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ABSTRACT

The intra-annual variability of the tropical Atlantic Ocean north of the equator is investigated with satellite

altimetrymean sea level anomaly data andwith an algorithmbased on empiricalmode decomposition (EMD)

methods. Two regions of high variability are identified. The first region, between 38 and 128N, is characterized

by the presence of westward-propagating eddies linked to theNorth Brazil Current (NBC) retroflection in the

vicinity of the Brazilian coast. They show a strong annual cycle. In this paper the EMD algorithm points out

that this signal is frequencymodulated shifting from large length-scale structures inOctober to smaller ones in

March. Consequently, the number of ‘‘eddies’’ per year can be aliased, according to the time and location of

sampling, and can impact the percentage they explain of the interhemispheric exchange of mass and heat

associated with the meridional overturning circulation’s upper limb. A scenario concerning this dynamics is

proposed. The second region reveals the presence of westward-propagating instability waves centered north

of the equator (38–78N) between 508 and 108W. These instability waves are also frequency modulated and

show a strong seasonal cycle with maximum amplitude around August.

1. Introduction

The tropical North Atlantic, between 38 and 128N, is

characterized by the presence of westward-propagating

eddies linked to the North Brazil Current (NBC)/North

Equatorial Countercurrent (NECC) retroflection. The

rings are shed in the vicinity of the Brazilian coast where

the NBC forms a strong meander that retroflects into the

NECC.After separating from the retroflection region, the

rings travel northwestward along the Brazilian coast.

Since their first description a decade ago (Johns et al. 1990;

Didden and Schott 1993; Richardson et al. 1994;

Fratantoni et al. 1995), these structures have received in-

creasing attention, as they may constitute an important

component of the upper limb return flow of the meridio-

nal overturning circulation (MOC) by contributing to the

northward transport of southern Atlantic water into the

northern subtropical gyre (e.g., Pauluhn and Chao 1999;

Goni and Johns 2001; Fratantoni andGlickson 2002; Goni

and Johns 2003; Johns et al. 2003; Fratantoni and

Richardson 2006; Jochumsen et al. 2010). Other mecha-

nisms include possible shallow coastal currents along the

South American shelf and Ekman transport in the ocean

interior (Candela et al. 1992; Mayer and Weisberg 1993;

Fratantoni et al. 2000; Halliwell et al. 2003). Previous

studies stated that these rings may account for 25% of the

interhemispheric exchange of mass and heat associated

with the meridional overturning circulation’s upper limb

(Johns et al. 1990; Didden and Schott 1993; Richardson

et al. 1994; Fratantoni et al. 1995). Goni and Johns (2001)

increase this percentage to more than 30%, while Garzoli

et al. (2003) contend that these rings may be responsible

for more than 50% of the interhemispheric exchange.

These different percentages are explained by the different

estimates of the number of rings and their characteristics

made by these authors. Table 1 summarizes the charac-

teristics of the eddy structures issued from these studies.

The number of eddies per year varies from 2 to 9. The

propagation velocities range between 8 and 18cms21. The

ring length scales extend from 195 to 400km. Thus, their

relevance for the northward transport of South Atlantic

water clearly depends on their frequency of generation

as well as on their horizontal and vertical structures.

Fratantoni et al. (1995), from both observations and

modeling, were one of the few authors to notice a seasonal

modulation in these characteristics. For instance, they

found a ring diameter varying from70–100km inMarch to
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250km in November. But they did not give any in-

formation for these differences. Athié and Marin (2008)

also identified a frequency difference in their structures

along 58N east and west of 308W but again without any

explanation. From a geophysical dynamics point of view,

Nof andPichevin (1996) explain this western variability by

purely local instability processes or momentum balance.

Other authors involve a remotely propagating influence

originating in the interior (Johns et al. 1990; McClean and

Klinck 1995). According to Jochum and Malanotte-

Rizzoli (2003), the mechanisms governing their genera-

tion, detachment, and propagation pose a very interesting

and complicated dynamical problem. The interaction be-

tween eddies and tropical instability waves (TIWs), for

instance, has been discussed.

TIWs are known, since the pioneer works of Düing
et al. (1975), Weisberg (1980), Legeckis (1977), and

Philander et al. (1986), for instance, to be a common

large-scale propagating feature of the tropical ocean

variability. TIWs play a role in climate variability, as

they can influence the phase of the seasonal cycle, and

the position of the equatorial cold tongue and of the

intertropical convergence zone (ITCZ), the oxygen,

and salinity front along the equator, and the plankton and

nutrient distribution (Menkes et al. 2002 ; Jochum and

Malanotte-Rizzoli 2003; Lee et al. 2012). Different types

of TIWs can exist, depending on the region: Yanai waves

at about 17 days, characterized by fluctuations in merid-

ional velocity at the equator and in subsurface tempera-

ture at 28N and 28S; and unstable Rossby waves at about

33 days, characterized by the subsurface temperature at

58N (Lyman et al. 2007; Bunge et al. 2007; Han et al. 2008;

Lee et al. 2012; Yin et al. 2014). Theoretical studies (e.g.,

Philander 1978; Jochum et al. 2004) have related the

phenomenon to the instability of the strong zonal flows

that characterize the circulation in all three equatorial

oceans although other factors, such as Kelvin–Helmholtz

instability, could occur (Proehl 1996). It is usually as-

sumed that TIWs are predominantly generated by baro-

tropic instabilities as a result of the meridional shear

between the northern South Equatorial Current (nSEC)

and the NECC or the shear between the nSEC and the

Equatorial Undercurrent (EUC), and that the baroclinic

instabilities related to the vertical shear of the mean

current are negligible (Weisberg and Weingartner 1988;

Philander et al. 1986; Kelly et al. 1995; Jochum et al.

2004). However, McCreary and Yu (1992), using a non-

linear 2.5-layer model, find that their surface-trapped

instability is primarily frontal (baroclinic) instability.

Grodsky et al. (2005) suggest, from in situ data at 238W,

that both processes are important, as do von Schuckmann

et al. (2008). These authors find that in the Southern

Hemisphere, TIWs are forced only by baroclinic in-

stabilities associatedwith the vertical shear of the SEC. In

the Northern Hemisphere, baroclinic instability caused

by the vertical shear of the nSEC and barotropic in-

stabilities caused by horizontal shears of the EUC/nSEC

and nSEC/NECC contribute. Some questions are still

pending about their occurrence, their location, and the

way they could interact with other phenomena.

Valuable global datasets such as altimetry datasets

have become precious allies for oceanic investigations

from long and basinwide time series.With nearly 30 years

of data, satellite altimetry now offers a unique opportu-

nity to explore this variability in detail, in particular

propagating structures, which are an important compo-

nent of the tropical ocean variability. A critical point now

is to establish methods to identify the processes through

these data, to point out their potential modulation in

time, and to establish their connection. To our knowl-

edge, the empirical mode decomposition (EMD)method

is one of the few methods answering these criteria. The

TABLE 1. Mean characteristics of the eddies and mesoscale structures as noted in previous studies.

Investigator

Rings per year

(w.r.t. years in other studies) Ring length scale (km)

Propagation velocity

(km day21)

Johns et al. (1990) 3–4 (1987–88) 400 10–15

Didden and Schott (1993) 2 (Nov 1988–Jun 1989) 250 13

Richardson et al. (1994) 3–4 (1989–92) 250 8–12

Fratantoni et al. (1995) 3–5 (Sep 1987–Aug 1998 for the data) 250 (Nov–Mar) 8–16

70–100 (Mar–Jun)

Pauluhn and Chao (1999) 3–4 (Dec 1992–Jun 1997) 200–600 14

Goni and Johns (2001) 2–6 (Oct 1992–Dec 1998) 195 14

Frantantoni and Glickson (2002) 5 (Sep 1997–Sep 2000) 200–300 12.5

Johns et al. (2003) 8–9 200–320

Garzoli et al. (2003) 6–7 (Nov 1998–Jun 2000) 392 12.4

Goni and Johns (2003) 3–7 (Nov 1992–Dec 2001) 200

Fratantoni and Richardson (2006) 3 200–300 13

Jochumsen et al. (2010) 6–7 (model) 360 (250 Lesser Antilles)

Castelão and Johns (2011) 7 (Nov 1998–Jun 2000 for the moorings) 85–158
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EMD has been recently used in oceanography studies.

For instance, the EMD was applied by Salisbury and

Wimbush (2002) to predict future El Niño events from

the Southern Oscillation index. Autret et al. (2013) de-

tect, from sea surface temperature (SST) data around

Antarctica and EMD, an 8-yr rotating wave that could be

linked to the Antarctic circumpolar wave. Sea level var-

iations have also benefited from this method (Breaker

and Ruzmaikin 2011; Ezer and Corlett 2012; Ezer et al.

2013; Lee 2013; Chen et al. 2014), although Chambers

(2015) suggest that using EMD to identify multidecadal

variability and accelerations in sea level records should be

used with caution. In this paper, we have developed an

algorithm that is based on the EMD method. This algo-

rithm is very efficient for separating automatically

(without any a priori cutoff period) the amplitude- and

frequency-modulated high- and low-frequency compo-

nents of the signals. Here, we apply our EMD-based al-

gorithm to altimetric data in the tropical North Atlantic

Ocean in order to improve our knowledge of wave and

propagating feature dynamics. The purpose of this paper

will be therefore to determinate with more precision the

intra-annual characteristics of the northwestern Atlantic

tropical eddies (as, for instance, the number of eddies per

year and per season) and the TIW, as well as their time-

varying lengths, modulations, interactions, and spatial

distributions.

The paper is organized as follows: In section 2 we de-

scribe the altimetry [sea level anomalies (SLA)] data and

the mathematical methods used. We focus on the intra-

annual variability, and thus on the anomalies of the SLA

signals in the tropical NorthAtlantic. In section 3, we first

investigate the SLA with the empirical orthogonal func-

tions (EOFs). In section 4 we describe the frequency

characteristics of these anomalies between 38 and 128N,

and in section 5 we investigate the characteristics of the

eddies linked to the NECC/NBC and the instability

waves in the same domain with the complex orthogonal

functions (C-EOFs). The discussions and conclusions are

presented in sections 6 and 7, respectively.

2. Data and methods

The altimetry data used in this study were downloaded

from theAVISOdata center (http://www.aviso.oceanobs.

com). They consist of SSALTO/DUACS SLA merged

products. The data from all altimeter missions (Jason-1

and Jason-2, TOPEX/Poseidon, Environmental Satellite

(Envisat), Geosat Follow-On, ERS-1 and ERS-2, and

Geosat) are processed by the SSALTO/DUACS system

in order to provide a consistent and homogeneous catalog

of products for varied applications, both for near-real-

time applications and offline studies (see http://www.

aviso.oceanobs.com/fr/donnees/informations-sur-les-

produits/duacs/index.html for more information). We

use the new multimission altimeter dataset reprocessing

DUACS DT2014 (Pujol et al. 2016), whose main pri-

ority was to improve themonitoring of themesoscales in

the global ocean. The series extends from January 1993

to September 2015. We use the ‘‘two satellite’’ series in

order to keep interannual homogeneity. Our domain is

208N–208S, 608W–208Ewith a grid resolution of 1/48 3 1/48.
As we focus on the intra-annual variability, the analyses

will be performed on the anomalies of the SLA signals.

By taking the anomalies, the seasonal signal, which is

known to be dominant in the tropical Atlantic Ocean

(e.g., Merle et al. 1980; Arnault and Cheney 1994), is

therefore filtered. All periods above one year are also

eliminated with a Butterworth filter.

The mathematical methods used in this study are the

already mentioned EOF, C-EOF, EMD, and Hilbert

transform (HT). The novelty of this study is to adapt the

EMD method to oceanic satellite data. We will show in

the next sections that the different processes in-

vestigated here can be analyzed with precision if the

SLA signals at each grid point are decomposed into their

high-frequency (HF) and low-frequency (LF) compo-

nents. Emphasis will be put on the real and imaginary

parts, amplitude (modulus or envelope), and phase

(frequency) of the HF and LF components. These

characteristics are obtained via the HT (Poularikas

1996; Cohen et al. 1999).

These HT-obtained characteristics are mathemati-

cally valid and interpretable in a way that is meaningful

and representative of physical phenomena only if the

HF and LF components are asymptotic (e.g., Delprat

et al. 1992; Vakman 1996; Picinbono 1997; Cohen et al.

1999). By definition, an asymptotic signal is mono-

component. A monocomponent signal is described in

the time–frequency plane by a single ridge and is

therefore characterized by one unique frequency at any

time t. The set of monocomponent signals includes, for

instance, single sinusoids but also signals like chirps,

which can be amplitude modulated. The algorithm de-

veloped for the extraction of the asymptotic HF and LF

components of the signals is based on the EMD (Huang

et al. 1998; Rilling et al. 2003, 2007).

a. Empirical mode decomposition (Hilbert–Huang
transform)

The fundamental part of the Hilbert–Huang transform

is the EMD. Using the EMD method, any complicated

dataset can be decomposed into a finite and often small

number of components, which is a collection of intrinsic

mode functions (IMF). An IMF represents a generally

simple oscillatory mode. By definition, an IMF is any
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function with the same number of extrema and zero

crossings, with its envelopes being symmetric with

respect to zero. The definition of an IMF guarantees a

well-behaved HT of the IMF. Therefore, the IMF is an

asymptotic signal andwe can extract its real and imaginary

parts, amplitude (modulus or envelope), and frequency.

The EMD decomposes the signal into IMFs by a

shifting process as follows:

1) For the signal x(t), letm1 be themean of its upper and

lower envelopes as determined from a cubic-spline

interpolation of local maxima and minima.

2) The first component h1 is computed: h1 5 x(t) 2 m1.

3) In the second sifting process, h1 is treated as the data

andm11 is the mean of h1 upper and lower envelopes:

h11 5 h1 2 m11.

4) This sifting procedure is repeated k times, until h1k is

an IMF, that is, h1(k21) 2 m1k 5 h1k.

5) The operation ends when the residue contains no

more than one extremum.

6) The original signal x(t) can be reconstructed by

summing the different IMFs.

b. HF and LF decomposition based on the EMD
method

The algorithm is as follows:

1) We take a cutoff period p increasing by a step of one

week from 3 and 51 weeks (i.e., p 5 3, 4,. . ., 50,

51 weeks).

2) For all of these values of p, the HF component

(periods from 2 to p weeks) and the LF component

(periods from p to 52 weeks) are extracted with a

Butterworth filter.

3) The first IMF of the EMD for each HF and LF

component (HF IMF-1 and LF IMF-1, respectively)

is then computed. We note that only the first IMF of

the EMD is used and that with our data this first IMF

always explains the highest percentage of variance of

all the IMFs of the EMD.

4) The p (and therefore the HF and LF IMF-1s), which

is finally selected, is the one for which the sum of the

two IMF-1s explains the maximum percentage of the

variance of the original signal.

The p varies at each grid point from ;6 to ;12 weeks

over the basin (Fig. 1a). Averaging these cutoff periods

between 38 and 128N gives a mean value of 8.3 weeks.

Figure 1b gives the percentage of the variance at each grid

point of the raw signal anomalies, which is explained by the

sum of HF IMF-1 and LF IMF-1. It is usually over 70%.

Between 38 and 128N, this percentage of the variance

varies from 74% to 95% (mean5 84%). The definition of

an IMF guarantees that the HF IMF-1 and LF IMF-1

components are asymptotic. In the next sections, HF and

LF will refer to HF IMF-1 and LF IMF-1, respectively.

3. EOFs of the SLA

The standard deviation (std dev) of the SLA is dis-

played in Fig. 2 and the ridge of maximum std dev (white

line) is superimposed. The largest part of the variability

is located between 58 and 158Nnear the SouthAmerican

coast. The standard deviation values reach more than

7 cm in that area, whereas most of the basin stays within

3 cm. This maximum extends north of the usual annual

amplitude extremum, described, for instance, by

Arnault et al. (1989) and Carton (1989) during the first

altimetric analyses of the tropical Atlantic Ocean from

Geosat, and is associated with the ITCZ migration.

An EOF analysis is performed on the SLA restricted

to the ridge of maximum std dev displayed in Fig. 2,

either for its western part (608–438W) or for its eastern

part (308–108W). The homogeneous correlation maps

[i.e., the correlation between the principal component

(PC) and the anomalies at each grid point] of the PC-1

West and PC-2 West (Figs. 3a,b, respectively) show

some kind of ‘‘eddy’’ structures along the northern coast

of America between 08 and 108N in the region where the

standard deviation is the highest. From the PC in-

formation, the results show that these structures have a

period of ;7 weeks. Propagation of structures is in-

dicated by two successive EOFs explaining a similar

amount of variance and whose patterns are in quadra-

ture. This is typical here of EOF-1 and EOF-2. More-

over, there is a shift in time (not shown) corresponding

to a quarter of a wavelength between the PCs. We sug-

gest that these ‘‘eddies’’ are instabilities generated by

the retroflection of the NBC to the NECC in the vicinity

of the Brazilian coast. The homogeneous maps of PC-1

East and PC-2 East (Figs. 3c,d) show the presence of two

different processes at the same latitude, which could be

linked to Rossby (and Kelvin equatorward) waves for

PC-1 East with a period of about 13 weeks and in-

stability waves for PC-2 East with a period of about

5 weeks.

4. Frequency characteristics of the SLA on the
ridge between 3° and 12°N

The SLA on the ridge of maximum variance (Fig. 2)

are also analyzed in the frequency domain with the

continuous wavelet transform (CWT) to refine their

spatial high-/low-frequency distribution. The globalCWT

spectra, calculated at each grid point of the ridge, are

displayed in Fig. 4a. They confirm the presence of high-

and low-frequency components along the ridge except in
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the center of the basin, where only LFs seem to be

present. The western part of the ridge is also, as expected,

far more energetic than the eastern one.We decomposed

the anomaly signals in their HF and LF components via

the algorithm based on the EMD technique described in

section 2. Their correspondingmain periods are displayed

in Fig. 4b. They remain rather stable along the ridge

around 5–7 weeks for the HF components and vary

around 10–16 weeks for the LF components. The stan-

dard deviations of theseHF/LF components are shown in

Fig. 4c. The percentage of variance of the sum of the HF

and LF components explained by the HF and LF com-

ponents are displayed in Fig. 4d. As suggested by the

previous figures, the signals near the Brazilian coast

around 598W are mainly composed of energetic HF

components, while those in the central basin near 418W
are mainly composed of LF components. The signals,

linked to the instability waves, around 178W are mainly

composed of HF components, while the signals, linked to

the Rossby waves, around 108–308Ware characterized by

LF components. However, both of these are far less en-

ergetic than their western counterparts. Two node points

(when LF and HF signals are equivalent in the explained

percentage of variance) exist at 488 and 278W.

We also look at the frequency and amplitude modu-

lations of the components, and more precisely how the

HF and LF components are distributed in time. We

analyze, for instance in Fig. 5, the SLA signal on the

ridge at 488W, where each component explains the same

part of the variance (Fig. 4d). Their sum explains 81.3%

of the SLA (Fig. 5a). The HF and LF components and

their envelopes (modulus or amplitude modulation) are

displayed in Figs. 5b,c, respectively. The superimposi-

tion of these components on the signal is given in

Figs. 5d,e. As noted previously, these envelopes allow us

to see how theHF and LF components are distributed in

time. The striking feature in this distribution is the

presence of a strong seasonal cycle: the signal is mainly

composed of HF components around February–March

and is mainly composed of LF components around Oc-

tober. The same computations at 278W, the other node

in Fig. 4d, present HF components peaking in August,

with secondary activity but less energetic by the end of

the year. There is also a seasonal cycle in the LF com-

ponent; however, it is more vague, although some in-

dication of an activity peaking in boreal fall can be

suggested (not shown).

5. Characteristics of the eddies linked to the NECC
and the instability waves

To enhance the dynamical modes that are involved in

the northwestern part of the tropical Atlantic basin, we

use the C-EOF technique [see Navarra and Simoncini

(2010) for a description of the method]. The C-EOF

allows us to estimate the speed of the propagatingmodes

and some other characteristics, such as their amplitude

FIG. 1. (a) Cutoff period obtained from the EMD algorithm over the tropical Atlantic Ocean (weeks).

(b) Percentage of variance (compared to the raw mapped SLA signal) explained by the sum of the HF IMF-1 and

the LF IMF-1 components of the EMD decomposition.

FIG. 2. Std dev (m) of the SLA and maximum std dev ridge

(white line).
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and frequency modulations, but it can be applied only if

the signals are asymptotic. Therefore, the analysis will

be performed on theHF and LF asymptotic components

of the signals.

We focus our study on the NECC and the instability

wave region between 38 and 128N. The first C-EOF of the

HF and LF components are displayed in Figs. 6a,b. The

patterns of the real and imaginary parts are in quadrature.

They show a structure of westward-propagating eddies

close to the Brazilian coast. TheHF structures are limited

to the west of 458W, whereas the LF structures extend

from 308 to 558W. However, the LF components present

larger eddies around 428W and smaller ones around

598W. The length scales seem also smaller for the HF

structures than for the LF structures: the diameters of the

eddies are ;2.58 at 598W longitude for the HF compo-

nents and ;58 at 428W for the LF components. The sec-

ond C-EOF of the HF and LF components (not shown)

displays the same patterns as the first C-EOF. The

third C-EOF of the HF component (Fig. 6c) shows the

presence of westward-propagating structures from 108 to
358W and along 58N. The length scale is ;108 of longi-
tude. Their location and length scales are typical to those

observed in TIWs and their PCs present a maximum in

boreal summer. This point will be discussed later.

The speed of the propagation of these structures is

estimated from the characteristics of the C-EOFs, and

from the main period of their PCs, which are 5.8, 15.9,

and 5.2 weeks for the HF C-EOF-1 (Fig. 6a), the LF

C-EOF-1 (Fig. 6b), and the HF C-EOF-3 (Fig. 6c),

respectively. The mean speed obtained is 14 kmday21

(17cms21) for the coastal eddies (Fig. 6a), 6–10kmday21

(7–11cms21) for the LF ‘‘rings’’ in Fig. 6b, and

29–35kmday21 (34–41cms21) for the ‘‘instability waves’’

(Fig. 6c).

As the HF and LF components are asymptotic, the

PCs of the C-EOFs are also asymptotic and their enve-

lopes can be computed. They are displayed in Figs. 7a–c,

respectively. They are all characterized by a strong an-

nual cycle. The envelope of PC-1 of the HF component

(Fig. 7a) is maximum in March, while the envelope of

PC-1 of the LF component (Fig. 7b) is maximum in

October, in agreement with the results obtained in

Fig. 5. As demonstrated in section 4, this shows that

the signals of the NBC/NECC rings are frequency

modulated: they are composed of oscillations shifting

from HF in March to LF in October [centered on

23 March and 12 October, respectively, according to the

sinus wave (red) fitted to the envelope in Figs. 7a,b]. If

we consider all values above 0.8 standard deviation (s),

FIG. 3. (a) Homogeneous correlation map of the PC of the EOF-1 of the SLA restricted on the ridge of Fig. 2 from

608 to 438W (black line). (b) As in (a), but for EOF-2. (c),(d) As in (a),(b), but from 308 to 108W.
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then the mean number of rings is five per year for PC-1

of the HF component and three per year for PC-1 of the

LF component. This will be discussed withmore detail in

section 6. The instability waves also show a strong sea-

sonal cycle with maximum amplitude in August and a

mean period of 5.2 weeks (Fig. 7c).

6. Discussion

In this paper we have applied a relatively new (for

oceanographic use) mathematical concept (the EMD)

and checked its ability to explore the intra-annual vari-

ability of the tropical Atlantic Ocean with satellite al-

timetry SLA data. With the help of this algorithm, we

have found different areas of propagating features.

a. Western NBC/NECC region and rings

The first area occurs in the western NBC/NECC re-

gion and along the Brazilian coast (Figs. 6a,b). The de-

composition reveals that HF structures are located west

of 458W. They have a diameter of ;250km and a mean

propagation speed of 17 cm s21 (14 kmday21). The LF

structures appear between 308 and 558W with a larger

length scale of ;800km (from ;700 to ;1000km

eastward). Their mean propagation speed is 9 cm s21

(8 kmday21). Both present a strong seasonal cycle with

maximum activity in March for the HF component and

in October for the LF component.

As mentioned in the introduction, the NBC rings have

been extensively studied because of their potential role in

interhemispheric transports (Johns et al. 1990; Didden and

Schott 1993; Richardson et al. 1994; Fratantoni et al. 1995;

Pauluhn and Chao 1999; Goni and Johns 2001; Fratantoni

andGlickson 2002; Goni and Johns 2003; Johns et al. 2003;

Garzoli et al. 2003; Fratantoni and Richardson 2006;

Jochumsen et al. 2010). The results concerning the ring

characteristics are highly variable both in length scale or

appearance—for instance (Table 1), even when consider-

ing the different observation sources (in situ, satellites,

models)—and periods. Our results fit into the range of

these values, which is large.

The use of a gridded altimetry product instead of the

raw alongtrack data in our study can be questionable, as

it could influence the scales of the structures. Using

alongtrack data means that only one satellite at a time

can be used without facing the problems of different

characteristics, biases, and corrections between the

missions even for missions such as TOPEX/Poseidon/

Jason-1/Jason-2/Jason-3, which are very similar re-

garding their repetitiveness (9.91 days) and the ground

FIG. 4. Frequency characteristics of the SLA on the ridge of Fig. 2. (a) Global CWT spectra of the anomalies,

(b) period, and (c) std dev of the HF IMF-1 (red) and LF IMF-1 (black) components. (d) Percentage of variance

of the sum of the HF and LF IMF-1 components explained by the HF IMF-1 (red) and LF IMF-1 (black)

components.
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track separation at the equator (315 km). The gridded

products not only consider the abovementioned mis-

sions but missions such as the U.S. Geosat and the Eu-

ropean ERS-1 and Envisat-2/Envisat with other

characteristics (17 days and 150 km; 35 days and 80km,

respectively). This merging follows the conclusions of

the ‘‘altimetry’’ community that at least two altimetry

satellites are required to map the ocean and monitor its

movements precisely at scales of 100–300km (meso-

scale). The main priority of the new multimission al-

timeter dataset reprocessing DUACS DT2014 was to

improve the monitoring of the mesoscales in the global

ocean. It benefitted from climate standards and correc-

tions that do not degrade the mesoscale signals. The

parameters used for the mapping procedure—a com-

promise between the characteristics of the physical field

focused on and the altimeter constellation sampling

capabilities—were refined, especially the use of better

defined correlation scales of the signal to map. For in-

stance, the covariance function used in the optimal in-

terpolation (OI) were shortened and varied both

latitudinally and longitudinally, and a more precise es-

timation of the errors budget associated with the dif-

ferent altimeter measurements was considered. Pujol

et al. (2016) mentioned that the DT2014 products—

compared to the previous version, DT2010—present

additional signal for wavelengths lower than ;250 km,

inducing SLA variance and a mean eddy kinetic energy

(EKE) increase of 15.1% and 115%, respectively.

Figure 8 gives a comparison between the SLA obtained

from the OI for 27 March 2014 and two Jason-2 tracks

crossing the area around that date. There is a clear

agreement in the scaling of the eddy structures shown by

both the OI and the alongtrack data. Thus, the charac-

teristic length scales for the structures revealed by our

analysis are not strongly aliased by the OI.

FIG. 5. (a) SLA on the ridge of Fig. 2 at 488W (red), and sum of the HF IMF-1 and LF IMF-1 com-

ponents (black). (b) HF IMF-1 component (black) and its envelope (red). (c) As in (b), but for the LF

IMF-1 component. (d) SLA on the ridge at 488W (red) and HF IMF-1 component (black). (e) As in (d),

but for the LF IMF-1 component.
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We found a difference in terms of structures: HF lies

west of 458W with a diameter ;250km, preponderant in

March, and LF structures between 308 and 558W with a

larger diameter of ;500km, and a dominant period in

October. Nof and Pichevin (1996) explain this western

variability by purely local instability processes or mo-

mentum balance. Other authors involve remotely propa-

gating influences originating in the interior (Johns et al.

1990; McClean and Klinck 1995). Our results emphasize

these latter scenarios, in particular the sequence enounced

FIG. 6. (a) Real and imaginary parts of the first C-EOF of the SLAHF IMF-1 components between 38 and 128N.

The ridge of Fig. 2 is superimposed (black line). (b)As in (a), but for the LF IMF-1 components. (c)As in (a), but for

the third C-EOF of the HF IMF-1 components.

FIG. 7. (a)–(c) Envelopes (black) of the PCs of the C-EOFs in Fig. 6, and fitted sine wave with a 1-yr

period (red).
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by JochumandMalanotte-Rizzoli (2003) from a numerical

study: when retroflecting in boreal fall, the NBC produces

Rossby waves with a phase speed between ;9 and

13cms21, a meridional wavelength of ;1200km, and a

zonal wavelength between 700 and 900km. Our compu-

tations for these structures present a phase speed of

;9cms21, a meridional wavelength of ;1050km, and a

zonal wavelength between 700 and 1000km. The wave-

length and phase speed of the first baroclinic modeRossby

waves are connected through the dispersion relation:

c5U(k2 1 12)2b=(k2 1 12 1 l22)

with b5 2.33 10 211m s21, l5115 km, the deformation

radius of the first mode, k and l as the zonal and

meridional wavenumbers (2p per wavelength), respec-

tively; and U is the background velocity (Pedlosky

1979). Estimating U to be 0.1m s21 (NECC value aver-

aged in that area (Richardson et al. 1992), we obtain c

between 6 and 10 cm s21, close to our 9 cm s21 value.

Following Jochum and Malanotte-Rizzoli (2003), these

Rossby waves are advected eastward by the NECC until

358W and then dissipate. Once the NECC slows or even

reverses in boreal spring (Garzoli and Katz 1983;

Arnault 1987; Richardson et al. 1992), thewaves become

westward. They reflect at the Brazilian coast, creating

anticyclones. These anticyclones intensify as they

propagate northwestward along the Brazilian coast be-

cause of potential vorticity conservation and become

NBC rings. Thus, the LF signal we obtain, standing be-

tween 358 and 558Wwith a maximum activity in October

(Figs. 6b, 7b), corresponds to the retroflecting NBC

Rossby waves (first mode). They can be followed until

358W, where they vanish. They are distinct from the

‘‘equatorial’’ TIWpeaking inAugust (Figs. 6c, 7c). TheHF

component evolution (Figs. 6a, 7a) describes the wave

reflection along the Brazilian coast and the eddy for-

mation that results, peaking now in March. Following

LeBlond and Mysak (1978), an incident Rossby wave

with a wavelength between 700 and 900km will reflect

with a wavelength between 400 and 500 km, and a group

velocity northwestward along the Brazilian coast. This is

close to our results with an incident zonal wavelength of

;700–1000km (Fig. 6b) and the reflected one of ;500–

600 km (Fig. 6a). To our knowledge, it is the first time

that such a sequence is evidenced using satellite data.

Following this scenario, we assume that along the

South American coast, the HF components of the SLAs

are better indicators of the NBC rings than the LF ones.

We combined the two first C-EOFs obtained on the HF

component of the SLAs to reconstruct the ‘‘NBC ring’’

signal at 98N, 538W, which was the location of one of

the North Brazil Current Ring experiments discussed,

for instance, by Johns et al. (2003). Figures 9a,b give

the mean number of rings obtained per trimester and

then per year after this reconstruction. The HF signal

presented a dominant period in March; the ring activity

is dominant during the first two trimesters, as expected.

Nearly four rings can be identified during the first

semester of a mean year. However, there is a large in-

terannual variability, as the number of rings per year

varies from two (in 1994 and 2008) to seven (in 2005 and

2006, for instance). Johns et al. (2003) mentioned eight

to nine rings crossing this mooring between November

1998 and June 2000. We obtain the same number in our

HF SLA component at that location. These rings are in

phase with those numbered 1–4 and then 9–11 in Table 2

of Johns et al. (2003). The major discrepancy is due to

the absence of the ring number 7 in October–November

1999 in our HF SLAs. But we have a strong signal in the

FIG. 8. Result of the AVISOOI on 27 Mar 2014 (shading). Superimposed (black curves) are

the alongtrackGeophysical DataRecord SLA signals for track number 50 (same day) and track

number 76 (the day after).
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LF component at that time (not shown). Thus, from our

results, Johns et al.’s (2003) ring number 7 is mostly due

to a wave meander of the NBC retroflection into the

NECC than an NBC ring.

Once the different phases of the ring generation have

been established, another interesting question arises

about their vanishing. Previous studies do not reach the

same conclusions on the subject. Fratantoni et al. (1995)

mentioned that both observed and modeled NBC rings

move northwestward along the coast to the islands in the

southeastern region of the Caribbean, where they disin-

tegrate, while Carton and Chao (1999) using a finer-

resolution model link the eddies in the Caribbean with

eddies formed outside as does Richardson (2005) from

FIG. 9. (a) Average number of HF rings per trimester observed from our computations at 98N,

538W. (b) Number of HF rings per year observed from our computations at 98N, 538W.
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surface drifters. Goni and Johns (2003) mapped the tra-

jectories of the rings they captured from November 1992

to December 2001 from altimetry, first moving north-

westward, then once reaching 588W usually northward,

passing east of Barbados. Pauluhn andChao (1999) found

their ‘‘altimetric’’ eddies to propagate northwestward

with their amplitudes, decreasing as they approach the

Lesser Antilles island chain but increasing again once

they enter the Caribbean Sea. Jouanno et al. (2008) find

in their 1/158 resolution model that the merging and in-

teracting between eddies is a ubiquitous process that

contributes to increasing the size of eddies and that most

of the Caribbean mesoscale variability originates in the

eastern Caribbean basin and is not due to local processes

as hypothesized before (Nystuen andAndrade 1993).We

extend part of our computations northwestward from the

retroflection area. Figures 10a,b display the two first C-

EOFs (11.4% and 8.3%, respectively, of the explained

variance) of the HF SLA. Figure 8a shows from 458 to
608W the typical propagating eddies already observed in

Fig. 6a. The period of the PC-1 is 5.8weeks, equal again to

the eddy period presented in Fig. 7a. West of 608W, there

are no more structures contrary to what is revealed by

the second C-EOF, which presents structures only west

FIG. 10. (a)Real part of thefirstC-EOFof theSLAHFIMF-1 components between58 and308N,808 and458W.(b)As in

(a), but for the secondC-EOF. (c) Percentage of the SLAvariance explained by theHF IMF-1. (d)As in (c), but for the LF

IMF-1 components. (e) Std dev of the HF IMF-1 components. (f) As in (e), but for the LF IMF-1 components.
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of ;658W (Fig. 10b). The period of the corresponding

PC-2 is 6.9 weeks, but the spectrum of its envelope does

not show any clear seasonality contrary to those of the

PC-1. It reveals energy peaks of about the same ampli-

tude at longer periods (27, 57, and 114 weeks; not shown).

Indeed, if the percentage of SLA variance explained by

the HF component reaches more than 50% east of

608W (confirming Fig. 4d), then it weakens to ;30%

west of it (Fig. 10c). On the contrary, the percentage of

variance caused by the LF components is more than

70% only west of 608W (Fig. 10d). Figure 10e displays

the standard deviation of the HF SLAs. There is

clearly a gap between the eastern part and the western

part of the area. Figure 10f gives the same picture but

for the LF components and shows that the energy is

concentrated in the Caribbean Sea. Thus, strictly

speaking of the NBC rings discussed previously, it is

clear that they ‘‘vanish’’ west of 608W, where structures

with different time and space characteristics do exist.

We do not observe any important propagation of

eddies northward passing east of the Barbados as sug-

gested by Goni and Johns (2003) but a slight tendency

exists (Fig. 10e). As remarked by Jochumsen et al.

(2010), the complicated topography of the Lesser An-

tilles island arc, which separates the Atlantic Ocean

from the Caribbean Sea, prohibits the undisturbed

northwestward propagation of NBC rings. The way the

NBC rings and the Caribbean eddies interact is how-

ever beyond the scope of this paper.

Finally, to examine the NBC ring role in the in-

terhemispheric exchange, we need some information

about the vertical structures of these rings, which is

unreachable from our satellite data only. Didden and

Schott (1993) assumed that each altimetric eddy they

found fromGeosat was 400km in diameter and 350m in

thickness. The volume transport associated with the

along-coast translation of one eddy per year was thus

;1.4 Sv (1 Sv [ 106m3 s21). Richardson et al. (1994)

estimated a one-ring transport from their floats to be

;0.9 Sv, where their eddy diameter was 250 km at the

surface and 140 km at 900m. Johns et al. (1990) assumed

that each eddy they found was 400 km in diameter and

200m thick, giving a transport of ;0.8 Sv. From Sea-

WiFS observations and in situ tracer measurements,

Fratantoni and Glickson (2002) estimated that a rea-

sonable upper bound on the effective annualized

transport of a single NBC ring is approximately 1.0 6
0.4 Sv. Taking this latter approximation into account, a

mean transport of 5 Sv yr21, mostly during the first se-

mester, comes from our analysis, which is not negligible

compared to the northward flow of the thermohaline

circulation cell estimation of ;13Sv (Schmitz and

Richardson 1991; Schmitz andMcCartney 1993). But, as

stated in Fig. 9b and the previous paragraph: first, this

estimation is highly variable from year to year; second,

all the rings shown in Fig. 6b do not propagate north-

ward and some vanish before that.

b. TIW region

The second area of propagating structures is located

north of the equator, between 108 and 508W (Fig. 6c).

These waves show a strong seasonal cycle with maxi-

mum amplitude around August (Fig. 7c). Their length

scale is ;1000 km, their period is 5.2 weeks, and their

mean propagation speed is 32 kmday21 or 38 cm s21.

These features are characteristic of the TIWs. Qiao and

Weisberg (1995) present a summary of TIW observa-

tions in the Atlantic and Pacific Oceans. The reported

estimates generally show westward propagation in

summer and fall with period, zonal wavelength, and

phase speed centered about 20–40 days, 600–1000 km,

and 30–50 cm s21, respectively. The characteristics

of the waves we show are in perfect agreement with

these values. Thus, we can conclude that the signals

presented in Figs. 6c, 7c are those of TIWs. Their pe-

riod is ;36 days, and the region where they appear

(north of 38N) refers to unstable Rossby waves rather

than Yanai waves (Lyman et al. 2007; Bunge et al. 2007;

Han et al. 2008; Lee et al. 2012; Yin et al. 2014). We

cannot conclude from our data about the generation

processes (barotropic/baroclinic instabilities) of the

TIW that we show, as we have no means to get the

depth information. However, our results are in agree-

ment with previous studies of these waves along 58N
from satellites (Chelton et al. 2000; Hashizume et al.

2001; Athié and Marin 2008; Foltz et al. 2004;

Caltabiano et al. 2005; Lee et al. 2012, 2014). Further-

more, they add in answering a pending point: Lee et al.

(2014) questioned whether the variability in the

northwestern Atlantic is associated with TIWs in the

traditional sense. Our method points out clearly that

it has to be considered as a different phenomenon

with different characteristics. In the western basin,

we identify HF/small-scale structures together with

LF/large-scale phenomena. These latter present char-

acteristics that resemble equatorial TIW, but our re-

sults show that they have to be distinguished from the

equatorial TIW and are due to different physical pro-

cesses even if correlations can exist from time to time.

Question about the existence of TIWs south of the

equator is also relevant. Anomalies can be identified

from our study along 58S, west of 108W, with wave-

lengths (;1000 km) comparable to the ones observed

along 58N, periods of ;4.4 weeks, and a westward

propagation of ;30 cm s21 (not shown). But they are

of a much weaker amplitude than the northern ones.
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7. Conclusions

In conclusion, the EMD-based method we have de-

veloped to identify propagating features in the tropical

Atlantic Ocean gives very promising results when ap-

plied to altimetry data. The results we obtain are in good

agreement with previous analyses on NECC retroflec-

tion and rings propagation, and TIWs. The advantage of

this method, compared to other ones, is first to perfectly

identify each of these mechanisms separately. Then to

provide some information on frequency modulations,

wavelengths, and other characteristics that are un-

reachable from other techniques. For instance, the fre-

quency modulation we revealed in the northwestern

tropical Atlantic region helps us to clarify the dynamics

involved in this region and to explain some apparent

disagreements between previous studies. Thanks to that

property, our next step will be to investigate the mod-

ulations of the wave characteristics from an interannual

point of view in order to assess the climatic impacts of

these phenomena on the tropical Atlantic Ocean and

neighboring countries.
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