N

N

The Analysis of North Brazil Current Rings from
Automatic Identification System Data and Altimetric
Currents
Brahim Boussidi, Clément Le Goff, Corentin Galard, Xavier Carton, Sabrina

Speich

» To cite this version:

Brahim Boussidi, Clément Le Goff, Corentin Galard, Xavier Carton, Sabrina Speich. The Analysis
of North Brazil Current Rings from Automatic Identification System Data and Altimetric Currents.
Remote Sensing, 2024, 16, 10.3390/rs16152828 . insu-04729839

HAL Id: insu-04729839
https://insu.hal.science/insu-04729839v1
Submitted on 10 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insu.hal.science/insu-04729839v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

remote sensing

Article

The Analysis of North Brazil Current Rings from Automatic
Identification System Data and Altimetric Currents

Brahim Boussidi 1*©, Clément Le Goff 1, Corentin Galard 12, Xavier Carton 2

check for
updates

Citation: Boussidi, B.; Le Goff, C.;
Galard, C.; Carton, X.; Speich, S. The
Analysis of North Brazil Current
Rings from Automatic Identification
System Data and Altimetric Currents.
Remote Sens. 2024, 16, 2828. https://
doi.org/10.3390/rs16152828

Academic Editor: Mark Bourassa

Received: 29 May 2024
Revised: 26 July 2024
Accepted: 28 July 2024
Published: 1 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sabrina Speich 3

1 eOdyn, 115 Rue Claude Chappe, 29280 Plouzané, France; clement.legoff@eodyn.com (C.L.G.);
corentin.galard@ensta-bretagne.org (C.G.)

Laboratoire d’Océanographie Physique et Spatiale (LOPS), Institut Universitaire Européen de la Mer IUEM,
Université de Bretagne Occidentale (UBO), Brest, CNRS, IRD, Ifremer, 29280 Plouzané, France;
xcarton@univ-brest.fr

Laboratoire de Météorologie Dynamique—IPSL, Ecole Normale Supérieure, 75005 Paris, France;
speich@Imd.ipsl.fr

*  Correspondence: brahim.boussidi@eodyn.com

Abstract: This paper aims to analyze the North Brazil Current (NBC) rings during the initial 5 months
of 2020 using surface currents derived from Automatic Identification System (AIS) data in compari-
son with altimetry-based Archiving, Validation and Interpretation of Satellite Oceanographic Data
(AVISO) current fields. The region of NBC rings is characterized by relatively high marine traffic,
facilitating an accurate current estimation. Our investigation primarily focused on a brief period
coinciding with intensive in situ measurements (EUREC4A-OA experiment). The Angular Momen-
tum Eddy Detection and tracking Algorithm (AMEDA) detection algorithm was then employed to
detect and track eddies in both fields. Subsequently, a particular NBC ring present in the region in
January and February 2020 was examined. The comparison demonstrated that AIS data exhibited
the precision and resolution necessary to effectively identify the NBC rings and smaller surrounding
eddies, aligning well with other datasets such as in situ measurements, sea surface temperature (SST),
and sea surface salinity (5SS) data. Moreover, we established that AIS data yielded accurate regional
velocity fields, as evidenced by an analysis of energy spectra. Furthermore, our analysis revealed
that AIS data captured aspects of eddy—eddy interactions which were not adequately depicted in
AVISO fields.

Keywords: altimeters; ocean currents; rings; AIS

1. Introduction

The North Brazil Current (NBC) is a western boundary current (WBC) dominating the
surface circulation of the Western Tropical North Atlantic ocean (WTNA). It connects the
South Equatorial Current (SEC) with the North Equatorial Current (NEC) along the South
American continental slope, as illustrated in Figure 1. Near the estuary of the Amazon
River between latitudes 6°N-8°N, the NBC loops back upon itself and feeds the North
Equatorial Countercurrent [1,2]. At this retroflection, warm-core anticyclonic mesoscale
eddies, referred to as NBC rings, detach from the main stream and propagate northwest-
ward towards the Antilles. These eddies have been intensively studied over the past few
decades through in situ measurements [2-8], numerical models [5,9,10], and satellite ob-
servations [5,11-17]. At the time of their formation, NBC rings have an average diameter
exceeding 400 km [14]. Their azimuthal velocity reaches approximately 1 m/s. These eddies
move northwestward (towards the Antilles) with translation velocities (Ts) ranging from
0.1 m/s to 0.17 m/s (8-15 km/day) for about 3 to 4 months (see Figure 1) [9-11,14,18].
Their significant speeds affect the regional oceanic circulation and particularly the shape of
the Atlantic Meridional Overturning Circulation (AMOC) [18]. Furthermore, NBC rings
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also play a crucial role in the broader context of global ocean circulation and climate dy-
namics as they transport and disperse relatively warm, low-salinity and nutrient-rich water
originating from the Amazon river [14]. It is likely that the warm and low-salinity water
carried by these eddies enhances the intensity of atmospheric cyclones passing through
that area. A study demonstrated that 68% of Category 5 cyclones (the most intense) passed
over an NBC ring [19].
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Figure 1. Schematic of major ocean currents in the Western Tropical North Atlantic ocean (WTNA)
superimposed on the density plot of ship traffic expressed as the daily mean number of received AIS
messages per bin of 0.125°. The density is calculated for the region considered in this study, spanning
longitudes from 61°E to 52°W and latitudes from 7°N to 14°N.

In this framework, this work takes advantage of the high-resolution ocean surface
current dataset, recently derived from Automatic Identification System (AIS) marine traffic
data [20], to examine the NBC rings and the circulation surrounding them during the
period spanning from 1 January 2020 to 31 May 2020. The objective was to examine the
evolution of NBC rings and their physical properties, based on the detection from AIS data,
and to contrast these findings with satellite altimetry data.

This 5-month period was chosen to cover the EUREC4A-OA experiment at sea [21]. This
experiment was carried out from mid-January to mid-February 2020, north of Brazil and of the
Guyanas, to measure air—sea interactions at the mesoscale and the NBC rings in that region.
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It involved four ships and four planes, from the USA, Germany, and France. In particular, it
yielded data on the NBC ring structure, trajectory, and interaction with neighboring eddies.

The AIS was created under the International Maritime Organization (IMO) convention
as a vessel surveillance system that facilitates the exchange of information among ships
and shores. Today, the AIS is considered as an essential part of global maritime safety.
eOdyn (www.eodyn.com—accessed on 27 July 2024) has repurposed the primary use of
the AIS from its original intent as a surveillance system to ocean surface current estima-
tion wherever maritime traffic exists. This emerging potential offered by the global AIS
network to complement the existing ocean surface current data has been investigated since
2015 [20,22,23]. The technology behind this kind of current measurements relies on the
analysis of ships” movements from collected AIS messages. Thanks to this transmission
system installed on ships, it is possible to almost instantly obtain precious information
regarding the sailing status of each vessel: their position, speed, true heading (heading
relative to the water surface), as well as the course over the ground. The difference in angle
between the true heading and the course over the ground serves as an indicator of the
influence of surface currents. This principle is known as ship’s drift [24-26]. The method
for deducing surface currents from ships’ drift existed long before the AIS era and was
used in the 17th century by Gerard De Brahm and in the 18th century by Matthew Fontaine
Maury [27] to estimate the intensity and direction of the Gulf Stream current. Richard-
son [24,25] further refined this method using historical data from the logbooks of military
and merchant vessels, although with very limited precision in vessel data. Richardson [26]
also demonstrated that the effect of wind on vessels (leeway drift) was negligible as long as
the aerodynamic and hydrodynamic drags were of the same order, which is generally the
case except for container and passenger ships.

Today, thanks to satellite AIS data, it is possible to obtain near-real-time information
on maritime traffic. With over 100,000 commercial ships operating worldwide (https:
/ /hbs.unctad.org/merchant-fleet/—accessed on 27 July 2024), each emitting AIS messages
at a frequency of up to 10 messages per minute, the volume of data generated is immense.
However, current collection systems face technological limitations, preventing the capture
of all emitted messages. The number of AIS messages that satellites can receive daily varies
significantly, influenced by factors such as satellite capabilities, coverage areas, and vessel
density. Consequently, despite the advanced technology in use, not all AIS data can be
effectively collected and processed.

Using satellite AIS data, our previous work [20,23] already demonstrated the po-
tential of AIS data streams to retrieve the ocean surface current in a dynamically rel-
evant region such as the Agulhas region, addressing to some extent the limitations of
altimetry products.

In this study, we apply the AMEDA to the daily AIS current fields on one hand, and the
daily absolute dynamic topography (ADT) maps from satellite altimetry on the other hand,
to identify and track in time ocean eddies and NBC rings, in particular to identify their
trajectories and associated parameters. In the first part of this study, we use the acquired
output form AMEDA to globally assess the ability of AIS data to detect realistic mesoscale
eddy-related structures. We then focus on a particular NBC ring that was detected on both
fields starting from 1 January 2020 until its dissipation on the second half of February 2020.
We provide a complete dynamical description of the eddy as depicted in both datasets. We
also compare our results to NBC rings’ parameters from the state-of-the-art literature.

This paper is organized as follows. Section 2 presents the datasets used in this study.
The methodology is outlined in Section 3. Section 4 presents the results of our analysis.
First, we present the statistics of eddy tracking from AVISO and AIS fields, offering a direct
comparison between the two datasets. Subsequently, we focus on tracking an individual
NBC ring, comparing statistics of their physical characteristics and spatio-temporal vari-
ability as derived from AIS and satellite altimetry data by AMEDA. A discussion and a
regionalization of the results is provided in Section 5. Finally, a summary of our work is
presented in Section 6.
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2. Data
2.1. AVISO/DUACS

In our study, we use the Archiving, Validation and Interpretation of Satellite Oceano-
graphic Data (AVISO) dataset, produced by Collecte Localisation Satellites (CLS) and
provided by the European Copernicus Marine Environment Monitoring Service (CMEMS)
(https://marine.copernicus.eu/—accessed on 27 July 2024), to compare it with the
AlS-derived ocean current product, particularly focusing on eddy activities. This dataset,
specifically the “Delayed Time” and “All-Sat merged” versions, incorporates merged data,
using an optimal space—time objective analysis [28,29], from multiple altimeter missions,
encompassing up to seven concurrent missions [30].

Our analysis employed the gridded format of the AVISO dataset, characterized by
a spatial resolution of 0.25° and a temporal resolution of one day, covering the period of
January-May 2020. A critical aspect of our work was assessing the dataset’s accuracy in
terms of eddy tracking. Although the nominal spatial grid resolution is approximately
25 km, the actual resolution in capturing physical phenomena is likely greater, estimated to
be around 65 km, or possibly even more, as indicated by [31]. Additionally, Amores et al.
(2018) [32] highlighted that the gridded AVISO dataset may underrepresent the number of
eddies, attributing this limitation to its spatial resolution constraints.

2.2. AIS

In this paper, we use ocean surface currents maps derived from space-based AIS data
using the methodology described in [20]. Within the domain of study, we analyzed and
processed more than 10 million messages provided by Spire Maritime (https:/ /spire.co
m/maritime/—accessed on 27 July 2024) from 2988 different vessels. Figure 1 displays a
map illustrating the density of ship traffic, revealing particularly dense activity, especially
within the “eddy boulevard” (highlighted by the red rectangle), which is of importance
for this study. The AIS ocean surface currents were then produced on a regular grid with
a spatial resolution of 0.125° and temporal resolution of one day. To summarize briefly,
the methodology was based on the velocity decomposition principle that can be written
as follows:

‘7sog = ‘7stw + ﬁdrift 1)

where Vs, is the speed over ground, ¢co¢ the course over ground, Vst the speed through
water, @y, the true heading of each vessel considered, iiy,;f; represents the vessel drift which
is primarily due to the ocean surface current (# and v hereafter). This equation can be
reformulated as a system of linear equations after projection onto the appropriate axes,
specifically the zonal and meridional axes:
VsogSin(q)cog) = Vsthin(q)th> +u  (zonal) @)
Vs0g€05(@cog) = VistwCos(@y,) + v (meridional)

Among these variables, all, with the exception of Vs, are provided within the AIS data
messages transmitted by vessels. Consequently, we are presented with a system comprising
three unknowns and only two equations. To resolve this, we instead consider n AIS
messages received from different vessels within a small space-time window (Refer to
Figure 1 for the typical values of n). We assume that the surface current conditions evolve
slowly within that window, ensuring that all vessels experience the same underlying
surface current. This assumption allows us to reformulate the initial equations into the
following linear system:
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‘/soglsin(q)cogl) = Vstw15i”(§"th1) +u
Vsog, €08 (@eogy ) = Vstw, cos(@m,)  +v
: : ©)
Vsog, Sin(@cog,) = Vistw,sin(@m,) +u
Vs0g.€05(@cog, ) = Vistw,c0s(@y,)  +o
Thus, we can express the Equation (3) in the form Ax = b, with:
1 0 sin(ew,) 0 ... 0 u Viog1511(Pcog, )
0 1 cos(pw,) 0 ... 0 v Vsog1€05(@cog, )
A= LX = Vstw1 b= 4)
10 0 oo 0 sin(e,) : VsognSin(@cog, )
01 0 oo 0 cos(om,) Vstw, Vs0g,€05(Pcog,)

Despite the seemingly straightforward approach to solving this linear system, several
challenges arise. A substantial quantity of data is necessary to obtain realistic average
estimates. Without sufficient data, the estimates may not accurately reflect the actual
sea surface currents. Furthermore, the hypothesis that vessels within a given spatio-
temporal window experience the same current is not always accurate. Currents can vary
significantly in space and even more so over time, leading to potential inaccuracies when
solving the above system. Additionally, if all vessels are moving in the same direction,
the system becomes unstable (badly conditioned matrix A), causing the solution to the
equation to diverge. It is also crucial to preprocess and filter the data to eliminate vessels
that are maneuvering, as such vessels can introduce noise and errors into the current
estimates. Moreover, in the presence of strong winds and/or waves, the estimates of sea
surface currents become unreliable. These environmental factors can significantly affect
the accuracy of the current estimates and must be considered in the analysis. The detailed
approach of data filtering is explained in Le Goff et al. [20]. In addition to that, AIS datasets
contain data gaps, particularly in regions with lower traffic, such as the northeastern area of
the region of interest (cf. Figure 1). To address this issue, missing data were reconstructed
using the optimal interpolation scheme [29].

2.3. Assessment of AIS and AVISO Ocean Current Estimates against In Situ Datasets

To assess the accuracy of the AIS and AVISO ocean current estimates, we used the
latest version of the hourly dataset from the Global Drifter Program (data available at
http:/ /www.aoml.noaa.gov/phod/gdp/hourly_data.php—accessed on 27 July 2024). The
dataset comprises horizontal velocity and position estimates at hourly intervals [33] from
22 individual surface drifter trajectories for the study period. Considering the velocities
of the drifters as a “ground truth”, we systematically colocated (in both time and space)
the velocities associated to the drifting buoys with our estimates from the AIS and those
from AVISO. Matchup criteria were set so that the time difference between AIS and AVISO
estimates was within one day and the spatial separation was within 10 km.

Figure 2 presents two-dimensional histograms which compare sea surface current esti-
mates from the AIS and AVISO datasets with colocated measurements from drifting buoys.
The first row illustrates the zonal component, while the second row depicts the meridional
component, with AIS data shown on the left and AVISO data on the right. Notably, the
accuracy of both datasets is quite similar when compared to the drifters, with both AIS and
AVISO exhibiting a root-mean-square error (RMSE) of 0.18 m/s for the zonal component.
Additionally, we observe a relatively slight improvement in RMSE for the AIS meridional
component (0.16 m/s vs. 0.18 m/s). Interestingly, for the AVISO zonal component velocities
(first row), the lowest absolute values never exceed —0.5 m/s. This, however, is clearly
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not the case for the AIS zonal estimates, where the absolute values quite regularly exceed
—0.5m/s.

AIS vs Drifting buoys
Zonal component

AVISO vs Drifting buoys
Zonal component

1 350 1 350
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300 300
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Figure 2. Two-dimensional histograms comparing sea surface current estimates from the AIS and
AVISO datasets with reference measurements from drifting buoys. The first row shows the zonal
component, and the second row shows the meridional component, with AIS data on the left and
AVISO data on the right. Each plot includes the RMSE coefficient (in m/s).

2.4. The EUREC4 A-OA Measurements

During the EUREC4A-OA experiment at sea, the two research ships, R/V L’ Atalante
and R/V Maria S. Merian, measured the surface oceanic currents with Ship-mounted
Acoustic Doppler Current Profilers (S-ADCPs). On both ships, currents down to 1000 m
depth were measured with the 38 kHz S-ADCP. On R/V L’Atalante, a 150 kHz S-ADCP
provided currents with a higher accuracy but only down to 200 m depth (in practice). On
R/V Maria S. Merian, a 75 kHz S-ADCP measured currents down to 800 m depth, again
with a better accuracy than the 38 kHz one. The best accuracy on the velocity measurement
was the largest of 5% of the sampled velocity or £0.005 m/s. With currents of about
0.5 m/s in the NBC rings, the accuracy was therefore +0.025 m/s [12,34].

2.5. Numerical Model

To compare the energy spectra from the AVISO dataset and the AIS with those of
a numerical model of the region, we made use of reanalyses of a (1/12)th-of-a-degree-
resolution HYCOM model, with 41 vertical levels (a reanalysis of the GOFS3.1 simulation).
This hybrid coordinate ocean model assimilated surface data (SSH and SST) and Argo float
profiles but not the EUREC4A data. The surface currents were extracted from the model
results with a 1-day sampling period.

3. Eddy Detection and Tracking Method

In this study, NBC rings from the AlS-based current and AVISO datasets were identi-
fied and tracked in time by the AMEDA detection and tracking algorithm [35]. AMEDA
is a hybrid algorithm based on dynamic parameters and geometric properties of the ve-
locity field that detects eddies by identifying minima and maxima on the velocity field
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and selecting closed streamlines around them. The algorithm also dynamically tracks
eddies backward and forward in time. Eddy tracks detected by AMEDA are labeled as anti-
cyclonic (AE) or cyclonic (CE) based on their sense of rotation, with physical information on
the closed contour of maximum velocity: the eddy lifetime, radius of maximal azimuthal
velocity (Rmax), modulus of maximal azimuthal velocity (Vmax), Rossby number (Ro),
eddy kinetic energy (EKE), amplitude, translation speed (Ts), and covered distance. The
main advantage of the AMEDA tracking algorithm is also its ability to capture multiple
eddy interaction events such as merging and splitting events.

This detection was applied to 5 months (1 January 2020-31 May 2020) of AIS current
fields and the “all-sat-merged” series of delayed time daily ADT maps gridded at 1/4° in
the NBC region [-62°E-52°E; 6°N-15°N].

Note that we obtained similar detection and tracking of eddies when comparing
AMEDA with the TOEddies detection and tracking algorithm [36,37].

4. Results
4.1. Eddy Tracking Statistics

Table 1 shows the number of detected individual eddies and the associated number
of trajectories in the AIS and AVISO datasets within the region of interest and during the
time period of the analysis. Only trajectories that lasted at least 7 days were included and
all shorter trajectories were excluded from the analysis. This value was slightly smaller
than the altimetry mapping decorrelation time of 10 days [38]. It is important to clarify
that the term “individual eddy” refers to the singular manifestation of either a cyclonic or
anticyclonic structure identified at a specific location on a given daily map. Conversely, an
eddy track denotes the continuous trajectory of an eddy throughout its temporal existence.
Following the restriction above, the algorithm detected more individual eddies from the
AVISO fields than from the AIS (9% more). Conversely, more trajectories were detected
within the AIS fields (48 vs. 43). For the individual AVISO eddy numbers, the cyclonic
(CEs) and anticyclonic Eddies (AEs) had a balanced contribution, each comprising 50% of
the total count, whereas for the AIS fields, the AEs represented more than two-thirds of the
individual eddies. In particular, this indicated that AEs were longer lived than CEs. Also,
the AIS AE trajectories outnumbered the AVISO AE’s by 5 (25 vs. 20). The number of CE
trajectories was the same in the two datasets.

Table 1. The number of individual eddies and the associated number of trajectories in the AIS and
AVISO datasets. These results are based on trajectories lasting at least 7 days. Shorter trajectories
were excluded from the analysis.

AIS AVISO
Total 821 900
Individual eddies (snapshots) AE 520 (64%) 450 (50%)
CE 301 (36%) 450 (50%)
Total 48 43
Trajectories (dynamic view) AE 25 (52%) 20 (46%)
CE 23 (48%) 23 (55%)

4.2. Individual NBC Ring Tracking

In this section, our attention turns to an anticyclonic eddy located in the NBC region. This
eddy is an NBC ring, formed near the Amazon estuary in the Atlantic Ocean through the
retroflexion of the NBC. Here, we examine its spatial and physical properties from AMEDA as
depicted by the two datasets, AIS and AVISO. This particular eddy was observable from early
January 2020 until its definitive dissipation on 16 February 2020. It retained our attention due to
its persistent presence during the EUREC4A-OA oceanographic campaign (http://eurec4a-oa.e
u/—accessed on 27 July 2024), which sampled it via several sections.
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4.2.1. Statistics of Physical NBC Characteristics Derived from AIS and Satellite
Altimetry Data

In this section, we computed the average parameters (translation speed, Rmax, Vmax,
and Ro) for the NBC ring during all the time steps when it was inside the region of
interest. The outcomes of this analysis and results from previous studies are summarized
in Table 2. It is important to note that the parameters provided for both AIS and AVISO
datasets represent the average values computed throughout their duration within the
study area. This differs from the state-of-the-art reference parameters, which were derived
from averaging over an extended period encompassing various detected rings within the
region. The comparison of these values show that the measurements via AIS and AVISO
fit in the range of historical data but for its radius of maximal velocity; a reason for this is
proposed below.

Table 2. Statistics of physical NBC characteristics derived from AIS and satellite altimetry data
compared with results from previous studies using different measurement methods.

Par AIS AVISO Historical Values
Ts 018m/s 014m/s 0.15, 0.16, 0.15, ?61;)1011?’301% 0.17,0.17 m/s
Rmax 102 km 110 km 124 km, 140, 140 km [12,16,17]

Vmax 05m/s 04m/s 0.45,0.4, 08[,20443,811, ]().]725,]069_,]%]37, and 0.40

Ro 0.20 0.15 0.17, 0.08, [0.12 and 0.26], 0.33 [5,8,12,16]

Translation speed

AMEDA estimates for the AIS NBC ring translation speed showed that it varied from
a minimum of 0.04 m/s to a maximum of 0.45 m/s, with an average value of 0.18 m/s
(15.50 km/day). AVISO values, on the other hand, varied from 0.03 m/s to 0.22 m/s,
with an average value of 0.14 m/s. For comparison, different methods yielded translation
speeds of 0.15, 0.16, 0.15, 0.16, 0.15, 0.14, 0.17, and 0.17 m/s, as reported in [6,7,11-15,17],
respectively.

Rmax

The analyses of the AIS NBC ring radius Rmax provided an average value of 102 km,
with a minimum of 42 km and a maximum of 130 km. For the AVISO ring, we observed sig-
nificantly less variability in Rmax during the tracking time period, with an average value of
110 km. The minimum and the maximum were found to be, respectively, 88 km and
130 km. Results from the EUREC4A-OA campaign [12] provided an average value of
123.9 (£23.3) km, with a minimum of 65 km and a maximum of 179.8 km. Results from
previous studies [16,17] provided relatively larger values for Rmax (i.e., bigger structures),
with an average value around 140 km. However, their analyses may have been based on
measurements performed at the time of maximal sea level anomaly (SLA) for each ring,
potentially coinciding with periods of higher Rmax values.

Vmax

The minimum and maximum values of the mean azimuthal velocities corresponding
to the AIS ring were 0.23 m/s and 0.6 m/s, respectively, while the mean value for Vmax
was 0.5 m/s. AVISO found a lower mean value of Vmax of 0.4 m/s. The corresponding
minimum and maximum values were found to be 0.32 m/s and 0.5 m/s, respectively.
During the EUREC4A-OA campaign [12], a mean azimuthal value of 0.45 (+0.11) m/s was
reported. Among other studies, different methods yielded a Vmax mean of 0.4, 0.8, 0.42, 1,
0.75, 0.9, 0.37, and 0.40 m/s, as reported in [2,4,5,8,11,16-18], respectively.

Ro

Finally, the Rossby number of the selected NBC ring from the AIS varied from a
minimum of 0.14 to a maximum of 0.32, with an average value of 0.20. In comparison, the
AVISO ring presented a lower Rossby number ranging from 0.10 to 0.21 with an average
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value of 0.15. The Rossby number is defined as the ratio of inertial to Coriolis forces in
a rotating fluid system, relying on the Coriolis parameter f, which decreases near the
Equator. Consequently, within this region, Ro values are higher than those observed in
regions situated farther from the equatorial belt. In comparison, ref. [12] found during the
EUREC4A-OA campaign that rings possessed an average Rossby number of 0.17 (+0.03),
with values ranging from a minimum of 0.08 to a maximum of 0.27. Different methods
yielded various values of 0.08, between 0.12 and 0.26, and 0.33, as reported in [5,8,16],
respectively.

4.2.2. Temporal Variability of Physical NBC Characteristics Derived from AIS and Satellite
Altimetry Data

The detailed trajectory of the NBC eddy, as detected and tracked by AMEDA, is
depicted in Figure 3. The trajectories (black for AIS and magenta for AVISO) correspond
to the centers of the closed contour detected from the velocity fields. The set of daily
contours corresponding to Rmax and Vmax is displayed for each configuration. Despite the
trajectory from the AVISO dataset being relatively smoother than that from the AIS dataset,
both trajectories are close and superimposed. The smoothness of the AVISO trajectory arises
from the fact that the product uses Level 3 along-tracks altimetric data that are spatially
and temporally optimally interpolated to create a complete grid [28,31]. This interpolation
smoothes out the currents and, consequently, the eddies detected by AMEDA. This is not
the case for currents derived from AIS data, which are temporally resolved more efficiently
due to the significant maritime traffic in the Eddy Boulevard region (cf. Figure 1).

. . . .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Days since 1 Januray 2020 Days since 1 Januray 2020

Figure 3. The trajectory of the NBC ring spanning from 1 January to 16 February 2020 (AVISO in
magenta and AIS in black), along with the daily shapes of the detected eddies by AMEDA. Left panel
for AVISO and right panel for AIS.

In both fields, the eddy moved (quasi) westward, at a latitude of 9°, for the period
between the 1st and the 25th of January, then northwestward for the rest of its lifetime,
at a relatively constant speed of about 15.5 km/day (equivalent to 0.18 m/s), which was
relatively low compared to its maximum azimuthal speeds Vmax ranging (on average)
between 0.4 and 0.5 m/s from both fields. Overall, the AIS ring demonstrated greater vari-
ability in its characteristic size when contrasted with the AVISO ring, which maintained a
more stable size and translation speed throughout the lifespan of the eddy. From Figure 4b,
we can divide the analysis into two parts.

Until the 15th of January 2020, the NBC ring from AIS data had an average diameter
of approximately 260 km (Rmax ~ 130 km), notably larger in size compared to that from
AVISO data (/2240 km). During that period, the AVISO ring’s diameter slightly decreased



Remote Sens. 2024, 16, 2828

10 of 20

to reach its minimum value of 200 km between 15 and 20 January, just prior to shifting its
direction towards the northwest.
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Figure 4. Temporal variability of NBC ring parameters as derived from AMEDA using AIS (blue
curves) and AVISO (red curves) velocity fields. (a) Ellipticity, (b) Rmax, (¢) Vmax, and (d) Rossby
number (Ro) over the 46 days of NBC ring tracking.

Conversely, the AIS eddy experienced a sudden drop in its diameter around the 25th of
January, reaching 80 km, which then gradually increased until reaching 160 km, ultimately
matching the size observed for the AVISO eddy by mid-February. The NBC ring eventually
weakened in the second half of February before colliding with the Lesser Antilles, where
the eddy broke up and dissipated by interaction with the topography [2,9-11,18]. The
eddy vanished from the AIS map on February 17th, but it remained visible on the AVISO
dataset for an additional week, approximately corresponding to the altimetry mapping
decorrelation time.

The general shape of an eddy can be compared to that of an ellipse, with an ellipticity
parameter defined as e = |1 — b/a|, where a and b represent the major and minor axes,
respectively. Thus, when ellipticity approaches zero (resp., one), the shape of the eddy is
purely circular (resp., elliptical). The ellipticity parameter also serves to characterize the
stability of an eddy, as a more circular shape indicates greater stability [39]. Asillustrated in
Figure 4a, both the AIS and AVISO current datasets exhibited variable ellipticity parameters
ranging from 0.1 (quasi-circular) to 0.6 (highly elliptical).

Based on the ellipticity parameter, five key phases in the life cycle of the NBC ring
could be distinguished. In the initial phase (0-6 days), the eddy displayed a predominantly
circular form (e < 0.3), with approximately the same values for both AIS and AVISO rings,
with notable high azimuth velocity Vmax and radius Rmax characteristics (Figure 4b,c).
Subsequently (6-15 days), the AIS eddy became more elliptical, contrasting with the
AVISO ring, while maintaining a low Rossby number (~0.16). Moving into the third
phase (15-21 days), both eddies exhibited similar and significant ellipticity (e > 0.2) and
a low Rossby number. Phase four (22-35 days) was characterized by a sharp rise and fall
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in ellipticity for both eddies. In the AIS currents, the eddy bifurcated at its maximum
ellipticity before merging with another eddy to regain a circular form. These merging and
splitting events are discussed in the next section. Notably, the Rossby number peaked at
approximately 0.32 for the AIS ring. The final phase (35-47 days) marks the weakening
and eventual disappearance of the eddies, with the AIS eddy vanishing first, displaying a
higher ellipticity towards the end of its lifetime. During this phase, the Rossby number, as
well as the other parameters of the two eddies, tended to converge once again.

4.3. Spatio-Temporal Variability of the NBC Ring as Derived from AMEDA

To further investigate the NBC ring characteristics, we focused on the eddies’ inter-
actions during the considered time period. Figure 5 shows the AMEDA detection of AE
(blue) and CE (red) eddies, within the region of interest, at five different days spanning
from 22 January to 3 February. Around 22 January, the NBC ring observed in both the AIS
and AVISO data tended to be trapped into an northwestward-flowing jet along the coast.
This jet originated from the north of the eddy for the AIS field and further to the northeast
for the AVISO field. In both cases, the jet engulfed the NBC ring on its southern side (map
of 22 January on Figure 5), then headed towards the Antilles. This shape for the jet is
unusual [27] as it generally follows the coast of South America. However, the NBC ring was
clearly elliptical with a major axis in the meridional direction (in both fields), suggesting
that a jet meander existed and created the necessary shear. The ellipticity parameter of the
NBC ring then became significant (0.45 for AVISO and 0.55 for AIS), and its stability was
compromised. The dynamics of the two fields were still very close at that stage, but the
AIS and AVISO current fields and the underlying NBC ring started to behave differently
thereafter. The AVISO data were more straightforward to analyze. The jet coming from
the east appeared to have two sources. The first one was located around 12°N. The second
and more intense source was located in the southeast (52°W, 7°N), which then moved
northward to merge with and reinforce the first source. As the jet approached the NBC
ring, it split into two branches, one passing north of the ring along a perfectly zonal path,
the second branch reaching the NBC ring to its southeast before ascending towards the
northwest. This stable situation, which allowed the NBC ring to progressively regain a
more circular shape (e < 0.1), remained unchanged throughout the entire period.

However, the configuration was different for the NBC ring in the AIS field. On January
26th, similar to the AVISO data, one of the jet sources was located in the eastern part of the
area around 12°N. However, another source was located north of the ring. Consequently,
the two jets merged and circulated around the NBC ring as shown in Figure 5b. This
circulation was different from that visible on the AVISO field as the northern quasi-zonal
flow (at 12°) (Figure 5g—j) was absent. Given this configuration, the NBC ring was stretched,
and its ellipticity increased (Figure 4a). On January 24, 25, and 26, the NBC ring in the AIS
field split into two smaller eddies visible in Figure 5b. AMEDA observed a sudden decrease
in the radius Rmax and the mean azimuthal velocity of the NBC ring (Figure 4b,c). In fact,
a splitting event occurred as the AMEDA map shows a contour encompassing these two
vortices (black dashed lines). Subsequently, another anticyclone, which had been detected
in the AIS current field since 19 February, approached the NBC ring on 29 and 31 January
(Figure 5c,d), ultimately merging with it on 2 February. The NBC ring absorbed some of the
energy from this anticyclone, resulting in an increase in its radius and azimuthal velocity.
Finally, it regained a more circular shape. Note also that there was a closed contour around
the two eddies on 22 January. This contour is represented by a green line in Figure 5a. This
closed circulation gradually tightened, ultimately corresponding to the merger of the two
anticyclonic eddies. This merging event was responsible for very strong currents over a
short distance, resulting in a significant Rossby number.

Finally, on 3 February, both current fields exhibited an NBC ring of similar size,
position, and deformation, though the currents are relatively different.
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Figure 5. AMEDA detection of anticyclones (blue) and cyclones (red) over 5 days in AIS (a—e) and AVISO
(f—j) fields. The contour of the NBC ring tracked and analyzed in Sections 4.2 and 4.3 is displayed in

dashed blue in the 5 snapshots.
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Another significant process, not present in the AVISO data but solely detected through
the AIS data, near the NBC ring in February involved the merging of two cyclones. This
particular merging event is shown in Figure 6 through consecutive snapshots taken inter-
mittently from February 5th to February 19th of ocean surface datasets derived from the
AIS (top panel) and altimetry (lower panel). From February 1st to 5th, snapshots revealed
the gradual approach of the two cyclones towards each other, resulting in the formation
of a connected region by 11 February, as indicated by the black dashed curve detected
by AMEDA. Subsequently, they begin to aggregate, forming a larger eddy. On February
11th, only a single eddy is observed in the snapshot, confirming the occurrence of cyclone
merging. On the AVISO side, AMEDA began detecting the cyclonic eddy from February
7th, which continued to grow in size following the same trajectory as the AIS eddy, without
showing any merging event.

AIS |09-Feb-2020 AIS [11-Feb-2020 AIS [13-Feb-2020 AIS [15-Feb-2020 AIS |17-Feb-2020
m = sy === = == n =

ol
e 298
e

AIS [19-Feb-2020

DUACS |17-Feb-2020

— Anticyclone
—Cyclone

- - last contour

— Interaction contour

Figure 6. Comparison of ocean surface datasets for detecting eddy merging events. Consecutive
snapshots taken intermittently from 5 February to 19 February of ocean surface currents (black arrows)
derived from AIS (top panel) and altimetry (lower panel) datasets. The AIS-derived dataset reveals
the emergence of a merging event of two small cyclones, whereas the altimetry-derived dataset fails
to detect this process. This comparison highlights the effectiveness of AIS data in capturing certain
oceanic phenomena, such as eddy merging events, that may be missed by altimetry.

5. Discussion

The previous section showed how useful the AIS data were to study NBC rings. More
generally, we wished to validate the quality of AIS data, and their realism at a regional
scale, by computing energy spectra.

Figure 7 shows the power spectra of sea surface velocities (kinetic energy spectra) for the
rotational part of the AIS velocities (called OS rot), the AVISO geostrophic velocities, and the
rotational velocities from a HYCOM model simulation (called Hycom rot) at a (% )th-degree
resolution. The nonlinearity of this HYCOM simulation with altimetric data assimilation
allowed the generation of smaller scale features than rings. The usual k—2 spectrum of two-
dimensional turbulence in the inertial range of enstrophy cascade [40—42] was recovered for
scales larger than 250 km. Note that that scale was comparable with the Rhines scale of turbu-
lence on the beta-plane [43]. Indeed Lg;, = /U/ B, which provides, with typical values of the
current in the region (U = 1m/s)and  ~ 2 10711 /(m.s), Lg, ~ 225 km. A slope discontinu-
ity appeared at that scale, yielding a steeper spectrum E (k) ~ k~* down to scales of about
80 km. Indeed, the presence of developed vortices in turbulence rendered the spectra
steeper than k=3 [44-47]. This spectrum steeper than predicted by the phenomenological the-
ory could also be related to the presence of vorticity filaments [48]. For even shorter scales,
(25 < L < 80 km), while the AVISO data joined the phenomenological spectrum (mostly
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due to energy spreading between scales via data interpolation), the AIS velocity spectrum
remained in agreement with the high-resolution HYCOM simulation. This evidenced the
presence of stronger vorticity gradients in these latter results than in AVISO’s.

10 Mg — AIS
‘\\ — Aviso
. ~
10-2 S —— Hycom rot

Power Spectrum

" 500km  200km 100km 50km  20km
Wavenumber

Figure 7. Surface velocity power spectra averaged over the 5-month period for the different current
fields. k=3 and k= spectra are superimposed.

The observations made on the last figure drew us towards a joint analysis of the
normalized vertical vorticity and normalized lateral strain rate [49]. The steepness of the
energy spectrum with the AIS data reflected clear-cut vorticity fronts. Joint statistics of
the normalized vertical vorticity {/f = (vx — uy)/f and normalized lateral strain rate

a/f= (\/ [ty — vy]z + [ox + vy]z) /f are shown in Figure 8, where u, and u, (respectively,
vy and vy) are the derivatives of the zonal (respectively, meridional) component with
respect to the x-axis and y-axis. f is the Coriolis parameter. The plots show how different
the vorticity and strain distributions were between the AIS and AVISO data: the AIS data
indicated (on average) stronger values of vorticity, with a slight bias towards negative
values (i.e., more anticyclonic eddies), and stronger values of the (negative) strain rate.
Again, this is in agreement with more intense and sharper flow features in AIS data.

Iog10 PDF

¢/f ¢/t

Figure 8. Joint probability distribution functions (PDFs) on a logarithmic scale of the normalized
vertical vorticity and normalized lateral strain rate based on AIS (left) and AVISO (right) data.
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To complement this point, we present orthoradial velocity profiles of the NBC ring
for 5 January 2020 and 3 February 2020, as determined by AMEDA from AIS and AVISO
data (Figure 9). These profiles correspond to the mean velocity averaged along each closed
streamline (starting from the eddy center) as a function of the mean radius. The blue and
red profiles correspond to the mean values ((R); (V)) computed from AVISO and AIS data,
respectively, while colored dashed ones are obtained from the following cyclogeostrophic
equation [50] with different values of Coriolis frequencies.

(V) = —f<§>(1 —/1+ 4f<<‘1/{g>>) ©)

where f is the Coriolis parameter, V; is the geostrophic velocity profile corresponding to the
AVISO products, and (R) is the mean radius. This cyclogeostrophic correction is essential
for intense large-scale anticyclones, as the geostrophic balance—crucial for deriving surface
velocity from altimetric data—may not hold true and could significantly underestimate
their intensity. In Figure 9, the AIS velocities are clearly faster than those obtained by
AVISO and, on the left-hand subplot, they correspond better to a cyclogeostrophic balance.
This is consistent with the higher Ro observed with AIS data for the NBC ring. On the
right-hand subplot, the AIS eddy velocities are again much larger than those provided
by AVISO, but they appear now in excess of those corresponding to a cyclogeostrophic
balance. This may be related to too smooth sea-surface height (SSH) gradients.
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Figure 9. Radial profiles of velocity ({(R); (V)) in NBC rings for 5 January (left) and 3 February (right),
2020. The profiles for AIS and AVISO eddies are displayed in blue and red, respectively. Profiles
corresponding to cyclogeostrophic balance from the pressure field, calculated with different Coriolis
frequencies “f”, are shown in dashed lines.

Another quality check (and usefulness validation) of the AIS data at the regional
scale is provided by the comparison between the AIS currents and SSS or SST maps (see
Figure 10). The left-hand column indicates—but for a small anomaly at 9°N-57°W—how
well the freshwater plume from the Amazon River is advected by the velocity field, and in
particular, how it is funneled along the coast, inshore of the NBC rings. Further west, this
freshwater circulates anticyclonically around the western NBC rings—at 10°30'N-57°W.

Concerning SST, in the right-hand column, two strong horizontal gradients are noticed,
one between the coast and the NBC, or its ring, and one between the latter and the offshore
waters. The warm waters are clearly enclosed in streamlines of AIS currents, in particular
in the NBC rings.

From January 27 to 29, 2020, the R/V L'Atalante conducted an eastward zonal section of the
NBC ring at 9.4°N, utilizing, among other instruments, ADCP profilers (Figure 11—Section 5). Subse-
quently, from February 12 to 13, the R/V L’Atalante traversed the ring again
(Figure 11—Section 32), shortly before the R/V Maria S Merian sampled it on 14 February
(Figure 11—Section 28) and 15 February (Figure 11—Section 29). These sections yielded
high-resolution observations of the vertical structure of the ring. Clearly, two features
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appeared on the four sections: (1) the velocity was intensified above a 100 m depth, but
the L"Atalante sections which were more accurate vertically (due to the use of the 150 kHz
ADCP) also showed a weaker secondary intensification of the current below a 150 m depth;
(2) there was a notable vertical tilt of the NBC rings, at least for the two L’ Atalante sections,
and for the Merian Section 28. This tilt can be interpreted either as the effect of the NBC
ring propagation, of the interaction with another surface eddy, or as the superposition of
a surface ring with a subsurface ring. All sections showed velocity moduli at least in the
[—0.5,40.5] m/s range. Peaks at =1 m/s were observed on the earliest section (L' Atalante
Section 5). Such values were mentioned earlier for NBC ring rotational velocities [2]. We
can also note that the locations of velocity maxima provided by the AVISO and AIS data
were satisfactory and mostly corresponded to the location of the surface velocity maxima,
when the rings were vertically tilted. Concerning the Maria S. Merian data, the agreement
was slightly better with AVISO than with AIS for that position.
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Figure 10. Surface salinity anomaly (SSS, left) from SMOS and sea surface temperature (SST, right).
Streamlines depict AIS currents.
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Figure 11. ADCP sections performed by R/V L’Atalante and R/V Maria S Merian during the
EUREC4A-OA experiment. The first to fourth rows correspond to Sections 5 and 32 of R/V L'Atalante
and Sections 28 and 29 of R/V Maria S Merian (in chronological order), respectively. For each section,
the first panel shows the trajectory of the R/V in black, with the magenta triangle indicating the
beginning of the section. Red and blue contours represent the NBC ring detected by AMEDA in
AIS and AVISO currents, respectively. The black dashed line indicates the last closed contours. The
second panel displays the velocity orthogonal to the section, as measured by the ADCP. Red and
blue vertical dashed lines indicate the maximum velocity contours provided by AMEDA.
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6. Conclusions

In areas of intense commercial navigation, the AIS data are sufficiently dense spatially
to accurately reproduce the ocean currents at a regional scale and at a mesoscale, with a good
similarity to numerical ocean models (such as HYCOM). In particular, they show intense
currents and intense velocity gradients which are not displayed by AVISO geostrophic
currents. Even though the SWOT satellite will provide high-resolution surface currents in
the near future, these currents will still be geostrophic. The AIS data provide the whole
current and in particular, the divergent flow. This can be used to validate the estimates of
Ekman currents or of wave currents.

Our study evidenced that AIS data were precise enough and well resolved to identify
the NBC rings, and smaller, surrounding eddies, in good agreement with other data (in
situ measurements, SST data). Subsequently, we showed that AIS data provided accurate
velocity fields regionally (in terms of energy spectra).

The AIS are also dense in time in these regions. This allows the tracking of the NBC
rings in time and the determination of their trajectories and their deformation along these
trajectories. Furthermore, this deformation can be related in part to eddy—eddy interactions,
which are properly described with the AIS dataset but not observed in AVISO fields.

Our study was focused on a short time span, around a period of intensive in situ
measurements (EUREC4A-OA experiment). Further work will indicate, on a longer run,
if the statistical characteristics and properties of eddies are better reproduced with AIS
data in this region (and in the Arabian Sea), where maritime traffic is sufficient to provide
high-resolution, high-frequency data on ocean currents.
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Abbreviations

AMEDA  Angular Momentum Eddy Detection and tracking Algorithm

AMOC Atlantic Meridional Overturning Circulation

AVISO Archiving, Validation and Interpretation of Satellite Oceanographic Data
CLS Collecte Localisation Satellites

CMEMS  European Copernicus Marine Environment Monitoring Service

NBC North Brazil Current

NEC North Equatorial Current
SEC South Equatorial Current
SLA Sea level anomaly

5SS Sea surface salinity

SST Sea surface temperature
WBC Western boundary current

WTNA Western Tropical North Atlantic ocean
IMO International Maritime Organization
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