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A B S T R A C T   

The vertical delivery of nutrients from deep water into the euphotic zone is one of the major limitations for the 
ocean primary productivity. In this study, the influence of multi-scale dynamics on the nitrate distribution 
observed by two BGC-Argo floats around the Kuroshio Extension is investigated. Vertical fluctuations of iso- 
nitrate surfaces and isopycnals were found to be correlated to the variation of absolute dynamic topography. 
In the subtropical Northwestern Pacific Ocean, subsurface nitrate concentration was found to be elevated inside a 
cyclonic mesoscale eddy during summer, while little nitrate was supplied into the surface layer, which was 
possibly due to the inhibition of seasonal thermocline. On the northern edge of the Kuroshio Extension, elevated 
euphotic-layer nitrate and surface chlorophyll concentrations were observed along the periphery of an anti- 
cyclonic eddy. In addition to horizontal advection, upwelling induced by the submesoscale dynamics is sug-
gested to likely play an important role in the enhancements of nitrate and chlorophyll concentrations. The 
enhanced vertical delivery of nutrients from depth due to submesoscale dynamics has been hypothesized as a 
significant source for some satellite-observed events of high surface chlorophyll concentration, but direct evi-
dence from in-situ observations is lacking. In this study, the synchronous occurrence of elevated nitrate and 
chlorophyll concentrations along the periphery of an anti-cyclonic eddy provides an evidence to support this 
hypothesis to some extent.   

1. Introduction 

In many regions of the world oceans, the insufficient supply of nu-
trients from depth into the euphotic zone (about 100 m near the surface) 
is a major limitation on ocean primary productivity (Mahadevan, 2016). 
The vertical delivery of nutrients may be induced by multi-scale dy-
namics, including large-scale Ekman pumping, mesoscale eddy pump-
ing, internal waves, submesoscale secondary circulations, and turbulent 
mixing (Klein & Lapeyre, 2009; Gaube et al., 2013; Li & He, 2014; 
McGillicuddy, 2016; Ning et al., 2021). Thus, studying how these multi- 
scale dynamics influence the vertical distribution of nutrients is 
important for understanding the physical-biological interactions. 

Influences of large-scale circulations and mesoscale eddies on the 

distribution of nutrients have been studied for several decades (e.g., 
Jenkins, 1988; Chelton et al., 2011). At the large scale, nitrate concen-
trations in the euphotic layer are generally low inside subtropical gyres 
due to the downward Ekman pumping, while they are higher inside 
subpolar gyres (Omand & Mahadevan, 2013; Xiu & Chai, 2020). 
Mesoscale eddies and internal waves could cause iso-surfaces of nutri-
ents to heave vertically, thus potentially inducing mesoscale variability 
of the nutrient and chlorophyll concentrations in the euphotic layer 
(While & Haines, 2010). In recent years, oceanic submesoscale currents, 
which occur on a horizontal scale of 1–10 km and temporal scales of a 
few days, have been proposed to emerge as important structuring re-
gimes for nutrients and chlorophyll. Horizontal advection and stirring 
have great effects on the elevated chlorophyll concentrations along the 
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ocean fronts and filaments, as revealed in discrete snapshots of satellite 
views (Mahadevan, 2016; Lehahn et al., 2018; Xu et al., 2019). In 
addition to the horizontal advection, another relevant submesoscale 
mechanism proposed by previous studies is that ageostrophic secondary 
circulations upwell nutrients into the euphotic layer to support elevated 
chlorophyll concentration along fronts and filaments (Klein & Lapeyre, 
2009; Mahadevan, 2016). Therefore, both horizontal and vertical mo-
tions are intrinsically linked in terms of how the submesoscale dynamics 
influence the distribution of chlorophyll concentrations. Fronts and fil-
aments could be induced by several physical mechanisms (e.g., 
McWilliams, 2015; Barkan et al., 2019; Wang et al., 2021), and the 
geostrophic strain is one that usually occurs in regions with strong 
currents, such as the Kuroshio Extension (KE), Gulf Stream, and the 
periphery of mesoscale eddies (e.g., Gula et al., 2014; Barkan et al., 
2017). Strain tends to compress fluid in one direction and stretch it in 
the perpendicular direction. When the principle axis of strain rate is 
perpendicular to the direction of horizontal density gradient, it tends to 
induce fronts or filaments (Gula et al., 2014; Wang et al., 2021). Once 
fronts or filaments are generated, ageostrophic secondary circulations 
are often induced in the cross-frontal direction (Capet et al., 2008) and 
this is proposed to be an important mechanism to transport nutrients 
into the euphotic layer (Mahadevan, 2016). Although vertical nutrients 
supply has been hypothesized to be one of the primary mechanisms for 
some observed events of high surface chlorophyll (CHL) concentrations 
along submesoscale fronts and filaments in the open ocean (e.g., Kahru 
et al., 2007; Brannigan, 2016; Liu & Levine, 2016; Zhang et al., 2019) 
and has been studied with numerical models (e.g., Calil & Richards, 
2010; Lévy et al., 2012), there is little in-situ observed evidence from the 
nutrients profiles (Zhou et al., 2013; Hosegood et al., 2017; Naigai & 
Clayton, 2017). 

As one of the most important sink for anthropogenic CO2, the Kur-
oshio Extension (KE) plays an important role in the climate system 
(Cronin et al., 2008). Thus it is necessary to interpret the bio-chemical 
processes in terms of CO2 uptake by the KE regions. The KE is a deep 
and large-scale front populated with mesoscale eddies, submesoscale 
fronts and filaments (Fassbender et al., 2017; Qiu et al., 2017; Xu et al., 
2017; Luo et al., 2020). Thus, the bio-chemical processes in this region 
are influenced by multi-scale physical dynamics. To understand the 
physical-biological interactions around the KE region, it is necessary to 
study how the horizontal and vertical transports of nutrients are influ-
enced by the multi-scale dynamics. At the large scale, the Kuroshio acts 
as a basin-scale subsurface nutrients conduit that transports large 
amounts of nutrients from the tropical ocean to the KE (Guo et al., 2013, 
Long et al., 2018; Guo et al., 2019; Naigai et al., 2019). In the KE region, 
to support the chlorophyll, sufficient supply of nutrients from subsurface 
into the euphotic zone is needed. Naigai and Clayton (2017) observed 
elevated nitrate concentration in a warm streamer on the north side of 
the KE, and they speculated that the vertical motions in the warm 
streamers were one of the final supply routes to the surface for nutrients 
transported by the Kuroshio. A recent numerical study showed that 
ageostrophic secondary circulations were formed around a warm 
mesoscale eddy on the northern edge of the KE (Luo et al., 2020). 
However, how the warm mesoscale eddies and their associated fronts 
influence the transport of nutrients is still not well-understood owing to 
insufficient observations in the KE region. 

In recent years, Biogeochemical-Argo (BGC-Argo) floats have been 
developed (e.g., Claustre et al., 2020; Johnson et al., 2009, 2017; Pas-
queron de Fommervault et al., 2015; Xing et al., 2011). Compared with 
the standard Argo floats which only carry conductivity-temperature- 
depth (CTD) sensors, BGC-Argo floats carry more biogeochemical sen-
sors. These floats thus provide synchronous depth-resolved physical and 
biogeochemical data, which can be used for studying the physical- 
biological interactions (Chai et al., 2020; Claustre et al., 2020). 
Compared with the traditional shipboard observations, BGC-Argo floats 
often move along the currents at a certain depth and can achieve ob-
servations in a longer time with less cost. They sometimes observe the 

processes in multiple temporal (from days to years) and spatial scales 
(from submesoscale to basin scale) (Claustre et al., 2020). Meanwhile, 
because BGC-Argo often move along the currents for a long distance, 
there is a challenge to distinguish what mechanisms are responsible for 
the variability of the properties measured by them. In this study, 
through combining with some ancillary data, e.g., satellite observed 
absolute dynamic topography (ADT), sea surface temperature (SST), 
surface chlorophyll (CHL) and profiling data from some standard Argo 
floats, the influence of multi-scale dynamics on the nitrate distribution 
observed by two long-term (about 4 years for each) BGC-Argo floats 
around the KE is studied, with an emphasis on the potential influence of 
mesoscale eddies and their associated fronts. The information of the 
BGC-Argo floats and satellite data is described in Section 2. In Section 3, 
the influence of multi-scale dynamics on the nitrate distribution 
observed by the BGC-Argo floats is analyzed. The implications of the 
present study are discussed in Section 4, and the conclusions are pre-
sented in Section 5. 

2. Data and methods 

2.1. Float data 

The two floats analyzed in the main text are numbered as 5904034 
and 5904035, respectively, by the World Meteorological Organization 
(WMO). They both cycled from 1000 m depth to near the sea surface. 
Detailed temporal resolutions and cycled periods of the floats are given 
in Table 1. Their trajectories are shown in Fig. 1. From the year 2013 to 
2017, Floats 5904034 and 5904035 moved between the subtropical and 
subpolar gyres and recorded vertical profiles of temperature, salinity, 
and nitrate concentration. Thus, the variations of the nitrate profiles 
measured by them are related to the influence of multi-scale dynamics, 
seasonal variability, and biological uptake. The data of Floats 5904034 
and 5904035 are obtained from ftp://ftp.ifremer.fr/ifremer/argo, and 
only adjusted data are used in this study. 

The vertical resolution of temperature and salinity is 2 m. The 
measurements of nitrate concentration are made at 60 depths (5 m 
resolution from surface to 100 m, 10 m resolution from 100 to 360 m, 20 
m resolution from 360 to 400 m, and 50 m resolution from 400 to 1000 
m). The nitrate concentration is observed using the optical nitrate sen-
sors (In Situ Ultraviolet Spectrophotometer (ISUS)), which measure the 
seawater absorption spectrum in the wavelength range from 217 to 240 
nm (Johnson & Coletti, 2002). The nitrate data processing and quality- 
control procedure include temperature-salinity correction (Sakamoto 
et al., 2009), pressure correction (Sakamoto et al., 2017), and offset 
adjustment (Johnson et al., 2013). The adjustment is based on the 
assumption that the bias of the ISUS sensor resulted from an initial 
calibration offset and a possible dark current drift over time and can be 
regarded as a constant offset for the entire profile (i.e., the offset 
correction) (Johnson et al., 2013). The adjustment procedure is to 
compare the raw float nitrate concentration to a reference estimate for 
nitrate in deep waters (e.g., 1000 m) where nitrate concentration is 
nearly constant. In this study, the nitrate data of Floats 5904034 and 
5904035 have already been delayed-mode quality-controlled by the 
Monterey Bay Aquarium Research Institute (MBARI), using the same 

Table 1 
Information of the BGC-Argo floats 5904034 and 5904035. * The last profile 
represents the time of the last profiling data analyzed in this study.  

WMO # Date Number of NO−
3 

profiles  
Time intervals 
among profiles 

First 
profile 

Last 
profile* 

5904034 Mar. 1, 
2013 

Feb. 24, 
2017 

281 5 days 

5904035 Mar. 2, 
2013 

Dec. 27, 
2016 

269 5 days  

T. Wang et al.                                                                                                                                                                                                                                   
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procedures described in Johnson et al. (2017). After the drift adjust-
ment, the nitrate data accuracy is expected to be improved to the order 
of 0.5 μmol kg− 1 (Johnson et al., 2017). In addition to Floats 5904034 
and 5904035, two other floats numbered as 2902754 and 2902755 are 
analyzed to support some conclusions of the present study, and their 
information and relevant results are shown in the supplementary ma-
terial (supplementary Table S1, Figs. S1 and S2). 

2.2. Ancillary data 

Ancillary data used in this study include the following: multi-sensor- 
merged daily and 8-day composite 4-km-resolution surface CHL con-
centration fields downloaded from the Copernicus Marine Environment 
Monitoring Service (CMEMS, http://marine.copernicus.eu/); daily ab-
solute dynamic topography (ADT), sea level anomaly (SLA) and surface 
horizontal geostrophic velocity fields with a spatial resolution of 0.25◦

downloaded from CMEMS, which are provided by the Archiving, Vali-
dation and Interpretation of Satellite Data in Oceanography (AVISO); 
daily sea surface temperature (SST) data with a spatial resolution of 
0.01◦ obtained from the Jet Propulsion Laboratory (JPL) (https://coas 
twatch.pfeg.noaa.gov/erddap/griddap/jplMURSST41.html), which are 
based on microwave-derived SST, infrared-derived SST, and in-situ SST; 
monthly-climatology nitrate data with a spatial resolution of 1◦ obtained 
from the World Ocean Atlas 2013 (WOA13) (https://www.nodc.noaa. 
gov/cgi-bin/OC5/woa13/woa13oxnu.pl); standard Argo profiling data 
downloaded from ftp://ftp.ifremer.fr/ifremer/argo. 

2.3. Quantification of MLD, Neu, and strain rate 

In the present study, the mixed layer depth (MLD) is defined as the 
depth where the seawater density increases by 0.03 kg m− 3 relative to 
the reference depth of 10 m (de Boyer Montégut et al., 2004; Oka et al., 
2007). We also analyzed the sensitivity of the results to different MLD 
definitions (e.g., with temperature threshold of 0.2 ◦C) and found 
insignificant influence on the main conclusions of the present study. The 
euphotic-layer averaged nitrate concentration (Neu) is estimated with 
the vertically averaged nitrate concentration in the upper 100 m. We 
also estimated Neu with the vertically averaged nitrate concentration in 
the upper 80 m and 120 m, respectively (supplementary Fig. S3), and 
found insignificant influence on the main results of the study. 

Through using surface horizontal geostrophic velocity fields from the 
AVISO, the strain rate S induced by the geostrophic flow is calculated by 

S =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(∂ug/∂x − ∂vg/∂y)2
+ (∂vg/∂x + ∂ug/∂y)

√

(1)  

where (ug, vg) are the (x, y) components of the horizontal geostrophic 
flow at surface (Gula et al., 2014; Wang et al., 2021). Strain tends to 
compress fluid in one direction and stretch it in the perpendicular di-
rection. When the direction of horizontal density gradient is perpen-
dicular to the principle axis of strain rate, horizontal density gradients 
are enhanced to induce frontogenesis. The classical schematic diagram 
of strain field (or deformation flow) and its role in frontogenesis can 
refer to Fig. 9 in Klein and Lapeyre (2009) and Fig. 5 in McWilliams 
(2016). 

3. Results 

3.1. Relationship between nitrate profiles measured by the floats and ADT 

The vertical profiles of potential temperature, salinity and nitrate 
concentration observed by the BGC-Argo floats are shown in Fig. 2. As 
shown in Fig. 1, the floats moved back and forth among the oligotrophic 
subtropical gyre, the KE and subpolar mesotrophic gyre. The KE is rich 
with mesoscale eddies, so the float-observed nitrate fields are likely to be 
influenced by several factors, such as the large-scale spatial heteroge-
neity, mesoscale eddies, submesoscale dynamics, seasonal variability, 
and biological uptake. Biological uptake mainly occurs in the euphotic 
layer. Under the euphotic layer, physical processes are likely to domi-
nate the distribution of nitrate, which can be inferred from the similar 
patterns of potential temperature, salinity and nitrate concentration 
(Fig. 2b-2d and 2g-2i). As shown in Fig. 2d and 2i, nitrate concentration 
is better correlated with density than with depth. The correspondence of 
the vertical fluctuations of isopycnals and iso-nitrate surfaces primarily 
reflects that the physical dynamics induced vertical movements of iso- 
nitrate surfaces and isopycnals at the same time. In addition, because 
water movements in the ocean interior tend to follow density surfaces, 
the redistribution of isopycnal transport is also responsible for the cor-
respondence of the density and nitrate concentration (Mahadevan, 
2016). Nitrate concentration has also been shown to be more correlated 
with temperature or density than with depth in other studies (e.g., Ren 
et al., 2017). 

The fluctuations of isopycnals and iso-nitrate surfaces are related to 
the variation of ADT along the trajectories of the floats (Fig. 2d-2e and 
2i-2j). ADT with the resolution of 0.25◦ is a quantity that can resolve the 
influence of large- and meso-scale processes to some extent. Inside the 
subtropical gyre and most anticyclonic eddies, the sea surface is elevated 
to result in higher ADT than for surrounding waters, and isopycnals and 
iso-nitrate surfaces below the mixed layer are depressed relative to the 
surrounding water (McGillicuddy, 2016). Inside the subpolar gyre and 
most cyclonic eddies, the sea surface is depressed, resulting in lower 
ADT than for surrounding waters, and isopycnals and iso-nitrate sur-
faces are lifted up. As a result, the vertical fluctuations of isopycnals and 
iso-nitrate surfaces under the euphotic layer are roughly inversely pro-
portional to ADT (Fig. 2d-2e and 2i-2j). In addition to the floats 5904034 
and 5904035, we also analyzed two other BGC-Argo floats 2902754 and 
2902755 around the KE, which moved within the subtropical and sub-
polar gyres, respectively (supplementary Figs. S1 and S2). They show 
similar relationship between the variations of iso-nitrate surfaces and 
isopycnals. 

The depth-averaged nitrate concentrations (Neu) in the eupthotic 
layer (0–100 m) measured by Floats 5904034 and 5904035 are shown in 
Fig. 2e and 2j. The variations of ADT and Neu are negatively correlated. 
Through calculating all of the profiles obtained by the two BGC-Argo 
floats, the correlation coefficient between ADT and euphotic-layer ni-
trate concentration is quantified to be about − 0.7 at the 95% confidence 
level. In addition to the vertical nitrate delivery forced by the large-scale 
and mesoscale processes, other processes (such as diapycnal mixing, 
seasonal variability, and biological uptake) also influence the relation-
ship between nitrate concentration and density inside the euphotic 
layer; thus, the variations of ADT and Neu show significant, though 

Fig. 1. Trajectories of Floats 5904034 and 5904035. Blue and green triangles 
indicate the initial and final locations of the floats, respectively. Background 
color indicates the snapshot of ADT on April 12, 2016, which is used to show 
the meanders and a substantial number of mesoscale eddies generated around 
the KE. The locations denoted with A1, A2, B1 and C1 indicate the locations 
during the corresponding dates shown in Fig. 2. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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imperfect correlation. We have analyzed all profiles measured by the 
floats and their corresponding daily ADT, SLA, SST, CHL and 
geostrophic velocities, and two cases (on Dates A1 and A2) are chosen as 
examples to show how ADT is correlated to the nitrate distribution 

under the influence of large-scale dynamics in Section 3.2. 

Fig. 2. Variations of (a) the latitudes and longitudes of the BGC-Argo float, profiles of (b) potential temperature, (c) salinity and (d) nitrate concentration measured 
by the float, and (e) ADT and Neu along the trajectory of the float. Panels (a)-(e) and (f)-(j) show the results from Float 5904034 and 5904035, respectively. In panels 
(b), (c), (g) and (h), black lines indicate MLD. In panels (d) and (i), black lines indicate the iso-nitrate surface of NO−

3 = 5μmol kg− 1, and grey lines indicate the 
isopycnals with potential density of 1026 kg m− 3. In panels (e) and (j), blue lines indicate ADT at the corresponding time and locations along the trajectories of the 
floats, and orange lines indicate the vertical average of nitrate concentration in the euphotic zone (0–100 m) measured by the floats. The dates denoted with A1, A2, 
B1 and C1 indicate the dates of the cases analyzed in Figs. 3–7 and their corresponding locations are noted in Fig. 1. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Two cases for showing the relation-
ships between ADT, nitrate concentration 
and surface CHL concentration under the 
influence of large-scale process. The cases 
shown in panels (a)-(c) and (d)-(f) corre-
spond to Dates A1 and A2 in Fig. 2a and 2f, 
respectively. In panel (a), background colors 
and triangle indicate ADT and the location of 
the float on Date A1, respectively; Dashed 
line indicates the trajectory of Float 
5904034; The blue line in the right bottom 
indicates the vertical profile of nitrate con-
centration on Date A1, whose vertical axis 
indicates depth in the range of 300–0 m, and 
horizontal axis indicates nitrate concentra-
tion in the range of 0 to 30 μmol kg− 1. Panel 
(b) indicates the surface CHL concentration 
during the time period which covered Date 
A1. Panel (c) shows the monthly-climatology 
mean nitrate concentration in the euphotic 
layer from WOA13. Panels (d)-(f) are similar 
to panels (a)-(c), but indicate Case A2. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the web version of this article.)   

T. Wang et al.                                                                                                                                                                                                                                   
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3.2. Influence of large-scale process on nitrate distribution measured by 
the floats 

The large-scale process results in spatial heterogeneity of the depth 
of isopycnals and iso-nitrate surfaces between the north and south sides 
of the KE. When the floats moved across the KE, the depth of iso-nitrate 
surfaces those they measured changed a lot. Fig. 3 shows the two cases 
with elevated nitrate concentration on Dates A1 and A2, when the 
corresponding ADT was low and iso-nitrate surfaces were uplifted 
(Fig. 2d, 2e, 2i, and 2j). On Date A1, Float 5904034 moved inside the 
subpolar waters near the coast of Japan, where ADT was lower than its 
surrounding water (Fig. 3a). The low ADT resulted from the Kuroshio 
meander formed on the south side of Japan (Chang et al., 2019). Both 
the up-lifted iso-nitrate surfaces in the background subpolar water and 
coastal water supplied abundant nitrate into the euphotic layer, 
benefiting high CHL concentration (Fig. 3b). The monthly-mean clima-
tology of nitrate concentration from WOA13 roughly shows the influ-
ence of this meander on the euphotic-layer nitrate concentration 
(Fig. 3c), but its magnitude is lower than that measured by the BGC-Argo 
Float 5904034 (6.9 μmol kg− 1) due to the inter-annual variability of the 
meander (Guo et al., 2019). 

In the profiles measured by Float 5904035, iso-nitrate surfaces were 
uplifted around Date A2 (Fig. 2i). During that time, the float moved into 
the subpolar water with low ADT (Fig. 3d), and the uplifted iso-nitrate 
surfaces supplied nitrate into the euphotic layer to support high CHL 
concentration (Fig. 3e). This influence of the large-scale process is re-
flected by the monthly-mean climatology of nitrate concentration from 
WOA13, with lower ADT corresponding to higher nitrate concentration 
(Fig. 3d and 3f). The magnitude of monthly climatology mean nitrate 
concentration is comparable to that measured by the float (about 9 μmol 
kg− 1). 

3.3. Potential influence of a cyclonic mesoscale eddy in the subtropical 
gyre 

In addition to the large-scale dynamics, the fluctuations of iso-nitrate 
surfaces under the euphotic layer are likely to be influenced by meso-
scale eddies, as shown in the following case during Period B1. As shown 
in Fig. 4a and 4b, from June 27 to July 7, 2014, Float 5904034 (pink 

triangles) moved into a westward propagating cyclonic mesoscale eddy 
from outside. As Float 5904034 moved from outside into the eddy, the 
subsurface (from 80 m to 300 m) temperature observed by it decreased 
(as shown with the solid blue and green lines in Fig. 4d), while the 
subsurface nitrate concentration increased (as shown with the solid blue 
and green lines in Fig. 4e). This implied that the subsurface isopycnals 
and iso-nitrate surfaces were up-lifted inside the eddy. From July 7 to 
July 12, Float 5904034 continued moving toward the core of the eddy 
(Fig. 4b and 4c), and the subsurface nitrate concentration increased a 
little more slightly (as shown with the solid green and red lines in 
Fig. 4e). 

To identify that the variations of temperature and nitrate concen-
tration measured by Float 5904034 were mainly due to the local influ-
ence of the mesoscale eddy, we searched for more standard Argo floats 
which were the nearest to Float 5904034 in the same dates (black dots in 
Fig. 4a-4c). Although these standard Argo floats did not carry nitrate 
sensors, the temperature profiles measured by them could reflect 
whether there was significant influence of large-scale water mass ex-
change or wind-induced Ekman pumping near the mesoscale eddy 
during Period B1 to some extent. The temperature profiles observed by 
these standard Argo floats showed that there was no significant decrease 
of subsurface temperature outside of the eddy from June 27 to July 12 
(dashed lines in Fig. 4d). On June 27, Floats 5904034 and 2901566 were 
both outside the eddy (Fig. 4a), and the temperature profiles measured 
by them were close to each other (Fig. 4c). On July 7 and 12, the tem-
perature profiles measured by Floats 5904034 and 2901552 exhibited 
significant difference, which was likely due to the influence of the eddy. 
This implied that the variations of subsurface temperature and nitrate 
concentration measured by Float 5904034 during Period B1 were 
potentially due to the influence of the cyclonic eddy. 

Although the subsurface nitrate concentration measured by Float 
5904034 increased during Period B1, there was no significant variability 
of the nitrate concentration in the upper 80 m (Fig. 4e). We speculate 
that it is because that the upwelled nitrate was hindered by the seasonal 
thermocline (Fig. 4d). In the present study, the bottom of the seasonal 
thermocline is defined as the depth where the temperature gradient is 
first smaller than 0.02 ◦C m− 1. The depth of the seasonal thermocline 
from the three profiles measured by Float 5904034 was about 120 m 
(June 27), 96 m (July 7), and 86 m (July 12), respectively. These 

Fig. 4. Influence of a mesoscale eddy on the 
vertical profiles of temperature and nitrate 
concentration measured by Argo floats. In 
panels (a)-(c), background colors indicate 
SLA. Pink triangles and black dots indicate 
the locations of Float 5904034 and some 
standard Argo floats which were the nearest 
to Float 5904034 in the same dates, respec-
tively. The numbers in the bracket under the 
triangles indicate the longitudes and lati-
tudes of the triangles. Dashed line indicates 
the trajectory of Float 5904034. Solid lines in 
panels (d) and (e) indicate the vertical pro-
files of potential temperature and nitrate 
concentration in the upper 300 m measured 
by Float 5904034, respectively. Dashed lines 
in panel (d) indicate the vertical profiles of 
potential temperature measured by the 
standard Argo floats which were the nearest 
to Float 5904034 in the same dates. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the web version of this article.)   
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roughly corresponded to the depth where the nitrate concentration 
began to be larger 1 μmol kg− 1, which was about 120 m (June 27), 101 
m (July 7), and 86 m (July 12), respectively. 

During Period B1, Float 5904034 moved inside the oligotrophic 
subtropical region (Fig. 1). Case B1 shows that a westward propagating 
cyclonic eddy upwelled nitrate in the subsurface, but it did not supply 
much nitrate into the surface layer possibly due to the inhibition of 
thermocline during summer. This might enhance the primary produc-
tion from 80 m to the bottom of the euphotic layer, while did not 
enhance the primary production at surface. Correspondingly, there was 
no apparent elevation of surface CHL from the satellite data (surface 
CHL was lower than 0.2 mg m− 3) around the eddy during Period B1 (not 
shown for brevity). Although Case B1 can not represent the situations of 
all cyclonic eddies, it shows the possibility that some cyclonic eddies 
upwelled nitrate in the subsurface, while did not supply much nitrate 
into the surface layer due to the inhibition of seasonal thermocline in the 
subtropical Northwestern Pacific Ocean during summer. 

3.4. Potential influence of submesoscale process around an anti-cyclonic 
eddy 

3.4.1. Elevated nitrate concentration along the periphery of an anti-cyclonic 
eddy 

In addition to the apparent influence of large-scale and mesoscale 
dynamics, the distributions of nitrate and CHL are also related to the 
processes in smaller scales. An examination of the trajectories of Float 
5904034 shows that it moved along the periphery of an anti-cyclonic 
mesoscale eddy during Period C1, as discussed in analysis that fol-
lows. The corresponding locations of the float and time period of Case C1 
for analysis are noted in Figs. 1 and 2, respectively. 

During Period C1 (March 22 - May 13, 2016), isopycnals and iso- 
nitrate surfaces were uplifted (Fig. 2d). Correspondingly, there was a 
peak of nitrate concentration in the euphotic zone (Fig. 2e). The distri-
butions of ADT and SST (Fig. 5a) showed a warm, anticyclonic meso-
scale eddy being detached from the KE, and Float 5904034 moved along 
the KE front and the periphery of the mesoscale eddy. Eleven profiles 
have been recorded by the float during Period C1, and six of them are 
shown in Fig. 5. During Period C1, MLD differed much from that 
observed before and after Period C1 (Fig. 2b). Before and after moving 
along the KE front and the periphery of the mesoscale eddy, the nitrate 
concentrations measured by Float 5904034 were both much lower than 

Fig. 5. Snapshots of SST, SLA and strain rate S normalized by f during Period C1. Dashed line indicates the trajectory of Float 5904034, and triangles indicate the 
locations of the float at the corresponding dates. In panel (a), colors indicate SST and grey contours indicate SLA with unit of m. In panel (b), colors indicate the 
magnitude of strain rate S normalized by f, and grey contours indicate SST with interval of 1 ◦C; The blue lines in the right bottom of each panel indicate the vertical 
profiles of nitrate concentration measured by Float 5904034, whose vertical axis indicates depth in the range of 300–0 m, and horizontal axis indicates nitrate 
concentration in the range of 0–30 μmol kg− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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those measured during Period C1, as shown with the nitrate profiles in 
Fig. 5b. This implied that a very limited quantity of nitrate was trapped 
inside the eddy. One potential mechanism for the elevation of nitrate 
concentration was the upwelling induced by submesoscale dynamics 
along the periphery of the eddy, as explained in the following. 

Fig. 5b shows that relatively strong strain occurred along the pe-
riphery of the mesoscale eddy. When the direction of horizontal density 
gradient is perpendicular to the principle axis of strain rate, isopycnals 
are often compressed to enhance the frontal sharpness. Along the pe-
riphery of the mesoscale eddy, isotherms were compressed to be close to 
each other (Fig. 5b). According to the discussions in some previous 
studies (e.g., Mahadevan, 2016; McWilliams, 2016), ageostrophic sec-
ondary circulations are often induced in the cross-front direction, which 
may drive nutrients up into the euphotic layer to support CHL. There-
fore, our hypothesis for the potential mechanism is that when the warm 
eddy moved inside the subpolar water during Period C1, the sub-
meoscale processes along its periphery upwelled high subsurface nitrate 
concentration into the euphotic layer (Fig. 5b). 

Through using high-resolution numerical models (with horizontal 
resolution of 500 m), Luo et al. (2020) simulated the submesoscale dy-
namics of a similar anti-cyclonic eddy that was detached from the KE. 
They found significant secondary circulations along the periphery of the 
eddy. Although they did not simulate nutrients, the secondary circula-
tions in their simulations supported our hypothesis that the ageostrophic 
circulations were one important potential mechanism to upwell nutri-
ents along the periphery of anti-cyclonic eddies on the northern edge of 
the KE. In addition to the local submesoscale process, there were also 
other potential mechanisms, including the horizontal advection from the 
surrounding subpolar water, surface cooling, wind-induced mixing and 
Ekman pumping. To examine whether there was significant local in-
fluence of the mesoscale eddy on the elevated nitrate concentration, 
some further analysis is shown as follows. 

There was no synchronous observations of nitrate outside of the eddy 
during Period C1, so there was no direct evidence to identify that the 
elevated nitrate concentration was not totally horizontally advected 
from the surrounding subpolar water or due to wind-induced mixing. 

However, some indirect analysis could provide some clues. Firstly, we 
found some standard Argo floats whose locations were close to Float 
5904034 during the same dates, and compared the profiles of temper-
ature and salinity measured by them (Fig. 6). On April 12, Float 
5,904,090 was in the subpolar water and close to Float 5904034 
(Fig. 6a). The temperature and salinity profiles measured by Float 
5904034 along the periphery of the eddy were much different from that 
measured by Float 5904090, with surface temperature and salinity dif-
ference about 3 ◦C and 0.2 g kg− 1, respectively. This implied that there 
was significant difference between the properties measured by Floats 
5904034 and 5904090. In addition, MLD along the periphery of the 
eddy was deeper than the subpolar water, which was possibly related to 
the enhanced mixing at the fronts (D’Asaro et al., 2011; Yang et al., 
2017). The comparison of Floats 5904034 and 2901681 showed similar 
results. The significant temperature and salinity difference between the 
profiles along and outside the eddy indicated the local effects of the eddy 
on the distributions of properties (e.g., temperature, salinity and nitrate) 
to some extent. Secondly, the monthly-climatology euphotic-layer 
averaged nitrate concentration during April (about 4 μmol kg− 1) was 
much lower than that measured by Float 5904034 (about 8 μmol kg− 1) 
in the same region (supplementary Fig. S4), indicating the potential 
influence of the mesoscale eddy or other inter-annual variability during 
Period C1. Thirdly, after Period C1, the euphotic-layer nitrate concen-
tration measured by Float 5904034 was much lower than that during 
Period C1 until the last 8 profiles (Fig. 2e), although the float moved at 
higher latitudes for about eight months (Fig. 1 and supplementary Fig. 
S4). In the last 8 profiles, the elevated nitrate concentration (Fig. 2d and 
2e) was related to winter mixing and another eddy (supplementary Fig. 
S5). In all of the profiles measured by Floats 5904034 and 5904035, the 
occurrence of such high nitrate concentration (about 8 μmol kg− 1) in 
April was only found during Period C1. All of the above analyses do not 
totally exclude the influence of the horizontal advection from the sur-
rounding subpolar water, but they imply that the mesoscale eddy had 
local effects to some extent. 

We also analyzed the temporal variations of local wind, sea surface 
net heat flux, and wind-induced Ekman pumping from March 1 to May 

Fig. 6. Temperature and salinity profiles measured 
by different Argo floats in the same dates. (a) Tri-
angle and dot indicate the locations of Floats 
5904034 and 5904090 on April 12, 2016, respec-
tively. Background colors indicate SST. (b) Solid lines 
indicate the potential temperature and salinity pro-
files measured by Float 5904034, and dashed lines 
indicate those measured by Float 5904090. The 
numbers inside the brackets indicate MLD of the 
corresponding profiles. Panels (c) and (d) are similar 
to (a) and (b), but for Floats 5904034 and 2901681 
on May 3, 2016.   

T. Wang et al.                                                                                                                                                                                                                                   



Progress in Oceanography 193 (2021) 102543

8

31 in 2016 (supplementary Fig. S6), and did not find significant corre-
lation between them with the elevated nitrate concentration during 
Period C1. In addition, being different from the case shown in supple-
mentary Fig. S5, there was no significant temporal variability of SST 
inside the mesoscale eddy (Fig. 5a), implying that there was no signif-
icant surface cooling during Period C1. We also calculated the anomaly 
of Neu through removing the monthly NO−

3 (WOA13) from the BGC-Argo 
observed NO−

3 (supplementary Fig. S7). The anomaly of Neu showed a 
peak during Period C1, indicating the potential influence of the meso-
scale eddy or other inter-annual variability. 

According to the above analyses, the elevated nitrate concentration 
during Period C1 was not totally horizontally advected from the sur-
rounding water, and the wind-induced mixing, Ekman pumping and sea 
surface net heat flux did not seem to have significant effects. The cor-
respondence between strain rate, compressed isotherms, and elevated 
nitrate concentration along the periphery of the eddy indicates the po-
tential influence of submesoscale dynamics. 

3.4.2. Relationship between the elevated nitrate concentration and surface 
CHL 

In the subpolar region, nitrate may not be the limiting nutrient for 
CHL, but the vertical delivery of nitrate indicates the same process could 
have occurred for other limiting nutrients, such as iron. The supply of 
nutrients from deep water may enhance the CHL at surface. This was 
corresponding to the satellite-observed ring of elevated CHL concen-
tration along the periphery of this eddy (Fig. 7). In addition to the supply 
of nutrients from deep water, the horizontal advection certainly had 
effects on the distribution of surface CHL. To examine the effects of 
horizontal geostrophic advection on the distribution of surface CHL, we 
performed the eddy’s transport properties through a numerical experi-
ment. In the numerical experiment, we computed the trajectories of 
synthetic particles initiated on April 30 and advected by the satellite 
derived daily geostrophic velocity fields. The particles were initiated at 
the regions with CHL concentration greater than 0.45 mg m− 3 on April 
30, 2016 (Fig. 7c). Trajectories used for Lagrangian analysis were 
computed by integrating the geostrophic velocities with a time step of 1 
h. The final locations of the particles on May 4 are shown in Fig. 7d. As 
shown in Fig. 7d, some particles were advected along the periphery of 
the mesoscale eddy, while they only occupied a small part of the area 
where the CHL concentration was greater than 0.45 mg m− 3 on May 4. 
This implied that geostrophic horizontal advection had effects on the 
elevated CHL concentration along the periphery of this eddy, but it could 
not explain all of the new production of CHL on May 4. The numerical 
tracking with the daily velocity fields certainty had some bias, but the 
advected distances of the particles in the northeastern side of the ring 
was much shorter than the real length of the ring with CHL concentra-
tion greater than 0.45 mg m− 3 on May 4, 2016. 

The horizontal confluent flow and ageostrophic convergence also 
possibly had effects on structuring the ring of the elevated CHL. How-
ever, both of the confluence and convergence are relevant to the sub-
mesoscale dynamics, which tended to induce vertical secondary 
circulations at the same time. As discussed in Mahadevan (2016) and 
Lehahn (2018), the vertical and horizontal dynamics of submesoscale 
processes are intrinsically linked. Considering the synchronous occur-
rence of elevated nitrate concentration along the periphery of the eddy, 
the upwelling of nutrients induced by submesoscale dynamics also likely 
played important roles in supporting the elevated surface CHL, in 
addition to the horizontal transports. 

4. Discussions 

4.1. Another case with elevated CHL around the periphery of mesoscale 
eddies 

The ring of elevated CHL also occurred in some other eddies in this 
area, such as the eddy shown in Fig. 8. A warm, anticyclonic eddy was 
detached from the southwest region shown in Fig. 8, and along the pe-
riphery of this eddy, a CHL ring was formed (Fig. 8f). As shown in 
Fig. 8e, the CHL ring was located inside the warm eddy, so CHL con-
centration was low in the original region where the eddy was formed. In 
addition, the ring of CHL was isolated by the surrounding water (Fig. 8f), 
which was similar to Case C1 to some extent (Fig. 7). Similar to Section 
3.4, we suggest that the upwelling of nutrients along the periphery of the 
eddy played a significant role in supporting the surface high CHL. 

The new production of CHL along the ring was not likely horizontally 
stirred from the northwestern high CHL concentration region in Fig. 8c. 
Compared with the part of the CHL ring shown on June 2 (Fig. 8c), CHL 
concentration along the ring on June 4 was higher (Fig. 8f). Even with 
the maximum horizontal velocities (about 1 m s− 1), the advected dis-
tance would have been about 173 km from June 2 to June 4, which was 
not long enough to advect the CHL from the northwestern region into 
the northern part of the ring. Therefore, vertical processes likely had 
effects on the new production of CHL along the ring from June 2 to June 
4. Unfortunately, there was no observation of nutrients profiles along 
this eddy. 

4.2. Implications of BGC-Argo observations for the study of physical- 
biological interactions around the KE 

Around the KE, surface CHL usually exhibits multi-scale patterns, as 
shown in the satellite views in Fig. 9a. In the large-scale, lower ADT 
(Fig. 9b) roughly corresponds to higher concentration of surface CHL, 
such as the northwestern region (37-42◦N, 135–155◦E) shown in Fig. 9a. 

As shown in Fig. 9a and stated in Naigai et al. (2019), the CHL 

Fig. 7. Distributions of daily surface CHL concentrations on April 30 and May 4, 2016. Black contours in each panel indicate the isoline of CHL with concentration of 
0.45 mg m− 3. Panels (c) and (d) show the trajectories of synthetic numerical particles advected by the satellite derived velocity field (black dots) from April 30 to May 
4. The synthetic numerical particles were selected as the pixels with CHL concentration greater than 0.45 mg m− 3 on April 30. White regions indicate missing data 
due to cloud cover. 
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concentrations are substantially elevated along the northern edge of the 
KE (35–37◦N, 145–180◦E) during spring, but lower in adjacent regions 
further north. Up to now, it is still not clear why CHL concentrations ars 
elevated along the northern edge of the KE. As shown with the black 
boxes in Fig. 9a, the elevated CHL concentrations are sometimes in the 
shape of strips or rings with spatial scales of 10 km, and are apparently 
related to the horizontal gradients of ADT (Fig. 9b). Under geostrophic 
balance, a strong horizontal gradient of ADT corresponds to strong 
geostrophic currents (Fig. 9b). Thus one potential explanation for the 
elevated CHL associated with the northern flank of the KE is the hori-
zontal advection of nutrients and CHL from the coastal and northwestern 
waters (Fig. 9a and 9b). Meanwhile, in the regions with strong 
geostrophic currents (e.g., along the KE front and the periphery of 
mesoscale eddies), high strain rate is often induced (Fig. 9c). As dis-
cussed in Section 3.4, when the direction of horizontal density gradient 
is perpendicular to the principle axis of strain rate, fronts and filaments 
are often generated (Fig. 9d). The ageostrophic secondary circulations in 
the cross-front direction may drive nutrients up into the euphotic layer 
to support CHL. 

The vertical supply of nutrients is closely related to the horizontal 
shear and vorticity of the flow, so it is hard to identify whether there is 

vertical supply of nutrients in the regions with elevated CHL only 
through the satellite data. The present study shows a case that nitrate 
concentration was elevated along the periphery of a warm eddy on the 
northern side of the KE. Combing with further analysis, we suggest the 
possibility that submesoscale processes in the upper layers of the fronts 
and eddies supply nutrients into the euphotic layer. Because the KE re-
gion is rich of warm mesoscale eddies, fronts and filaments, it is likely 
that the submesoscale processes play a significant role in the vertical 
supply of nutrients to support the elevated CHL along the northern edge 
of the KE. 

In addition to the mechanism for the elevated CHL along the 
northern edge of the KE, another notwell-understood topic is how nitrate 
is supplied into the euphotic layer to support primary production in the 
subtropical ocean during spring and summer (Johnson et al., 2010). 
Johnson et al. (2010) has shown episodic subsurface nitrate upwelling 
around a cyclonic eddy near the Hawaii Ocean (Fig. 3 in Johnson et al. 
(2010)). In the present study, we show a case that subsurface nitrate 
concentration was elevated due to the influence of a cyclonic mesoscale 
eddy in the subtropical Northwestern Pacific Ocean during summer. Due 
to the inhibition of seasonal thermocline, nitrate was hard to be upw-
elled into the surface layer inside this eddy. 

Fig. 8. A case with high CHL concentration along the periphery of a mesoscale eddy. In panels (b) and (e), arrows indicate the daily surface geostrophic velocities. In 
panel (e), white contours indicate the isoline with CHL concentration of 0.45 mg m− 3, which are used to denote the position of the CHL ring. In panels (c) and (f), 
white regions indicate missing data due to clouds. 

Fig. 9. Relationships between the (a) eight-day composite sea surface chlorophyll (CHL) concentration, eight-day averaged (b) absolute dynamical topography (ADT, 
color) with geostrophic velocities (arrows) overlaid, (c) strain rate normalized by the Coriolis frequency f (Strain/f), and (d) sea surface temperature (SST) in the 
Kuroshio Extension region during May 17–24, 2015. In Panel (a), white areas indicate missing data due to cloud cover. Black boxes indicate the cases where the width 
of CHL hotpots was on the order of 10 km. 
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5. Conclusions 

In this study, the influence of multi-scale dynamics on the vertical 
distribution of nitrate concentration measured by two BGC-Argo floats 
around the KE region is investigated. The temporal variation of the float- 
observed nitrate concentration is positively correlated with density, and 
negatively correlated with ADT. In the subtropical Northwestern Pacific 
Ocean, subsurface nitrate concentration was found to be elevated inside 
a cyclonic eddy. Possibly due to the inhibition of seasonal thermocline, 
nitrate was hard to be upwelled into the surface layer inside this eddy. 
Along the northern edge of the KE, the synchronous occurrence of 
elevated euphotic-layer nitrate and surface CHL concentrations was 
observed along the periphery of a warm and anti-cyclonic eddy. 
Through combining with some further analysis, we suggest that the 
upwelling induced by the submesoscale dynamics was likely a signifi-
cant mechanism for supplying nutrients into the euphotic layer and 
supporting CHL along periphery of the anti-cyclonic eddy. 

In both of the subtropical ocean and the northern edge of the KE, it is 
not well-understood how nutrients are supplied into the euphotic layer 
and support primary production. The present study reports two cases 
those are relevant to mesoscale and submesoscale dynamics, respec-
tively. With more deployments of BGC-Argo floats and surface drifters 
equipped with chemical and biological sensors, the influences of 
mesoscale and submesoscale dynamics on biogeochemical processes 
around the KE region would become clearer. 
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