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The oceanic zone of convergence on the eastern edge of 
the Pacific warm pool' A synthesis of results and 
implications for E1 Nifio-Southern Oscillation and 
biogeochemical phenomena 

Joel Picaut, • Mansour Ioualalen, 2 Thierry Delcroix, 
Ragu Murtugudde, 3 and J6rome Vialard 4 

2 Frangois Masia, 2 

Abstract. The eastern edge of the western Pacific warm pool corresponds to the 
separation between the warm, rainfall-induced low-salinity waters of the warm pool 
and the cold, high-salinity upwelled waters of the cold tongue in the central-eastern 
equatorial Pacific. Although not well defined in sea surface temperature (SST), 
this eastern edge is characterized by a sharp salinity front that is trapped to the 
equator. Several studies, using numerous in situ and satellite data and three classes 
of ocean models, indicate that this front is the result of the zonal convergence of 
the western and central Pacific water masses into the eastern edge of the warm 
pool. This occurs through the frequent encounter of the eastward jets in the 
warm pool and the westward South Equatorial Current in the cold tongue. The 
notable and alternate variations of these wind-driven zonal currents are trapped to 
the equator and are chiefly interannual in the vicinity of the edge. Consequently, 
the Eastern Warm Pool Convergence Zone (EWPCZ) is subject to eastward or 
westward displacements over several thousands of kilometers along the equatorial 
band, in synchrony with the warm phase (El Nifio) and the cold phase (La Nifia) 
of the E1 Nifio-Southern Oscillation (ENSO) phenomenon. Zonal advection appears 
to be the predominant mechanism for the ENSO displacements of the eastern 
edge of the warm and flesh pool. The existence of the EWPCZ and its ENSO 
displacements have significant effects on the physics of the tropical Pacific and on 
related biogeochemical phenomena. The EWPCZ is important for the formation of 
the barrier layer in the isothermal layer of the warm pool. Its zonal displacements 
control SST in the central equatorial Pacific, which in turn drives the surface winds 
and atmospheric convection (and vice versa). Hence the central equatorial Pacific is 
a key region for ENSO coupled interactions. All these findings from several studies 
and additional analyses lead to a revision of the delayed action oscillator theory of 
ENSO. The existence of the EWPCZ and its zonal displacements are also reasons for 
the ENSO variations in production and exchange of CO2 with the atmosphere over 
the equatorial Pacific. The zone of one-dimensional convergence seems to congregate 
the world's most important tuna fishery in the western equatorial Pacific, and its 
displacements are likely the reason for this fishery to move zonally over thousands 
of kilometers in phase with ENSO. 
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1. Introduction 

E1 Nifio has been historically identified as the arrival 
of warm water in the eastern equatorial Pacific and 
along the coast of Ecuador and Peru. However, it is 
through the seminal work of Bjerknes [19691 that the 
E1 Nifio oceanic signal was related to the Indo-Pacific 
atmospheric fluctuation known as the Southern Oscil- 
lation. Consequently, the scientific community became 
interested in the opposite phase named La Nifia [Phi- 
lander, 1990]. E1 Nifiø-Søuthern Oscillation (ENSO) 
is now considered a coupled ocean-atmosphere system 
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Figure 1. Longitude-time distribution of 4øN-4øS averaged (left panel) SST, (middle panel) sea 
surface salinity, and (right panel) pseudo zonal pseudo wind stress. Superimposed as a white thick 
line is the Southern Oscillation Index. Contours are IøC, 0.25 psu, and 20 m • s -• respectively. 

composed of a warm phase (El Nifio) and a cold phase 
(La Nifia), which repeat irregularly every 2-7 years. As 
shown by the variations of the Southern Oscillation In- 
dex (SOI, Figure 1), the mean state does not stay for 
long. This mean state is characterized by a piling up of 
warm water in the western equatorial Pacific (the warm 
pool) by the South Equatorial Current (SEC) forced 
by the trade winds. Because of Ekman divergence, 
the trade winds generate an equatorial upwelling in the 
eastern part of the basin (the cold tongue). At the sur- 
face, the temperature gradient between the cold tongue 
and the warm pool drives the trade winds, completing 
the loop of the coupled ocean-atmosphere system. Un- 
derneath, the accumulation of warm water in the west 
and the upwelling in the east results in a thermocline 
that is deeper in the west and shallower in the east 
[Lemasson and Piton, 1968]. During a La Nifia, which 
is to some extent an intensification of the mean state, 
the trade winds are stronger and result in an increase 
of the SEC and thus in a warm pool pushed toward 
the Philippine coasts. They also result in a stronger 
upwelling in the east, and overall, in a greater slope of 
the thermocline along the equator. During an E1 Nifio, 
the trade winds relax or change direction with the oc- 
currence of westerly wind bursts in the western equa- 
torial Pacific. The accumulation of water in the warm 

pool is no longer balanced by the easterly wind stress. 
The warm water spreads toward the east in a surge led 
by downwelling equatorial Kelvin waves [Wyrtki, 1975]. 
The warm pool migrates eastward, while the equato- 
rial Kelvin waves, on their fast way toward the east, 

push down the thermocline. In •2 months, these waves 
reach the eastern part of the equatorial basin and coun- 
teract the equatorial upwelling. The spreading of water 
masses to the center of the basin, as well as the reduced 
or annihilated upwelling in the east, fiattens the slope of 
the thermocline along the equator [Wyrtki, 1984]. Con- 
sequently, the ENSO cycle appears as a seesaw of the 
thermocline along the equator accompanied by trans- 
fer of water mass and heat along the equator, which 
strongly affect the cold tongue and the warm pool. 

In a study on the movements of the warm pool from 
satellite measurements, Ho et al. [1995] showed that it 
expands seasonally in the meridional direction roughly 
from 10 ø to 20 ø of latitude. Schneider et al. [1996] 
explained these meridional migrations by the seasonal 
variability of the net surface heat flux in each hemi- 
sphere. Interestingly, Ho et al. [1995] found that the 
dominant migration of the warm pool is on its eastern 
edge, in the zonal direction, within 7øN-7øS, and solely 
on the ENSO timescale. This was also noted by Fu et 
al. [1986], Lukas and Webster [1992] and Picaut and 
Delcroix [1995]. Picaut and Delcroix [1995] showed a 
striking resemblance between the phase of the SOI and 
the significant displacements (about 35 ø of longitude) 
of the eastern edge of the warm pool within 4øN-4øS, 
over the 1950-1994 period. They also found that these 
zonal displacements are barely affected by the seasonal 
cycle (an order of magnitude less than the interannual 
displacements). As shown by the superposition of the 
SOI (with reverse coordinate and scaled amplitude) over 
the sea surface temperature (SST) along the equatorial 
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Table 1. Correlation (Above the 95% Significance 
Level) Between the SOI and the Location of the Eastern 
Warm Pool Convergence Zone As defined by the 28øC, 
the 35-psu Isohaline, and the 20 m 2 s -2 Zonal Pseudo 
Wind Stress of Figure 1. a 

28øC 35 psu 20 m 2 s -2 

Time period 1961-1994 1976-1992 1961-1995 
Correlation -0.76 -0.78 -0.67 

aadapted from Delcroix [1998]. 

band (Figure 1) and the correlation coefficient of Table 
1, E1 Nifio and La Nifia are clearly defined by an east- 
ward and westward migration, respectively, of the east- 
ern edge of the warm pool. The migrations of this edge 
induce SST changes in the central equatorial Pacific 
around the 28øC threshold required for organized con- 
vection [ Gadgil et al., 1984; Graham and Barnett, 1987]. 
As a consequence, the convergence of winds over the Pa- 
cific warm pool associated with the convection and the 
ascending branch of the Walker circulation is also dis- 
placed zonally [Fu et al., 1986; Delcroix, 1998]. This 
results during E1 Nifio in the penetration and extent 
of the westerlies (associated with the East Asian win- 
ter monsoon and westerly wind events) into the central 
equatorial Pacific [Wyrtki, 1985; Kessler et al., 1995; 
Harrison and Larkin, 1998]. On the other hand, dur- 
ing La Nifia the easterlies, associated with the trades, 
penetrate from the central equatorial Pacific into the 
western Pacific. The movements of these zonal winds 

are illustrated in Figure 1 where the SOI curve matches 
quite well the 20 m 2 s -2 Florida State University (FSU) 
pseudo zonal wind stress isoline (Table 1). 

In the western half of the equatorial Pacific, ENSO 
can therefore be seen as a zonal migration of the warm 
pool. ENSO appears also as a variation of temperature 
in the cold tongue. Two decades ago, it was found that 
remote forcing through equatorial Kelvin waves (and 
the consequent effect on the shallow thermocline) is re- 
sponsible for the interannual variations of SST in the 
cold tongue [e.g., Wyrtki, 1975; McCreary, 1976]. Only 
recently has it shown that the migrations of the east- 
ern edge of the warm pool are mainly due to zonal ad- 
vection [McPhaden and Picaut, 1990; Picaut and Del- 
croix, 1995]. As noted above, these zonal migrations 
are clearly dominated by the interannual ENSO signal 
(Figure 1 and Table 1), unlike the cold tongue, which 
is also influenced by the seasonal signal. Hence, the in- 
terannual variations of SST in the central and eastern 

equatorial Pacific display very similar patterns, albeit 
driven mostly by different physics. During the course of 
the E1 Nifio-La Nifia events the convection zone over the 

warm pool and its associated precipitation follow the 
zonal migration of the eastern edge of the warm pool, 
as indicated by the movement of high reflective clouds 
[Fu et al., 1986]. The heavy rainfall significantly reduces 
the salinity of the upper layer of the warm pool, which is 

the reason why the warm pool was also named the fresh 
pool [Delcroix and Picaut, 1998]. On the contrary, be- 
cause of evaporation and equatorial upwelling, the cold 
tongue is composed of high salinity water. Recently, it 
was found that the water masses of these two regions 
converge zonally into a well-defined salinity front [Pi- 
caut et al., 1996]. This convergence also leads to the 
formation of the barrier layer [Lukas and Lindstrb'm, 
1991] in the isothermal layer of the warm pool [Vialard 
and Delecluse, 1998b]. Nearly coinciding in location, 
the zone of convergence, the salinity front, and the east- 
ern edge of the warm pool, all migrate zonally with the 
phases of ENSO (Figure 1). 

The present work was motivated by the Tropical 
Ocean- Global Atmosphere (TOGA) - Coupled Ocean- 
Atmosphere Response Experiment (COARE) interna- 
tional programme[Webster and Lukas, 1992]. Its main 
purpose is to synthesize recent results and additional 
analyses, which establish the existence of an oceanic 
zone of convergence at the eastern edge of the warm 
pool. Its purpose is also to discuss several of the impor- 
tant implications for ENSO, which have been mostly re- 
ported in previous studies. In addition to implying a re- 
vision to the delayed action oscillator theory for ENSO, 
the discovery of a zonal convergence zone, controlled by 
oceanic advection, has several implications for biogeo- 
chemical phenomena and consequently, tuna fisheries 
in the central and western Pacific, which are also re- 
viewed herein. The existence and ENSO displacements 
of the oceanic zone of convergence are presented and 
discussed in sections 3 and 4. This is done through the 
analysis of a maximum of in situ and satellite data and 
the output from three different types of ocean model, 
which are first presented in section 2. Several conse- 
quences of this zone of convergence on the physics of 
ENSO are discussed: the ENSO coupling in the central 
equatorial Pacific, a revision of the delayed action os- 
cillator theory of ENSO, and the transfer of mass and 
heat and ENSO memory. The amount of CO2 released 
into the atmosphere from the cold tongue is dictated by 
the size of the cold tongue, hence by the location of the 
zone of convergence. Similarly, the ENSO variations of 
production are related to the extent of the zone of con- 
vergence separating the oligotrophic water of the warm 
pool from the eutrophic water of the cold tongue. The 
convergence of water masses into the eastern edge of 
the warm pool seems to congregate the most important 
tuna fishery of the world, and it could be the reason for 
the zonal displacements of this fishery over thousands of 
kilometers in phase with ENSO. All these consequences 
are summarized in section 5, which is followed by some 
general conclusions. 

2. Means of Study 
2.1. Data 

The Tropical Atmosphere-Ocean (TAO) array is com- 
posed of about 70 buoys and covers most of the equa- 
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torial Pacific within 8øN-8øS, 95øW-137øE [Hayes et 
al., 1991; McPhaden, 1993]. The studies and addi- 
tional analyses that are synthesized here, used the near- 
surface salinity measured by the TAO array in the warm 
pool, as well as the near-surface (10-50 m depth) ve- 
locity taken at four equatorial sites located at 156øE, 
165øE, 140øW, and 110øW. A 5 day zonal surface cur- 
rent field along the equator (referred to as the TAO 
field) over the 1986-1994 period was built from an objec- 
tive analysis of the near-surface zonal currents at these 
four equatorial sites. Bearing in mind that the 156øE 
current data started only in August 1991 and that 30 ø 
is the zonal decorrelation scale of the zonal current at 

the equator for periods greater than 50 days [McPhaden 
and Taft, 1988; Picaut et al., 1990], this TAO current 
field has to be used with some care. 

Two other in situ current fields were also used. One is 

a mean climatology issued from a compilation of about 
1500 near-surface drifting buoys during the 1987-1996 
period within 20øN-20øS, 135øE-90øW and binned on 
a 2 ø latitude x 4 ø longitude grid. The other field re- 
sults from a combination of all the near-surface drifting 
buoys and the near surface current measurements from 
the four TAO moorings at the equator. Using an ob- 
jective analysis, bimonthly currents over the 1987-1993 
period were mapped on a 1 ø latitude x 5 ø longitude 
grid between 20øN and 20øS and 120øE and 80øW. In- 
formation on the processing and validation are detailed 
by Reverdin et al. [1994] and Frankignoul et al. [1996]. 
Despite an increase in the number of drifting buoys after 
mid-1988, this bimonthly current field must also be used 
with some care because of its coarse sampling. Even if 
this field includes some TAO current data, it will be 
referred to as the "buoy field"in the following to avoid 
any confusion with the "TAO field"of the zonal current 
derived exclusively from moored current observations. 

The Geosat anomalous zonal current field was ob- 

tained from the analysis of Delcroix et al. [1994]. The 
original Geosat geophysical data records used improved 
satellite orbit and water vapor corrections [Cheney et 
al., 1991]. It was transformed into sea level anomaly 
relative to the first 2 years of the Exact Repeat Mission 
in order to remove the imprecise geoid along the repet- 
itive tracks. Various filtering and gridding procedures 
resulted in a sea level anomaly field on a 0.5 ø latitude, 
5 ø longitude and 5 day grid from November 1986 to 
March 1989 and between 28.5øS and 28.5øN and 125øE 

and 85øW. A low-pass-filtered (35 day Hanning filter) 
zonal current anomaly field was built from the second 
meridional derivative of the sea level at the equator and 
the first derivative away from the equator following the 
techniques discussed by Picaut et al. [1990] and Pi- 
caut and Tournier [1991]. It was validated against the 
near-surface current measurements at the equator and 
at 165øE, 140øW, and 110øW with correlations of 0.92, 
0.70, and 0.49 and rms differences of 17, 24, and 31 
cm s -1 respectively. The total zonal current along the 
equatorial band needed for the present study was built 

from the sum of the previous zonal current anomalies 
relative to the 1987-1988 period and the mean of the 
TAO field over the same period. Following Picaut and 
Delcroix [1995], a conversion factor of 0.75 was used to 
extrapolate these zonal currents along the equator to 
the 4 øN-4øS band. 

The TOPEX/Poseidon zonal current field was built 
from the original along-track sea level data taken from 
the CD-ROMs generated at Collecte Localisation Satel- 
lite (CLS) as part of the AVISO/Altimetry programme. 
The low-pass filtered zonal current anomaly field (rel- 
ative to the September 1992 to October 1996 period) 
was built following the same technique as in the previ- 
ous Geosat current field; details are given by Delcroix et 
al. [2000]. Comparison with the near-surface zonal cur- 
rent measurements at the equator and at 156øE, 165øE, 
140øW, and 110øW resulted in a correlation of 0.86, 
0.90, 0.58, and 0.45 and arms difference of 15, 16, 
33, and 38 cm s-1, respectively. Of most interest for 
the present study, the Geosat and TOPEX/Poseidon- 
derived surface zonal currents are fairly representative 
of the observed near-surface currents within a region en- 
compassing the western and eastern limits of the eastern 
edge of the warm pool. 

Additional data have been used in the analyses. Two 
monthly SST data sets came from the National Cen- 
ters for Environmental Prediction (NCEP). One is a 
combination of ship, buoy, satellite data, and it covers 
the period from January 1985 to present [Reynolds and 
Smith, 1994]. The other, based mostly on in situ data, 
covers the 1950-1992 period [Smith et al., 1996]. About 
16,000 sea surface salinity (SSS) data were collected 
in the 4øN-4øS equatorial band from 1973 to 1995. 
Most of them came from the Institut de Recherche 

pour le D6veloppement (IRD, former ORSTOM) Volun- 
tary Observing Ship program (bucket, and since 1992, 
thermosalinograph), which covers essentially four major 
cross-equatorial routes. Details about validation and 
gridding procedure are given by Delcroix [1998]. Along 
the 165øE cross-equatorial section, 42 cruises have been 
carried out, mostly during the TOGA programme. The 
processing of the vertical profiles of salinity and cur- 
rent into a regular grid is detailed by Delcroix et al. 
[1992]. Surface wind stress is also considered and it 
was obtained from the 2 ø x 2 ø FSU pseudo wind stress 
product [Leglet and O'Brien, 1984]. 

2.2. Models 

The first model is linear and forced by observed wind- 
stress field over the 1961-1992 period [Cane and Patton, 
1984]. The linear shallow-water equations are solved 
on an equatorial/• plane, subject to the low-frequency 
and longwave approximations. Variables are calculated 
every 5 days on a staggered grid of 2 ø longitude by 
0.5 ø latitude. The model basin is bounded at 130øE 

and 80øW, 20øN and 20øS, and the coast of Central 
America and of Papua New Guinea-Australia are ap- 
proximated by two rectangles [du Penhoat et al., 1992]. 
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The forcing is derived from the FSU monthly pseudo 
stress wind product through a constant drag coefficient 
CD and is then linearly interpolated to the model time 
and space grid. These solutions are generated for the 
first 10 vertical modes calculated from a specific ver- 
tical density profile. The total sea level height field is 
found by summing the individual contribution of these 
modes. Following Zebiak and Cane [1987], a shallow 
frictional layer of constant depth is added to simulate 
the surface intensification of wind-driven currents in the 

real ocean. Model wind stress projections and internal 
wave speeds are calculated from several types of ver- 
tical density profiles. A mean profile representative of 
the central-western Pacific is generally used. Two other 
mean profiles representative of the eastern and western 
equatorial Pacific are also used to test the sensitivity of 
the model to the choice of profile. 

Of the two Ocean General Circulation Models (OG- 
CMs) used in the analyses, one is a reduced grav- 
ity, primitive equation OGCM [Gent and Cane, 1989; 
herein referred to as GC] that was specifically designed 
for upper tropical ocean simulations. This model is ver- 
tically divided into a specified number of layers (20 in 
the present study). The uppermost layer represents 
the mixed layer and the layers below are chosen ac- 
cording to a sigma coordinate. Once the depth of the 
mixed layer and the depth of the last sigma layer are 
predicted, the thickness of the remaining layers is cal- 
culated diagnostically. The mixed layer physics that 
determines the mixed layer depth is based on the hy- 
brid vertical scheme developed by Chen et al. [1994]. 
Another important model component is the formula- 
tion of surface heat fluxes. The ocean model is cou- 

pled to an advective atmospheric mixed layer model 
[Seaget et al., 1995]. With this model the complete 
heat flux can be computed with only solar radiation, 
cloud cover and winds needing to be externally speci- 
fied. This formulation significantly improves the ocean 
model performance [Murtugudde and Busalacchi, 1998]. 
The wind stress and wind speed were derived from the 
FSU pseudo wind stress data set. For the freshwater 
flux the Climate-Prediction-Center Merged Analysis of 
Precipitation (CMAP) data set [Xie and Arkin, 1996] 
over the January 1979 to July 1999 period was used. A 
seasonal precipitation climatology was derived from the 
CMAP data set. 

An OGCM, developed at Laboratoire d'Oc•anogra- 
phie DYnamique et de Climatologie (LODYC) [Delecluse 
et al., 1993], has also been used to study zonal ad- 
vection in the central-western equatorial Pacific. A 
first version of the OPA model covers the tropical Pa- 
cific Ocean within 30øN-30øS, 130øE-75øW [Maes et al., 
1997; Vialard and Delecluse, 1998a]. It has a zonal 
resolution of 1 ø, a meridional resolution variable from 
1/2 ø near the equator to 2 ø at the poleward bound- 
aries, and a vertical resolution (20 layers) variable from 
10 m in the upper 120 m to 1000 m at depth. The 
second version of the model [Maes et al., 1998] cov- 

Table 2. Correlation (C) Between the Simulated Sur- 
face Zonal Currents From the Three Ocean Models (Lin- 
ear, OPA, and GC) and the Observed Near-Surface 
Zonal Currents From the Three TAO Equatorial Moo- 
rings. b 

x/y C(x/y) •. • sd(x) sd(y) 

GC/TAO-110øW 0.47 -19 -10 36 33 
OPA/TAO-110øW 0.54 -32 -10 38 33 

Lin-10/TAO-140øW 0.30 -65 -15 38 27 
OPA/TAO-140øW 0.35 -40 -15 32 27 
GC/TAO-140øW 0.41 -4 -15 31 27 

Lin-01/TAO-165ø E 0.34 4 -2 29 32 
Lin-10/TAO-165ø E 0.48 -2 -2 38 32 
OPA/TAO-165øE 0.39 7 -2 36 32 
GC/TAO-165ø E 0.60 11 -2 37 32 

bThe results of the linear model are shown for 1 and 10 

vertical mlodes. Also listed are the mean zonal currents (bar) in cm s- and their standard deviations (sd) in cm s -1. 
Only correlations higher than the 95% significance level are 
shown. 

ers the three tropical oceans between 50øN and 50øS 
with a higher resolution, i.e., 30 layers in the vertical 
and 1/3 ø in latitude and longitude near the equator 
and near the coasts. Vertical mixing coefficients are 
computed through a turbulent kinetic energy closure 
model [Blanke and Delecluse, 1993]. The external forc- 
ing (wind stress, freshwater flux, and net heat flux) 
is provided by the Meteo-France Atmospheric Gen- 
eral Circulation Model (AGCM) ARPEGE forced by 
the Reynolds' observed SST over the 1985-1994 period 
[Vialard and Delecluse, 1998a]. The heat flux from the 
AGCM might not be in equilibrium with the model 
dynamics. A restoring term (with a restoring coefti- 
cient of 40 W m -2 øC -x) toward the observed SST 
is added in order to avoid unrealistic temperatures. 
This parametrization approximates at the zero order 
the strong coupling between the oceanic heat losses and 
the SST. 

A comparison with the observed monthly zonal cur- 
rents at three TAO equatorial sites is presented (Table 
2) in order to assess the relevance of simulated cur- 
rents along the equator. With different wind forcing 
and, for the OGCMs, two different approaches for heat 
and freshwater fluxes this comparison cannot be used 
for model intercomparison. There is an improvement in 
the linear model when using 10 vertical modes instead 
of the first mode. The modeled zonal surface currents in 

the west are approaching the observations, in particular, 
a weak mean eastward flow. However, the linear model 
is quite deficient in the central-eastern equator, with a 
stronger westward mean flow and a poor simulation of 
its variability. As expected, the two OGCMs behave 
better in this region. The variabilities are close to the 
observed one, but the westward flow is strong in OPA. 
In the warm pool the two OGCMs behave correctly in 
simulating the surface zonal current at the equator, but 
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they are not much better than the linear model with 10 
vertical modes. 

3. Zonal Displacements of the Eastern 
Edge of the Warm Pool 

Wyrtki [1975, 1985] was the very first to recognize the 
importance of the zonal migration of the warm pool in 
relation to E1 Nifio, and Gill [1983] suggested that this 
migration is mostly due to advection by zonal current 
anomalies. Gill [1983] also suggested looking at the dis- 
placement of water mass by the zonal current averaged 
over the equatorial waveguide. The use of hypothetical 
drifters with a huge drogue has the advantage of follow- 
ing the water masses along the equatorial waveguide. 
On the contrary, real drifters would sooner or later es- 
cape the equatorial band with, in particular, the diver- 
gence associated with the equatorial upwelling. This 
technique was successfully applied in several studies, 
such as by Picaut et al. [1996]. It will be used and fully 
justified in the following sections. 

3.1. Observational Results 

The technique is illustrated on Figure 2 with two 
hypothetical drifters with a 4øN-4øS drogue launched 
into the zonal surface current anomalies derived from 

Geosat altimetry measurement over the November 1986 
to February 1989 period (Figure 2, upper panel). Dur- 
ing the 1986-1987 E1 Nifio the drifters move toward the 
east with the dominant eastward currents, while they 
move toward the west during the 1988-1989 La Nifia. 
When the trajectories of these two drifters are super- 
imposed on the observed SST averaged within the same 
4øN-4øS equatorial band (Figure 2, middle panel) they 
bracket the eastern edge of the warm pool. With the 
zonal SST gradient on the edge nearly constant this re- 
flects that zonal advection is the dominant mechanism 

for the 1986-1989 E1 Nifio-La Nifia zonal migrations of 
the eastern edge of the warm pool [Picaut and Delcroix, 
1995]. 

Because of the uncertainty in the determination of 
the mean geoid, altimetry derived currents are relative 
to some mean. The addition of the zonal mean current 
derived from the TAO field results in a remarkable fea- 

ture (Figure 2, lower panel). After about 1 year the two 
hypothetical drifters converge into a single trajectory, 
which follows the retreat of the warm pool associated 
with the 1988-1989 La Nifia event [McPhaden and Pi- 
caut, 1990] and finally reaches the western limit of the 
current field. The convergence of the two trajectories is 
due to the mean zonal currents along the equator, com- 
posed of a weak mean eastward flow in the warm pool 
and a significant mean westward flow in the cold tongue 
that converge into a position close to the dateline. 

As discussed by Delcroix et al. [2000] over the 1992- 
1998 period the use of surface current derived from 
TOPEX/Poseidon leads to similar results (Figure 3). 
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Figure 2. Trajectories of hypothetical drifters moved 
by surface zonal currents derived from Geosat and aver- 
aged within 4øN-4øS: (upper panel) currents anomalies 
relative to 1987-1988, (middle panel) currents anomalies 
superimposed on the observed SST, and (lower panel) 
total currents superimposed on the observed SST. Con- 
tours are 10 cm s -x and 1øC respectively. 

During the 1993-1994 E1 Nifio events and the begin- 
ning of the 1995-1996 La Nifia the trajectories of the 
two hypothetical drifters displaced by the 2øN-2øS cur- 
rent anomalies (Figure 3, left panel), bracket the dis- 
placement of the eastern edge of the warm pool (as 
inferred from Figure 3, right panel). Similar to what 
happened during the 1988-1989 La Nifia (Figure 2), the 
trajectories reach the western limit of altimetry-derived 
currents during the 1995-1996 La Nifia. Other drifters 
launched in spring 1996 are drastically moved eastward 
by the anomalous eastward flow associated with the 
1997 E1 Nifio. The use of the total currents (Figure 
3, middle panel) results in a convergence of the hypo- 
thetical drifters into a single trajectory near the east- 
ern edge of the warm pool during the successive 1992- 
1994 E1 Nifio events (Figure 3, right panel). During the 
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Figure 3. Trajectories of hypothetical drifters moved by surface zonal currents derived from 
TOPEX/Poseidon and averaged within 2øN-2øS: (left panel) currents anomalies relative to 
September 1992-October 1996, (middle panel) total currents, and (right panel) total currents 
superimposed on the observed SST. Contours are 20 cm s -• and IøC respectively. 

1995-1996 La Nifia all the drifters are pushed into the 
western limit of the current field. By the end of 1996 
the total current becomes eastward, and the drifters are 
then pushed by the powerful 1997 E1 Nifio eastward sur- 
face flow. The zone of convergence is not so well defined 
during this strong E1 Nifio. However, a singie trajectory 
appears close to the 29øC during the w•rm event and 
then underlines the retreat of the warm pool associated 
with the 1998 La Nifia. 

Most of the hypothetical drifters launched in early 
1988 in the western equatorial Pacific into the bimonthly 
buoy field have a tendency to converge into a single tra- 
jectory after 2 years (Figure 4). Then they roughly fol- 
low the migration of the eastern edge of the warm pool, 
although with a westward offset that may be due to the 
strong smoothing of the current field. All the drifters 
launched east of the edge reach rapidly the common tra- 
jectory, due to the dominance of the westward flow in 
the central-eastern equatorial Pacific [Reverdin et al., 
1994]. This is illustrated by one drifter launched at 
160øW at the end of 1990. On the other hand, drifters 
launched in the far western equatorial Pacific do not 
necessarily reach the common trajectory. In the warm 
pool, the mean eastward current is not well defined and 
sometimes not strong enough to counteract sporadic 
westward currents. 

Using the TAO field (Figure 5), the trajectory of the 
drifters launched in 1986 follows the eastern edge of 
the warm pool, except during the 1988-1989 La Nifia, 
when it is interrupted as it passes the westernmost TAO 
site at 156øE. Three drifters are launched farther east 

in 1990. They converge into a single trajectory after 
2-3 years and then closely follow the migration of the 
eastern edge of the warm pool associated with the 1991- 
1992 and 1992-1993 E1 Nifio events. 

These results from four different sets of observa- 

tions exhibit similar features. Because of the presence 
of mean zonal converging currents, the water masses 
along the equator meet at a zone of confluence, or one- 
dimensional convergence. This zone happens to be situ- 
ated close to the eastern edge of the warm pool (i.e., the 
29øC isotherm) and migrates eastward and westward 
with this edge during E1 Nifio and La Nifia, respec- 
tively. This zone is easily evidenced by the trajectories 
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Figure 4. Trajectories of hypothetical drifters moved 
by near-surface zonal currents issued from the buoy field 
and averaged within 4øN-4øS. Superimposed is the ob- 
served $ST (contour every IøC). 



2370 PICAUT ET AL.- OCEANIC ZONE OF CONVERGENCE AND PACIFIC WARM POOL 

I XlX I )i ( ,I X 

•.::..•..•:.....:........:.:.:..:..:...:..........:. v. :-.:-: .......... .:.-.:...: • ,½o..;:•:•..:..::.:::.: .::.:..•.;.::-.2'.?.,•:•½•r.:-:.-•z•:•-•-.•- .;..:......:•::•:.....;:.• 
:•.•::•;.:-:.• .................................... ,:'-'%i---':--'.' . ;•:dL'...,.'j½•...'•i•ii7 -•.::'"•:• .Nqib;-i;/.:4.•..'.;!• •,,;'.•,;.. ,;,:.:• :::;4f.':;J.:•,:.-':•-::-..'• 'ø'' :•11,½• '::•""':•:"•'/,• 

•,•..-.'.'.'.. '•i•!•i•::di!; •-• '*'""•.•,..;j?f:•.•ii•::i:•:,•.• :':'?::.i½•::qiiiiiiiiiiiiii ' 
:'.:.:•' ::7': .:::e:: ß *•;•?:• i•i½•::•.:•. i' ': •:•i•i::il :i: :"-. 
.... ½::.•...;!;;.'! ':': :::-':'.'.:':.. :;'.'!:;.';:; ............. •. •,•--"-: f: •:: !:: f: ::•:• {•:i::-•;,.-' • .:..' • ..:':'::!i!i•:iiii:;ii .... 

•-:-•,.-'!•.,::•.::.•'--:.: ;:?..:...: -"-.:..:.,:..' % '::::.'!::•i•i:..-.."•::i:]•i:•..,•., . '::.:::::-:::ii!. 

............. ....... ;':.. .'.i:iii " 
i:•!!!B'-j•i;•?:• ............. -.'::...:•,::-.-..:•.,,:x ....................... .. • •.:.•!;:::i::•:;;i•;•ii?'•?.:. -' . 

:•*:•*-'.:::•: *•.•-'•-; "*-•.•x-::*•,::'i• .......... ' .-. . 

ß ,:,:u.z•....½:•.: :•.:.. ?.!.•!i•:::•.::-$i.:?7.....:b:•:•,i,,,•/..-.. • - - -• .:c::, ----. 
.:•!•:•!•:.•::•i •.• ,,' .•'-, ?' .'"'•:.ii!:•11:•111!' :•'*•!::*•::. 24 
½:i•:•ii•;: ß :::::. ." . :-:!.-•:•iiiii• ...%:. 

- :: % ' :i: ß ':i½ii '-'.-':•::?-:iiii:•iiii::i .... 

.. ..... ....•::::Xi. Bi;'•i!!!•i•!•*• ...... .::,:..::"::-" :' ". 

-'..: ::'"u;•.t•... -'•a•,Z:::':':::':::;"'• ...... 

.;i,•11:i:!::!:i::i:::11 ......... •.::Z. •.,• "" • • :4':4? 
--:)'-..•iiiii::ii::.::::::.: 't::';;'....;L:..'.-.'.'.:.': ........ ' ": •- '•, '•,•' ' 

?-•J:•::::;.'C. :-"•½..?-.;• "'½.•-:.' ;•,. ., ". "•"- :: •,..-- '-'. .... 

':•:'" :'"'"":'::'"•:•:•:•"::':' '.? •, . • ..i•i•ii•::".:'•j';"•i..:•.:.•: 

'.::,!'?:-.'..: . ............. ..... .::•!i' ':'"'. ß .. ,.:•...H....:•i?F 
.::.::..:.•.'.... -,;-:•:.. ......... ...... 

.......... ::::.:.• .... i. :ii 
½;.•i::;:' '-:': ß ........ 

140øE 180 ø 140øW 100øW 

LONGITUDE 

Figure 5. Trajectories of hypothetical drifters moved 
by near-surface zonal currents issued from the TAO field 
along the equator. The crosses denote the location of 
the equatorial moorings used to build the TAO field. 
Superimposed is the observed SST (contour every 1øC). 

of hypothetical drifters launched in the east as the dom- 
inance of westward flow along the equator would always 
push the drifter into the eastern edge of the warm pool. 
On the other hand, the zonal current in the equatorial 
band of the warm pool is weakly eastward on a mean 
but it can be subject to strong eastward intraseasonal 
and interannual variations [e.g., McPhaden et al., 1992; 
Frankignoul et al., 1996]. As a consequence, the west- 
ern side of the oceanic zone of convergence is not so well 
defined, and it can be pushed eastward past the east- 
ern edge of the warm pool during the 1988-1989 and 
1995-1996 La Nifia events. 

3.2. Modeling Results 

The linear model does not include an SST equation. 
Hence the hypothetical drifter trajectories moved by the 
<4øN-4øS> simulated zonal currents are superimposed 
over the observed SST averaged within the same band 
(Figure 6). All the hypothetical drifters launched in the 

eastern equatorial Pacific reached the oceanic zone of 
convergence as defined by the single trajectory within 
2-4 years. Similar to observations, almost all of the 
drifters launched within 10 ø west of this convergence 
zone reached it after a year or 2. Over the first half of 
the 1961-1992 period of model run the unique trajectory 
seems to follow the zonal migration of the other side of 
the warm pool as defined by the 29øC contour. During 
the second half the trajectory remains in the middle of 
the warm pool, and it is subject to strong zonal migra- 
tions that are in phase with those of the eastern edge 
of the warm pool. At the same time the warm pool 
seems to expand zonally. The long-term change of the 
position of the zone of convergence is due to a modifi- 
cation in the strength of the converging currents along 
the equator. It is tempting to relate these simultane- 
ous changes to those around 1976 in the frequency of 
ENSO events and in the subsurface temperature, asso- 
ciated with long-term and decadal variations [Trenberth 
and Hoar, 1996; Guilderson and Schrag, 1998; Lau and 
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Figure 6. Trajectories of hypothetical drifters moved 
by surface zonal currents issued from the linear model 
and averaged within 4øN-4øS. Superimposed is the ob- 
served $ST (contour every 1øC). The dashed (full) line 
corresponds to the model run with the first (10) vertical 
mode(s). 
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Weng, 1999]. Such changes are beyond the scope of the 
present study, especially knowing the simplicity of the 
model used and the uncertainties in the determination 

of the 29øC position from scattered in situ SST obser- 
vations prior to the use of satellite sensors [Smith et al., 
1996]. 

The lack of nonlinear terms in this model is likely 
the reason for the zone of convergence to be situated 
too much into the warm pool as compared to obser- 
vations and the following OGCMs' results since non- 
linearities strengthen the eastward equatorial currents 
and weaken the westward equatorial currents [Philander 
and Pacanowski, 1980]. Other parameters of the linear 
model may be responsible for the westward shift of the 
mean position of the zone of convergence. As shown 
on Figure 6, the use of just the first vertical mode re- 
duces this shift and also the amplitude of the ENSO 
migrations of the zone of convergence. An increase 
in the Rayleigh friction coefficient from 2.5 year -• to 
6 month -• results in a 30% reduction of the E1 Nifio 

eastward migrations and, therefore, on average in an 
increase of the westward shift. The ENSO migrations 
of the single trajectory are not much affected by the 
change of the drag coefficient within the range 1-2 x 
10 -3 . Similarly, there are no significant changes in the 

position of the convergence zone with the replacement 
of the mean vertical density profile used in this model by 
one representative of the cold tongue or another repre- 
sentative of the warm pool. Only a significant increase 
of the mixed layer (from 43 to 70 m) will shift the mean 
position of the zone of convergence eastward by about 
10 ø . All these tests indicate that despite the limita- 
tion of the simulated currents the zone of convergence, 
its ENSO migrations, and its westward shift inside the 
warm pool are intrinsic and permanent features of the 
linear model. 

The OPA OGCM simulates SST; hence this field can 
be used in conjunction with the simulated current field. 
The trajectory of a hypothetical drifter with a 4øN-4øS 
drogue follows the migration of the eastern edge of the 
warm pool defined by the 29øC isotherm (Figure 7). 
A discrepancy appears in the boreal summer of 1993 
where the drifter is moving in the opposite direction 
to the eastward expansion of the warm pool associated 
with the 1993 E1 Nifio. The trajectory is unique, ex- 
cept briefly during the peak of the 1988-1989 La Nifia. 
Other drifters on Figure 7 illustrate the existence of the 
oceanic zone of convergence close to the eastern edge of 
the warm pool. The zone of convergence is emphasized 
by the superposition of the trajectories on the simulated 

I 
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Figure 7. Trajectories of hypothetical drifters moved by the surface zonal currents issued from 
the OPA model and averaged within 4øN-4øS. Superimposed is (left panel) the SST and (right 
panel) the SSS. Contours are 1øC and 0.25 psu respectively. 
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Figure 8. Trajectories of hypothetical drifters moved by the surface zonal currents issued from 
the GC model and averaged within 2øN-2øS. Superimposed is (left panel) the SST (right panel) 
the SSS. Contours are IøC and 0.25 psu respectively. 

SSS field. Because of evaporation and the presence of 
the equatorial upwelling, which brings high-salinity wa- 
ter from below, the surface water of the central equa- 
torial Pacific is characterized by relatively cold temper- 
ature and high salinity. On the other hand, the heavy 
precipitation that moves in synchrony with the warm 
pool results in low surface salinity in the west. As shown 
on Figure 7, these very different water masses meet on 
the eastern edge of the warm pool in a single drifter 
trajectory and result in a sharp SSS front that moves 
zonally with the ENSO phases. This front is aligned 
meridionally, and it .appears to be trapped to the equa- 
tor. Interestingly, the .displacement of the simulated 
salinity front matches almost every detail of the single 
trajectory. Maes et al. [1998] first simulated this front 
with the OPA model, and Vialard and Delecluse [1998b] 
discussed it in detail with the same model. This front 

and its displacements bear much resemblance to those 
deduced from merchant ship SSS observations (Figure 
1). 

The results with the GC model forced by the CMAP 
precipitation data set over the January 1979-July 1999 
period are first presented (Figure 8). The trajectory 
of a hypothetical drifter with a 2øN-2øS drogue mostly 

follows the migrations of the eastern edge warm pool 
defined by the 29øC isotherm. The trajectory is unique 
from 1979 until the 1995-1996 La Nifia, where it reaches 
the western side of the basin. In early 1996 a drifter 
launched at 140øW is first pushed toward the west, and 
with the start of E1 Nifio it follows the huge eastward 
migration of the warm pool associated with this power- 
ful event. Similar to the results with the TOPEX/Po- 
seidon-derived current, the retreat of the warm pool 
associated with the rapid shift into the 1998 La Nifia is 
captured by the hypothetical drifter. The convergence 
of the water masses on the eastern edge of the warm 
pool is highlighted by a salinity front, on the same way 
as the OPA simulation. 

Another run was done with the GC model forced 

by the CMAP seasonal climatological freshwater flux 
(not shown). As expected, the salinity contrast between 
the central and western equatorial Pacific is reduced by 
about 0.5 psu and so is the strength of the salinity front. 
This change of freshwater flux has little impact on the 
simulated surface currents. The position of the zone of 
convergence defined by the drifter trajectory is almost 
unchanged, and the salinity front remained attached to 
this zone of convergence in the same way as the previous 
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run with the 1979-1999 CMAP precipitation (Figure 
8). Differences in freshwater fluxes clearly alter simu- 
lated SSS [e.g., Yang et al., 1999], and the ARPEGE- 
AGCM freshwater flux used in the OPA-OGCM has 

several deficiencies compared to observations [Vialard 
and Delecluse, 1998a]. However, the results with these 
two OGCMs, and, in particular, the last test with a cli- 
matological precipitation, assert the robustness of the 
present analysis: the zone of one-dimensional conver- 
gence on the eastern edge of the warm pool is marked 
by a salinity front, which is displaced with the eastern 
edge of the warm pool in phase with ENSO. The precip- 
itation and evaporation are needed to build the salinity 
front, but like the SST on the eastern edge of the warm 
pool, the zonal displacements of this salinity front are 
mainly driven by the surface zonal currents within the 
equatorial band. 

4. Discussion 

4.1. Zonal Advection 

Near-surface zonal current fields along the equatorial 
band, deduced from four different types of in situ and 
satellite observations and from three classes of ocean 

model, have evidenced the existence of an oceanic zone 
of convergence on the eastern edge of the warm pool. 
This zone of one-dimensional convergence, the East- 
ern Warm Pool Convergence Zone (EWPCZ), moves 
back and forth along the equator in synchrony with the 
phases of ENSO. The EWPCZ was evidenced through 
the use of hypothetical drifters with a drogue cover- 

ing the equatorial band that integrates the variation 
in time and space of the zonal currents in this band. 
The oceanic zone of convergence is tracked down by 
Lagrangian drifters, and since the SST gradient on 
its east is oftentimes nearly constant (Figure 1), this 
implies that zonal advection is the dominant mecha- 
nism for the ENSO displacement of the eastern edge 
of the warm pool. This is in agreement with the La- 
grangian approaches of Gill [1983], McPhaden and Pi- 
caut [1990] and Picaut and Delcroix [1995], in partic- 
ular, with a verification in the equation governing the 
equation of heat by Picaut and Delcroix [1995]. This 
has been further confirmed by recent modeling and ob- 
serving studies in the central-western equatorial Pacific 
using a Eulerian approach [e.g., Perigaud and Dewitte, 
1996; Vialard et al., 2000; Wang and McPhaden, 2000]. 
Hence it is not surprising that Liu et al. [1994] were un- 
able to find a dependence between SST tendency and 
atmospheric heat flux in the central equatorial Pacific. 

Section 3 also shows that the EWPCZ is marked by a 
salinity front. The SSS field of Figure I was built mostly 
from merchant ship observations, which mainly cover 
four main and large cross-equatorial sections [Delcroix 
et al., 1996]. The interpolation within these sections 
underestimates the strength of the salinity front. Nu- 
merous salinity observations taken from research vessel 
sections along the equator [e.g., Mangum et al., 1990; 
Kuroda and McPhaden, 1993; Inoue et al., 1996; Eldin 
et al., 1997], from TAO mooring [e.g., McPhaden et al., 
1992; Sprintall and McPhaden, 1994], and from ther- 
mosalinograph onboard merchant ships [e.g., H•nin and 
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Figure 9. Continuous surface measurements along the equator during the Flupac cruise in 
October 1994: SST, SSS and sea surface CO2 cc)ncentration [from Le Borgne et al., 1995]. 
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Grelet, 1996; Hdnin et al., 1998] confirm that this salin- 
ity front is a common feature of the eastern edge of the 
warm pool and indicate that it can be quite tight. This 
is illustrated on Figure 9 taken from continuous surface 
measurements along the equator in October 1994, with 
1 psu SSS difference over 8 ø of longitude. The tightness 
of this salinity front is certainly a common feature of the 
two OGCM simulations with interannual precipitation 
(Figures 7 and 8). In any case, looking at Figures 1, 7 
and 8, it appears that the salinity front is very close to 
the trajectories and thus a good indicator of the oceanic 
zone of convergence. 

As noted earlier, the salinity front is due to the con- 
vergence of the fresh water of the warm pool into the 
salty water of the cold tongue. Above these two oceanic 
regions, the respective areas of intense precipitation and 
evaporation follow the ENSO zonal displacements of the 
atmospheric convectior. [e.g., Fu et al., 1986; Delcrvix, 
1998], and this could have been the reason for the dis- 
placement of the salinity front. However, several studies 
demonstrate that the salinity front is instead mainly 
driven by zonal advection. Using Geosat-derived sur- 
face currents, merchant ship SSS field, and outgoing 
longwave radiation derived precipitation, Delcroix and 
Picaut [1998] found that zonal advection appeared to be 
the main mechanism responsible for the displacement 
of the salinity front during the 1986-1989 E1 Nifio-La 
Nifia. With various data and, in particular, thermos- 
alinograph onboard merchant ships over the 1992-95 pe- 
riod, Hdnin et al. [1998] found that precipitation acts 
as a source of freshwater responsible for the existence 
of the salinity front, but the main mechanism responsi- 
ble for the displacement of this front is zonal advection. 
Cronin and McPhaden [1998] have evaluated the upper 
ocean salinity balance in the western equatorial Pacific 
from data of the enhanced monitoring COARE array of 
moorings. They conclude that for timescales between a 
month and 2.5 years, SSS changes were weakly corre- 
lated with precipitation and were dominated by zonal 
advection. Vialard and Delecluse [1998b] developed a 
mixed layer budget method in order to compute the 
different terms acting on the temperature and salinity 
in the mixed layer of the OPA OGCM. They conclude 
that zonal advection is dominant in displacing the salin- 
ity front. Finally, the previous test with the GC model 
shows that the freshwater flux is not responsible for 
the zonal displacements of the salinity front. Large- 
scale surface currents in the vicinity of the equator are 
the dominant terms in driving the position of the front 
through zonal advection. 

4.2. Eastern Edge of the Warm Pool and 
Salinity Front 

One could wonder why there is a salinity front at the 
EWPCZ and not a temperature front. Whereas the net 
freshwater flux is of opposite sign in the warm pool and 
in the central equatorial Pacific, the surface net heat 
flux is positive all along the equator, with strong heat- 

ing in the cold tongue slowly decreasing toward a weak 
positive heat flux in the warm pool [e.g., Liu and Gau- 
tier, 1990; Liu et al., 1994]. East of the EWPCZ, cold 
SSTs result mainly from the equatorial upwelling, and 
their absolute values increase toward the west because 

of the less effective upwelling with the sloping thermo- 
cline along the equator. In addition, the equatorial up- 
welled water is mixed with the surrounding warmer wa- 
ter during its westward transport. Together with the 
atmospheric net heat flux, these result in a progressive 
SST warming toward the west. In any case the pres- 
ence of a sharp SST front at the EWPCZ would have 
been hard to maintain because of the strong and rela- 
tively fast atmospheric response. On the contrary, SSS 
front cannot generate an atmospheric response. There- 
fore the salinity front delineates the separation between 
a SST gradient nearly null in the warm pool and a well- 
defined negative and nearly constant SST gradient far- 
ther east. This negative zonal SST gradient is part of 
the mechanisms that drives the westward surface winds 

[Lindzen and Nigam, 1987], and this separation is fun- 
damental as the wind convergence and associated con- 
vection follow the zonal displacement of the EWPCZ. 

When the movement of the warm and fresh pool is 
eastward, the zone of convergence is usually displaced in 
association with the eastern edge of the warm pool and 
the salinity front. The associated eastward displace- 
ment of the convective cells sustains the fresh water 

input into the ocean and helps maintaining the salinity 
front. During very strong E1 Nifio, such as in 1982- 
1983, the zone of convergence eventually merges with 
the warm water of the far eastern equatorial Pacific 
and the fresh water extending off the Panama coast 
[Delcroix et al., 1996]. In such extreme case the east- 
ern edge of the warm pool and the salinity front are 
poorly defined and can extend east of the zone of con- 
vergence (Figure 1). Interestingly, the right panel of 
Figure 3 shows that during the 1997-1998 E1 Nifio the 
warm pool advected by zonal currents is distinct (how- 
ever, by <1øC) from the warm pool in the far east, in- 
duced, most probably, by the downwelling Kelvin waves 
and thus by the annihilation of vertical advection. Con- 
versely, during La Nifia when the movement of the warm 
pool is westward, the high-salinity cold water from the 
east penetrates into the warm pool. As shown in sec- 
tion 3, during some La Nifia events the zone of conver- 
gence defined by the hypothetical drifter trajectory can 
pass the eastern edge of the warm pool together with 
its salinity front. In this extreme case, zonal advec- 
tion is most probably overridden by the input of heat 
and freshwater flux from the atmosphere or other pro- 
cesses. The warm pool is seriously reduced in its zonal 
extent during a strong La Nifia, bu* it never disappears 
[e.g., Picaut and Delcroix, 1995, Figure 2]. Hence apart 
from very strong E1 Nifio and some La Nifia events, the 
salinity front can be used to track the oceanic zone of 
convergence. 

The delineation of the eastern edge of the warm pool 
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is not as straightforward. As noted above, it corre- 4o. sponds to the separation between a SST gradient nearly 
null in the warm pool and a negative SST gradient far- 20. 
ther east. Together with the insufficient number of in o. 
situ measurements and the deficiency of satellite mea- -20. 
surements in cloud-covered regions, one cannot expect 
a perfect determination of the eastern edge of the warm -40. 
pool. The 29øC isotherm was chosen as the highest -60. 
nearly uninterrupted integer isotherm (Figure 1), but 

-80. 

observations (Figures 2-5) and model simulations (Fig- 
ures 7-8) suggest that an isotherm a little inside the 
warm pool (29.1 ø or 29.2øC) could have been more ap- 120. 

propriate if less discontinuous. The use of hypothetical 
drifter to infer the position of the oceanic zone of conver- 400. 
gence has some flaws (see section 4.3). Even if SST and 8o.- 
SSS on the eastern edge of the warm pool are mainly 
driven by zonal advection, many other mechanisms in- 
fiuence their behavior (e.g., vertical and meridional ad- 40. 
vection, heat and freshwater fluxes) In conclusion, it • * 20. 

should not be a surprise if the hypothetical drifter tra- 
jectories, 29øC, and salinity front are not strictly collo- o. 
cated. 

4.3. Current Convergence and Equatorial 
Trapping 

The convergence of the EWPCZ is due to the mean 
zonal currents in the equatorial band that are weakly 
eastward in the warm pool and clearly westward in the 
cold tongue (Figures 10 and 11, upper panels). How- 
ever, the extensive zonal displacements of the eastern 
edge of the warm pool associated with ENSO (Figure 
1) is due to the changes in strength of the zonal currents 

Figure 10. Near-surface currents over the tropical Pa- 
cific derived from the drifting buoy climatology: (upper 
panel) mean current vectors and (lower panel) standard 
deviation of zonal currents. Shaded area corresponds to 
values >30 cm s -x. 
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Figure 11. (upper panel) Mean zonal surface currents 
and (lower panel) their standard deviations, along the 
equator and averaged within 4øN-4øS, from the drifting 
buoy climatology (open circle), linear model (pluses), 
OPA model (solid line) and GC model (dashed line). 
Units are cm s -x. 

along the equatorial band (Figures 10 and 11, lower pan- 
els). Westward shifts of the EWPCZ are associated with 
a stronger than normal SEC over the cold tongue during 
La Nifia [Frankignoul et al., 1996], and eastward shifts 
are mostly due to eastward jets. These jets are usually 
driven by westerly wind bursts [McPhaden et al., 1992; 
Delcroix et al., 1993], but fleshwater-driven salinity gra- 
dient is another potential driving force [Roemmich et 
al., 1992]. Most of all, displacements of the EWPCZ 
is due to the fact that these varying surface zonal cur- 
rents are quite often toward the same direction during 
a number of months, as seen, for example, on Figure 3. 
The convergence of the mean zonal currents is not well 
defined in the equatorial band (Figures 10 and 11, up-- 
per panels), unlike the variations of these currents that 
are clearly trapped to the equator (Figure 10, lower 
panel). Equatorial waxre dynamics are responsible for 
this trapping of the zonal currents, as already noted in 
observations by Delcroix et al. [1994] and Boulanger 
and Menkes [1995]. Like the zonal currents, the salinity 
changes associated with the displacement of the EW- 
PCZ are trapped to the equator. Figure 12, taken 
with Conductivity-Temperature-Depth (CTD) and cur- 
rent measurements from 42 cruises along 165øE, sug- 
gests a trapping scale of about 4 ø [Delcroix and Picaut, 
1998], which can be dramatically evidenced by contin- 
uous cross-equatorial SSS measurements [H•nin et al., 
1998, Figure 8]. 
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Figure 12. Standard deviations of (upper panel) the 
zonal currents and (lower panel) salinity, from 42 cruises 
along 165 øE. Contours are 5 cm s- • and 0.1 psu respec- 
tively. 

A better estimation of this trapping is necessary in 
order to determine the width of the equatorial band 
affected by the displacement of the oceanic zone of one- 
dimensional convergence. Additional calculations were 
done with the observed and simulated current fields 

using hypothetical drifters with different drogue sizes 
(from IøN-IøS to 6øN-6øS). The displacements of the 
drifters were compared to the displacements of the 29øC 
isotherm and of the salinity front averaged in the same 
equatorial band. The mean ratio of the standard devi- 
ations of these displacements (around 16 ø of longitude) 
is 1.15 for IøN-IøS, 1.06 for 2øN-2øS, 0.98 for 4øN-4øS, 
and 0.88 for 6øN-6øS. The relative difference between 

IøN-IøS and 6øN-6øS is partly due to the presence of 
eastward surface jets in the warm pool that are really 
trapped to the equator [e.g., McPhaden et al., 1992; 

Ralph et al., 1997], in contrast to the SEC in the east, 
which is broader, as seen in the upper panel of Figure 
10 and discussed by Philander and Pacanoswki [1980]. 
Overall, the zone of convergence defined by hypotheti- 
cal drifter trajectory is most often associated with the 
salinity front centered around 34.8 psu and the 29øC 
isotherm in a latitudinal range of 20-5 ø around the equa- 
tor, which is of the same order of magnitude as the 
equatorial radius of deformation. 

Whereas interannual variations of current and salin- 

ity are very much trapped to the equator, the displace- 
ments of the eastern edge of the warm pool occurs over 
a wider meridional range. Once the EWPCZ starts to 
be displaced along the equator by the variations of zonal 
current within about 4øN-4øS, the seasonal heating in- 
tervenes. Together with diffusion and meridional advec- 
tion, this results in the zonal migration of the eastern 
edge of the warm pool over a broader area. In particu- 
lar, the zonal displacement is slowly shifted on one side 
of the equator by as much as 10 ø of latitude because 
of the seasonal heating. Such features were particu- 
larly discernible during the strong E1 Nifio events of 
1982-1983 and 1997-1998. Similar patterns, but in the 
other direction, are also evident during the demise of 
E1 Nifio and its shift into La Nifia. The combination 

of the notable zonal displacements by equatorial cur- 
rents and of the small meridional migration by seasonal 
heating explains the elliptic nature of the centroid of 
the warm pool as evidenced by Yan et al. [1997]. How- 
ever, the fundamental mechanism for moving the east- 
ern edge of the warm pool eastward or westward during 
ENSO events remains zonal advection, which acts basi- 
cally around the 4øN-4øS equatorial band. 

4.4. Hypothetical and Real Drifters, 
Continuous Zonal Transport 

A comparison between real and hypothetical drifter 
behaviors is now presented. This will fully justify the 
use of a hypothetical drifter as a tracer for water mass 
convergence in the equatorial band and the inherent 
omission of the meridional component of the currents. 
In the warm pool, eastward displacements under a se- 
ries of westerly wind bursts are mostly associated with 
equatorial convergence. As a consequence, particles of 
water usually stay for several months in the equatorial 
band while traveling toward the central equatorial re- 
gion, as shown from drifter observations by McPhaden 
et al. [1992] and Ralph et al. [1997]. Simulations of 
"real" drifter trajectories in the OPA model suggest that 
a significant part of the drifters launched in the warm 
pool reached the EWPCZ defined by the salinity front 
(Figure 13). On the other hand, real drifters launched 
in the eastern equatorial region, moved westward by the 
trade wind-induced SEC, are subject to equatorial di- 
vergence. This divergence results, on average, in a 5 
cm s -z meridional current [Poulain, 1993], and a single 
drifter launched near the 'equator will leave the 4øN- 
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Figure 13. Trajectories of real drifters launched in the 
OPA surface currents: (upper panel) 3 month trajecto- 
ries starting from 160øE on September 1, 1986, and 5 
month trajectories starting from 150øW on September 
1, 1986; (middle panel) 3 month trajectories starting 
from 180 ø on November 1, 1986, and 5 month trajecto- 
ries starting from 120øW on July 1, 1986; (lower panel) 
trajectories starting on September 1986, March 1987, 
and November 1987 along the equator plotted as long 
as they stay in the 4 øN-4øS equatorial band and over the 
time-longitude distribution of the simulated SSS (con- 
tour every 0.25 psu; values >35 psu darkly shaded). 
The background in the upper and middle panels is the 
December 1986 simulated SST (contour every 1 ø C; val- 
ues >29øC darkly shaded). 

4øS equatorial band in about 3 months while traveling, 
on average, 3000 km westward [Hansen and Swenson, 
1996]. Even if surface water parcels seldom reach the 
eastern edge of the warm pool, there is a continuous 
westward transport of mass toward this region [Wyrtki, 
1985]. This is illustrated on Figure 13 with a series 
of real drifters launched successively into the SEC sim- 
ulated by the OPA model, which ultimately converge 
toward the EWPCZ defined by the salinity front. 

Such continuous westward transport is also evidenced 
through the existence of a permanent downward slope 
in sea surface height along the equator in the eastern- 
central Pacific. In fact, with the existence of a small up- 
ward slope of the sea surface in the warm pool [Wyrtki, 
1984; McPhaden et al., 1998] the EWPCZ inferred from 
hypothetical drifters corresponds approximately to the 

convergence of water masses as indicated by the inter- 
section of the westward and eastward slopes. Dynamic 
height anomaly measurements along the equator are too 
scarce to evidence such sea level convergence and its 
zonal displacement [e.g., Mangum et al., 1990; Kuroda 
and McPhaden, 1993]. Hence surface dynamic heights 
simulated from the OPA model are used to detect this 

feature. As shown on Figure 14, the absolute maximum 
of surface dynamic height, which approximates the en- 
counter of the eastward and westward sea level slopes, 
has a tendency to follow the displacement of the hy- 
pothetical drifter and of the eastern edge of the warm 
pool. Precipitation, through its effect of salinity, can 
account for up to 30% of the sea level signal over the 
warm pool [Chambers et al., 1998; Maes et al., 2000], 
and thus may explain some of the discrepancies, such as 
in 1992. Furthermore, a lag between the adjustment of 
dynamic heights and currents is expected, especially in 
the Ekman layer. As indicated by various maps of sur- 

160øE 160øW 120øW 80øW 

LONGITUDE 

Figure 14. Longitude-time distribution of 4 øN-4øS 
averaged surface dynamic height relative to 200 dbar 
calculated from the OPA model. The white line cor- 
responds to the absolute maximum of surface dynamic 
height, and the dark line corresponds to the zone of 
convergence defined by hypothetical drifter trajectories 
(as in Figure 7). 
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Figure 15. Zone of convergence and barrier layer il- 
lustrated from an observed section along the equator 
of (upper panel) temperature, (middle panel) salinity, 
and (lower panel) zonal currents. The arrows follow 
the maximum of currents and depict the surface conver- 
gence, the subduction and the formation of the barrier 
layer (adapted from Kuroda and McPhaden [1993]). 

and McPhaden, 1993]. The lower and middle panels of 
Figure 15 show the convergence of surface zonal cur- 
rents into the salinity front and suggest the subduc- 
tion pathway of the cold and high-salinity water of the 
cold tongue under the warm and fresh pool. The upper 
panel of Figure 15 indicates that this high-salinity wa- 
ter subducts just above the thermocline, resulting in the 
so-called barrier layer. Note that the barrier layer can 
be formed south of the equator through a related pro- 
cess [$hinoda and Lukas, 1995; Vialard and Delecluse, 
1998b] and inside the warm pool by direct rainfall [You, 
1995] and, consequently, subsists over most of this re- 
gion [Sprintall and Tomczak, 1992]. Because of the bar- 
rier layer, the wind forcing is particularly effective over 
the warm pool as the momentum is trapped in the up- 
per layer [Vialard and Delecluse, 1998b]. In addition, 
the warm pool beeing composed of low-density fresh and 
warm water can slide easily over the high-density cold 
and salt water of subtropical origin. The barrier layer 
thus contributes to the movements of the EWPCZ. The 

barrier layer also isolates the warm pool from below, 
as it obstructs entrainment of the colder water into the 

surface layer [Lukas and LindstrSm, 1991; Vialard and 
Delecluse, 1998b]. In a similar way, the zonal salinity 
front and the subsequent density front may limit the 
exchange between the warm pool and the equatorial re- 
gion farther east. The existence of these vertical and 
zonal "barriers" could, in addition to air-sea flux con- 
trol [e.g., Wallace, 1992], explain why SSTs over the 
warm pool are relatively constant and high. 

5. Consequences for ENSO and 
Biogeochemical Phenomena 

Important consequences of the EWPCZ and its dis- 
placements have already been discussed, including the 
formation of the barrier layer. This sections briefly dis- 
cusses other consequences for ENSO and biogeochemi- 
cal phenomena. 

face dynamic heights relative to different retbrence levels 
(not shown), much of this surface dynamic heights en- 
counter is explained by the variation of dynamic heights 
above 100 m. 

4.5. Barrier Layer 

According to Vialard and Delecluse [1998b], the con- 
vergence of the SEC (flowing from the surface down to 
70 m) and the eastward jets (flowing only in the upper 
30-40 m) results in a subduction of the salty and dense 
water brought by the SEC under the fresh and light wa- 
ter of the warm pool. This yields to the formation of the 
barrier layer, which also follows the zonal displacements 
of the warm pool [Ando and McPhaden, 1997]. These 
important features are illustrated on Figure 15 through 
the Synoptic measurements of CTD and currents taken 
along the equator in January-February 1990 [Kuroda 

5.1. ENSO CouPling in the Central-Western 
Equatorial Pacific 

The advance and retreat, in phase with ENSO, of the 
eastern edge of the warm pool over the central equato- 
rial Pacific induce SST changes in the 26ø-29øC range 
(Figure 1). Within this range, SST provides enough 
moist static energy for ascending air and creates deep 
atmospheric convection [Betts and Ridgway, 1989]. At 

'the air-sea interface this results into a convergence of 
winds over the warm waters [Deser and Wallace, 1990; 
Clarke, 1994]. Lindzen and Nigam [1987] proposed 
another mechanism for driving the surface wind con- 
vergence through the atmospheric pressure anomalies 
induced by the SST gradient between the warm pool 
and the cold tongue. These two mechanisms are, in 
fact, closely related [Wu et al., 1999], and warm wa- 
ters within the range 26-29øC are still indispensable for 
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building up surface wind convergence and deep atmo- 
spheric convection. This explains why surface winds 
and rainfall closely follow the movement of the eastern 
edge of the warm pool, as shown on Figure I of this 
study and on Figure 6 by Delcroix [1998]. Farther east, 
the ocean has generally a greater ENSO signature in 
terms of SST anomaly, but except during very strong E1 
Nifio, its absolute SST is not high enough to induce sig- 
nificant atmospheric convection and surface wind con- 
vergence (compare on Figure 1 the displacements of the 
-20 m 2 s -•' contours of zonal wind stress in the east and 

west). Hence the zonal displacement of the EWPCZ is 
fundamental for establishing the ENSO coupled system 
in the central-western equatorial Pacific. Besides, the 
character of the coupled system in the central equa- 
torial Pacific is undeniable as it is impossible to sort 
out cause and effect: the EWPCZ is displaced by the 
winds and surface currents, but the winds are changed 
by the displacements of the EWPCZ. The eastward dis- 
placement of the EWPCZ during E1 Nifio increases the 
fetch of the westerly winds over the warm water [Kessler 
et al., 1995] through their penetration into the central 
equatorial Pacific. Conversely, the westward displace- 
ment of the EWPCZ during La Nifia reduces the fetch 
of the westerly winds and results in the penetration of 
the easterly winds into the western equatorial Pacific 
(Figure 1). 

Several studies highlighted the key role of the interan- 
nual variations of SST in the central equatorial Pacific 
(and thus of the EWPCZ) in setting up global atmo- 
spheric teleconnections [Barnston et al., 1997]. Graham 
et al. [1994] found a link between the Northern Hemi- 
sphere winter atmospheric circulation and the equato- 
rial Pacific SST anomalies within 160øE and 140øW, 
the region affected by the displacement of the EWPCZ. 
This is in agreement with the studies of Palmer and 
Mansfield [1984] and Geisler et al. [1985], who found 
that the western and central equatorial Pacific SST is 
more effective than the eastern equatorial Pacific SST 
for exciting midlatitude responses, such as the Pacific 
North American (PNA) pattern. With its displacement 
eastward during E1 Nifio and westward during La Nifia 
the EWPCZ induces SST changes around the 28øC 
threshold required for organized convection in separate 
equatorial regions. According to Hoerling et al. [1997], 
this geographical distinction induces teleconnection re- 
sponses over the PNA region shifted by at least 15 ø and 
thus may explain part of the nonlinearity of the ENSO 
teleconnection between E1 Nifio and La Nifia. 

5.2. A Revised Theory of the Delayed Action 
Oscillator of ENSO 

The SST-winds-ENSO interaction is mainly located 
in the central-western equatorial Pacific. Yet, the inter- 
mediate coupled models, which led to the discovery of 
the delayed action theory of ENSO, had their strongest 
coupling over the central-eastern side of the basin [Ze- 

biak and Cane, 1987; Battisti, 1988; Schopf and $uarez, 
1988]. As an example, the Zebiak and Cane model sim- 
ulates the ENSO air-sea interaction in a region as much 
as 30 ø of longitude east of the observed one [Mantua 
and Battisti, 1994]. A reason is the excessive weight 
given to the vertical displacement of the thermocline 
for reproducing SST variations in the eastern equato- 
rial basin (i.e., NINO3). In any case this theory is fas- 
cinating as it provides a rather simple explanation for 
the demise of E1 Nifio and its shift into La Nifia. It 
is the successive arrival of upwelling equatorial Kelvin 
waves, resulting from the reflection of upwelling equa- 
torial Rossby waves on the western ocean boundary, 
that acts to damp the growing SST-wind coupling of 
the equatorial Pacific by raising the thermocline. The 
recent results of Boulanger and Menkes [1999] indicate 
that the western boundary is a good reflector of equa- 
torial Rossby waves. However, there are still observa- 
tional doubts concerning the importance of the western 
boundary reflection versus local wind forcing in view of 
the delayed action oscillator scenario [Delcroix et al., 
1994; Boulanger and Menkes, 1995; Boulanger and Fu, 
1996; McPhaden and Yu, 1999; Delcroix et al., 2000]. 
The eastern boundary also seems to be a rather good re- 
flector of equatorial Kelvin waves into equatorial Rossby 
waves [Boulanger and Fu, 1996; Boulanger and Menkes, 
1999]. Picaut and Delcroix [1995], together with Del- 
croix et al. [2000], found out that during E1 Nifio, inter- 
annual Rossby waves issued from the eastern boundary 
can help push back the EWPCZ and hence participate 
in the shift from E1 Nifio to La Nifia (Figure 3). 

On the basis of the insufficiencies of the delayed ac- 
tion oscillator theory of ENSO, the discovery of the EW- 
PCZ, and the impacts of reflected equatorial waves on 
its zonal displacements, Picaut et al. [1997] proposed a 
revision of the delayed action oscillator theory in which 
zonal advection of the eastern edge of the warm pool, 
mean converging zonal currents, and reflection of equa- 
torial waves on both ocean boundaries are fundamental 

to the oscillatory nature of ENSO. The simple coupled 
model, used to illustrate this revised theory, resulted 
in an ENSO coupled system in the right place, namely, 
in the central-western equatorial Pacific. As stated by 
Picaut et al. [1997], the model used was oversimplified 
and was not intended to explain the complete scenario 
of the ENSO oscillation. In particular, being limited to 
zonal advection, during a strong E1 Nifio when warm 
SSTs are uniformly spread into the east, the modeled 
return (westward) flow cannot bring cold water in the 
central equatorial Pacific to develop a La Nifia (Figure 
3). Hence a source of cold water is needed in the east 
that can be provided by the uplifting of the thermocline. 
This can be done through the readjustment of mass 
along the equator with the returning flow, the equa- 
torial divergence associated with this westward flow, 
or the arrival of upwelling Kelvin waves, following the 
original delayed action oscillator theory. Furthermore, 
without any leak of energy in the deep ocean [McCreary, 



2380 PICAUT ET AL.: OCEANIC ZONE OF CONVERGENCE AND PACIFIC WARM POOL 

1984; Dewitte et al., 1999] the relative contribution of 
reflected equatorial waves on the two ocean boundaries 
in the ENSO oscillation cannot be precisely determined 
by the simple model. In any case the basic oscillation of 
ENSO intrinsic to the equatorial Pacific basin is most 
likely a combination of the original delayed action os- 
cillator theory and the revised one, with horizontal and 
vertical advection acting together. 

ary and then equatorial Kelvin waves the mass and heat 
of this nonadjusted reservoir are transferred along the 
equator and into the eastern boundary [Neelin et al., 
1998]. So, one has to consider more the effect of the 
slow transfer of mass and heat accompanying the dis- 
placement of the EWPCZ along the equator than the 
rapid propagation of Kelvin waves and its effect on the 
eastern equatorial thermocline. 

5.3. Transfer of Mass and Heat and ENSO 

Memory 

It is important to realize that the EWPCZ and its 
displacements along the equatorial band are not lim- 
ited to the surface. Hence the associated transports of 
mass and heat can be considerable and need to be in- 

vestigated as they are the grounds of the "memory" of 
the ENSO system. Following the pioneer's work of 
Wyrtki [1975, 1985] on the transport of mass associ- 
ated with the eastward displacement of the warm pool 
during E1 Nifio, McPhaden and Picaut [1990] calculated 
the variation of zonal transport between the 1986-1987 
E1 Nifio and the 1988-1989 La Nifia from in situ cur- 

rent observations. They found a change in the equa- 
torial band as large as 58 Sv. This was comparable 
to the estimate of Delcroix et al. [1992] over the same 
period. Figure 12, which illustrates the equatorial trap- 
ping of the near-surface salinity and currents associated 
with the EWPCZ, indicates that the trapping of current 
and salinity extends down to 50-100 m. There are not 
enough observations of currents in the vertical to find 
out the maximum depth of the zone of convergence, but 
profiles of salinity measured along the equator [Kuroda 
and McPhaden, 1993; Eldin et al., 1997] suggest it to 
be around 40-60 m. Additional tests with hypothetical 
drifters launched at various depths in the OPA model 
confirm such depths [see also Vialard and Delecluse, 
1998b]. A calculation based on Figure 12 gives 18 Sv 
for the standard deviation of the zonal transport in the 
first 50 m and within the 4øN-4øS band. Thirty six (18 
x 2) Sv is nearly half the change of the previous instan- 
taneous estimates of zonal transport over the first 100 
m during the well-defined 1986-1989 E1 Nifio-La Nifia 
cycle. These huge transfers of mass and heat along the 
equatorial band lead to anomalous accumulation or de- 
pletion of mass on both sides of the equatorial basin. 
As inferred from Figure 14, this results in an ENSO 
anomalous seesaw-like pattern in sea level and thermo- 
cline depth along the equator [e.g., Wyrtki, 1985; Del- 
croix, 1998]. 

In fact, it is the repeated occurrences of downwelling 
Rossby waves, excited by the dominant easterly trades 
in the central-eastern Pacific, that feed the reservoir 
of mass and heat in the warm pool. Because of the 
slow propagation of the Rossby waves, the reservoir of 
heat is not in equilibrium with the winds, and conse.- 
quently, it is the most important memory of the ENSO 
system [Battisti and Hirst, 1989; Schneider et al., 1995]. 
Through short Rossby waves along the western bound- 

5.4. Exchange of CO2 With the Atmosphere 
and Biological Production 

The equatorial Pacific Ocean is known to be the 
largest natural source of CO2 into the atmosphere [e.g., 
Feely et al., 1999]. It is also a potential source of new 
production in the ocean through the import of nutri- 
ents to the euphotic zone [Chavez and Barber, 1987]. 
The cold tongue and the warm pool have different bio- 
geochemical structures. The warm pool is nearly olig- 
otrophic and characterized by a nutrient-depleted sur- 
face layer above a deep thermocline and a nutrient-rich 
deep layer. Its air-sea interface is also specific with par- 
tial pressures of CO•. (pCO•.) close to equilibrium. The 
cold tongue is eutrophic, with the equatorial upwelling 
bringing nutrients and inorganic carbon to the surface. 
Hence, the sea surface always has high pCO•., and the 
cold tongue is the major source of CO•. to the atmo- 
sphere. 

The discovery of the EWPCZ, as a clear separation 
between the cold tongue and the warm pool and its 
ENSO displacements [Picaut et al., 1996], led to some 
questioning in the biogeochemical community. Know- 
ing that SSTs over the cold tongue exhibit a regular 
increase from the far eastern equatorial Pacific to the 
warm pool, a rapid modification of several of the biogeo- 
chemical parameters was not anticipated in the vicinity 
of the EWPCZ. From the results of several cruises, In- 
oue et al. [1996] noted several sharp changes in the lon- 
gitudinal distribution of pCO•. along the Pacific equator 
and their association with rapid SSS changes. Inoue et 
al. [1996] established a relationship between the loca- 
tion of the pCO•. change•s and the SOI but they were 
short of explanation. As illustrated in Figure 9, the 
changes of sea surface concentration of CO•. and SSS are 
associated with the EWPCZ that separates the warm 
pool from the cold tongue. Through a compilation of 
numerous pCO•. data, Boutin et al. [1999] determined 
a relation between pCO•. and satellite SST and wind 
speed. They found that the total change of CO•. flux 
over the equatorial Pacific could vary by a factor of 5 
from the 1986-1987 E1 Nifio to the 1988-1989 La Nifia. 

They attribute a significant portion of this change to 
the displacements of the EWPCZ that make the sur- 
face area of the outgassing cold tongue quite variable. 

Some other biogeochemical parameters may change 
rapidly around the EWPCZ. From the results of the 
Flupac cruise along the equator in September-October 
1994 [Le Borgne et al., 1995] it was noted that there 
was a sharp increase of zooplancton biomass between 
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172 ø and 174øW [Le Borgne and Rodlet, 1997] associ- 
ated with the salinity front (Figure 9) and hence with 
the EWPCZ. However, because of diffusion, consump- 
tion, and high-frequency physical forcing [Eldin et al., 
1997], the increase of nitrate, phosphate, and silicate 
occurred a little farther east. With very few synoptic 
biological measurements along the equator one has to 
rely on coupled models in order to perceive the behav- 
ior of the complex biophysical interaction. This was 
done by Stoens et al. [1999] through the addition of 
a nitrate transport model with a simple biological sink 
into the OPA OGCM over the 1992-1995 period. The 
coupled model was favorably compared to the Flupac 
observations, and a sharp front of new production was 
found, over the complete 1992-1995 period, coincident 
with the salinity front depicted in Figure 7. Hence the 
ENSO displacements of the EWPCZ appear to alter 
considerably the new production of the Pacific. How- 
ever, one cannot claim that the EWPCZ is a clear sepa- 
ration between oligotrophic and eutrophic waters. The 
oligotrophic characteristics of the warm pool is far from 
being permanent, as noted by in situ pulses of phyto- 
plancron growth by Dandonneau et al. [1988] and more 
recently by the Sea-viewing Wide Field-of-view Sensor 
(SeaWirS) satellite [e.g., Murtugudde et al., 1999]. De- 
tailed analyses of the SeaWiFS data and biogeochemical 
in situ data, in parallel with physical-biological coupled 
model experiments, will clarify the relation between the 
formation and evolution of the EWPCZ and its impacts 
on the biogeochemistry of the Pacific Ocean. 

5.5. Displacement of Tuna Fishery 

In the 1960-1970s, nearly all of the U.S. purse seine 
tuna fleets were situated in the eastern tropical Pacific. 
In addition to economical reasons, the poor fishing con- 
ditions in the eastern Pacific during the 1982-1983 E1 
Nifio has stimulated many U.S. purse seine vessels to 
move west, where a Japanese fleet had already been ac- 
tive for a few years [Fonteneau, 1997; Doulman, 1987]. 
In fact, the warm pool was found to be much more 
productive than expected, and currently, it represents 
the most important stock of tunas in the world, with 
about 1.5 million tons caught each year (mostly skip- 
jack tuna), as compared to the world harvest of 3.5 
million tons (all tuna species). Interestingly, this an- 
nual catch in the warm pool, worth about 1.7 billion of 
Euros, is carried out by about 1300 tuna boats fishing 
mostly in the exclusive economic zones of the western 
Pacific Islands. 

Convergence zones are known to aggregate plankton 
and micronekton and hence large predators [e.g., Yoder 
et al., 1994]. With the discovery of the EWPCZ a group 
of scientists looked for a possible relation between the 
movement of the tuna fishery and ENSO [Lehodey et 
al., 1997]. Lehodey et al. [1997] used catch per unit 
effort (CPUE) to determine the relative abundance of 
fish stock. To avoid biases in this abundance index, 
only the skipjack data of the U.S. purse-seine fleet were 

analyzed over the 1988-1995 period (extended later to 
1998). During the 1988-1989 La Nifia, the catches of 
the purse seine fleet were concentrated in the reduced 
warm pool west of 160øE. In contrast, during the series 
of three weak E1 Nifio events over the 1991-1995 pe- 
riod, skipjack tunas were caught in an area extending 
eastward with the warm pool. The relation with the 
displacement of the EWPCZ and hence the phases of 
ENSO was corroborated by a correlation analysis be- 
tween the longitudinal center of gravity of CPUE and 
the eastern edge of the warm pool. A correlation coef- 
ficient of 0.75 with zero lag and a ratio of 0.8 for the 
standard deviations were found between the monthly 
time series of longitudinal center of gravity of CPUE 
and the 29øC isotherm [Lehodey et al., 1997]. Inter- 
estingly, most of the skipjack tuna catch occurs within 
5øN-5øS, supporting the probable role of the equatori- 
ally trapped dynamics of the EWPCZ in the mechanism 
leading to surface tuna movement and aggregation. 

Knowing that skipjack tunas are opportunistic feed- 
ers and require a large amount of food (possibly 10-15% 
of their own weight per day), it was a surprise to find 
such concentration of tunas in the oligotrophic water of 
the warm pool. The existence of the EWPCZ is likely 
the reason for these concentrations of food and tunas 

and their zonal displacement. Without direct means to 
measure and quantify the tuna diet (ranging from large 
zooplancton to anchovy) on the scale of the warm pool, 
one has to rely on model simulations in order to appre- 
hend tuna forage. This was tentatively done by Lehodey 
et al. [1998] through a simple food web transfer of new 
production to tuna forage. The new production was ob- 
tained from the coupled model of Stoens et al. [1999], 
briefly discussed in section 5.4, and the transfer was pa.- 
rameterized according to the food chain length and re- 
distributed by the horizontal currents derived from the 
OGCM. Encouraging results support the idea that the 
mechanism of the formation of the EWPCZ (i.e, the 
convergence in time and space of the infrequent east- 
ward flow in the west and the more permanent west- 
ward flow in the east) is also at work in the aggregation 
of the animals that represent the net production of the 
equatorial upwelling. 

6. Conclusions 

The existence of an oceanic zone of confluence, or 
one-dimensional convergence on the eastern edge of the 
warm pool, has been demonstrated in several studies 
through the examination of several independent obser- 
vational and numerical model data sets. Here we have 

synthesized and completed these results with additional 
analyses to show that this zone of convergence (EW- 
PCZ) clearly separates the warm pool of the western 
equatorial Pacific from the cold tongue in the east. 
Because of the very different near-surface salinity of 
these two regions, this zone of convergence is generally 
seen as a well-defined zonal salinity front. Most impor- 
tantly, the alternate and opposite variations of the near- 
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surface zonal currents in both regions during a number 
of months result in the displacements of the EWPCZ. 
This happens within the equatorial band and over thou- 
sands of kilometers, eastward during E1 Nifio and west- 
ward during La Nifia. Such displacements, in synchrony 
with the Southern Oscillation, are an essential feature 
of the ENSO coupled system in the central equatorial 
Pacific. Once the EWPCZ starts moving eastward (e.g., 
under a series of westerly wind bursts), the eastern edge 
of the warm pool expands and so does the fetch of the 
westerly winds. Hence the system goes into an E1 Nifio 
growing mode. Conversely, when the easterlies in the 
central equatorial Pacific strengthen, the warm pool is 
pushed westward. This reduces the fetch of the westerly 
winds and thus increases La Nifia and the retreat of the 

warm pool. 
These findings were made possible through the use of 

numerous in situ and satellite data and the output of 
three classes of ocean model. A Lagrangian approach, 
through the use of hypothetical drifters with a drogue 
covering the equatorial band, appeared to be best suited 
for integrating in space and time the strength and du- 
ration of the near-surface zonal current. Hence zonal 

advection appears to be dominant for changing SST 
and SSS in the central equatorial Pacific. ENSO can 
therefore be characterized by two modes: one in the 
central equatorial Pacific dominated by zonal advec- 
tion and local wind forcing and, the other in the east- 
ern equatorial Pacific dominated by vertical advection 
through remotely forced Kelvin waves. The main dif- 
ference between these two modes is their ability to be 
locally sustained. The first one concerns absolute SST 
around the 28øC threshold required for organized atmo- 
spheric convection and appears to be essential to devel- 
oping and maintaining the ENSO coupled system. The 
second concerns absolute temperature generally lower 
than this threshold, and except during very strong E1 
Nifio, it needs to interfere with the central and western 
equatorial regions to sustain the ENSO coupled system. 
As suggested by Barnston et al. [1997], future ENSO 
studies should focus more on the absolute SST in the 

NINO3.4 region (150øW-160øE, 5øN-5øS), and not so 
much on the anomalous SST in the NINO3 region (90 ø- 
150øW, 5ON-5os). 

A revision of the delayed action oscillator theory was 
thus proposed in which the EWPCZ, zonal advection, 
mean converging zonal currents, and equatorial waves 
are fundamental to the ENSO oscillation [Picaut et al., 
1997]. In this concept the basic period of ENSO corre- 
sponds to the time it takes for the EWPCZ to be moved 
by near-surface zonal currents, from eastward to west- 
ward (and vice versa). The scrutiny of the EWPCZ 
and its displacements may bring less uncertainty on the 
phase locking of ENSO with the seasonal cycle. La Nifia 
can be seen as a penetration of the seasonal upwelling 
of the cold tongue into the warm pool. Conversely, E1 
Nifio can be seen as a penetration into the cold tongue 
of the eastern edge of the warm pool, which is nearly un- 

affected by the seasonal cycle [Figure I and Picaut and 
Delcroix, 1995]. This may be an explanation of the fact 
that La Nifia is more phase-locked to the seasonal cy- 
cle than E1 Nifio (J. Shukla, personal communication, 
1998). In any case, coupled ENSO prediction models 
must be able to reproduce correctly the EWPCZ and 
its displacements at the right location. For example, 
the use of linear ocean models in the 1980s forced more 

weight to be put into the vertical displacements of the 
thermocline over the cold tongue. This can now be ex- 
plained by the simulated EWPCZs, which were too far 
into the warm pool (Figure 6), and thus could not af- 
fect the SST much by moving near-isothermal waters. 
As a result, the simulated ENSO coupled systems were 
too far into the eastern part of the basin compared to 
observations [Mantua and Battisti, 1994; Hirst, 1988; 
Battisti and Sarachik, 1995]. 

The zonal displacement of the EWPCZ does not con- 
cern the surface layer only. Observations and model 
studies indicate that this phenomenon affects the first 
40-60 m and covers the equatorial band within about 
4øN-4øS. This implies tremendous redistribution of mass 
and heat within the equatorial wave guide (approaching 
the total transport of the Kuroshio) and, consequently, 
in the meridional direction. This deserves further atten- 

tion, especially knowing that these transfers of heat are 
essential to the ENSO memory. In addition, more needs 
to be done for a better understanding of the relation 
between the EWPCZ and the barrier layer. TOGA- 
COARE [Webster and Lukas, 1992; Godfrey et al., 1998] 
continues to bring valuable information on the behav- 
ior of the ocean-atmosphere system near the center of 
the warm pool. However, a smaller dedicated experi- 
ment on the eastern edge of the warm pool, combining 
ocean-atmosphere field experiment and modeling study, 
should certainly improve the understanding of the EW- 
PCZ in relation to the physics of the ENSO coupled 
system. 

Several studies have already looked at the physics of 
the eastern edge of the warm pool [Picaut et al., 1997; 
Vialard and Delecluse, 1998b; Clarke et al., 2000], but 
the evidence of the EWPCZ has also attracted several 

scientists of the biogeochemistry community. The dis- 
covery of the ENSO displacements of the world's most 
important tuna fishery, most likely in association with 
the EWPCZ [Lehodey et al., 1997], has a great po- 
tential for improving commercial fishing and its man- 
agement. However, more observations and physical- 
biological models are needed to determine the explicit 
role of the EWPCZ in the concentration of tunas in an 

oligotrophic region. The outgassing of CO•. into the at- 
mosphere within the equatorial Pacific is dependent on 
the location of the EWPCZ [Boutin et al., 1999]. In 
particular, there is a substantial reduction of the sur- 
face of outgassing and consequently of release of CO•. 
during the E1 Nifio eastward displacement of the warm 
pool. This may compensate a little the long-term in- 
crease of the extent of the warm pool (Figure 6) if this 



PICAUT ET AL.: OCEANIC ZONE OF CONVERGENCE AND PACIFIC WARM POOL 2383 

extent is related to global warming rather than to long- 
term natural climate variability. In any case the three 
components of the 15 year long Climate Variability and 
predictability (CLIVAR) program will certainly answer 
some of the questions related to the EWPCZ. 
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