
1. Introduction
Mesoscale phenomena such as mesoscale eddies, with typical spatial scales of 50–300 km and temporal 
scales ranging from weeks to months, are prevalent in the world oceans. They carry huge kinetic ener-
gy (Chelton, Schlax, & Samelson, 2011; Ikeda et al., 1984), redistribute heat, salt and nutrients (Chelton, 
Gaube, et  al.,  2011; Ferrari & Wunsch,  2009; Qiu & Chen,  2005), and significantly affect ocean circula-
tion and the overlying atmosphere dynamics (Chelton et al., 2004; Frenger et al., 2013; Gaube et al., 2015; 
Hausmann & Czaja, 2012; Villas Bôas et al., 2015). In general, generation of mesoscale eddies is spatially 
non-uniform, for example, large eddy variability usually appearing in regions such as the Kuroshio Exten-
sion (KE), the Subtropical Countercurrent (STCC), the Gulf Stream and the Antarctic Circumpolar Current 
(ACC) (Chaigneau et al., 2011; Hausmann & Czaja, 2012; Qiu & Chen, 2010; Yang et al., 2015). At present, 
using satellite altimeter observations, the general sea surface characteristics of mesoscale eddies, such as 
their geographical distributions, propagation tracks, rotational speeds, and lifetimes, have been studied fre-
quently (Chelton, Schlax, & Samelson, 2011; Fu, 2006, 2009). In the past decade, the three-dimensional (3-
D) structure of mesoscale eddies, particularly in the vertical aspect, which greatly controls their intensity, 

Abstract Mesoscale eddies redistribute heat, salt, and nutrients in oceans. The South Atlantic 
Ocean (SA) is a basin that has active mesoscale eddies for which characteristics of the three-dimensional 
structure and its leading mechanism are complex but have yet been studied sufficiently. Here based on 
ocean reanalysis datasets we use a composite analysis approach to analyze the mixed layer anomalous 
heat budget and find distinct two types of spatial patterns: dipole and monopole – mainly present 
in the northern and southern regions of the SA, respectively. The dipole can be attributed to ocean 
horizontal advection, especially to the combined effect of eddy anomalous meridional current and 
meridional gradient of mean temperature. The monopole, on the other hand, is associated with complex 
contributions, for which zonal and meridional advections play opposite roles as cooling or heating around 
the eddies. At the eddy center, the vertical advection is non-negligible, especially the mean upwelling 
and vertical temperature gradient playing a vital role in the formation of a monopole. The analysis of 
eddy meridional heat transport shows that the stirring component is dominant, and poleward in most 
areas, especially at high latitudes. Such analysis on the leading mechanism of eddy-induced temperature 
anomaly could help improve our understanding on meso- and small-scale air-sea interactions and eddy-
induced heat transport in the SA.

Plain Language Summary Mesoscale eddies can modulate the distribution of ocean heat 
content, and their imprint on temperature is dipole (monopole) in lower (higher) latitudes of the South 
Atlantic Ocean (SA). Here, applying the analysis of the mixed layer anomalous heat budget, we study the 
main mechanism of the spatial structure of the eddy-induced temperature anomaly in different regions of 
the SA. Results show that the meridional and vertical advections are the dominant factors that affect the 
formation of two types of the eddy structure patterns, and eddies with monopole structure can transport 
more heat poleward in the form of stirring.
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endurance, and dissipation, has mostly been investigated in the northern hemisphere, for example, the 
Arabian Sea (de Marez et al., 2019), the South China Sea (Hu et al., 2011; Zhang et al., 2016), the KE region 
(Sun et al., 2017), and the North Atlantic subtropical gyre (Amores et al., 2017).

Although the South Atlantic Ocean (SA) is the smallest basin in the Southern Hemisphere, it possesses 
unique dynamic features and plays an important role in the global thermohaline circulation. As the link 
between the North Atlantic and the Southern Ocean (Garzoli & Matano, 2011), the SA gathers diverse water 
masses from different basins and presents complex temperature and salinity characteristics. In addition, 
the SA encompasses two energic regions, the Brazil-Malvinas confluence (BMC) and the Agulhas Cur-
rent Retroflection (AGR), where instabilities are intense teeming with abundant mesoscale eddies (Downes 
et al., 2011; Jullion et al., 2010; Meijers et al., 2007; Sloyan & Rintoul, 2000; Villas Bôas et al., 2015).

Despite its importance, in-situ observations are sporadic and sparse in time and space in the SA (Garzo-
li et al., 2013; Garzoli & Matano, 2011). This makes it difficult to obtain a full picture of the mesoscale 
eddy distribution, not to mention their three-dimensional (3-D) structures. Advances in high-performance 
eddy-resolving numerical models now enable us to investigate the three-dimensional characteristics and 
mechanisms of SA eddies. Numerical simulations can provide much more information about eddy’s 3-D 
structure than case studies using observations. For instance, by utilizing a 12 years (1996–2007) high-reso-
lution numerical model product of oceanic circulation in the Southern California Bight, Dong et al. (2012) 
divide vertical shapes of eddies into three categories according to the position where the largest radius oc-
curs: bowl-shaped eddies with the largest radius at the surface, lens-shaped eddies with the largest radius at 
the subsurface, and the cone-shaped eddies with the largest radius at the bottom. Waite et al. (2016) showed 
a wineglass shape down to 1,000 m based on the subsurface distribution of in-situ particles (particulate 
organic carbon, POC), leading to a sevenfold increase of vertical carbon flux in the eddy center versus the 
eddy flanks, which is called “wineglass effect.” Thus, it is both feasible and desired to rely on the outputs of 
high-resolution numerical models in order to better understand the structure of mesoscale eddies in the SA.

Previous studies have mainly focused on the surface features of mesoscale eddies, and the three-dimension-
al structure of eddies in different regions in SA remains poorly known. Moreover, there is little knowledge 
about the quantitative mechanism analysis of eddy-induced temperature anomaly structures and the heat 
transports trapped by different types of eddies, which hinders a deep understanding of the dynamic process-
es of mesoscale eddies as well as the regional eddy-induced air-sea interactions. The objective of this study 
is to investigate the 3-D structures of oceanic eddies, attempting to reveal the leading mechanisms of the 
SA eddies with different temperature anomaly spatial structures, and discuss the impact of different types 
of mesoscale eddies on heat transport. In order to achieve this goal, we utilize the composite analysis and 
anomalous heat budget analysis for the mixed layer.

The paper is organized as follows. After the introduction, section 2 introduces the data and method used 
throughout this study. The composite analysis for the 3-D structure of mesoscale eddies is given in section 3, 
along with horizontal and vertical characterizations. In section 4, the leading mechanism of eddy-induced 
temperature anomalies spatial patterns is revealed by analyzing anomalous mixed layer heat budget, and 
the eddy-induced heat transport is discussed in section 5. Finally, summary and discussions are given in 
section 6.

2. Methodology
2.1. Data

The reanalysis data set from the Hybrid Coordinate Ocean Model (HYCOM) is obtained from the Naval 
Research Laboratory at Stennis Space Center, Mississippi, including salinity, potential temperature, sea sur-
face height (SSH), and current velocity (eastward- and northward velocity). HYCOM is a primitive equation 
general ocean circulation model with a hybrid coordinate system which permits the model to simulate 
realistic ocean dynamics (Metzger et al., 2010, 2014; Bleck, 2002). The reanalysis uses the Navy Coupled 
Ocean Data Assimilation (NCODA) system for data assimilation, utilizing the model forecast as a first guess 
in a 3-D variational scheme and assimilating available satellite altimeter observations, in-situ Sea Surface 
Temperature (SST), in-situ vertical temperature and salinity profiles from XBTs, Argo floats and moored 
buoys (Cummings, 2005; Cummings & Smedstad, 2013). The horizontal resolution is 0.08  (∼9 km) at the 
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equator and approximately 6.5 km at midlatitude, making it globally eddy-resolving for the mesoscale fea-
tures that are addressed in this study. The hybrid coordinate system (that is isopycnal in the open stratified 
ocean, but smoothly transitions to z coordinates in the ocean mixed layer and sigma coordinates in coastal 
regions) has 41 layers vertically with potential density referenced to 2,000 m. The HYCOM reanalysis has 
been extensively validated and used in previous studies (e.g., Chen et al., 2017; Jensen et al., 2018; Luecke 
et al., 2017; Rydbeck et al., 2019; Trott et al., 2019).

2.2. Eddy Detection and Tracking Algorithm

In this study, we adopt an automated eddy detection method based on the geometry criterion proposed by 
Faghmous et al. (2015). Details of eddy detection are given as follows. The autonomous eddy identification 
algorithm starts to search for a single sea surface height anomaly (SSHA) extremum in locally defined pixels 
for a given SSHA snapshot. The extremum is defined as a grid cell whose SSHA is greater (maximum) or less 
(minimum) than its 8 neighbors in a 3 3 neighborhood. Once the eddy center is identified, the outermost 
closed contour of the SSH around the extrema is chosen as the eddy bound.

The eddy tracking algorithm used here is similar to that in Doglioli et al. (2007) and Chaigneau et al. (2008). 
The eddy amplitude is defined as the difference between the SSH at the eddy center and the mean SSH at 
the eddy bound. The radius of an eddy is defined to be the mean distance between the eddy center and the 
maximum geostrophic velocity. The rotational velocity is defined as the maximum geostrophic velocity 
computed along the eddy edge. This eddy detection and tracking scheme has been verified and widely ap-
plied to many regions (Escudier et al., 2016; Liu et al., 2020). Considering the data noise, eddies with radius 
smaller than 50 km or amplitude less than 3 cm are excluded.

2.3. Anomalous Heat Budget Analysis

The mixed layer heat budget represents the balance of various processes that contribute to the variability 
of the heat content in the upper ocean, and, consequently, affect the distribution of SST. The Mixed Layer 
Depth (MLD) is estimated as the depth at which the potential density difference from the 10 dbar value is 
equal to the threshold of the de Boyer Montégut et al. (2004):

       10 10 0 10 10 0Δ 0.2, , , , ,T S P T S P (1)

where 10T  and 10S  are temperature and salinity at 10 dbar and 0P  is sea surface pressure.

Usually, the heat budget in the oceanic mixed layer is expressed as (Giordani et al., 2013; Qiu et al., 2017; 
Qu, 2003; Stevenson & Niiler, 1983),

 
 


     

 ,e h diffnet
t

p p

w T T QQT v T
C h h C h

 (2)

where T is the potential temperature vertically averaged over the mixed layer, the subscript t denotes time 
differential operator, and h is MLD.   is a reference density (1026 kg m−3), pC  is the specific heat of seawater 
at constant pressure (3,986 J kg−1 K−1), and netQ  represents the effective net surface heat flux retained within 
the mixed layer corrected for the penetrative shortwave radiation through the mixed layer base, specified by

  ,net penQ Q Q (3)

where Q is the net surface heat flux into the ocean, penQ  is the shortwave radiation transmitted through the 
bottom of MLD, estimated by

       
/ /1 21 ,h h

pen shortQ Q Re R e (4)
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where R, 1, and  2 are coefficients that depend on water turbidity as classified by Jerlov (1968). For example, 
the Southern Ocean approximately falls into a water type with  0.67R ,  1 1,  2 17 (Dong et al., 2007; 
Huang et al., 2010).

The second term on the right-hand side of Equation 2 expresses the oceanic advection of heat composed by 
zonal advection and meridional advection. The horizontal velocity v  is an average within the MLD.

The third term on the right-hand side of Equation 2 expresses the heat flux due to entrainment. ew  is the 
entrainment velocity across the base of the mixed layer, following the approach of Stevenson and Niil-
er (1983), we compute the entrainment velocity as in Ren and Riser (2009):

      


e t h hw H h v h w (5)

where 


hv  and 


hw  are the horizontal and vertical velocity at the bottom of the mixed layer, respectively. th  is 
the rate of change of the MLD. H is the Heaviside unit function [     (1, 0 0, 0)]H x x and x . By this, only 
the entrainment (positive) velocity is considered to cool the mixed layer while the detrainment (negative) 
velocity plays no role. This is because the water that flows out from the base of the mixed layer has approxi-
mately the same characteristics as the water in the mixed layer and hence will not affect the temperature in 
the mixed layer (Nyadjro et al., 2012; Ren & Riser, 2009; Schlundt et al., 2014).

The last term on the right-hand side of Equation 2, diffQ , is the vertical diffusive heat flux at the bottom of 
the mixed layer and is parameterized (Hayes et al., 1991) as

  
 

diff p
TQ C
z

 (6)

Empirical studies (Jones, 1973; Robinson, 1966) indicate that the parameterizations of vertical eddy viscos-
ity   and eddy diffusivity   take the following form:

    


   0 1 n
c iR (7)

 


 
1c

iR (8)

where the Richardson number iR  is:

   
          

12 2
/ /i

TR g u z v z
z

 (9)

Here       6 18.75 10 9T ℃  is the coefficient of thermal expansion of water,  29.8g m s  is the 

gravitational acceleration,  c and c are background dissipation parameters, and 0,   and n are adjustable 
empirical parameters (Pacanowski & Philander, 1981). In this study, we assign constant values for these 
parameters as 0 =     3 2 13.5 10 m s ,   5,  2n ,      4 2 11.0 10c m s , and      5 2 11.0 10c m s  as in 
Pacanowski and Philander (1981) and Timmermann and Beckmann (2004). Horizontal diffusion has been 
neglected owing to its small magnitude.

Following Zhang et al. (2007), the vertical entrainment is rewritten as

 
 


.h

e e
T T Tw w

h z
 (10)

Equation 2 can be rewritten as

tT F (11)

and
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     ,q u v w zzF Q Q Q Q Q (12)

where   /tT T t is referred to as potential temperature tendency and F as the forcing. The forcing is 
the sum of zonal advection:    /uQ u T x, meridional advection:    /vQ v T y, vertical entrainment: 

   /w eQ w T z, adjusted surface heat flux:   /q net pQ Q C h , and vertical diffusion:   /zz diff pQ Q C h .

To detect the physical mechanism controlling the temperature distribution induced by mesoscale eddies in 
the South Atlantic Ocean, we apply a similar approach used in Huang et al. (2010). However, they studied 
ENSOs, low frequency tropical climate variability, and thus they first applied a low-pass filter (the cut-
off period is mainly associated with tropical instability waves) to the original data, separating low- and 
high-frequency variations. Then they further decomposed heat budget equation into seasonal climatology 
and anomaly from seasonal mean. Here, we focus on mesoscale eddies whose lifetime is several months, 
relatively high frequent compared to ENSO. Thus, we directly use Reynolds decomposition to obtain cli-
matology (bar) and anomaly mesoscale signals (prime). After this operation on Equations 11 and 12, the 
anomalous heat budget equation can be written as

          ,t q u v w zzT Q Q Q Q Q (13)

where

  q q qQ Q Q (14)




  

   
    

  
 u

T T T TQ u u u u
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 (15)
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T T T TQ v v v v
y y y y

 (16)
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 (17)

The vertical diffusion

 
 

zz
TQ

h z
 

is rewritten as    /zzQ T z, where   /zK h represents an equivalent entrainment velocity and can be 
decomposed into its climatology and anomaly:     , therefore,

       
    

  





 
  .zz

T T T TQ
z z z z

 (18)

In our estimation of heat budget, the daily three-dimensional outputs of HYCOM are used. First, to separate 
the climatology and anomaly of signals, all variables are decomposed using the Reynolds decomposition in 
the entire SA domain. Then, we extract the regions within all identified eddies for the days according to the 
eddy position. Finally, we average all these snapshots to obtain a daily composite map. The same procedure 
is applied to the entire study period.

3. Characteristics of Mesoscale Eddies in the SA
3.1. Eddy Statistics

In the period of this study (2008–2018), 45,322 anticyclonic eddies (AEs) and 46,075 cyclonic eddies (CEs) 
are automatically identified and tracked using the SSH-based method developed by Faghmous et al. (2015) 
in the SA. The mean eddy properties are shown in Figure  1. Eddy frequency, which is defined as the 
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percentage of time that each grid point was inside an eddy during the whole time series, for example, 100% 
represents that eddies are appearing all time at this area (Villas Bôas et al., 2015). As shown in Figures 1a 
and 1d, AEs and CEs are frequently observed south of ∼30°S for the studied period, where the eddy frequen-
cy reaches from 20% to 50%. In contrast, eddy frequency drastically weakens in the subtropical SA between 
10°S and 20°S, and is less than 5%. In general, the spatial distribution of cyclonic eddy frequency is in phase 
with anticyclonic eddy frequency in the SA, however, at Zapiola ridge, eddy frequency being higher than 
40% for CEs and less than 10% for AEs.

Eddies in our study domain have a typical radius of around 50–300 km, varying largely with latitude with 
no significant difference with respect to eddy polarity. Large-radius (more than 180 km) eddies mainly dis-
tribute in the BMC and AGR (Figures 1b and 1e). Particularly, the radius of AEs is larger than CEs in the 
Agulhas eddies propagation corridor (anticyclonic Agulhas eddies) (see Figure 1b). In the work of Souza 
et al. (2011), they obtained a very similar geographical distribution of the eddies mean diameters resolved 
by the Wavelets and geometric criteria. Furthermore, they found that the eddies tracked through the ge-
ometric criteria present a relation between the diameter and the latitude very close to the curve of the first 
baroclinic mode Rossby deformation diameter.

The mean eddy amplitudes range between 3 and 50 cm, reflecting the strength extent of eddy kinetic energy 
(EKE) level. Likewise, the large-amplitude eddies mainly distribute in the BMC and AGR, corresponding to 
∼50 cm (Figures 1c and 1f). In addition, the observed amplitude of AEs is higher than CEs in the Agulhas 
eddies propagation corridor (see Figure 1c).

To avoid sporadic events, eddies with a duration shorter than 4 weeks are excluded. This led to 3,734 AE 
trajectories and 4,079 CEs trajectories for the 10 years analysis period. The spatial distribution of the eddy 
initial positions (birth locations) and the subsequent trajectories (colored by eddy lifespan) for AEs and CEs 
are shown in Figures 2a and 2b. It is evident that eddies with shorter lifetimes (<9 weeks) are randomly dis-
tributed, while eddies with longer lifetimes have a slight northwestward propagation pathway in the AGR 
and nearly westward pathway in the Agulhas eddies propagation corridor, and in the northern branch of the 
ACC, eddies with longer lifetimes have the meandering eastward migration pathway.

The eddy propagation velocity is estimated from the locations of the eddy centroids at consecutive time 
intervals along their trajectories (eddy drift velocity, 


dv ) (Chelton, Schlax, & Samelson, 2011; Hausmann & 

Czaja, 2012). The estimates of averaged 


dv  for AEs and CEs within   2 2  boxes are shown in Figures 2c 
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Figure 1. Spatial distribution of mean properties of mesoscale eddies detected and tracked using HYCOM data. (a) and (d) frequency (%), (b) and (e) radius 
(unit: km), and (c) and (f) amplitude (unit: cm) for AEs (top row) and CEs (bottom row). Mesoscale eddy frequency that represents the percentage of time 
in a   1 1  pixel in the South Atlantic Ocean during the whole time series. Eddies with radius, amplitude lower than 50 km, 3 cm are masked, respectively. 
AEs = anticyclonic eddies; CEs = cyclonic eddies.
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and 2d. The arrows indicate the eddy propagation direction and the color shading displays the propagation 
speeds. The maximum occurs in the BMC, corresponding to 12 cm/s, while in the northern branch of the 
ACC, eddies with longer lifetimes have the eastward migration pathway. The eddies originated from the 
Agulhas Current region have the northwestward propagation velocities and a typical speed of 6–8 cm/s. 
After leaving the energetic source region, the eddies propagate westward along the Agulhas eddies propaga-
tion corridor. The similar result has also been found in the studies of Fu (2006) and (2009).

The EKE reflects an important aspect of the mesoscale ocean dynamics. EKE is defined by

  ' 2 '21 ,
2 g gEKE u v 

     
        

SLA SLA,
y xg g

g gu v
f f

 

where f  is the Coriolis parameter, g is gravity constant, 
gv  is the geostrophic velocity anomaly (also referred 

as eddy rotational velocity or eddy swirl velocity) derived from the surface level anomaly (SLA) data. The 
distribution of EKE calculated from the HYCOM outputs is shown in Figure 3. It is apparent that the largest 
EKE is present in BMC and AGR, and the weaker EKE is in the rest of the SA.

Similar to Souza et al.  (2011), we first divide the South Atlantic Ocean into six sub-regions (see dashed 
boxes in Figure 3). These regions are (1) the interior of the Subtropical gyre, (2) the Brazil Current, (3) the 
Agulhas eddies corridor, (4) the AGR region, (5) the BMC, and (6) the northern branch of the ACC System. 
The geographical domains of the six sub-regions are presented in Table 1.
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Figure 2. Eddy trajectories (top row) and eddy propagation velocity (bottom row; unit: cm/s) in the South Atlantic Ocean. Dots and colored lines in (a) and (b) 
denote birth positions of eddies and the propagation pathways, respectively. The arrows and color shading in (c) and (d) display the vector and the magnitude of 
eddy propagation velocity, respectively. A sample vector of 10 cm/s is shown at the top right corner.
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To extract eddy structure properties in different regions, we make use of normalized composite analysis. 
The procedure of this method is, for each identified AE or CE, the eddy fields are mapped onto a uniform 
grid of which the coordinates are normalized by the radius of each eddy, then averaged over all of the daily 
snapshots (Leyba et al., 2017; Souza et al., 2011; Villas Bôas et al., 2015; Zhan et al., 2019). The advantage of 
this technique is that averaging over many eddies as well as eddy trajectories helps suppress noise and reveal 
persistent eddy structures (Melnichenko et al., 2017).

Figures 4a and 4b shows the resulting horizontal composite structures of the eddy-induced SSHA and sea 
surface temperature anomalies (SSTA) for AEs and CEs, separately. The SSHA composites for all regions are 
showing that AEs (CEs) are prominently marked by a lifted (depressed) SSHA in the eddy center decreasing 
(increasing) toward the eddy edges.

The eddy-induced SSTA composite maps in the interior of the Subtropical gyre (region 1) exhibit a dipole 
pattern with week amplitudes of about 0.3℃. In regions 2 and 3, the SSTA induced by eddies shows a clear 
asymmetrical dipole pattern, and the asymmetry is manifested in two aspects. One is position asymmetry: 
warm (cold) eddies are north-south (east-west) asymmetry, the warm pole is distributed on the south (east) 
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Figure 3. The distributions of Eddy Kinetic Energy (EKE) derived from HYCOM data during 2008–2018. Six areas 
of particular eddy dynamics are highlighted in dashed boxes: (1) the interior of the Subtropical gyre; (2) The Brazil 
Current; (3) the corridor of propagation of Agulhas Eddies; (4) The Agulhas Current retroflection region; (5) the Brazil-
Malvinas confluence zone and (6) the northern branch of the Antarctic Circumpolar Current.

Region Latitude limits Longitude limits Mean dynamic feature

1 10°S–20°S 30°W–10°E Subtropical gyre

2 18°S–36°S 60°W–40°W Brazil Current

3 20°S–36°S 40°W–0º Agulhas Eddies propagation corridor

4 24°S–42°S 0°−20°E Agulhas Current retroflection

5 36°S–50°S 60°W–40°W Brazil-Malvinas Confluence Zone

6 42°S–50°S 40°W–20°E Antarctic Circumpolar Current

Table 1 
Limits Between Regions in the South Atlantic Ocean
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Figure 4a. Climatological averaged composite maps of anomalies of SSH (contours; unit: cm), SST (color; unit: ℃)  
inside AEs in 6 sub-regions of the South Atlantic Ocean. The axes in the composite maps are normalized by the 
individual eddy radius. SSH = sea surface height; SST = sea surface temperature. C.I. is 2 cm.

Figure 4b. The same as Figure 4a, except for CEs (dashed for negative).
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side of the composite area, and the cold poles are distributed on the north side (west) of the composite 
area, which has a tongue-like shape surrounding the eddy center; the second is the asymmetry of the polar 
intensity: the warm (cold) pole of AEs (CEs) is slightly stronger than the cold (warm) one. The same di-
pole signature of mesoscale eddies by analyzing the relationship between satellite sea surface salinity (SSS) 
and SSH variability has also been found in the study of Melnichenko et al. (2017) in the southern Indian 
Ocean (65°E−105°E, 15°S–30°S) and the North Atlantic subtropical gyre region (45°W–25°W, 17°N–23°N; 
45°W%–25°W, 26°N–32°N). Liu et al. (2020) point out that the dipole structure of the South China Sea is 
related to the sign consistency between SST and SSH and only 56% of AEs are correspond to positive SSTA 
and 58% of CEs to negative SSTA.

In regions 4, 5, and 6, the SSTA induced by eddies shows a monopole pattern, SSHA and SSTA have a rel-
atively in-phase relationship no matter in a high level of eddy activity regions (such as AGR and BMC) or 
weaker EKE zone (the northern branch of the ACC). A closer inspection of these regions reveals that the 
eddy-induced maximum SST anomalies are not centered on the eddy cores but slightly shifted pole- and 
westward over AEs, and over CEs, slightly equator- and westward.

3.2. Three-Dimensional Structures

In order to illustrate the shapes of mesoscale eddies, Figures 5 and 6 present the vertical composite maps 
of eddy-indued anomalies in the study regions. Figure 5 shows vertical sections crossing the composite 
eddy center of the zonal section of mean temperature (gray contours), temperature anomalies (in color), 
northward velocity (magenta solid contours), and southward velocity (magenta dashed contours) for AEs 
(Figure 5a) and CEs (Figure 5b). We note that in the eddy core of the composite eddies, mean maximum 
anomalies appear in different depths of subsurface in the six sub-regions of the SA. For AEs (CEs), the 
maximum temperature anomaly is up to 2.0℃ at around 200 m found in the BMC region (region 5). The 
composite AEs have an anticlockwise rotational velocity distribution accompanied by a depression of the 
isotherm whose slope increases with depth, while the composite CEs have a clockwise rotational velocity 
distribution with the isotherm contours’ doming toward the CE center.
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Figure 5a. Composite zonal sections of vertical structure across AEs in six sub-regions of the South Atlantic Ocean. 
The composite mean potential temperature (unit: ℃), positive meridional (northward) velocity (unit: cm/s), negative 
meridional (southward) velocity, and temperature anomaly (unit: ℃), are depicted with gray contours, magenta solid 
contours, magenta dashed contours, and color shading, respectively.
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It is noticeable that the structures of meridional (zonal) velocity anomalies in region 1 (the interior of the 
Subtropical gyre) and region 3 (Agulhas Eddies propagation corridor) tilt slightly westward (southward) 
from surface to the depth below 1,000 m (the structures of zonal velocity anomalies are not shown). Similar 
tilting features in the velocity structures are also reported in the previous work by Zhang et al. (2016). While 
they pointed out that the topographic β effect is likely the cause for the observed vertically tilting structures, 
especially in the marginal seas with broad-scale continental slopes. Thus, the underlying mechanism of the 
tilted 3-D structures in the open oceans require further investigation.
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Figure 5b. The same as Figure 5a, except for CEs.

Figure 6a. Composite eddy 3-D structures of anomalies of seawater pressure (color; unit: hPa), black vectors indicate eddy rotational velocity anomaly (unit: 
cm/s) inside AEs in 6 sub-regions of the South Atlantic Ocean. The x, y axes in the composite maps are normalized by the individual eddy radius. A sample 
vector of 10 cm/s is shown at the bottom left corner.
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Figure  6 shows the 3-D composites of seawater pressure anomalies (in colors) and geostrophic velocity 
anomalies (in arrows) induced by eddies. Vertically, eddy pressure anomalies are surface-intensified, with 
velocity sharply decreasing with depth. The average eddy shape is like a bowl with largest radius at the 
surface and there is no significant difference for AEs (Figure 6a) and CEs (Figure 6b). Again, the composite 
eddy edges reach in different depths in the six SA sub-regions (also see Figure 13). The observed maximum 
of thickness in region 6 (the northern branch of the ACC) can reach to 1,000m, whereas in the interior of the 
Subtropical gyre it is only about 200 m. The vertical extent of the trapped fluid that is effectively transported 
by eddies will be discussed more in section 5.

4. Analysis of Leading Mechanism
Before utilizing the mixed layer anomalous heat budget, it is necessary to address if a reasonable closure 
of the temperature budget is maintained. To demonstrate the closure of the mixed layer anomalous heat 
budget, the correlation coefficient between tT  and forcing (    q u v w zzQ Q Q Q Q ) is calculated using a 
daily temperature budget of 10 years. Figure 7 shows that the correlation coefficient is above 0.92 in all 
sub-regions of the SA. Some inconsistencies in these curves may be associated with the defects of the pa-
rameterization of vertical entrainment and diffusion. The good closure (Figure 7) indicates that the anom-
alous temperature budget described by Equation 13 ensures that the results regarding the leading mecha-
nisms of eddy’s spatial structure are robust.

In order to investigate the leading mechanism which determines the two spatial patterns of eddy-induced 
SST anomalies, the mixed layer anomalous heat budget analysis is carried out for the northern ( 10 S– 30 S) 
and southern ( 30 S– 50 S) regions of the study domain.

4.1. In Northern Regions

The various forcing terms for the tendency of mixed layer anomalous temperature in northern regions (
10 S– 30 S) are shown in Figure 8. The composite anomalous temperature tendency  tT  (see Figure 8a) of 

the mixed layer caused by CEs presents a relatively symmetrical dipole pattern, with a negative anomaly 
of  10.15 mon℃ , a positive anomaly of 10.20 mon℃  in the western and eastern side of composite area, 
respectively. The composite distribution of the adjusted surface net flux  qQ  (see Figure 8b) is also a dipole 
pattern with its warm pole slightly larger than the cold one, which is out of phase with tT , showing a weaker 

WANG ET AL.

10.1029/2020JC016922

12 of 25

Figure 6b. The same as Figure 6a, except for CEs.
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damping effect on tT . The horizontal advection term (  )u vQ Q  (see Figure 8c) is basically consistent with the 
tT , indicating that u vQ Q  is the dominant term in the mixed layer anomalous temperature budget equation 

and plays a leading role in the structure formation of tT  within CEs. The combination term of entrainment 
and vertical diffusion ( w zzQ Q ; hereafter as vertical advection) (see Figure 8d) is a uniform negative anom-
aly in the entire eddy composite area. Considering that w zzQ Q  is one order of magnitude smaller than tT , 
so vertical advection has little effect on the anomalous temperature tendency.

To gain further insights, we decompose the forcing terms of the mixed layer temperature tendency along a 
chord through the center of CEs from the west to east of the composite area (Figure 9). The total tempera-
ture tendency ( tT  in Figure 9a denoted by a black line) represents the HYCOM change in daily temperature 
and contains all components of the anomalous temperature Equation 13. The largest component is horizon-
tal advection ( u vQ Q ), especially meridional advection, varying consistently with tT  and the maximum ex-
isting at the 1-time normalized standard eddy radius whereas around the eddy center having the minimum, 
indicating there is a dipole pattern. For meridional advection, we can see that the combined effects (   yv T  
denoted by a green line in Figure 9c) of the anomalous meridional current and the meridional gradient of 
mean temperature contribute to the dipole structure of low latitude CEs. The heat flux forcing term is small-
er and varies out of phase with temperature tendency, acting mainly to cool (warm) the mixed layer temper-
ature east (west) of the composite eddy center. The combination term of entrainment and vertical diffusion 
( w zzQ Q  denoted by a cyan line in Figure 9a) is notably weaker than other forcing terms, indicating that it 
plays an insignificant role in the dipole structure of CEs in northern regions of the SA.

4.2. In Southern Regions

The anomalous temperature tendency  tT  (Figure 10a) of the mixed layer caused by CEs is an asymmetric 
dipole pattern in southern regions ( 30 S– 50 S) of the SA. The negative anomaly (  10.20 mon℃ ) west of 
the composite area is larger and the positive anomaly ( 10.10 mon℃ ) on the east has a smaller range. The 
composition of sea surface net flux ( qQ ) (Figure 10b) has a dipole pattern, the maximum around the eddy 
center is 0.12 1mon℃ , and the warm center is slightly shifted westward. The magnitude of qQ  is equivalent 
to tT , that is, the downward (positive) heat flux within the domain of a standard normalized eddy radius is 
mainly used to heat the surface temperature. The magnitude of horizontal advection term (Figure 10c) is 
about two times bigger than tT , indicating that the horizontal advection is the dominant term in the mixed 
layer anomalous temperature budget equation. The vertical advection (Figure 10d) has a dipole pattern, and 
it has a same magnitude with tT , which shows that the vertical advection plays a critical role on the spatial 
pattern of eddy-induced temperature anomalies.
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Figure 7. Climatological (year 2008–2018) anomalous temperature budget closure in six sub-regions of the South 
Atlantic Ocean. The correlation coefficients between tT  and the forcing (     t q u v w zzF Q Q Q Q Q ) are 0.9192, 
0.9970, 0.9967, 0.9659, 0.9965, and 0.9825, individually.
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The decomposition of heat budget and more detailed look at each variable are shown in Figures 11 and 12, 
respectively. The decomposition shows that the spatial structure of zonal advective heating and cooling re-
sult from combined effects (   xu T  in Figures 11b denoted by a red line) of the zonal gradient of anomalous 
( 

xT  in Figure 12d) mixed layer temperature, as well as the sign of mean (u  in Figure 12g) zonal current of 
the mixed layer. The sign of the zonal gradient of anomalous temperature is opposite west and east of the 
eddy center, while the sign of mean zonal current is uniform in the entire composite area. That is why the 
combined zonal advection by mean zonal current contributes to a warming (cooling) west (east) of the eddy 
center.

The role of meridional advection is mainly on anomalous advection (   yv T  in Figure 11c denoted by a 
green line). Further analysis confirms that the anomalous advection is directly associated with the strong 
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Figure 8. Anomalous temperature budgets (dashed contours for negative; unit: 1mon℃ ) of CEs composite in northern regions ( 10 S– 30 S) of the SA by (a) 
Temperature tendency ( tT ), (b) Net surface heat flux  qQ , (c) Zonal and Meridional advection ( u vQ Q ), and (d) Entrainment and vertical diffusion ( w zzQ Q ). 
(c)I. is 10.05 mon℃  in (a) and (c), 10.04 mon℃  in (b), and 10.02 mon℃  in (d).
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meridional gradient of mean ( yT  in Figure 12b) temperature and large anomalous ( v  in Figure 12k) me-
ridional current. The meridional gradient of mean temperature is uniform in the entire composite area, 
while the sign of anomalous meridional current is opposite west and east of the eddy center. Therefore, the 
combined meridional advection by anomalous meridional current contributes to a cooling (heating) west 
(east) of the eddy center.

Although horizontal advection terms are larger than other forcing terms (Figure 11a), they play the opposite 
role on the formation of eddy composite structure and mainly affect the area around the 1-time normal-
ized standard eddy radius. However, within a standard normalized eddy radius, especially around the eddy 
center, the zonal and meridional advection cancel out each other while the vertical advection cannot be ne-
glected. The components of vertical advection show that mean (   zw T  in Figure 11d denoted by a red line) 
and anomalous (   zw T  in Figure 11d denoted by a green line) vertical current contribute about equally to 
the monopole pattern. The former process associates with the weaker vertical gradient of anomalous tem-
perature ( 

zT  in Figure 12f) and the stronger mean (w in Figure 12i) upwelling, therefore the combined result 
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Figure 9. Temperature budget anomalies of CEs in northern regions ( 10 S− 30 S) of the SA along a chord through the eddy center from west to east of the 
composite area. (a) Anomalous temperature budgets ( 1mon℃ ). Decomposition of (b) Zonal advection, (c) Meridional advection, and (d) Entrainment and 
vertical diffusion. Decomposed climatology and associated anomaly are noted as bar and prime, for example     xUT u T . The terms such as      xU T u T  
represents the non-linearity.
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is a cooling effect. The latter process associated with the stronger vertical gradient of mean temperature (
zT  in Figure 12c) and the weaker anomalous ( w  in Figure 12l) downwelling contributes heating effect. In 

addition, the non-linear (   zw T  in Figures 11d denoted by a blue line) term also contributes a weaker 
heating effect. As a whole, the mean upwelling and vertical temperature gradient in an eddy center play a 
more important role in the formation of the monopole structure.

5. Eddy-Induced Heat Transport
The most thrilling feature of mesoscale eddies is that they are capable to transport water properties such 
as heat, salt, and potential vorticity, as well as biogeochemical characteristics (Chelton, Schlax, & Samel-
son, 2011; Frenger et al., 2018; Hausmann & Czaja, 2012; Sun et al., 2019; Yang et al., 2015; Zhan et al., 2019; 
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Figure 10. Anomalous temperature budgets (dashed contours for negative; unit: 1mon℃ ) of CEs composite in southern regions ( 30 S– 50 S) of the SA by (a) 
Temperature tendency ( tT ), (b) Net surface heat flux  qQ , (c) Zonal and Meridional advection ( u vQ Q ), and (d) Entrainment and vertical diffusion ( w zzQ Q ). 
(c)I. is 10.05 mon℃  in (a), (c), and (d), and 10.03 mon℃  in (b).
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Zhang et al., 2014). To estimate the water amount effectively trapped and transported by the eddies, we 
utilize the concept of trapping depth (Flierl, 1981; Chaigneau et al., 2011), which depends on the ratio of 
the eddy swirl velocity (geostrophic velocity anomaly) to the eddy drift velocity (see Figures 2c and 2d), 
called the nonlinearity parameter. More generally, the value of the ratio that exceeds one implies that there 
is trapped water within the eddy interior that is advected with the eddy as the eddy translates (Chelton, 
Schlax, & Samelson, 2011). Figure 13 shows the vertical extent of the trapped water in the composite of AEs 
and CEs in 6 sub-regions of the SA. The trapping depth is smallest in the region 1 (the interior of the Sub-
tropical gyre; see Figure 13a) and largest in the region 6 (the northern branch of the ACC; see Figure 13f). 
These values correspond to 200 m and 1,100 m, respectively.

The heat transport induced by mesoscale eddies can be attributed by two processes. One is swirling heat 
transport (stirring component) relating to the eddy rotational velocity ( 

gv ), and the other one (trapping 
component) is drifting heat transport due to eddy movements (with drift velocity, 


dv ) (Amores et al., 2017; 

Hausmann & Czaja, 2012; Zhan et al., 2019). Following previous studies, the eddy-induced heat transports 
across an individual eddy at a certain depth z (unit: W/m) are estimated as:
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Figure 11. Same as Figure 9 except for temperature budget anomalies of CEs at high latitude (30°S−50°S) along a chord through the eddy center from west to 
east of the composite area.
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Figure 12. Climatological temperature gradient (dashed contours for negative) of CEs in the mixed layer in southern 
regions (30°S−50°S) of the SA in (a) zonal, xT , (b) meridional, yT , and (c) vertical, zT . Anomalous temperature gradient 
in (d) zonal, 

xT , (e) meridional, 
yT , and (f) vertical, 

zT . Climatological current in (g) zonal u , (h) meridional, v , and (i) 
vertical, w. Anomalous current in (j) zonal, u , (k) meridional, v , and (l) vertical, w . (c)I. is  

6 10.03 10 m℃  in (a), 
 

6 10.1 10 m℃  in (b),  
2 10.05 10 m℃  in (c) and (f),  

6 11.0 10 m℃  in (d) and (e), 0.2 cm/s in (g), 0.1 cm/s in (h), 
 

6 10.4 10 ms  in (i), 2 cm/s in (j) and (k), and  
6 11.0 10 ms  in (l).
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where R is the radius of an eddy,  0x  (  0y ) denoting the north-south (east-west) section across an eddy 
center, 0 is the reference density of sea water, pC  is the specific capacity, is the eddy-induced temperature 
anomalies.

Considering the significance of poleward heat transport, we just calculate the total depth-integrated merid-
ional heat transport as
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where trapD  is the eddy trapping depth (see Figure 13).
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Figure 13. Vertical profiles of the swirl velocity maximum over the composite anticyclonic (red) and cyclonic (blue) eddy edges in the six sub-regions of the 
SA. The bottom x-axis corresponds to the swirl velocity (unit: cm/s), whereas the top x-axis corresponds to the nonlinearity parameter (ratio of the swirl velocity 
to the drift velocity). The trapping depths related to the vertical extent of the trapped water are estimated using a drift velocity of 5.5, 5.5, 5.0, 5.3, 7.8, and 
3.5 cm/s in the six sub-regions, respectively.
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The composite vertical distributions of eddy-induced heat transport per unit depth are shown in Figure 14. 
A common feature for both AEs and CEs is that the heat transports are mainly concentrated above 600–
1,000 m, below which the transport is much smaller as negligible. In the zonal direction (shown by the 
dashed curves), the maximum eastward (positive) heat transport for AEs is observed at sea surface, up to 

 112 GWm  in the Brazil Current region (Figure 14b), and in the subsurface (200–400 m), there is maximum 
westward (negative) heat transport in the interior of the Subtropical gyre (Figure 14a), the AGR region (Fig-
ure 14d), the BMC zone (Figure 14e), and the northern branch of the ACC (Figure 14f). For CEs, the zonal 
heat transport in the upper layers above ∼800 m is weaker in regions 1–3 (Figures 14a–14c). Meanwhile, the 
maximum westward (  16 GWm ) heat transport is observed at sea surface in the AGR region (Figure 14d) 
and the northern branch of the ACC (Figure 14f), whereas in the BMC zone (Figure 14e), the maximum 
westward heat transport is observed in the subsurface (∼ 400 m).

In the meridional direction, the composite of eddy-induced heat transport distributes similarly for AEs and 
CEs, as depicted by solid curves in Figure 14. In region 1 (Figure 14a), AEs contribute to northward heat 
transport at all depths above 600 m and CEs contribute to southward heat transport in the upper layers 
above ∼100 m and northward at subsurface layers. In regions 2–5 (Figures 14b–14e), both AEs and CEs 
contribute to southward heat transport in the upper layers above 100–200 m and northward at subsurface 
layers. In region 6 (Figure 14f), both AEs and CEs contribute to southward heat transport at all depths above 
600 m.

The components and the total depth-integrated heat transport at each   2 2  box are presented in Fig-
ures  15 and  16, respectively. These figures show that the meridional eddy heat transports are confined 
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Figure 14. Composite vertical distributions of eddy-induced heat transport. The red and blue colors represent the transport by AEs and CEs, and the solid and 
dashed lines represent the meridional and zonal transport, respectively.
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to certain latitudes and regions. Generally, the heat transport is highest in the AGR and the BMC region, 
where the local maximum reaches nearly ∼80 TW. Figure 15 shows that the resultant trapping and stirring 
components of eddy meridional heat transport in the South Atlantic Ocean. It is obvious that the stirring 
component is larger than the trapping component. The maximum stirring heat transport with southward 
(northward) direction takes place in west (east) of BMC and the south (north) of AGR. In the ACC region, 
the stirring heat transport is poleward, whereas in a wide range of southern Atlantic Ocean (10° S–30° S), 
the heat transport is weak, and equatorward and poleward co-exiting. Referring to Figure 16, it demon-
strates again that the total eddy transport is dominated by the stirring component. The spatial pattern of 
eddy heat transport is similar to one of previous studies which are estimated based on Argo profiles and 
satellite observations (Sun et al., 2019).

6. Summary and Discussions
In this study, we systematically explore the three-dimensional structure and heat transport characteristics 
of mesoscale eddies in the SA. Through analyzing the HYCOM datasets for the period of 2008–2018, we 
revealed that the composite horizontal structure appears dipole and monopole with a bowl-shaped ver-
tical structure confined within different trapping depths in the major regions of the SA. By analyzing the 
mixed layer anomalous temperature budget, the dipole structure at low latitudes can be attributed to ocean 
horizontal advection, especially the meridional advection determined mainly by the combined effect of 
anomalous meridional current and meridional gradient of mean temperature within cyclonic eddies. The 
monopole structure at high latitudes can be attributed to ocean advection in which three components con-
tribute. The zonal advection and meridional advection are the largest terms, peaking in the 1-time normal-
ized standard eddy radius. Because of their opposite signs, the zonal and meridional advection’s effect can 
be offset around this area. At the eddy center, the vertical advection is non-negligible. The components of 
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Figure 15. Components of depth-integrated meridional eddy heat transport for (a) and (c) stirring, (b) and (d) trapping induced by (a) and (b) anticyclonic and 
(c) and (d) cyclonic eddies. Positive and negative values denote northward and southward heat transport, respectively.
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vertical advection, including mean, anomalous, and non-linear terms in an eddy center, plays an important 
role in the formation of the monopole structure. To quantify the water effectively trapped and transported 
by the eddies, we calculate the trapping depth and estimate the swirl and drift components of eddy heat 
transport. The results show that the trapping depth is different in the sub-regions of the SA and the total 
meridional heat transport is dominated by the stirring component, and poleward in most areas, especially 
at high latitudes.

These results reveal that temperature anomaly structures within eddies display diverse spatial patterns in 
different regions of the SA, and various dynamical mechanisms play essential roles in the maintenance of 
those patterns. This study serves as a first step of advanced studies of the eddy structure and quantitative 
analysis of mixed layer heat budget over mesoscale eddies. The analysis approach may be applied to other 
regions and other scientific issues on mesoscale eddies. However, although we have clarified the leading 
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Figure 16. Horizontal distribution of depth-integrated meridional eddy heat transport (stirring + trapping) induced by 
(a) AEs and (b) CEs. Positive and negative values denote northward and southward heat transport, respectively.
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mechanisms of different spatial structures of the eddy-induced temperature anomalies in different regions 
of the SA, further studies are needed to explore how these eddy structures could impact on water mass prop-
erty, large-scale circulation, and air-sea interactions. This would also provide useful information to validate 
model simulation and reanalysis products so as to further improve air-sea coupling processes in coupled 
general circulation models.

Data Availability Statement
The HYCOM reanalysis data sets are available at https://www.hycom.org/data/glba0pt08/expt-90pt6.
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