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Abstract. The North Brazil Current Rings (NBCR) pen- servations, the North Brazil Current sheds anticyclonic rings
etration into the Caribbean Sea is being investigated bynear approximately®%-8 N, with an average frequency of 6—
employing a merged altimeter-derived sea height anomaly® per year (Goni and Johns, 2001, 2003; Garzoli et al., 2003;
(TOPEX/Poseidon, Jason-1 and ERS-1, 2), the ocean surfackochum and Malanotte-Rizzoli, 2003; Johns et al., 2003;
color data (SeaWiFS) and Global Drifter Program informa- Richardson, 2005; Fratantoni and Richardson, 2006). Due
tion. Four strategies are being applied to process the data: (1p the effect of existing systems of currents (North Equato-
calculations of the Okubo-Weiss parameter for NBCR iden-rial Current, Guyana Current}-effect and the trade winds,
tification, (2) longitude-time plots (also known as Hoditer these NBC rings (NBCR) travel in the NW direction, trans-
diagrams), (3) two-dimensional Radon transforms and (4)porting water with different characteristics from the South
two-dimensional Fourier transforms. Atlantic into the Caribbean Sea through the Lesser Antilles
A twofold NBCR structure has been detected in the region(LA), contributing to the exchange of mass and momen-
under investigation. The results have shown that NBC ringsgum with the surrounding waters. The characteristic scale
mainly propagate into the Caribbean Sea along two principabf these NBCR (abouk=150 km radius) is much larger than
pathways (near 2N and 17 N) in the ring translation cor-  the characteristic width (40 km) of the LA straits. Therefore,
ridor. Thus, rings following the southern pathway in the fall- it is not obvious which kind of interaction could take place
winter period can enter through very shallow southern straitof these large rings and small straits.
as non-coherent structures. A different behavior is observed A pioneering theoretical study of the rings-straits interac-
near the northern pathway-(7° N), where NBC rings are tion issue was performed by Simmons and Nof (2002). An
thought to have a coherent structure during their squeezinginalytical and numerical investigation was conducted based
into the eastern Caribbean, i.e. conserving the principal charen solving vertically integrated continuity andmomentum
acteristics of the incident rings. We attribute this difference equations. Collision of the NBC rings with the single and
in the rings’ behavior to the vertical scales of the rings and tomultiple gap systems was forced Byeffect and advection.
the bottom topography features in the vicinity of the LesserThese simulations revealed that, as NBCRs are weak (Rossby
Antilles. numberRo=0.2-0.4) and large compared to the island scale

Keywords. Oceanography: general (Equatorial oceano-_(L/R=0-5' whereL is the characteristic island scale aRd

graphy; Remote sensing and electromagnetic processes) S the radius of a typical NBCR), they are likely to enter

Oceanography: physical (Eddies and mesoscale processes he Caribbean Sea as coherent structures. Small and intense
BCRs, which are less common, are more likely to be bro-

ken up into a number of smaller structures.

A specific NBCR experiment was set up during 1998—
2001. The observation program consisted of hydrographic
and direct-velocity ADCP measurements (Wilson et al.,
2002), an array of current meter and inverted echo sounder
moorings (Johns et al., 2003; Garzoli et al., 2003), sur-
face drifter and subsurface float observations (Fratantoni
Correspondence to: S. N. Bulgakov and Richardson, 2006), satellite measurements of the sea
(sbulgako@cencar.udg.mx) surface height (Goni and Johns, 2001, 2003), ocean color

1 Introduction

The North Brazil Current constitutes one of the principal el-
ements of the ocean circulation in the western Tropical At-
lantic (Fig. 1). As is known from direct ship and satellite ob-
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o clones in the eastern Caribbean are thought to be formed by
the anticyclonic vorticity derived from NBC rings. Vorticity

of ring remnants enters through island passages and is prob-
ably amplified by the anticyclonic shear on the northern side
of the Caribbean Current jets.

Fratantoni and Richardson (2006) observed the evolution
of 10 NBC rings through the use of near surface (15m)
drifters and deeper (250 m, 550 m and 900 m) float observa-
tions. They found out that half of the rings followed a north-
ward path parallel to the LA with no frontal collision with
the island chain, while the remaining rings propagated west-
ward south of Barbados. It was reported that the majority

o of the surface drifters (18 from 25) and near surface floats (5

: _* _ ow from 7) for both types of the rings were observed entering the
205 i o S 0 & (i o Yool Caribbean eventually, but their looping stopped before reach-

ing the Antilles island arc. Therefore, it was concluded that
Fig. 1. Region of study in the western Tropical Atlantic (70240 there is no evidence that NBC rings can enter the Caribbean
and 0-20 N) showing topography in the vicinity of the Lesser An-  Sea intact, that is as a coherent vortex preserving the same

ti_IIes (LA), North Brazil Current (NBC) and shedded anticyclonic ¢ore properties as an incident ring. Only filaments of ring

ring (NBCR). core fluid succeed in entering the eastern Caribbean.

However, some numerical simulations (Murphy et al.,

] ] 1999; Carton and Chao, 1999; Barnier et al., 2001; Garraffo
(Fratantoni and Glikson, 2002) and sea surface temperaturg; 5| 2003) and previously cited satellite altimeter obser-
(Ffield, 2005). vations suggest that some NBC rings do somehow pass in-

A general bimodal and seasonal NBCR structure was detact through the narrow passages of the LA. In particular,
tected in the region under study, showing a large (with typicalihe results described in Garraffo et al. (2003), based on a
maximum radius of 150 km) and deeply penetrating ring for- hjgh-resolution (6 km) Miami isopycnal coordinate model,
mation (to depths of 2000 m) during the fall and early winter jngjicate that as the rings approach the Lesser Antilles, some
months, while smaller and shallower rings tend to occur ingf them appear to enter the Caribbean nearly intact. Some
spring and summer (Wilson et al., 2002; Johns et al., 2003).ings interact and merge with others possessing westward-

Available altimetry data results analysis (Andrade andpropagating wave-like features or a percentage of the rings
Barton, 2000; Goni and Johns, 2001, 2003) has indicatedeparates and enters the Caribbean. The rings that enter the
that few rings (approximately one out of six) penetrate theCaribbean, having diameters larger than the Lesser Antilles’
Caribbean Sea intact through the southern Lesser Antillespassage widths, generally go through several passages at the
The ensemble of ring trajectories is closely parallel to thesame time and recombine in the lee of the islands. A larger
500-m isobaths. Most NBC rings tend to veer from their percentage of shallow (37%) and intermediate (43%) rings
generally northwestward trajectories to the north as they apmove into the Caribbean than the deep (14%) and subsurface
proach the Tobago-Barbados Ridge, forming a ring transla(28%) rings do. This suggests that the deep and subsurface
tion corridor. rings, having the deepest reaching velocity structures, tend

The SeaWiFS imagery, with a combination of the satellite-to be more influenced by the island arc topography and are
tracked surface drifters, was analyzed by Fratantoni andess able to penetrate the Caribbean. A predominance of an
Glikson (2002). It was noted that east of 88 the rings with  intermediate and deep ring generation during the first half of
well-defined cores of midocean lifeless water surrounded bythe year was confirmed.
highly productive Amazon water are generally easy to vi- Thus, we can see that there is some kind of discrepancy
sualize. West of this longitude the surface color expres-between the results of the analysis of the previously cited
sion gradually erodes. Therefore, information from surfacealtimetry data, numerical results and Lagrangean observa-
drifters was processed to analyze the behavior of the ringsions studying NBC ring structure and the evolution in the
in the vicinity of the LA. As the drifters generally had lost vicinity of the Lesser Antilles. A motivation of the present
the characteristics of the incident vortices, it was concludedstudy is the usage of objective analysis methods usually ap-
that there was no evidence that the observed rings penetratgslied for an image analysis to clarify the question (Simmons
the Caribbean Sea as coherent structures, that is, just sonzad Nof, 2002) of whether the NBC rings generally enter the
fractions of the ring’s core detected by the initially looped Caribbean Sea as coherent or non-coherent structures.
drifters were observed entering the passages of the LA. The term “coherent” is used here as an attribute of

Richardson (2005), using data obtained from more tharthe physical quantities which can be described in terms
two hundred near-surface drifters, has concluded that anticyef waves: energy, wavelength and a fixed phase velocity.

Ann. Geophys., 25, 331-340, 2007 www.ann-geophys.net/25/331/2007/



R. C. Cruz ®mez and S. N. Bulgakov: Remote sensing observations in the vicinity of Lesser Antilles 333

The characteristics of coherent and non-coherent ring struck is computed on a discrete gris(pAf,, gAf,), where
tures are studied through Okubo-Weiss parameter calculap=1,...,M andg=1,...,N with frequency or wave number reso-
tions, time-longitude Hovidller diagrams of the sea sur- lutions Af, andAf,, showing both the amplitude and phase
face height, two-dimensional Radon transforms and two-of each spectral component. Details of the 2D-FT can be
dimensional Fourier transforms. found in Brigham (1988).
When the analysis is focused on the propagation speed
rather than on the wavelength and period characteristics, the
2 Data and methods Radon transform is more appropriate (Deans, 1983). The
two-dimensional Radon transform at a given arfgiea pro-
The merged (TOPEX/Poseidon, Jason-1 and ERS-1,2) datgction of an image (the longitude-time plot) along a direc-
used in this study were produced by SSALTO/DUACS tion normal too:
(Developing Use of Altimetry for Climate Studies) and

distributed by AVISO (Archiving Validation and Inter- % 9)—/f(x ) Ay )
pretation of Satellite Oceanographic data). These datd ") = Y x = x'cosd — y'sing v
were exposed to all standard corrections and objective ¥ y = x’sinf + y’ cosf

time-space @nterpolation to buil.d 7-day SHA fields on a Thus, computing the 2D-RT of the Howtter plot for differ-
0.3x0.3" grid. For further details, see the DUACS hand- ot yajues of is equivalent to an objective estimate of the

book (http://www.jason.oceanobs.com_/documents/donnee peed of the predominant propagating signal. These speeds
duacs/handbocluacs.pdf). The sea height anomaly (SHA) {hat show a peak in the Radon energy could be computed by

values were based on the 1993-2004 mean. _ multiplying the tar9 by the ratio of the time-longitude reso-
Available altimeter data over a continuous period of 12 ytjon (Challenor et al., 2001, 2002)

years were processed by applying commonly used image
analysis techniques (Challenor et al., 2001, 2002; Whitehead = 37 cosp - tanf. (4)

etal., 2003; Muzylev etal., 2005): band-pass filtering, in or- other sources of information, such as SeaWiFS (Sea viewing
der to highlight the signal of NBC rings propagation, Okubo- wide Field Spectrometer) chlorophylland Global Drifter
Weiss parameter calculations, to identify NBC rings, the tWO'Program (GDP) data, have been used to complement SHA
dimensional Radon transform (2D-RT), to objectively calcu- yata. The SeaWiFs level-3 data product for the period 1997—
late the speed of the dominant signal in Hater plots, the 5004, distributed by Goddard Distributed Flight Center, con-
two-dimensional Fourier transform (2D-FT), which yields gjgis of calibrated, atmospherically corrected 8-day data and
d|ff_erent spectral compo_nents of longitude-time plots andg stored in a global, equal-area grist 9km?. More details
which appear as peaks in the frequency-wave number doregarding the SeaWiFS instruments, calibration methods,
main. and data processing can be found in McClain et al. (1998).
Specifically, we performed an estimation of the Okubo- The sole use of SeaWiFS imagery in the present study is for
Weiss parameter (Okubo, 1970; Weiss, 1991) based on akyentifying NBC rings and the corridor of their movements.
timetry data and geostrophic velocity calculations as follows:  Gjobal Drifter Program data processed and distributed
by Atlantic Oceanographic and Meteorological Laboratory
R 1 [(3_14)2 (3_v)2 _,ou a_v} 1) (NOAA) as a component of NOAAs Global Ocean Observ-
2| \ax dy dy ox ' ing System (GOOS) and Global Climate Observing System
(GCOS) are available starting from 1979 up to the present
This parameter represents a balance between the magnitud@¥tp://www.aoml.noaa.gov/phod/dac/dacdata.html). These
of vorticity and deformation. The value &=5.3x10 1252 drifters had their drogues centered at a 15-m depth to mea-
was chosen experimentally for the NBC ring identifica- sure mixed layer currents. Data obtained from drifting buoys

tion, according to the method proposed by Isern-Fontanet etvas quality controlled and optimally interpolated to uniform

al. (2003). 6-h interval trajectories (Hansen and Poulain, 1996; Lump-
The two-dimensional Fourier transform highlights the kin and Pazos, 2006). The drogue-on drifter data were used

different spectral components of the longitude-time plots, for verifying satellite observations.

which appear as peaks in the spectrum in the wave number

and frequency domain, that is, for an image:Ax, nAy) 3 Results

of MxN pixels, where #z,n) are the pixel indices and

(Ax, Ay) are the resolutions in the x- (longitude) and y- Fjrst of all, the root-mean-square (RMS) of the sea height

(time) directions, the 2D-FT is given by over the region under study was calculated for the period of

1993-2004 (Fig. 2, top). The eddy rich regions with the high-

M N . . .
Ve Ax. A Ax. nAy)e—iZT DAY (D est sea height variability correspond to the NBC retroflec-
$Ux: fy)=Ax. Ay Z Zs(m X, nhy)e 2) tion and the central Caribbean Sea. The band of elevated

m=1n=1

www.ann-geophys.net/25/331/2007/ Ann. Geophys., 25, 331-340, 2007


http://www.jason.oceanobs.com/documents/donnees/duacs/handbook_duacs.pdf
http://www.jason.oceanobs.com/documents/donnees/duacs/handbook_duacs.pdf
http://www.aoml.noaa.gov/phod/dac/dacdata.html

334 R. C. Cruz ®mez and S. N. Bulgakov: Remote sensing observations in the vicinity of Lesser Antilles

Apr-Jun, 19583

20N E

1790 4

8N

: : : 3 1' A9
63°W 60°W 54°wW

18°N

DD

BE™Y GO 4% 48%Y 420y

167N

147N
129N
10°M

87N

B T

: - e : : SR ; SeCaEEaaaaaRRES coo| -
G B3 BO™WY E7OY B47Y 51°y . a 8 8

Fig. 2. Root-mean square of SHA data (in cm) for the period of P ................. ................. N S .
1993-2004 (top) and chlorophylimean (inwg/l) for the period of '
1997-2004 (bottom).

DO T T T
BE™Y O™y 2494 4870 4290

sea height variability along the coast of South America andrig. 3. Okubo-Weiss parameteRE5.3x 10-12s72) distribution

the RMS peak near 2517 N defines the northern pass of during Apri-June 1993 (top) and October—December 1993 (bot-
the ring translation corridor (Goni and Johns, 2003), alongtom). Positions of the rings every 7 days are shown by circles.
which the NBC rings travel as they propagate towards theCharacteristic pathways of NBCR tracked every 7 days from im-
LA. The lack of significant RMS values in the vicinity of 2ge toimage are shown by blue arrows.

the Arcs of the Lesser Antilles, where tidal errors contami-

nate the altimetric signal, does not allow for the identification

of characteristic pathways of NBC rings or their remnantsduring spring—summer 1993, while the southern pathway is
across the islands into the Caribbean Sea. Additionally caldominant for the fall-winter months of 1993 (Fig. 3, bottom).
culated mean chlorophydl-data (Fig. 2, bottom) allows usto The similar bimodal and seasonal structures were observed
observe the chlorophyll intrusion near the southern pathwayduring the other years. Therefore, two latitudes®(12and
south of 12 N. Chlorophylle reached Orinoco River plume 17 N) in the ring translation corridor were chosen for fur-
imposed here contributes to the color contrast and NBCRher data comparison, although all calculations were made
pathway identification. for every P of the latitude.

The bimodal and seasonal structures of the movement of The longitude-time (Hovidller) diagrams presented in
NBCR can be illustrated by the Okubo-Weiss parameter dis+ig. 4 are generally used for studying the east-west signal
tribution. Figure 3 shows every 7-day position of the se-propagation. As can be seen, the signal propagates contin-
lected R-parameter value associated with the rings propagauously along 17N through the LA. However, this signal
tion to the island arc. That is, Fig. 3 (top) illustrates the NBC does not propagate continuously near the southern pathway
rings concentration along the northern pathway (blue arrow)12° N, showing steep changes near the Arcs of Antilles (near

Ann. Geophys., 25, 331-340, 2007 www.ann-geophys.net/25/331/2007/



R. C. Cruz ®mez and S. N. Bulgakov: Remote sensing observations in the vicinity of Lesser Antilles 335

SSHA plot at 179N Filtered S3HA, plat at 17°M

2004 [ — ———— S
PEE]— —— - —— =
—— p— e
| — — |
—_ . , -
2001 — =
_ —
20 | — —
. Y e ——
T 1939 [ I —— ——-_
= _ ———— —
| —— — —_— —
1958 | = e
— —
1a57 —
e e —
1996 fo == = D ——
— — —
1085 | — : =
1984 ____ e
1993 — =
65 64 53 [ &1 50 59 58 57 56
longitude (W)
(&)
S8HA plot at 12°N
————— — [
— —— E— —_—— -10 5 a 5 10
2004 | — —
2003 = — ===
— Filtered SSH plot at 12°N
20m — — — o -
— — =
P ————— 2004
A e ——— = e e o003 e e —
L o pr— = — e
O] —— — —— 2002 —_—
e ————— — E— —
[— . — — 2001 —— e
1597 [ — e = = —
e —— e - 2000 ———— ————
1000 S e —
| —— . —r —
—— [ —
1995 [ — = — = - ——r —
1994 — | 1998 | — e —— ]
= 1997 - — e
e e
= e —
1995 — ——- —
1094 — — —
Fig. 4. Hovmbller diagrams of SHA at I/N (top) and at 12N =
3 . 1933 =
66 65 64 53 62 &1 60 59 58 57 56
(bottom) before filtration. e
(cm)

60° W). Another special feature of the Howther diagrams

is that an annual signal is dominant here. Therefore, this datg
was band-pass (from 1 to 6 months) filtered to observe the
NBC rings propagation. As can be seen from Fig. 5 (top), a

correspondence between incident a_md refracted si_gnals couldins its speed (20 km/day) and energy values. In contrast, in
be observed near 1N, where the signal propagation char- northwest propagation the energy value is decreased signif-
acter is preserved. On the contrary, the signal alofig\L2 icantly at latitude 12N (Fig. 7, bottom), probably due to
(Fig. 5, bottom) decayed significantly, in close contact with e dissipation by the shoaling topography. The velocity val-
the_island arc (after 80N). This feature could be relateo! 0 ues were changed here from 12 to 16 km/day. These veloc-
a different character of bottom topography patterns (Fig. 6ty values greatly exceed the velocity of the first two modes
bottom) for 12 N latitude, before and after the island arc. ¢ Rossby waves (4 km/day and 3.5 km/day correspondingly)
Based on the filtered Hoviler diagrams, we performed predicted by the linear theory
an estimation of the 2-dimensional Radon transform. Fig- Bk
ure 7 illustrates the angle (in other words, speed) of the maxe,, = T Ta a2
imum energy propagation in the northwestward directién, 6 ke +1%+ Ry
of the longitude before (solid line) and after (dashed line) thewherew, is a frequency ofi-mode of Rossby wavej is a
LA for 17° N latitude (top plot) and 12N (bottom plot). One  Coriolis parameter variationk (/) are the wave numbers in
can see that correspondence is observed for the signal prop#ie (x, y) directions andr,, is the Rossby radius of deforma-
gating through 17N (Fig. 7, top plot), where it almost main- tion for then-mode.

ig. 5. Hovmoller diagrams at 17N (top) and 12 N (bottom) after
andpass (1-6 months) filtering.

©)
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Fig. 7. Radon transform at TN (top) and at 12N (bottom) before

Fig. 6. Bottom topography (m) along 2N (top) and along 12N (solid line) and after (dashed line) the LA.

(bottom).

propagation near the southern pathway. The drifter left the
ring and subsequently entered the Caribbean, while the ring
A two-dimensional Fourier transform (2D-FT) for all lati-  gisappeared in the AVISO gridded field by failing between
tudes was realized, as well as for areas before and after LAggte|lite passes. It is quite possible that this ring was de-
From Fig. 8 (top), one can see that wave number/frequenc¥troyed through an interaction with the abrupt topography
diagrams are more or less equivalent for latitude@N'#or  of the Lesser Antilles. Only its remnant was seemingly ad-
the northern pathway, for areas before and after LA, whereagected by the mean flow in which it was embedded. In
these diagrams are somewhat different for the southern patheontrast, it seems that both SHA and the drifter trajectory
way near 12N (Fig. 8, bottom). A similar behavior could jjjystrate the westward leakage of the merged anticyclonic
be attributed to a majority of other latitudes. Thus, we cananomaly through the island arc neaP+57 N (Fig. 9, top).
conclude that quasi-coherent (neaf Nj and non-coherent  Thjs suggests that the ring maintained an organized circu-
structures are present in the region under study. lation while squeezing directly across the island arc, as had
As an example, Fig. 9 shows the behavior of the two ringsbeen predicted by the Simmons and Nof (2002) theory.
in the vicinity of the Lesser Antilles, using satellite-tracked  Presently, there is not much direct evidence obtained from
near-surface drifter's trajectories in combination with SHA drifters positioned in NBC rings, of an anticyclone formation
images. The bottom figure illustrates that the GDP drifterinside the Caribbean. Richardson (2005) has demonstrated
near 10 N ceased looping before it reached the Antilles arc how a single drifter looped and translated towards the island
and therefore lost the characteristics of a vortex during itsarc, passed between the Dominica and Guadalupe Islands,

Ann. Geophys., 25, 331-340, 2007 www.ann-geophys.net/25/331/2007/
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Fig. 8. Fast Fourier transform at 2N (top) and at 12N (bottom) before (left) and after (right) the LA.

making a looping immediately west of the island arc inside It was reported that 6 loopers from 32 and 14 of the 16 non-
the Caribbean. Loopers (drifters making two or more con-loopers entered the Caribbean Sea south of Puerto Rico.
secutive loops) and non-loopers are examined separately by
Lumpkin and Garzoli (2005), with pathways generally sup-
portive of the hypothesis being presented in this manuscript.
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Fig. 9. Examples of altimetry SHA data and GDP trajectories showing quasi-coherent neaf Nottjg) and non-coherent near 1012
(bottom) propagation of rings through the LA.

4 Summary and conclusions nation with satellite-tracked surface drifters’ data for investi-
gating the issue of ring-gap interaction.

This study has examined the dynamics of the NBCRs in the It was recognized that the majority of the NBC rings do
vicinity of the Lesser Antilles based on the analysis of a 12-not enter the Caribbean Sea as coherent structures, as their
year long altimeter and 8-year long SeaWiFS data, in combi-signals are changed significantly upon reaching the island
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