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In the equatorial Pacific Ocean, easterly trade winds and the Earth’s rotation combine
to drive surface currents away from the Equator, thereby causing cold nutrient-rich
subsurface water to upwell. The front [1] that forms between this upwelled water
and warmer waters north of the Equator is sometimes visible as a spectacular “line
in the sea” [2] between 2° and 6°N. Westward-propogating cusp-shaped disturbances
observed along this front [3] have been attributed to the effect of dynamical instabilities
in the system of zonal equatorial currents [4, 5, 6, 7, 8, 9, 10, 11] but the connection
between these phenomena remains unclear. Here we report extensive measurements
from shipboard sensors, satellite and drifting buoys which reveal the three-dimensional
structure of an anticyclonic eddy (or vortex) ~500-km in diameter and centred at 4°N.
We suggest that the cusp-shaped disturbances at the front are caused by trains of
large-amplitude vortices, which are driven by instability of the mean zonal shear. We
show that these vortices not only play an important role in the meridional transport of
heat, salt and momentum, but are also associated with regions of intense horizontal
convergence along the front, where dramatic concentrations of marine life are observed.

The sheared zonal equatorial currents system (ECS), consisting of the westward south equatorial
current (SEC) at 2°S-3°N, the eastward equatorial undercurrent (EUC), and the eastward north
equatorial counter current (NECC) at 5°N-10°N, is subject to westward propagating perturba-
tions at periods of 15 to 30 days, first observed as meanders of the Atlantic equatorial currents
[4]. They were subsequently identified in satellite images of sea surface temperature (SST)
[3], drifting buoy trajectories [5], sea level and dynamic topography [12, 13], shipboard acoustic
doppler current profiler (ADCP) sections [6], equatorial moored current meters time series [7, 8],
and numerical model simulations [9, 10, 11]. The amplitude of these perturbations is largest
when the ECS strengthens seasonally in boreal summer and autumn. They result presumably
from dynamical instability of the ECS, although conversion of mean to eddy energy appears to
occur at several latitudes, varying through the annual cycle [14, 15].
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Figure 1: (a) Trajectories of the buoys between 17 November and 5 December 1990, dotted
every 6 h. The last points are marked by velocity arrows. The track of the ship is shown by
a solid line, and the positions of the moorings by filled circles. (b) Trajectories of the buoys
in a frame of reference translating westward at 30 cm/s, with velocity vectors from ADCP and
moorings superimposed (the longitude scale corresponds to the position of the vortex on 16
November 1990 00:00 UTC).

Repeated hydrographic surveys centred at 140°W 3°25’N were conducted in November 1990,
with the objective of understanding the off-equatorial dynamics of these perturbations. The
thermohaline fields were sampled with conductivity-temperature-depth (CTD) stations to 300
m depth spaced at 40 km, and near the fronts with CTD sensors attached to a towed platform
(SeaSoar), undulating over 4 km [16]. A 150-kHz ship-mounted ADCP yielded profiles of
velocity and backscatter intensity to 300 m depth; absolute velocities were computed using
global-positioning system (GPS) navigation and the ship’s gyrocompass. Forty satellite-tracked
(ARGOS) buoys [17] drogued at 15 m depth were also deployed. Meteorological sensors were
mounted on a bow tower to estimate the air-sea fluxes of heat, moisture and momentum by bulk-
formulae [18, 19]. Additional measurements of wind, current and temperatures were obtained
from moorings deployed by others (Eriksen, McPhaden [20], Weisberg [21]).

The drifting buoys followed typical cycloidal trajectories, often observed in this region [22], with
a meridional amplitude of ~400 km, a zonal wavelength of ~600 km, and an orbital period
of 20 days (Fig. 1la). Cycloids result from the superposition of a rotation and a translation;
the translation speed inferred from the trajectories is 30 cm/s westward. Viewed in coordinates
moving at this speed, velocity measurements from ADCP and moorings line up remarkably
well with the buoy trajectories (Fig. 1b), despite their wide spatio-temporal separation in fixed
coordinates. This indicates that the flow was approximately steady in the translating coordinates.
The velocity, temperature, and salinity fields were therefore mapped in these coordinates, with a
median interpolation of 70 km. The translation speed is robust: minimization of the interpolation
error, fits to individual trajectories, and maximization of the correlation between longitude and
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Figure 2: Fields in the moving frame of reference. (a) interpolated surface velocity; the back-
ground shows sea surface temperature from a satellite image on 16 November at 23:20 UTC, (b)
total potential vorticity for the upper layer (the planetary component is contoured with dashed
lines), (c) horizontal divergence at the surface.

meridional velocity, ADCP and mooring data included, yield the same speed, with a standard
error of 1 cm/s.

The interpolated surface velocity (Fig. 2a) reveals a 500-km diameter anticyclonic vortex drift-
ing along 4°24'N, straddled by the ~0.60 m/s eastward NECC north of 6°30'N, and by the
~0.75 m/s westward SEC south of 2°30’N. The zonal section through the centre (Fig. 3a) is
asymmetric: the northward flow near 140°W peaked at 60 cm/s near the surface, while the
southward flow near 137°W peaked at 75 m depth. The vortex was confined to the upper layer;
below the 150-m deep thermocline, velocities were less than 10 cm/s. The density field was
consistent with geostrophic balance, reflected by a deepening of the pycnocline in the core.

Remotely sensed SST (Fig. 2a) and zonal sections of temperature and salinity (Fig. 3b-c) show
northward transport of equatorial water (relatively cold and saline from the upwelling), and
southward transport of a shallow layer of warmer and fresher water (influenced by precipitation
in the inter-tropical convergence zone, ITCZ). Cold and warm waters were separated by a sharp
front, advected meridionally by the circulation of the vortex. The cusps generally seen in SST
images [3] appear therefore to be the expression of such off-equatorial vortices, deforming the
north equatorial front.

The spatial structure of the fields in the translating coordinates is equivalent to time series along
a meridian. As about one period was sampled, the contribution of this vortex to meridional fluxes
can be estimated by zonal averaging. At the surface, the heat flux (Fig. 4c) was southward and
the salt flux (Fig. 4d) was northward everywhere, down the mean meridional gradients. The flux
of zonal momentum (Fig. 4e) was negative south of 5°N, that is, there was a northward flux
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Figure 3: Zonal section through the vortex along 4°24'N: (a) meridional (northward) velocity
component; (b) temperature, (c) salinity, (d) daytime acoustic backscatter at 150 kHz, nor-
malized by the cruise-average profile. The 1024.5 kg m~2 isopycnal, conventionally chosen to
identify the depth of the thermocline, is shown by a dashed line.

of westward SEC momentum; it diverged south of, and converged north of 3°40'N - about the
latitude of the average position of the front. The large meridional momentum flux between 2°N
and 5°N, acting to reduce the shear between the SEC and the NECC, suggests that the vortex
was the finite amplitude result of an off-equatorial instability of the mean shear, in agreement
with numerical model predictions [10, 11, 23].

During the ship surveys, the three moorings deployed along the Equator [21] recorded a merid-
ional velocity oscillation of ~70 cm/s amplitude and 18 d period. Cross-correlations of meridional
velocity between adjacent equatorial moorings yielded an unambiguous westward propagation
speed of 78 cm/s, in contrast with the 30 cm/s drift speed inferred for the off-equatorial vortex.
This suggests that the vortex was distinct, and possibly decoupled, from the equatorial oscilla-
tions, known to be excited by shear within the SEC and between the SEC and EUC [14, 15, 21].

Convergence of the large scale wind-driven surface flow (the Ekman flow) [24] favours the
formation of SST fronts. The curl of the zonally averaged wind stress (Fig. 4f) is negative
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Figure 4: Zonally averaged quantities: (a), (b), mean zonal component of velocity (< U >;a)
and eddy kinetic energy (< U?+V?2 >;b); (c), (d), (e), meridional fluxes of heat (< V'T" >;c),
salt (< V'S' >;d) and zonal component of momentum (< U'V’ >;e); (f), mean zonal wind
stress (< 77 >.

between 2°30'N and 4°30’N, as southeasterly trade winds decrease towards the ITCZ. The
Ekman flow is thus convergent, sharpening temperature and salinity gradients, and eventually
leading to the formation of fronts. Similar Ekman fronts are observed in the North Pacific [25]
and North Atlantic [26, 27] subtropical gyres.

Horizontal velocity gradients (that is, vorticity, divergence) offer further insight into the fron-
togenesis dynamics. The potential vorticity () of a column of water, related to its angular
momentum, is the ratio of the sum of planetary vorticity f (the vertical component of the
Earth’s rotation) and relative vorticity ¢ (the rotation of the vortex with respect to the Earth),
to the thickness H of the column: @ = (f + ¢)/H. Potential vorticity of the upper layer (Fig.
2b) was conserved along streamlines, despite a twofold variation of planetary vorticity between
3°N and 6°N; relative vorticity was an important ingredient in this conservation. The near-zero



vorticity in the core suggests that the growth of the vortex may have been limited by inertial
instabilities.

Vertical velocity, downwelling or upwelling, is directly related to horizontal velocity divergence
(Fig. 2¢). A long band of convergence, stretching from 140°W 3°30'N to 138°W 6°N, coincided
with the leading edge of the front; it extended down the thermocline, implying vertical motions
reaching 32 m/day. A similar pattern of convergence was predicted by numerical models [11].
The convergence band is consistent with the conservation of potential vorticity: as water columns
move rapidly northward, their planetary vorticity f increases; to conserve potential vorticity @,
their thickness H must also increase (that is, the flow converges), further sharpening the Ekman
front.

Convergence increases gradients of other advected properties such as zooplankton concentration,
which can be estimated from the acoustic backscatter intensity of the ADCP [28]. A zonal
section of backscatter anomaly (Fig. 3d), constructed using only daytime data to avoid bias due
to the diurnal migration of zooplankton, shows an astounding increase of more than 20 dB above
the background, aligned with the northward converging flow at 139°30 W. In the southward
flow, the scattering layer was less intense and at the depth of the thermocline, suggesting that
scatterers are subducted downwards while advecting around the vortex.

These new observations provide a synoptic synthesis of the causal links between large-scale
atmospheric and oceanic flows, dynamical instabilities, finite amplitude vortices, frontogenetic
processes, and eventual concentration of biological organisms. Intensification of the equatorial
front in the presence of a vortex [29], increased density of phytoplankton [2, 30] and zooplankton
[31] at the surface, and large accumulation of phytodetritus [32] at the sea bottom, were observed
again during the 1992 Equatorial Pacific Joint Global Ocean Flux Experiment (JGOFS-EQPAC)
[33], consistent with our findings from data collected in 1990.

Westward propagating perturbations of the ECS have been referred to as ‘equatorial long waves’
(Rossby gravity waves causing equatorial meanders of the EUC/SEC [8]), ‘Legeckis Waves’
(cusps in the north equatorial front, seen in satellite images [3]), and often, somewhat inter-
changeably, as ‘tropical instability waves’. Our results, integrating data from a rich range of
sensors, indicate that away from the Equator, they consist of finite amplitude vortices, drifting
along the shear layer between the SEC and the NECC. Although when sampled from a fixed
point, they appear as periodic oscillations of the fields, just as linear waves would, they are
clearly trains of fully developed large-amplitude nonlinear eddies.

Moreover, within the limitations of the short sampling time, the observation of drastically dif-
ferent propagation speeds along the Equator and along 4.5N, suggests that the equatorial and
subequatorial perturbations may at some times appear as distinct phenomena, contrary to gen-
eral assumption. Whether this results from different forcing mechanisms, which may be phase-
locked at some times of the year and decoupled at others (the vortex observed here was the
last of the 1990 season), or from separate manifestations of the same instability, raises new
questions concerning the dynamics of the equatorial current system in the Pacific.
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