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Mesoscale eddy dipoles are oceanographic structures that can transport ocean

water parcels horizontally and vertically in ways that differ from individual

mesoscale eddies. The most conspicuous additional feature that presents in

dipoles is the cold filament (CF) that can be spontaneously generated between a

dipole’s anticyclonic eddy (AE) and cyclonic eddy (CE). A case study in this paper

shows that the interaction between the CF and the CE component of the dipole

is associated with the structural evolution of the dipole. This interaction is verified

in synthesis and normalization studies of the CF dipoles. The CF-dipole

interaction entrains CF water into the center of the dipole’ CE and leads to a

cold and high chlorophyll center in the upper layer of the CE. The formation of

this cold center changes the dipole’s structure by eliminating the phase

difference between the thermal and dynamic centers of the dipole. The

entrainment also provides a new mechanism for the development of high

chlorophyll levels in the CE. In the analysis of the HYCOM (Hybrid Coordinate

Ocean Model) simulation of a synthetic CF dipole, the AE has a three-zone

structure while the CE only has two. The convergence of the CE’s outermost

zone results in a biased interaction.

KEYWORDS

fi l ament , mesoscale eddy dipole , interact ion , st ructure , Lagrangian
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1 Introduction

Mesoscale eddies are important in the world’s oceans because they transport and

redistribute mass and energy both horizontally (Jayne and Marotzke, 2002; Chelton et al.,

2011a; Chelton et al., 2011b; Xu et al., 2014; Zhang et al., 2014) and vertically (Falkowski

et al., 1991; McGillicuddy et al., 1998; Williams and Follows, 1998), and can significantly
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impact marine ecosystems (McGillicuddy and Robinson, 1997;

McGillicuddy et al., 1998; Bracco et al., 2000; McGillicuddy et al.,

2007; Siegel et al., 2011; Gaube et al., 2015). With the expansion of

mesoscale eddy research, mesoscale dipoles have gained increasing

attention (McGillicuddy and Robinson, 1997; Machu et al., 1999;

Zhao et al., 2021).Dipoles occur in both nearshore regions and the

open ocean. Many of the nearshore dipoles are formed by the

coastal wind jet (Wang et al., 2006; Zhai and Bower, 2013; Santiago-

Garcıá et al., 2019). For example, the formation and maintenance of

the summer dipole off of Vietnam is due to the positive and negative

wind stress curls on opposite sides of the offshore wind jet, which

generate the CE and AE of the dipole, respectively (Wang et al.,

2006). While in the open ocean, the inverse cascade of surface

kinetic energy and eddy-eddy interaction in the surface

quasigeostrophic region are strong (Capet et al., 2008; Klein and

Lapeyre, 2009), and eddies of opposite sign are easily paired (Held

et al., 1995; Hakim et al., 2002). Statistics show that dipoles are

primarily concentrated in the western boundary regions and near

the Antarctic Circumpolar Current (Ni et al., 2020). The physical

characteristics of dipoles are distinctly different from those of

individual eddies, since there are squeezing and high velocities

between the two component eddies of a dipole (Ni et al., 2020) that

can create filaments (Guidi et al., 2012; Pidcock et al., 2013). These

differences imply potential and distinctive eddy dynamics and

ecological effects.

However, as with individual eddies, our understanding of the

three-dimensional (3-D) structure of dipoles is quite limited. The

direct observations of the 3-D structure of eddies are limited to only

a few oceanographic cruises (Zhang et al., 2016), that have been

supplemented by satellite remote sensing observations (Hughes and

Miller, 2017) and interior reconstructions using sea surface

information (Liu et al., 2019). Recently, combining Array for

Real-time Geostrophic Oceanography (ARGO) profiles and

dipoles identified from satellite altimeter data, Ni et al. (2020)

obtained the 3-D synthetic structure of dipoles in the global

ocean, thus expanding the previous synthesis method for

individual eddies (Chaigneau et al., 2011; Zhang et al., 2013;

Zhang et al., 2014; Frenger et al., 2015). In addition to using

direct observations, numerical simulation is also an important

tool for studying the 3-D structure of dipoles (Jayne and

Marotzke, 2002; Nardelli, 2013; Prants et al., 2015; Yin et al., 2020).

At present, the research on the structure of mesoscale dipoles is

still in its infancy, with two essential problems remaining to be

solved: The first is, what is the structure that arises between the AE

and CE of a dipole and how does it interact with the dipole? The

second is, what are the structural characteristics of the CE and AE

that comprise the dipole and how do these structures act to

maintain the structural integrity of the dipole?

Between a dipole’s AE and CE, an emanated CF structure is

conspicuous. It may be a ‘thread’ joining the two eddies of the

dipole, thus until the dynamics of its interaction with the dipole are

resolved the first problem cannot be answered. Although very little

work has been done on the details of the structure that occur

between a dipole’s two component eddies (AE and CE), a similar

structure that occurs in mesoscale surface geostrophic flow with

high strain rate has been well studied. It was found that the stretch
Frontiers in Marine Science 02
of the mesoscale geostrophic flow near the surface can induces sub-

mesoscale filaments that deform the existing phytoplankton patches

(Lévy et al., 2018). In addition, a sub-mesoscale front can also be

produced through the squeezing of the mesoscale surface

geostrophic flow and stimulate a vertical circulation that causes

the warm and low salinity side of the front to rise and the cold and

high sality side to sink (Lévy et al., 2018; Zhang et al., 2019). As the

CF flows from the cold, high chlorophyll side of the dipole to the

warm, low chlorophyll side, it affects the distribution of the

phytoplankton as well. The squeezing between the AE and CE of

a dipole (where the CF is located) also has high velocities and large

density gradients (Guidi et al., 2012) which may affect the dipole’s

3-D structure. However, these similarities are superficial as there are

dynamical differences between the dipole and the mesoscale, high-

strain-rate geostrophic flow. Unlike the closed vertical circulation

that exchanges water on both sides of the front in the mesoscale

geostrophic flow, the Lagrangian trajectory analysis shows that no

water is exchanged between the AE and CE of the dipole (Guidi

et al., 2012; Yin et al., 2020). Moreover, the quadrupole distribution

of the vertical velocity (w) between the dipole’s AE and CE (Viúdez,

2018; Ni et al., 2020) is also different from the bipolar distribution of

the w in the mesoscale geostrophic flow. Therefore, the influence of

the CF on the dipole is different from that of the similar structure on

the mesoscale high-strain-rate geostrophic flow. This paper will

explore the detailed effects of the CF’s on the structure and

dynamics of mesoscale dipoles.

In the classical theory, individual eddies are isolated systems having

closed potential vorticity contours (Zhang et al., 2014). Consequently,

the classical understanding of individual eddies cannot be used for the

second problem to uncover the connection between the two component

eddies of a dipole. Because an isolated eddy encloses its internal body of

water (Chelton et al., 2011a) there is no apparent convergence or

divergence causing exchange with outside water. However, studies of

smaller-scale dynamic structures suggest that water exchangemay occur

between inside and outside of eddies. Mesoscale eddies may have a sub-

mesoscale spiral structure of chlorophyll that is drawn inward or

outward (Xu et al., 2019; Zhang and Qiu, 2020). In a case study of an

intrathermocline eddy in the Sea of Japan, Lee (2018) found its

accelerating anticyclonic flow induced a horizontally divergent surface

flow, resulting in the formation of a high chlorophyll ring around the

eddy. Nardelli (2013) observed and modeled a CE with a high

chlorophyll center surrounded by a low chlorophyll inner ring within

a high chlorophyll outer ring. Lagrangian trajectories showed that tracer

particles moved upward near the center of the CE, sank just outside the

center, and then rose again at the periphery. The Lagrangian framework,

which provides a different perspective than the Eulerian view, is being

increasingly used to study the detailed structures of mesoscale eddies

(Bettencourt et al., 2012; Prants et al., 2015; Yin et al., 2020). Detailed

structures newly revealed usually have multiple vertical cycles in the

radial direction as described in previous studies (Nardelli, 2013; Lee,

2018). The divergence/convergence of the outermost zone in these

individual eddies is like a hook at either end of the ‘thread’ through the

component eddies, which may act to lock two opposing eddies into

a dipole.

The Southern Indian Ocean is an ideal region to study CF-

dipole interaction, and the area between 30° S to 70° S and 10° E to
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150° E was chosen for the study. This is because that mesoscale

eddies are active in this region (Ansorge and Lutjeharms, 2005;

Durgadoo et al., 2011) with many eddies possessing high eddy

kinetic energy (Frenger, 2013). More importantly, dipoles account

for a high fraction of the eddy energy in the South Indian Ocean (Ni

et al., 2020). In addition, there are multiple oceanic fronts in the

region (Orsi et al., 1995; Belkin and Gordon, 1996; Machu et al.,

1999; Faure et al., 2011), that causes a large north-south

temperature gradient which is conducive to the emergence of CF

between a dipole’s component eddies.

The principal focus of this study is to investigate the influence of

CFs on the structural evolution of dipoles and the structural

foundation of this influence. In section 2 we introduce the data

and methods used in this study. In section 3, a representative

observed dipole is studied, and a preliminary analysis of the role of

the CF on its evolution is conducted. Then, the 3-D synthesis of CF

dipoles verifies the universality of the CF-dipole interaction. In

addition, normalized statistics are computed in order to attempt to

derive a universal law for the temporal evolution of dipoles

interacting with CFs. In section 4, Lagrangian particle trajectories

are derived from HYCOM model simulation to study the pathways

of the CF water and the detailed structures of the AE and CE within

the dipole to reveal how the detailed structures of the two

component eddies contribute to the interaction with the CF.

Finally, conclusions are made in section 6.
2 Data and methods

2.1 Data

The Sea Level Anomaly (SLA) data provided by the Copernicus

Marine Environment Monitoring Service (CMEMS) (ftp://

f t p . s l t a c . c l s . f r / C o r e /

SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047/

dataset-duacs-rep-global-merged-allsat-phy-l4-v3/) that combines

TOPEX Poseidon, ERS, and Jason1 satellite altimeter (Ducet et al.,

2000) at a spatial resolution of 1/4° × 1/4° and a temporal resolution

of 1 day was used in this study for the period from Jan. 1998 to

Dec. 2018.

The Sea Surface Temperature (SST) and the SST Anomaly

(SSTA) observations were provided by the National Centers for

Environmental Information (NCEI) (https://www.ncdc.noaa.gov/

oisst/data-access) at a spatial resolution of 1/4°×1/4° and a temporal

resolution of 1 day, spanning the period from Jun. 2002 to

Oct. 2011.

The chlorophyll (CHL) concentration data was obtained from

ftp://ftp.eri.ucsb.edu/pub/org/oceancolor/MEaSUREs2014/

readme.html#meanChl, at a spatial resolution of 9 km and a

temporal resolution of 8 days, spanning from Jul. 2002 to Dec. 2010.

In order to synthesize the 3-D structure of dipoles, T and S

profiles from ARGO were employed, and the ARGO profiles for the

study region were obtained from the China ARGO Real-time Data

Center (ftp://ftp.argo.org.cn/pub/ARGO/global/), spanning the

period from Jan. 1998 to Dec. 2018. ARGO profiles involved in

synthesis were vertically interpolated to the 151 isobaric surfaces
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(1dbar, 10 dbar, 20 dbar… 1500 dbar), and the Barnes interpolation

(Ni et al., 2020) was then used layer by layer on each isobaric surface

to obtain the horizontally gridded distributions of T and S in the

new coordinate. In addition, high-accuracy gridded T and S data

( f t p : / / m y . c m e m s - d u . e u / C o r e /

MULTIOBS_GLO_PHY_REP_015_002/dataset-armor-3d-rep-

weekly/) containing ARGO and CTD profiles at a horizontal

resolution of 1/4°×1/4°, a temporal resolution of 7 days, and on

33 layers from 0 m to 5500 m were used in the analysis of the

individual dipole case. The gridded T and S data were interpolated

onto the same horizontal grid as for the SLA data, and the depth was

converted into a pressure coordinate and interpolated onto the

same isobaric surfaces as in the synthetic analysis.
2.2 Methods

2.2.1 Eddy identification, tracking and dipole
synthesis

This study followed the work of Chelton et al. (2011b) and

identified eddies from their closed SLA contours and the average

values of geostrophic flows on those closed contours. The diameter

range of the outermost closed contour was set to be greater than or

equal to 1° and less than or equal to 5° to cover the statistical eddy

diameter range of 100 to 240 km as obtained by Chelton et al.

(2011b). The tracking method was as the same as that used by

Nencioli et al. (2008). Because the translation speed of eddies does

not exceed 7 cm s-1 (Chelton et al., 2011b), the upper limit of eddy

translation speed was limited to 10 cm s-1 in this study. As a result,

the displacement distance between two adjacent search times (1

day) was limited to 8.64 km. Only eddies with lifetime of 24 days or

longer were considered.

The synthesis method was developed further in this study with

the screening conditions for identifying dipoles determined by the

objectives of our research. For this purpose, we defined two types of

dipoles. The dipole only having the squeezing between the AE and CE

was termed as the OS dipole, while the one having both the squeezing

and CF as the CF dipole. In this study, the method for determining

the existence of a CF was that there was only one unique minimum

value for SST on the line connecting the centers of the AE and CE

that did not occur at the center of either the AE or the CE. The

specific synthesis process for these dipoles was as follows:
1) The center of the AE was taken as the center of the search

region and a 5° search radius was used to search for a

coupled CE to form an AE-CE pair to be screened.

2) A new coordinate system was then established that defines

the direction from the center of the AE to the center of the

CE as the positive x-axis. The ratio of the mean radius of the

AE to that of the CE was used to define the origin of the

coordinate system (0, 0) as the proportional distance

between the centers of the AE and the CE with the origin

further from the larger eddy. The y-axis is counterclockwise

from and orthogonal to the x-axis when looking down on

the dipole, as shown in Figure 1. In the figure, Ra is the

mean radius of the AE, Rc is the mean radius of the CE, and
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Fron
Dac is the distance between the AE and CE, and only dipoles

that met the squeezing condition that Dac<Ra+Rc were

considered. Da and Dc are the distances of the centers of

the AE and CE to the origin, respectively. Through the

relationships Da/Dc = Ra/Rc and Da+Dc=Dac, the values of

Da and Dc can be determined as Da=Dac×Ra/(Ra+Rc) and

Dc=Dac×Rc/(Ra+Rc), respectively. In the new coordinate

system, the AE center is at (-1, 0) and the CE center is at

(1, 0).

3) Carry out quality control on the ARGO data and eliminate

ARGO profiles with initial observational depths greater

than 5 dbar or final observational depths less than 1500

dbar and eddy dipoles that were not observed by any ARGO

profile on the same day. Further, only use an ARGO

observation and corresponding dipole if the ARGO

profile was within either 4 Da or 4 Dc of the center of the

AE or the CE. That was DAa ≤ 4×Da (or DAc ≤ 4×Dc), where

DAa and DAc are the distances of the ARGO to the centers

of the AE and CE. This 4-times limit was enough to ensure

that the ARGO profile fell within the zone that the dipole

could affect.

4) Determine the location of the ARGO profile in the new

coordinate system. Calculate the angle (qAanew) of the ray

from the center of the AE to the ARGO profile relative to the

x-axis of the new coordinate system, namely the difference

between qAa and qca. Here, qAa is the angle of the ray from

the AE center to the ARGO profile relative to the x-axis of the

original coordinate system, and qca is the angle of the ray

from the AE center to the CE center relative to the x-axis of

the original coordinate system (take the x-axis direction of

the original coordinate system as 0° with the angle increasing
tiers in Marine Science 04
in the counterclockwise direction). When the projection of

the ARGO profile on the x-axis in the new coordinate system

was in the range of x ≤ 0, namely DAx =DAa×cos(qAanew)-Da

≤ 0, the ARGO profile’s position in the new coordinate

system was determined as: lat_Anew =DAa×sin(qAanew)/Da,

l on_A n e w=DAa× co s (qA a n e w ) /D a - 1 . O th e rw i s e ,

lat_Anew=DAa×sin(qAanew)/Dc, lon_Anew=(DAa×cos(qAanew)-
Da)/Dc. These ARGO profiles whose normalized distance

to the center of the AE or the CE was less than or equal to 4

and their corresponding dipoles were included.

5) Since each ARGO profile corresponds to a SLA value, we got

the scattered SLA distribution in the new coordinate as

soon as the positions of ARGO profiles were obtained in the

previous step. The Barnes interpolation (Ni et al., 2020) was

then used to obtain the grid distribution of the SLA.

Further, the 3-D structures of the dipole’s horizontal

geostrophic flow and potential density anomaly were

calculated from the 3-D gridded T and S fields that were

interpolated from Argo profiles involved in synthesis.
In total, there were 20,325 OS dipoles and 1,297 CF dipoles with

sufficiently close ARGO profiles. This requirement for having

nearby ARGO profiles is necessary to enable later 3-D structure

analysis of the dipoles. If neighboring ARGO profiles are not

required, the numbers of OS and CF dipoles were 72,452 and

4,581, respectively. Figure 2 shows the 72,452 OS dipoles

superimposed by fronts in the Southern Indian Ocean.

2.2.2 Simulation of the CF dipole
The numerical experiment in this study used the mixed

coordinate HYCOM ocean model (Ansorge and Lutjeharms,
FIGURE 1

Diagram of the original coordinate system (shown in the northwest box) and new coordinate system for a dipole and corresponding ARGO profiles.
Variables written in blue represent values in the original coordinate system.
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2005), with the KPP parameterization scheme (Bracco et al., 2000).

The model domain was a flat-bottomed ocean of 4000 m depth

between 35° S and 65° S. The horizontal resolution of the model was

10 km, with 60 vertical levels. To easily initialize the observed

temperature and salinity, the pure z-coordinate was adopted in

HYCOM. The 60-level vertical coordinate were configured at the

geometric proportion of 1.07 with the uppermost level being z=-4

m. The wind stress and thermal forcing were set to zero, and a

quasigeostrophic dipole motion in the model was self-induced. In

the model, the dipole was initialized by the synthetic T and S fields

of the CF dipole. The Lagrangian particle trajectories were

computed by using the finite difference method.
3 Results

3.1 Case study of the CF dipole evolution

As outlined in the introduction, a remarkable feature of a dipole

is the CF generated between the dipole’s AE and CE. Because this

feature may be of significance, the aim of this study is to investigate

the role that the CF may play in the subsequent evolution process of

the dipole.

The first step is to get an intuitive sense of the evolution process

and what influence a CF may have on it. Consequently, a detailed

case study of a typical CF dipole was conducted from the sea surface

down to 1500 dbar. A dipole that lived just over one month (Jan. 13

- Feb. 14, 2007) with an obvious CF feature was selected and it is

shown in Figures 3 and 4 with the SLA contours superimposed on

the SSTA and the CHL concentration, respectively. By Jan. 21

(Figures 3B, 4B), a northward flow between the dipole’s AE and CE

eddies had gradually developed and the CHL was beginning to be

transported northward from the high concentration area to the

north of the dipole. By Jan. 29 (Figures 3C, 4C), a low, convex and

tongue-like SSTA had developed between the AE and CE and a CF
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had clearly developed. By Feb. 06 (Figures 3D, 4D), the CF water

showed signs of interacting with the CE, and by Feb. 14 (Figures 3E,

4E), the minimum of SSTA and the maximum of CHL

concentration were well established within the CE but were

beginning to slowly weaken.

In addition to the above analysis on the sea surface, the

evolution process in the subsurface domain was further analyzed

using the 3-D gridded T and S data described in section 2.1.

Figure 5 shows the potential density distribution on Jan. 24, Feb.

07, and Feb. 14 on the 20 dbar and 300 dbar isobaric surfaces. These

three days represent the three stages in the evolution of the dipole: 1)

the CF formation, 2) the onset of the CF-dipole interaction, and 3) the

mature CF-dipole interaction, respectively. This evolution primarily

occurs in the upper layer (see the 20 dbar surfaces in Figures 5A–C)

on the northern flank of the dipole (near 38° S). In the first stage, as

shown in Figure 5A on Jan. 24, due to the north-south fluctuation of

the front where the dipole was located, a low potential density AE and

a high potential density CE had appeared. In addition, a CF had

formed and presented on the 20 dbar surface as a tongue-like area of

higher potential density between the AE and CE, which was due to

the existence of the north-south background temperature gradient

and the effect of the northward advection between the AE and CE. By

the second stage, as shown in Figure 5B on Feb. 07, with the further

evolution of the dipole, the CF was a fully developed high potential

density center. Concurrently, the CF was beginning to interact with

the CE. By the third stage, as shown in Figure 5C on Feb. 14, the CF

was fully engaged with the CE. Since cold water had been transported

to the northern side of the dipole from between its AE and CE, a cold,

high potential density region had formed in the northern flank of the

CE, near 38° S. As a result, the low and high potential densities near

the centers of the AE and CE, respectively, had returned. During this

process, the phase difference between the thermal and dynamic

centers that was generated as the CF formed had been eliminated

as the CF became fully engaged with the CE. In a previous study of

the vertical structure of an Agulhas ring, Souza et al. (2011) found a
FIGURE 2

Distribution of OS dipoles without the requirement for a neighboring ARGO profile and fronts in the Southern Indian Ocean. The red dots are AEs,
the CEs are shown in blue, and the AE and CE of each dipole are connected by a black line. Fronts (Orsi et al., 1995; Belkin and Gordon, 1996)
include the Agulhas Front (AF) (red curve), the northern Subtropical Front (NSTF) (purple curve), the southern Subtropical Front (SSTF) (orange curve),
the Subantarctic Front (SAF) (yellow curve), the Polar Front (PF) (blue curve), and the Scotia Front (SF) (dark blue curve).
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phase difference between the geostrophic flow and the temperature

field. Further, phase differences between SST and Sea Surface Height

(SSH) were also found in mesoscale eddies in the North Atlantic and

the Southern Ocean (Hausmann and Czaja, 2012). The CF-dipole

interaction may be the mechanism that generates this phase

difference phenomenon.

However, in the lower layer, the northern flank of the dipole (see

the 300 dbar surfaces in Figures 5D–F) was different from that in the

upper layer in that its isopycnals within the CE showed a downward

trend. Combining this with the temporal variations in the area, the

amplitude, and the average EKE of the CE (not shown), it’s clear that

the CE showed a weakening trend after its interaction with the CF.
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While the northern flank of the CEwas weakening, the isopycnals

in the lower layer (300 dbar) rose on the southern flank of the CE

near 40° S (Figures 5D–F), which implies that a new north-south

frontal fluctuation had enhanced the intensity of the dipole.

Based on the above analysis, the evolution process of the dipole

can be summarized as follows: 1) In the upper layer, as the dipole

strengthens, a CF is formed between the dipole’s AE and CE, and a

phase difference develops between the thermal and dynamic centers

of the dipole; 2) The CF water is gradually advected into the CE; 3)

Cold water with high CHL concentrations appears within the CE, and

the phase difference between the thermal and dynamic centers of the

dipole disappears. Concurrently, the lower isopycnals sink, and the
D

A B

E F

C

FIGURE 3

Snapshots of the SSTA (color) for a CF dipole with contours of SLA (gray curves) drawn at intervals of 10 cm superimposed. The development and
maturity of a CF between the dipole’ AE and CE eddies (A–C), its interaction with the CE (D) and the appearance of the CF water in the CE (E, F).
The thick dotted curves are the outermost closed contour of each component eddy, with the arrows indicating the directions of the horizontal
geostrophic flow. The triangles labeled ‘A’ and ‘C’, mark the centers of the AE and CE, respectively. Except for the SLA contours, the features for the
AE are shown in red, and those for the CE are shown in blue.
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CE weakens. It can be seen that the interaction of the dipole with the

CF is an important dynamic feature in the evolution of the dipole.
3.2 3-D structure of the CF dipole

In the case study just presented, the CF-dipole interaction

generated a high potential density center in the upper layer of the

CE component of the CF dipole. If this feature of CF-dipole

interaction is universal, it would be expected that high potential

density should also occur in the upper layer of the CE in the 3-D

synthetic dipole. The structure of CF dipoles was synthesized with

that of OS dipoles for comparison using the algorithm described in

section 2.2.

The distributions of ARGO profiles contributing to the

synthetic results of the OS and CF dipoles in the new coordinate

system are shown in Figures 6A, B, respectively. The results of

taking the SLA values of points within -2.5≤x ≤ 2.5 and -1.5≤y ≤ 1.5

of the OS and CF dipoles for the Barnes interpolation are shown in
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Figures 6C, D. From the horizontal geostrophic velocity

distributions of the OS and CF dipoles (not shown), it can be

seen that the maximum amplitude of the northward geostrophic

velocity between the AE and CE of the CF dipole (~20 cm s-1) is

stronger than that of the OS dipole (~16 cm s-1). The CF dipole can

be regarded as a strengthened OS dipole possessing stronger

northward flow. With an appropriate background temperature

gradient the flow may have a cold tongue character and becomes

the CF structure, and thus the strengthened OS dipole turns to be a

CF dipole. A further difference between the CF and OS dipoles is

reflected in the distributions of the potential density anomalies.

Figures 6E, F are zonal sections of the potential density anomalies

along the axis connecting the centers of the AE and CE of the OS

and CF dipoles, respectively. The AE in both the CF and OS dipoles

has two negative potential density anomaly maxima in the vertical

direction, one near 250 dbar and the other near 850 dbar, while the

CE in both the CF and OS dipoles has only one positive potential

density anomaly maximum near 750 dbar. Therefore, the

distributions of the potential density anomaly maxima in the
D

A B

E F
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FIGURE 4

The same as Figure 3 except for the CHL concentration.
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synthetic OS and CF dipoles are analogous to those in the individual

synthetic AE and CE in the Southern Indian Ocean (not shown).

However, due to there is no CF between the OS dipole’s component

eddies, the potential density anomaly maximum as the result of the

CF-dipole interaction that appears in the upper layer of the CF

dipole’s CE is not present in the OS dipole. Because it’s a synthetic

result this maximum reflects the prevailing of the CF-dipole

interaction in CF dipoles.
3.3 Statistics of the CF dipole evolution

Although the universality of the CF interaction with the CE of

the dipole has been demonstrated from the analysis of the 3-D

synthesized dipoles, the temporal characteristics of the interaction

process remain to be examined. Because it was observed in the

initial CF-dipole interaction case study that CHL entered the CE

during the interaction process, the time variation of the CHL

concentrations between the centers of AE and CE may intuitively

reveal the dynamics of the CF-dipole interaction.

Therefore, a statistical sample was comprised of the CF dipoles

not subject to the requirement that a nearby ARGO profile existed

while meeting the requirement that both the AE and CE

components existed for at least 5 days before and after they

paired to form a dipole. Here, we adopted the first time both the

squeezing condition and the conditon of the CF existence were met

to be the time of dipole formation. A total of 263 dipoles were found

that met these requirements. Next, the CHL concentrations on the

line between the centers of AE and CE were interpolated onto the

normalized distance of 1.

The change in CHL between the dipole’s AE and CE and the

temporal evolution of CHL near the centers of the AE and CE
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around the time of dipole formation are shown in Figures 7A–C,

respectively. At that time, the CHL concentration near the center of

the AE is at its lowest level, while the CHL concentration near the

center of the CE reaches its peak. Simultaneously, the temporal

variations of the area and the absolute amplitude of both the AE and

CE within the dipole (not shown) reach their peaks around this

time. This agrees with the CHL change mechanism for eddies

described in Gaube et al. (2014) that when the AE (CE)

intensifies, the subsidence (rise) of the isopycnal surface reduces

(increases) the nutrients in the euphotic zone, inhibiting

(promoting) the growth of phytoplankton. Following the dipole

formation phase, the CHL concentration near the center of the CE

gradually returns to its level prior to dipole formation. This is

because at this stage the intensity of the CE is weakening, and the

isopycnals relax leading to the shutoff of the increase of CHL.

However, after about two days of weakening the CHL concentration

near the center of the CE increases again. Observing the spatial

distribution of the CHL at this time, we can find the reason for the

second CHL increase. In Figure 7A, high CHL concentration can be

found extending from the area centered on x=0.6 where the CF is

located to the side of the CE. Therefore, the extension of the high

CHL concentration from the location of the CF into the CE

following dipole formation confirms the previous prediction of

the universal nature of the CF-dipole interaction. In brief, during

the entire evolution process described above, the two peaks in CHL

in the CE are caused first by the strengthening of the CE and then by

the interaction of the CF water with the CE after its formation.

The CF-dipole interaction, which leads to the secondary high

CHL concentrations in the CE, may be a new mechanism for the

increase of CHL on the north side of the front. As some CEs

eventually split from dipoles in the front to the north, the cold and

high CHL concentration water from the southern side of the front
D
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FIGURE 5

The potential density of the dipole on the isobaric surfaces. The upper row (A–C) is on the 20 dbar surface, and the lower row (D–F) is on the 300
dbar surface. As before, the dotted line is the outermost closed contour of each eddies, the triangles mark the centers of eddies with an ‘A’ and ‘C’
labeling the AE and CE respectively, and the arrows on the dotted lines indicate the directions of the horizontal geostrophic flows. The features for
AEs are shown in red, and those for the CEs are shown in blue.
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can be transported northward. The significant meridional

transport of water and CHL by mesoscale eddies in the

Antarctic Circumpolar Current region (Zhang et al., 2014; Sun

et al., 2019; Zhao et al., 2021) may be related to this phenomenon.

It should be noted that, either the CHL transport is accomplished

by the south to north flow between the AE and CE of a dipole or

the northward movement of CEs after separating from the frontal

dipoles, the transport by the oceanic dipoles studied in this paper

is mainly meridional. This is different from the zonal transport of

CHL by nearshore eddies (Feng et al., 2007; Moore et al., 2007;

Wang et al., 2018).The structural foundation for the CF-dipole

interaction will be addressed in the next subsection using

numerical simulation.
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3.4 Simulation of the dynamic structure of
the CF dipole

From the case study, the 3-D synthesis, and the normalized

statistical analysis the importance and universality of the CF-dipole

interaction in the temporal evolution of the dipole’s structure have

been demonstrated. Nevertheless, a few questions remain: Why is

the CF water only entrained into the CE and not the AE? What are

the dynamics driving this bias? Is this bias related to differences in

the dynamic structure between the AE and CE? To try to answer

these questions, this subsection uses the numerical model results to

analyze the full 3-D flow field of the dipole. The details of the

numerical simulation were described in section 2.2.
D
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FIGURE 6

The synthesis of the OS and CF dipoles. The distributions of ARGO profiles around the dipoles used in the synthesis are shown in the new
coordinate of x=-5:0.1:5 and y=-4:0.1:4 for (A) the OS dipole and (B) the CF dipole, and the colors represent the values of the SLA. The SLA
distributions of both dipoles after the Barnes interpolation are shown in the new coordinate of x=-2.5:0.1:2.5 and y=-1.5:0.1:1.5 for (C) the OS dipole
and (D) the CF dipole. Zonal sections of potential density anomalies passing through the central axises of the dipoles are shown for (E) the OS dipole
and (F) the CF dipole.
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In the simulation results, the CE had squeezed west into the

middle area of the AE, splitting it into a northern AE and a southern

AE, and the CE rotated clockwise with the northern AE (not

shown). The paired AE and CE gradually weakened during this

process. In order to understand the flow field of the dipole

interacting with the CF, the simulation results on day 120

(Figure 8) are used for analysis. Ten particles (Figure 8B) were

released in the CF dipole (Figure 8A).

The 2-D Lagrangian particle trajectories for the ten particles

released on the 50 dbar isobaric surface between the AE and CE are

shown in Figure 8B. The trajectories of particles released near the
Frontiers in Marine Science 10
center of the CE (Particles 1 and 2) are divergent, while the

trajectories of the outer two CE particles (Particles 3 and 4) are

convergent. Particles 1-4 all remain in the same convergent shear

circle within the CE, which have endpoints represented by the four

blue triangles. The trajectories of the particles near the center of the

AE (Particles 10 and 9) are divergent, while the trajectory of the

particle further from the center (Particle 8) is convergent. Particles

8-10 all remain in the same convergent shear circle within the AE,

which have endpoints represented by the three blue triangles. The

trajectory of the outermost particle (Particle 7) of the AE is

divergent and makes one loop around the AE before exiting the
A B

FIGURE 8

(A) SLA distribution of the dipole on Day 120, with the dipole framed by the dashed line box. (B) 2-D trajectories for particles released on the 50 dbar
surface at the 10 equally spaced points between the centers of the AE and CE of the dipole. The track of each particle starts at the red asterisk and
ends at the blue triangle. Blue contours indicate that the tracks are divergent while pink contours indicate that the tracks are convergent.
A

B C

FIGURE 7

The temporal variations around the time of dipole formation of (A) CHL on the central axis of the dipole, (B) CHL in the center of the AE, and (C)
CHL in the center of the CE. The stars in (B, C) mark the minimum and maximum, respectively.
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dipole. In addition, there are two particles (Particles 5 and 6)

between the AE and CE, which pass through the dipole without

being entrained by either the AE or the CE.

We further drew the backward and forward trajectories of

representative particles in Figure 8B in 3-D space as shown in

Figure 9. The trajectories of particles released in the CE are shown in

Figures 9B, D and F. In Figure 9B, Particle 1, which represents particles

in and around the center of the CE, comes from the sinking divergence

of the upper layer near the center, continues to diverge outward, and

then diverges and rises on the convergent shear circle. In Figures 9D, F,

Particles 3 and 4, which represent peripheral particles of the CE,

originate in the sinking convergence of the outer upper layer, and then

converge and rise on the convergent shear circle. Figures 9A, C, E draw

the trajectories of particles released in the AE. The particles near the

center of the AE are represented by Particle 10 (Figure 9A), which

originates in the rising divergence of the lower layer near the center,

diverges outward, and then sinks into the convergent shear circle. At

the place on the flank of the AE is Particle 8 (Figure 9C), which

represents particles around the AE center. This particle originates in the

rising convergence of the outer lower layer, and then converges and

sinks on the convergent shear circle. Particle 7 (Figure 9E), which
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represents the particles released from the periphery of the AE moves

due to the rising divergence of the lower layer and continues to rise.

Comparing the 3-D structures of the Lagrangian flow fields of the AE

and CE, it is apparent that they are different over their entire extent.

On the basis of the Lagrangian analysis, Figure 10 is a schematic

diagram of the 3-D structure of the AE and CE components of the CF

dipole. The AE is composed of a central circle, which corresponds to a

zone of upward divergence, and two outer concentric rings. The inner

ring corresponds to a zone of upward convergence, while the outer ring

corresponds to a zone of upward divergence. The CE is composed of a

central circle with only one concentric ring surrounding it. The

Lagrangian trajectories of the CE has the same convergence-

divergence behavior as the central circle and the inner annular area

ring of the AE, except that theymainly show downwardmotion instead

of upward motion. The radially alternate distribution of w with

opposite directions in the dipole’s CE in this study is consistent with

that of an individual CE studied by Nardelli (2013). However, the

sinking, rising and sinking from inside to outside of the dipole’s CE in

this study are opposite to those of the CE in Nardelli (2013). This

difference may be due to the fact that the CE is weakening in this study,

while the one in Nardelli (2013) was strengthening, and the vertical
D
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FIGURE 9

The 3-D trajectories of particles. Particles 10, 8 and 7, which are released in the AE are in the left column graphs from the top to bottom (A, C, E),
respectively. Particles 1, 3 and 4, which are released in the CE, are shown in the right column graphs from the top to bottom (B, D, F), respectively.
The reverse trajectories originate from the red asterisks, travel at the reverse speeds on each step, and end at the gray diamonds. Each particle’s
color gradually changes from gray to red if being viewed in forward direction. The forward trajectories originate from the red asterisks and end at
the blue triangles, with the particle’s color gradually changing from red to blue.
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flow in a growing eddy is contrary to that of a decaying eddy (de

Villiers et al., 2015; Sun et al., 2019).

Looking at the detailed structures of the CF dipole’s component

eddies (Figure 10), the divergence of the outermost concentric ring

of the AE prevents the CF water from being entrained into the AE,

while the lack of this divergent ring and the convergence in the

outmost ring of the CE promotes the entrainment of the CF water

into the CE. As a result, the problem of the biased movement of the

CF water raised in the previous sections has been finally resolved.

According to Klein and Lapeyre (2009), the interior of a

mesoscale eddy is dominated by vorticity and its vertical motion

is caused by the rise or fall of the isopycnals, while the area

surrounding the eddy is dominated by deformation and its

vertical motion is driven by temporal changes in sea surface

density. Owing to our purpose, only Lagrangian movements of

the inner areas of the AE and CE and the middle area between the

two component eddies of the CF dipole have been presented.

Particle movements having four alternating positive and negative

extrema of w in the Eulerian framework, are not shown, as they are

the same as that studied by Ni et al. (2020).
4 Conclusion

Prior work presented some characteristics of the 3-D structure of

dipoles (Ni et al., 2020; Yin et al., 2020). However, the CF, a remarkable

feature of many dipoles, which had not been previously well studied,

may play an important role in the structural evolution of dipoles.

In this paper, a case study was conducted, which provided a hint

that the interaction of a CF with the CE within a dipole was a key

process in the structural evolution of the dipole. After giving a concise

definition of the CF dipole, observed CF dipoles were used to build a

synthetic structure of a dipole with the CF. These CF dipoles were
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then used to normalize the evolution process of the CF dipoles. These

studies verified the universality of the CF-dipole interaction. We

investigated the mechanism of the interaction through the simulation

of the synthetic data for the CF dipole and a Lagrangian analysis of

particles released within the dipole. This Lagrangian analysis revealed

the structural foundation of the CF-dipole interaction.

We found that through its interaction with the dipole, the CF

changed the structure of the dipole. The appearance of the CF

created a positional difference between the thermal and dynamic

centers of the dipole. However, the CF-dipole interaction caused the

thermal and dynamic centers of the CE to coincide, forming a high

positive density anomaly in the upper layer of the CE. The

appearance and the interaction of the CF with the dipole studied

here may provide a mechanism for the generation and the

elimination of the phase difference of eddies. We also found that

the CF-dipole interaction entrained not only cold water but also

high CHL water into the CE of the dipole. Therefore, the CF-dipole

interaction is the driver for the secondary onset and maintenance of

the high CHL concentrations in the upper layer of the dipole’s CE.

We sought the root reason for the CF-dipole interaction and

found that it lay in the respective detailed structural characteristics

of the dipole’s AE and CE. From the inside to the outside, the AE

has a three-zone structure of divergence, convergence and

divergence, while the CE has only a two-zone structure of

divergence and convergence. Therefore, only the CE’s outermost

zone is convergent and thus only the CE can entrain CF water,

which enters between the dipole’s AE and CE. This is the cause of

the remarkable bias in the CF interaction with the CE, how the

detailed structures of the two eddies contribute to the dipole linkup,

and the foundation of the CF-dipole interaction.

The critical role of the CF in the evolution of a dipole structure

should be noticed. Meanwhile, the high CHL concentration water that

is entrained into the CE during the evolving interaction process
FIGURE 10

The schematic diagram of the 3-D structures of the CF dipole’s AE (left) and CE (right). The blue and pink concentric rings represent zones of
divergent and convergent particle motions, respectively. The dark red and dark blue circles represent the shear circles upon which particles
converge and diverge, respectively. Arrows indicate vertical movements of water and associated divergence or convergence.
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enhances the ecological effects of mesoscale eddies. However, this

study only focuses on the role of the CF on the dipole during its

decaying stage, which is the period of CF entrainment. Future work

should consider the structural characteristics of the dipole during its

strengthening stage to get a complete picture of the dipole evolution.
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