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ABSTRACT

In a previous study, the effect of the March 1997 Westerly Wind Event (WWE) on the evolution of the tropical
Pacific Ocean was studied using an ocean general circulation model (GCM). The response was characterized
by (i) a cooling of the far western Pacific (;0.88C), (ii) a rapid eastward displacement of the warm pool (2000
km in a month), and (iii) a weak warming of the central eastern Pacific along the path of the oceanic Kelvin
wave, excited by the WWE (;0.58C). In this study, the atmospheric response to these aspects of the sea surface
temperature (SST) response are investigated using an atmospheric GCM forced with the SST anomalies from
the ocean-only experiments.

The results have demonstrated that the three aspects of the SST anomaly field, generated by the WWE,
themselves initiate two types of atmospheric response, both of which favor a rapid growth toward El Niño
conditions. First, the eastward displacement of the warm pool, together with the reduction of the east–west SST
gradient along the forced oceanic Kelvin wave path, results in a weakening of the trade winds in the central
eastern Pacific. Second, the eastward displacement of the warmest water from the western to the central Pacific,
giving rise to a cooling in the far western Pacific, induces an eastward shift of convection that consequently
promotes the occurrence of further frequent and intense WWEs in the following months. The characteristics of
these later WWEs are controlled both by the eastward extension of the warm pool and by the SST gradients
established in the far western Pacific.

The implications of these results for the onset of the 1997/98 El Niño have been considered, with the conclusion
that the intense March WWE strongly contributed to the early onset and rapid growth rate of the 1997/98 El
Niño, not only by its direct impact on the ocean, but also by the atmospheric variability induced by the oceanic
changes that developed following this event.

1. Introduction

The intraseasonal zonal wind activity over the west-
ern Pacific is thought to act as a triggering mechanism
for El Niño–Southern Oscillation (ENSO) warm events
(Lau and Chan 1986; Kessler and Kleeman 2000). A
large part of this intraseasonal activity is referred to as
westerly wind events (WWEs). They occur preferen-
tially in the boreal fall–winter season and are often con-
nected to active phases of the Madden Julian oscillation
(MJO; Madden and Julian 1994). It has been hypoth-
esized that these WWEs, through the generation of equa-
torial downwelling Kelvin waves, could be a key in-
gredient for both El Niño timing and amplitude (Wyrtki
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1985; Kessler et al. 1995; Kleeman and Moore 1997;
Matsuura and Iizuka 2000). Support for this hypothesis
has increased following the 1997/98 El Niño, the stron-
gest on record. This was characterized by exceptionally
strong WWEs during the 1996/97 winter in association
with intense MJOs (e.g., Hendon et al. 1999; Slingo et
al. 1999), leading McPhaden and Yu (1999) to speculate
that this westerly wind activity was responsible for the
timing and amplitude of the event. The growing phase
of the 1997/98 El Niño event was particularly rapid,
with an extremely steep rise in the central and eastern
Pacific sea surface temperatures (SST) during March to
June 1997. This was coincident with the strongest of
these WWEs in terms of intensity (up to 0.2 N m22),
fetch (more than 308 longitude), and duration (about a
month, from mid-February to mid-March; Fig. 1).

To explore the potential influence of the March 1997
WWE on the El Niño onset, Lengaigne et al. (2002)
investigated the basin-scale ocean response to this
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FIG. 1. Equator–time plot of observed zonal wind stress from ERS
scatterometers (contours) and OLR from NOAA polar-orbiting sat-
ellites (shading) averaged over 38N–38S. Contour interval is 0.02 N
m22.

WWE using the Océan Parallélisé (OPA) ocean general
circulation model (Madec et al. 1998) forced with ob-
served wind stresses derived from European Remote
Sensing Satellites (ERS) scatterometer measurements
(Bentamy et al. 1996). Their results highlighted three
oceanic responses that were extensively validated
against oceanic observations. First, the WWE forced a
strong downwelling Kelvin wave, which depressed the
thermocline and generated an SST warming of around
0.58C in the central and eastern Pacific through zonal
temperature advection along the east–west temperature
gradient. Second, this wind event was responsible for
the surface advection of cold waters from near 58N,
1308E, leading to a cooling of the far western equatorial
Pacific by up to 0.88C. Third, the nonlinear interaction
between the wind-forced surface jet and the local, ther-
mohaline front generated large zonal surface currents at
the eastern edge of the warm and fresh pool (EEWP),
which rapidly advected the warm pool from the western
to the central Pacific (2000 km in less than a month).
These results highlighted therefore the strong oceanic
influence of this event on the 1997/98 El Niño onset.

To go deeper in the analysis, this paper explores the
response of the atmosphere to each of these three oce-
anic impacts in order to investigate potential positive
feedback loops, which may have been responsible for

generating the largest El Niño of the twentieth century
(McPhaden 1999; Boulanger and Menkes 1999; Berg-
man et al. 2001). Since ocean–atmosphere coupling is
quite intense over the warm waters of the western equa-
torial Pacific, the fast displacement of the front, together
with the cooling in the western Pacific, is likely to con-
tribute significantly to the migration of the main area
of convection eastward and to the persistence of west-
erly wind anomalies near 1608E as observed in April–
May 1997 (Fig. 1). These subsequent westerly wind
anomalies have been shown to be important features of
the El Niño growing phase (van Oldenborgh 2000). The
aim of the present study is therefore to complete the
previous oceanic analysis by assessing the atmospheric
response to the SST anomalies generated by the March
1997 WWE using an atmospheric GCM (AGCM). Al-
though the focus of this study is the 1997/98 ENSO,
the displacement of the warm pool during the growing
phase of El Niño is characteristic of other events, sug-
gesting that the processes and atmosphere–ocean inter-
actions discussed in this paper may have more general
relevance to our understanding of the evolution and pre-
dictability of El Niño.

The paper is organized as follows. In section 2, we
briefly discuss the atmospheric model used in this study
and the experimental design. Section 3 describes the
atmospheric response to the oceanic effect of the March
1997 WWE, while the mechanisms involved in this re-
sponse and the implication with regard to the ENSO
cycle is discussed in section 4. Section 5 offers a sum-
mary and conclusions.

2. Description of the model and experiments

The numerical model used in this study is the at-
mospheric version of the Met Office Unified Model
(UM), HadAM3 (Hadley Centre Atmospheric Model
version 3). A detailed description of the components of
the model and its performance in Atmospheric Model
Intercomparison Project (AMIP)-type integrations can
be found in Pope et al. (2000) and references therein.
Inness and Gregory (1997) have already performed a
detailed analysis of the ability of HadAM3 to simulate
aspects of tropical intraseasonal activity, associated, in
particular, with the Madden–Julian oscillation.

The model is run with a horizontal resolution of 2.58
latitude 3 3.758 longitude, and with 19 levels in the
vertical, corresponding to a layer thickness of about 100
hPa in the midtroposphere, but with higher resolution
in the boundary layer and around the tropopause. Due
to the nature of this study, it is worth summarizing the
convection scheme here. It is the mass-flux scheme of
Gregory and Rowntree (1990) including a representa-
tion of convective downdrafts (Gregory and Allen 1991)
and the vertical transport of momentum by convection
(Gregory et al. 1997). Convection is initiated as a parcel
with a prescribed small buoyancy excess (equivalent to
0.2 K), and the initial mass flux is determined from the
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buoyancy excess of the parcel after lifting from initia-
tion level to the next level. The quality of the model’s
simulation of El Niño events has been studied exten-
sively by Spencer and Slingo (2003), who showed that
in the Tropics, the UM displays considerable skill in
capturing the precipitation and large-scale circulation
response to El Niño SST anomalies.

A series of 10-member ensemble integrations has
been conducted with this AGCM from December 1996
to the end of June 1997 to investigate the atmospheric
response to the SST anomalies generated by the March
1997 WWE. Each set of integrations differed only in
their prescribed SSTs, which originated from the oceanic
simulations performed by Lengaigne et al. (2002). To
isolate the oceanic response to the WWE of March 1997,
they conducted two experiments with an ocean GCM
(OGCM) forced with the observed surface wind stresses
for 1997 and interannual National Centers for Environ-
mental Prediction (NCEP) heat fluxes. In the first ex-
periments, hereafter denoted as REF, the OGCM was
forced with the observed ERS-1 and ERS-2 weekly wind
stresses, whereas in the second experiment, hereafter
denoted as NWE, the OGCM was forced with the same
ERS wind forcing except that the March 1997 WWE
was excluded (the heat and freshwater fluxes are exactly
the same in both experiments in order to focus on the
dynamical impact of the WWE). Consequently the SST
anomalies produced by these two forced oceanic ex-
periments have been used as the boundary conditions
for the AGCM. The control atmospheric ensemble run
(named hereafter the REF ensemble run) was therefore
performed using the SSTs from the reference oceanic
run (REF) as boundary conditions (Fig. 2a), whereas
the perturbed ensemble run (hereafter the NWE ensem-
ble run) was performed using SSTs from the NWE oce-
anic run (Fig. 2b). All the members of both ensembles
were initialized on 1 December 1996, keeping the ocean
initial conditions constant, but taking 10 successive
model days for the atmospheric initial states. The at-
mospheric initial conditions were generated by running
the model forward for 10 days, and then taking the
atmospheric initial states at the end of each day.

We restrict our diagnosis to the months from March
through June 1997 for two reasons. First, by initializing
3 months prior to this period, all memory of the initial
conditions is lost. Second, since the atmospheric forcing
remained the same after the March WWE in the REF
and NWE OGCM experiments (Lengaigne et al. 2002),
the NWE ocean state tended to drift back toward the
REF ocean state within a few months (after 8 months,
both runs are almost identical). This means that it is not
reasonable to study the atmospheric response to the REF
and NWE SSTs over too long a period.

In the following discussion, the model results have
been evaluated against a range of observational data.
These include weekly surface wind stress data derived
from the ERS-1 and ERS-2 scatterometers (Bentamy et
al. 1996), weekly SST data from Reynolds and Smith

(1994), and pentad mean outgoing longwave radiation
(OLR) data from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites (Lieb-
mann and Smith 1996). OLR from the model and ob-
servations have been used as a proxy for deep tropical
convection. For compatibility with the other observa-
tional datasets, the OLR data were interpolated to week-
ly values; all these fields were linearly interpolated onto
the AGCM grid.

3. Results

a. Convective response to the March 1997 WWE

The time evolution of REF and NWE OLR ensemble
averages are presented in Fig. 2 along the equator. The
most significant convective response to the SST anom-
alies occurs over the warm pool, a region of deep trop-
ical convection. First, there is a strong increase in con-
vective activity (characterized by low OLR) from mid-
March to mid-June along the positive SST anomaly gen-
erated by the eastward displacement of the warm pool
eastern edge (Fig. 2d). Second, the far western oceanic
cooling is associated with reduced convection west of
1508E. These convective anomalies can be understood
as follows. As the SST forcing of the NWE ensemble
run does not include the ocean response to the March
1997 WWE, warm SSTs (.298C) remain mostly west
of the date line during the following months. Thus, deep
convection (OLR , 230 W m22) occurs over the far
western Pacific, primarily west of 1608E (Fig. 2b). In
contrast, in the REF ensemble run, whose SST forcing
includes the March WWE effect, the eastward displace-
ment of the warm pool and accompanying cooling in
the western Pacific cause the displacement of the main
area of deep convection (Fig. 2a) with maximum con-
vective activity centered at 1608E.1

In order to identify the spatial scale of convection,
Fig. 3 shows the distributions of OLR and SST after
the rapid eastward displacement of the warm pool, that
is, from mid-April to mid-May. In both REF and NWE
ensemble runs, the minimum in OLR occurs north of
the equator (Figs. 3b and 3c), but the distribution of
convection over the warm pool is substantially different.
In the NWE ensemble run, although warm waters extend
to the dateline at the equator, deep convection mostly
remains north of the equator with an equatorial com-
ponent confined over the far western Pacific. In the REF
ensemble run, warm waters are displaced eastward to
1558W and deep convection now shows a broad equa-
torial signature extending from 1508E to 1708W. The
model results therefore demonstrate that, because of the
overall warmth of the ocean in the west Pacific, modest
SST anomalies can strongly perturb the convective ac-

1 It is worth mentioning that these OLR anomalies consist of a
negative feedback, which will tend to reduce the amplitude of the
SST anomalies between the REF and NWE experiments.
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FIG. 2. Equator–time plot averaged over 38N–38S of OLR (shading) and SST (contours) for
(a) REF ensemble mean, (b) NWE ensemble mean and for their difference REF 2 NWE, (c)
SST, (d) OLR. Interval is 10 W m22 for OLR and 0.58C for SST.

tivity over the warm pool (Fig. 3d). The response of the
convection in the REF ensemble run can be compared
with the observed distribution of convection (Fig. 3a).
The OLR pattern agrees fairly well, although the model
has overestimated the strength of the convection over
the northwest equatorial Pacific, despite the use of an
ensemble mean.

To demonstrate the significance and robustness of the
differences between the REF and NWE experiments,
the spread between the 10 members of each ensemble
has been considered by taking the OLR from mid-March
to mid-June, and averaging it over a region encom-

passing the EEWP (Fig. 4). The mean OLR of REF
ensemble (heavy black line) decreases strongly from
mid-March to mid-April as the convection responds to
the eastward migration of the warm pool. Although each
member shows similar trends, they exhibit large vari-
ations around the ensemble average, associated with in-
dividual weather events. In comparison, the NWE en-
semble shows neither the rapid decrease in OLR in
March/April, nor such large variations between ensem-
ble members. This implies that, even in individual runs,
deep convection is almost absent from this area during
this time period in the NWE simulations. In fact, during
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FIG. 3. SST (shading) and OLR (contours) over the tropical Pacific
from mid-Apr to mid-May for (a) observations, (b) REF ensemble
mean, (c) NWE ensemble mean, and (d) their difference REF 2 NWE.
Interval is 0.58C for SST and 20 W m22 for OLR.

FIG. 4. Time evolution of OLR for REF ensemble mean (black thin
line) and the corresponding individual runs (black dashed line), NWE
ensemble mean (gray thick line) and the corresponding individual
runs (gray thin lines), and the observations (black dashed line) av-
eraged over a box 38N–38S, 1608E–1708W.

April and May the two distributions belonging to the
REF and NWE ensembles are well separated indicating
that the behavior of the convection is significantly mod-
ified by the oceanic response to the 1997 March WWE.2

The time evolution of OLR for REF ensemble around
the EEWP closely matches with the observations during
the three months following the March event (Fig. 4).
The rapid decrease in OLR from March to April is as
observed and evidence of enhanced convection (low
OLR) on subseasonal timescales in April and May are
found in both REF ensemble and the observations.
These modeled and observed convective events display
similar characteristics (intensity, duration, fetch) over
the western Pacific. However, their origin is somewhat
different. In the observations, the observed subseasonal
convective activity over the west Pacific during boreal
winter and spring is often part of large eastward-moving
disturbances, originating in the Indian Ocean and com-
monly referred to as the Madden–Julian oscillation
(MJO; Madden and Julian 1994). For example, both
December 1996 and March 1997 convective events, that
took place over the warm pool, were associated with
MJOs (Yu and Rienecker 1998). However, observed

2 Note that the two distributions converge in June because, as noted
in section 2, the SST forcing converges.

events can also be associated with local processes,
which seems to be the case for the April event (Slingo
1998) where the enhanced convection is a simple re-
sponse to the eastward migration of the warm pool and
the change in SST pattern. The model does not display
such diversity in processes generating subseasonal con-
vective events. For example, the model does not cor-
rectly reproduce the MJO: as in many AGCMs, the east-
ward propagation from the Indian Ocean to the west
Pacific is often poorly represented (e.g., Slingo et al.
1996; Sperber at al. 1997) and the models tend to pro-
duce, at best, standing oscillations of convective activity
over both areas (Inness et al. 2001). Thus, in our ex-
periments, convective events are largely local processes,
as the observed April 1997 event.

b. Surface wind response to the March 1997 WWE

In the previous section, the convective response to
the changes in SST induced by the March 1997 WWE
was described. This is, of course, accompanied by
changes in the surface winds, which will in turn further
affect the ocean. Although the focus of this paper is on
understanding the atmospheric response to the March
1997 WWE, it is important to view this in the context
of the coupled ocean–atmosphere system. Consequently
the wind diagnostics will focus on the zonal component,
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FIG. 5. Equator–time plot averaged over 38N–38S of OLR (shading) and zonal wind stress (contours) for (a) REF ensemble mean, (b)
NWE ensemble mean, and (c) zonal wind stress for their difference REF 2 NWE. Interval is 0.01 N m22 for zonal wind stress and 10 W
m22 for OLR.

which is the first order process important for forcing the
ocean at intraseasonal timescales within about 58 of the
equator (Battisti 1988).

Although the convective response was quite simple
with enhanced convection occurring along the edge of
the warm pool, the surface wind response is more com-
plex (Fig. 5). The equatorial zonal wind stress in the
NWE experiment (Fig. 5b) is typical of the normal dis-
tribution with strong easterly trades over the east Pacific
and the westerlies of the Australian monsoon penetrat-
ing out to around 1508E over the west Pacific. These
westerlies gradually weaken during the boreal spring to
be replaced by easterlies during the Asian summer mon-
soon. In the REF experiment, this pattern of zonal wind
stress is substantially altered. As Fig. 5c shows, there
are three distinct responses by the AGCM to the SST
anomalies generated by the March 1997 WWE, two of
which describe a weakening of the trade winds. Over
the central and eastern Pacific, east of the EEWP, a
positive zonal wind stress anomaly (up to 0.015 N m22)
develops during the latter part of the integration, from
1608 to 1108W. This anomaly reflects a weakening of
the trade winds by more than 10% from the beginning
of May to mid-June in the REF ensemble run (Fig. 5a)
compared to the NWE ensemble run (Fig. 5b).

The second response is found around the date line
between 1708E and 1608W. A strong westerly wind
stress anomaly (up to 0.035 N m22 at the beginning of
June) occurs above the warm SST anomaly associated
with the displacement of the EEWP (Fig. 2c). Again,
this is equivalent to a reduction of the trade winds in
REF compared to NWE ensemble run. This weakening

of the trades is a common feature of the El Niño growing
phase, and the mechanisms that contribute to such zonal
wind stress anomalies and their implications in the 1997/
98 El Niño growing phase will be discussed in the next
section.

The third atmospheric response occurs over the warm
pool, mostly between 1508 and 1708E, where another
strong westerly wind stress anomaly (up to 0.035 N
m22) develops from the beginning of April to the end
of May. However, in this case the westerly anomaly is
colocated with the basic westerly flow, so that the wind
stresses are actually enhanced in this region leading to
potentially much greater forcing of the ocean. It is clear
from Fig. 5a that the increased westerlies are closely
linked with the enhanced convection and so can be in-
terpreted as a dynamical response to the increase in
convective activity. However, the colocation of the max-
ima in the surface winds and convection is a particular
aspect of the model’s behavior that has been noted in
other studies (e.g., Inness et al. 2001, 2003). This tends
not to be supported by the observations, which typically
show that the maximum in convection is colocated with
the maximum convergence in the surface winds, as was
the case in early 1997 (Fig. 1).

As with the convection, the ensemble mean westerlies
centered around 1608E in April and May for the REF
experiment are constructed from a large number of west-
erly wind events in the individual members of the en-
semble. Figure 6 displays the zonal wind stress vari-
ability over the warm pool (1508–1708E) for each mem-
ber of REF and NWE ensembles. As already shown in
Fig. 5, the REF ensemble mean zonal wind stress re-



3336 VOLUME 16J O U R N A L O F C L I M A T E

FIG. 6. (a) Time evolution of zonal wind stress averaged over a box 38N–38S, 1508–1708E
for REF ensemble mean (black thick line), the observation (black dotted line), and each individual
run of the REF ensemble (black thin lines). (b) Same as (a) but for NWE ensemble run.

TABLE 1. Total number, number in category I (weak), II
(moderate), and III (strong), mean intensity and standard deviation

for WWEs in REF, NWE, and NWC ensemble runs.

No. of
WWE

No. of
WWE

in I

No. of
WWE
in II

No. of
WWE
in III

Mean
WWE

intensity
(N m22)

Std dev
(N m22)

REF
NWE
NWC

30
9

24

12
9

16

12
0
8

6
0
0

0.064
0.032
0.040

0.044
0.011
0.017

mains positive during the three months following the
strong March wind event (Fig. 6a), whereas NWE mean
zonal wind stress is mostly negative over the period
(Fig. 6b). Moreover, the high-frequency variability (7–
30 days) is clearly stronger in the REF ensemble, each
member displaying energetic westerly wind events of
varying duration and intensity from April to June. In
contrast, the standard deviation of the zonal wind stress
in the NWE ensemble is weak and no intense WWEs
occur. Again as with the convective variability (Fig. 4),
the two distributions are well separated suggesting that
the enhanced wind variability in the REF experiment is
a direct consequence of the different SST forcing. The
characteristics of the wind variability in the REF en-
semble are also much nearer the observed with WWEs
of similar amplitude.

Finally, to draw a more quantitative view of the
WWEs in each ensemble, a WWE classification is
shown in Table 1. To that end, we define WWEs as
follows: any period of westerly wind stress (average

between 38N and 38S) from 1308E to 1508W whose
maximum intensity is greater than 0.02 N m22 is con-
sidered a WWE. The duration of all these events ranges
from one to three weeks and their zonal fetch range
between 58 and 308 with a positive correlation between
fetch and intensity. These criteria are more restrictive
than the one used by Harrison and Vecchi (1997), so
that only those WWEs are selected that can potentially
have a large oceanic impact by forcing equatorial down-
welling Kelvin waves, contributors to the onset of El
Niño (McPhaden 1999; Boulanger and Menkes 1999;
Slingo and Delecluse 1999). We then define three types
of WWEs relative to their intensity: type I (0.02 N m22

, tx , 0.05 N m22), type II (0.05 N m22 , tx , 0.08
N m22), and type III (tx . 0.08 N m22). Based on this
procedure, 30 WWEs occurred during April–May
among the 10 members of REF ensemble run, that is,
3 WWEs per run on average (Table 1). By contrast, only
nine events occurred in the NWE ensemble run, mostly
located over the far western Pacific (west of 1508E).
Moreover, REF WWEs displayed a broad range of in-
tensity, whereas all NWE WWEs are weak and always
fall in category I. The two groups of WWEs (REF and
NWE) represent two distinct ensembles, which are well
separated statistically at the 1% significance level (see
appendix). Thus, the REF ensemble produces much
stronger WWE activity over the warm pool, from which
it can be concluded that the SST anomalies forced by
the March 1997 WWE had a major impact on the gen-
eration of subsequent westerly wind activity over the
warm pool, as the El Niño developed.
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FIG. 7. Zonal wind stress (shading) over the western tropical Pacific from (a), (d) mid-Mar to
mid-Apr, (b), (e) mid-Apr to mid-May, and (c), (f ) mid-May to mid-Jun. The REF ensemble
mean is in (a)–(c) and the observations are in (d)–(f ). Interval is 0.01 N m22.

As well as the temporal characteristics of the wind
stress variability in the REF ensemble, the spatial pat-
terns of the wind stress anomalies also compare favor-
ably with observations during the three months follow-
ing the March event (Fig. 7). Allowing for the smooth-
ness of the REF ensemble mean winds, the eastward
propagation of the region of westerlies in April between
1508 and 1708E is well captured by the model (Figs. 7b
and 7e and Fig. 3). The spatial structures are also com-
parable. Both are centered on the equator with a lati-
tudinal and longitudinal fetch of about 108. During June
(Figs. 7c and 7f), westerlies occur north of the equator
(at about 48N) in both the observations and the model,

again with comparable fetches. These results suggest
that the structure and location of westerly wind activity
are determined, at least partially, by the boundary con-
ditions and the large-scale flow over the western Pacific.

4. Discussion

a. The reduction in the trade winds

As described in the previous section, a notable feature
of the atmospheric response to the SST anomalies gen-
erated by the March WWE consisted of a weakening of
the trade winds over the central and eastern Pacific.
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FIG. 8. Time evolution of zonal wind stress averaged over a box
38N–38S, 1608–1008W for REF ensemble mean (black thick line),
NWE ensemble mean (gray thick line), and NKW ensemble mean
(gray dashed line).

There are two distinct aspects to this wind response.
The first one is a 10%–20% weakening of the trade
winds east of 1608W, along the path of the ocean Kelvin
wave. Two explanations can be put forward to explain
this. The first one is associated with the large-scale
changes in atmospheric convection. Following the
March WWE, the tropical western Pacific heat source
associated with lower-tropospheric convergence and as-
cending motion, moves eastward (Fig. 2a). This east-
ward movement represents a weakening of the Pacific-
wide Walker circulation, which could then weaken the
lower-tropospheric equatorial easterly trade winds (the
lower branch of east–west air–sea exchange in the Walk-
er cell; Neelin et al. 1998; Wang 2002). The second
explanation is a more local process. The Kelvin wave
generated by the March WWE produces a warming of
the SST in the central eastern Pacific. The consequence
of this warming is a weakening of the zonal SST gra-
dient in this region (Figs. 2a and 2b), a major factor in
driving the equatorial easterlies. The weaker zonal SST
gradients from 1608W to the eastern Pacific in the REF
experiment could feed back to the atmosphere by weak-
ening the background easterlies in this region.

To determine the respective contribution of these two
processes in the reduction of the trade winds, a sensi-
tivity ensemble experiment was performed. This ensem-
ble (named hereafter NKW) is similar to the REF en-
semble except that the SST boundary conditions have
been modified to remove the warming associated with
the Kelvin wave path east of the EEWP (defined as the
28.58C isoline). The NKW SSTs are now identical to
the NWE SSTs in the central and eastern Pacific east
of the 28.58C isoline. The impact of removing these
warm SST anomalies on evolution of the trade winds
in the central eastern Pacific is presented in Fig. 8 for
REF, NWE, and NKW ensemble means. While the
weakening of the trade winds is clearly evident for REF
ensemble (compared to NWE), no weakening occurs for
NKW ensemble. On the other hand, since the REF and
NKW SSTs are identical in the western Pacific, the east-
ward convection shift also occurs in the NKW ensemble
run (not shown). These results therefore provide con-
clusive evidence that the weakening of the zonal SST
gradients in the central eastern Pacific, as a result of the
downwelling ocean Kelvin wave generated by the
March WWE, is largely responsible for the reduction
in the easterly trades.

The second contribution in the overall weakening of
the trade winds involves the development of a strong
westerly wind anomaly following the displacement of
the EEWP. Such an atmospheric pattern can be inter-
preted in terms of a surface wind response to the positive
SST anomaly. The question of what drives surface
winds is largely a question of what influences surface
pressure gradients. Two thermal influences on surface
pressure are usually considered: forcing by the hydro-
static pressure anomalies in the boundary layer induced
by the SST anomalies themselves (Lindzen and Nigam

1987) and thermal forcing from cloud base to the tro-
popause by anomalous cumulus convection. Because
these mechanisms are highly interrelated, it has not been
clearly demonstrated how much each mechanism con-
tributes to the surface wind. In a recent series of papers,
Wu et al. (1999, 2000, and 2001) demonstrated that the
contribution from the surface pressure gradient versus
thermal forcing is mostly controlled by the relative im-
portance of Newtonian cooling and Rayleigh friction.
They argue that significant surface wind anomalies can
be driven by an elevated heat source only when New-
tonian cooling dominates: in this case only, thermal
damping is able to homogenize the atmospheric motion
in the vertical direction and to generate a strong verti-
cally uniform wind below the bottom of the heat source.
Chiang et al. (2001) attempts to address the question of
how each forcing-elevated heating and surface temper-
ature gradient relates to anomalous surface winds in the
Tropics using a linear primitive equation model with
idealized parameterizations for the two forcings. They
concluded that it is upper-level heating that drives sur-
face wind but they parameterized boundary layer cool-
ing in such a manner that it was equivalent to a very
strong Newtonian cooling. Their results also underline
that the surface wind response to elevated heating is
very sensitive to the thermal relaxation rate of the plan-
etary boundary layer. Further investigations are there-
fore needed with realistic parameterizations to address
this key issue.
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This weakening of the trade winds along the path of
the Kelvin wave as well as along the EEWP displace-
ment could be of paramount importance for the evo-
lution of El Niño. They act as a positive feedback on
the coupled system in potentially two ways. The weak-
ening of the easterlies along the displaced EEWP will
generate further downwelling Kelvin waves, which act
to deepen the thermocline in the central and eastern
Pacific, while the westerly wind anomalies in the eastern
Pacific will reduce the equatorial upwelling, so limiting
the amount of cold water brought to the surface. This
will further increase the SST in the equatorial eastern
and central Pacific, which in turn will weaken the zonal
SST gradients even further.

b. High-frequency winds over the western Pacific

The other striking result of this study is the occurrence
of intense and frequent deep convective events and as-
sociated WWEs over the extended warm pool in the
REF ensemble during the months following the March
event. This implies that the oceanic impact of the March
WWE set in place the conditions required to reproduce
the observed surface wind variability that occurred after
March 1997, during the onset phase of the 1997/98 El
Niño. This variability over the warm pool is of para-
mount importance in determining the timing and the
growth rate of an El Niño event. In fact, these WWEs
generate intense eastward currents at the surface that
are likely to advect the warm pool farther east, en-
hancing the eastward shift of convective activity and
the concurrent development of westerly wind anomalies
in the central Pacific (Picaut et al. 1996). Moreover, it
has been shown that these WWEs during April and May
warm the eastern Pacific SST two or three months later
through the generation of downwelling equatorial
Kelvin waves, increasing the Niño-3 (58S–58N, 1508–
908W) SST anomaly by about 0.58C (van Oldenborgh
2000). The WWEs represent, therefore, a fundamental
process for the EEWP displacement and for the main-
tenance of the central eastern Pacific SST anomalies
during the development stage of El Niño.

The amount of momentum transferred from the at-
mosphere to the ocean, and therefore the growth rate of
the El Niño event, strongly depends on the intensity of
the westerly wind anomalies in the western Pacific dur-
ing the onset and development stage (Federov 2002).
Even though the occurrence of these WWEs seems to
be strongly influenced by the oceanic impact of the
March 1997 event, the processes that control their in-
tensity are not fully understood. Some studies have pro-
vided a classification of the WWEs that occur over the
western Pacific in terms of intensity, duration, and fetch
(Keen 1982; Giese and Harrison 1991; Harrison and
Vecchi 1997), but the physical processes controlling
these characteristics are still unclear. In fact, in the ob-
servations, westerly wind event occurrences and char-
acteristics are connected with a variety of atmospheric

conditions: paired and individual tropical cyclones
(McBride et al. 1995; Hartten 1996), cold surges from
midlatitudes (Chu 1988; Chu and Frederick 1990), con-
vective episodes associated with the passage of the ac-
tive phase of the Madden–Julian oscillation (Lin and
Johnson 1996), or a combination of all three. For in-
stance, Yu and Rienecker (1998) suggest that the back-
ground for the December 1996 and March 1997 WWEs
was set by the MJO but that enhancement process was
largely triggered by cold surges and twin cyclones. In
the following, we want to explore the influence of the
SST structure over the western Pacific on the charac-
teristics of the WWEs. To that end, another sensitivity
ensemble run (named hereafter NWC) has been per-
formed. It is identical to the REF ensemble run except
that the SST cooling generated by the March event in
the far western Pacific has been removed. This sensi-
tivity experiment allows us to test whether a modest
change in the SST distribution over the warm pool
would constrain the WWEs characteristics or if these
characteristics are only determined by the atmospheric
large-scale flow over the western Pacific.

The impact of removing the far western Pacific cool-
ing on the OLR and the zonal surface wind stress is
presented in Fig. 9. As in the REF ensemble, convection
develops over the central Pacific in association with the
eastward displacement of the warm pool (Fig. 9a), al-
though the convective response is not as strong (cf. Fig.
2a). Again this can be interpreted in terms of the re-
sponse by the convection to changes in the zonal SST
gradient. The removal of the far western Pacific cooling
has substantially weakened the SST gradients on the
western edge of the warm pool leading to a weakening
of the westerly winds, which feed the convection. In
fact, the most striking differences between the two en-
sembles are in the surface wind stress field. The positive
zonal wind stress pattern between 1508 and 1708E in
the REF ensemble is nearly halved in the NWC ensem-
ble.

As in the NWE ensemble, the reduced westerly wind
stress in the NWC ensemble is characterized by a weak-
ening of the WWEs occurring over the western Pacific
during the months following the March event (Table 1).
The total number of WWEs is somewhat lower (24 in
NWC compared to 30 in REF), but their mean intensity
has decreased substantially. There are no strong WWEs
(category III) and fewer moderate WWEs (category II)
in the NWC ensemble compared to the REF ensemble.
Differences in the distribution of WWEs in the two
ensembles (REF and NWC) are significant at the 1%
significance level (see the appendix). This result un-
derlines the strong dependence of the characteristics of
WWEs on the SST structure over the warm pool.

5. Summary and conclusions

Our overall objective is to understand the role of the
March 1997 WWE in the onset of the 1997/98 El Niño.
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FIG. 9. Equator–time plot averaged over 38N–38S for NWC ensemble mean of (a) OLR (shad-
ing) and SST (contours) and (b) OLR (shading) and zonal wind stress (contours). Interval is 10
W m22 for OLR, 0.58C for SST and 0.01 N m22 for zonal wind stress.

To reach that goal, we first examined the oceanic re-
sponse to this WWE (Lengaigne et al. 2002). This high-
lighted three major responses: (i) a cooling of the far
western Pacific (;0.88C), (ii) a rapid eastward displace-
ment of the eastern edge of the warm pool (2000 km
in a month), and (iii) a weak warming of the central
eastern Pacific along the Kelvin wave path (;0.58C).
Based on these results, the present study investigated
the atmospheric response to each of these oceanic im-
pacts in order to suggest potential positive feedback
loops, which may have been responsible for the onset
and rapid growing rate of the 1997/98 El Niño. In a
subsequent paper the fully coupled response will be ex-
plored.

The results of the sensitivity experiments described
in this paper suggest that the three major oceanic anom-
alies generated by the March 1997 WWE initiated two
basic atmospheric responses, both of which favored a
rapid growth toward El Niño conditions. First, there was
a weakening of the equatorial easterly trade winds,
which arose for two different reasons. The rapid east-
ward displacement of the eastern edge of the warm pool
strongly reduced the trade winds near the date line while
the central eastern Pacific warming, along the forced
oceanic Kelvin wave path, decreased the east–west SST
temperature gradient resulting in a weakening (10%–
20%) of the trade wind intensity in the central eastern
Pacific.

The second major atmospheric response to the March
1997 WWE occurs over the warm pool. The eastward
displacement of the warmest water from the western to
the central Pacific during the two months following the
wind event induced an eastward shift of convection and

promoted the occurrence of frequent and intense WWEs
in April and May. The reduction of the trade winds,
together with the occurrence of these strong WWEs, are
likely to reinforce the initial equatorial Pacific warming
first through a reduction of the upwelling and second
through the advection of warmer water (van Oldenborgh
2000; Boulanger and Menkes 2001; Vialard et al. 2001).

The results of this study provide compelling evidence
that, in certain conditions, such as the onset of the 1997/
98 El Niño, a single, strong WWE (such as the March
1997) can strongly influence the El Niño growth rate,
not only by its direct oceanic impact (in this case, warm
pool displacement, central and eastern Pacific warming),
but also by its atmospheric positive feedback (trade
winds weakening and generation of strong WWEs dur-
ing the following months). It must however be kept in
mind that this WWE was embedded in a sequence of
MJOs, and that its intensity likely benefited from the
SST changes produced by prior WWEs (i.e., the De-
cember 1996 one), as well as low-frequency oceanic
precursors.

Confirmation of the potential for WWEs to influence
strongly the onset and development stage of El Niño
has been provided, indirectly, by the predictions of the
1997/98 El Niño. Most of the forecasts, with the ex-
ception of ECMWF, failed to capture the onset of the
El Niño prior to the March WWE, and it was not until
after June that the forecasts managed to represent the
intensity of the event at a time when the El Niño was
already very strong (Barnston et al. 1999). In particular,
no model predicted the extremely steep rise of the cen-
tral and eastern Pacific SSTs that took place in March–
June 1997. These shortcomings may be attributed to the
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fact that most of these models do not simulate well, if
at all, WWEs and their associated atmospheric causes
(e.g., MJO, tropical cyclones; see Slingo et al. 1996).

It could be argued, therefore, that WWEs (and pos-
sibly more general high-frequency wind variability)
seem to modulate strongly the onset and development
stage of El Niño through coupled feedbacks. This may
be one of the main reasons for irregularity in the ENSO
cycle in terms of evolution, amplitude, and frequency,
something that many coupled models have difficulty in
simulating (Achutarao et al. 2002). Unfortunately, the
interannual and intraseasonal variability of these wind
events remains, at the moment, largely unpredictable.
In fact, the occurrence and characteristics of WWEs are
connected with a variety of atmospheric circulation con-
ditions: paired and individual tropical cyclones, con-
vective episodes associated with the passage of MJO
active phase, cold surges from midlatitudes, or a com-
bination of the three. This complexity strongly limits
their predictability and could therefore also place lim-
itations on the long lead-time predictions of El Niño.
For shorter lead times however, the results of this study
suggest that there is cause for optimism. Although the
March 1997 WWE may not have been correctly sim-
ulated by the model, the SST anomalies generated by
the March event are sufficient to constrain the wind
variability in the following months. This variability, an
essential feature of the 1997/98 El Niño (van Olden-
borgh 2000), is therefore not unpredictable weather
noise but an indirect consequence of the March event.
Moreover, the intensity and/or the structure of the
WWEs seems to be highly dependent on the SST char-
acteristics over the western Pacific: a moderate warming
of the far western Pacific induces a weakening of the
WWE intensity in April–May. Therefore, not only the
location of the eastern edge of the warm pool but also
the SST structure, mostly via its gradient, are essential
to determine the characteristics of the WWEs. Further
observations analyses are under way to validate these
model results.

The model’s inability to simulate the March 1997
WWE is linked to its inability to correctly reproduce
the MJO, which was one of the main causes of the
exceptional intensity of this event (Yu and Rienecker
1998). Even if some WWEs are of synoptic scales
(smaller than those of the MJO in both time and space),
a large part of them (often the most intense) are asso-
ciated with MJO. Maintaining realistic MJO signals in
ENSO forecast models is therefore essential to improve
skills of ENSO prediction. But it is a difficult endeavor:
dynamic models do not have any skill predicting MJO
beyond a few days (Hendon et al. 2000) and the mech-
anisms responsible for producing the marked interan-
nual fluctuations in MJO activity remains unclear (Slin-
go et al. 1999; Hendon et al. 1999; Bergman et al. 2001).
Nevertheless, numerous studies have helped to under-
stand better the physical mechanisms involved in the
MJO (Woolnough et al. 2001; Inness and Slingo 2003;

Inness et al. 2003) and we can therefore expect im-
provements in the representation of this phenomenon in
coupled models. However, the associated surface wind
stress variability and more particularly the WWE’s
structure and intensity, which depends on the charac-
teristics of the large-scale MJO as well as on the SST
structure of the western warm pool, cold surge, and
synoptic processes, will certainly remain difficult to pre-
dict.

All these results have been obtained using an atmo-
spheric only model and further fully coupled experi-
ments are planned to confirm the coupled mechanisms
at work during the onset of El Niño. Unfortunately, most
of the existing coupled models do not simulate a suf-
ficiently realistic basic state over the western warm pool
to allow us to investigate the coupled mechanisms sug-
gested by our study. Indeed, the trade winds extend too
far over the western Pacific, the warm pool is often
eroded and WWEs mostly occur over the Maritime Con-
tinent. Further improvements of these models are under
way, which will then provide the basis for a better un-
derstanding of high-frequency ocean–atmosphere cou-
pling that could interact constructively with the ENSO
cycle. This should therefore improve our ability to sim-
ulate and predict the timing and amplitude of future El
Niños.
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APPENDIX

The Mann–Whitney Test

The Mann–Whitney test is a nonparametric procedure
that is a powerful tool for testing the hypothesis that
two sample populations (X and Y) have the same mean
of distribution against the hypothesis that they differ.
The test is derived by examining the probability distri-
bution of a linear combination of the ranks of the pop-
ulation under the null hypothesis that all the values are
sampled from the same continuous distribution.

The procedure ranks the population’s values from
smallest to largest, assigning the rank 1 to the smallest
observation, 2 to the next largest, and so on up to rank
n, the number of elements in the two populations. Then,
the Mann–Whitney statistics for X and Y are defined as
follows:

U(X ) 5 n n 1 n (n 1 1)/2 2 Wx y x x x

U(Y ) 5 n n 1 n (n 1 1)/2 2 W ,x y y y y
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where nx and ny are the number of elements in X and
Y, respectively, and Wx and Wy are the rank sums for X
and Y. The test statistic Z, which closely follows a nor-
mal distribution for sample sizes exceeding 10 elements,
is defined as follows:

U 2 (n n )/2x x yZ 5 .
Ï[n n (n 1 1)]/12x y

When this probability level is sufficiently small, we re-
ject the null hypothesis and conclude that the two sample
populations do not come from the same distribution.
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