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[1] Modifications of the volume of warm water above the thermocline in the equatorial

Pacific are thought to be critical for ENSO (El Niño Southern Oscillation)
preconditioning, development and prediction. In this paper, changes in this Warm Water
Volume (WWV) are first reviewed from the literature, and then analyzed within
5°N–5°S in using 1992–2006 altimeter-derived sea level anomalies (SLA) and in situ
observations. We conclude that the 1992–2006 WWV changes in the equatorial band
are a residual from the opposite effects of zonally integrated meridional Ekman and
geostrophic transports of warm water, the latter being estimated from SLA and validated
against in situ observations. For the first time with observations, we evidence first
baroclinic first meridional mode equatorial Rossby waves to be responsible for the
anomalous meridional geostrophic transports of warm water, in changing the basin-scale
zonal pressure gradient. These transports appear in phase opposition and proportional
to the anomalous Sea Surface Temperature (SST) in the region NIÑO3.4 (170°W–
120°W, 5°N–5°S). The links between our observational results and the recharge/
discharge oscillator theory, the differences in WWV between ENSO events, and the hint
for possible recent changes in the relation between WWV and NIÑO3.4 SST are
discussed.
Citation: Bosc, C., and T. Delcroix (2008), Observed equatorial Rossby waves and ENSO-related warm water volume changes in the
equatorial Pacific Ocean, J. Geophys. Res., 113, C06003, doi:10.1029/2007JC004613.

1. Introduction
[2] The El Niño Southern Oscillation (ENSO) event
represents the most energetic year-to-year climate variation
in the tropical Pacific, with many adverse or beneficial
environmental and socio-economic impacts at global scale
[Philander, 1990; Glantz, 1996; Goddard and Dilley, 2005;
McPhaden et al., 2006a]. Owing to tremendous progress in
monitoring, understanding, modeling and forecasting ENSO
in recent years, the ENSO basic physics is now relatively
well understood. In particular, four major theories were
proposed to account for its quasi-cyclic nature with periods
of 3 – 7 years: the delayed action oscillator [Suarez and
Schopf, 1988], the western Pacific oscillator [Weisberg and
Wang, 1997], the advective-reflective oscillator [Picaut et
al., 1997], and the recharge – discharge (RD) oscillator
[Jin, 1997]. A proposed unified theory and a review of
theses four theories are given by Wang [2001] and Wang
and Picaut [2004].
[3] For El Niño events to develop, once started, these four
theories all involve the same positive feedback [Bjerknes,
1969] in which westerly wind anomalies in the western
equatorial Pacific and warm Sea Surface Temperature (SST)
anomalies in the eastern equatorial Pacific reinforce each
1
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other, whatever the atmospheric or oceanic anomalies first
appear. As a negative feedback, the first three theories only
explicitly entail equatorial waves and their reflections at the
western and/or eastern boundaries for the system to oscillate. Regarding the fourth theory (the RD oscillator),
Jin [1997] noted that ‘‘the detail wave propagation process is
not emphasized’’ even though equatorial waves are important
in the adjustment of the equatorial ocean. Interestingly, the
RD oscillator is also the only one theory to stress the need for
an accumulation and depletion of mass in the equatorial band
(in agreement with observations, see below), and so for a
latitudinal mass exchange between the equatorial and offequatorial regions for ENSO to be a cycle. These features of
the RD oscillator are sketched in the schematic diagrams
drawn by Jin [1997], Meinen and McPhaden [2001], and
Clarke et al. [2007].
[4] Studies that contributed to bring about and improve
aspects of the RD oscillator have so far considered
different variables: sea level, upper layer heat content,
upper layer dynamic height anomalies, thermocline depth,
and the related Upper Layer Volume (ULV) and/or Warm
Water Volume (WWV). Rébert et al. [1985] showed from
the analysis of in situ observations, at few locations, that
these variables generally agree well in the tropical Pacific.
In particular, the agreement between sea level and thermocline depth (and so WWV) was found much better in
the equatorial band because the ocean there does behave
like a 1.5 layer ocean system given the well-marked
thermocline. In the following paragraph, the discussion
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Figure 1. Time series of sea level anomalies averaged
within 5°S – 5°N, 120°E –80°W (full lines, left vertical axes,
units are in centimeters) and NIÑO3.4 SST anomalies
averaged within 5°S – 5°N, 170°W– 120°W (dashed lines,
right vertical axes, units are in Celsius). The anomalies are
relative to the 1993 – 2006 time period. The top panel shows
weekly values, and the bottom panel shows the interannual
variations estimated by filtering the weekly values with a
105-week Hanning filter.
of some background findings regarding aspects of the RD
oscillator should thus consider all these variables as being
interchangeable.
[5] The RD oscillator roots on the early results of Wyrtki
[1985]. This author showed that the so-called ULV, as
estimated from 1975 – 1983 scattered island-based sea level
measurements, builds up within 15°S – 15°N prior to the
moderate 1976– 1977 and very strong 1982– 1983 El Niño
events, and then drops off during the mature phases with a
move of the above normal ULV to higher latitudes. On the
basis of the 1985– 1989 more uniformly distributed GEOSAT sea level measurements, Miller and Cheney [1990]
found that the ULV did decrease following the 1987 – 1988
El Niño, though only within about 8°N–8°S latitude of the
equator and with a corresponding rise in the northern
tropical zone only. In using a simple coupled model, Zebiak
and Cane [1987] and Zebiak [1989] established that above
normal heat content in the equatorial band is a necessary,
though not sufficient, condition for El Niño event to occur.
Zebiak [1989] showed, in particular, that at the ENSO
timescale, changes in heat content within 15°S–5°S and
5°N – 5°S are almost in phase, and both latitudinal bands are
out-of-phase with the one within 5°N–15°N. Latter on,
Delcroix [1998] and Meinen and McPhaden [2000] analyzed 15 – 20 yearlong changes in 0/450 dbar dynamic
height anomalies and WWV (i.e., the volume of ‘‘warm’’
water above the thermocline chosen as the depth of the
20°C isotherm), respectively. They found two primary
modes of ENSO variability: a well-known east-west tilting
mode in the equatorial band, and a RD mode which
redistributes WWV between about 15°S – 5°N and 5°N –
20°N. Alory and Delcroix [2002] reached similar conclusions with the 1992 –1999 Topex/Poseidon (TP) sea level
measurements, and a 1964 – 1999 validated linear model
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simulation of sea level. Interestingly, these last studies
concluded that the RD mode leads the tilting mode by
about half a year. Moreover, they confirmed that the RD
mode is by far not symmetrical about the equator, and
specifically that the WWV is chiefly redistributed between
the two 20°S – 5°N and 5°N–20°N latitudinal bands at the
ENSO timescale, with the largest changes occurring within
5°N–5°S. Meinen and McPhaden [2001] then evidenced
that the 1993 – 1999 observed WWV changes in an equatorial box (156°E – 95°W, 8°N – 8°S) are concurrent with
ENSO, and mostly result from Ekman and geostrophic
transports across the lateral box boundaries, with the meridional transports dominating. A consistent result was
obtained by Meinen [2005] for the 1993– 2003 period, in
using a slightly different equatorial box (bounded at 5°N–
5°S instead of 8°N –8°S) and a combination of hydrography, altimeter-derived sea level and Sverdrup transport
calculations.
[6] While ENSO is the most predictable year-to-year
climate change on Earth, current ENSO forecasts still need
to be improved either from statistical or dynamical models
[e.g., Kirtman et al., 2001]. The potential for predictions
relies, at least, on the knowledge of: westerly wind anomalies and/or Madden Julian Oscillation (MJO) activities in the
western equatorial Pacific [Slingo et al., 1999; McPhaden et
al., 2006b], zonal displacements of the eastern edge of the
western Pacific warm pool [Clarke and Van Gorder, 2001],
SST anomalies in the south-eastern tropical Indian ocean
[Terray and Dominiak, 2005], and changes in the WWV of
the equatorial Pacific [Zebiak and Cane, 1987; McPhaden
et al., 2006b]. That last predictor highlights the importance
of the equatorial band in the RD oscillator theory. To
illustrate its value, Figure 1 compares the 1992 – 2006 time
series of sea level (a proxy for WWV, see below) averaged
in the whole equatorial band and SST anomalies averaged in
the NIÑO3.4 box (see the caption for details). The best
correlation between the two interannual time series is R =
0.87, obtained when the sea level leads the SST changes by
21 weeks (about 5 months). (Unless mentioned otherwise,
all correlations in the paper are statistically significant at the
95% confidence level after taking into account the autocorrelations of time series [see Emery and Thomson, 1998]).
Noteworthy, the largest time lag occurred during the 1997–
98 El Niño event, and the agreement applies in phase but
not in amplitude as sea level and SST anomalies are not
strictly proportional (as discussed below).
[7] As noted above, some interesting aspects of the RD
oscillator conceptual model are: the unnecessary need to
track equatorial wave propagations and their reflections, the
requirement for a latitudinal mass exchange for ENSO to
oscillate, an intrinsic potential for the prediction of the El
Niño phase, and (not mentioned before) its likely relevance
at decadal timescale [Hasegawa and Hanawa, 2003; Cibot
et al., 2005]. These features all concern the equatorial band.
Hence as a first step, the aim of the present study is to focus
on mechanisms responsible for WWV changes in the
equatorial region only. The use of satellite-derived sea level
and wind products covering the 1992 to 2006 years will
enable us to quantify WWV changes, to assess the relative
contribution of Ekman and geostrophic transports of warm
water in these changes, and most of all, for the first time to
our knowledge, to evaluate the role of observed equatorial
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waves in the geostrophic transports involved in the RD of
the equatorial band.
[8] The paper is organized as follows. Section 2 describes
the data and data processing. Section 3 discusses the way
we estimate Ekman transports, WWV, geostrophic currents
and transports from sea level only, as well as the contribution of equatorial waves to these transports. Section 4
focuses on the key role of equatorial Rossby waves on
WWV changes, compares WWV time series and spatial
patterns for different El Niño episodes, and discusses the
underlying mechanisms. A conclusion and discussion are
then tackled in the last section.

2. Data and Data Processing
[9] Seven primary data sets are used in this study. The
first data set is the Sea Level Anomaly (SLA) product
generated by the AVISO altimetry program [Ducet et al.,
2000]. The SLA product is available onto 1/3° longitude by
1/3° latitude by one week grid mesh, and it includes the
TOPEX/Poseidon and ERS1 or ERS2 data from October
1992, to August 2002, the Jason and ERS2 data from
August 2002 to June 2003, and the Jason and ENVISAT
data since June 2003. The SLA was computed relative to the
1993 – 2006 period. The second data set is the SST product
available onto 1° longitude by 1° latitude by one week, from
1982 to the present time [Reynolds et al., 2002]. The third
data set is the 1/4° longitude by 1/4° latitude by one week
wind stress data derived from the ERS and Quikscat
satellites [Bentamy et al., 1999], over the August 1991 to
January 2001 and July 1999 to March 2007 period, respectively. The fourth data set is the monthly temperature
measurements originating from the TAO-TRITON moorings within 8°N – 8°S, as well as the monthly current
measurements at the equator and 147°E, 156°E, 165°E,
140°W and 110°W [McPhaden, 1995]. Only the nearsurface Acoustic Doppler Current Profiler (ADCP) measurements are considered here for the currents. The fifth data
set is the 0.5° latitude by 5 m gridded current measurements
obtained from a collection of 42 cruises carried out along
the 165°E longitude during 1984 – 1992 [Delcroix and
Eldin, 1995; Delcroix and Picaut, 1998]. The sixth data
set is the 5° longitude by 1° latitude by 2 months gridded
20°C isotherm depth (Z20), derived from XBT, TAO-TRITON and CTD measurements over the 1979 – 1992 period
[Durand and Delcroix, 2000]. The last data set is the
monthly values of the 1980 – 2007 WWV averaged within
120°E – 80°W, 5°N – 5°S, computed as by Meinen and
McPhaden [2001] and made available on the Web (http://
www.pmel.noaa.gov/tao/elnino/wwv/).
[10] The original SLA, SST and wind stress fields were
reprocessed onto the same 1° longitude by 0.5° latitude by
one week gridded fields in using subsampling technique or
simple linear interpolations. The ERS wind product was
further adjusted so that the mean ERS wind stress components equal the mean Quikscat components over the overlapping July 1999 to January 2001 period. The SLA, SST
and wind stress gridded fields were finally smoothed with
11° longitude, 3.5° latitude and 5-week Hanning filters to
reduce small-scale noise and/or possibly realistic physical
high-frequency signals not considered here. Interannual
variations discussed in Figure 1 and below were estimated
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by filtering the weekly values with a 105-week (about
2 years) Hanning filter.

3. Methods
[11] This section details the way we estimate Ekman
transports, (and validate) warm water volume, geostrophic
surface currents and geostrophic transports from SLA, and
the contribution of equatorial Rossby waves to the geostrophic transports.
3.1. Ekman Transports
[12] The zonal (Ue) and meridonal (Ve) Ekman transports
are computed from the meridional (t y) and zonal (t x) wind
stress, so that Ue = t y/r.f and Ve = t x/r.f, where r is the
upper ocean density (taken as 1023 kg m3) and f is the
Coriolis parameter [Pond and Pickard, 1983]. As discussed
by Meinen and McPhaden [2001] and Meinen [2005],
choosing other available wind products than the one used
here does not significantly change the results as long as we
are interested in the low frequency changes of the Ekman
transports.
3.2. Warm Water Volume
[13] Following Meinen and McPhaden [2000], we define
the WWV as the volume of warm water located above the
thermocline (h). As noted in the Introduction, in the tropical
Pacific, changes in the thermocline depth (h0) can be estimated from changes in sea level (h) with h0 = (r/Dr)h. The
WWV tendency for a given spatial domain delimited by
eastern (E), western (W), northern (N), and southern (S)
limits can then be estimated from sea level as:
0 W N
1
Z Z
@WWV =@t ¼ ðr=DrÞ@=@t @
hdxdyA
E

ð1Þ

S

For three sites in the equatorial band, Santa Cruz, Christmas,
and Kapingamarangi Islands, Rébert et al. [1985] showed
that the values of r/Dr range within 160 and 200. Holland
and Mitchum [2003] used a value of r/Dr = 200 in updating
to 1975 –2002 the ULV time series originally derived by
Wyrtki [1985]. An estimation of a mean r/Dr value was
established here for the 120°E–80°W, 5°N–5°S domain by
comparing the 1992– 2006 WWV computed from in situ
thermocline depths (Z20), as by Meinen and McPhaden
[2001], versus the WWV computed from the areal integral of
sea level as in equation (1). The best fit between the two time
series was obtained with r/Dr = 180. Physically, it means
that an increase of 10 cm in sea level corresponds to a
deepening of 18 m in thermocline depth. With such a mean
value for r/Dr, Figure 2 clearly evidences that altimeterderived sea level is an excellent surrogate variable for WWV
in the equatorial band (R = 0.86), in agreement with the
results of Meinen [2005]. The small differences between the
two curves reflect the contribution of salinity changes in sea
level (not accounted for with in situ thermocline depth), the
different sampling characteristics and errors of altimeter and
in situ measurements, as well as the approximation of the
true ocean as behaving like a 1.5 layer ocean model with a r/
Dr constant in time and space.
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Figure 2. Time series of warm water volume anomalies
averaged within 120°E–80°W, 5°N – 5°S, as estimated from
sea level (solid line) and in situ measurements (dashed line).
The anomalies are relative to the 1993 – 2006 time period.
Units are in 1014 m3.
3.3. Geostrophic Currents and Transports
[14] The zonal (Ug) and meridional (Vg) geostrophic
transports of warm water across a meridional (y0) or zonal
(x0) boundary are defined as:
ZN Zh
Ug ¼
S

ug ðx0 ; y; zÞdzdy

ð2aÞ

vg ð x; y0 ; zÞdzdx

ð2bÞ

z¼0

ZW Zh
Vg ¼
E

z¼0

[15] To estimate these transports from altimeter-derived
sea level (h), we first computed the zonal (ug) and meridional (vg) geostrophic currents at the surface (z = 0) as:
f ug ¼ g @h=@y; for y 6¼ 0

ð3aÞ

b ug ¼ g @ 2 h=@y2 ; for y ¼ 0

ð3bÞ

f vg ¼ g @h=@x

ð3cÞ

where g is the acceleration due to gravity (9.81 m2 s2), and
b the meridional derivative of the Coriolis parameter at the
equator (2.28 1011 rad s1 m1). Following Picaut and
Tournier [1991], a correction factor C(y) was first added to
the sea level field (h) to ensure continuity between ug
calculated from the first and second derivative calculations.
That factor is expressed as:
C ð yÞ ¼ ð@h=@yÞy¼0 yeðy

2

=L2 Þ
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comparison between the longest time series of estimated
and observed surface current at 0°– 165°E during 1992–
2006 (values at 35 m were used for the in situ measurements
for completeness). The correlation coefficient and ratio of
standard deviation are 0.81 and 0.85, respectively. Some
statistics of comparisons for other mooring sites are given
by Delcroix et al. [2000, Table 1] for the 1992 – 1998
period. We are thus now quite confident in our geostrophic
surface currents derived from altimeter data.
[16] In order to evaluate the geostrophic transport in
equation (2), it remains to estimate the integration depth
(h), and the geostrophic velocities at any depth, knowing the
surface geostrophic currents only. Several tests were made
for determining the integration depth: constant values ranging from 50 to 150 m, spatially varying values based on
Z 20(x, y) the 1979 – 1992 mean thermocline depth [Durand
and Delcroix, 2000], and time-space varying values estimated from the mean thermocline depth Z 20(x, y) and the
sea level (h) so that:
r
hðx; y; tÞ ¼ Z20 ð x; yÞ þ
hð x; y; t Þ
Dr

ð5Þ

[17] We also tried several hypotheses for the vertical
profile of the geostrophic velocity: a constant velocity from
the surface down to the thermocline (h), a linearly decreasing velocity from ug at the surface to ug = 0 at the
thermocline depth (h), and a statistically derived velocity
profile based on the linear regression between surface
velocities and velocities at depth measured during western
Pacific cruises [Delcroix and Eldin, 1995; Delcroix and
Picaut, 1998]. The different possibilities for the integration
depths and velocity profiles were combined, and the best
choice was determined by comparing our geostrophic transport estimates with the ones obtained from in situ measurements across the boundaries of the 8°N–8°S, 156°E–95°W
box [Meinen and McPhaden, 2001]. The best comparison
was obtained in using an integration depth given in equation
(5), a linear velocity vertical profile for the meridional
transports, and a statistically derived vertical profile for
the zonal transports. The comparisons are shown in Figure 4
for the meridional transports across the 8°N and 8°S
latitudes. The correlation coefficients between the geostrophic transports derived from sea level only and the ones
derived from in situ measurements are R = 0.94, 0.94, and

ð4Þ

Given the equations (3) and (4), ug and vg were calculated
from the gridded sea level (h) using centered finite
difference schemes, with a trapping scale L of 2° latitude.
This method has proven quite efficient to estimate zonal
surface current right at the equator [Delcroix et al., 1994,
2000], despite the high sensitivity of ug to small sea level
error at this location. As a matter of fact, Figure 3 shows a

Figure 3. Comparison between altimeter-derived (solid
line) and near-surface TAO/TRITON-derived zonal current
anomalies (dashed line) at Eq.– 165°E. The anomalies are
relative to the overlapping time period of the years 1993–
2006. Positive values denote eastward currents. Units are in
cm/s.
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Figure 4. Time series of anomalous geostrophic transport
of warm water across (top) 8°N and (bottom) 8°S,
integrated from 156°E to 95°W. The full lines represent
our estimated transport derived from sea level only and the
best configuration of integration depth and vertical velocity
profiles (see section 3). The dashed lines, running from
1993 to 1999, represent the transports calculated from in
situ measurements only [see Meinen and McPhaden, 2000].
Note that a 20-week Hanning filter was applied on each
estimated time series, to resemble the data processing
performed by these last two authors. The anomalies are
relative to the 1993 –1999 common time period. Positive
values denote northward transports. Units are in Sverdrups.
0.82, and the ratios of standard deviation are 1.0, 0.68, and
0.59, across 8°N, 8°S, and 156°E, respectively. The total
geostrophic transports also compare quite well, with R =
0.91, and a ratio of 0.69. We are thus now rather confident
in our geostrophic transports derived from altimeter data.
[18] The respective contribution of first baroclinic (c =
2.8 m s1) Kelvin and gravest Rossby modes to the surface
current anomalies were obtained from sea level anomalies,
following the method of Delcroix et al. [1994, 2000]. The
contribution of the Kelvin and Rossby modes to the geostrophic transports was then estimated in using the integration depth in equation (5) and a first baroclinic mode mean
vertical velocity profile. Details are given in the Appendix.
Noteworthy, the first meridional mode (m = 1) Rossby wave
results in meridional current anomalies which are maximum
within 3 – 5° latitude and of opposite sign in the northern and
southern hemispheres (Figure A1). As a remarkable consequence, downwelling (upwelling) Rossby waves will generate meridional geostrophic divergence (convergence) that
will act to drain (fill up) the equatorial band. We will make
use of this key feature in the following section.

4. Warm Water Volume, Meridional Transports
and Equatorial Waves
4.1. Warm Water Volume and Meridional Transports
[19] Time series of the WWV changes derived from sea
level was shown in Figure 2 for the 5°N – 5°S, 120°E–80°W
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domain. The time series is reproduced in Figure 5 and
compared to the time-integrated net (geostrophic + Ekman)
meridional transports of warm water across 5°N and 5°S,
integrated from the western (120°E) to the eastern (80°W)
Pacific boundaries. Figure 5 shows that the two estimates of
WWV changes agree quite well. For the unfiltered data, the
correlation coefficient and ratio of standard deviation
(svg+ve/swwv) between the two time series are R = 0.79
and 1.6, respectively (0.82 and 1.3 at the interannual
timescale). The small differences between the net meridional
transports and WWV represent an estimate of the combined
errors in: estimating WWV and meridional geostrophic
transports from sea level only (see section 3), computing
meridional Ekman transports from an inevitably imperfect
wind field, and neglecting possible changes in cross-isothermal transports (see the discussion by Meinen and McPhaden
[2001]). Regarding that last source of errors, there is no
obvious link in Figure 5 between the magnitude of the
differences between the two curves and the occurrence of
ENSO events, suggesting that downward (upward) transports may not be enhanced during El Niño (La Niña) events
at basin scale. Despite these small differences, the good
accord in Figure 5 clearly shows that WWV changes result
for a large part from the net convergence and divergence of
meridional transports in the equatorial band during 1992–
2006. Our results are consistent with the ones obtained from
in situ measurements for shorter time periods and different
spatial boxes (1992 – 1999 and 8°N–8°S, 156°E–95°W by
Meinen and McPhaden [2001]; 1992– 2003 and 5°N–5°S,
156°E –95°W by Meinen [2005]), as well as with Sverdrup
(i.e., geostrophic + Ekman) transports determined in using
wind observations only [Meinen, 2005].

Figure 5. Time series of warm water volume anomalies,
as estimated from (full lines) the sea level anomalies
averaged within 120°E – 80°W, 5°N – 5°S, and (dashed
lines) the net (geostrophic + Ekman) meridional transport
anomalies entering the 5°N –5°S equatorial box. The top
panel shows weekly values, and the bottom panel shows the
interannual variations estimated by filtering the weekly
values with a 105-week Hanning filter. The anomalies are
relative to the 1993 – 2006 time period. Units are in 1014 m3.
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peting poleward Ekman and equatorward geostrophic transports (and vice versa). It also indicates that the net timeintegrated meridional transports displayed in Figure 5
actually represent a small residual between the geostrophic
and opposite Ekman transports. It further reveals that the
geostrophic and Ekman transports mostly concern the
150°E –90°W longitudes, with a marginal contribution of
the longitudes located west of 150°E and east of 90°W.
Meinen and McPhaden [2001] computed the 1993 – 1999
net meridional transports from in situ observations across
8°N and 8°S and also concluded that the largest variability
occurs in the ocean interior. Alory and Delcroix [2002]
analyzing the 1964– 1999 modeled transports obtained a
comparable result regarding the weak contribution of the
westernmost and easternmost longitudes. With this caveat,
we now concentrate on the meridional geostrophic transports within 150°E –90°W, a zonal band where our wave
decomposition technique is exploitable (see the Appendix).

Figure 6. Time series of time integrated meridional (red
curves) geostrophic transports, (blue curves) Ekman transports, and (black curves) geostrophic plus Ekman transports
entering the 5°N – 5°S equatorial box. The full lines
represent the transports integrated from 120°E to 80°W,
the dashed lines from 150°E to 80°W. The top panel shows
weekly values, and the bottom panel shows the interannual
variations estimated by filtering the weekly values with a
105-week Hanning filter. The anomalies are relative to the
1993 – 2006 time period. Units are in 1014 m3.
[20] Looking at the two contributors of the net timeintegrated transport, Figure 6 illustrates one basic feature of
the meridional circulation in the equatorial band: the com-

4.2. Warm Water Volume and Equatorial Waves
[21] To set the context regarding equatorial waves, the
longitude-time variations of the 5°N–5°S averaged SLA,
first baroclinic equatorial Kelvin and m = 1 Rossby wave
contributions to sea level are shown in Figure 7 for the
1992– 2006 period. Previous works have already investigated the links between a subset of these SLA, the anomalous wind and SST fields (not shown here), and the related
sequential propagations of the equatorial Kelvin and Rossby
waves [e.g., Boulanger and Menkes, 1999; McPhaden and
Yu, 1999; Delcroix et al., 2000; Picaut et al., 2002;
Lengaigne et al., 2002; Hackert et al., 2007]. The derived
analyses mostly focused on: (a) how the zonal surface
currents associated with the equatorial waves contributed
to ENSO events, (b) whether or not the waves were wind
forced or reflected at the eastern and/or western boundaries,

Figure 7. Longitude-time distributions of 5°N–5°S averaged (a) sea level anomalies, (b) first baroclinic
Kelvin, and (c) first meridional mode Rossby contribution to the sea level anomalies. Units are in
centimeters. The anomalies are relative to the 1993 – 2006 time period.
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Figure 8. Zonal distribution of the standard deviations of (a) the meridional geostrophic transport
anomalies entering the 5°N–5°S equatorial box and (b) the first baroclinic first meridional mode Rossby
contribution to this transport. The corresponding longitude-time distributions of the anomalous transports
are shown in (c) and (d), respectively. Units are in Sverdrups per degree longitude. The anomalies are
relative to the 1993 – 2006 time period. Note that a 20° longitude Hanning filter was applied for clarity.
and (c) the role of westerly wind bursts and initial conditions for El Niño events to develop. Hence those aspects,
some of which being detectable from Figure 7, will not be
dealt with here (except the origin of Rossby waves in
section 4.3) as they are rather well documented already.
Rather, we focus on how the meridional surface currents
associated with equatorial waves affect the ENSO features
via the recharge/discharge of the equatorial band. Of note, it
is worth reminding that equatorial Kelvin waves have no
meridional current signature (v = 0, see the Appendix). The
contribution of equatorial Rossby wave only is thus analyzed below.
[22] The longitude-time distribution of the anomalous
meridional geostrophic transports of WWV entering the
5°N – 5°S equatorial band is shown in Figure 8c. We clearly
observe westward propagation during the whole period,
with the anomalies crossing the basin in about half a year.
The analysis of significant time lag correlations between all
the 10°-longitude averaged SLA time series for the central
basin (160°E– 140°W) yields phase speed of 0.77 ± 0.04 m/s
(the second number is one standard deviation). It corresponds
to the theoretical phase speed of the first baroclinic m = 1
Rossby wave [c/(2m + 1)], with c ranging within 2.3 and
2.8 m/s in this longitudinal band when computed from
climatological density profiles [Picaut and Sombardier,
1993]. The variability of these transports (Figure 8a)
increases westward, with the largest values west of 170°W,
meaning that the geostrophic WWV recharge/discharge of
the equatorial band mostly occur in the western half of the
basin. This westward increase still remains (figure not shown

here) if the sloping thermocline depths along 5°N and 5°S
[Z 20(x, 5°N) and Z 20(x, 5°S) in equation (5)] involved in
the vertical integration of the transports are replaced by a
longitudinally constant thermocline depth [Z 20(x, 5°N) =
Z 20(x, 5°S) = 100 m]. Such a test indicates that the transport
variability is mostly influenced by the changes of SLA
(hence thermocline slope anomaly) rather than of mean
thermocline. Interestingly, the transport contribution of the
first baroclinic m = 1 Rossby mode (Figures 8c and 8d) is
almost identical to the above-noted anomalous transports.
The phase speed of the propagation is then 0.84 ± 0.04 m/s.
Clearly, Figures 8a – 8d indicate that the meridional geostrophic transport anomalies filling up or draining the equatorial band can be fairly well reproduced using only the first
baroclinic m = 1 Rossby modes. Besides, the phase speed
agreement in Figures 8c– 8d justifies a posteriori using the
first baroclinic mode phase speed to project the SLA.
[23] The meridional geostrophic transports across the
5°N and 5°S latitudes (again counted positive when directed
to the equator), now integrated from 150°E to 90°W, are
compared with the contribution of the first baroclinic m = 1
Rossby mode, for the weekly (Figure 9a) and 105-week
Hanning filtered (Figure 10) values. Again, it shows that the
Rossby mode explains most of the meridional geostrophic
transports, accounting for about 88% of the total variance
(R = 0.94). It also shows that the discharges of the
equatorial band clearly occurred during the 1992 – 1994
(easily visible in 1994 in Figure 10), 1997 – 1998 and
2002, 2004, and 2006 (not visible in Figure 10) El Niño
events, and the recharges happened conversely during the
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RD of the equatorial band, tightly linked to equatorial
Rossby waves, is proportional and in phase opposition with
the anomalous NIÑO3.4 SST. This is one of the reasons
why the time-integrated geostrophic RD, in phase with the
WWV (Figure 6), precedes the anomalous NINO3.4 SST.

Figure 9. (a) Time series of 150°E–80°W meridional
geostrophic transports entering the 5°N–5°S equatorial box.
The full line represents the transports computed from the
Sea Level Anomalies (SLA), and the dashed line from the
first baroclinic first meridional mode Rossby contribution.
Units are in Sverdrups. (b) Time series of zonal sea level
slope anomalies, as estimated by a linear least squares fits of
the SLA along 5°N (full line) and 5°S (dashed line) from
150°E to 80°W. Units are centimeters per degree longitude,
and the vertical axis increases downward. The anomalies are
relative to the 1993– 2006 time period.
1996 and 1999– 2001 La Niña events. As intuited in section
3, Figure 9a further indicates that warm water discharges
(recharges) of the equatorial band tend to be associated with
downwelling (upwelling) Rossby waves, showing up as
positive (negative) SLA in Figure 7c.
[24] From a physical point of view, the relationships
between Rossby Wave propagations and the geostrophic
RD of the equatorial band can be understood looking at the
zonal SLA slopes along 5°N and 5°S (Figure 9b). These
slopes were computed by least squares fitting a straight line
to the SLA values within 150°E–80°W along these two
latitudes. Remarkably, the westward propagation of downwelling Rossby waves (SLA > 0 in Figure 7c) tends to induce
positive SLA slopes along 5°N and 5°S (>0 values in
Figure 9b), merely because positive SLA appear first in
the East and about half a year later in the West. These
positive SLA slopes correspond to a reduced thermocline
slopes (see equation (5)), and so result in a poleward
geostrophic transport anomaly (<0 values in Figure 9a)
given the opposite sign of the Coriolis parameter at 5°N
and 5°S. The reverse processes apply for upwelling Rossby
Waves (SLA < 0 in Figure 7c) which so induce equatorward
geostrophic transport anomaly (>0 values in Figure 9a). In
other words, the large-scale structure of the equatorial
Rossby waves affects the basin-scale zonal slope of the
thermocline and, as a consequence, the related meridional
geostrophic current convergences that impinge on the geostrophic RD of the equatorial band. Another remarkable
feature appears in Figure 10. It shows that the geostrophic

4.3. Generation of Equatorial Rossby Waves
[25] It is instructive at this point to discuss the likely
generation mechanisms of the equatorial Rossby waves. This
has been done in several previous studies, for time periods
different than our, in using either GEOSAT or TOPEX/
Poseidon altimeter data, in situ TAO mooring data and/or
numerical models (linear and OGCM). A partial review of
the pre-2000 studies is given by Delcroix et al. [2000, their
section 4]. As a complement to these previous studies, with
the data we have in hand and for the 1992 – 2006 period, we
simply compare time series of zonal wind anomalies in
equatorial boxes with time series of first baroclinic m = 1
Rossby wave contribution to SLA in other equatorial boxes
located few degrees longitude to the west (that is away from
the assumed forcing region). Note that the projection of the
zonal wind onto the m = 1 Rossby is equivalent to the zonal
wind itself, although with opposite sign and about half the
amplitude [see Wakata and Sarachik, 1991]. Figure 11
shows the zonal distribution of the lagged correlation coefficients between the zonal wind anomalies, averaged in
5°N–5°S and 20° longitude moving boxes, versus the m =
1 Rossby wave contribution to SLA, averaged in boxes of
similar sizes centered 30° longitude to the west. (Note that
choosing boxes of 10° to 30° longitude does not change the
results significantly). The maximum correlations between
the time series clearly appear west of about 130°W, with a
sharp decrease of the correlations in the eastern basin. West
of about 130°W, the best correlations (of the order of 0.8)
are obtained generally when the zonal wind leads the Rossby
wave signal by 4 to 8 weeks (1 to 2 months), consistent with
the transit time of Rossby waves between the two equatorial
boxes (30° longitude in 4 to 8 weeks yields phase speeds of
1.4 to 0.7 m/s, respectively).
[26] This simple calculation suggests that, in general,
Rossby waves west of about 130°W owe their existence
to the wind-forcing, whereas those east of about 130°W
originate mostly from eastern boundary reflection. In agreement with these findings, sensitivity studies with simple

Figure 10. (full and long-dashed lines) Same as Figure 9a
for the interannual variations estimated by filtering the
weekly values in with a 105-week Hanning filter. Units are
in Sverdrups scaled on the left vertical axis. (short-dashed
line) Time series of interannual variations of NIÑO3.4 SST
anomalies. Units are in Celsius scaled on the right vertical
axis which increases downward. The anomalies are relative
to the 1993– 2006 time period.

8 of 14

C06003

BOSC AND DELCROIX: EQUATORIAL WAVES AND WARM WATER VOLUME

Figure 11. Correlation coefficients between 27-week
Hanning filter zonal wind anomalies, averaged in 5°N –
5°S and 20° longitude moving boxes, versus the Rossby
wave contribution to Sea Level Anomalies (SLA), averaged
in similar boxes centered 30° longitude to the west.
Correlations are computed when the zonal wind leads the
Rossby wave signal by (full line) 0, (long dashed line) 4 and
(short dashed line) 8 weeks. Only correlations in excess of
±0.6 are significant at the 95% confidence level. The
longitudes ascribed to the correlations denote the centers of
the SLA boxes.
linear models, forced with and without Rossby forcing,
indicate that the wind (eastern boundary reflection) is
actually responsible for the propagation of Rossby waves
in the western (eastern) half of the equatorial Pacific basin
during 1992 – 1998 [see Delcroix et al., 2000, plate 3].
Besides, a dedicated study aiming to unravel the respective
contribution of wind-forcing and eastern boundary reflection for Rossby waves in the eastern Pacific, as was
conducted by Boulanger et al. [2003] for Kelvin waves in
the western Pacific, concluded that eastern boundary reflection accounts for less than 30% of the Rossby wave SLA
variance at 125°W [S. Cravatte, personal communication,
2007].
[27] The effects of wind-forcing and boundary reflection
processes are obviously not mutually exclusive, especially
in the eastern half of the Pacific basin. As an example, their
interplay can be suspected in Figure 12 that compares time
series of zonal wind anomaly in the eastern-central equatorial Pacific (5°N –5°S, 120°W– 140°W) with time series of
Rossby Wave signal in the western-central equatorial Pacific (5°N – 5°S, 150°W– 170°W). Overall, there is an excellent agreement between the two time series (R = 0.77 for a
lag of 2 months); the largest differences occurred during the
1997 – 1998 El Niño when the downwelling Rossby waves
in the eastern half of the basin appear to be reflected from
the downwelling Kelvin waves reaching the eastern coast by
the end of 1997 (see Figures 7b and 7c). As noted earlier by
Delcroix et al. [2000], based on their literature review, it is
thus not realistic to devise a single response regarding the
contributions of wind-forcing and eastern boundary reflections for a given time period.
4.4. Comparison Between ENSO Episodes
[28] In addition to analyzing common features, many
previous studies have documented the dissimilarity of the
ENSO events of the last decades. The events have so been
classified according to surface and, to a less extent, subsurface criteria. Regarding the surface, ENSO events were
catalogued depending on: the strength, duration, onset and/
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Figure 12. Times series of (full line) zonal wind anomalies
averaged in the eastern-central equatorial Pacific (5°N –5°S,
120°W– 140°W), and (dashed line) first baroclinic m = 1
Rossby mode contribution to Sea Level Anomalies (SLA)
averaged in the western-central equatorial Pacific (5°N–
5°S, 150°W– 170°W) and lagged by 2 months. Units are in
Pascal and centimeters, respectively. The anomalies are
relative to the 1993 –2006 time period. Note that a 27-week
(about 3 months) Hanning filter was applied on each time
series for clarity, the y axis increases downward for SLA,
and positive values denote westerly wind.
or termination time of significant SST anomalies in given
spatial boxes (NIÑO3, NIÑO3.4, etc.), patterns of zonal
SST gradients, eastward versus westward propagation of
SST anomalies along the equator, location of maximum SST
anomaly, and/or phasing agreement with the mean seasonal
cycle [e.g., Rasmusson and Carpenter, 1982; Fu et al.,
1986; Wang, 1995; Wang and Picaut, 2004; Trenberth and
Stepaniak, 2001; Xu and Chan, 2001; Lengaigne et al.,
2006; Ashok et al., 2007]. Such classifications were also
carried out from modern and projected SST simulations
[e.g., Cabos Narvaez et al., 2006; Guilyardi, 2006; Leloup
et al., 2007].
[29] Very few classification efforts were conducted relying on subsurface criteria. These mostly consider heat
content anomalies, an alias for WWV, their timing, the
speed of the eastward propagation, and/or the link with SST
anomalies [Xu and Chan, 2001; Hasegawa et al., 2006]. To
complement these studies, Figure 13 compares the WWV

Figure 13. Time series of Warm Water Volume (WWV)
anomalies for eight El Niño episodes. The curves on (a) are
derived form in situ observations, and on (b) from equivalent
Sea Level Anomalies (SLA) measurements (see Figure 2 for
a comparison). Years 0001 on the time axis are 1982, 1986,
1991, 1994, 1997, 2002, 2004, and 2006. The dashed black
lines on both panels are the average of the eight El Niño
episodes. The anomalies are relative to the mean seasonal
cycle of WWV computed over the 1993 – 2006 time period
excluding 1997 – 1998. Units are in 1014 m3.

9 of 14

C06003

BOSC AND DELCROIX: EQUATORIAL WAVES AND WARM WATER VOLUME

C06003

Ashok et al., 2007]. This contrasts with the post 1997–
1998 events which happened during a phase of opposite
signs in TNI and EMI during which the maximum SST
anomalies are located in the central rather than in the eastern
equatorial basin. Secondly, the activity of equatorial Rossby
waves was enhanced after the 1997 – 1998 El Niño event
(Figure 7c), resulting in the dominance of geostrophic over
Ekman meridional transports of WWV (Figure 6). Whether
or not this is fortuitous cannot be decided with the 1992–
2006 data we have in hand. The analysis of a longer time
period will be necessary to draw further conclusions on this
issue.

5. Conclusion and Discussion

Figure 14. Spatial distribution of three-month averaged
sea level anomalies (an alias for Warm Water Volume, see
Figure 2) centered on (a) May 1997 and (b) September
2002, at times of maximum WWV changes associated with
the 1997 – 98 and 2002 El Niño events, respectively. Units
are in centimeters.
anomaly time series for the eight El Niño episodes of the
1980 – 2007 time period. Three El Niño episodes occurred
during the first half of that period (Figure 13a). Their WWV
amplitude is similar; the positive WWV anomalies lasted for
about one year and reached maximum values by the end of
El Niño years. Overall, the three WWV time series are
rather indistinguishable and resemble rather well the mean
time series, even for the 1982 – 1983 El Niño considered as
‘‘very strong’’ based on other criteria. Five El Niño episodes
occurred during the second half of the period (Figure 13b),
suggesting a trend toward more frequent El Niño in recent
years. Then, the dispersion about the WWV mean time
series is much larger, and the specificity of the 1997 – 1998
El Niño clearly shows up. Only for that last episode was a
rapid rise in WWV during the preceding winter of the El
Niño year, and a maximum WWV in boreal spring. Still, the
spatial distribution of WWV for the 1997 – 1998 El Niño
also differs from the other El Niño events. In 1997 –1998,
the maximum WWV anomaly appears in the eastern and
central equatorial basin (Figure 14a). In contrast, for the
other events, the maximum WWV was chiefly trapped to
the equator in the central basin only, as exemplified for the
2002 El Niño (Figure 14b).
[30] It is interesting to note that the lag of 2 –3 seasons
between WWV and NIÑO3.4 SST for the 1997 –1998 El
Niño event seems to reduce to 1 – 2 seasons for the following events (Figure 1) [see also McPhaden, 2008]. Two
possible elements may be related to this possible lag
change. First, the 1997 – 1998 events occurred during a
phase of positive Trans Niño (TNI) and negative El Niño
Modoki (EMI) indices [Trenberth and Stepaniak, 2001;

[31] As reviewed by Wang and Picaut [2004], the quasi
cyclic nature of ENSO is presently accounted for by four
major theories. These include the RD oscillator theory
which, in particular, put emphasis on ENSO-related
WWV transfers between the equatorial and off-equatorial
regions. To make further progress in better understanding
those meridional transfers, we focus on the mechanisms
responsible for the observed equatorial WWV changes
which are critical for ENSO development and prediction
([Wyrtki, 1985; Zebiak and Cane, 1987]; see also the
references in section 1). In line with previous results which
are reviewed, we demonstrated that the equatorial (5°N–
5°S) WWV changes during 1992 – 2006 can be derived
from the areal integral of sea level anomalies (SLA)
obtained from altimeter measurements. For the study period,
we evidence WWV discharges of the equatorial band during
the 1992– 1994, 1997 – 1998, 2002, 2004, and 2006 El Niño
events, and WWV recharges during the 1996 and 1999–
2001 La Niña events.
[32] The role of the geostrophic and Ekman transports in
the ENSO-related equatorial WWV changes was then
investigated. The geostrophic transports above the thermocline were estimated from SLA only, and validated against
in situ transports obtained at different locations. Ekman
transports were derived using wind data. We demonstrated
that the equatorial WWV changes result from the residual
effects of converging geostrophic and diverging Ekman
meridional transports (or vice versa). Interestingly, we
showed that changes of the meridional geostrophic transports largely result from the westward propagation of windforced first baroclinic and first meridional (m = 1) mode
equatorial Rossby waves which induce changes in the zonal
slope of the thermocline. View from the ocean side of a
coupled ocean-atmosphere problem, the zonal wind-forcing
thus has two effects: first, it drives Ekman transport, and
second, it initiates equatorial Rossby waves, which all
together combine to change the equatorial WWV. The role
of equatorial Rossby waves on the meridional redistribution
involved in the RD of the equatorial band was referred to by
Zebiak and Cane [1987], Springer et al. [1990], Jin [1997],
An and Kang [2000], and Meinen and McPhaden [2001].
To our knowledge, it is the first time with this paper that this
is established with observational data.
[33] As reminded in the Introduction, previously published EOF analyses of SLA (or proxies such as upper layer
heat content, thermocline depth or surface dynamic height)
have evidenced two main statistically derived modes of
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ENSO variability: a zonal seesaw pattern in the equatorial
band, and a meridional seesaw pattern between the equatorial and off-equatorial regions. These are not rigid seesaws
[e.g., see Delcroix, 1998, Figures 4c– 4d]. Actually, they
reflect the influence of propagating equatorial waves which
induce, on one hand, a zonal redistribution of warm water
mainly due to zonal advection [e.g., Picaut and Delcroix,
1995] which induce changes in the zonal tilt of the thermocline and, on the other hand, a meridional redistribution
of warm water due to changes in the related zonal pressure
gradient which products anomalous meridional convergence
(or divergence). While the zonal redistribution of warm
water is known as the canonical ENSO feature, it should be
kept in mind that it is the meridional redistribution which
yields to changes in the zonal mean thermocline depth, a
necessary condition for ENSO to oscillate in a coupled
model [Zebiak and Cane, 1987], and a possible cause of
apparent changes in ENSO properties [Fedorov and
Philander, 2000].
[34] The above results have some obvious limitations and
raise interesting questions. First, our meridional geostrophic
transport changes were estimated in using a gridded SLA
field which actually does not extent all the way to the
eastern and western Pacific coasts. This may induce errors
in the transports, especially in the gappy western boundary
of the equatorial Pacific Ocean where sporadic in situ
observations had revealed very energetic regional currents
[Lindstrom et al., 1990; Ridgway et al., 1993]. We can
anticipate the upcoming SPICE program (Southwest Pacific
Ocean Circulation and Climate Experiment [Ganachaud et
al., 2007]), at least, will help us to quantify these energetic
western boundary current contributions to the WWV
changes of the equatorial band. Secondly, our wave decomposition technique did not allow us to compute the Rossby
wave contributions to the meridional Geostrophic transports
west of 150°E, due to the presence of the Papua New
Guinea coast near the equator. While we showed these
western transports to be likely unimportant (at least from
150°E to the westernmost gridded point in SLA; Figure 6),
it would be interesting to confirm that result in testing other
decomposition techniques such as those applicable near
coastal regions of the western equatorial Pacific [Boulanger
and Menkes, 1999] or Guinea Gulf in the eastern equatorial
Atlantic [Illig et al., 2004]. Thirdly, to investigate the role of
equatorial first baroclinic m = 1 Rossby waves, we projected the SLA onto a theoretical latitudinal structure which
is symmetrical about the equator (see the Appendix). In
doing this, we therefore imposed the meridional geostrophic
transports related to Rossby waves to be the same amplitude
(and opposite sign) at 5°N and 5°S. The use of a theoretical
asymmetric, rather than symmetric, latitudinal structure
could actually be more appropriate given the effects of the
meridional shears in the mean equatorial current system
[Chelton et al., 2003]. In that case, we would expect a much
larger meridional geostrophic transports at 5°N than at 5°S
(Ibid, their Figure 19). Such asymmetric feature would be
more coherent with some observations (see Section 1)
which evidence the meridional WWV changes to chiefly
occur between the regions north and south of about 5°N. An
alternative explanation for the asymmetry of the observed
WWV changes is the asymmetry of the wind field which
impacts both the Ekman and geostrophic transports [Kug et

C06003

al., 2003]. Clearly, the spatial asymmetry in the WWV
changes is worth to be further analyzed. Fourthly, we did
not analyze the possible contributions of higher order
baroclinic modes to the meridional geostrophic transports.
Analysis of zonal SLA propagations and equatorial trapping
scale independently indicates that SLA changes are strongly
dominated by the first baroclinic mode [Delcroix et al.,
1991, Figure 7]. Notwithstanding, it would be interesting to
assess the higher mode contributions with simple linear
models or assimilation products which have proven quite
realistic at simulating SLA and currents [e.g., Delcroix et
al., 2000; Dewitte et al., 2003]. The use of linear models
will further allow us to analyze a time period longer than the
1992– 2006 one used here, to test possible changes in the
ENSO-related WWV characteristics before and after the
mid-1970s [An et al., 2006], as well as the hint for recent
changes in the relation between WWV and NIÑO3.4 SST
that we suggest may result from enhanced Rossby Wave
activity. Besides, such linear models will help us to reexamine the actual role of the wind-forcing and Kelvin
wave reflection in Rossby Wave generation and derived
WWV changes. Finally, the behavior of the ENSO-related
WWV changes must be evaluated and compared in Coupled
General Circulation Models (CGCM), as was done for other
ENSO features [e.g., Delecluse et al., 1998; Guilyardi,
2006]. The IPCC AR4 (Intergovernmental Panel on Climate
Change Fourth Assessment Report) coupled GCMs are
good candidates for such an investigation although they
may misrepresent the western boundary current transport
due to their rather coarse resolution. The present analysis,
based on in situ and remote observations, tells us about
WWV in the real world during a limited (and maybe
specific) time period: it is clearly one step of a longer work
presently under consideration.

Appendix A
[35] The respective contribution of the first baroclinic
Kelvin (M) and Rossby (R) modes to the sea level (h) and
zonal current (u) anomalies was computed following Cane
and Sarachik [1981] and the method detailed by Delcroix et
al. [1994]. This method consists in projecting the signal
onto the theoretical meridional structures in sea level (h) and
zonal surface current (u), so that:
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where the y n are derived from the Hermite polynomials.
Noting that the Kelvin mode has no meridional current
signature (v = 0) and the y n forming an orthogonal base, the
contribution of the Rossby modes to the meridional current
anomalies is then obtained from:
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Figure A1. Theoretical meridional distributions of normalized amplitudes in Kelvin modes (solid
lines), first (dash-dotted lines), second (long dashed lines), and third (short dashed lines) meridional
Rossby modes for sea level (H), zonal (U) and meridional (V) currents. The horizontal scale has been
converted in physical unit (degree latitude) in using a first baroclinic mode phase speed c = 2.8 m/s.
[36] The theoretical meridional structures of the Kelvin
(K), and first three Rossby (R1, R2, R3) modes to h, u and
the meridional (v) surface currents are shown in Figure A1,
in using a first baroclinic mode phase speed c = 2.8 m s1
representative of the western equatorial Pacific Ocean [Picaut and Sombardier, 1993]. Noteworthy, with the method
discussed by Delcroix et al. [1994], the contribution of these
modes cannot be quantified west of 150°E due to the
presence of the Papua New Guinea coast near the equator,
which prohibits a reliable calculation [see Boulanger and
Menkes [1995] and Illig et al. [2004] for alternate methods].
[37] The contribution of equatorial waves to the current
transports was then estimated by fitting a third order
polynomial to a mean vertical velocity profile representing
the average of 13 first baroclinic mode theoretical profiles
(Figure A2), as derived from Brunt Vaisälä frequencies
[see Eriksen, 1982] computed every 10° longitude along
the equator from an OGCM ORCA model output [see
Cravatte et al., 2003]. Such a mean theoretical profile has
proven reasonable as compared to sporadic current obser-

Figure A2. Normalized vertical distribution of the first
baroclinic mode horizontal velocity, as derived from Brunt
Vaı̈ssala frequencies computed every 10° longitude along
the equator. The dashed lines are for longitudes west of
150°W, and the thin full lines east of 150°W. The heavy
black line is the mean vertical profile (see the Appendix for
details).

vations in the western equatorial Pacific [Delcroix et al.,
1992, Figure 18b].
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