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[tJ The equatorial Pacific and Atlantic oceans exhibit remarkable
meridional undulations in temperature and chlorophyll fronts visible
from space over thousands of kilometers and often referred to as
tropical instability waves. Here, we present new observations of an
ecosystem ranging through three trophic levels: phytoplankton,
zooplankton and small pelagic fish whirling within a tropical vortex
of the Atlantic ocean and associated with su ch undulations. Cold,
nutrient and biologically rich equatorial waters are advected
northward and downward to for111 shmV fronts visible in ail tracers
and trophic levels. The equatorward recirculation experiences
upwelling at depth, with the pycnocline and ecosystem
progressively moving toward the surface to reconnect with the
equatorial water mass. The observations thus indicate that it is a fully
three-dimensional circulation that dominates the distribution ofphysical and biological tracers in the presence of tropical instabilities
andl11aintains the cusp-like shapes of temperature and chlorophyll
observed l'rom space.
iNDEXTERMS: 4520 Oceanography: Physical: Eddies andl11esoscale processes; 4279 Oceanography: General: Upwelling and convergences; 4231 Oceanography: General:
Equatorial oceanography; 4815 Oceanography: Biological and
Chel11ical: Ecosystems, structure and dynal11ics; 4817 Oceanography: Biological and Chemical: Food chains

1.

Introduction

temperature and currents, along with regions of intensified vertical
motions, appear north of the equator [Legeckis, 1977; Weisberg and
Weingardner, 1988]. These oscillations form remarkab1e cusp-like
shapes visible fr0111 space in sea surface temperature or surface
chlorophyll over thousand ofkilometres [Legeckis, 1977; Cliavez et
al., 1999J. In the equatorial Pacific Ocean, such sea surface temperature patterns are now known to result from the passage of tropical
instability vortices [Kennan and Flament, 2000; Flament et al.,
1996]. They may thus similarly affect the distributions of nutrients,
CO 2 , primaty productivity, phytoplankton, and zooplankton [J\lilt/'myetal., 1994; Roman etaI., 1995; Foleyetal., 1997; Ch avez etaI.,
1999J and, more generaUy, the equatorial ecosystem just as eddyinduced pro cesses have been invoked to enhance production in
other regions [e.g. Falkowski el al., 1991J. Indeed, in the equatorial
Atlantic Ocean, the coincidence of high eddy kinetic energy from
instabilities [Richa/'dson and J\licKee, 1984J with a major fishing
zone for skipjack tuna [lviénard et al., 2000] have suggested a causal
relationship between the dynamics of unstable currents and variations of the ecosystem to the highest trophic levels [Morlière et al.,
1994]. Yet synoptic biological and physical measurements of these
processes in the equatorial oceans have been sa far lacking. This is
the aim of this paper ta fiU this gap, to set a framework to
understand how equatorial vortices affect the equatorial marine
ecosystem to the highest trophic levels and connect to the striking
cusp-like shapes observed from space. To that end, the observational program PICOLO was conducted, in June 1997, in the
eastern tropical Atlantic aboard the research vessel Antea, to
observe the distribution of nutrients, plankton and nekton in the
presence of a tropical instability vortex.

[2J In the eastern equatorial Atlantic and Pacific Oceans, upwelling is strong and primary productivity is high within a few degrees
of the equator, where wind-driven surface currents diverge [Chavez
aI/(l Barber, 1987; Voituriez and Herbland, 1981]. Wh en the zonal
equatorial currents become uns table, meridional oscillations of

2.

Copyright 2002 by the Ameriel\n Geophysieal Union.
0094-8276/02/2001 GLO 14576$05.00

[3] Ocean currents were measured using a shipboard ACOllStic
Doppler CUITent Profiler (ADCP) [Wilson and Leelmaa, 1988]
and an array of 10 surface dritling buoys [Niiler el al., 1987].
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Figure 1. top panel: buoy trajectories in the fixed frame for the
tirst 25 days ailer launch at 20 0 W, dotted evety 6 ho ur. The
arrows represent their final velocity. The ship track is also shown
by stars. Bottom panel: Buoy trajectories and speed in the
reference frame moving at -35 cm S-I (black) and surface
currents from ADCP along the ship tracks (red). The longil11de
scale corresponds to the position of the vortex on June 20th,
1997.
Seventy-five hydrographic stations were conducted to 250 meter
depth with a 20 nautical mile spacing, yielding profiles of
temperature, salinily, nutrients, excited and natural fluorescence
[Chambel'lin et al., 1990], pigments and the phytoplankton
species distribution. Prokaryotes dominated phytoplankton as
indicated by an abundance of divinyl chlorophylls and zeaxanthine. Zooplankton biomass vertically integrated to 150 meters
was sampled by net tows at each station [Lebourges-Dhaussy
et al., 2000]. An equivalent of zooplankton concentr'ation was
also inferred fi'Ol11 150 kHz ADCP backscatter [Flagg and Smith,
1989] and micronekton biomass from 38 kHz echosounder.
Micronekton consisted mostly of small pelagic fishes: Vinciguel'ria nimbal'ia [Leboul'ges-Dhaussy et al., 2000]. Surface chlorophyll concentrations were obtained from the POLDER sensor
onboard the ADEOS-l satellite [Deschamps et al., 1994], and
weekly sea sUtiace temperatures (SST) were obtained fi'om pathfinder AVHRR data.
[4] Daily SST images from the METEOSAT satellite guided
the ship to a vOliex at 20 0 W. Five repeated sections were
conducted between the equator and 6°N while deploying driiling
buoys. The buoys followed cycloidal trajectories, indicating that
they moved within a votiex translating westward at 35 cm S-I
(Figure 1, top panel). In a frame of reference moving with the
vortex, the buoy trajectories become 1110stly closed loops and
the AD CP currents from the ship track closely follow those of
the driilers north of l.5°N (Figure l, bottom panel). Thus, north
of 1.5°N, the vortex can be assumed to be steady at first order
and synoptic maps of the properties of the vortex can be
constructed From observations separated in time and space
[Kennan and Flament, 2000] by transforming ail time-dependent
information into spatial information.

3.

Results

[5] The anticyclonic (clockwise) vOliex was centered at 3.5°N,
18.5°W on luly 20th, in the shear of the North Equatorial Counter

Current and westward South Equatorial Current, with a diameter of
500 km and velocities reaching 1.3 m S-I at ils border (Figure 2a).
The equatorial chlorophyll maximum exhibited a meridional undulalion, with maximum at 20 0 y\l, and minimum at 15°W, mirroring
the classic wave, or cusp-like pattern also seen in SST (Figure 2b).
Cold, chlorophyll-rich, equatorial waters were transported poleward by the instability vortex (Figure 2).
[6] Surface divergence was estimated n'om the gridded surface
velocities (Figure 2b) and plotted only when exceeding its standard
error, obtained through stochaslic simulations [Kennan and FlalIIent, 2000]. Convergence between the cold, chlorophyll-rich,
equatorial waters and the wan11er, chlorophyll-poor, waters in the
northward now, and divergence (upwelling) neur the vortex center,
agree with previous observations l'rom the Pacific [Kennan and
Fla III en t, 2000; Flalllent et al., 1996]. This upwelling does not
have any apparent effect on SST or surfàce chlorophyll.
[7] The depth-averaged circulalion of the vortex illustrates the
overall effect of the vortex on the ecosystel1l as the motion was
coherent down to the pycnocline. Tt transpot'led cool, nutrient,
chlorophyll and zooplankton-rich, equatorial water poleward, west
of 18°W (Figure 3). Wanner, nitrate, chlorophyll, zooplanktonpOOl' waters moved equatorward east of 18°W. A similur pattern
could be observed in the pelagic fish (Figure 31). Gross primary
production was enhanced in the phytoplankton-rich region with
peaks reaching 3 gC m- 2 d- I (Figure 3c). The corresponding net
primary production was about l.5 gC m- 2 d- I [Bender et al.,
1999], characteristic of productive areas observed in the Atlantic
[lvlol'lière et al., 1994] and Pacific [Murray et al., 1994; Foley
et al., 1997], probably under the innuence of su ch vortices. The
data indicate successively higher trop hic levels extending increasingly further northward downstream away from the equator (Figures 3b, 3d, and 3e). This suggests that the ecosystem is streaming
poleward un der the innuence of a passing instability vortex.
[8] As suggested by the pattern of surface convergence and
divergence (Figure 2b), vertical motions within the vortex now
field also innuence the tracer distributions. In particular, the intense
convergence along the leading edge of the vortex leads to subduction, creating sharp gradients, or fronts, in ail observed fields
(Figure 3). Figure 4 shows a vertical section of ail depth-dependent
fields along one str'eamline selected to pass through the ship tracks
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Figure 2. Left panel: shaded is POLDER-clerived surface
chlorophyll as seen from ADEOS-l platform in mg m- 3 . This
image is a composite of daily images spanning June 18th to June
30th 1997. Each daily image is translated in the frame of reference
centered on June 20th 1997, prior to compositing. Arrows
represent the gridded surface velocities from drifters and ADCP.
Right panel: 8-day averaged sea surfàce temperatures l'rom
AVI-IRR pathfinder centered on June 22nd, 1997. Surfàce
divergence contoured evely 2 x 10- 6 S-I is overlaid. Divergence
(upwelling) is indicated by a solicl black contour and convergence
(downwelling) by a dashed black contour. The ship track in the
translating reference frame is shown in white.

fvlENlŒS ET AL.: A WHIRLING ECOSYSTEM IN THE ATLANTIC

48 - 3

responsc to the Iluid motion and food availability, zooplankton also
concentratcd at depth (Figure 41'). The eqllatorward return now
experienccd upwelling at depth near 4°N/17.5°W, \Vith the isotherms, halocline, and nitracline aIl progrcssivcly 1l10ving toward
the surfilcc unlil finally IIlcrging at thc surfilcc with thc eqllatorial
water mass (Figures 4a-4d).
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Conclusion

[II] Thus, the cusp-Iike unclulations of the surface fronts in
tempcraturc, chlorophyll and otllcr variablcs can bc primarily
understoocl il'om advection proccsses induccd by the fully thrcedimensional now 1Ielcl of the vortex: biologieally-rich/eool/salty
equatorial waters were subcluctecl artcr being entrained by the
vortcx polcward flow, creating sharp surfacc fronts in ail tracer
fielcls. These biologieally-rich watcrs favoured small pelagie 1Ish
concentration. Thc watcrs continuecl their circuit at clcpth where the
ccosystem concentratcd. Then thcy rejoined the surface after
nowing equatorward, and upward.
[12] Thc observations are not sufficient to precisely estimate the
dynamieal and biologieal tracer budgets and dctermine how much
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Figure 3. (a) temperature and velocities averaged down to the
pycnocline depth. A non-divergent streamline is represented in
black, the white star indicating the starting point of the vertical
section presented in Figure 4; (b) nitrate, averaged down to the
pycnocline depth, in 1Lll101 kg-I; (c) gross primary production
integrated down to the 0.1% light level, in gC m- 2 d- I; (d) in situ
chlorophyII averaged down to the pycnocline depth, in mg 111- 3 ;
(e) zooplankton biomass averaged over 150 m, in dly weight m- 3 ;
(f) micronekton biomass averaged over 500 m.
which cuts through the convergence/divergence dipole. Vertical
velocities reaching ±10 m day-I_typical of equatorial upweIIing
[Weingartner and Weisberg, 199 l]-were estimated by integrating
the horizontal divergence downward to the pycnocline.
[9] The section begins nem 2.5°N/18.75°W, in the cold, saline,
nu trient and biologically rich equatorial waters. These waters were
upwelled and moved to the northwest away from the equator
(Figure 3). As the water flowed poleward it encountered intense
downwelling, and subducted north of 3°N (Figure 4a). The tracer
distributions were consistent with this subduction: isotherms, the
halocline, the nitracline, chlorophyll maximum, and zooplankton
maximum aIl moved downward along the vortex streamline from
the convergence zone downstream (Figures 4b-4f). In the equatorial Pacific during similar conditions, phytoplankton consisted
mostly of Rhizosolenia sp., which can adjust their buoyancy to
remain at the smface, rather than subduct. The result was high
surface concentrations of phytoplankton visible as a line from space
[J'Oder et al., 1994]. Here, such a phenomenon can not occur as
prokmyotes are unable to adapt their buoyancy. The downwelling
explains the transition between the biologically-rich, cuul waters
and the biologically-poor, wann surface waters (Figures 2a and2b).
[la] Downwelling moved nutrients down to a level of reduced
light so that subsequent phytoplankton growth occurred only just
above the nitracline, maintained at depth. Such a subsurface
maximum is characteristic of oligotrophic waters (Figure 4e). In
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A vertical section along the closed streamline shown in
Figure 3. The section starts at the white star and closes at 700 km.
For clarity, the first four grid points are repeated at the end of the
section, indicated by the vertical mark. (a) veliical velocity are
eolour-coded and along-streamline velocities are represented as
arrows; (b) temperature; (c) salinity; (d) nitrate; (e) in Sit11
chlorophyIl; (f) acoustic backseatter anomalies, a proxy for
zooplankton concentration. Day/night anomalies are defined as
day/night deviations from the separately averagcd day/night
profiles.
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of the now recireulatcs versus how l11ueh is rcplenished with l'resh
equatorial \Vatel'. The upwelling at depth, within the vortex ac!s
primarily to connec! the rccirculating flow 01' the vortex, and may
not imply cross isopycnal fluxes whieh wou Id supply new nutrients
in the system. !-Iowcver, it is plausible that a n'esh supply of
nutricnts is the polcward surnlcc flow n'OI11 the equatorialupwelling.
[13] Pinally, we exaillined SST from AVHRR and chlorophyll
n'om Sea\Vifs satellite data 101' 199R-2000, /lncling 3-4 such
meridional undulations each boreal sumiller in the equatorial
Atlantic (2°N _6°N, 2SoW - 100W). These instability-induced variations are clearly the dominant pattern of SST and chlorophyll
variations on monthly time scales during thc upwelling season. As
we have scen that one such instability controllecl the off equatorial
distributions of tracers and organisms via a l'ully three-dimensional
circulation, it is probable that recurrent generation of such vortices
during the instability season dominates tracer and ccosystem
variability on SOO-km l1ndl11onthly time scales . .Just as instabilities
contribute to the tropical ocean heat budget [Flalllent et al., 1996;
[(ennan and PIaillent, 2000; Batllrin and Niiler, 1997J, they are
lilœly to influence the seasonal biological budgets [Kellnall, 1997].
This may be especially so in the equatorial Pacific Ocean, where
equatorialupwelling acts on larger spatial and temporal sc ales, and
tropical instabilities occur in greater numbers. Future observations
should quanti(y these effects.

[14]

Acl(l\()wlcdgmcnts.

vVe thank the capta in ancl the crew of the

N/O Antéa, Frécléric Ménarcl, Harilaos Loukos, Ouillaume Roullet ancl
Keith Roclgers for useful comments. Wc thank Yves LeFrisé-Dupenhoat,
Oilles Reverclin, rvlayra Pazos for processing the clrifter clata, .Iim Murray
ancltwo anonymous reviewers for greatly improving the manuscripl. Partial
funcling for the drifting buoys was obtained li'OIll the .Ioint Institute for
!\I[arine and Atmospheric Research, Pelagie Fisheries Program, and fromthe
State of Hawaii. The authors thank their host institutions 1:01' support.
Contributions SOEST 5935 and IIMAR 02-340.

References
Baturin, N. O., and P. P. Niiler, Effects of instability waves in the mixed
layer of the equatorial Pacific, 1. Geopliys. Res., 102,27,771-27,793,
1997.
Bender, M., .r. Orchardo, M.-L. Dickson, R. Barber, and R. S. Linclley, [n
vitro 0 1 nuxes comparecl with 14C procluction and other rate tenns
cluring the JOOFS Equatorial Pacific experiment, Deep-Sea Res. 1, 46,
637-654, 1999.
Chamberlin, W. S., C. R. Booth, D. A. Kiefer, J. H. Morrow, and R. C.
Murphy, Evidence for a simple relationship betwecn natural t1uorescence
photosynthesis and chlorophyll in the sea, Deep-Sea Res., 37, 951-973,
1990.
Chavez, F. P., P. O. Strutton, O. E. Friederieh, R. A. Feely, O. C. Feldman,
D. O. Foley, and M . .1. McPhadcn, Biological and Chcmical Response of
the Equatorial Pacific Ocean to the 1997 -1998 El Nifio, Sciel/ce, 286,
2126-2131,1999.
Deschamps, P.-Y., F. M. Bréon, M. Leroy, A. Podaire, A. Bricaud, J. C.
Buricz, and O. Seze, The POLDER mission: Instrument characteristics
and scientific objectives, IEEE Trall.\'{{c/iol/s 01/ Geosciellce al/d Remo/e
Sel/sil/g, 32, 598-615,1994.
Falkowski, P. O., D. Zieman, Z. Kolber, and P. K. Bienfang, Role of eddy
pumping in cnhancing primai")' production in the ocean, Na/ure, 352, 5557, 1991.

Flagg, C. N .. and S. L. Smith, On the use or acoustic Doppler currcnt
profiler to mcasurc zooplanklon abundanee, DucfJ-Sm Res., 36, 455474, 1989.
Flaillenl, l'., S. C. Kcnnan, R. Knox, l'. Niiler, and R. I3clllstcin, The th rcedimensional structure or an upper occan vortex in the tropical Pacific,
Na/ure, 382, 610-613,1996.
Foley, D. G., T. D. Dickcy, fvl. .1. Mcl'lllIden, R. R. l3idigare, IVI. R. Lewis,
R. T. Barber, S. T. Lindley, C. Oarside, D. V. Manov, Hnd J. D. IVIcNeil,
Longwaves and primary productivily varialions in the equatorial Pacific
0
at 0 , 140 0 W, DecfJ-Sea fie.\'. fI,44, IXOI-1826, 1997.
Kennan, S. c., Ph.D. Dissertation, Univ. Hawaii, Honolulu, 190 pp., 1997.
Kennan, S., and P. Flamcnt, Obscrvations or a tropical instabilily vortcx,
./. Pli)'.\'. Occw/Og/:, 30, 2277 -230 l, 2000.
Lcbourges-Dhaussy, A., E. Marchal, C. Menkcs, O. Champalbcrt, and
13. l3iessy, Vincigucrria Nimbaria (micronekton) cnvironmcnt and tu na:
Theil' rclationships in the castelll tropical Atlantic, Oceal/ologica Ac/a,
23, 515-528, 2000.
Lcgcckis, R., Long waves in the eastclll cqualorial Paeific Occan: A vieil'
fi'om a geostationnery satellite, Sciel/ce, 197,1179-1181,1977.
Ménard, F., A. Fontencau, D. Oaertncr, V. Nordstrom, 13. Stéquert, and
E. Marchal, Exploitation or small lunas by a purse-seine Iishery with fish
aggregating cleviccs and their Icccling ecology in an eastelll tropical
Atlantic eeosystem, ICES./. Mw: Sciel/ce, 57, 525-530, 2000.
Morlière, A., A. Le Bouteiller, and J. Citeau, Tropical inslability waves in
the Atlantic ocean: A contributor to biological processes, Oceal/ologica
Ac/a, 17, 585-596, 1994.
Murray, W. .1., R. 1'. Barber, M. R. Roman, M. P. Bacon, and R. A. Feely,
Physical and l3iological Con trois on Carbon Cycling in the Equatorial
Pacifie, Sciel/ce, 266, 58-65, 1994.
Niiler, P. P., R. E. Davis, and H. J. White, Water-following eharacteristics of
a mixecl-Iayer drifter, Deep-Sea Res., 34, 1867-1882, 1987.
Richardson, P. L., and T. K. McKee, Average seasonal variation of the
Atlantic equatorial currents fi'OIll historical ship drits, .J. Geophy.\'. Res.,
14, 1226-1238, 1984.
Roman, M. R., H. O. Dam, A. L. Oauzens, .1. Urban-rich, D. O. Foley, and
T. D. Dickey, Zooplankton variability on the equator at 1400 W during the
.rOOFS EqPac Study, Deep-Sea Res., 42, 673'-693, 1995.
Voituriez, 13., and A. Herbland, Primary production in the equatorial Atlantic oceanmapped Il'om oxygen values ofEqualant 1 and 2, Bill. Mm: Sei.,
31, 8543 - 863, 1981.
Weingartner, T., and R.H. Weisberg, On the annual cycle ofequatorialupwelling in the central Atlantic ocean,.! Phys. Oceallog/:, 21, 68-82, L991.
Weisberg, R. H., and T. .1. Weingardner, Instability waves in the equatorial
Atlantic ocean,.! Phys. Oceallog/:, 18, L64I-1656, 1988.
Wilson, D., and A. Leetmaa, Acoustie Doppler current proftling in the
equatorial Paci fic in 1984, J. Phys. Oceal/og/:, 18, L641- 1657, 1988.
Yoder, J. A., S. O. Ackelson, R. T. Barber, P. Flament, and W. Bach, ALine
in the sea, Na/lire, 371, 689 - 692, 1994.

C. Menkes, Y. Dandonneau, B. Biessy, S. Masson, .r. Orelet, Y. Montel,
A. Morlière, E. Marchal, O. Eldin, and A. Lebourges-Dhaussy, IRD,
LODYC/UPMC, Case LOO, 4 place Jussieu, 75252 Paris, France.
emen kes@lodyc.jussieu.Fr)
S. C. Kennan, Nova University Ocean Ctr., 8000 N. Ocean Dr. Dania
Beach, FL 33004, USA. (skennun@nova.edu)
p. Flament, Department of Oceanography, University of Hawaii, 1000
Pope Rd., Honolulu, Hl 96822, USA. (pt1ament@soesl.hawaii.eclu)
C. Moulin, LSCE, CE Saclay, bal. 709,91191 Oif sur Yvette, France.
(moulin@lsce.saclay.cea. l'l')
O. Champa Ibert, LOB, Campus de Luminy, 13000 Marseille, France.
(champalbert@com. uni v-mrs.I1·)
A. [-lerbland, CREMA L'houmeau, Case 5,17137 Nieul sur mer, France.
eAlain. [-[ erbland@ifremer.Ji·)

