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Abstract Horizontal and vertical motions associated with coherent mesoscale structures, including
eddies and meanders, are responsible for signiﬁcant global transports of many properties, including heat
and mass. Mesoscale vertical ﬂuxes also inﬂuence upper ocean biological productivity by mediating the
supply of nutrients into the euphotic layer, with potential impacts on the global carbon cycle. The BrazilMalvinas Conﬂuence (BMC) is a western boundary current region in the South Atlantic with intense mesoscale activity. This region has an active role in the genesis and transformation of water masses and thus is a
critical component of the Atlantic meridional overturning circulation. The collision between the Malvinas
and Brazil Currents over the Patagonian shelf/slope creates an energetic front that translates offshore to
form a vigorous eddy ﬁeld. Recent improvements in gridded altimetric sea level anomaly ﬁelds allow us to
track BMC mesoscale eddies with high spatial and temporal resolutions using an automated eddy tracker.
We characterize the eddies across fourteen 58 3 58 subregions. Eddy-centric composites of tracers and
geostrophic currents diagnosed from a global reanalysis of surface and in situ data reveal substantial
subregional heterogeneity. The in situ data are also used to compute the evolving quasi-geostrophic vertical
velocity (QG-x) associated with each instantaneous eddy instance. The QG-x eddy composites have the
expected dipole patterns of alternating upwelling/downwelling, however, the magnitude and sign of azimuthally averaged vertical velocity varies among subregions. Maximum eddy values are found near fronts
and sharp topographic gradients. In comparison with regional eddy composites, subregional composites
provide reﬁned information about mesoscale eddy heterogeneity.
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1. Introduction
At any given time, it is estimated that approximately 2000 mesoscale eddies exist in the world ocean, covering approximately 20–30% of the oceans’ surface [Chaigneau et al., 2008]. Thus, it is not surprising that
mesoscale eddies dominate global budgets of oceanic kinetic energy [Ferrari and Wunsch, 2009; Chelton
et al., 2011a]. These features evolve on time scales of weeks to years with horizontal scales of O(10–100 km)
and often extend beyond 1000 m in depth [Chaigneau et al., 2011]. Most eddies move westward, at times
interacting with topographic obstacles such as mid-ocean ridges, seamounts, and islands [e.g., Byrne et al.,
1995; Chelton et al., 2011a]. Long-lived eddies in the subtropics that survive deep into the western basins
abruptly encounter the western boundary continental margins where their energy is transferred to smaller
scales leading, eventually, to dissipation [Dewar and Hogg, 2010]. Western boundaries are known as major
sources of eddy energy in the global ocean, but they are also important sinks [Zhai et al., 2010].
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The western boundary current system of the South Atlantic Ocean, including the collision of the subtropical
and subantarctic western boundary currents and the eddy ﬁeld generated after the collision, is known as
the Brazil-Malvinas Conﬂuence (BMC) [e.g., Matano et al., 1993; Stramma and England, 1999; Imawaki et al.,
2013]. It is an energetic region with turbulence on multiple scales [Fu, 2007; Lumpkin and Garzoli, 2011;
Venaille et al., 2011; Lumpkin and Johnson, 2013; Strub et al., 2015]. Physical processes in the BMC actively
transform water masses, suggesting that this region is a conduit for meridional exchange, resulting in the
South Atlantic having signiﬁcant inﬂuence on the water mass structure of the Atlantic meridional overturning circulation (AMOC) [Sallee et al., 2008a; Garzoli and Matano, 2011]. In the following, we summarize the
rather unique set of features that govern the dynamics of the BMC.
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Figure 1. Distribution of (a) seaﬂoor topography from the Shuttle Radar Topography Mission (SRTM) over the Brazil-Malvinas Conﬂuence study region, and annual means of (b) altimetric
eddy kinetic energy from AVISO, (c) currents from a global drifter climatology, (d) vertical relative vorticity normalized by planetary vorticity (f=f ), (e) temperature T, and (f) salinity S. The
latter three ﬁelds are from ARMOR3D (section 2.2) at 100 m depth. Grey boxes in Figure 1a delimit fourteen 58 3 58 subregion boundaries for eddy compositing between 49.58S–34.58S
and 59.58W–34.58W; colored crosses in Figures 1a–1f indicate the vertices of the subregion boxes. Regions with few observations (less than 20 drifter days per square degree) in Figure
1c are masked. The position of the Zapiola anticyclone is marked in Figure 1d. The mean positions of the major fronts (Subtropical Front, Subantarctic Front-North, Subantarctic Front,
and Polar Front) are marked in Figure 1f following Vianna and Menezes [2011] and Sallee et al. [2008b]; the SAF-N and SAF data are masked over the Patagonian shelf (<800 m) where
local processes such as brackish buoyancy input and tidal mixing introduce distinctly local T/S characteristics. Black contours correspond to isobaths at 1000, 2000, 3000, 4000, 5000, and
5500 m. See section 2.6 for details of supporting information.

The maximum slope off the Patagonian shelf is around 448 [Costello et al., 2010], though the slope within
the Argentine basin to the east is much steeper, particularly along 508S (Figure 1a). Aligned with this latter
feature is the zonal Subantarctic density Front (SAF) at 498S, and the Polar Front (PF) which, within the
BMC, is found at 508S (Figures 1e and 1f). The SAF and PF (hereinafter SAF-PF) separate subtropical waters
from the Southern Ocean Antarctic Circumpolar Current (ACC) [e.g., Orsi et al., 1995; Sallee et al., 2008b].
The other major frontal region in the BMC is the conﬂuence itself (Figure 1), or Brazil-Malvinas Front (hereinafter BMC-F), which is the outcome of the collision between the two western boundary currents [Garzoli
and Garraffo, 1989; Garzoli, 1993; Saraceno et al., 2004; Jullion et al., 2010]. Nutrient-rich, cold, and fresh subpolar water is introduced to the BMC by the equatorward Malvinas Current (MC) [Piola et al., 2013; Artana
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et al., 2016], a boundary current that originates from a meander of a northern diversion of the ACC that
enters the Argentine basin east of the Falkland/Malvinas Islands [Lumpkin and Johnson, 2013]. The current
follows the Patagonian shelf until it abruptly encounters the warm and salty subtropical water of the
poleward-ﬂowing wind-driven Brazil Current (BC) near the latitude of the Rio de la Plata (RdlP) outﬂow
(368S) [Peterson and Stramma, 1991; Matano et al., 1993, 2010; Artana et al., 2016].
The MC is mostly barotropic, with a width of 150 km [Sanders and King, 1995]. The ﬂow is concentrated
into narrow (10–20 km) jets, two of which follow the 200 and 1400 m isobaths; the steepness of the slope
that separates them suggests strong dynamical control by bottom topography. The surface signature of the
MC closely corresponds to the SAF. In contrast, the BC is the baroclinic western limb of the subtropical gyre
that originates as a bifurcation of the South Equatorial Current off the Brazilian coast at 108S [Stramma
et al., 1990; Matano et al., 2010].
Following the collision, the MC is forced seaward and brieﬂy turns back on itself as the Malvinas Return
Flow (MRF) [Gordon, 1989], before splitting into two zonal branches: a southern branch passes south of the
Zapiola drift (ZD; see Figure 1b) following the SAF to enter the ACC; a northeastward branch follows the
Subtropical Front (STF) at 428S, passing north of the ZD and feeding into the South Atlantic Current [e.g.,
Vianna and Menezes, 2011]. Vigorous stirring and mixing within the BMC-F arises from the extreme contrasts
in upper layer properties between the two currents (Gordon [1989] reported surface temperature and salinity ranges of 7–188C and 33.6–36.0), complemented by modiﬁcation through air-sea interaction. The presence here of localized intense positive wind stress curl and divergence is an indication of the strength of
the persistent sea surface temperature (SST) gradients that deﬁne the front [Risien and Chelton, 2008].
Available potential and kinetic energy is released through the generation of large-amplitude meanders and
eddies to the east and southeast of the collision point that propagate into the Argentine basin with complex patterns [e.g., Buss de Souza et al., 2006; Pilo et al., 2015]. The southern eddies move east carried by the
retroﬂecting MC, while the northern eddies travel west, dominated by the b effect (the meridional gradient
of the Coriolis force) [e.g., Fu, 2009] plus possibly some motion related to the Zapiola anticyclone (Figure
1b). Amplitude maxima for individual BMC eddies can exceed 100 cm at 428S making these eddies, along
with those of the Agulhas Current with similar amplitudes, the most intense in the global ocean [Chelton
et al., 2011a]. Such large eddies are usually conﬁned to the western boundary currents and other highly
unstable currents. The BMC-F and SAF-PF are clearly visible as maxima in maps of kinetic energy (KE) and
vertical vorticity (f) (Figures 1c and 1d).
The BMC is also a region of strong mesoscale air-sea coupling, such that eddies may signiﬁcantly inﬂuence
the variability of local surface winds, heat, and freshwater ﬂuxes [Frenger et al., 2013; Gaube et al., 2015].
Time mean surface heat ﬂux anomalies associated with BMC eddies have magnitudes comparable with the
^as et al., 2015]. Wind forcing over the BMC is generally westerly
amplitude of the seasonal cycle [Villas-Bo
south of 408S, with strong negative stress curl along the SAF [Tokinaga et al., 2005; Risien and Chelton,
2008]. Wind conditions differ across the subregions, with highly variable winds in the north/northeast in
contrast to the westerlies that prevail in the southern and southeastern subregions [Gaube et al., 2015].
A unique feature of the BMC is the Zapiola anticyclone (ZA) [Sanders and King, 1995; Volkov and Fu, 2008;
Bigorre and Dewar, 2009; Venaille et al., 2011; Saraceno and Provost, 2012; Weijer et al., 2015]. The ZA is an
intense deep water barotropic vortex (140 Sv) centered at about 458S, 458W within the Argentine basin
(Figure 1). The ﬂow is centered around the ZD, a zonal topographic anomaly that rises 800 m from the
seabed at 5000 m depth (Figure 1b) [Sanders and King, 1995; Weijer et al., 2015]. Mesoscale eddies, mostly
cyclonic, are generated at the boundaries of the ZA and subsequently advected by the mean azimuthal
ﬂow [Saraceno and Provost, 2012; Pilo et al., 2015].
Here we report on vertical velocity (QG-x) variability associated with eddies in the BMC. We use a new generation altimetry data set which features daily observations and improved spatial resolution [Capet et al.,
2014; Pujol et al., 2016]. Despite the emergence of eddy-centric compositing techniques, composite analyses
have been largely limited to the surface ocean [McGillicuddy, 2016]. Here we derive subsurface estimates of
the vertical velocities inside the eddies through the use of a global observational data product. While largescale subsurface eddy compositing using observational data is now achievable with the maturation of the
Argo ﬂoat program [e.g., Dong et al., 2014; Frenger et al., 2015; Zhang et al., 2014], here we exploit an alternative 3-D data product that is based on Argo and other data sources. In the next section, we describe the
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preparation of the data for the eddy-centric analysis. Results are presented in section 3 where we show signiﬁcant variability in eddy-centric temperature, salinity, vorticity, and QG-x across the 14 subregions
deﬁned in Figure 1a. We discuss our main ﬁndings in section 4 and conclude with a summary in section 5.

2. Methodology and Data
The development of numerical tools for the automatic identiﬁcation and tracking of mesoscale eddies has
been spurred by the introduction of readily available gridded altimetric sea surface height data sets [Isern et al., 2009; Nencioli et al., 2010; Chelton et al., 2011a; Halo
Fontanet et al., 2003; Chelton et al., 2007; Sangra
et al., 2014]. Knowledge of eddy properties (position in time and space, and size) permits the speciﬁcation
of so-called eddy-centric coordinates, which can be used to construct eddy composites of other measured
variables, obtained either from remote sensing (such as sea surface temperature, turbulent heat ﬂuxes, or
^as et al., 2015] or
chlorophyll) [Chelton et al., 2011b; Hausmann and Czaja, 2012; Gaube et al., 2013; Villas-Bo
from in situ sources (e.g., temperature and salinity from Argo ﬂoats) [Chaigneau et al., 2011; Abraham et al.,
2013; Frenger et al., 2015]. These techniques provide rich opportunities to increase our understanding of
physical (and biogeochemical) processes associated with mesoscale structures in the ocean [McGillicuddy,
2016].
2.1. Eddy Tracking
Eddy track coordinates and associated properties were obtained using the py-eddy-tracker eddy tracking
code [Mason et al., 2014]. The eddy tracker used daily 0.258 3 0.258 altimetric all-sat gridded sea level anomaly (SLA) data (DT14) [Capet et al., 2014] from AVISO [2015]. This product is based on observations from a
minimum of at least three altimeter missions (four between June 2002 and December 2007), providing
enhanced resolution of mesoscale features in comparison with the two-sat reference product [Ducet et al.,
2000; Le Traon et al., 2003; Pascual et al., 2006]. The DT14 reprocessing eliminates the unknown geoid by
removal of the 20 year mean SSH (1993–2012) [Pujol et al., 2016].
The tracking domain limits were set to 708W–308E, 158S–658S for the period 1 January 1996 to 31 December
2013. Eddy properties including position, date, speed-based radius (Ls), effective radius (Le), amplitude (A),
swirl speed (U), and EKE were saved at each time step. Le is estimated as the radius of a circle with the same
area as the outermost closed SLA contour that deﬁnes a single eddy instance; Ls is similarly based on a circle
that corresponds to the SLA contour inside the eddy with maximum mean U. A is estimated as the absolute
difference between SLA at the contour used to deﬁne Le and the SLA extrema within that contour. With the
exception of the EKE, full descriptions of the estimation of the above properties can be found in Mason
et al. [2014] and Chelton et al. [2011a]. The EKE is estimated as the mean of the EKE within the speed-based
contour [e.g., Chaigneau et al., 2008]. In the following sections, we refer to the eddy interior and the eddy
periphery; the former is the region inside Ls, while the latter is the region in between Ls and Le.
2.2. Temperature, Salinity, and Geostrophic Currents From ARMOR3D
We use the ARMOR3D multivariate global ocean state estimation that is based on satellite estimates of the
SLA, SST, and mean dynamic topography (MDT), and in situ temperature (T) and salinity (S) vertical proﬁle
measurements. The 3-D reconstruction procedure involves three steps. (1) Satellite data (SLA 1 SST) are projected onto the vertical via a multiple linear regression method where covariances are deduced from historical in situ observations. Then (2) the derived proﬁles from step (1) are combined with T/S in situ proﬁles via
an optimal interpolation method [Guinehut et al., 2004, 2012]. Finally (3), 3-D geostrophic currents and geopotential heights are computed from the combination of ARMOR3D T/S in situ ﬁelds with surface altimetric
geostrophic currents through the thermal wind equation referenced at the surface [Mulet et al., 2012]. The
surface altimetric geostrophic currents are computed from SLA and MDT through the geostrophic relation.
The satellite products provide global coverage and high resolution at the surface, but their accuracy
decreases with projection into the water column. The in situ proﬁles are relatively sparse but provide 3-D
estimates with higher accuracy. The novelty of the ARMOR3D observation-based product is that it capitalizes on the respective strengths of these two types of data, and thus offers an accurate 3-D product at a resolution close to that of the surface ﬁelds. In step (2), the combination with in situ proﬁles smooths slightly
the T/S ﬁelds and leads to a horizontal resolution near to 100 km. The same resolution is expected for the
geostrophic currents. In the vertical, we note that the ARMORD currents tend to be too barotropic; this is a
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consequence of the reference surface currents not being sufﬁciently balanced by the hydrographic structure during projection to the vertical in step (3) (S. Mulet, personal communication, 2017).
The ARMOR3D data set used here is the weekly version 3.1 of the 1993–2015 reprocessing. It is computed
on a 0.38 horizontal Mercator grid with 33 unevenly spaced layers between the surface and 5500 m depth.
Version 3.1 is based on satellite SLAs from the 7 day gridded DT10 product [see Capet et al., 2014] that has a
grid resolution of 0.38. Satellite SST is from the daily Reynolds L4 at 0.258 [Reynolds et al., 2007; Reynolds,
2009]. Historical in situ proﬁles of T and S are sourced from Argo ﬂoats, CTDs, XBTs, and moorings.
2.3. Computation of Vertical Velocity
Estimates of vertical velocity (QG-x) are made using the Q-vector formulation of the quasi-geostrophic
Omega equation [e.g., Hoskins et al., 1978; Pollard and Regier, 1992; Pidcock et al., 2013]:
 2
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where f is the Coriolis frequency, x is equivalent to QG-x, (uppercase) U, V are the horizontal geostrophic
velocity components, and N is the Brunt-Vaisala frequency. U, V, and N are diagnosed from the weekly
-Llull et al., 2016]. The domain of computation
ARMOR3D data (section 2.2) [e.g., Pascual et al., 2015; Barcelo
is three-dimensional with extents 0–1000 m, 0.258W–708W, 358S–508S over the period 1 January 1997 to 26
December 2012. (For computational efﬁciency, the QG-x domain is chosen to be signiﬁcantly smaller than
the eddy tracking domain.) QG-x is set to zero at the surface and bottom boundaries, and a Neumann condition is applied at the lateral boundaries. Previous studies have shown QG-x from the ARMOR3D data to
be largely independent of the choice of lateral boundary condition [e.g., Pascual et al., 2004].
2.4. Eddy Compositing
For any desired variable / (e.g., SST, salinity), eddy composites are made by matching eddy observations
from the eddy tracker with / in time and space. The radial dimensions of each eddy instance are normalized by the eddy radius, allowing interpolation to a Cartesian grid (limits 64 at intervals Dx 5 0.2). These collocated observations are then binned in time and/or space to produce composites of / for different
subregions or periods. Note that while the compositing grid has dimensions of 8 3 8 normalized radii, we
focus on the eddies in the ﬁgures in section 3 below by limiting the ranges of the plotting axes to 62 normalized radii.
For 3-D compositing with ARMOR3D data, the above procedure is repeated at each available vertical level.
Anomalies of temperature (T 0 ) and salinity (S0 ) at 100 m are computed following Gaube et al. [2014] by, for
every eddy instance, taking the difference between the original and a low-pass ﬁltered ﬁeld obtained from
the convolution of a Gaussian kernel with a half width of 68; e.g., for temperature, T 0 5T2hTir56 where the
angle brackets denote the smoothed ﬁeld.
Conﬁdence intervals (95%) applied in section 3 for the sample means of T 0 ; S0 , f, and QG-x at each point in
space are calculated using a Student’s t distribution following von Storch and Zwiers [1999, section 4.6]. The
null hypothesis is for zero population means, i.e., for QG-x, eddies have no inﬂuence on vertical velocity.
pﬃﬃﬃﬃﬃ
The standard formula for the conﬁdence interval is 6s2 ðx; yÞa= n? , where s2 ðx; yÞ is the QG-x sample standard deviation in time; a5qt ða; n Þ is here speciﬁed as the percentage point, 2.5% (a 5 0.025) for two-tailed
QG-x, of the t-distribution with n? – 1 degrees of freedom; n? is the estimated number of independent QGx observations in the respective sample means. For the weekly QG2x; n? is conservatively set to the number of long-lived eddies (lifetimes  4 weeks) [e.g., Chelton et al., 2011b].
2.5. Subregional Eddy Compositing
The culmination of the data processing described above is the production of mesoscale eddy composites of
T 0 ; S0 ; f=f , and QG-x, within each of the fourteen 58 3 58 selected subregions across the BMC domain
(49.58S–34.58S, 59.58W–34.58W). The subregions, arranged in rows and columns as shown in Figure 1, are
henceforth identiﬁed as a northern row (N2–N5), a central row (C1–C5), and a southern row (S1–S5). Choice
of domain and subregion size and distribution is based on a compromise between compartmentalization of
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subregional variability and a suitably large eddy sample size. The factors considered were the physical
(topography, currents, EKE) and biogeochemical (primary production) characteristics of the region:
1. Seaﬂoor topography plays a central role in the BMC circulation [e.g., Venaille et al., 2011], hence, each
subregion is chosen to contain generally homogeneous topographic characteristics (Figure 1a). In particular, note the extreme steepness of the slope along the SAF in the southern subregions, the steepness
along the Patagonian shelf, and the form of the ZD along the boundaries of C3–C5 and S3–S5.
2. Resolution of the general circulation (Figure 1c), i.e., the MC is resolved in the westernmost column; placing the ZD at the border between the central and southern subregions allows a coherent separation of
the zonal components of the anticyclonic ﬂow around this feature.
3. Resolution of regions with, where possible, homogeneous levels of wind stress curl [e.g., Risien and
Chelton, 2008], kinetic energy (KE) and EKE (Figures 1c and 1b).
4. Coverage of the fertile open ocean waters of the BMC that extend eastward away from the Patagonian
shelf is also considered, although here we do not work with chlorophyll composites. The central and
southern rows of the subregional domain are rich in chlorophyll, while the northern row covers the transition toward the oligotrophic gyre to the northeast [e.g., Brandini et al., 2000; Gaube et al., 2014].
The northwest subregions N2 and C1 deserve mention as they are situated near to the Patagonian shelf,
where uncertainty has been expressed about the reliability of altimeter SLA data for eddy detection [e.g.,
Pilo et al., 2015]; however, Strub et al. [2015] have suggested that caution is warranted only south of 408S
where the SLA may be contaminated by tidal model errors. (Strub et al. [2015] use the same daily DT14
reprocessed altimeter data as used in this study (see section 2.1), whereas Pilo et al. [2015]’s results are
based on the older weekly DT10 product.) The C2 subregion is found immediately east of the meeting point
between the MC and BC and is associated with the presence of two near-permanent stationary eddies (a
cyclone and an anticyclone). (The C2 and N2 locations are identiﬁed as local sources of ﬁrst baroclinic mode
eddy energy by Zhai et al. [2010] (see their Figure 3).) Assuming that these eddies may be difﬁcult to identify using SLA data, we ran the eddy tracker using absolute dynamic topography (ADT) data in place of SLA.
However, we did not ﬁnd any appreciable improvement in eddy detection within C2 and so did not continue that approach.
2.6. Supplementary Data and Derived Variables
Annual mean surface eddy kinetic energy (EKE), a bulk measure of mesoscale
is shown in
h variability,
i
0
1
02
02
Figure 1b. Assuming geostrophy, the EKE per unit mass is computed as EKE5 2 Ug 1Vg where Ug0 52 gf @g
@y
0
and Vg0 5 gf @g
anomalies, g is the gravitational accelera@x are the respective sea surface geostrophic0 velocity
@g0
tion, f the local Coriolis parameter; the derivatives @g
@y ; @x are obtained using three-point-stencil ﬁnite
differencing [Arbic et al., 2012] of daily SLA data from AVISO [2015] over latitude (y) and longitude (x) for the
period 1993–2014. Annual mean near-surface currents based on drifters presented in Figure 1c for the BMC
are taken from version 2.07 of the 0.58 3 0.58 global drifter climatology described by Lumpkin and Johnson
[2013]. In Figure 5 in section 3.3, daily ADT data from AVISO are used. Topographic data are taken from the
Shuttle Radar Topography Mission (SRTM) that is based on the 10 Smith and Sandwell [1997] bathymetric
data set with higher resolution data used where available (also referred to as SRTM30_PLUS).

3. Results
Selections of eddy statistics compiled from the eddy tracker outputs for each of the 14 BMC subregions
identiﬁed in section 1 are shown in Figures 2–4 and Table 1. The average number of cyclonic (anticyclonic)
mesoscale eddies traversing the 14 subregions over the period 1 January 1998 to 30 June 2013 is 127 (89);
the lowest number is 72 (74) in subregion C1 (Table 1).
3.1. Eddy Tracks, Concentrations, and Polarity
Analysis of eddy trajectories reveals regions where eddies of either polarity dominate (Figure 2). For example, cyclones are prevalent over the ZA gyre (428S–478S), while anticyclones dominate along a wide band
to the north. Adjacent bands of anticyclones and cyclones can be seen along the Patagonian shelf edge
that are associated with the MC. These striking asymmetries in eddy polarity can be explained by preferential formation of eddies of both signs, dominance in eddy longevity, and/or conditions supporting the presence of preferred propagation pathways [e.g., Frenger et al., 2015]. The latter authors also remark on the
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Figure 2. The South Atlantic eddy tracking study domain. (a) Tracks of cyclones (blue) and anticyclones (red) of lifetime 4 weeks and over between 1998 and 2013. Anticyclones and
cyclones of lifetime greater than 1 year are highlighted, respectively, in orange and light blue; these are the well-known Agulhas rings [e.g., McDonagh et al., 1999; Dencausse et al.,
2010]. The mean positions of the major fronts (Subantarctic Front-North, Subantarctic Front, and Polar Front) from Sallee et al. [2008b] over the period are shown in light green. (The
SAF-N and SAF are masked in regions shallower than 800 m.) Depths (from SRTM) less than 2000 m are masked in beige. The white rectangle identiﬁes the BMC study region where
eddy concentrations (mean eddy counts per 18 3 18 per year) are shown for (b) cyclones and (c) anticyclones over the 17 year study period. The eddy polarity ratio, deﬁned as ðNc 2Na Þ=
ðNa 1Nc Þ where Nc (Na) is the number of cyclonic (anticyclonic) eddy observations, is shown in Figure 2d. Crosses indicate the subregions deﬁned in Figure 1.

dearth of eddies in regions with depths less than 2 km; this is evident in Figure 2a on and around the continental and island shelves and banks and is likely a consequence of topographic steering [Frenger et al.,
2015].
3.2. Eddy Propagation Rates and Directional Variability
Subregional variability in eddy trajectories is extensive; eddies travel in all directions, at speeds from less
than 1 to more than 8 cm s21 (Figure 3). In order to distinguish the respective pathways, the trajectories are
colored according to subregion of origin. The tracks reveal differing degrees of exchange of eddies between
subregions. Eddies originating within S5 in the southeast appear to travel the furthest, some reaching as far
as C3 north of the ZD. Others such as in N2 and C1 over the Patagonian slope barely leave their subregion
boundaries. A complementary supporting view of the eddy propagation patterns is provided in Figures 3c
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Figure 3. Propagation characteristics of eddies born between 1 January 1998 and 30 June 2013 in the fourteen 58 3 58 BMC subregions (starting from top left, N2–N5, C1–C5, and S1–
S5). (left column) Cyclones, (right column) anticyclones: (a–d) the trajectories of all the eddies that originate within each subregion; the tracks in Figures 3c and 3d are plotted relative to
the center coordinate of each subregion (indicated by dark dots). (e, f) Annual mean eddy propagation velocity vectors (the direction of this vector is referred to as hAlt) and variance
ellipses; note that these are based on the full eddy tracker data set, whereas the trajectories in Figures 3a–3d are based only on eddies born within the respective subregions. A reference
vector and scale ellipse are provided at the bottom left of Figure 3f; the vector and major (minor) ellipse axis correspond to 5 cm s21 (2 cm s21). Colors are used to differentiate between
eddies from each subregion; eddy birth locations are indicated by dark dots. Crosses indicate the subregions deﬁned in Figure 1. Topography from SRTM is plotted in grey contours at
1000, 5000, and 5500 m; depths shallower than 2000 m are masked in beige.
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Figure 4. Maps of BMC mean eddy properties from the eddy tracker on a 18 3 18 grid for (left) cyclones and (right) anticyclones. Mean amplitudes (A), speed-based radii (Ls), eddy
intensity (A=Ls ), and nonlinearity (U=c) occupy descending rows. Crosses indicate the subregions deﬁned in Figure 1.
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and 3d, which show the individual eddy trajectories for each subregion plotted relative to common birth
locations, deﬁned as the respective center point of each subregion. These plots facilitate characterization of
the kinematic behavior of the eddies in the respective subregions. The eddies tend to follow topographic
contours (e.g., S1), and the known eddy anticyclonic circulatory pattern around the ZD is readily apparent in
C3–C5 and S3–S5 (section 1).
Cyclone (Figure 3e) and anticyclone (Figure 3f) vector mean eddy propagation rates and associated variance
ellipses are shown for each subregion. (The angle associated with the vector mean eddy propagation rate is
referred to as hAlt in later sections.) The major and minor axes of the variance ellipses are the standard deviations of the orthogonal eddy propagation velocity components after the ellipse has been rotated so that
its major axis corresponds with the maximum possible variance [e.g., Preisendorfer, 1988]. The mean propagation rates and bearings of cyclonic and anticyclonic eddies are comparable in each subregion, although
cyclone propagation rates are notably greater in the north (N2–N5; cf., Table 1); the northern anticyclones
(and also C2) have the smallest mean propagation rates. The northern eddies travel west counter to the
mean eastward ﬂow owing to a dominant beta effect [Fu, 2009]. The greatest mean propagation rates are
found in the central subregions (C3 and C4) for both signs. The nearly circular variance ellipses indicate substantial variability in the eddy propagation directions. However, there is appreciable asymmetry in the ellipses in the western subregions where eddies follow the slope, and also the central subregions where the
major axes are coherent with the anticyclonic circulation around the ZD. We note that the direction of eddy
propagation and the direction of maximum variance are similar in the subregions covering the ZA gyre but
differ substantially in other subregions, suggesting that the eddies following the gyre become dynamically
oriented with the predominant ﬂow; see supporting information Figure S1 that demonstrates that
ARMOR3D does resolve the ZA circulation. Finally, we note that in contrast to the top and middle parts, the
statistics in Figures 3e and 3f are based on every eddy passing through the subregions. A visual comparison
between the middle and bottom parts indicates agreement between the all-eddy and birth-only results for
every subregion, such that we can conclude that the kinematics of the eddies in Figures 3e and 3f are representative of the reduced samples in Figures 3a and 3b. These results are also in general agreement with
BMC eddy propagation vectors shown by Pilo et al. [2015] that were based on the weekly Chelton et al.
[2011a] eddy data set.
3.3. Eddy Radii, Amplitudes, Nonlinearity, and Intensity
The spatial relationships between eddy properties are revealed in maps of mean eddy amplitudes, radii,
intensity, and nonlinearity in Figure 4. Eddy intensity is the ratio between an eddy’s amplitude and its radius, A=Ls [Frenger et al., 2015]. Eddy nonlinearity is the ratio between eddy swirl speed and rate of propagation, U=c [Chelton et al., 2007]. The striking feature common to the maps is the large-scale elliptical ring of
elevated property means that is centered around the ZD near 458S, 458W. This feature is most marked in
the amplitude and intensity ﬁelds, where the surrounding and interior amplitudes (10 cm) and intensities
(0.1 cm km21) are uniformly low.
Eddy amplitudes are high in the western and northern subregions. For cyclones, there also several small
patches of higher amplitudes along the SAF-PF in the southern subregions. Of particular note for cyclones
is the 60 cm peak within C2 at the BMC front (Figure 4a; the average for C2 as a whole is 38 cm in Table
1). The largest anticyclone amplitudes are also found in C2, but at 31 cm in Table 1 are weaker than the
cyclones. Large eddy radii are found along 408S near to the STF. Anticyclones are generally larger than
cyclones, approaching 120 km in N3. At the BMC-F in C2 are also large radii at 90 km for both signs. Along
the SAF-PF subregions in the south the radii are smaller, particularly the cyclones in the southeast (S5).
The combination of these latter properties into the eddy intensity in Figures 4e and 4f clearly isolates a
number of local regions of high intensity. For cyclones, these correspond precisely to the locations of the
BMC-F and SAF-PF in C2 and S5, which are also centers of maximum EKE (Figure 1b). For anticyclones, there
is a single broader area of elevated intensity that covers C2, S2, and S3. The maximum is just south of the
BMC-F; at the SAF-PF, the anticylone eddy intensity is signiﬁcantly weaker than for cyclones. In contrast, the
nonlinearity maps have strong maxima at both the BMC-F and SAF-PF for cyclones and antiyclones (Figures
4g and 4h). This can be related to the strong currents associated with these frontal regions, as shown in Figure 1c. However, there are other strong maxima in nonlinearity, particularly in the northern subregions, that
do not have corresponding eddy intensity maxima. These maps, and Table 1 (columns 5–7), reveal the
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Table 1. Mean Cyclonic and Anticyclonic Eddy Properties Over the Period 1998–2013 Within Each of the 14 BMC Subregions Deﬁned in
Figure 1a
Subregion
N2
N3
N4
N5
C1
C2
C3
C4
C5
S1
S2
S3
S4
S5
a

Num.
Eddies

Num.
Observations

Radius
(Ls) (km)

Amplitude
(A) (cm)

Swirl Spd. (U)
(cm s21)

Prop. Vel. (c)
(cm s21)

EKE
(m2 s22)

138 (90)
186 (146)
167 (105)
171 (138)
72 (74)
126 (130)
124 (134)
161 (146)
192 (152)
135 (105)
174 (162)
214 (113)
240 (76)
238 (130)

4419 (2698)
5955 (4040)
5003 (2717)
6305 (4528)
2135 (2035)
3337 (3275)
1970 (2714)
3465 (3513)
5160 (3908)
3810 (3069)
5512 (4643)
6041 (2974)
7152 (2083)
7244 (3134)

69 (74)
75 (81)
75 (90)
66 (70)
61 (63)
83 (83)
69 (79)
70 (80)
72 (83)
56 (62)
68 (69)
61 (66)
57 (62)
56 (63)

23 (16)
25 (18)
21 (17)
13 (9)
14 (18)
38 (31)
17 (23)
15 (19)
17 (18)
9 (11)
24 (27)
20 (22)
18 (17)
23 (18)

44 (35)
42 (33)
33 (28)
23 (17)
26 (30)
58 (52)
30 (36)
24 (27)
27 (27)
18 (20)
37 (41)
30 (34)
28 (28)
37 (31)

2.6 (1.5)
2.3 (0.7)
3.6 (1.8)
2.5 (1.6)
1.8 (1.8)
2.5 (0.5)
5.9 (6.8)
8.4 (8.8)
3.5 (3.8)
5.0 (5.9)
2.8 (1.5)
2.0 (2.5)
3.3 (3.7)
3.6 (3.3)

4.1 (2.2)
4.7 (2.9)
3.6 (2.7)
1.3 (0.8)
1.7 (2.5)
9.9 (6.9)
2.4 (4.3)
1.5 (2.8)
2.0 (2.5)
0.6 (0.8)
3.4 (4.3)
2.3 (2.9)
1.9 (1.7)
2.9 (2.0)

Values for anticyclones in parentheses.

expected relationships between increases in eddy intensity and increases in swirl speed and nonlinearity
[Gaube et al., 2015].
Context for the eddy-compositing procedure is provided by two snapshots in Figure 5 (top) that show QGx and f (normalized by f) at 100 m depth during the austral spring on 13 October 2010. Our expectation in
these snapshots, and also in the eddy QG-x composites that follow in section 3.4.2 below, is that vertical
QG-x motions will be most intense at the frontal regions, namely the BMC-F and SAF-PF. We have seen
already that eddies at these two fronts have high levels of eddy intensity and nonlinearity (section 3.3) as
estimated by the eddy tracker. The positions of contemporaneous eddies identiﬁed and tracked by the
eddy tracker are plotted on both maps. Several cyclones and anticyclones are identiﬁed within the study
domain. (Examination of the SLA across the domain reveals features which appear to be eddies but are not
marked as such; these likely correspond to eddies with lifetimes less than 4 weeks that were discarded by
the eddy tracker.) Vertical velocities at 100 m depth across the BMC are visibly weak: exceptions are found
in the vicinity of eddies, especially those in the northwest and southeast, where QG-x exceeds 5 m d21;
these correspond to the abovementioned fronts, to elevated levels of eddy intensity and nonlinearity in the
maps of Figure 4, and to the locations of maximum mean levels of EKE and KE (Figures 1b and 1c).
A closer examination of the vertical velocity patterns associated with three selected eddies is provided in
Figures 5c–5e. In the ﬁrst snapshot, the sharp ADT gradients reveal the intense meandering BMC front (Figure 5c). The cyclonic recirculation on the western side is associated with a downwelling followed by an
upwelling on its eastern ﬂank; respective QG-x values approach 620 m d21 in the vicinity of the front. QGx values around the anticyclonic recirculation to the east, which is identiﬁed as a young (age  5 weeks)
long-lived eddy at  50.58W, 41.68S, are somewhat weaker. The observed multipolar pattern of a sequence
of upwellings and downwellings has previously been observed in an Agulhas ring [Buongiorno Nardelli,
2013], and ascribed to the action of vortex Rossby waves [McWilliams et al., 2003]. In the southern box (Figure 5d), an anticyclone is travelling eastward parallel to the slope to the south. Relatively intense QG-x
motions of both signs are seen at the southern ﬂanks of the eddy while to the north vertical motions are
negligible. Figure 5e shows a dipole eddy pair near the STF that is composed of a cyclone to the south and
an anticyclone to the north. QG-x intensity here at <5 m d21 is the weakest of the three examples; these
values are comparable to observations of a mesoscale eddy in the Iceland basin [Pidcock et al., 2013].
3.4. Subregional Eddy Composites
3.4.1. Temperature, Salinity, and Vorticity Eddy Composites
We ﬁnd signiﬁcant horizontal spatial variability and large ranges in the magnitudes of subregional eddycentric anomalies at 100 m depth of, respectively, temperature (Figure 6) and salinity (Figure 7) and vertical
relative vorticity (Figure 8). Cyclones (anticyclones) are characterized by cold (warm) anomalies. The most
intense thermal anomalies are found in C2 for both cyclones (T 0  21.28C) and anticyclones (T 0  18C).
These eddies are the direct outcome of the collision between the cold fresh MC and warm salty BC. Their
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Figure 5. Snapshots of ARMOR3D-derived (a) QG-x and (b) f (normalized by f) at 100 m depth on 13 October 2010. Orange and indigo circles indicate the speed (inner) and effective
(outer) radii that mark the respective positions of cyclonic and anticyclonic mesoscale eddies identiﬁed and tracked (i.e., eddies with lifetimes greater than 4 weeks) by the eddy tracker
on this date. Three zooms of QG-x on the green boxes in Figure 5a are shown in Figures 5c–5e, where the eddy centers are also included as dots. Note the use of different color scale
ranges in Figures 5c–5e. Thin grey contours show the corresponding ADT at intervals of 0.1 m; solid (dashed) contours indicate positive (negative) values. Areas in white in Figure 5a are
outside the QG-x computational domain (section 2.3). Bold black contours correspond to isobaths at 1000, 5000, and 5500 m from SRTM.

shapes are elliptical, the directions of the major axes are toward the southeast. The weakest anomalies are
at the western boundary over the Patagonian slope in S1 for both cyclones and anticyclones. The eddy
cores in the east are weakly elliptic in comparison with those to the west. The intensity of the T 0 anomalies
broadly correlates with the corresponding mean amplitudes and EKE in Table 1, in agreement with the BMC
^as et al. [2015] and also the results of Gaube et al. [2015]. All of the cold cores
composite analyses of Villas-Bo
in Figure 6 show varying degrees of meridional asymmetry, with negative extrema located on or slightly
northward of the eddy centers. There is also small and variable zonal asymmetry. Comparison with the
annual mean temperature ﬁeld at 100 m in Figure 1e shows that the variable asymmetry is a response to
changes in the background gradients in temperature. The anticyclone warm cores display similar patterns
of asymmetry, but the positive extrema lie to the south. The composites in the vicinity of the BMC-F have
signiﬁcant anomalies in the eddy impact area, deﬁned by Frenger et al. [2015] as a circle 3 times the eddy
radius, with signs opposite to those within the eddy cores; the anomalies are generally aligned with the
major axes of the elliptical isotherms that deﬁne the eddy cores.
The spatial structures of the salinity anomalies in Figure 7 are very similar to the thermal anomalies. The eddy
cores are relatively fresh (salty) for cyclones (anticyclones). The meeting point between the MC and BC in C2 is
the source of the largest anomalies of, respectively, S0  20.2 and S0  0.15. The patterns of asymmetry in the
salinity anomalies, in terms of size, shape, and orientation are very similar to those of T 0 in Figure 6.
The relative vorticity composites in Figure 8 are positive (negative) for cyclones (anticyclones), with the largest extrema (respectively, f=f  0.2 and 20.2) for both signs appearing in subregion C2. Meridional and
zonal asymmetry in the spatial distributions of f across the subregions closely matches that of T 0 and S0 in
Figures 6 and 7. The closed f 5 0 contours are generally aligned with the outer Le radii. For the C1 and S1
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Figure 6. Mean eddy-centric composites of temperature anomalies (T 0 ) at 100 m depth for (top) cyclonic and (bottom) anticyclonic eddies in the 14 BMC subregions (deﬁned in Figure
1). Large grey dots at the center of each plot mark the eddy centroid. Inner (outer) grey circles correspond to the normalized eddy speed (effective) radius. Small grey dots mark regions
where the T 0 means do not exceed the 95% conﬁdence interval of the mean.

cyclones in Figure 8, this contour is not closed to the west. These cyclones follow the MC northward along
its seaward axis (Figures 3a and 3c), where there is strong background positive f that is associated with the
MC (see Figure 1d).
3.4.2. Eddy-Centric Composites of QG-x
Mean QG-x eddy-centric composites in the 14 subregions are characterized by the expected dipole-like patterns of upwelling and downwelling (Figures 9 and 10). These ﬁgures include rotated eddy composites of
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Figure 7. Mean eddy-centric composites of salinity anomalies (S0 ) at 100 m depth for (top) cyclonic and (bottom) anticyclonic eddies in the 14 BMC subregions (deﬁned in Figure 1).
Large grey dots at the center of each plot mark the eddy centroid. Inner (outer) grey circles correspond to the normalized eddy speed (effective) radius. Small grey dots mark regions
where the S0 means do not exceed the 95% conﬁdence interval of the mean.

QG-x (bottom) where, prior to averaging, every individual QG-x ﬁeld associated with an eddy is rotated to
a common reference direction h that is deﬁned by the average of all the propagation directions. h can be
obtained from the eddy tracker outputs (hAlt) as in Figure 3 but here instead we use the ARMOR3D data,
obtaining hArm. hArm is calculated from the mean of the u and v ARMOR3D velocities contained within a distance Le from the eddy centroid at the same depth (100 m) as the QG-x ﬁelds. The motivation for rotation
of the individual eddy-centric QG-x ﬁelds is the observation that positive and negative vertical motions
within eddies are arranged in phases as seen in Figure 5c. While the locations of these motions may shift as
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Figure 8. Mean eddy-centric composites of normalized vertical relative vorticity (f=f ) for (top) cyclonic and (bottom) anticyclonic eddies in the 14 BMC subregions (deﬁned in Figure 1).
Large grey dots at the center of each plot mark the eddy centroid. Inner (outer) grey circles correspond to the normalized eddy speed (effective) radius. Small grey dots mark regions
where the f means do not exceed the 95% conﬁdence interval of the mean.

an eddy moves and pulsates, they always remain at the same phase relative to the major axis (i.e., the orientation, or direction of propagation) of the eddy [e.g., Vi
udez et al., 1996; Buongiorno Nardelli, 2013; Pidcock
et al., 2013; Pascual et al., 2015]. It is desirable therefore to attempt to match these phases during the
compositing process.
Common features between the cyclones (Figure 9) and anticyclones (Figure 10) are that the subregional
QG-x minima and maxima tend to be located between the respective speed-based and effective radial
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Figure 9. Mean eddy-centric composites of (a) QG-x and (b) rotated QG-x for cyclonic eddies in the 14 BMC subregions (deﬁned in Figure 1). Large grey dots at the center of each plot
mark the eddy centroid. Inner (outer) grey circles correspond to the normalized eddy speed (effective) radius. White contours mark QG-x levels between 60.25 and 61.5 m d21 at intervals
of 0.25 m d21; dashed lines for negative values. The reference directions in Figure 9a for hAlt from Figure 3 (for the rotations in Figure 9b for hArm) are shown by the red arrows at top right of
each plot; note that only direction (not magnitude) is shown. Small grey dots mark regions where the QG-x means do not exceed the 95% conﬁdence interval of the mean.

length scales that characterize the eddies. The positions of the minima and maxima also coincide with elevated tracer gradients at the peripheries of the eddy composites; see the temperature and salinity anomalies in
Figures 6 and 7. In the northeastern and central subregional QG-x composites (N3–N5 and C3–C5), the dipole
patterns are weaker and less obvious although, in some cases, they become clearer following rotation.
Unrotated QG-x subregional eddy composites are shown in Figure 9a. The strongest QG-x values in the
subregions are associated with the BMC-F and SAF-PF fronts, with corresponding strong currents and
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Figure 10. Same as Figure 9 but for anticyclones.

elevated EKE as well as steep topographic gradients (see Figure 1); positive maxima above 0.5 m d21 are
seen only at C1, C2, and S2–S5. The most intense QG-x, with values reaching 21.45 (11.41) m d21, is at S5
where the SAF and PF are in close proximity. Here the anomalies occupy almost the entire area of the eddy
composite, with just a thin nearly meridional line of near-zero QG-x (where the means exceed the 95% conﬁdence interval) crossing the eddy center and separating the upwelling and downwelling. Composites S2–
S4, also associated with the SAF and PF, similarly bisect the eddy area but with substantially weaker QG-x
magnitudes than at S5. At the retroﬂection of the MC within C1 and C2 and, to a lesser extent, N2 strong
QG-x minima and maxima [for C1 between 20.89 (11.21) m d21] are associated with the overturning
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(upwelling and downwelling) that results from the collision between the MC and BC. In contrast to the SAFPF composites above, the dipoles associated with the BMC-F composites (C1, C2, and N2) are irregularly
shaped, asymmetric and sometimes have multiple maxima and/or minima.
Examination of the orientations of the positive subregional QG-x anomalies for cyclones in Figure 9a and
the mean eddy propagation directions (i.e., hAlt from Figure 3e, shown here by red vectors at top right of
each subplot) demonstrates, in most cases, poor agreement with the expected alignment between upwelling (downwelling) and the leading (trailing) edge of the composite eddy dipoles (see for example the
cyclone in Pidcock et al., 2013, Figure 10e). Only the eddies associated with the zonal SAF-PF (i.e., S3–S5)
meet the above expectation. The impact of rotating the eddies during construction of the cyclonic composites in Figure 9b does not, with the exception of C4 and S1, signiﬁcantly change the QG-x patterns. However, when considering hArm as the eddy propagation direction (shown by the red vectors at top right of each
subplot) the upwelling is located at the leading edge in every subregion. This is especially noticeable at the
BMC-F where, in comparison with Figure 9a, the rotation of C2 also results in a more (less) intense positive
(negative) QG-x anomaly at the leading (trailing) edge of the composite eddy; hAlt and hArm here are 908
out of phase (cf., Figure 3e).
Subregional QG-x patterns for anticyclones in Figure 10 have reversed signs with respect to the cyclonic
eddy QG-x composites (Figure 9) but are generally similar in magnitude, shape, and orientation. The main
exception is seen in C1 along the central Patagonian slope which has moderate QG-x values, in contrast to
the intense cyclonic composite QG-x in Figure 9. Subregions N2, C2, S2, and S4–S5 have negative minima
below 20.5 m d21. S5 in the southeast again has the most intense QG-x, with extrema of 20.99 (10.86) m
d21 being fractionally smaller than the corresponding cyclonic QG-x. This disparity is explained by larger
swirl speeds for cyclones than anticyclones (Table 1) [e.g., Gaube et al., 2015]. The maxima and minima occupy almost the full area of the eddy composite; the nearly meridional bisecting line of near-zero QG-x has a
similar angle to that for the cyclonic composites, cf., Figure 9.
Anticyclone hAlt, the mean eddy propagation direction based on the eddy tracker outputs, is similar to that
for cyclones (Figure 3), such that the reversed sign QG-x patterns should now show alignment between
downwelling (upwelling) and the leading (trailing) edge of the eddy dipoles [e.g., Pidcock et al., 2013]. As
shown above for the cyclone QG-x, this is only the case for S3–S5 at the SAF-PF in Figure 10a.
Following rotation, some of the composites in Figure 10b acquire a larger QG-x range, but appreciable
changes are restricted to the positive values, i.e., more upwelling, especially in S3. As for the cyclones, when
considering the eddy propagation direction hArm, the mean propagation directions match the vertical velocity patterns, so downwelling occurs at the leading edges of the composite eddies in all of the subregions.
3.5. Vertical Eddy Composite Sections of Temperature, Salinity, and Vorticity
Zonal sections of subregional temperature, salinity, and normalized vertical relative vorticity in Figures 11–
13 reveal the vertical structure between the surface and 1000 m of the composite cyclones and anticyclones
described above. Meridional and, to a lesser extent, zonal gradients in the temperature and salinity sections
reﬂect the large-scale BMC hydrographic structure (see Figure 1).
The cyclonic eddies in Figures 11a and 12a are characterized by cold fresh property anomalies at their cores.
The meridional ranges of eddy core T (S) at 100 m depth are 8.28C (34.6) in the north to 3.28C (34.2)
in the south. The isotherms around the anticyclonic eddy cores are bowl shaped, with maxima at the surface. The anticyclone salinity sections show biconvex shaped positive anomalies that are centered at around
150 m depth. Weak biconvex anomalies are also present in a few of the cyclonic salinity sections (C4, C5,
and S5 in the south); these are negative anomalies and are located deeper in the water column at 350 m.
Ranges for anticyclones, with warm salty anomalies at their cores, are 10.58C (34.9) in the north to
3.88C (34.2) in the south.
Signiﬁcant zonal variations in temperature and salinity are seen in the western subregions (C1, S2) where
there is clear inﬂuence on eddies of both sign of cold fresh MC waters from the Patagonian shelf and slope
[e.g., Matano et al., 2010; Combes and Matano, 2014]. (It is noteworthy that in subregion N2 of Figure 12
both the cyclonic and anticyclonic salinity sections show a tongue of brackish water visible at the surface
west of the eddy core; this is presumably associated with river outﬂow from the Rio de la Plata [e.g., Guerrero et al., 2014].) On the eastern side, temperature in the cyclones and anticyclones in S5 is inﬂuenced by the
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Figure 11. Subregional BMC eddy composites of zonal sections between the surface and 1000 m of temperature for (a) cyclones and (b)
anticyclones.

increasing proximity to the PF. For corresponding T and S anomalies, see Figures S2 and S3 in the supporting information.
The f sections in Figure 13 reveal the dominant barotropic structure of the BMC eddies which is nearly uniform
across the subregions and extends downward beyond the vertical limit (1000 m) of the plots. This implies weak
BMC stratiﬁcation and strong swirl velocities at depth, consistent with, e.g., Sanders and King [1995] and Volkov
and Fu [2008], that would make the eddies susceptible to interaction with topography. Different degrees of surface/upper layer intensiﬁcation of f are visible in both the cyclonic and anticyclonic sections. This is especially true
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Figure 12. Subregional BMC eddy composites of zonal sections between the surface and 1000 m of salinity for (a) cyclones and (b) anticyclones.

of C2 as observed in section 3.4.1 but is also prominent in N2–N5 and S2. Outside the eddy cores, we see the same
reversals of sign of f, with the exception of the western ﬂanks of the cyclones in the MC in C1 and S1 (Figure 13).

4. Discussion
Large inter-subregional variability in mesoscale eddy properties is a deﬁning characteristic of the BMC (section 3). In this relatively small area, the dominant eddy motion is to the west but there is also signiﬁcant
meridional and eastward advection (Figure 3). Eddy amplitudes range from small to some of the largest in
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Figure 13. Subregional BMC eddy composites of zonal sections between the surface and 1000 m of normalized vertical relative vorticity
(f=f ) for (a) cyclones and (b) anticyclones.

the world ocean (Figure 4 and Table 1), with corresponding changes seen in eddy rotational speeds, EKE,
and QG-x. Subregional BMC maximum eddy lifetime estimates vary from 78 (C3) to 198 (N3) days; eddies
born within the BMC typically die there too.
Our subregional QG-x results in section 3.4 suggest that tentative associations may be made between interior QG-x intensity within mesoscale eddies and their surface properties, namely the eddy intensity (Figure
4) that is estimated from radii and amplitudes supplied by eddy tracking algorithms. In Figures 9 and 10, we
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showed that absolute maxima in eddy QG-x upwelling and downwelling occur at the two major fronts, the
SAF-PF and the BMC-F, that are contained within our subregions C2 and S5. We expect the QG-x extrema at
these fronts to be associated with background horizontal density gradients, rather than the strengths of
eddy composite T and S anomalies; in Figures 6 and 7, we do ﬁnd strong anomalies at the BMC-F (subregion
C2), but not at the SAF-PF (S5). A new ﬁnding here is that these also match the locations of maximum eddy
intensity in Figure 4, and that this correlation between QG-x and A=Ls extends to the other BMC subregions.
This suggests that eddy intensity may be a useful proxy for the spatial characterization of QG-x intensity
associated with mesoscale eddies. More studies to conﬁrm this relationship should be done in other
regions.
Eddy composite studies are sometimes faulted for not providing information about the evolution of eddy
properties [Zhang et al., 2016]. The subregional approach adopted here provides a compromise between
knowledge of eddy differences (viz., their changing mean properties and structure between subregions)
and statistically valid means of these quantities that partially addresses this limitation. We suggest that subregional eddy compositing could be usefully applied in other regions, and with other variables such as surface chlorophyll from satellites.
4.1. Net Impact of Vertical Motions
To assess the net impacts of the vertical motions diagnosed in section 3.4.2, we computed azimuthal averages of the unrotated eddy composite QG-x for each subregion in Figure 14. (Note that azimuthal averages
computed using rotated eddy composite QG-x in Figures 9b and 10b are nearly identical to those shown in
Figure 14.) We assume net upwelling/downwelling to be a result of asymmetry in the QG-x dipoles. The
strongest net vertical advection takes place in the previously identiﬁed subregions associated with the two
major frontal zones, the BMC-F (N2, C1, C2) and the SAF-PF (S2–S5).
For the cyclones of the BMC-F, net eddy vertical advection is characterized by weak downwelling in the
composite eddy interior (i.e., from the eddy center to Ls) and stronger upwelling over the eddy periphery
(the region between Ls and Le). The exception is N2 where downwelling is stronger (20.3 m d21) and
extends to the periphery. In contrast, the S4 cyclones in the SAF-PF are dominated by net upwelling at all
distances from the eddy center. In S5, which has the greatest QG-x range (Figure 9), net vertical advection
is comparatively weak, reaching maximum values of 0.12 m d21 at the eddy periphery. Anticyclones in
the BMC-F have the largest net vertical advection in Figure 14. The upwelling extends beyond the eddy
periphery in N2 and C1. In C2, there is moderate downwelling inside the eddy periphery, but the upwelling
in the interior approaches 0.6 m d21. In the SAF-PF, the anticyclones display a transition from weak upwelling over the eddy interior and periphery (S2 and S3) to moderate downwelling over both interior and
periphery (S5). Signiﬁcant net vertical advection extends beyond the eddy periphery and into the outer
eddy impact area in Figure 14. These peripheral positive and negative vertical motions in both cyclones and
anticyclones are most intense in the BMC-F subregions and can be associated with the horizontal density
gradients in the outer eddy impact area that arise from the T and S anomalies described in section 3.4.1.
4.2. Eddy Genesis and Vorticity
The locations of eddy generation frequency in the BMC are indicated by maps of eddy birth concentrations
in Figures 15a and 15b. Larger eddy birth counts occur in the peripheral subregions, particularly along the
PF to the south and, to a lesser degree, along the SAF, within the BMC-F, and along the southern part of the
subtropical gyre. In contrast, the central subregions corresponding to the ZA (C3 and C4) have the lowest
eddy birth counts. It is noteworthy that eddy births, especially anticyclones, are more frequent outside the
BMC subregions than they are within. Cyclonic shear within the intense zonal current associated with the
SAF leads to the generation of cyclones in S2–S5; the mean f=f 5 0.2 contour marks the banded region of
maximum cyclonic shear. Anticyclones appear along the northern axis of the SAF, and these are associated
with anticyclonic shear as marked by the mean f=f 5 20.2 contour. Generation of vorticity through current
topography interaction is an additional mechanism in this region of steep slopes [Molemaker et al., 2015]
(section 1). These eddy birth patterns, and the polarity ratio map in Figure 15c, are similar to the eddy
observation patterns in Figure 2. The eddy birth polarity ratio suggests strong preferentiality in eddy birth
polarity inside the BMC, whereas outside (in the South Atlantic to the north and east) there is a more even
polarity mix.
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Figure 14. Subregional BMC azimuthal averages of the QG-x composites (from Figures 9a and 10a) as functions of radial distance (in km) for (top) cyclones and (bottom) anticyclones.
The azimuthal averages are computed for each eddy observation from the eddy center to a distance of 3.5 Ls in successive bins of size 0.175 Ls, with the normalization subregional mean
Ls values as shown in Table 1. Vertical grey lines in the subplots show the locations of the mean Ls, and also the mean effective Le radii, that together deﬁne the eddy interior and eddy
periphery (see section 2.1).

Normalized lifetime plots of eddy vorticity in Figure 15d describe the evolution of the mean f=f from birth
to death for each subregion. Two lifetime classes are shown, the ﬁrst resolves short lived eddies between
28 and 50 days, the second longer-lived eddies of 50 to 200 days. The vorticity is calculated as the mean
within the eddy interior (i.e., inside Ls) of each eddy observation. The shorter lived eddies tend to have lower
rotation rates than the longer-lived ones. f=f of both lifetime classes typically intensiﬁes during the ﬁrst
days to weeks of the eddy lifetime, it then stabilizes, and eventually drops off again as death approaches.
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Figure 15. BMC eddy birth concentrations (mean eddy counts per 18 3 18 per year) for (a) cyclones and (b) anticyclones over the 17 year study period; their polarity ratio is shown in
Figure 15c. (The eddy polarity ratio is deﬁned in the caption of Figure 2.) Contours in Figures 15a (dark blue) and 15b (dark red) show the respective isolines of 0.2 and 20.2 annual
mean f=f at 100 m from Figure 1d. Crosses indicate the subregions deﬁned in Figure 1. (d) Plots of mean cyclonic and anticyclonic eddy vorticity evolution as a function of eddy age for
each subregion. Two eddy age classes of, respectively, 28–50 and 50–200 days are plotted. Sample size counts for the means are provided at the tail of each curve. Shaded regions
indicate the standard error of the mean.

These patterns have previously been observed in the lifetime evolutions of eddy amplitudes and radii in the
global ocean [Samelson et al., 2014] and the western Mediterranean Sea [Escudier et al., 2016]. Subregional
plots of these latter variables (and also EKE) for the BMC (not shown) are in agreement with these studies.
In general eddies born in or near the two frontal regions, BMC-F and SAF-PF, have higher f=f at birth and
throughout their lifetimes; these eddies also tend to live longer. A notable exception to this pattern is the
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C3 anticyclones, particularly the longer-lived ones, which display increasing f=f toward the ends of their lifetimes. This can be explained by considering Figure 3 which shows that the C3 anticyclones travel westsouthwest into the BMC-F. Upon encountering the frontal region, there is likely much eddy-eddy interaction, merging and splitting, leading to strong dissipation and possibly abrupt destruction of the eddies. (A
further factor is that the eddy tracker may fail to adequately track the eddies through this turbulent region.)
Indeed we can see that the f=f levels at birth of eddies in C2 have very similar magnitudes to the C3 eddies
at death. Other exceptions include the cyclones in C4 and S1.
4.3. Eddy Asymmetry
Asymmetry of satellite SST patterns in eddy-centric composites has previously been observed in the north
and south Atlantic [e.g., Hausmann and Czaja, 2012; Gaube et al., 2015]. In the north Atlantic, cyclonic cold
cores in SST are located slightly equatorward of the eddy pressure centers, and vice versa for warm core
anticyclones. In the southeast Atlantic, Gaube et al. [2015] reveal similar meridional asymmetry for the
^as et al. [2015] report equivalent
eddies associated with the Agulhas Retroﬂection. Within the BMC, Villas-Bo
asymmetric patterns in composites of surface heat ﬂuxes.
The general patterns of the T (and S) anomalies presented in section 3 are mostly consistent with these previous studies. Aside from the obvious heterogeneity in the patterns and magnitudes of the anomalies in
Figures 6 and 7, meridional asymmetry in the distributions of the extrema with respect to the eddy centers
conforms to the above pattern, i.e., for temperature cold (warm) core T 0 located equatorward (poleward) of
the eddy centers. Variable zonal asymmetry is also apparent, with the appearance of eastward phase shifts
between both temperature and salinity and the eddy centers, in contrast to the dominant westward phase
shifts in several regions of the world ocean (including the Gulf Stream and ACC) reported by Hausmann and
Czaja [2012]. These authors studied eddies from the ACC and BMC as a whole, meaning that ﬁner scale
details of eddy property variability may have been masked.
Eddy asymmetry is associated with transport of heat [e.g., Hausmann and Czaja, 2012]. Previous global eddy
tracking studies have identiﬁed the BMC as an important region for meridional eddy transport [Dong et al.,
2014; Zhang et al., 2014]. The combination of two mechanisms, eddy stirring and eddy trapping [see McGillicuddy, 2016], is thought to mediate eddy tracer transport in the ocean [e.g., Frenger et al., 2015]. Eddy swirl
currents (U) induce stirring across local tracer gradients, such that tracer transport is always downgradient.
Trapping, where tracers present during eddy formation are retained and transported by the eddy, usually
with varying degrees of leakage, is nonlocal and therefore raises the possibility of upgradient (as well as
downgradient) tracer transport by eddies. The form of the T 0 and S0 composites in Figures 6 and 7, asymmetric monopoles, suggests the inﬂuence of both mechanisms; monopoles associated with trapping and
dipoles with stirring [Frenger et al., 2015]. The results presented here highlight the complexity of eddymediated exchange, even across small regions.
4.4. Potential of ARMOR3D for Eddy Composite Studies
To our knowledge, this is the ﬁrst eddy-compositing study to exploit data from the ARMOR3D database.
Eddy compositing of temperature and salinity anomalies is usually achieved using Argo proﬁles [e.g.,
Chaigneau et al., 2011; Frenger et al., 2015]. For the North Paciﬁc, Dong et al. [2014] found that approximately only 5% of Argo proﬁles were located inside eddies, suggesting that the assumption of synopticity
is tenuous [Allen et al., 2001]. The gridded ARMOR3D data are convenient for compositing and, given that
they are based on Argo and altimetry, may provide better coverage than Argo alone; dedicated intercomparisons of these approaches will be informative. Despite its estimated 100 km resolution, our eddy
composites in section 3 do suggest that ARMOR3D has some skill at resolving features with smaller scales.
This would depend primarily on the availability of local observations, but is also possibly a consequence
of the high resolution SST data (step 1 in section 2.2) being reﬂected by actual subsurface structures. In
any event, we expect that those eddies with horizontal size smaller than any threshold resolution will provide no deﬁnite signal and will hence only lead to a smoothing of the composite ﬁelds, i.e., any signature
that arises in these ﬁelds is to be considered as a real effect. The weekly ARMOR3D resolution would preclude some applications such as, for example, that by Zhang et al. [2015] who used Argo data from within
an anticyclonic eddy to demonstrate a relationship between EKE changes within eddies and vertical
movement of isopycnals.
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4.5. Subregional Compositing and Model Parameterization Evaluation
Frenger et al. [2015] point out that a better knowledge of eddy properties is necessary for improved parameterization schemes of eddy effects in non-eddy-resolving ocean climate models. Recent high-resolution
regional model results [e.g., Molemaker et al., 2015] suggest that parameterization schemes in global eddyresolving models are also compromised because of their inability to resolve the submesoscale turbulence
that is involved both in mesoscale eddy generation and dissipation by topography [Gula et al., 2016;
Southwick et al., 2016]. Subregional eddy-centric composites of velocity and tracer anomalies may be useful
in these efforts as, in addition to statistically valid eddy property means, they also provide insight into the
evolution of these properties. A desirable parameterization scheme should lead to model reproduction of
observed subregional eddy composite variability, for which the BMC is a potentially ideal test region.

5. Summary and Conclusions
A characterization of mesoscale eddies in the Brazil-Malvinas Conﬂuence in the southwest Atlantic has been
carried out using an eddy-centric compositing approach. The analysis is focused on composites of subsurface temperature, salinity, and QG-x over fourteen 58 3 58 subregions. The BMC is important as a critical
component of the AMOC owing to its active role in the transformation and transport of water masses
[Kuhlbrodt et al., 2007; Garzoli and Matano, 2011], with a signiﬁcant eddy-associated contribution [Zhang
et al., 2014]. The mesoscale eddy trajectories that enabled the compositing were obtained through application of an eddy tracking software tool to daily gridded sea level anomaly maps from AVISO [2015]. QG-x
ﬁelds were computed by applying the quasi-geostrophic Omega equation to weekly 3-D ﬁelds of temperature, salinity, and geostrophic currents from ARMOR3D [Mulet et al., 2012].
The eddy composites indicate that the intensity of QG-x motions associated with eddies across the BMC is
highly variable. The predominant QG-x eddy composite pattern is a dipole of upward and downward
motions, consistent with the theory of conservation of potential vorticity [e.g., Pascual et al., 2004; Pidcock
et al., 2013]. The extrema tend to be located at radial distances from each eddy centroid deﬁned by the
speed-based and effective radii that are estimated by the eddy tracker. Intense subregional QG-x eddy
composites are associated with the two main frontal regions in the wider BMC, namely the conﬂuence
region itself (referred to here as the BMC-F) where the Malvinas and Brazil Currents meet (C2), and the
region to the southeast (S5) where the Polar and South Atlantic fronts have their closest proximity (referred
to here as the SAF-PF). These respective regions also contain the highest levels of kinetic and eddy kinetic
energy in the BMC. Eddy composites with the weakest QG-x motions are found in the northeastern subregions, where hydrographic and topographic gradients are relatively weak. These patterns show close agreement with the spatial variability of the eddy intensity; further work is needed to evaluate whether this
parameter can be used as a proxy for QG-x motions associated with mesoscale eddies.
Net QG-x estimates from azimuthal averages of the composites further conﬁrm the above subregional variability patterns. Cyclonic eddies at the BMC-F have weak net vertical advection with downwelling in their
interiors and upwelling at the peripheries. Upwelling is dominant in the anticyclones. At the SAF-PF the
reverse occurs. Cyclones support relatively weak net upwelling, while anticyclones have net values that vary
from positive to negative. Away from these frontal regions, net QG-x estimates are mostly very small.
In addition to variability in QG-x patterns and magnitudes, the subregional approach reveals considerable heterogeneity in a range of BMC eddy properties. From the eddy tracker, it is shown that eddies follow distinct
pathways that are often sign dependent. Composites from ARMOR3D temperature and salinity data show
meridional and zonal subregional variability in sections of temperature and salinity anomalies associated with
eddies. The characteristic eddy signature shows cold fresh cyclones and warm salty anticyclones. The varying
patterns in the phase shifts between the eddy pressure centers and the positions of temperature and salinity
extrema are distinct from other high energy regions (e.g., westward phase shifts in SST in the Gulf Stream and
ACC) [Hausmann and Czaja, 2012]; this inter-subregional variability would be missed using larger scale regional
composites. These ﬁndings demonstrate the potential of the ARMOR3D product as a viable, technically convenient alternative to the direct use of data from Argo for use in compositing of mesoscale eddies.
In future work, we will use the approaches applied here to make subregional eddy composites from satellite
surface chlorophyll observations, with the aim to characterize the impact of vertical ﬂuxes in mesoscale eddies
on primary productivity. We will also extend our analyses to examine heat and mass ﬂuxes across the BMC.
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