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Abstract In order to investigate intra- and inter-annual variability of North Brazil Current (NBC)
rings, angular momentum eddy detection and tracking algorithm (AMEDA) was used for identification
of their occurrence, trajectories, and parameters. Based on 24 years (1993-2016) of geopotential height
and geostrophic current fields reanalysis data from ARMOR 3D (¥4°), we identified an average rate of
five NBC rings shed by year. The rings present an average lifetime of 15.3 (£5.4) weeks, average speed-
based radius (Ryay) of 139.8 (+23.6) km, and mean sea surface height anomaly (SSHa) of 9.4 (+4.0) cm.
The mean observed maximum azimuthal velocity (Viy.,) was 0.27 (£0.08) m/s, while the averaged Rossby
number (Ro) value was 0.08 (+0.04) and averaged kinetic energy (KE) was of 255.3 (+154.8) cm*/s>. NBC
rings have larger dimensions, rotate faster, live less, and transfer more energy in boreal winter months. In
contrast, those shed during boreal summer and early fall last longer, have smaller diameters and carry less
energy. Besides, the analysis of ring merging pointed that the interaction between NBC rings generated a
significantly increase in ring energy (52%), and velocity (22%). Finally, we observed the vertical anomalies
temperature and salinity profiles, which indicated a thermocline deepening and sinking of coastal and
tropical waters due to NBC rings downwelling. This study emphasizes the robustness and efficiency of
AMEDA for studying rings in the ocean and further theorizes possible impacts of NBC ring on ocean
physical and biogeochemical features in the Western Tropical North Atlantic.

Plain Language Summary Oceanic rings are dynamical structures formed by strong current
circulation, that are present in the sea like hurricanes are in the atmosphere. They can change seawater
characteristics by changing the direction and velocity of ocean currents, and by carrying a parcel of water
and its features (such as temperature, heat content, salinity, and nutrients) from one region to another

in the ocean. Using 24 years of data, this study analyses the occurrence and characteristics of rings that
originated from the North Brazil Current (NBC), in the Tropical Atlantic region. We examine how ring
characteristics changed from year to year and from season to season. We use a computational algorithm
that identifies and provides information about a ring based on the current direction and other physical
parameters. We find that rings are larger, rotate faster, live less, and carry more energy in boreal winter
months, while during boreal summer and early fall, they last longer, have smaller diameters, and carry
less energy. Plus, the water flux downward associated with NBC eddies centers generates an increased in
mixed layer and deepens the thermocline. Finally, we show that the when rings merge, they increase their
energy and velocity.

1. Introduction

The North Brazil Current (NBC) is an intense western boundary current, which is the dominant feature of
the surface circulation in the Western Tropical North Atlantic (WTNA). It flows predominantly northwest-
ward along Brazilian northern coast and, around 6°N-8°N and 45°W, the current separates from the coast
and retroflects to the east, feeding the North Equatorial Countercurrent (NECC; Garzoli et al., 2003; Johns
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et al., 1990). This retroflection, which is related to the seasonal migration of the Intertropical Convergence
Zone (ITCZ) (Fonseca et al., 2004), can occasionally shed large anticyclonic rings, that are associated with
positive anomalies of sea surface height (SSH) in their centers, traveling northwestward until colliding with
the Lesser Antilles (Didden & Schott, 1993; Fratantoni & Richardson, 2006; Jochumsen et al., 2010; Johns
et al., 2003). The NBC retroflection is most developed between June and February and is nearly absent from
March to May (Johns et al., 1998). However, other mechanisms, rather than the meandering current, were
proposed to explain NBC rings generation. Ma (1996) and Jochum and Malanotte-Rizzoli (2003) showed
that equatorial Rossby waves that propagate westward and reflect at the Brazilian coast could generate
these eddies. Moreover, they intensify when traveling northwestward due to the conservation of the poten-
tial vorticity (Jochum & Malanotte-Rizzoli, 2003). The south American coastline inclination between 5°N
and 8°N was shown to be important for ring generation (Zharkov & Nof, 2010). NBC rings are crucial in
the interhemispheric transport of mass and heat in the Atlantic, being an essential part of the meridion-
al overturning circulation (MOC) (Fratantoni et al., 2000; Johns et al., 2003). Furthermore, they contrib-
ute to the dispersion of fresh nutrient-rich waters from the Amazon River toward the Caribbean (Johns
et al., 1990), also affecting local circulation, that influences planktonic fish larvae recruitment and growth
(Cowen et al., 2003). Given the importance of those rings, their study and record of their parameters are a
key to the comprehension of physical and biogeochemical processes in the WTNA.

The first study that described the presence of the NBC rings was done by Legeckis and Gordon (1982). They
used satellite sea surface temperature (SST) data to identify elliptical warm-core rings that move northwest-
ward with velocities from 4 to 35 km/day (Legeckis & Gordon, 1982). In the following years, a number of
studies contributed to the understanding of NBC rings dimensions and dynamics (Didden & Schott, 1993;
Fratantoni et al., 1995; Johns et al., 1990; Pauluhn & Chao, 1999; Richardson et al., 1994), especially after the
1998-2001 NBC Ring Experiment (Fratantoni & Glickson, 2002; Garraffo et al., 2003; Garzoli et al., 2003;
Goni & Johns, 2001, 2003; Johns et al., 2003). Those rings present typically a mean radius of 200 km, SSH
anomaly of 30 cm, surface and subsurface azimuthal velocity of 1 m/s and 15-20 cm/s, respectively, and
can reach over 1,000 m deep (Didden & Schott, 1993; Fratantoni et al., 1995; Fratantoni & Glickson, 2002;
Fratantoni & Richardson, 2006; Garraffo et al., 2003; Goni & Johns, 2003; Jochumsen et al., 2010; Johns
et al., 2003; Pauluhn & Chao, 1999). NBC rings travel with an average propagation speed of 8-15 km/day
toward the Caribbean, for 3-4 months, until interacting with the Antilles, where they start to coalesce (Did-
den & Schott, 1993; Fratantoni et al., 1995; Fratantoni & Glickson, 2002; Fratantoni & Richardson, 2006;
Garzoli et al., 2003; Johns et al., 1990; Richardson et al., 1994). It is estimated that on average 3-7 rings are
detached from NBC per year (Fratantoni et al., 1995; Fratantoni & Glickson, 2002; Fratantoni & Richard-
son, 2006; Garzoli et al., 2003; Jochumsen et al., 2010; Johns et al., 1990; Mélice & Arnault, 2017), yet some
works indicated a rate of 8-9 rings/year (Garraffo et al., 2003; Johns et al., 2003). Although a lot is known
about NBC rings dynamics, only few works performed a long-term study (Jochumsen et al., 2010; Mélice &
Arnault, 2017; Sharma et al., 2009). Moreover, it is crucial to establish and understand the change of ring
parameters and how they evolve through seasons and years to evaluate, for example, if there is a seasonal or
year-to-year variation that could indicate periods of higher intensity, energy, or SSH anomaly.

Several methodologies were used to efficiently identify eddies and determine their centers and parameters.
Initially, methodologies were based either on the geometric velocity fields of geostrophic currents or in al-
timetry maps of sea surface. Posteriorly, the methods started to be based on dynamical parameters. McWil-
liams (1990) was one of the firsts to use relative vorticity for eddy identification. This method was improved
over the use of wavelet analysis on the vorticity field (Doglioli et al., 2007). Other parameter widely used
was the Okubo-Weiss (OW), which quantifies the importance of rotation in relation to strain through geo-
strophic current data (Chaigneau et al., 2008). On the other hand, other works utilized only the geometry
of the geostrophic velocity field for eddy identification, assuming these structures as coherent vortex if
characterized by closed contour current lines (Nencioli et al., 2010; Sadarjoen & Post, 2000). More recently,
hybrid methodologies which consider both geometric and physical aspects (i.e., OW parameter) of eddies
began to stand out (Halo et al., 2014; Yi et al. 2014). Mkhinini et al. (2014) introduced the local normalized
angular momentum (LNAM), a new dynamical parameter for eddy detection, which represents the normal-
ized value of the angular momentum in a restricted area. This value will reach its extremum in the center
of a solid core rotation (LNAM = +1 for cyclonic eddies and LNAM = —1 for anticyclonic). Currently, hy-
brid algorithms have become even more effective with the possibility of identification of eddy interaction
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through merging and splitting events (Le Vu et al., 2018; Li et al., 2014). Therefore, the improvement on the
methodologies used for eddy identification and tracking allows the characterization of the main dynamical
parameters of these structures, such as: maximum azimuthal velocity (Viax), speed-based radius (Rp,x), and
Rossby number (Ro), apart from the events of eddy interaction.

The angular momentum eddy detection and tracking algorithm (AMEDA) (Le Vu et al., 2018), will be used
in this study for the identification of NBC rings occurrence, trajectories, and physical parameters. The main
goal of this work is to apply the AMEDA, using SSH and geostrophic currents field data, in order to investi-
gate the intra- and inter-annual variability of NBC rings occurrence and parameters. Also, an event of rings
merging will be detailed in terms of parameters change, and identified trajectories will be commented. The
significance of studying eddy merging and splitting events relies on the fact that these events are able to
change eddy characteristics. Indeed, ring interaction can alter significantly eddy size, energy, and SSH sig-
nal, and the main cause of their occurrence are current-eddy-topography interactions and current variation
(Cui et al., 2019). Furthermore, the study goes through the previously results observed in published articles
on NBC rings, for comparison with this AMEDA analysis. The study is organized as follows: in Section 2
the database and the study area are explored. The application of the data to AMEDA is described and the
parameters measured are defined. In Section 3 we highlight the inter- and intra-annual variability of NBC
rings, emphasizing how changes are observed in terms of their parameters. We also describe how vertical
temperature and salinity profile change within eddies, and analyze the 4 observed merging events between
two NBC rings with tracking identified by AMEDA. Finally, our results are compared with previous studies.
Conclusion is presented in Section 4.

2. Data and Methods
2.1. Database and Study Area

The data set used in this study consists of 24 years (January/1993-December/2016) of absolute SSH (i.e., ge-
opotential height) and the components of the geostrophic current fields taken from “Global Observed Ocean
Physics Temperature Salinity Heights and Currents Reprocessing”—ARMOR 3D, with V4° spatial resolution
(e.g., Guinehut et al., 2012; Mulet et al., 2012; Buongiorno Nardelli et al., 2016). This database results from the
combination of sea level anomaly (SLA), SST, and sea surface salinity (SSS) data and in situ T, S vertical profiles
measurements, presenting a global 3D weekly temperature, salinity, geostrophic velocities fields (Verbrugge
et al., 2017). ARMOR 3D is available at Copernicus Marine Environment Monitoring Service (CMEMS) web
portal (http://marine.copernicus.eu/services-portfolio/accessto-products/, product id: MULTIOBS_GLO_
PHY_REP_015_002) with the newest Version 4, updated in April 2018. The product used here was the Version
3 (product id: GLOBAL_REP_PHYS_001_021). The domain of this work is restricted to the region 15°N-5°S,
63°W-45°W, which includes NBC retroflection area (ring generation), Amazon and Orinoco Rivers mouths,
and the Lesser Antilles (ring demise). Indeed, NBC rings seems also to interact with Amazon and Orinoco
waters (Ffield, 2005; Rudzin et al., 2017). In addition, radiating Rossby waves from the east also reach this re-
gion, influencing ring dynamics (Fratantoni & Richardson, 2006; Jochum & Malanotte-Rizzoli, 2003). We used
data from 50 m deep, in order to reduce the surface signal of equatorial Rossby waves and also as an attempt
to identify subsurface rings with a negligible surface signal. Finally, sea surface height anomaly (SSHa) were
calculated based on the 24 years data. Taking the anomalies can filter the seasonal signal, that dominates the
tropical Atlantic Ocean (Arnault & Cheney, 1994), allowing a better analysis of intra-annual variability.

2.2. Detection Algorithm and Measured Parameters

The AMEDA (Le Vu et al., 2018) was used. It is a hybrid algorithm, based not only on dynamical parameters,
but also on geometrical properties of the velocity field. In AMEDA, while the extremum LNAM (dynamical)
indicates eddy centers, the closed streamlines (geometrical) indicates eddies boundaries, characterizing a
structure as an eddy only if the grid point corresponds for both constraints (Le Vu et al., 2018). For eddy
tracking, the algorithm uses the local nearest neighbor (LNN) method (Le Vu et al., 2018) and it also has the
capacity to identify merging and splitting events. AMEDA has been used in a few works in the last years. Io-
annou et al. (2017) applied this algorithm for the study of Ierapetra Eddies on the Mediterranean Sea, while
Garreau et al. (2018) used the tool for tracking an anticyclonic eddy in the Algerian Basin.
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The geostrophic velocities from ARMOR 3D were applied to AMEDA for ring identification, tracking, inter-
action with neighboring eddies, and for computation of their parameters. The first baroclinic Rossby radius
of deformation (R,4) was calculated for each grid point, based on Chelton et al. (1998). This radius is defined
as the length scale of geostrophic stretching, and at the equator Ry values are typically in scales of hundreds
kilometers (Chelton et al., 1998; Nurser & Bacon, 2014). Although a %4° data set grid was used, the combi-
nation with the calculated R, values is expected to be enough for normal functioning of AMEDA, since it is
a robust algorithm for different space-time resolutions, and with tuneable parameters (Le Vu et al., 2018).
Only the NBC rings that were clearly detached from the NBC retroflection and that crossed 55°W were tak-
en into account in this analysis. Moreover, we maintained the default AMEDA configuration of excluding
the eddies between the 5°N and 5°S equatorial band, since the NBC retroflection and rings trajectory are still
further north. For each week of a ring occurrence, several parameters were measured. These parameters
constantly varied from week to week and from ring to ring. Therefore, the week of maximum SSHa was cho-
sen to be the representative for the rings. The parameters analyzed were: lifetime (weeks), Rpax (km), Vinax
(m/s), Ro, KE (cm*/s?), and SSHa (in cm). Ring lifetime corresponds to the number of weeks that the ring
was identified by AMEDA. R, (in kilometers) indicates the radius of the closed streamlines corresponding
to the module of the maximum azimuthal velocity (V. in m/s). Ro is the dimensionless Rossby number
defined as: Ro = Viyax/(f Rimax), Where f'is the Coriolis parameter at ring latitude. Ring kinetic energy (KE) is
calculated from the geostrophic velocity field, is defined as KE = (u* + v°)/2, and represents the mean KE
for all the grid points within each ring. Finally, as previously cited, SSH anomalies were taken based on the
24 years data, providing the SSHa parameter.

3. Results and Discussion

3.1. Observed Variability of NBC Rings Shedding Rates

It is important to initially highlight that this is the first study to apply an eddy detection algorithm for
24 years period in the NBC region. Although other works have also analyzed decadal time-series in NBC
rings generation (Jochumsen et al, 2010; Mélice & Arnault, 2017), they did not used an eddy identification
tool based on dynamical and geometrical constraints, identifying the NBC rings only by statistical analysis
of sea level anomalies (Mélice & Arnault, 2017), or based on velocity fields of the modeled data (Jochumsen
et al., 2010). In the analyzed 24 years period, 121 NBC rings were observed to detach from the NBC retrof-
lection and cross the 55°W longitude line. It provides an average shedding rate of five rings per year. The
results for each year are presented in Figure la. Overall, previous studies estimate a rate from 2 to 9 rings
per year, which varies according to the period covered and the method used by the study (e.g., Didden &
Schott, 1993; Garzoli et al., 2003; Jochumsen et al., 2010; Johns et al., 1990, 2003; Mélice & Arnault, 2017;
Sharma et al., 2009). The comparison with other works, allow us to say that AMEDA results are reasonable.
In fact, the ring shedding rate here obtained varied from a maximum of eight rings/year in 2005 to a mini-
mum of three rings/year in 2006 (Figure 1a). However, the present study underestimated the average shed-
ding rate when comparing with few others which pointed for a 7-9 rings/year average (Johns et al., 2003;
Jochumsen et al., 2010). This fact is thought to be mainly due to the presence of subsurface NBC rings,
which present the maximum velocity signal at 200 m and no apparent surface signal (Garraffo et al., 2003).
Because the present work used only 50 m depth velocity fields data, possibly some subsurface NBC rings
were not identified by AMEDA. Furthermore, Goni and Johns (2001), using altimeter data, identified 34
anticyclonic eddies from October 1992 to December 1998. In this study, which started to count from 1993,
29 NBC rings were identified from 1993 to 1998. In addition, 18 NBC rings were observed using ocean color
imagery from September 1997 to September 2000 (Fratantoni & Glickson, 2002), while we identified 16
NBC rings in the same period. Using in situ data from moorings and ship cruises, the NBC Rings Experi-
ment (Garzoli et al., 2003; Goni & Johns, 2003; Johns et al., 2003) found one ring in November/December
1998, two rings from February/March 1999, and one ring in June/2000. In the present work, we identified
the presence of all of these rings in the periods cited. The generation dates and parameters of all the 121
identified rings in this study are summarized in Supporting Information (Table S1). More recently, some
works preceded in longer time series for NBC ring identification. Sharma et al. (2009) using drifting buoys,
ADCP and satellite data identified 44 NBC rings in 8 years, with maximum shedding rates in 2005 and 2007,
what is consistent with what was found in this study. Jochumsen et al. (2010) analyzed from the FLAME
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Figure 1. (a) Number of North Brazil Current (NBC) rings which crossed 55°W observed per year. (b) NBC rings
seasonal climatology generated for 24 years period. Both (a) and (b) compare our results with Mélice and Arnault
(2017) and Jochumsen et al. (2010).

model all the NBC ring types generation in 15 years, indicating a shedding rate ranging from 4 to 8 rings/
year. In addition, the recent study from Mélice and Arnault (2017), using satellite altimeter and empirical
mode decomposition, presented a mean rate of five rings generated by year, similar to the present study.
Finally, although previous studies demonstrate some differences in the inter-annual ring generation rates,
the similarities observed between them and the present work indicate AMEDA algorithm robustness and
efficiency for ring surveillance, since it identified the presence of NBC rings quite similarly to other studies
using different methods. It is thought that when applying current velocity data from greater depths rather
than only surface fields, the algorithm will also be able to recognize rings of larger subsurface signal.

Moreover, it is possible to notice a considerable year-to-year variability in NBC ring generation. This rate
remained between 4 and 6 rings/year, (Figure 1a), in exception from 2005 to 2006, where the maximum
and minimum ring frequency, respectively, was observed. Sharma et al. (2009) theorized a biannual pattern
in NBC ring generation rates, where alternate years present a gap in ring formation during late spring and
early summer. Therefore, it seems that the maximum number of NBC rings generated in 2005 was com-
pensated by the lower generation rate in the following year. The year 2005 has maximum shedding rates
and appears to be followed by a steady cycle of ring formation and migration (Sharma et al., 2009). It is
still not clear which mechanisms drive this inter-annual variability on NBC ring generation. However, few
works have pointed possible reasons for it, such as: penetration latitude (i.e., distance between the north-
ernmost point of the retroflection and the arbitrary location of 0°S, 42°W) of NBC retroflection (Garzoli
et al., 2003) and the influence of large-scale transport processes in Atlantic Basin (Goni & Johns, 2003).
Garzoli et al. (2003) indicated that almost every time NBC retroflection reaches its northernmost position,
a ring is detached, although no clear seasonality is observed in NBC latitude of penetration. In addition,
Goni and Johns (2003) speculated at least a weak relationship between ring generation and Northern Trop-
ical Atlantic Index, based on possible links between ocean temperature variation and NBC rings shedding
rate. Lastly, Sharma et al. (2009) indicated that ITCZ and forcing by trade winds are not the main factors
influencing ring formation and migration. It is believed that several mechanisms might impact NBC rings
generation, and further studies could highlight these relationships.
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The results obtained for the ring generation as a function of the season are described in Figure 1b. We show
that rings are formed in all months of the year, with a maximum ring generation in February, followed by
March, June, and July. The minimum generation rate, in its turn, was observed in September-October-No-
vember trimester (SON) (Figure 1b). Those results agree with what was found in the literature, using dif-
ferent methods. Fratantoni et al. (1995) compared the modeled rings with observations from Richardson
et al. (1994). They showed a maximum generation period from October to March, with the highest observa-
tion ring frequency in November and February, and the maximum modeled frequency in February, April,
and May. Goni and Johns (2001) presented December and January as the months of greatest ring liberation.
However, they have in 2003 pointed for different months as maximum (i.e., February and June) (Goni &
Johns, 2003), which the latter agrees most with the current paper. Those previously cited works (Frant-
antoni et al., 1995; Goni & Johns, 2001, 2003) presented minimum generation rate from July to October,
which is in agreement with the smaller generation in August and September observed in the present study.
October 2016 was the only month in the analyzed period, which was characterized by more than one ring
shed (Table S1).

The NBC ring maximum generation occurred from December to February (Figure 1b), while a minimum
was observed from September to November. The December-January-February (DJF) trimester was responsi-
ble for 31.40% of NBC rings genesis in the 24 years, while 25.62% and 26.45% of rings were shed for March-
April-May (MAM) and June-July-August (JJA) trimesters, respectively. It was verified a 47.37% reduction
in ring generation rate between maxima (winter) and minima (fall) trimesters. Goni and Johns (2001) pre-
sented similar results using TOPEX altimetry data, with a maximum generation in boreal winter (DJF) and
minimum in early boreal fall (SON), although from September to November the generation rate is quite the
same as the previous months (MAM and JJA). On the other hand, Fratantoni and Glickson (2002) showed
that the higher frequency of generation occurs from March to May, with equivalent frequency in the other
trimesters. Also, Jochumsen et al. (2010) and Mélice and Arnault (2017) presented similar results on the
number of rings generated per trimester, with the highest frequencies at spring (MAM) and minimum at
fall (SON). According to Fratantoni and Glickson (2002), no particular seasonality is detected in NBC ring
generation and that the observed variations in the results of those studies are most likely to be due to dif-
ferent methodologies. Seasonality appears to be evident but inconsistent between successive years (Sharma
et al., 2009). Therefore, from the present and previous studies, it is possible to clearly identify the trimester
of the minimum generation rates, which evolves the months of September, October, and November, and
that NBC rings appear to be more frequent in the first half of the year.

3.2. NBC Rings Parameters

Figure S1 indicates the frequency distribution of the parameters for each identified ring. Those parameters
were obtained at the time step corresponding to the week of maximum SSHa. The parameters of all the 121
identified rings in this study are summarized in Table S1. The NBC rings presented an average lifetime of
15.3 (£5.4) weeks, with the higher frequency of lifetimes between 10 and 18 weeks (Figure Sla). The last
identified rings in October 2016 (i.e., R120 and R121) were not considered as they were not entirely vanished
by the end of 2016, so their lifetime could not be determined. The maximum ring duration was 31 weeks,
and the minimum, 4 weeks. These results are in agreement with previous studies (Goni & Johns, 2001;
Richardson et al., 1994). Indeed, Goni and Johns (2003) verified through satellite altimetry that NBC rings
remain an average of 3.5 months in the region, with this time ranging from 2 to 5 months. Besides, Fratan-
toni and Richardson (2006), using floats and drifters, pointed for a lifetime ranging from 1 to 6 months, with
an average of 3.3 months. The importance of ring lifetime relies on how long the vortex dynamics is able
to trap the parcel of water within it. The length scale of the ring, Ry, ranged from a minimum of 87.3 km
to a maximum of 204.8 km, with an average radius of 139.5 (£23.6) km. NBC rings were more frequent
with Ry, ranging from 120 to 160 km (Figure S1b). In general, other works on NBC rings indicate a similar
length scale, with diameters varying from 150 to 400 km (Casteldo & Johns, 2011; Didden & Schott, 1993;
Fratantoni et al., 1995; Fratantoni & Glickson, 2002; Fratantoni & Richardson, 2006; Goni & Johns, 2003;
Jochumsen et al., 2010; Richardson et al., 1994). These length scales of hundreds of kilometers imply a con-
siderable water mass transport along the northern Brazilian coast. It is estimated that an annual transport of
9.3 Sv by NBC rings, which represents an essential part of the MOC return flow (Johns et al., 2003). A mean
SSHa of 9.4 (£4.0) cm was detected with a maximum value of 24.0 cm. The higher frequency observed was
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Figure 2. Monthly variation of the measured North Brazil Current rings parameter during the 24 years analysis: Ring lifetime (a), Rpax (b), Vinax (), Rossby
number (d), Kinetic Energy (e), SSH anomaly (f). The central red mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers
extend to the most extreme datapoints, and individual red crosses are outliers.

around 5-15 cm of SSHa (Figure S1f). Those results are consistent with those found in the literature. Did-
den and Schott (1993) found a 4 cm SSH variability associated with NBC rings, while Goni and Johns (2001)
presented an average SSH residue of 8 cm. More recently, maximum surface elevation related to NBC rings
was pointed to range around 20-30 cm (Casteldo & Johns, 2011; Cruz-Gémez & Salcedo-Castro, 2013).
Moreover, the lowest observed value for SSHa was 1.1 cm, which might indicate that this study could also
identify NBC rings with small surface signal, such as subsurface rings. However, to trustworthily classify
NBC rings it is necessary to have a vertical picture of its dynamics, including thermocline and maximum
velocity depths. Then, since the present work is based only on SSHa values and a 1-level velocity database,
NBC ring classification goes beyond the scope of this study.

The frequency of the maximum azimuthal velocity values (Vi) computed from the NBC rings indicate a
higher occurrence of rotational velocities from 20 to 30 cm/s (Figure 2c). The mean Vi, is 0.27 (£0.08) m/s,
while the maximum and minimum are 0.48 m/s and 0.12 m/s, respectively. Previous works indicate that
NBC rings swirl velocity vary from 12 to 84 cm/s (Fratantoni et al., 1995; Fratantoni & Richardson, 2006;
Richardson et al., 1994). However, more recent studies established that V;,,x could be even higher than
115 cm/s (Casteldo & Johns, 2011; Cruz-Gomez & Salcedo-Castro, 2013). The reduced V., found in this
study might be explained by several reasons. First, the week of maximum SSHa does not necessarily corre-
spond to the time step of maximum V., . Then, it is possible that the values of Vi, are not the maximum
rotational velocities that a ring reached during its lifetime. In addition to this, when using geostrophic
velocities fields and assuming geostrophic balance within an eddy, its azimuthal velocity might be underes-
timated due to the negligence of inertial components of momentum balance (Douglass & Richman, 2015).
Hence, Vi« values seemed to be underestimated in the present study. In addition to this, it is believed that
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the cyclogeostrophic force terms are important in disrupting eddy characterization from geostrophy in ed-
dies with Ro > 0.3 (Douglass & Richman, 2015). It seems from the literature that NBC rings Ros are on the
threshold of these values, in a way that only geostrophy might not characterize NBC rings perfectly. Moreo-
ver, Jouannou et al. (2019) indicated the need of ageostrophic corrections for mesoscale anticyclones which
exceeds Ro > 0.15. Hence, aiming to quantify the amplitude of the ageostrophic velocity component, we
performed velocity corrections for NBC rings with Ro equals or exceeding 0.15, based on the methodology
of Toannou et al. (2017). Results for velocity profiles corrections and percentual increase in Vi, for each of
the eight analyzed rings are indicated in Figure S2 and Table S2, respectively. We verified a 30.0% average
increase in cyclogeostrophic Vi, for those rings. Plus, the Pearson correlation index between Ro and Vi
increases for each ring (p = 0.929), showing the proportional increase in cyclogeostrophic Vj,.x in relation
to a larger Ro, as expected and indicated by Ioannou et al. (2019). Although in this study only a few rings
exceed Ro > 0.15, it is clear that ageostrophic corrections for rings with large Ro are indeed not negligible
for reliable V. estimation.

Ro compares the importance of relative to planetary vorticity, and their values are variable around the
globe. The high Ro values observed for the NBC rings region are due to the proximity of equator, an area of
minimal Coriolis parameter. In this study, NBC rings presented an average Ro of 0.08 (+0.04) (Figure S1d),
and maximum and minimum values of 0.21 and 0.04, respectively. Overall, it is expected that Ro values
for anticyclones are negative. Yet, as we used the module of V;,,x to measure Ro, only positive values were
found. AMEDA has already been used for Ro computation (de Marez et al., 2020; Garreau et al., 2018). The
definition of Ro in the present work is the vortex Ro, which is based on maximal azimuthal velocity, and
was also used by Fratantoni et al. (1995) and Casteldo and Johns (2011). However, we highlight that various
definitions of Ro exists and were applied for the NBC rings. Richardson et al (1994) and Cruz-Gomez and
Salcedo-Castro (2013) defined Ro based on the core angular velocity (Ro(2) = Qo/f, Qy = V (R)/R when
R [7]0). For a Gaussian vortex, V(r) = Vipax/Rmax 7 (1 — r*/[Rmax2]/2), We get Ro(2) = 1.64*Ro. From the
Ro definition, studies observed values between 0.13 and 0.26 (Fratantoni et al., 1995), and mean absolute
Ro of 0.33 for the NBC region (Castelao & Johns, 2011). From Ro(2) values shifted from 0.20 to 0.36 (Rich-
ardson et al., 1994; Cruz-Gémez & Salcedo-Castro, 2013). Even though the 1.64 factor from Ro(2) to Ro, the
values here obtained for Ro were still smaller than the ones cited in the literature using both definitions.
As occurred for Vi, the use of purely geostrophic fields generated this underestimation. Douglass and
Richman (2015) using the core vorticity Ro definition (Ro(3) = £0/f, for a Gaussian vortex Ro(3) = 3.3*Ro)
indicated that ageostrophic corrections in V},, are needed for vortex Ro > 0.09. Here, we performed these
corrections only for rings with Ro > 0.15, as previously cited (Figure S2 and Table S2), based on Ioannou
et al. (2019). Table S2 also indicated the corrected cyclogeostrophic Ro for the eight analyzed rings.

Finally, the NBC rings KE in the present study varied from a minimum of 49.53 cm®/s® to a maximum
of 789.93 cm?/s?, with the highest frequency of rings with KE around 100-300 cm?/s” (Figure S2e). The
average kinetic energy observed was 255.30 (+154.81) cm?/s”. These results are in agreement with Didden
and Schott (1993), who presented similar geostrophic NBC rings KE, changing from 100 to 300 cm*/s”. The
increased standard deviation represents significant changes in rings KE, indicating that rings shed by the
NBC present diverse dynamical characteristics from ring to ring.

In order to investigate the seasonal variation of NBC rings characteristics, the variability of their parameters
is plotted as a function of the month for the 24 years (Figure 2). All months were characterized, at least in
one year, by a NBC ring formation. NBC rings last less in boreal winter and have an increased lifetime in bo-
real summer, especially from July to August (Figure 2a). Although boreal summer months presented higher
variability from minimum to maximum values, the median lifetime for these months is still higher than the
others. On the other hand, R,,, median values are increased in boreal winter (Figure 2b), even though a
weak seasonal variability is observed. Sharma et al. (2009) also found low seasonal amplitude in NBC rings
dimensions, with increased rings from October to March. Also, Ro and SSHa values did not present any
clear seasonal variability (Figures 2d and 2f). In contrast, V. and KE show the highest median values in
boreal winter months (Figures 2c and 2e). Vi, slightly increases in boreal summer, reaching a maximum
in July. Similar behavior can be observed for KE. Didden and Schott (1993) associated KE changes in the
NBC rings region with ring activity and the seasonal retroflection circulation, which, respectively, generat-
ed KE peaks in winter and a secondary summer maximum. More KE is available within NBC retroflection
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Figure 3. Year to year variability of the measured North Brazil Current rings parameters from 1994 to 2016. In exception, panel (a) only until 2015. Ring
lifetime (@), Rpax (b), Vinax (), Rossby number (d), Kinetic Energy (e), SSH anomaly (f). The central red mark is the median, the edges of the box are the 25th
and 75th percentiles, the whiskers extend to the most extreme datapoints, and individual red crosses are outliers.

(Sharma et al., 2009). Therefore, V;,,x and KE follow NBC retroflection seasonality. The maximum strength
of NBC retroflection in boreal summer (Richardson & Walsh, 1986) is verified in Figure 2c, while the maxi-
ma KE values are likely to be related to the beginning of NBC retroflection weakening in January (Lumpkin
& Garzoli, 2005). The importance of studying such variability of parameters relies on the estimation of ring
volume and energy within a ring, for example. Rings with larger dimensions are capable of wrapping a larg-
er volume of water, while its lifetime indicates eddy capacity in maintaining that wrapped piece of water. At
the same time, estimation on KE variation might indicate a seasonal energy transport within NBC rings. In
general, NBC rings seem to have larger dimensions and rotate faster during boreal winter months, carrying
more KE within them. This energy, however, is likely to dissipate more quickly, since, in boreal winter, NBC
rings presented shorter lifetimes. On the other hand, NBC rings shed during summer, and early boreal fall
appears to last longer, to have smaller diameters, and carry less energy.

The characteristics of the rings are plotted as a function of year to identify inter-annual variability (Fig-
ure 3). Ring lifetime is reduced in the last decade (Figure 3a). Very high values of lifetime are detected as
outliers for some years (2007, 2008, 2012, and 2013). The highest ring dimension is in 2003, followed by
2006 and 2009 (Figure 3b). Sharma et al. (2009) pointed 2006 as the year with an average ring size larger
than other years. The highest median rotational velocity was observed in 2009 (Figure 3c), following the
year of maximum V,,,, variation (i.e., 2008). Year 2009 was also the year of maximum KE and mainly SSHa
(Figures 3e and 3f). We calculated an annual climatological anomaly for the 24 years and observed that
2009 presented the most significant anomaly of V., KE, and SSHa (Figure 4). Foltz et al. (2012) identified
an anomalous SST cooling in the Equatorial North Atlantic band (2°N-12°N) in 2009 and SST warming in
the Equatorial South Atlantic (5°S-0°N) which produced a shift in wind direction, changed the ITCZ posi-
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Figure 4. Averaged climatological anomaly of North Brazil Current ring parameters for each year during the 24 years analyzed: Ring lifetime (a), Rmax (b), Vinax
(c), Rossby number (d), Kinetic Energy (e), SSH anomaly (f).

tion and the rainfall rates over the region. Moreover, Tyaquici et al. (2017) indicated an increased Amazon
River discharge in 2009. These events might have altered current dynamics in this region, contributing
to change NBC ring parameters in this year. We verified from filtered monthly anomalies of salinity and
of zonal(u)-component of NBC in a longitudinal cut at 53°W, 3°N-7°N, from surface to 500 m deep, that
2009 year indeed presented an NBC intensity anomalous increase (Figure 5). This increase is indicated
by a higher negative anomaly in the zonal component of NBC, and accompanied by salinity anomalies
decease in the same year, showing a higher influence of Amazon plume in this year. Additionally, data
for the 24 years of monthly Amazon discharge values recorded at the Obidos Gauging Station, available
from the Environmental Research Observatory- Geodynamical, hydrological, and biogeochemical control
of erosion/alteration and material transport in the Amazon basin (ORE-HYBAM: http://www.ore-hybam.
org), were used to estimate Amazon discharge inter-annual anomalies (Figure 5). From Amazon discharge
is clear the positive anomaly during the entire 2009 year. An increased Amazon river runoff can contribute
to NBC and its rings intensity by diminishing density through the influence of freshwater, generating an
increase in current velocity. Moreover, Amazon river discharge could contribute to the increase in local vor-
ticity, favoring rings intensity. Overall, it is believed that the combination of both increased NBC intensity
and Amazon river runoff contributed for the 2009 intensity change in NBC rings dynamics. Another con-
siderable pattern observed from 2009 is the positive trend in SSHa anomalies (Figure 4f). This indicates that
SSHa within NBC rings is increasing in the last years. This could be related to changes in ocean circulation
during the last decades. NBC rings are very dynamic and variable, being subject to several oceanographic
and atmospheric forcings that affect their characteristics. Therefore, a strong inter-annual variability of
their parameters is expected. In addition, we attempted to correlate Atlantic climate indexes with NBC
parameter anomalies. The highest observed correlation was 0.34 between SSHa and Atlantic multidecadal
oscillation (AMO). Although it seems a weak correlation, the analyzed period covered only the positive
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river discharge at the Obidos Gauging available from the ORE-HYBAM.

phase of the AMO cycle, characterized by changes in a climate signal of 60-80 years. Further studies could
analyze a long-term climatological ring data to compare with this climate index. NBC ring evolution in
terms of eddy characteristics is highlighted in Section 3.3.

3.3. Rings Trajectory and Evolution: Merged Rings Case Studies

Regarding the trajectory of the 121 analyzed NBC rings, Figure 6 and Table S3 displays the location of rings
formation, location of maximum SSHa, and location of final detection. In general, we can observe rings be-
ing generated in the NBC retroflection area, propagating northwestward along the coast until demise when
reaching the Lesser Antilles (Figure 6). The location of rings SSHa max is spread along the area, indicating
that SSHa max could be observed right after ring formation as well as close to ring demise. Generation area
is limited from 53°W to east, while ring final detection settles mainly from 58°W to west, although few rings
were last identified east of this longitude. NBCRs far eastern from 58°W identified in Figure 6 indicate rings
that merged (e.g., R83 - see Table S3). Rings centers demise were identified sitting northward or close to
Barbados, and many were last verified before reaching Barbados. One ring translated differently, demising
in the continental shelf near Orinoco River (Figure 6). Overall, rings decease occurred in regions influenced
by the bottom bathymetry of Antilles. In fact, the influence of topography in finishing rings in the region
has been well documented (Fratantoni & Richardson, 2006; Jochumsen et al., 2010). Additionally, their
demise is strictly connected to the presence of the Lesser Antilles, which constitutes a barrier to ring transla-
tion (Fratantoni & Richardson, 2006). Interaction with the island leads to the destruction or the splitting of
the incoming vortex into several smaller ones (Fratantoni & Richardson, 2006; Tanabe & Cenedese, 2008).
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Figure 6. North Brazil Current rings position observed in the study

area for three different moments during their lifetime: first week (blue);
week of maximum sea surface height anomaly (yellow); last week (red).

The background displays gridded bathymetry data from The General
Bathymetric Charts of the Ocean (GEBCO), available at: https://www.
gebco.net/.

Studies showed that ring might also be identified west of the island chain,
indicating few surviving rings after topography interaction (Fratantoni
& Richardson, 2006; Jochumsen et al., 2010; Mélice & Arnault, 2017;
Tanabe & Cenedese, 2008). However, in our study the splitting of NBC
rings encountering the Antilles was not detected by AMEDA, since the
algorithm did not identify any NBCR west of the Antilles. This fact is
mainly explained by the reduced study area, which imposes the tracking
of rings with boundaries limited to 63°W.

Using rings center position (Table S3) and exploring the potential of
ARMOR 3D data set for vertical profiles, we evaluated the water masses
carried by NBC rings and the vertical temperature and salinity anomaly
profiles on a seasonal scale. The vertical T-S diagrams were built from AR-
MOR 3D data set until 1,000 m, and the identified water masses were de-
picted (Figure 7). We recorded three water masses carried by NBC rings:
South Atlantic Central Water (SACW), those with temperatures < 18°C
and salinities < 36.0; coastal water (CW), with temperatures > 20°C and
salinities < 35.4 and tropical water (TW), with temperatures > 20°C and
salinities > 36.0. Neumann-Leitao et al. (2018) using in situ data observed
the same water masses distribution in this region. Figure 7 displays the
T-S diagrams for NBC rings locations at three different life stages, and
starting at the four different seasons. A clear seasonality is observed in
the water masses within NBC rings. From the end of boreal spring until
JJA, CW from the Amazon river discharge is much more present in those
eddies, while from September to February, the influence of TW is more
pronounced is those vortex, and the CW is nearly absent (Figure 7). In
fact, the seasonality of Amazon river runoff is known for decades, where
the maximum monthly river discharge is in May and June (Hellweger &
Gordon, 2002), demonstrating that the T-S diagram within an NBC eddy
is related with their generation season. Additionally, NBC rings center
presented similar T-S signatures during their translation, especially from

their maxima week until their demise. It seems that rings in the starting week might not have enough inten-
sity to trap water masses, reaching this stage of closed waters in vortex center during the following weeks.
From the week of maxima SSHa, water masses are trapped until ring demise.

Furthermore, we performed the temperature and salinity 3-month profiles anomalies for each ring center
identified, removing the climatology (based on the 24-years data from ARMOR 3D) from ring vertical pro-
files for each position. Three-month anomaly profiles were calculated in the central points of initial, max-
imum and final rings positions. The greatest anomalies observed in depth were located at ring SSHa max-
ima for both temperature and salinity (Figure 8). For initial and final positions, both the temperature and
salinity anomalies profiles are not well defined, although rings initial position seems to relate to a stronger
downward flux than final vortex locations (Figures S3a and S3b, respectively), since the latter is closer to
Antilles bathymetry, what causes mixing. This behavior is an indication of an increased water downwelling
in the eddy max position, while in initial and final positions the downward water flux at the ring center is
weakened. Overall, regarding temperature profiles, maximum positive anomalies of 5°C are observed from
150 to 200 m deep, with no clear seasonality (Figure 8a). The downwelling associated with anticyclonic
eddies increased the thermocline depth until 200 m in this region. Polo et al. (2015) indicated maxima MLD
of 80 m for the WTNA region, showing that NBC rings can generate deeper thermocline and consequently
greater mixed layer depths. For salinities, in general, negative anomalies (~-0.5) are observed at 100 m,
settling above positive anomalies of 1.0 at 200 m (Figure 8b). These vertical salinity anomalies are also an
indication of water sinking at NBC rings centers, that transport surface tropical saltier and coastal fresher
waters to deeper layers. From this, the denser and saltier TWs settle under the less dense and fresher CW
related to Amazon and Orinoco river plumes. Since Amazon discharge is more present in rings waters gen-
erated in JJA (Figure 7c), the most well-defined salinity anomalies profiles are referred to rings generated
in this season, reaching SSHa max position at SON months, generating a more well-defined stratification in
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Figure 7. T-S diagram for each ring generated in the four different seasons from ARMOR 3D data set: DJF (a), MAM (b), JJA (c), SON (d). DJF, December-
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salinity anomalies profiles (Figure 8b). The increase in thermocline depth associated with sinking of river-
ine and TWs within NBC rings might spawn shifts on physical and biogeochemical features at WTNA, such
as surface heat content, and CO, saturation. Further studies on this could indicate those answers.

A striking innovation of AMEDA algorithm is the capacity to detect merging between two eddies, and this
capacity was explored in the present study. We detected only four merging rings events in the 24-year study
period for NBC eddies, indicating that NBC rings did not interact much within each other. However, Castelao
and Johns (2011) pointed that the presence of an inner core surrounded by an outer core of opposite vorticity
is able to “isolate” the NBC rings, allowing them to be very close to each other without merging (Castelao &
Johns, 2011). This structural configuration might explain why only 1 merging event was identified for each
6 years on average in the present study. In addition, few moments of NBC ring interaction with westward prop-
agating anticyclonic eddies could be observed during the analyses. Plus, cyclonic eddies were also identified
in certain weeks (Figure 9). Previous studies pointed for the formation of two different types of anticyclones
in the region, the intermediate ones, and the NBC rings, that could coalesce within each other and generate
deep-reaching rings (Garraffo et al., 2003; Jochum & Malanotte-Rizzoli, 2003). Cui et al. (2019) found that
eddy merging is not likely to happen between eddies with similar intensities. Instead, the most common to
happen is a strong eddy merging with a weaker one. Therefore, it is possible that NBC rings interact more of-
ten with weaker eddies (e.g., intermediate eddies, cleavaged eddies, eddies associated with NECC-NBC flow)
present in the region than with other true NBC rings. Preceding works also identified cyclonic eddies in the
region (Didden & Schott, 1993; Fratantoni & Richardson, 2006), which are associated with the NBC/NECC
system variability, as well as with the dynamics of the anticyclonic NBC rings.

In order to highlight the typical evolution of the dynamical parameters of NBC rings during their north-
westward propagation along the coast, and to analyze if there are significant changes in rings parameters
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Figure 8. Temperature (a) and salinity (b) profiles anomalies for each ring center identified for Max sea surface height
anomaly position, removing the climatology from ring vertical profiles for each position.
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Atlantic over a sea surface height anomaly (SSHa) background from
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lines represents outermost (Rpay) closed contour Ry, Blue contours
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smaller than 5 cm were removed for better visualization of rings. NECC,
North Equatorial Countercurrent.

after merging, we computed the parameters for every week of occurrence
of the 8 isolated rings which turned to four merged rings events. Rings
parameters evolution is depicted in Figure S4 and Table S4. Weeks with
NaN values represent weeks that AMEDA could not identify eddy. Fig-
ure 10 shows the trajectories of rings in the four analyzed events. From
the four events, three rings remained merged until their demise (Fig-
ures 10a, 10c, 10d), while one of them merged and then splitted into two
rings after 2 weeks (Figure 10b). All observed merging rings were gener-
ated from 52°W to east, above 5°N, and traveled northwestward along the
northern coast of Brazil (Figure 10). Plus, the four merging events took
place from mid-February to start of April, where six isolated rings were
generated in DJF, one in September and one in March. Dated only in the
first half of the year, the time of merging events corresponds with the
time of increased ring formation (Figure 1). Other works also observed
merging events only in this period (Barnier et al., 2001; Fratantoni &
Richardson, 2006). It is believed that in the second half of the year the
ring generation rate is not sufficient to promote a ring encounter when
translating, before one of them demise in the Antilles. Still, regarding
the location of merging events, all 4 events settled in the area indicated
by the red rectangle in Figure 10. This area is located in a topographic
depression between the start of Caribbean topography and the extend-
ed continental shelf from 53°W to 55°W (Figure 10). It is hypothesized
that in this highlighted region NBC rings decelerate as reaching Antilles
topography, allowing upcoming NBC rings to reach the previous eddy

and merge. In fact, Barnier et al. (2001) indicated that a NBC eddy was slowed down as it encountered the
Trinidad-Tobago topographic rise, which contributed for ring merging. The authors still indicated that such
ring merging was also reported by Didden and Schott (1993). Further studies on the influence of this topog-
raphy for the fusion of NBC rings are required. Lastly, Figure 10 also displays that rings trajectory right after
merging are slightly deviated to west-southwest. De Marez et al. (2020) indicated that anticyclonic eddies
are more likely to be orientated southwest-northeast due to the f-effect. It seems that NBC rings are also

influenced by this effect.

In addition, the change on NBC ring vertical and translation structure is related not only to ring and cur-
rent field dynamics but also to the influence of topography in the region, especially regarding ring demise
(Fratantoni & Richardson, 2006; Jochumsen et al., 2010). Hence, since ring parameters evolve in time and
could be strongly affected by bottom bathymetry, especially when the vortexes reach Caribbean coastal
shelves, we attempted to evaluate the influence of topography in NBCRs parameters. To do that, we used
the merged events M1 and M4 (Table S4) as case studies for comparison of their parameters before and
after reaching 58°W (i.e., where influence of bottom topography seems to increase), computing their char-
acteristics only 1 week after they merged to remove merging effects, and performing t student tests. M3
merged after 58°W, where merging effects could superimpose topographic effects, so we did not consider
this event as a case study. On the other hand, M2 splits when reaches 58°W, what could indicate bathymetry
influence. For M1, we observed significant decrease in R.x (p = 0.002), while total ratio and V., did not
change (p = 0.9432 and p = 0.7154, respectively). In the case of M4, no shifts were observed at all (Rpax
p = 0.1740; total ratio, p = 0.7800; V., p = 0.1383). By potential vorticity conservation, it was expected that
when reaching shallow waters eddies would flatten and increase their size, while diminish their velocities.
However, only a significant reduction in Ry, was observed. This uncertainty might be due to effects of the
bathymetry in the algorithm identification using this data set spatial resolution (1/4°), where further studies
using an increased data resolution could better indicate current vectors around the island chain, improving
ring identification, and allowing a finer evaluation of the effects of Lesser Antilles bathymetry in NBC ring

parameters

Moreover, significant changes were observed for three parameters of NBC rings after rings merging. To ad-
dress that, we performed -student tests for the parameters computed for each of the eight isolated and the
four merged NBC rings, which results are indicated in Table 1. We removed the weeks immediately before
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Figure 10. Merging rings trajectory. M1 from R20 (yellow) and R21 (blue) (a); M2 from R39 (yellow) and R40 (blue) (b); M3 from R78 (yellow) and R77 (blue)
(c); M4 from R83 (yellow) and R82 (blue) (d). Red rectangle indicates area where all rings merged. Black lines represent rings trajectory. Circle size depicts Rpay.
Circle height is four times lower that the real circle height based on R,y. Circle shapes do not depict real ring shapes, are displayed only as ring representations.

Table 1
Test t-Student Between Isolated and Merged Rings

Significant
t-student Mean solo Mean merged  difference (%)
Rinax 0.4091 113.6 km 121.2 km NA
Viirese 0.0291 0.23 m/s 0.28 m/s +22.0
Ro 0.0194 0.11 0.08 =273
KE 0.0141 187.6 cm’/s>  285.1 cm’/s’ +52.0
SSHa 0.9775 6.4 cm 6.4 cm NA

Note. Significant differences were considered in a 95% confidence interval
(p < 0.05) and are indicated in bold. Significant difference (%) indicates
the percentage of change between mean solo and mean merged rings
parameters.

Abbreviations: KE, kinetic energy; Ro, Rossby number; SSHa, sea surface
height anomaly.

and right after ring merging from the test t, in order to remove effects of
definition of the eddy radius during the merging event, since for a perfect
merging between two symmetric eddies their radii should tend to zero
just before a single eddy contours emerge (Le Vu et al., 2018). Significant
changes were verified for V},.x, Ro and KE, while R,,,, and SSHa did not
present considerable difference between isolated and merged vortex (Ta-
ble 1). Shift in Ro occurred due to increased V. and the maintenance
of Ry, from isolated to merged eddies. A Vi, positive change of 22.0%
resulted in merged rings with 52% more KE that the isolated, in average.
This increase in ring KE might disrupt local circulation around Caribbe-
an islands in a greater scale, impacting also fish larvae recruitment, and
ocean-atmosphere energy exchanges. In addition, eddy merging events
could function as a “large-scale energy pump” in the inverse energy cas-
cades in two ways: from changes from small- to large-scale eddies and in-
creasing residence time (Klein et al., 2019; Wang et al. 2019). After merg-
ing, there is a significantly increase the total KE and strengthen of the
large geostrophic eddies by making them more coherent with a longer
life time (Klein et al., 2019). In this study, however, we did not identified
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shifts in Ry« after merging (rings maintained their length scale), and due to interaction with Antilles right
after merging did not allowed a longer residence time (i.e., they are not isolated eddies). Then, we cannot
affirm that NBC rings play this role. Further studies on this might spark answers for this question. The in-
crease ring KE was also observed by Cui et al. (2019). The authors reported that splitting or merging events
can change eddy properties by a factor of 2 or more (Cui et al., 2019). The observed changes in this study did
not represent such a variation in eddy properties after merging. However, it showed that NBC ring merging
has a considerable impact in its rotational speed, KE and intensity variation, and that those events should be
taken into account when evaluating physical and biogeochemical impacts of NBC rings in the WTNA. On
the other hand, Wang et al. (2019) stated that, overall, eddies KE decreased while total mechanical energy
increased after merging, and that merging events require external energy input into rings. Therefore, we
theorized that only in specific years this necessary energy input coincided with times of NBC rings close
enough to merge with each other, making a NBC ring merging event such a rare event. More studies on
the relation of ring merging years and climate indexes that could provide the required amount of energy
for rings merging might elucidate this hypothesis. To evaluate how ring parameters are related with each
other, we performed a correlation analysis between the computed parameters for the eight isolated the four
merged rings, where Pearson correlation index are indicated in Table S5. We observed that V;,.x and KE are
well correlated with all analyzed parameters, in exception of Ro, while SSHa did not present high correla-
tion with Ry, . Therefore, the use of maximum KE as a proxy for rings maxima is more indicated than the
SSHa used in this study, since it includes a correlation not only with ring speed and energy, but also with
ring size.

4. Conclusions

We applied the AMEDA for the identification of NBC rings occurrence, trajectories, and physical param-
eters. This work uses a 24-year (1993-2016) reanalysis database of geopotential height and geostrophic
velocity fields, standing as the first study to apply an eddy detection algorithm for NBC ring identification in
a decadal period. The choice of AMEDA is based on its robustness and ease of use for eddy properties time
series analysis, since it considers not only dynamical but also geometrical properties of the velocity field.
Here, we identified an average rate of five NBC rings shed by year, which presented an average lifetime of
15.3 (5.4) weeks, Ry, from 87.3 to 204.8 km, with an average radius of 139.5 (£23.6) km, and were associ-
ated with mean SSHa within their centers of 9.4 (+4.0) cm. The mean observed V,,, was 0.27 (£0.08) m/s,
while the averaged Ro value was 0.08 (+0.04) and averaged KE was 255.3 (+154.8) cm?/s>. It is pointed that
the azimuthal velocity and Ro values might be underestimated due to the use of purely geostrophic velocity
fields.

NBC rings occur more frequently in the first half of the year. In fact, a decrease in ring generation rate of
47.37% was detected between maxima (boreal winter) and minima (boreal fall) trimesters. Moreover, NBC
rings have larger dimensions, rotate faster, and present shorter lifetimes in boreal winter months, also car-
rying more KE within them. On the other hand, NBC rings shed last longer, have smaller diameters, and
carry less energy during summer and early boreal fall. 2009 was a year of anomalous conditions, since it
presented maximum values of KE, V},..x, and SSHa associated with NBC rings. Another pattern identified in
this work was the positive trend in SSHa anomalies from 2009 to 2016. This shows that SSHa within NBC
rings is increasing in the last years, which could be further investigated.

Furthermore, we identified that downwelling within NBC rings center cause a thermocline deepening and
anomalies in the salinity profile, indicating downward transport of tropical and CWs. Also, the analysis
of T-S diagram allowed us to identify seasonality in relation to water masses in the interior of NBC rings.
River water was observed within eddies center only in the ones formed from May to August, implying that
NBC rings generated at those months might play different biogeochemical impacts in the WTNA region,
such as shifts CO, fugacity in the ocean and CO, flux between ocean-atmosphere. The vertical change in
temperature and salinity profiles can as well influence these physical and biogeochemical effects. More
studies on this could provide this response. In addition, we observed in the year of 2009 a possible influence
of Amazon river discharge on NBC ring dynamical parameters, such as Vp,,x and KE, through effects in
water density, flow vorticity and velocity, what might also have contributed for a ring merging event in that
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year. Still, NBC rings merging events, although not very frequent, can significantly increase ring velocity
and energy. However, the mechanism and energy supply that allow then to occur with NBC rings remains
unclear. Moreover, these increase in ring KE can have an impact in the current dynamics around Caribbean,
influencing, for example, phytoplankton distribution. Further works on this would provide this answer.

In this study, the use of reanalysis data associated with this AMEDA tool allowed the investigation of the
intra- to inter-annual variability of NBC rings occurrence and dynamics. Further, the algorithm demon-
strated to be straightforward in the identification of interaction among rings, which facilitate the analysis
of these events. Overall, quantifying ring parameters seasonal and inter-annual variability, and identifying
interaction between eddies, is crucial for understanding ring dynamics and consequently its impacts on the
physics and biogeochemistry of the ocean.

Data Availability Statement

ARMOR 3D data supplied by Copernicus Marine Environment Monitoring Service (CMEMS) at http://
marine.copernicus.eu/. The 24 years of monthly Amazon discharge values recorded at the Obidos Gaug-
ing Station, are available from the Environmental Research Observatory- Geodynamical, hydrological, and
biogeochemical control of erosion/alteration and material transport in the Amazon basin (ORE-HYBAM:
http://www.ore-hybam.org).
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