Both CE and ACE exhibit a high level of nonlinearity accord-

ing to this criterion [1]. 

                     Table2. Statistics of eddy properties in different seasons of KE 

               

 

3.2. Eddy and Chl-a Relationship 

The relationship between SLA and Chl-a concentrations in the KE region was inves-

tigated to gain insights into the impact of eddies on surface Chl-a levels. Figure 2 illus-

trates a notable negative correlation (r < 0.8, p < 0.05) between SLA and Chl-a, predomi-

nantly observed along the KE region (from 140 oE to 180 oE along 35 oE) throughout the 

four seasons. The areas exhibiting a significant correlation align with the regions of high 

SLA STD as depicted in Figure 1. These correlation patterns are in line with findings from 

previous studies [5,11]. The negative correlations can be attributed to the upwelling 

(downwelling) processes within CE (ACE), which transport nutrient-rich (poor) water 

from deeper (shallower) regions, respectively. 

     

Figure 2. Spatial distribution of correlation(a:winter; b:spring; c:summer; d:autumn) between SLA 

and Chl-a anomaly corresponding to eddies from 1993 to 2017. Plus sign denote significant correla-

tions at a 95 % confidence level. 

The spatial distribution of composite average normalized Chl-a concentrations across 

multiple eddies during different seasons provides detailed insights into the Chl-a re-

sponse to CEs and ACEs (Figure 3). Monopole Chl-a patterns are observed only in winter 

and spring, indicating that higher (lower) Chl-a values within CEs (ACEs) during all four 

seasons correspond to positive (negative) Chl-a anomalies in the eddy center (r/R < 1) (Ta-

ble 2). According to Table 2, the average Chl-a anomaly concentration in CEs (ACEs) is 

0.48 (-0.5), 0.41 (-0.37), 0.31 (-0.36), and 0.11 (-0.29) mg/m3 during different seasons, re-

spectively. These positive (negative) anomalies in CEs (ACEs) can be attributed to eddy 

pumping, which is associated with upwelling (downwelling) processes. 

CE ACE

Number 574 630 594 547 1223 556 619 555 526 1180

Amplitude(cm) 14.04 13.71 14.55 15.2 14.38 13.12 13.1 13.77 13.66 13.41 

Radius(km) 79.93 78.27 78.42 80.74 79.34 84.42 82.67 85.21 86.36 84.67 

Rotational speed(m/s) 0.36 0.37 0.39 0.39 0.38 0.32 0.33 0.33 0.33 0.33 

Chl-a anomaly(mg/m3) 0.48 0.41 0.31 0.11 0.33 -0.5 -0.37 -0.36 -0.29 -0.38

winter spring summer autumn all winter spring summer autumn all
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Figure 3. Composite averages of winter (a and c), spring (b and f), summer (c and g) and     au-

tumn (d and h) Chl-a anomalies associated with Cyclonic and Anticyclonic eddy in the KE during 

the period 1998 to 2016. Inner and outer circles respectively coincide with r/R<1 and r/R<2. 

Additionally, the large-scale horizontal gradient of Chl-a plays a significant role in 

the spatial patterns observed across all four seasons. The meridional advection of Chl-a 

contributes to the generation of Chl-a anomalies along the edges of eddies [8], particularly 

during summer and autumn. Moreover, the clockwise (anticlockwise) rotation of eddy 

flows leads to the accumulation of Chl-a anomalies in the northwest (southeast) quadrant 

of the eddies, influenced by the water transport in eddy-centric coordinates.The EOF 

method was employed to decompose normalized Chl-a data across thousands of eddies 

into significant temporal and spatial components that capture the primary variability in 

the spatial patterns. Table 3 presents the variances of the first three temporal modes for 

different seasons, illustrating the significant spatial variability captured by the first three 

spatial EOF modes. Figures 4 and 5 display these spatial EOF modes, which account for 

approximately 50% of the total variance in Chl-a for both CEs and ACEs. The first modes 

(variance: 18%~31%) correspond to the horizontal eddy stirring process, exhibiting Chl-a 

anomalies at the eddy edges. The second mode (variance: 12%~16%) represents monopole 

Chl-a patterns within the eddy centers, displaying either positive or negative anomalies 

based on the sign of the principal component. Moreover, most of the third mode (variance: 

10%~14%) exhibits similarities to the second mode. 

                  

                    

Figure 4. The first three spatial empirical orthogonal function (EOF) mode of Chl-a within    Cy-

clonic eddy in winter (first column),spring (second column), summer (third column) and autumn 

(fourth column). 
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Figure 5. The first three spatial empirical orthogonal function (EOF) mode of Chl-a within   Anti-

cyclonic eddy in winter (first column), spring (second column), summer (third column) and autumn 

(fourth column). 

Figure 3 illustrates the composite averages of Chl-a anomalies associated with CEs 

and ACEs in the KE region. CEs exhibit positive Chl-a anomalies, while ACEs display 

negative Chl-a anomalies. However, it is important to note that not all eddies in the KE 

region exhibit Chl-a anomalies, as revealed by the EOF modes. Figures 4 and 5 depict the 

variability in Chl-a values within CEs and ACEs, respectively. Similar patterns have been 

observed in subtropical gyres, where ACEs have been found to enhance Chl-a concentra-

tions through the modulation of winter mixing by eddies, as suggested by Dufois et al. [8]. 

To calculate the Chl-a anomalies associated with CEs and ACEs, each eddy is indi-

vidually assessed and mapped onto a 0.5°×0.5° grid. The results demonstrate that CEs 

generally increase Chl-a concentrations in most regions of the KE, while ACEs tend to 

decrease them. However, the magnitude of Chl-a anomalies varies across different regions. 

The spatial distribution of eddies also exhibits varying polarities. CEs induce higher pos-

itive Chl-a anomalies, primarily concentrated near the main axis of the KE. Conversely, 

negative anomalies are predominantly observed to the south of the main axis, while lower 

positive anomalies occur to the north. These negative anomalies account for 24% (winter), 

23% (spring), 25% (summer), and 44% (autumn) of all CEs (Figure 6a-d-g-j). On the other 

hand, ACEs induce higher negative anomalies primarily north of the main axis, while 

positive anomalies are predominantly observed to the south. The positive anomalies ac-

count for 19% (winter), 21% (spring), 16% (summer), and 20% (autumn) of all ACEs (Fig-

ure 6b-e-h-k). 

Previous research conducted by Itoh and Yasuda [30] has indicated that CEs are more 

commonly observed in the southern region of the KE compared to the northern region. 

This spatial distribution of eddies suggests that eddy activity may play a role in the re-

gional variations observed in Chl-a anomalies associated with CEs and ACEs. Specifically, 

CEs located near the KE are more likely to encounter water with higher concentrations of 

Chl-a and nutrients originating from the northern region of the KE. 
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Figure 6. Mean regional winter (a,b,c), spring (d,e,f), summer (g,h,i) and autumn (j,k,l) Chl-a anom-

alies within Cyclonic and Anticyclonic eddy in the KE during the period 1998 to 2016. Quantified at 

each 0.5 × 0.5 pixel. 

3.3. Vertical Profiles of Temperature, Chl-a and Nitrate in Eddies 

We conducted an analysis of eddy trajectories [1] and the distribution of approxi-

mately 19,000 temperature and salinity profiles, 294 nitrate profiles, and 261 Chl-a profiles 

obtained from the Argo program in the KE region (refer to Table 1). Among these profiles, 

3,680 (7,100) temperature/salinity profiles were associated with CEs (ACEs), while 34 (192) 

Chl-a profiles and 64 (147) nitrate profiles were observed in CEs (ACEs). The higher num-

ber of profiles in ACEs compared to CEs can be attributed to the larger size of ACEs, as 

indicated in Table 2. In addition, we identified 9,000 temperature/salinity profiles, 35 Chl-

a profiles, and 140 nitrate profiles located at the edges of the eddies. To facilitate analysis, 

the Chl-a, nutrient, temperature, and salinity data from the Argo floats were normalized 

into standardized vertical profiles corresponding to different seasons ( Figures 7-9). 

Figure 7 illustrates the temperature characteristics within the depth range of 0-300 m. 

It demonstrates that the temperature is lower (higher) in CEs (ACEs) than in ACEs (CEs) 

and at the eddy edges during all seasons. During the colder seasons (winter and spring), 

the average temperature ranges between 10-20 ℃. However, in the warmer seasons (sum-

mer and autumn), there is a noticeable increase of approximately 10 ℃ in the temperature 

within the 0-100 m depth range. The mixed layer depth (MLD) experiences different pat-

terns in CEs and ACEs. The MLD deepens to 90 m (120 m) due to winter deep mixing in 

CEs (ACEs), while the MLD shoals to 10 m (20 m) in CEs (ACEs) owing to seasonal strat-

ification in summer. The variations in MLD within the same season indicate the presence 

of upwelling and downwelling processes, which contribute to vertical fluctuations within 

eddies and influence the vertical flux of nutrients and Chl-a. 
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Figure 7. Vertical profiles of temperature in eddies during winter(a), spring(b), summer(c) and au-

tumn(d). Composite mean vertical profiles for cyclonic eddies (pink), anticyclonic eddies (blue), and 

edge (green). N indicates the number of profiles. The shading are standard errors. Dotted line rep-

resents mixed layer depth. 

Figure 8 illustrates the vertical distribution of Chl-a within eddies. The results reveal 

that near-surface Chl-a concentrations are higher in CEs compared to the eddy edges, 

while ACEs exhibit lower near-surface Chl-a concentrations. This pattern is consistent 

with the variations observed in near-surface Chl-a from satellite data (Figure 3), except for 

autumn. Additionally, the depth of the subsurface Chl-a maximum (SCM) layer is shal-

lower in CEs than in ACEs. Specifically, the SCM depths in CEs are 48 m (spring), 36 m 

(summer), 54 m (autumn), and 30 m (winter), while in ACEs, they are 75 m (spring), 81 m 

(summer), 78 m (autumn), and 35 m (winter). It is important to note that the vertical dis-

tribution of Chl-a above 100 m is relatively uniform due to winter mixing. The SCM within 

CEs reaches values of 0.87 mg/m3 (winter), 2.3 mg/m3 (spring), 1.5 mg/m3 (summer), and 

0.91 mg/m3 (autumn), which are significantly higher compared to the edge values. In con-

trast, the SCM values in ACEs are 0.59 mg/m3 (winter), 0.82 mg/m3 (spring), 0.7 mg/m3 

(summer), and 0.52 mg/m3 (autumn). 

 

Figure 8. Vertical profiles of Chl-a in eddies during winter(a), spring(b), summer(c) and autumn(d). 

The shading are standard errors. 
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Figure 9. Vertical profiles of nitrate in eddies during winter(a), spring(b), summer(c) and au-

tumn(d). The shading are standard errors. 

In general, the vertical distribution of Chl-a within eddies exhibits distinct patterns. 

Above the SCM layer, Chl-a concentrations are higher within CEs and lower within ACEs 

compared to the values at the eddy edges (Figures 8abcd). Conversely, below the SCM 

layer, Chl-a concentrations are lower within CEs and higher within ACEs than the edge 

values (Figures 8bcd), regardless of seasonal variations. These vertical distributions and 

displacements of Chl-a and SCM depth are associated with upwelling in CEs and down-

welling in ACEs. These observations are consistent with the enrichment of nutrients 

within CEs and the depletion of nutrients within ACEs (Figure 9). 

The depth-integrated nitrate over the upper 150 m is higher within CEs and lower 

within ACEs compared to the edge values in each season. Specifically, it is 13% (winter), 

25% (spring), 50% (summer), and 7% (autumn) higher within CEs, and 23% (winter), 37% 

(spring), 50% (summer), and 20% (autumn) lower within ACEs. Furthermore, the depth-

integrated Chl-a is higher within CEs and lower within ACEs compared to the edge values. 

It is 25% (winter), 42% (spring), 90% (summer), and 13% (autumn) higher within CEs, and 

9% (winter), 19% (spring), 5% (summer), and 24% (autumn) lower within ACEs. These 

variations can be attributed to the vertical movement of isopycnals and nitrate, resulting 

in the stimulation or depression of phytoplankton growth and thus affecting the depth-

integrated Chl-a within CEs and ACEs. However, due to rapid biological removal pro-

cesses within the euphotic layer (40-60 m), significant variations in nitrate concentration 

associated with high Chl-a within the SCM layer are challenging to observe [12,31,32]. 

In winter, despite high nutrient levels, reduced light availability limits a substantial 

increase in depth-integrated Chl-a within eddies. Therefore, changes in the vertical distri-

bution of Chl-a during winter result from the redistribution of preexisting Chl-a through 

enhanced vertical mixing. The higher depth-integrated Chl-a during the spring bloom can 

be explained by various hypotheses, including the critical depth, shoaling mixing layer, 

critical turbulence, onset of stratification, and disturbance-recovery hypotheses. In sum-

mer, the depth-integrated Chl-a decreases but remains higher than in autumn. This is at-

tributed to high light availability and the influence of mesoscale modulation of the mixed 

layer depth on the persistence of high Chl-a/nitrate concentrations originating from the 

spring period, resulting in a more prominent SCM than in autumn [33]. Overall, these 

findings demonstrate that the relationship between Chl-a and nutrients undergoes sea-

sonal variations, reflecting alternating limiting factors and nitrate availability for primary 

production.  
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4. Discussion 

In this study, we have observed that CEs in the KE region exhibit higher surface Chl-

a concentrations compared to the edge values, while ACEs show lower surface Chl-a con-

centrations. This pattern is particularly pronounced during the cold seasons (winter and 

spring) when Chl-a levels are typically at their highest. The analysis of Chl-a patterns 

within eddies, using EOF analysis, has revealed the complexity of these relationships, in-

dicating that multiple mechanisms contribute to the interaction between eddies and Chl-

a dynamics. 

Nutrients and light availability are crucial factors influencing phytoplankton blooms. 

Eddies play a significant role in shaping the vertical distribution of Chl-a and nitrate 

through processes such as eddy pumping, eddy Ekman pumping, eddy stirring, varia-

tions in light conditions, and vertical mixing, which vary across different seasons 

[12,16,34]. The modulation of the MLD by eddies has also been identified as a contributing 

factor to elevated Chl-a levels [8,18]. In our study, we followed the approaches of previous 

researchers [16,35] to investigate how MLD within eddies affects the distribution of Chl-a 

and nitrate. Despite the seasonal variation in our data, the integrated Chl-a (I-Chl), SCM, 

and deep SCM (DSCM) showed significant correlations with SLA (r = -0.58, -0.38, -0.27; 

Figure 10), all with p < 0.01. Similarly, integrated nitrate (I-nitrate) exhibited a strong neg-

ative correlation (r = -0.47, p < 0.01) with SLA (Figure 12a). These findings indicate that I-

Chl, SCM, DSCM, and I-nitrate are more pronounced within CEs compared to the eddy 

edges, but weaker within ACEs. Furthermore, Figures 12 and 13b demonstrate a signifi-

cant correlation between I-Chl, SCM, DSCM, I-nitrate, and MLD (r = 0.45, -0.33, -0.21, 0.19; 

Figure 11 and 12b), all with p < 0.01. Deeper MLD corresponds to decreased SCM and 

DSCM by factors of 0.005 mg/m4 and 0.1765 m, respectively. Conversely, I-Chl and I-ni-

trate increase linearly by factors of 0.29 mg/m4 and 0.75 μmol/L/m, respectively, with MLD 

deepening. Notably, most CEs (blue marks) exhibit larger SCM, DSCM, I-Chl, and I-ni-

trate values compared to ACEs (pink marks). Previous studies have demonstrated that 

CEs are associated with shallower euphotic depths than ACEs, providing more favorable 

light conditions for phytoplankton growth and leading to larger SCM and I-Chl values 

[14-16,36]. These findings highlight the critical role of nutrient supply in driving phyto-

plankton blooms. 

                       

Figure 10. Statistical relationship between the depth-integrated Chl-a (a), SCM(b), DSCM(c) and 

SLA. The blue, pink and green marks represent the observations in the CE, ACE and edge, respec-

tively. The black solid lines are the linear regressions. 
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Figure 11. Statistical relationship between the depth-integrated Chl-a(a), SCM(b), DSCM(c) and 

MLD. The blue, pink and green marks represent the observations in the CE, ACE, and edge, respec-

tively. The black solid lines are the linear regressions. 

                              

Figure 12. Statistical relationship between the depth-integrated nitrate and SLA (a), MLD (b). The 

blue, pink and green marks represent the observations in the CE, ACE, and edge, respectively. The 

black solid lines are the linear regressions. 

The modulation of MLD within eddies plays a significant role in shaping the distri-

bution of Chl-a. Generally, CEs (ACEs) enhance (dampen) nutrient supply through eddy-

induced upwelling (downwelling), leading to high (low) Chl-a concentrations [5]. Previ-

ous studies have shown that eddy pumping is the dominant mechanism controlling the 

biogeochemical response in eddies, resulting in upward and downward displacement of 

the SCM layer [12]. However, other studies propose that ACEs are more productive than 

CEs in subtropical gyres due to winter deeper mixing (MLD), which enhances nutrient 

supply to the mixed layer and/or redistributes Chl-a through stirring of the SCM [7,8,18]. 

In summer, the shallow MLD without strong vertical mixing does not promote the stirring 

of the SCM [16]. Figure 13 illustrates that changes in the MLD are influenced by turbulent 

vertical mixing and adiabatic processes associated with vertical stretching and/or eddy 

pumping [18]. Eddy pumping leads to a deeper MLD in ACEs compared to CEs through-

out the year, with the most significant differences observed in winter. Both ACEs and CEs 

exhibit a shallow mixed layer with stable water (stronger N2) throughout the year (Figure 

13a and b). From summer to winter, as the mixed layer deepens, the shallow stratification 

dissipates, and the nitrate flux peaks by the end of winter. Subsequently, the water column 

undergoes restratification starting from spring. In CE (ACE), the summer stratification is 

stronger (weaker) than that in ACE (CE), resulting in a shallower (deeper) MLD, which 

facilitates a greater (smaller) injection of nutrients into the mixed layer during winter (Fig-

ure 13). However, these changes in MLD do not align with the occurrence of higher (lower) 

average Chl-a concentrations in CEs (ACEs). It is worth noting that negative (positive) 
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Chl-a values in the core of CEs (ACEs) account for a significant proportion of the total CEs 

(ACEs) during winter (24% and 19%, respectively). This suggests that the differences in 

stratification during winter convective mixing, leading to variations in nutrient supply, 

may contribute to negative (positive) Chl-a concentrations in the core of CEs (ACEs). The 

opposite Chl-a phase can also be attributed to eddy stirring, which traps areas of high and 

low Chl-a concentrations, and/or eddy Ekman pumping [37]. 

Additionally, it is important to consider the influence of submesoscale processes in 

the KE system, which are most pronounced during winter and spring [38]. Submesoscale 

features exhibit higher vertical velocities compared to eddies [39], making them important 

contributors to phytoplankton production by transporting nutrients and phytoplankton 

into the sunlit ocean [40-42]. This transport mechanism plays a significant role in promot-

ing phytoplankton production. Although the analysis in this study may not fully capture 

the submesoscale features due to the spatial resolution of the data and potential obscura-

tion in the EOF patterns, it is essential to acknowledge their potential influence for a com-

prehensive understanding of the biogeochemical dynamics in the KE system. 

         

Figure 13. Buoyancy frequency (shading) and MLD (blue and red lines)) from Argo floats within 

CEs (a) and ACEs (b) in KE. (c) buoyancy frequency difference between CEs and ACEs. The grey 

lines correspond to the nitrate mean seasonal contours. 

To assess the influence of mesoscale dynamics on biological production, the mixed-

layer nitrogen budget is analyzed using the OFES hydrography-biology products [9,28]. 

The nitrogen change in the OFES model (in mmol m-2 d-1) is divided into three compo-

nents: mean advective flow, eddy flow, and mixing. During winter, the average nitrate 

increase is 2.67, with the three components contributing as follows: 0.54 (mean advective 

flow), -5.13 (eddy flow), and 7.26 (mixing) (Figure. 14). In contrast, summer exhibits an 

average nitrate decrease of 4.64, with the three components contributing as follows: -0.34 

(mean advective flow), -5.93 (eddy flow), and 1.64 (mixing) (Figure. 15). These results in-

dicate that eddy flows play a significant role in nutrient depletion, while the mean flow 

has a relatively minor impact and contributes minimally to nutrient changes. The magni-

tude of these flows does not exhibit clear seasonal variation. On the other hand, the mixing 

component displays substantial variations in magnitude. Therefore, the seasonal variation 

of nitrate primarily depends on the influence of vertical mixing, highlighting the contri-

bution of convective mixing processes to nutrient increase (winter) or decrease (summer) 

in the KE region. 
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Figure 14. The nitrogen budget analysis using the OFES hydrography-biology products provides 

estimates of nitrate changes (in mmol m−2 d−1) within the mixed layer during the winter period from 

1999 to 2009. Four components are considered: (a) the total change in nitrate, (b) the mean advective-

induced component (horizontal + vertical), (c) the eddy-induced component (horizontal + vertical), 

and (d) the mixing component. 

    

Figure 15. The nitrogen budget analysis using the OFES hydrography-biology products provides 

estimates of nitrate changes (in mmol m−2 d−1) within the mixed layer during the summer period 

from 1999 to 2009. Four components are considered: (a) the total change in nitrate, (b) the mean 

advective-induced component (horizontal + vertical), (c) the eddy-induced component (horizontal 

+ vertical), and (d) the mixing component. 

5. Conclusions 

This study investigates the influence of mesoscale and submesoscale processes on 

biological production in the KE System. Using remote sensing and Argo floats, the re-

searchers explore how eddies modify surface and subsurface Chl-a concentrations. CE 

and ACE induce positive and negative surface Chl-a anomalies, respectively, particularly 

in winter. This is due to the lifting or deepening of isopycnals and nitrate, stimulating or 

depressing phytoplankton growth. Consequently, CE and ACE result in variations in 

SCM depth-integrated Chl-a, and nitrate. These anomalies are mainly located near the 

main axis of the KE. Monopole Chl-a patterns within eddy centers correspond to positive 

or negative anomalies, depending on the principal component's sign. Chl-a concentrations 

above the SCM layer in CE and ACE are higher and lower than the edge values, respec-

tively, while those below exhibit the opposite pattern, regardless of winter variations. 

Negative and positive Chl-a anomalies account for approximately 26% and 18% of the 

total CE and ACE, respectively, across all seasons. Nutrient supply resulting from strati-

fication differences under convective mixing and eddy stirring may contribute to these 
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anomalies. The study also highlights the role of submesoscale processes, such as higher 

vertical velocity in winter and spring, in transporting nutrients and phytoplankton into 

the sunlit ocean and promoting significant phytoplankton production. However, the 

study acknowledges the need for improved spatial resolution and comprehensive obser-

vations to fully understand submesoscale processes. Another study examined MLD ad-

justment in eddies, revealing the influence of eddy-induced upwelling and downwelling 

in CE and ACE on nutrient supply and Chl-a concentrations. The differences between CE 

and ACE are more significant in winter due to deeper mixing, enhanced nutrient supply, 

and redistribution of Chl-a. The shallow mixed layer and stratification in summer affect 

nutrient injection and contribute to variations in Chl-a concentrations. Convective mixing 

processes also play a role in nutrient increase or decrease during winter and summer, 

respectively. Overall, this study highlights the importance of mesoscale and submesoscale 

processes in driving biological productivity in the KE system. 

 Overall, the study emphasizes the importance of mesoscale and submesoscale pro-

cesses in driving biological productivity and provides insights into the mechanisms un-

derlying nutrient supply and Chl-a distributions in the KE system. While shedding light 

on these dynamics, the study acknowledges the need for future research to improve spa-

tial resolution and incorporate comprehensive observations for a better understanding of 

submesoscale features and their impacts. 
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