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Abstract

Six years of TOPEX/FOSEIDON altimeter dala are
weed Lo investigate the formation of rings and eddies
shed by the North Brasil Current (NBC). Upper layer
thick mess maps were used Lo identily 34 NBC rings and
ecdefies formed inthe North Brazi] Curmeat retroflection
region during the study period, an avemge of more
than 5rings amnd eddies per year. The ensemble of tra-
jectones of the rings are ofBhore the 500 m sbath,
and one oul of six rings peneimie into the Caribbean
Sea through the sowthem Lesssr Antilles. The rest of
the rings and eddies fallow a northern Lrajeclory past
Barbados once they mach 58°W. The estimated mean
tramlation speed of the rings amd eddies s approoi-
malely 14 km /day and their mean lengihscale & close
tos 1 km.  Ouwr resulis suggesi that the formation
rate of NBC rings and eddies is neady twice thal pre-
viously thought, and themlore that they may play an
inerenssd role in the interhemispheric trampart within
the Atlantic meddional overturning eell.

1. Introduction

Morth Brazil Current (NBC') rings are large anticy-
clones thal pinch off from the NBC retroflection in
the western tropical Atlantic mear 8°N amd tramslale
norhwestward along the coast of South America Lo=
ward the Cardbbean Sea. Ringshedding by the NBC is
aneof mveral mechamsms that contnbute Lo the trans-
port of South Atlantic upper ocean waters inlo the
North Atlantic as pard of the Atlantic meridional over-
turning cell {Johns o al., 1988). Other mechanisms in-
clude & possible eoastal curent along the South Ameri-
can conlinental shell, and & seasonal reclification of the
tropical Atlantic circulation thal canses warm surface
walers Lo be stord in the North Equatarial Counter
Curmnt and released northward via Ekman transparts
[Mayer and Wesberg, 1993). Previous studies on NBC
rings using GEOSAT altimetry {Didden and Schott,
1903) and in sily measurements (Johns o ol 1084;
RHichardsan el al., 1004; Fratanton & al., 1005) have
suggesied that typically 2-4 NBC rings are generated
each year and that thes fAngs may aceount for up Lo
onefourth {~ 3 Sv] of the total upper ocean Lransport

in the warm limb of the Atlantic overturning el

The ohjective of this study iz to identily and
track the WNBC rings and eddies during the pe
riod Wovember 1882 throuwgh December 1908 ws-
ing TOPEX/POSEIDON(T/P)-derived sea height
anomaly data, Thes lealures are identifed in this
work [rom their upper layer thick nes signature as de-
rived Tmm the altimeter sea height anomaly data used

within the context of a twoelayer ocean mode] {(Goni
el al 1007). The region of study exiends [rom 40¢W

tes T W, and from 0F to 206N (Figure 1),

2, Data and Methods

Two main data sets am used in this stedy: (i)
altimeterderived sea height anomaly data, and (ii
climatological hydrographic data for the region. The
T/P altimeter measures the sea height anomaly alomng
the altimetler goundiracks, which am ssparated thres
degres lbngiledinally, and are mepeated every appros-
imalely 10 days. The data wsed in this work was pro=
cemed with the standard altimetric corrections [Che
eney ol al, I884, the Cartwright and Ray (1991) tidal
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Figure 1: The region of study, with T/F groundiracks
and T/P-derived ros sea height variability (in em)
during the study period. The two T/FP groundiracks
with dotted lines are used Lo eximel the scale pamm-
elers of the rings.



mode], and the ssa height anomaly values refemed to
the 1802-1908 nean and interpolated onito a § km
along track grid.

Thes=a height anomaly values in the region ramge [rom
approximately 0.2 to 0.2 m, while the mean rms of the
sea height is appmximately 007 mwith masimum val-
wes of 0.1 m {Figume 1). The regions with highest ma
height variability correspand to the NBC retroflection
region and the central Caribbean Sea. The band ofel-
evaled ses height variability along the coast of South
America defines the ‘ring corridor’ along which NBC
Rings trave]l as they propagate [rom the N BC retroflec.
Lion toward the soulthern Lesser A ntilles

The s=a height anomaly is combined with historical hy=
dmgraphic data 1o estimale the upper laysr thickness
[ULT), which in this study is defined to extend from

the sudace to the depth of the 2050 isotherm. Use of

Figure 2: (top) SHA map corresponding to December
15, 1944, The posilive s=a height anomalies have a
darker shade of grey. The conlowr intervals are ev-
ery 3 em. (bottom) Altineter-derived ULT map for
the same date. Ring number 26 s located al approsi-
mately 45°W 10°N. The retroflection, which & clearly
identified, will shed Ang number 2T by the end of De-
cember 1906, The lighter shade off the coast of South
America corremsponds to waler depths smaller than S

m.
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Figure 3: T/P-derived NBC fing, NBC eddy, and eddy
trajectories dunng October 1982-December 19488, Tra-
Jjectones in black cormespond to NBC rings amd eddies,
while thos in grey correspomd o NECC eddies. The

500 m isohbath is superimpossd,
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Figure 4: (a) Months in which fings and eddies are
formed, (b) member of rings and eddies olserved dur-
ing mach year, and (c) length scale (in km) of the fings
ancd ecddies,



the ULT rather than just the sea height anomaly is ad-
vanlagesus for tracking of eddy [eatwres sinos it allows
anomalous features to be viewed within the context of
a mean background circulation. The 20°C isotherm
is chosen becanse it lies within the center of the main
thermocline in the tropics and is oflen used as an in-

dicator of the upper layer low in the weslern tropical
Atlantic {Molinari and Johns, 1984).

Maps of sea height anomalies for a given day are con-
strocted ming the altimeter data for a + 5 day period
cenlered onthat day. Thess maps are interpalated inta
a regular 1/4% degree grid using a Gaussian interpola-
tor with an e-folding radius of interpolation of 1/4% de-
gree, The s=a height anomaly maps are converted inta
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Table 1: Ring (R) and NBC eddy (N parameters. For
each fing and eddy, this table shows the date when it is
first identified, the translation velocity (km fday), the
time (months] the ring or eddy remained in the region
of study, the sea height maidue (q:(om)), ho (m), and
the length scale L (m). The light shade correpond
to & fing or eddy thal crossed the Windward Islands
pamages into the Canbbean Sea.

ULT maps wing & two-layer reduced gravily model,
where the reduced gravity amd mean upper layer thick-
ness felds are denved [rom the Levitus 1998" climato-
logical tem perature and salinity data {Conkright ef al,
1998). The methodology has been validated in sev-
eral regions including the Agulhas retroflection region
[Goni el al., 1987). NBC rings and other anticyclonic
edefies in the region are identified from the ULT maps
as closed ULT contours having length scales [radis
of maximum surface velocity) larger than 0.5 degrees.
Figure 2 shows & s=a height anomaly map and 18 corre
spanding altimeterdedved upper layer thick nes map,
showing the NBC retroflection and a NBC ring near
1N, 55 W, that was formed during December 19046,

3. Results.

A itotal of 40 warm rings and eddies were identifed
during the October 1992 1o December 1908 study pe-
rigd, OF these features 24 were cleady identified as
NBC rings that pinched off from the NBC retroflec.
tion, while 10 we called *NBC eddies™ becamse they
originated in the same general location bul during pe-
rinds when the NBC retroflection was not abviowly
prs=nt. Six other anticyclonic eddies wers identifed
in the region that appearsd to be generated farther
east along the latitude of the NECC, Tmjeciones of
each of the rings amd eddies are shown in Figue 3.
Most of thes [eatures are firsd detected between §°
and 8° N, having trajectories in the N'W direction, and
aver regions deeper than 3 m. In general, once the
rings and eddies reach 57°W, they turn suddenly to
the north traveling just east of Barbados, Due Lo the
large size of the rings this means that they musst inler-
act stromgly with the lLopogmphy around Barbados.
Five NBC rings and one NBC eddy cromed through
the Windwarnd Islands into the Caribean Sea through
walers of the Lesser Antilles pasages which are shal-
lower than 1000 m. The 500 m isbath superimposed
to the ring trajectories (Figure 3) reveals that their
trajectories are offshom the 500 m jsobath, in agres.
ment with Didden and Schott (1683). This suggests
that many of the olsered NBC rings hawve wvertical
slroctures thalt exiend to al least 500 m or perhaps
desper,

CO'bserved parameters for all of the NBC rfings and
NBC eddies that wers identified are shown in Table 1,
while Figure 4 summarizes Lhe ring and eddy statstios.
Rings were abserved to pinch off the NBC retroflection
from Jumne to March, with the highest [egquency of for-
mation in December and January (Figure 4a). The
number of rings shed in each of the 5 full years of the
study ranged from two (in 1985) tosix (in 1996), sug-
gesling a strong interannual variability (Figure 4b).
On average aboul 55 NBC rings and 2 NBC eddies
were ghed sach year Considering the total number of



rings and eddes formed, Figume 4b suggesis a trend of
relatively low [ormation rates leading up to a minimuem
in 1984, amd higher formation mtes after 1986, The
NBC eddies were formed anywhere betwesn Februoary
tes June, depending on the phase of omel and decay
of the NBC mimflection in different years, and il owt
a nearly uniform sessonal distribution when added Lo
the ring generation fequency |Figure 4a). Most of (e

rings could be identified for approcimately four months
in the region of study. The mean tramslation speed

of the fdngs as obiained from the ULT maps is 1445
kmxday=!, with a range of rom 8 to 20 km day—1.
Thess values agres with previowly reporied modeled
and observed mean velocities of 10-15 km fday (Did-
den and Schott, 1983, Fratantom el al., 1995).

The lengthscale, L, and thickness anomaly, b, of
the NBC rings and eddies are estimated following the
methodology used by Goni e al. (1887). The T/F
along track ULT anomalies are fil to a Gamsian profile

ha(r) — by = hae™ 5 (1)

where v is the alongirack distancs messured [rom the
cenler of the ring, ki s the alongirack ULT, Aw s a
refermnce valoe for the ULT outside the ring, and I is
the Gaussian length scale, which within the twao laysr
mode] corresponds to the radivs of maximum velocs
ity. These parameiers are sslimated just downstream
of the ring lormation region along groundiracks addl
and a3 [Figure 1), The sea height ampliteds (5] of
the fng is directly related to be through the redsced
gravity model. The parameter by 15 computed [rom
the ULT profiles north of the rings where altimeter es.
timates are les likely to have errom relabed to shallow
waler effects, such as lides. The mean value of L is
85 km and the standard deviation is 25 km {Tahle 1),
with mosl of the NBC rings and eddies having length-
srales between 80 and 120 km. The mean walues of L,
7, and by may be slightly undemstimated because the
altimeler groundiracks seldom pass dimectly through
the ring geometric cenler.

The most important result of this stedy is the in-
creaged mumber of NBC rings and eddies thal appear
tes be formed annually compared to that inferred from
earlier studies. Under the typical assumplions of a
trapped ring waler mass volume equivalent Lo ~1 Sv
per ring, and for an average of 5.6 rings and eddies per
year, these featurmes may account for more than 173 of
the total interhemispheric excha nge in the MOC, Sinee
altimeiry, by iteell, canmol directly determine the ver-
tical strueture of Angs, further in-site oberations of
these features are nesded lo delermine the volumes
of South Atlantic waters trapped and tramported by
them. Preliminary resulis fmm a feld program supe=
ported by thisstudy indicate that NBC rings can have

widely varying vertical stroctures, and that some rings
may be subsurface intensified with very weak surface
signatures, making them difficult to detect from al-
timetry data. Thus, a combination of in-situ amd
remole sensing approaches will be necsssary to Tully
gquantily their rale in the MOC,
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