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Abstract we investigate the 3-D Lagrangian evolution of two Madagascar cyclonic eddies based on

ad hoc Argo experiments undertaken in April and July 2013. Eight Argo floats were configured to measure
temperature and salinity at high temporal resolutions (daily and five-daily experiments) and varying park
depths (300, 500, 650, and 1,000 m) to test their performance with regard to retention within the eddies
described. Near-surface eddy properties are derived from an eddy detection and tracking algorithm applied
to satellite altimetry data and a quasi eddy-resolving (1/4°) ocean general circulation model (GLORYS2v4).
Both eddies propagated southwestward from southwest Madagascar (26°S, 40°E), where the South East
Madagascar Current separates from the continental shelf. During a travel of about 130 days at an average
speed of 11 km day~!, the eddies experienced well-defined growth, mature, and decay phases, interacting
with the Agulhas Current at the KwaZulu-Natal Bight (28°S, 34°E). Model-based estimates indicate the
April (July) eddy showed mean trapping water depths of 595 + 294 m (914 m + 107 m), volume transport
about 13.4 + 5.2 Sv (21.2 + 9.1 Sv), heat flux of —0.07 + 0.06 PW (-0.2 + 0.09 PW), and freshwater flux of
0.04 + 0.04 Sv (0.09 + 0.05 Sv). Peak estimates were found for both eddies during the mature eddy phase.
These results highlight the role of Madagascar cyclonic eddies as transporters of cooled and freshened
source waters into the Agulhas Current and illustrate the benefits of ad hoc Argo configurations for the
study of 3-D Lagrangian eddy dynamics in combination with a “state-of-the-art” ocean model and
remotely sensed data.

Plain Language Summary Mesoscale eddies formed south of Madagascar are normally shed
as dipole structures, with a cyclonic eddy to the north and an anticyclonic eddy to the south, propagating
westward toward the Agulhas Current. These features are generated at a frequency of four to six dipoles
per year; however, these eddies interact with others traveling southward through the Mozambique
Channel and westward from the Indian Ocean interior. This hampers our basic understanding of these
features as nearly coherent entities feeding the Agulhas Current with source waters. We aim to provide a
first description of the 3-D Lagrangian evolution of two Madagascar cyclonic eddies. Through the analyses
of in situ and remotely sensed measurements, further complimented with numerical model data, a number
of key features are revealed. The eddies propagated southwestward from 26°S at an average speed of

11 km day~!. Their most important property is their capability to trap waters at their interior for a large
vertical extent, thus becoming critical carriers of ocean properties toward the African coastline. We
estimate the Madagascar cyclonic eddies of study transport 17.3 + 7.9 Sy, fluxing toward the Agulhas
Current temperature and freshwater anomalies of —0.1 + 0.08 PW (cooling) and 0.07 + 0.05 Sv
(freshening), respectively.

1. Introduction

Mesoscale eddies are shed southwest off the southern tip of Madagascar (Figure 1), where the South East
Madagascar Current (SEMC) detaches from the continental shelf and breaks up into a series of nearly sym-
metric dipolar vortex pairs at a frequency of four to six dipoles per year (Ridderinkhof et al., 2013). Based on
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Figure 1. Map of sea level anomaly (m) of the southern Mozambique Channel for 17 April 2013 showing the
contribution of mesoscale features in to the Agulhas Current. Major players are the southwestward eddy stream from
the Mozambique Channel and the Madagascar eddy dipolar structure, formed off of the South East Madagascar
Current (black arrow). Highlighted against the South African east coast is the location of the KwaZulu-Natal Bight
(ellipse) and the Agulhas Current (black arrow). Positive (negative) sea level anomaly represented by red (blue) shaded
contours is indicative of anticyclonic (cyclonic) geostrophic circulation.

model-based analyses of the energy conversion terms, Madagascar eddies have been suggested to be formed
mainly in the upper ocean (0-300 m) by barotrophic instability and at intermediate depths (800-2,000 m)
by baroclinic instability (Halo, Penven, et al., 2014). These eddies tend to drift in a westward or southwest-
ward direction across the southern Mozambique Channel (de Ruijter et al., 2004; Ridderinkhof et al., 2013)
and interact with the southward eddy stream from the Mozambique Channel. Downstream, these eddies
represent an important source of the flow and variability for the Agulhas Current (de Ruijter et al., 2004;
Ridderinkhof et al., 2013; Schouten et al., 2002), the major western boundary current of the South Indian
Ocean (Beal et al., 2011).

Previous studies on eddies in the southern Mozambique Channel have provided information about their
mean size, amplitude, propagation speed, and seasonality (Halo, Penven, et al., 2014; Quartly et al., 2006;
Siedler et al., 2009), yet a dedicated Lagrangian description of the eddy-driven volume, heat, and salt anoma-
lies which ultimately impact the Agulhas Current remains missing in the literature. Mesoscale eddies can
also trap and transport organic and inorganic materials over long distances when they exhibit nonlinear
properties, that is, when the mean speed within the interior of the eddy or mean rotational speed exceeds
the mean translation speed (Chelton et al., 2011; McWilliams & Flierl, 1979; Robinson, 1983). In line with
this, a recent study has also provided corroborative evidence that suggests Madagascar cyclonic eddies have
the potential to be important vectors of connectivity between Madagascar and KwaZulu-Natal, east coast
of South Africa (Halo, Penven, et al., 2014). These results demand a better knowledge of the time-evolving
capacity of Madagascar eddies to trap waters at their interior as they might contribute significantly not only
to the heat and salt budgets of the Agulhas Current system but also to its marine ecosystems, carrying ocean
properties which are representative of the Madagascar region.

Traditionally, Lagrangian studies of coherent vortices in the ocean are based on eddy properties derived
from surface drifters and/or altimetry-derived products (Beron-Vera et al., 2013; Haller & Beron-Vera, 2013;
Lewis etal., 1989; Pérez, 2003; Sangra et al., 2005), occasionally complemented with full water-column depth
measurements undertaken specifically for a given time of their trajectories (Casanova-Masjoan et al., 2017;
de Ruijter et al., 2004; Law et al., 2001; Sangra et al., 2007; Van et al., 2003). In this regard, the global network
of Argo floats following a standard configuration can hardly assist, since having parking depths at 1,000 m
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depth, floats are unlikely trapped over time within mesoscale eddies. This prevents a robust description of
their generation and dissipation phases through the water column. The exception occurs when the core of
mesoscale eddies reaches the Argo parking depths and the floats can remain trapped in the eddies (Pegliasco
et al., 2015). Accordingly, the recent use of Argo floats following non—standard mission parameters allows
higher-resolution research and has proven successful in a handful of recent works (Inoue et al., 2016, 2016;
Kouketsu et al., 2016; Riser et al., 2016). Zhang, Li, et al. (2015) used Argo floats with a high sampling
frequency to investigate anticyclonic subthermocline eddies related to the subduction of subtropical mode
water in the northwest Pacific Ocean. The floats were set on a daily profiling frequency and a park depth of
500 m, profiling from 1,000 m to the surface. Results revealed novel characteristics of subthermocline eddies
supporting the potential of Argo floats to track and monitor eddies, particularly if on short repeating cycles.
On a similar profiling strategy, the ACE-INBOX project (Inoue, Honda, et al., 2016) deployed 16 profiling
floats from June 2012 to July 2013 within a warm-core anticyclonic eddy and used the data to investigate
the salinity minimum and its formation process in the Kuroshio-Oyashio mixed water region.

In this work we investigate the 3-D Lagrangian evolution of two Madagascar cyclonic eddies to improve our
understanding of the cyclonic eddy contribution of volume, heat, and salt transport from south of Mada-
gascar to the Agulhas Current. To this aim, we designed two surveys to deploy a series of Argo floats in the
center of two nonconcomitant cyclonic eddies using ad hoc Argo floats. The surveys were undertaken in
April and July 2013, respectively, and non—standard mission parameters were set up to test the trapping
of floats by the cyclonic eddies as a function of their park depths and time-resolution profiling against the
eddy core depth, nonlinearity, and radius. We combine these in situ hydrographic measurements from the
Argo floats with satellite altimeter data and the output of a quasi eddy-resolving (1/4°) ocean general cir-
culation model. These diverse, but complimentary, data sources allow us to describe how two Madagascar
cyclonic eddies evolve over time from southwest Madagascar toward the African coastline carrying heat and
salt anomalies which impact the Agulhas Current.

Recent studies based on data collected from one of the surveys described (July eddy) have already proven
the advantages of the experimental design with ad hoc Argo floats (Barlow et al., 2017; Noyon et al., 2018).
Barlow et al. (2017) presented a multidisciplinary survey of the cyclonic eddy shed off southwest Madagas-
car in July 2013. The authors investigated the capacity of Madagascar cyclonic eddies to transport biological
material to the South African coast and suggested that increased chlorophyll advected from the SEMC was
entrained into the eddy. This was further explored by Noyon et al. (2018), who link enhanced mesozoo-
plankton composition of the Madagascar shelf to the western edge of the eddy, potentially using the strong
geostrophic flow south of the eddy as a conduit.

To the best of our knowledge, our analyses represent the first attempt in examining the spatio—temporal
changes experienced in full depth by mesoscale eddies (specifically cyclonic) from their generation site
toward a western boundary current. The paper is organized as follows. Section 2 details the data and
methods. Section 3 presents the results and discussion in subsections which address consecutively the
near-surface eddy properties, eddy vertical structure, retention capacity, and associated volume, heat, and
salt fluxes of the two Madagascar cyclonic eddies of the study. The main findings and conclusions are
summarized in section 4, along with a synopsis on how to set up Argo floats for future mesoscale eddy
experiments.

2. Data and Methods

Eight Argo floats were deployed in 2013 within the cores of two nonconcomitant Madagascar cyclonic eddies
as part of two experiments which aim to study eddy dynamics based on a combination of ad hoc Argo
profiling, altimetry, and model data. We name these experiments (and eddies) as the April and July exper-
iments (eddies) following the month in which the floats were deployed. A detailed description of data and
methods follows.

2.1. Argo-Based Observations

Five Argo floats were deployed on 12 April 2013 crossing a Madagascar cyclonic eddy along an
east-west-oriented transect, from its westernmost flank toward its center (Figure 2a). The five SOLO II floats
(WMO 1676, 1677, 1678, 1679, and 1680), provided by Woods Hole Oceanographic Institution, were set up
to perform daily profiling from 1,000 m to the surface with an initial park depth of 300 m and were equipped
with Iridium transmitters. This allowed for two-way communication, and thus, changes to the profiling
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Figure 2. Maps of sea level anomaly (m) for the date of the Argo float deployments during the (a) April and (b) July
experiments. Dates of deployments are 12 April and 11 July 2013, respectively. Float tracks for each panel end on the
date the eddy was last detected in altimetry data: (a) 16 June and (b) 16 October. Positive (negative) sea level anomaly
represented by red (blue) shaded contours is indicative of anticyclonic (cyclonic) geostrophic circulation. The thick
black lines represent the altimeter-detected eddy core trajectories from the eddy-tracking scheme (Halo, Penven, et al.,
2014). Float trajectories are overlaid with colored lines (see legend for Argo float coding). Note the different time
resolution of Argo profiling: daily for the April experiment and 5-daily for the July experiment. During the April
experiment, park depths were changed after the seventeenth profile (29 April 2013) from 300 m after as follows: Floats
1676 and 1679 remained at 300 m, Float 1677 was changed to 500 m and Float 1678 to 650 m, and Float 1680 was
changed to 1,000 m. The seventeenth profile is highlighted with a larger circle over the float trajectories. The park
depth during the July experiment remained constant at 500 m. Float parameters are summarized in Table 1.

mission could be made after they were deployed. The floats were ballasted for the Indian Ocean with an
additional lithium battery pack to compensate for the above float setup. Modifications of the park depths
(listed in Table 1) were performed to evaluate the retention capability of the cyclonic eddy throughout the
water column.

Three Apex floats were deployed on 11 July 2013 within a Madagascar cyclonic eddy along a
southwest-northeast transect crossing the eddy core (Figure 2b). The three profilers (WMO 1309, 1310,
and 1311), provided by the U.K. MetOffice, were set up to perform five-daily profiling from 1,000 m to the
surface with a park depth of 500 m to ensure battery life and data collection to the Argo data system. Floats
were fitted in this experiment with Argos transmitters (i.e., two-way communication was not possible).
Deployment of these floats took place, while a multidisciplinary survey of the cyclonic eddy was completed
(Barlow et al., 2017; Noyon et al., 2018).

Mission parameters for each experiment are summarized in Table 1. All Argo data were collected and
made freely available by the International Argo Program and the national programs that contribute to it
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Table 1
Setup Parameters of Argo Floats for the April and July Experiments
Mission parameter April exp. July exp.
No. of floats 5 3
Communication Iridium (2-way) Argos
(1-way)
Profiling frequency Daily 5-daily
Profiling depth (m) 1,000 1,000
Initial park depth (m) 300 500

Park depth after seventeenth 1676 (300) 1677 (500) 1309 (500)
profile: Float code (depth, m) 1678 (650) 1679 (300) 1310 (500)
1680 (1,000) 1311 (500)

(http://www.argo.ucsd.edu and http://argo.jcommops.org; Argo, 2000). The Argo program is part of the
Global Ocean Observing System.

2.2. Altimeter Data

We used the Absolute Dynamic Topography (ADT) daily products produced by SSALTO/Duacs and dis-
tributed by Copernicus (http://www.copernicus.eu/). These gridded altimetry products are computed using
multimission data and are the same product as was previously distributed by AVISO+. The new version of
SSALTO/Duacs product uses a 20-year reference period (1993-2010) of the sea level anomalies (SLA) with
a 1/4° Cartesian grid resolution and projection for the global product (Duacs/AVISO, 2014). The ADT prod-
ucts are calculated using a new Mean Dynamic Topography, which uses the most recent geoid mean field
(GOCE DIR-R4) and in situ data set, with an improved processing method (Duacs/AVISO, 2014).

Surface absolute (anomaly) geostrophic velocities derived from the altimetry data are based on the assump-
tion of a geostrophic balance, that is, a balance between Coriolis force and pressure gradient force. Accord-
ingly, altimeter-derived absolute (anomaly) velocities are computed from maps of ADT (SLA) following the
geostrophic relationship:

ﬂ ) ﬂ, (1)

where x and y are the eastward and northward spatial coordinates, respectively; u is the zonal velocity (pos-
itive in the eastward direction); v is the meridional velocity (positive in the northward direction); h is the
ADT (SLA); and g is the gravitational acceleration (9.8 m s72).

2.3. Numerical Model Output: GLORYS2V4

We use the GLORYS2V4 model to complement in situ and remotely sensed measurements and extend the
analyses toward a 3-D view of the thermohaline and horizontal velocity structure of the eddies. GLORYS2V4
is performed using the NEMOV3.1 ocean model in the ORCA025_LIM (1/4° resolution) configuration and
is forced by ERA-Interim atmospheric variables. The model has 75 vertical levels and spans over the period
1993-2015. A multidata and multivariate reduced-order Kalman filter technique, based on the Singular
Extended Evolutive Kalman filter formulation, is applied to the assimilation of ocean observations to the
ocean model. Ocean observations used for the assimilation include delayed-time along-track satellite SLA,
daily Reynolds 1/4° Advanced Very-High-Resolution Radiometer (AVHRR)-only sea surface temperature
satellite data, and in situ temperature and salinity profiles extracted from the Coriolis Ocean database for
ReAnalysis 4 database. These are obtained from all available types of profiling instruments, such as Argo
floats; Conductivity, Temperature, and Depth profiles; and Expendable Bathythermography profiles and
drifters, in both the surface and subsurface (Cabanes et al., 2013). This reanalysis product (hereafter referred
to as the model) is available for download from Copernicus (http://marine.copernicus.eu).

The first baroclinic Rossby radius of deformation for the southern Mozambique Channel ranges from 40 km
in the south to 60 km in the north (Chelton et al., 1998; Halo, Penven, et al., 2014), while eddies with radii
beyond the first baroclinic Rossby radius of deformation have been regularly observed in this region from
both in situ and satellite altimetry data (de Ruijter et al., 2004; Nauw et al., 2008; Ponsoni et al., 2016; Quartly
& Srokosz, 2004). This supports the suitability of the model resolution to resolve the mesoscale variability
in the region south of Madagascar. Furthermore, a number of studies have already shown the value of this
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model in capturing the mesoscale dynamics of the Southwest Madagascar Coastal Current (Ramanantsoa
et al., 2018; Ramanantsoa et al., 2018) and the South Indian Ocean Countercurrent (Menezes et al., 2016).

2.4. Eddy Identification and Tracking Scheme

We use the eddy detection and tracking scheme developed by Penven et al. (2005) and modified by Halo,
Backeberg, et al. (2014). The algorithm is based on both the closed contour (i.e., geometric criteria) and
Okubo-Weiss methods of eddy detection. The closed contour method (Chelton et al., 2011) identifies
mesoscale eddies as closed loops of sea surface height, given an eddy-length scale small enough to exclude
gyres. The Okubo-Weiss method (Okubo, 1970; Weiss, 1991) finds regions in the ocean where the mesoscale
vorticity dominates the strain (i.e., the Okubo-Weiss parameter [W] is negative).

Results in Halo, Penven, et al. (2014) suggest a hybrid eddy detection and tracking scheme is more robust at
detecting eddies when compared to using only one of the methods independently of the other. Our cyclonic
eddies of study were tracked with reference to their cores and have specified thresholds to ensure minimal
subjectivity of their identification. These thresholds include a 2-cm interval between closed contours, a max-
imum closed loop of 600 km to avoid gyre-sized anomalies, and the number of passes of the Hanning filter
equal to two (Halo, Penven, et al., 2014). These three parameters were also shown not to have a highly sen-
sitive effect on the number of eddies detected, which proved the hybrid method to be the most suitable for
eddy detection in the southern Mozambique Channel region (Halo, Backeberg, et al., 2014).

3. Results and Discussion

3.1. Near-Surface Eddy Properties

In this section we discuss the time evolution and statistics of the April and July eddy properties derived from
the SLA altimetry data. First, we provide an overview of mean eddy properties exhibited along the pathway
from southwest Madagascar toward the western boundary current (section 3.1.1); second, we describe the
Lagrangian evolution of eddy properties (section 3.1.2).

3.1.1. The Pathway From Southwest Madagascar to Southeast Africa

The April and July eddies propagated westward, with a slight poleward deflection, from southwest Mada-
gascar (~26°S, 43-44°E), where the SEMC separates from the continental shelf. The altimeter-derived track
of each eddy core is shown in Figure 2 as a black solid line. Both eddies interacted with the Agulhas Current
at the KwaZulu-Natal Bight (~29°S, 32-34°E), separately in time, after a travel of 130-137 days (~5 months)
at an average propagation speed of 13-15 cm s™! (Figure 2).

The mean propagation speed of the April and July eddies was about 2 times the phase speed of nondisper-
sive baroclinic Rossby waves for the range of latitude of Madagascar eddies (5-6 cm s~! at 25-30° S), thus
exceeding the prediction from theories for nonlinear vortices (Chelton et al., 2011; Cushman-Roisin, 1994;
McWilliams & Flierl, 1979). We attribute the observed high propagation speeds of the April and July eddies
being advected in the southern Mozambique Channel to the consistent background currents present in this
region. Nevertheless, this mean propagation speed was still much less than the mean rotational speed of
both eddies (57 cm s~ for the April eddy and 69 cm s~ for the July eddy). This is important as the ratio of
the rotational speed, U, to the propagation speed, c, provides a measure of nonlinearity, indicating that both
eddies of study were strongly nonlinear (i.e., the nonlinearity ratio exceeds 1). This aspect will be further
examined in section 3.3, where we compute the ratio of nonlinearity through the entire water column to
determine the trapping depths (and associated volume, heat, and salt fluxes) of each eddy evolving in time
and space.

The propagation speeds and directions described above agree well with previous works on Madagascar eddy
census. A study based on altimeter data for the period April 1995 to December 2000 found that Madagascar
eddies propagate generally in westward and southwestward directions at speeds between 5 and 10 cm s7*
(de Ruijter et al., 2004). The sizes of the cyclones and anticyclones were roughly equal when paired, ranging
between 50 and 200 km over their lifespan and the amplitudes of their anomalies about 31-35 cm. The mean
radii of our eddies of study fell within these ranges although with smaller amplitudes: the April (July) eddy
with a mean radius and amplitude of 65 km (89 km) and 16 cm (27 cm), respectively.

Halo, Penven, et al. (2014) investigated eddy dynamics south of Madagascar using 17 years of altimetry data
(1992-2010) and output from the South-West Indian Ocean Model configuration of the Regional Ocean
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Figure 3. Lagrangian evolution of altimeter-derived eddy radius (km, black line), eddy amplitude (cm, red line), eddy
rotational speed (m s~!, blue line), and daily eddy propagation speed (m s~1, blue dashed line) for the (a) April eddy
and (b) July eddy as estimated from applying the eddy tracking scheme (Halo, Penven, et al., 2014) over SLA fields.
Note that the eddy amplitude is shown in absolute values although cyclonic eddies are identified as a low in the
topography field, that is, negative SLA. The black dashed vertical lines indicate the end and start of the eddy growth
and decay phases, respectively (the mature stage evolves between both lines). The red inverted triangles indicate the
date when Argo floats were deployed. Black triangle symbols along the radius indicate the start date of the cyclonic
eddy merging with adjacent cyclonic anomalies, described further in the text.

Modeling System. The authors found that Madagascar cyclonic eddies were the most abundant and longest
lived (approximately 4 months) when compared to Madagascar anticyclones. Accounting that only a 10% of
the global eddy population are long-lived structures with lifetimes >4 months (Chelton et al., 2011), Mada-
gascar cyclonic eddies stand out as suitable candidates to evolve in time through the growth, mature, and
decaying phases before dissipation against the western boundary current system.

3.1.2. Lagrangian Evolution

We analyze the Lagrangian evolution of altimeter-derived eddy parameters (radius, amplitude, rotational,
and daily propagation speed) for the April and July eddies as presented in Figure 3 from application of the
eddy identification and tracking scheme. For simplicity, we plot the eddy amplitude in absolute value, but
recall here that cyclonic eddies were identified as a low in the topography field, that is, negative SLA. A
summary of eddy characteristics is presented in Table 2, along with values similarly derived from the model
data; the comparison between both data sources will be addressed in section 3.3 to support the use of the
model for further analyses. Furthermore, we illustrate the key events of the life cycle of each eddy in Figure 4,
where a sequence of altimeter-derived absolute geostrophic velocity maps follow the evolution of the April
Eddy (panels a-d) and the July Eddy (panels e-h) on selected dates. These dates respond to days over which
the April and July eddies interacted with other mesoscale features (labeled on each panel) or against the
western boundary.

Generally, the life cycle of an oceanic mesoscale eddy may be summarized as follows. The eddy evolves along
its growth phase from a relatively small initial size toward a mature stage, when the eddy growth slows down
and its radius remains nearly stable over time. The mature stage ends when the eddy starts to decrease and
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Table 2

Eddy Characteristics of the April and July Eddies as Derived From Applying the Automated Eddy Identification and Tracking Scheme Through the Satellite

Altimetry and Model Data

April E. (S) April E. (M) July E. (S) July E. (M)

Generation at SW Madagascar

Dissipation at KwaZulu-Natal Bight

Lifespan dd/mm (days)
Radius (km)

Amplitude (cm)

Prop. speed (cm s~1)

Rot. speed (cm s™1)

Peak radius, (km) (date)
Peak ampl., (cm) (date)

Peak rot. speed, cm s~! (date)

Eddy interact.

26.26° S 43.46° E
27.98° S33.91° E
21 Feb. to 02 June (101)

26.03° S42.82° E
28.93° S 33.60° E
14 June to 16 Oct. (123)

26.24° S 42.90° E
29.38° S 32.80° E
02 June to 30 Oct. (130)

26.12° S44.49° E
28.96° S 32.43° E
31 Jan. to 16 June (137)

65.43 +15.05 74.53 +10.28 88.67 + 22.39 78.66 + 15.84
15.81 +7.11 13.44 +6.33 26.77 £ 8.71 22.12 +7.90
12.8 +£9.78 13.7 £8.3 14.6 +15.01 13.0 +8.93

57+19 42 +19 69 +17 62 + 14

91 (7 April) 89 (23 April) 126 (27 July) 107 (7 Sept.)
30 (7 April) 26 (8 March) 41 (13 Aug.) 34 (2 Aug.)

92 (30 March) 87 (7 March) 111 (14 July) 102 (30 July)

1CE 1CE 3 CEs 3 CEs

Note. “S” stands for satellite altimetry data, “M” stands for model data, and “CE” stands for cyclonic eddy. Statistics of a given parameter are presented as the
mean + standard deviation. The number and nature of eddy interactions with other mesoscale features are noted after visual inspection of the full time series
of surface horizontal maps from altimetry data.

approach its initial size along the so-called decay phase (Samelson et al., 2014; Zhang, Xue, et al., 2015). In
Figure 3, we use black dashed vertical lines to indicate the end and start of the eddy growth and decay phases
based on the first and last peaks of the eddy radius, as suggested in Zhang, Xue, et al. (2015). At arrival to
the western boundary, both eddies had evolved through well-delimited growth, mature, and decay stages.

The April eddy was first detected on 31 January at 26.12° S, 44.49° E, with an initial radius and amplitude
of 36 km and 4 cm, respectively; while the July eddy was first detected on 14 June at 26.03° S, 42.82° E with
a larger initial radius of 49 km and similar amplitude about 5 cm (Figure 3). Interestingly, the April eddy
evolved toward a mature stage faster than the July eddy; the growth phase lasted for 26 days for the April
eddy and 42 days for the July eddy. This might be a response to the time the July eddy, of a larger initial size,
required to evolve and reach its peak dimensions.

Through the mature and decay stages, we observed some general similarities (Figure 3). The April eddy
collided against the KwaZulu-Natal Bight on 16 June after a total travel of 137 days. As a mature fea-
ture (76 days), it propagated with peak dimensions of about 91-km and 30-cm amplitude, decreasing and
approaching its initial size of 33-km and 8-cm amplitude along the decay phase (34 days). Roughly, the July
eddy experienced an analogous path and arrived at the KwaZulu-Natal Bight on 16 October after a total
travel of 123 days. As a mature eddy (39 days), it propagated as a larger feature than the April eddy, having a
peak size of about 126-km and 41-cm amplitude. However, the July eddy also decreased its size approaching
its initial dimensions along the decay phase (55 days), with a final size of 30-km and 4-cm amplitude.

On closer inspection, we note each eddy-resembled varying structures given the occasional fluctuations of
the eddy radius in response to interactions with other mesoscale features. We take the eddy radius as ref-
erence of the eddy evolution and compare its trend against the amplitude and rotational speed curves in
Figure 3. This allows us to better account for eddy interactions and merger events, highlighting the complex-
ity of studying Lagrangian properties in dynamically active areas. To ease the interpretation, we reference
the relationship between eddy radius, amplitude, and rotational speeds. The eddy amplitude relates to rota-
tional speeds following equation (1). A prominent low in SLA is suggestive of a strong cyclonic geostrophic
circulation, while the opposite occurs with a prominent high, pointing to a strong anticyclonic circulation.
The stronger the spatial gradient of SLA becomes in equation (1), the stronger the rotational speeds of the
eddies are. According to this, one finds strengthening of eddy rotational speeds when, for a given eddy
radius, the associated low (or high) in SLA intensifies; analogously, eddy rotational speeds slow down when
the low (or high) in SLA weakens. The same applies to lows and highs in ADT and the associated absolute
geostrophic velocity field.

In principle, the relationship between the eddy radius, amplitude, and rotational speed holds tight in paral-
lel, while the eddy propagates without complex interactions with other mesoscales features and/or physical
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Figure 4. Evolution of the April (a-d) and July (e-h) eddies as seen from a set of altimeter-derived geostrophic velocity maps at selected dates. Shades of colors
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with the April and July eddies.
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boundaries. This is the case of the April eddy, whose evolution of the eddy radius, amplitude, and rotational
speed followed each other closely through the growth, mature, and decay phases. Along its lifespan, we
only detected one merger to another relatively small cyclonic eddy, which originated in the Mozambique
Channel. The date when this interaction started is highlighted in Figure 3a with a black triangle. The inter-
action with this second cyclonic eddy started on 17 April with the elongation of the feature to the northwest
(Figure 4a), showing a more complete merger by 29 April (Figure 4b). During the merger, the April eddy
decreased both in size and amplitude, while rotational speeds also weakened (Figure 3a). By 13 May, the
merger was complete (Figure 4c), and the April eddy exhibited a moderate strengthening just before start-
ing its decay phase (Figure 3a). This occurred about 1 month prior to collision against the Agulhas Current,
when the April eddy represented a smaller, weaker cyclonic eddy entering the KwaZulu-Natal Bight from
the north and disappearing from the eddy detection and tracking scheme on 16 June 2013 (Figure 4d).

Differently, the July eddy evolved as a larger mesoscale vortex with parameters exceeding those reached
by the April eddy (see Table 2) and the tight relationship between the trends of the radius, amplitude, and
rotational speed was only clear during the growth and decay stages (Figure 3b). During the mature stage,
three noticeable disruptions occurred matching in time the interaction of the July eddy with other smaller
cyclonic features to the north and east of it. The dates when these interactions started are indicated with
black triangles in Figure 3b and are tracked through a sequence of maps in Figure 4. Two smaller cyclonic
eddies were evident to the east and west on 27 July and 27 August, respectively, which eventually merged
with the July eddy (Figures 4e and 4f). Toward the end of the July eddy track, further interactions with
cyclonic features to the north were also evident on 5 September (Figure 4g), prior to interaction against the
western boundary on 22 September (Figure 4h).

As advanced in the previous section, the mean propagation speed of the April and July eddies suggests both
features propagated as strongly nonlinear vortexes. This is shown in Figure 3 noting that the propagation
speeds of both eddies ranged most of their lifespan at rather weaker values than the rotational speeds
(cf. blue dashed and solid lines in panels a and b).

3.2. Eddy Retention and Vertical Structure Based on Observations

As explained in section 1, Argo floats in this study followed non-standard configurations aiming to test the
capability of capturing eddy dynamics if park depths fall within the eddy vertical extent for trapping waters,
thus preventing floats from leaving the eddy along their lifespan.

In this section we evaluate the success of Argo floats on being retained within the eddies as they propagated
southwestward across the Mozambique Channel based on Argo float trajectories and altimeter-derived eddy
properties (sections 3.2.1 and 3.2.2). Furthermore, we select a number of Argo floats sampling the April
and July eddy cores and eddy flanks to investigate the Lagrangian evolution of temperature and salinity
properties carried by the eddies over time and space (section 3.2.3). Given that floats do not remain stationary
or evenly spaced within the eddies, we complement the observational view presented here with further
analyses based on model data in subsequent sections.

3.2.1. Eddy Retention: The April Eddy

The April eddy was surveyed on 12 April with five Argo floats deployed from its western edge toward the
core, when the eddy was located roughly in the middle of the southern Mozambique Channel, centered at
26.73° S, 39° E, and loosely paired to an anticyclonic eddy as part of a dipolar structure (Figure 2a; see the
color code for floats in legend). Over the deployment date, the eddy was about 71 days old, evolving through
its mature phase (see the inverted red triangle in Figure 3a).

While Argo floats during the April experiment were all setup to perform daily profiling from 1,000 m to the
surface with an initial park depth of 300 m, the initial distances for float deployments ranged among floats
from 70 to 15 km off the eddy core. According to the float trajectories in Figure 2a, we present in Figure 5a
the time-varying distance of each float to the altimeter-derived eddy core (see the color code for floats in
legend). The inset show the full lifespan of the eddy radius as per reference to Figure 4.

The most prominent feature during the April experiment was the zigzagging of float distances, suggesting
the floats were systematically traveling by subsequent times, first, toward the eddy edge and, then, back
toward the eddy core. This pattern was followed by all floats for about 1 month of daily profiling (Figure 5a).
We suggest that a secondary circulation within the eddy may be accounting for this phenomenon, driving the
convergence of floats toward the eddy core and divergence toward the eddy edges according to the time the
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Figure 5. Argo float retention within (a) the April eddy and (b) the July eddy as seen from time-evolving distance to
the eddy core (see legend for Argo float coding). The time evolution of the eddy radius (thick black line) is shown as
indicative of the eddy size. The insets show the full lifespan of the eddy radius evolution, as per Figure 3. Within

(a), the blue squares represent the profiles farthest away from the eddy core shown in Figure 6, while red squares show
the profiles closest to the eddy core. The black square represents the profile for Float 1677 which enters the Agulhas
Current before the eddy, as per Figure 6. The gray solid line in (a) highlights the seventeenth profile where mission
parameters were altered.

floats spent drifting both at surface and at the park depths. This pattern also suggests the altimeter-derived
eddy radius might be either an underestimation of the actual eddy radius or that the eddy dynamics still
have a strong influence in surrounding waters beyond the eddy edges; otherwise, it is hard to account for the
systematic convergence of Argo floats back toward the eddy core once they have exceeded the eddy radius
in several dozens of kilometers from the eddy core.

MORRIS ET AL. 8203



. ¥ell

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015090

At the seventeenth profile (29 April) after deployment during the April experiment, the park depth of the
floats was changed from 300 m as follows: Float 1676 and 1679 remained at 300 m (the former stopped com-
municating after 33 profiles), Float 1677 was changed to 500 m and Float 1678 to 650 m, and Float 1680
was changed to 1,000 m (see a summary of mission parameters in Table 1). We note the merger of the April
eddy to another (smaller) cyclonic eddy, as described in section 3.1.2 (Figures 4a-4c), occurred coinciden-
tally to the park depth changes made to the floats. Large colored circles along the float tracks in Figure 2a
highlight the float positions where the park depths were modified. In Figure 5a, the seventeenth profile is
also indicated (see gray vertical line). As explained in section 1, these changes were configured to assess the
effectiveness of Argo floats on capturing eddy dynamics depending on different park depths.

Figure 5a highlights that before the seventeenth profile, all floats were retained by the eddy dynamics, sug-
gesting 300 m as park depth was a suitable choice. One week after the seventeenth profile, the Float 1680
(1,000-m park depth) left the eddy, increasing in time its distance to the eddy core until end of communica-
tion. This suggests that 1,000 m as park depth might actually fall out of the range of eddy trapping depths.
All other floats (park depths between 300 and 650 m) remained under the influence of the April eddy for at
least one extra month (29 April to 23 May); except the Float 1676 (300 m as park depth), which stopped com-
municating about two weeks after the seventeenth profile while still zigzagging from the eddy edge toward
the eddy core.

The Floats 1677 and 1679 (500 and 300 m as park depths) left the April eddy and started their propagation
toward the western boundary around 23-27 May, 1 month after the seventeenth profile. This occurred while
the floats were circulating around an enlarged merged cyclonic eddy (Figure 4c), likely hampering its return
travel toward the eddy core and favoring its exit. These floats reached the western boundary soon afterward
and, propagating along the Agulhas Current, increased quickly their distance from the April eddy core
(see cyan and green lines in Figures 2a and 5a). Interestingly, the Float 1678 (650 m as park depth) remained
within the eddy to the end of its lifespan, upon arrival to the western boundary.

3.2.2. Eddy Retention: The July Eddy

The July eddy was surveyed with three Argo floats deployed during the eddy growth phase, when the eddy
was 27 days old on 11 July (Figures 2b and 3b). The floats were deployed from southwest to northeast crossing
the eddy center and falling within a range of 60 km from the eddy core. All floats were set up to perform
five-daily profiling from 1,000 m to the surface with a park depth of 500 m, which was not modified after
deployment as it occurred during the April experiment.

Interestingly, the float deployed closest to the eddy core (Float 1309; red line in Figures 2b and 5b) eventually
moved the furtherest away, while the other two (Floats 1310 and 1311) remained closely associated with the
eddy radius to the end of the eddy’s lifespan. However, it is worthwhile noting the exit of the Float 1309 occurs
after 2 months of the instrument being under the influence of the eddy dynamics, thus further supporting
the suitability of 500 m as Argo park depth for the float to be retained within the eddy. Similar to what was
observed from the Argo float distances to the April eddy core (Figure 5a), we also observe the Argo float
distances to the July eddy core zigzag in space and time around the eddy edges, although the lower time
resolution of the Argo profiling during this experiment hampers a clear visualization of the phenomenon.

Results in sections 3.2.1 and 3.2.2, based on Argo float trajectories and altimeter-derived eddy properties,
suggest that the most suitable configuration (among tested options) to capture eddy dynamics of Madagascar
cyclonic eddies was daily profiling with park depths between 300 and 650 m. On the one hand, the park
depth at 1,000 m tested during the April experiment seemed to exceed the vertical extent of the eddy, while
shallower park depths resulted in floats drifting over longer periods of time within the eddies. On the other
hand, the five-daily profiling of the July experiment appears to miss details of the apparently rapid secondary
circulation patterns suggested by the convergence/divergence of the floats toward/from the eddy core and
which demand further investigation. In section 3.3, we assess the vertical extent of the April and July eddies
as they evolve in time and space based on model data, supporting further the suitability of Argo park depths
between 300 and 650 m following estimates of nonlinearity through the water column (a measure of eddy
retention) and associated eddy trapping depths.

3.2.3. Vertical Structure

To illustrate the evolution of the vertical structure of a prototypical Madagascar cyclonic eddy as seen from
Argo profiling, we present in Figure 6 a series of vertical profiles of (a) conservative temperature, (b) absolute
salinity, and (c) potential density from Float 1678, which remained with the April eddy the longest at daily
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Figure 6. Argo-based vertical profiles of (a) conservative temperature, (b) absolute salinity, and (c) potential density (kg m~3) representative of properties along
the eddy edge (solid lines) and within the eddy radius (dashed lines) as identified by blue and red squares, respectively, in Figure 5a (see Float 1678, brown line,
sampling the April eddy). The anomaly of (d) conservative temperature and (e) absolute salinity was calculated from comparison between a profile from Float
1677 sampling the Agulhas Current and a profile from Float 1678 sampling the cyclonic eddy while interacting with the Agulhas Current at nearly the same
location (29.5°S, 32.1-32.3°E) but 15 days apart. (f) Conservative temperature versus absolute salinity diagram with indication to water masses: Tropical Surface
Water (TSW), Subtropical Surface Water (STSW), South Indian Central Water (SICW), Antarctic Intermediate Water (AAIW), and Red Sea Water (RSW).

profiling. We use results in Figure 5a to select the profiles of interest according to its spatial closeness to
the eddy core and eddy flanks, so that we can assess, separately, differences in properties carried by the
eddies over time and space. The selected profiles falling close to the eddy edges are shown with blue squares
in Figure 5a, while profiles close to the altimeter-detected eddy core are shown with red squares. Also in
Figure 5a, the black square along the curve for Float 1677 indicates an Argo profile which sampled the
Agulhas Current 15 days before Float 1678 sampled nearly the same location (29.5°S, 32.1-32.3°E) while
still retained within the April eddy before it interacted with the Agulhas Current (see legend in Figure 6).
The comparison between these two Argo profiles from different floats (1677 and 1678) allows us to estimate
the magnitude of temperature and salinity anomalies carried by the April eddy upon interaction with the
Agulhas Current (Figures 6d and 6e). Based on all the Argo profiles described above, the variability of water
masses is presented following the 6/S, diagram in Figure 6f.

Among the profiles sampled within the April eddy (both the core and flanks), surface waters displayed the
highest variability as a consequence of direct and rapid ocean-atmosphere interactions modifying the upper
~100 m of the water column, where Tropical Surface Water (¢, <25.5 kg m?; Beal et al. (2006)) becomes
cooler and saltier over time as the eddy propagates southwestward (Figures 6a-6¢ and 6f). At 150-200 m,
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all eddy profiles presented a subsurface salinity maximum approaching 35.65, characteristic for Subtropical
Surface Water (Griindlingh et al. (1991)), and below, a rather less variable domain of South Indian Central
Water between 300 and 900 m (8-14°C, 34.6-35.4 g kg~!; Emery (2001)). Deeper than 900 m, eddy profiles
showed a progression from diluted Red Sea Water (RSW) toward Antarctic Intermediate Water (AAIW)
signals. The RSW signal, originated further north, opposes to the AAIW signal, originated further south,
on that the latter was characterized by salinities lower than 34.6 g kg=! while RSW was found commonly
saltier than 34.6 g kg™'. The progressive decrease in diluted RSW and increase in AAIW as the floats traveled
southwestward suggest the eddy capability to retain temperature and salinity properties over time along its
pathway to the African coastline might not reach beyond 900 m. Above this depth level and up to 100 m,
all eddy profiles followed each other remarkably closely as the eddy evolved in time and over space, espe-
cially profiles sampling the eddy core, which was suggestive of the retention capability of ocean properties
of the eddy. We note the description of water masses characterizing the April eddy agreed well with that
reported in de Ruijter et al. (2004), focused on the first 400 m of the water column, and based on direct mea-
surements of temperature and salinity surveying a Madagascar cyclonic eddy in the middle of the southern
Mozambique Channel.

When compared to the Argo profile which sampled the Agulhas Current (dark red lines in Figures 6a—6¢
and 6f), the eddy profiles exhibited a distinctive cooler and fresher vertical distribution of ocean proper-
ties highlighted as negative temperature and salinity anomalies which extended through the water column
down to 900 m, except for a relatively shallow and weak positive salinity anomaly within the upper 200 m
(Figures 6d and 6e). These negative temperature and salinity anomalies were as large as —2 °C (0-900 m)
and —0.2 gkg™! (200-900 m), respectively. These results support the potential of Madagascar cyclonic eddies
to transport large temperature and salinity anomalies effectively from Madagascar to southeast Africa, from
the surface down to about 900 m.

In the next section, we use model data to provide first estimates of the volume, heat, and salt fluxes associated
to the April and July eddies down to their time-varying trapping depth as they propagated toward the western
boundary, thus evaluating how these fluxes may change in time according to the growth, mature, and decay
phases of the eddies.

3.3. Vertical Structure, Eddy Retention, and Fluxes Based on Model Data

In this section we complement the observational view in previous sections and extend our analyses sup-
ported on model data to examine, first, the time-evolving vertical structure of the April and July eddies
through their growth, mature, and decay phases (section 3.3.1), and second, their time-varying retention
capacity and associated volume, heat, and freshwater fluxes (section 3.3.2). The aim is to assess the major
changes which characterize the Lagrangian evolution of these features upon interaction with the Agulhas
Current.

3.3.1. Vertical Structure

Figure 7 shows the Lagrangian evolution of near-surface eddy properties of the April and July eddies cal-
culated using the eddy detection and tracking scheme of Halo, Penven, et al. (2014) over model data. These
eddy properties are model eddy radius (black line), amplitude (red line), rotational speed (solid blue line),
and the daily eddy propagation speed (dashed blue line) for both the April and July eddies (panels a and
b, respectively). We use here the same axis limits (particularly with reference to time) that are used in
Figure 3 (altimeter-derived properties) to ease comparison between data sources, for which a summary is
also provided in Table 2.

As compared to the altimeter-derived Lagrangian evolutions, we find the model April eddy was detected
later in the eddy tracking scheme (21 February), further west (26.26° S, 43.46° E), and disappeared sooner
(02 June), slightly north of the KwaZulu-Natal Bight (27.98° S, 33.91° E), lasting 101 days in total (Table 2).
Regarding the model July eddy, its detection was slightly later (22 June) in a very similar position as the
altimetry July eddy but lasted longer (30 October) and dissipated similarly off of the KwaZulu-Natal Bight.
The above differences being noted, the overall comparison of spatial and time scales of the model April and
July eddies showed a good agreement with eddy statistics of the altimeter-derived properties in Table 2 and
their corresponding Lagrangian evolution in Figure 3. This encourages us to extend our analyses further
based on the model data.
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Figure 7. Lagrangian evolution of modeled-derived eddy radius (km, black line), eddy amplitude (cm, red line), eddy
rotational speed (m s~%, blue line), and daily eddy propagation speed (m s~!, blue dashed line) for the (a) April eddy
and (b) July eddy as estimated from applying the eddy tracking scheme (Halo, Penven, et al., 2014) over model. The red
inverted triangles indicate the deployment of floats within the eddies. The black dashed vertical lines indicate the end
and start of the eddy growth and decay phases, respectively (the mature stage evolves between both lines). Black
triangle symbols indicate the the dates of the nonlinear profiles plotted in Figure 11.

Following the model-derived Lagrangian evolution of the April and July eddies in Figure 7, we present in
Figure 8 a set of horizontal maps of surface velocity (m s!) for selected dates. These dates were representa-
tive of the eddy growth, mature, and decay phases of each eddy. We use these maps, first, to describe the eddy
evolution at surface and, second, to identify the latitudes over which to extract zonal transects to investigate
the time-varying vertical structure of the eddies as they propagate toward the western boundary.

Figures 8a and 8d show at the surface a recently formed Madagascar cyclonic eddy, paired to an anticyclonic
eddy as part of a dipolar structure. The dates are 3 March and 11 July, respectively, and captured the
April and July eddies during their growth phase. Next, panels b (12 April) and e (22 August) show the eddies
while crossing the southern Mozambique Channel during their mature phase, propagating southwestward
as well-developed and dynamically strong mesoscale features. Lastly, panels ¢ (8§ May) and f (19 September)
capture the eddies as decaying features prior to interaction with the Agulhas Current.

On each panel of Figure 8, two black solid lines are overlaid. The zonal lines indicate the location of the
zonal transects extracted from the model to illustrate the spatiotemporal evolution of the vertical structure
of the April and July eddies (Figures 9 and 10). The meridional lines indicate the intersecting location of
the eddy center, shown as a dashed vertical line in Figures 9 and 10 to highlight the position of the April
and July eddies, respectively. These vertical sections present the conservative temperature, absolute salin-
ity, potential density, and meridional velocity anomalies along a sequence of zonal cross-channel transects
which intersect the April and July eddies as they progressed across the southern Mozambique Channel.

Generally, the April and July eddies exhibited an analogous evolution of the vertical structure with only a
few differences. The April eddy presented a subsurface negative anomaly of temperature from 200 m down
to 1,100 m during its growth phase, with a relatively shallow positive anomaly from the surface down to
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Figure 8. Horizontal maps of modeled surface velocity (m s~1) at selected dates which capture the growth, mature, and decay phases of the April eddy. For the
April eddy, the selected dates are (a) 3 March, (b) 12 April, and (c) 8 May. For the July eddy, the selected dates are (d) 11 July, (e) 22 August, and (f)
19 September. Overlaid on to the core of the cyclonic eddy of study are the zonal transects selected for each date, as shown in Figures 9 and 10.

200 m (Figure 9a). As the eddy evolved toward a mature stage across the southern Mozambique Channel,
the subsurface negative anomaly increased and extended to just below 100 m down to 1,500 m, squeez-
ing the positive anomaly to a lens-like structure (Figure 9b). This structure was maintained upon arrival
to the western boundary through the decay phase of the eddy. The subsurface negative anomaly strength-
ened vertically with the positive lens-like anomaly seemingly joining up with a positive anomaly adjacent to
the African coastline (Figure 9c). The vertical structure of the anomaly temperature field for the July eddy
followed an analogous evolution to that found for the April eddy, but no lens-like positive anomaly at the
surface was apparent (Figures 10a-10c).

A similar structure of subsurface negative anomaly with a positive anomaly above evolving in time was also
evident for the salinity field of the April and July eddies (Figures 9d-9f and 10d-10f). The subsurface nega-
tive anomaly, which extended from 200 m to about 1,000 m, also strengthened vertically through the growth,
mature, and decay phases. According to the above pattern, both eddies carried a vertically elongated positive
anomaly of potential density, which strengthens in time. This positive anomaly extended from 150 m down
to 1,500 m for the April eddy, with a lens-shaped negative anomaly above (Figures 9g-9i); while the July
eddy did not present such a surface negative anomaly (Figures 10g-10i). Remarkably, the vertical sections
of meridional anomaly velocities for the April and July eddies showed relatively high and deep-reaching
rotational speeds, suggesting these eddies were strongly nonlinear through the water column (Figures 9j-91
and 10). Peak rotational speeds were as high as 0.4-0.5 m s~! and extended down to 700-1,000 m during the
mature phase in both eddies and shallower depths of 300-500 m during the growth and decay phases.
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Figure 9. Lagrangian evolution of the April eddy as seen from zonal sections crossing the southern Mozambique Channel at different latitudes according to the
position of the eddy core at selected dates: 15 March, 12 April and 8 May 2013. These dates capture the eddy growth, mature, and decay phases and highlight
the time-evolving anomalies of conservative temperature (a—c), absolute salinity (d-f), potential density (g-i), and meridional velocity (j-1). Positive (negative)
shades of colors for velocity denote equatorward (poleward) velocities. See Figure 8 for location of each corresponding zonal transect.
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Figure 10. Lagrangian evolution of the July eddy as seen from zonal sections crossing the southern Mozambique Channel at different latitudes according to the
position of the eddy core at selected dates: 11 July, 22 August, and 18 September 2013. These dates capture the eddy growth, mature, and decay phases and
highlight the time-evolving anomalies of conservative temperature (a—c), absolute salinity (d-f), potential density (g-i), and meridional velocity (j-1). Positive
(negative) shades of colors for velocity denote equatorward (poleward) velocities. See Figure 8 for location of each corresponding zonal transect.

The dynamic vertical structure of the modeled April and July eddies described so far agrees well both
in qualitative and quantitative terms with the eddy vertical structure of rotational speeds presented in
de Ruijter et al. (2004), showing deep-reaching strong velocities around 0.3-0.4 m s~! down to 750-1,000 m.
Also, the vertical structure of negative temperature and salinity anomalies in the modeled eddies agreed
well with Argo-based anomalies reported in the previous section, although the model data showed slightly
higher anomalies than those derived from the Argo profiles with peak anomalies reaching —2 °C between 0
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Figure 11. Profiles of nonlinearity (unitless) with depth (m) for the growth (blue line), mature (red line), and decay
phases (black line) of the (a) April and (b) July eddies as they cross the southern Mozambique Channel (see legend).
The black vertical lines indicate a nonlinearity ratio of 1. Depths exceeding this value respond to the vertical extent
over which the eddy is capable of transporting water effectively.

and 900 m and —0.2 g kg~! between 200 and 900 m. These results encourage us to examine further the eddy
retention capacity and associated fluxes based on model data.

3.3.2. Eddy Retention and Associated Volume, Heat, and Freshwater Fluxes

As advanced in section 3.1.1, mesoscale eddies are capable of trapping water within their cores if the ratio
between rotational speed, U, and propagation speed, c, is greater than one (Chelton et al., 2011; McWilliams
& Flierl, 1979; Robinson, 1983). Where this ratio exceeds five, the eddy can then be considered highly non-
linear as per Chelton et al. (2011). This relationship is denoted in Figure 7 by comparing the rotational eddy
speed (blue solid line) to the daily propagation speed (blue dashed line). Rotational speed through the water
column was extracted from the modeled velocity maps as a vertical profile at the location of maximum speed
(Ning et al., 2019) within the eddy contours detected by the eddy identification and tracking scheme. The
eddy was considered nonlinear where the eddy rotational speed was above the daily propagation speed,
which occurred for the majority of the time for both the April and July model eddies.

Based on the model vertical sections selected in Figures 9 and 10 to capture the growth, mature, and decay
phases of the April and July eddies, we present in Figure 11 the time-varying nonlinearity ratio with depth
of the April and July eddies through the water column at those same dates. The degree of nonlinearity was
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conservatively estimated at each date and eddy by confronting the mean averaged rotational speed at every
depth level (U) against the mean propagation speed (c) estimated over the dates of interest. Also, we assumed
the eddies move as bulk entities at all levels taking the propagation speed constant along the vertical. The
vertical distributions of the nonlinearity derived in this manner allow us to estimate the depths over which
the eddy has retention capability to transport ocean properties along its lifespan.

Notably, both eddies exhibited a similar time-varying evolution of nonlinearity with depth, although the
model July eddy presented overall greater trapping depths than the model April eddy, likely as a consequence
of its larger size and stronger rotational speeds. Thus, eddy retention increased from initially shallow values
to deepest trapping depths as the eddy grew and reached its mature stage, when rotational speeds were
stronger and deep reaching. Toward the decay phase of the eddies, trapping depths decreased accordingly.
Following this pattern, the model April eddy showed trapping depths from the surface to 373 m during its
growth phase, evolving to 928 m during the mature phase and, again, shallower trapping depths about 483 m
during the decay phase (Figure 11a). Analogously, the model July eddy presented an increase of trapping
depths from 905 m during the growth phase to 1,026 m during the mature phase and 812 m through its decay
(Figure 11b).

Previous results suggested Madagascar cyclonic eddies have the ability to advect mass, heat, and freshwater
in distinct depth layers, depending on the ratio between their rotational and propagation speeds. We take
the estimates of time-varying trapping depths for the model April and July eddies and combine them with
the temperature and salinity anomalies shown in Figures 9 and 10 through the growth, mature, and decay
phases to calculate the available heat and salt contents (AHA, ASA) following (Barceld-Llull et al., 2017;
Dilmahamod et al., 2018):
0 Re
AHA = / pOCp(-D'(Zirr)drdz, 2)
0

Ztrap

0 Re
ASA = / poSh 2ar)drdz, (3)
Zirap J O

where z is the vertical coordinate (depth, m), z,,, is the trapping depth (m), p, is the mean upper ocean
density (1,026 kg m™*), C, is the specific heat capacity (4,000 J-kg™' - °C™"), and r is the eddy radius (m).
Then temperature and salinity anomalies (@' and S, , respectively) are calculated comparing model daily
fields of the selected dates of study against the corresponding multiyear-averaged monthly field over the
period 1993-2015. ©" and S', are integrated over the eddy-core area by assuming a circular symmetrical
shape and then vertically integrated over the eddy vertical extent for each eddy phase (from the surface
down to the trapping depth). We also integrate radially from the eddy center to the eddy-core radius, with
Rc being the eddy radius. A 0.001 factor is used for ASA so as to convert salinity to salinity fraction (kg of salt
per kg of seawater). We complete our calculations with estimates of the associated volume, heat, and salt
fluxes following (Dilmahamod et al., 2018; Dong et al., 2014):

0
Ve=c / 2rdz, C))
Ztrap
0
Qe = c/ poC,0'(2r)dz, (5)
Ztrap
0
Qes = c/ pOS;;(zr)dzs (6)
Z

trap

where V, is eddy-driven volume transport in units of Sverdrups (1 Sv = 10® m? s71), Q, is eddy-driven heat
flux in Watts, Q. is eddy-driven salt flux and in kilograms per second, and c is the mean eddy propagation
speed. The vertical integral is computed by discrete summation over interpolated vertical levels. c is calcu-
lated as the mean of 5 days centered around the selected date (e.g., 10-14 April for 12 April). Also, we take ¢
as a positive so that the sign in fluxes reveals the nature of the temperature and salinity anomalies they trans-
port. Lastly, salt fluxes are discussed in terms of freshwater fluxes (unit: Sv), with Qg, = —Q./(p, S,), where
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Table 3
Vertical Extent, Eddy Radius, Propagation Speed, Volume, Volume Transport, Thermohaline Contents, and Associated Heat/Freshwater Flux of the April and July
Eddies Through Their Growth, Mature, and Decay Phases

Growth phase April Mature phase April Decay phase April Growth phase July Mature phase July  Decay phase July

Property eddy 3 March eddy 12 April eddy 7 May eddy 11 July eddy 22 August08 eddy 18 September
Vertical extent (m) 373 928 483 905 1,026 812

Radius (km) 86.45 79.59 67.83 62.80 88.83 94.46
Propagation speed (m s™1) 0.14 0.13 0.18 0.13 0.17 0.11
Volume (10! m?3) 8.75 18.46 6.98 11.21 25.43 22.76
Volume transport (Sv) 9.02 19.20 11.92 14.54 31.53 17.48

AHA (1018 J) —-19.35 —133.85 —23.09 -55.19 —196.32 —203.63
Heat flux (PW) —-0.02 -0.1 —0.04 —0.07 -0.2 -0.2

ASA (10'° kg) -12.80 —321.48 -102.22 —-122.58 —404.63 —483.02
Freshwater Flux (Sv) 0.003 0.09 0.04 0.04 0.14 0.10

S, = 35 psu (salt mass fraction) is the mean upper ocean salinity. The resultant property contents and fluxes
associated with the April and July eddies are presented in Table 3, where positive (negative) heat fluxes
mean eddy-driven warming (cooling) and positive (negative) freshwater fluxes mean eddy-driven freshening
(salt contribution).

The mean estimates of cross-sectional volume transport (equation (4)) of the April and July eddies were
about 13.4 + 5.2 and 21.2 + 9.1 Sy, respectively, taking as reference estimates from the three eddy phases
(Table 3). These estimates compared well with the cyclonic eddy observed in de Ruijter et al. (2004), which
accounts for a cross-sectional volume transport of about 14.4 Sv from the surface down to 1,000 m given
an eddy radius of 120 km and a propagation speed of 6 cm s~!. As derived from Lowered-Acoustic Doppler
Current Profiler (L-ADCP) observations, these authors reported a larger mean volume transport of about
33 Sv from the flow around the cyclonic eddy, taken from the surface down to 1,000 m. At a rate of four to
six dipole structures per year (de Ruijter et al., 2004; Ridderinkhof et al., 2013), one could expect from our
estimates for a mean decaying cyclonic eddy between 58.8 and 88.2 Sv reaches the Agulhas Current per year
with SEMC waters entrapped (a mean decay eddy transports ~14.7 Sv with reference to values in Table 3).
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Figure 12. (a,c) Available heat anomaly and (b,d) available salt anomaly of the April and July eddies, respectively, for
the eddy growth (black line), mature (blue line), and decay (red line) phases on the same selected dates as shown in
Figures 9- 11. See legend for dates and trapped water depth.
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The vertical distribution of available heat (AHA) and salt anomaly (ASA) contents is shown in Figure 12
following the growth, mature, and decay phases of each eddy. The structure of AHA and ASA for both eddies
was similar with a single negative maximum subsurface centered around 400-700 and 500 m, respectively.
Near the surface, a shallow positive anomaly in ASA occupied the upper 100 m of the water column for both
the April and July eddies ASA, while the same applied for the AHA of the April eddy (Figures 12a, 12b,
and 12d).

For the April eddy, an increase in AHA and ASA occurred from the growth to the mature phase, followed
by a decrease from the mature to the decay phase. Differently, this latter decrease from the mature to the
decay phase was absent for the July eddy, and instead, both AHA and ASA increased. We attribute this to the
larger eddy radius exhibited by the July eddy during the date selected within its decay phase, as compared
to its mature phase (Table 3). The mean vertically integrated AHA (ASA) of the April eddy was —58.8 x 108
+ 65.1 x 1018 J (—145.5 x 10 + 158.8 x 10%° kg), and the July eddy was —151.7 x 10'8 + 83.7 x 108 J
(—336.7 x 10'° + 189.6 x 10'° kg). We find these averaged estimates of total AHA and ASA (Table 3) larger
than those found for cyclonic eddies in the Peru-Chile Current System (—5.9 x 10'® J and —14.7 x 10%° kg,
respectively; Chaigneau et al. 2011) and in the Western and Eastern Indian Ocean for subsurface cyclonic
eddies (5.1 x 10'® J and —25.6 x 10'° kg; Dilmahamod et al. 2018). However, we must also note that
estimates in these previous works are based on smoother vertical structures of the eddies since they were
constructed from averaging Argo profiles over large areas to provide climatological views. It is likely expected
that estimates for nonclimatological eddies will present and carry much larger anomalies given then indi-
vidual eddies can display peak radius that will consequently increase the heat and salt anomaly contents.
Furthermore, trapping depths in Chaigneau et al. (2011) and Dilmahamod et al. (2018) are calculated from
geostrophic velocities assuming a level of no motion at a given depth. This might also lead to some under-
estimation when computing the nonlinearity with depth, resulting in shallower trapping depths for vertical
integration of the total AHA and ASA. While in our study we use absolute model velocities, and these
might be leading, on the other hand, to some overestimation of our trapping depths (and therefore of AHA
and ASA).

Lastly, estimates of heat and freshwater fluxes as the eddies evolved across the southern Mozambique Chan-
nel allow us to understand better how these fluxes vary in time along the eddy lifespan and to what extent
these will eventually reach and enter the Agulhas Current system (Table 3). Heat and freshwater fluxes of
the April (July) eddy vary from —0.02 PW (—0.07 PW) and 0.003 Sv (0.04 Sv) during the growth phase to
—0.1 PW (-0.2 PW) and 0.09 Sv (0.14 Sv) during the mature phase and —0.04 PW (—0.2 PW) and 0.04 Sv
(0.10 Sv) toward the decay phase. We observe for both eddies, peak heat and freshwater fluxes were reached
during the growth phase, except for the July eddy which retains high heat fluxes also during the decay phase.
The magnitude of the heat and salt fluxes were up to 1 order of magnitude higher during the mature phase
than during the growth phase, occasionally decreasing toward a lower order of magnitude during the decay
phase, as it occurs for heat fluxes of the April eddy. These results highlight the importance of studies char-
acterizing the Lagrangian evolution of cyclonic eddies in the southern Mozambique Channel to properly
assess their actual contribution as cool and freshwater source waters to the Agulhas Current.

Interestingly, estimates of heat fluxes driven by Madagascar cyclonic eddies approached values reported for
Agulhas Rings (anticyclonic eddies) using Argo floats and satellite data reaching up to 0.07 PW (Souza et al.,
2011); whereas freshwater fluxes driven by the April and July eddies fall within the same order of magnitude
as those reported for surface and subsurface cyclonic eddies in the South Indian Ocean, which ranged along
—0.4, —0.02, and 0.8 Sv (Dilmahamod et al., 2018).

Our analyses of the Lagrangian evolution of Madagascar cyclonic eddies show Madagascar cyclonic eddies
continuously change over their lifespan, which will have impacts on their potential contributions to the
western boundary current system. In this regard, our study is, to the best of our knowledge, the first one
on attempting such an approach, providing a quantitative description of the time-evolving changes experi-
enced by the available heat and salt anomaly contents, and fluxes, that ultimately will feed into the Agulhas
Current.
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4. Concluding Remarks

4.1. Summary and Conclusions

This paper has characterized for the first time the 3-D Lagrangian evolution of two nonconcomitant Mada-
gascar cyclonic eddies based on ad hoc Argo experiments undertaken in April and July 2013. The set of
Argo floats were configured to measure temperature and salinity at high temporal resolutions (daily and
five-daily experiments) and at varying park depths (300, 500, 650, and 1,000 m) to test their retention within
the eddy dynamics. We complemented these in situ measurements with altimetry data and the output of
an eddy-permiting (1/4°) ocean general circulation model (GLORYS2v4). Statistics for near-surface eddy
properties were derived from application of an eddy detection and tracking algorithm (Penven et al., 2005;
Halo, Penven, et al., 2014) to both altimetry and model data. The agreement among the complementary data
sources reveals a number of insightful features.

The April and July eddies propagated westward from southwest Madagascar, where the SEMC separates
from the continental shelf, with a moderate poleward deflection. After a propagation of 130-137 days
(~5 months), the eddies interact with the Agulhas Current at the KwaZulu-Natal Bight. The mean propa-
gation speed of the April and July eddies was high, 13-15 cm s7%, likely enhanced through advection of the
eddies in the southern Mozambique Channel by favoring strong background currents. These propagation
speeds are about 2 times the phase speed of nondispersive baroclinic Rossby waves for the range of latitude
of Madagascar eddies (5-6 cm s7! at 25-30° S), exceeding the prediction from theories for nonlinear vortices
(Chelton et al., 2011; Cushman-Roisin, 1994; McWilliams & Flierl, 1979).

As long-lived mesoscales features, the observed April and July Madagascar eddies evolved in time, and over
space, through three well-defined phases. Along its growth phase, the eddies increased in radius from rel-
atively small initial sizes toward a mature stage, where the eddy radius’ remained nearly stable over time.
The mature stage ended when the eddies started to decrease and approached their initial size along the
so-called, decay phase. The time-varying relationship between the eddy radius, amplitude, and rotational
speed was tight for both eddies, following each other in parallel when the eddies propagated southwestward
without complex interactions with other mesoscales features and/or physical boundaries. Generally, the
observed July eddy presented a larger radius (89 km), amplitude (—27 cm), and stronger rotational speeds
(69 cm s7! than the April eddy (65 km, 16 cm, and 57 cm s7%, respectively). In both cases, mean rotational
speeds derived from altimetry data exceeded their mean propagation speed, thus supporting their capability
to transport ocean properties within their interior while traveling across the southern Mozambique Chan-
nel. The latter occurs when the ratio of the rotational speed to the propagation speed exceeds 1, indicating
that the eddy is nonlinear (Chelton et al., 2011; McWilliams & Flierl, 1979; Robinson, 1983).

The analyses of water masses based on Argo floats retained within the eddies indicated Madagascar cyclonic
eddies displayed the highest variability along its lifespan in the upper ~100 m of the water column and below
900 m. We attribute changes near the surface to direct and rapid ocean-atmosphere interactions acting over
the 5 months of travel. This is seen with Tropical Surface Water (o < 25.5 kg m?; Beal et al. 2006) becoming
cooler and saltier over time as the eddy propagates southwestward. The significant water mass changes
occurring deeper than 900 m are here attributed to the effective trapping vertical extent of the eddies. As the
floats sampling the eddy travel southwestward, we observe a progressive decrease in diluted RSW, which
originated further north, and increase in AAIW, which originated further south. This is likely a response
to Argo floats sampling local waters along its excursions through the water column at the time of profiling,
rather than sampling water retained within the eddy from its area of origin. At 150-200 m, all eddy profiles
presented a subsurface salinity maximum approaching 35.65, characteristic for Subtropical Surface Water
(Griindlingh et al. 1991), and below, a rather less variable domain of South Indian Central Water between
300 and 900 m (8-14 °C, 34.6-35.4 g kg™!; Emery 2001). When compared to an Argo profile sampling the
Agulhas Current, the profiles within the eddy exhibit a distinctive cooler and fresher vertical distribution
of ocean properties highlighted as negative temperature and salinity anomalies which extended through
the water column down to 900 m, except for a relatively shallow and weak positive salinity anomaly within
the upper 200 m. These negative temperature and salinity anomalies were as large as —2 °C (0-900 m) and
—0.2 g kg~! (200-900 m), respectively, and support the potential of Madagascar cyclonic eddies to transport
large temperature and salinity anomalies effectively from Madagascar to southeast Africa, from the surface
down to about 900 m.

MORRIS ET AL.

8215



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2019JC015090

Acknowledgments

The authors would like to thank
‘Woods Hole Oceanographic Institution
and the U.K. MetOffice for donation of
Argo floats. The authors would like to
acknowledge the Captain, Officers and
crew onboard the RV Algoa for
assisting with deployments, and the
science teams of the two cruises, NIOZ
and ACEDP, for their assistance. The
authors would like to thank the two
anonymous reviewers of this
manuscript for the valuable assistance
in the refinement of this manuscript.
T. M. was supported by the South
African Environmental Observation
Network (SAEON), Egagasini Node,
and the Oceanography Department of
the University of Cape Town (UCT).
All Argo data were collected and made
freely available by the International
Argo Program and the national
programs that contribute to it (http://
www.argo.ucsd.edu and http://argo.
jcommops.org; (Argo, 2000)). The
Argo program is part of the Global
Ocean Observing System. The
reanalysis model product used for this
work is available for download from
Copernicus (http://marine.copernicus.
eu).

The good agreement between model and observed eddy characteristics and Lagrangian evolution allows
us to extend our analyses toward model-based calculations of time-varying trapping depths and associated
eddy-driven fluxes. Our results highlight the importance of studies characterizing time-evolving changes
experienced by the available heat and salt anomaly contents that ultimately will feed into the Agulhas
Current. In this context, we observe a distinct pattern where eddy retention increases from initially shal-
lower values to deepest trapping depths approaching 1,000 m as the eddies grew and reached their mature
stage, when rotational speeds are stronger and deep reaching. In both cases, this situation reversed toward
the decay phase of the eddies, when trapping depths started to decrease following shallower strong rota-
tional speeds. Overall, the model April (July) eddy showed mean trapping water depths of 595 + 294 m
(914 m + 107 m), volume transport about 13.4 + 5.2 Sv (21.2 + 9.1 Sv), heat flux of —0.07 + 0.06 PW
(=0.2 + 0.09 PW), and freshwater flux of 0.04 + 0.04 Sv (0.09 + 0.05 Sv). These results evidence the role of
Madagascar cyclonic eddies as transporters of cooled and freshened source waters into the Agulhas Current,
demanding further investigation by combination of Argo dedicated experiments, remotely sensed data, and,
particularly, of direct measurements of velocity at different stages of the eddy lifespan when possible. The
latter is crucial to enable the evaluation of model-based estimates on time-varying eddy-driven fluxes, so we
can assess the accuracy of these estimates against the real ocean.

4.2. Potential of Argo-Dedicated Experiments

Results from this study complement a series of other works conducted in this region which investigate
general eddy dynamics from altimetry and model data, pursuing to uncover the characterization of the
eddy demography, its energetic balances, generation mechanisms, and potential links to climate variability
(Dilmahamod et al., 2018; Halo, Penven, et al., 2014; Ridderinkhof et al., 2013). From a different perspective,
the work in de Ruijter et al. (2004) represents to the best of our knowledge the most complete description
of a Madagascar cyclonic eddy based on direct measurements of temperature, salinity, and velocity. How-
ever, these measurements characterized the eddy only at the time of the survey while located in the middle
of the southern Mozambique Channel, being beyond the scope of their research to describe its time-varying
vertical structure. Our results add to previous works new knowledge, focusing on the Lagrangian charac-
terization of Madagascar cyclonic eddies from its generation site toward the western boundary, combining
observations and model data to provide a robust view of the time-varying vertical structure and associated
volume, heat, and freshwater fluxes of these eddies.

The different configurations of the Argo floats used in this study evidence the trapping capabilities of the
April and July eddies, suggesting that the most suitable configuration (among tested options) to capture eddy
dynamics is daily profiling with park depths between 300 and 650 m. The park depth at 1,000 m appeared to
exceed the vertical extent of the April eddy, while shallower park depths resulted in floats drifting over longer
periods of time within both the April and July eddies. On the other hand, the Argo trajectories revealed
by daily profiling floats suggest the presence of some rapid secondary circulation patterns through the con-
vergence/divergence of the floats toward/from the eddy core over time, which we note demand further
investigation.

We are confident that the experimental design of the two Argo-dedicated experiments presented here
illustrates the benefits of ad hoc Argo configurations for the study of 3-D Lagrangian eddy dynamics in com-
bination with a “state-of-the-art” ocean model and remotely sensed data. No single experiment will likely fit
all regions of mesoscale eddy turbulence, and Argo floats were never designed to answer all the questions
posed by the oceanographic community (Morris & Lamont, 2019). However, dedicated experiments like
these are valuable to be complemented with other data sources, validating further models and enabling a
better understanding of the subsurface Lagrangian evolution of eddies not easily surveyed at different stages
of their lifespan using research vessels.
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