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Abstract. In March 1997, a strong westerly wind event (WWE)
occurred in the western equatorial Pacific prior to the 1997-1998
El Nifio event. It produced downwelling Kelvin waves that
interacted non linearly with the surface temperature, salinity and
zonal current fronts located at the eastern edge of the warm-fresh
pool (EEWP). This non-linear interaction locally increased zonal
currents by a factor of three compared to a theoretical linear
response, and advected the EEWP at an unexpected rate (~ 1m/s)
to which the ocean-atmosphere coupled system may have been
responding rapidly to trigger El Nino conditions.

1. Introduction

Westerly wind events associated to perturbations of the large
scale atmospheric convective activity may determine the onset of
an El Nifio [Mc Phaden, 1999; Mc Phaden and Yu, 1999;
Boulanger and Menkes, 1999] by forcing oceanic Kelvin waves
in the equatorial Pacific. Indeed, satellite and in-situ observations
indicate a connection between the occurrence and intensity of
westerly wind events and the onset of warm ENSO events
[Slingo and Delecluse, 1999] such as the 1997-1998 El Nifio [Yu
and Rienecker, 1998; Mc Phaden, 1999; Boulanger and Menkes,
1999]. Various studies have investigated the spatio-temporal
structures of westerly wind events [Giese and Harrison, 1991;
Harrison and Giese, 1991; Harrison and Vecchi, 1997], their
impact in the observed oceanic vertical structure [Cronin et al.,
2000; Delcroix et al., 1993], in simple oceanic models [Kessler
and McPhaden, 1995; Boulanger and Menkes., 2001] or in more
complex ones [Kindle and Phoebus, 1995; Richardson et al.,
1995]. More precisely, studies based on linear wave theory have
emphasized the role of oceanic Kelvin waves such as those
forced by WWE in displacing the EEWP via their geostrophic
zonal currents [Picaut et al., 1996; Picaut and Delcroix, 1995]. In
particular, various authors [Mc Phaden, 1999; Boulanger and
Menkes, 1999] have suggested that the strong March 1997 WWE
(Figure 1) forced an observed strong Kelvin wave whose directly
associated geostrophic zonal current anomalies advected the
eastern edge of the warm-pool eastward and, thus, potentially
initiated an ocean-atmosphere feedback leading to the largest El
Nifio on record Nifio [Mc Phaden, 1999].
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2. Oceanic response to the March 97 Westerly
Wind Event

2.1. Ocean model and data variability

In order to investigate the actual role of the March 1997
WWE, a first simulation is performed with the ORCA-OPA
Ocean General Circulation Model [Madec et al., 1998; Madec
and Imbard, 1996] starting in 1993, and using the observed ERS
wind stress data [Bentamy et al., 1996] and climatological heat
and water fluxes computed from the 1980-1993 ECMWF
Reanalysis. A flux correction term is also computed as a
relaxation of model temperature to Reynolds SST observations
using a -40W/m%K coefficient. The OPA model has been shown
to have a good skill in simulating the subsurface equatorial
temperature and zonal current structure and variability, as well as
surface currents and sea level during the 1997-1998 period when
forced by the ERS wind stress data [Vialard et al., 2001]. This
gives us confidence in interpreting the simulated processes as
relevant for the real ocean. In the following, we will focus on the
ocean surface variability. Figure 2 displays the observed and
simulated sea surface temperatures on March, 10™ 1997 as well
as the simulated salinity and zonal current fields (observations
are weekly data, and model outputs are 5-day averaged). The
28°C isotherm (Figures 2a-b) together with strong salinity and
zonal current fronts were located at the dateline prior to the
maximum of the March 1997 WWE (Figures 2¢-d). One month
later, both model and data show that large SST anomalies (larger
than 1.5°C for both sets) are observed from the dateline to 160°W
(Figures 2e-f). These anomalies are confined in a 3°N-3°S
narrow band around the equator. The model indicates that these
anomalies are actually the result of a zonal displacement of the
EEWP by currents larger than 1m/s (Figure 2h) which are
confined in a 50-m deep surface layer (not shown). These
currents also advected the salinity front (Figure 2g) into the
equatorial saltier waters of the central Pacific (Figure 2c). The
major difference between the model and data SST anomalies is in
their respective maximum (larger than 1.5°C in data and 2.5°C in
the model). The large convective activity at that time near the
dateline (McPhaden, 1999), the gaps in the TAO moorings at the
dateline in March 1997 together with the spatial smoothness of
the Reynolds SST data may contribute to the smaller amplitude
of the observed positive anomalies. Anyway, aside from the 1°C
difference, the major point highlighted by both model and data is
the eastward displacement of the EEWP that linear theory alone
cannot explain as will be shown later .
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Figure 1. Spatial pattern of the March 1997 wind event on the
10th of March as computed from the Local Modal Analysis
method. Color intervals are every 0.02N/m’.

2.2. Impact of the March 1997 Westerly Wind Event

To document the oceanic response to the March 1997 WWE, a
second simulation was performed using ERS wind stress data to
which the March 1997 WWE is taken out of the wind forcing
field. In order to extract specifically the spatio-temporal structure
of this wind event near the equator, a Local Mode Analysis
[LMA; Goulet and Duvel, 2000] was applied to the zonal and
meridional wind stress for the equatorial zone (5°S-5°N; 120°E-
250°E) with a spatial resolution of 1° and with a time window of
140 days. The wind event appears to be the most persistent signal
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Figure 2. Spatial patterns of respectively (a) Reynolds sea
surface temperature, (b) model sea surface temperature, (c) model
sea surface salinity and (d) model surface zonal currents on
March 9*, 1997, and of anomalies in (¢) Reynolds sea surface
temperature, (f) model sea surface temperature, (g) model sea
surface salinity and (h) model zonal current computed as the
differences between April 8th and March 9th conditions.
Contour/color intervals are every 1°C in (a, b), 0.5°C in (e,f),
0.5psu in (c,g), and 20cm/s in (d,h).
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for a time window centred on the 3" of March 1997 with a near-
equatorial maximum in the western Pacific on the 10" of March
1997. The wind event has a maximal amplitude (and is almost
stationary) west of the dateline. The largest westerly wind
perturbation near the equator is located near 150°E and a
secondary maximum is located near 170°E (Figure 1).

In order to only diagnose the impact of the wind event on the
oceanic response, the heat and water fluxes in the second
simulation are identical to the one used in the first simulation. It
is important to note that, in the first simulation, a flux correction
term was computed as a relaxation of model temperature to
Reynolds SSTs using a -40W/m*/K coefficient. To perform the
second simulation, this term was added to the ECMWF heat
forcing prior to performing the second simulation which thus
does not use any specific restoring term. This procedure allows
the model SST in that second simulation to adjust freely to
dynamical changes. The difference between the two simulations
thus traces the source of the changes in the equatorial Pacific
Ocean conditions due only to the dynamical perturbation
generated by the March 1997 WWE. The differences between the
two simulations are now examined along the equator (Figures 3).
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Figure 3. Longitude-time plots of the 2°N-2°S averaged
differences between the two simulations for zonal wind stress of
(a) zonal wind stress (color intervals are every 0.02N/m?), (b) sea
level (color intervals are every 2cm), (¢) zonal current (color
intervals are every 20cm/s), (d) sea surface temperature (color
intervals are every 0.5°C) and (e) sea surface salinity (color
intervals are every 0.40psu). The straight line represents the trace
of the Kelvin wave propagation from the eastern edge of the wind
event. The dashed line is the 1021.5 kg/m® isopycne which
characterizes well the eastern edge of the warm-pool simulated in
the control run.
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The equatorial maximum in the westerly wind stress anomalies,
observed on the beginning of March around 150°E (Figure 3a),
forces a large downwelling Kelvin wave (Figure 3b) propagating
to the eastern Pacific at a phase speed around 2.8m/s (straight
line). Although an SST anomaly is observed at the very eastern
boundary (Figure 3d) in direct association with the Kelvin wave,
in agreement with suggestion by data [Boulanger and Menkes,
1999] and other ocean model studies [Boulanger and Menkes,
2000], the main SST anomaly is observed at the eastern edge of
the warm-pool. Simultaneously, a strong sea surface salinity
(SSS) signal (Figure 3e) is observed as well at this edge. These
SST and SSS signals are displaced more or less at the same
velocity (~Im/s). This is much faster than the speed of the
geostrophic zonal current anomaly of about 35-40cm/s produced
by the Kelvin wave only (Figure 3c). This fast propagation is
related to a large eastward zonal current perturbation (~1 m/s)
propagating from March 15" to April 15™ at the same speed as
the SST and SSS signals along the eastern edge of the warm-
fresh pool (Figure 3c). Although these large eastward zonal
current anomalies are initiated when the Kelvin wave passes the
dateline, where the salinity front is initially located (Figure 2c),
the simultaneous evolution of SST, SSS and zonal current
anomalies continue while the Kelvin wave moves faster further
east. The coupled displacement of the equatorial dynamical and
thermodynamical fronts while the Kelvin wave is gone thus
cannot obey to linear dynamics.

3. Non-linear mechanism of displacement of the
eastern edge of the warm-pool

In order to investigate the mechanisms responsible for the
large zonal current response near the dateline, the contributions
of each term of the zonal momentum equation at the surface are
examined. The major terms contributing to the zonal current
variability (Figure 4) are the zonal advection of zonal
momentum, the zonal pressure gradient and the difference
between the zonal wind stress and the vertical friction term over
the 10m-thickness of the first level of the model. All other terms
are negligible and will not be discussed. From these results, we
can draw the following scenario: (i) in response to the westerly
winds, a downwelling Kelvin wave is forced and propagates
eastward (Figure 3b); (ii) a zonal pressure gradient associated to
the Kelvin wave propagation generates an acceleration of the
currents west of the Kelvin wave front (Figures 3¢ and 4c); (iii)
the zonal current increases near the convergence front due to the
wave propagation. Initially, at this front, zonal currents are close
to zero, and the zonal gradient of zonal currents is negative
(Figure 2d). Therefore a non-linear response takes place (Figure
4b) when positive current anomalies induced by the passing
Kelvin wave interact with the negative zonal current gradient at
the convergent front. This interaction strongly increases the zonal
current; (iv) the temperature and salinity fronts are displaced by
zonal advection via the enhanced zonal current and generate a
zonal pressure gradient moving eastward (Figure 4c); (v) the
zonal pressure gradient at the edge of the warm-fresh pool as well
as the non-linear term of momentum advection (Figure 4b) both
contribute to increase the zonal current locally as the front moves
eastward. Such a process is maintained during about a month
while the vertical diffusion acts against it and increases its
negative feedback when the 3°N-3°S/50-m deep fronts propagate
eastward over colder and saltier waters associated to westward
zonal currents [Vialard and Delecluse, 1998a,b].
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Figure 4. Longitude-time plots of the 2°N-2°S averaged trends
of the zonal momentum equation: (a) zonal current derivative, (b)
zonal advection of zonal momentum, (c) zonal pressure gradient,
(d) difference over the 10m-thickness of the model first level
between the zonal wind stress and the vertical diffusion. Color
intervals are every 0.12(m/s)/month. The straight line represents
the trace of the Kelvin wave propagation from the eastern edge of
the wind event. The dashed line is the 1021.5 kg/m’® isopycne
which characterizes well the eastern edge of the warm-pool
simulated in the control run.

4. Discussion

Our results showed that the simulated displacement of the
eastern edge of the warm-pool in March-April 1997 is much
larger than the one which would have been induced by the
geostrophic zonal currents associated to the wind-forced
downwelling Kelvin wave. While Kelvin waves contribute as an
initiating process, the non-linear interaction of equatorial
dynamical and thermodynamical fronts at the EEWP is an
essential process in extending eastward the warm-fresh pool
during the onset phase of the 1997-1998 El Nifio. This non-linear
interaction is by far the largest signal in response to the March
1997 westerly wind event with associated space and time scales
to which the atmosphere is likely to respond in that sensitive
region.

Finally, this result suggests that the displacement of the warm-
fresh pool is strongly dependent on the oceanic conditions at the
EEWP prior to the wind event and more precisely to the strength
of the dynamical and thermodynamical fronts. A better
knowledge of such oceanic conditions (through an assimilation of
oceanic observations and an improvement in surface forcings) is
of crucial importance to improve ENSO predictions. This
supports the need for a global/accurate observation system of the
ocean, including measurements of sea surface salinity in the
Tropics. Last but not least, the potentially important role of the
tightness of the salinity front in the strength of the non-linear
interaction highlights the needs for improvements in the
knowledge and simulation of the hydrological cycle.
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