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a b s t r a c t

One of the leading theories to explain the oscillatory nature of the El Niño Southern Oscillation is the
recharge–discharge oscillator paradigm, which roots on warm waters exchanged between the equatorial
and off-equatorial regions. This study tests the relevance of this theory to account for the Eastern and
recently mediated Central Pacific El Niño events. The recharge–discharge of the equatorial Pacific,
measured here as changes in Warm (420 1C) Water Volume (WWV), is analysed using monthly 1993–
2010 sea level anomaly (a proxy for WWV) obtained from altimetry, and a validated 1958–2007
DRAKKAR simulation. An Agglomerative Hierarchical Clustering (AHC) technique performed on the
observed and modelled WWV tendency shows the existence of five distinct clusters, which characterise
the Eastern Pacific (EP) and Central Pacific (CP) El Niño, La Niña, after EP El Niño and neutral conditions.
The AHC results, complemented with an analysis of lagged-regression analysis, and 3-month averages of
typical EP and CP El Niño events, indicate that the equatorial band WWV discharge during CP is not as
pronounced as during EP El Niño. To understand the differences, we analysed the balance of horizontal
mass transports accounting for changes in WWV tendency. The analysis indicates an overall poleward
transport during EP El Niño, which is not the case during CP El Niño. Instead, a compensating effect with
a poleward (equatorward) transport occurring in the western (eastern) Pacific is evident, in line with
changes in the zonal thermocline slopes occurring in the western (eastern) half of the basin. The WWV
changes are discussed with respect to the conceptual phases of the recharge–discharge oscillator
paradigm.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The El Niño Southern Oscillation (ENSO) phenomenon is the
most energetic climate signal on interannual timescales with a
quasi-cyclic period of 2–7 years. It has been given strong attention
in the science and decision-making community for more than
three decades owing to its complex dynamics and notable socio-
economic impacts (e.g., Philander, 1990; Clarke, 2008). Our under-
standing of ENSO has greatly improved in the 1990s thanks to the
development of dedicated observing systems, key analytical and
modelling studies, and relevant theories (e.g., McPhaden et al.,
2006). One group of theories has especially been proposed to
account for the quasi-oscillatory nature of ENSO, while another
group conjectures that ENSO may be a stable (and not self-
sustained) mode triggered by stochastic wind forcing. The former
group of theories includes the delayed action (Suarez and Schopf,
1988; Battisti and Hirst, 1989), western Pacific (Weisberg and

Wang, 1997), advective–reflective (Picaut et al., 1997), recharge–
discharge (Jin, 1997) and unified oscillators (Wang, 2001), with
each oscillator involving a specific negative feedback to account
for the termination of El Niño (see Wang and Picaut, 2004 for a
review of ENSO mechanisms).

The above-noted first group of ENSO theories were proposed
more than a decade ago based on the observations of canonical
El Niño events (e.g., Rasmusson and Carpenter, 1982), and hence
chiefly focus on the 3–5 years oscillatory aspects of ENSO. In other
words, they did not consider what is sometimes now presented as
a “new” and more frequent type of El Niño, which was first shown
to impact weather anomalies over the U.S. and identified as
“Dateline El Niño” by Larkin and Harrison (2005) due to the close
proximity of maximum anomalous warming to the dateline. The
distinction and global climate impacts of this ‘new’ type of El Niño,
then called “El Niño Modoki”, was emphasised by Ashok et al.
(2007) thereby generating rich and still on-going debate in the
scientific community. It is now also referred to as “Warm Pool El
Niño” (Kug et al., 2009) and “Central Pacific El Niño” (Kao and Yu,
2009). We shall refer to it as Central Pacific El Niño following what
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we believe is a frequent practice in physical oceanography of using
the geographical denomination to ease understanding.

The above raises the question of whether these theories are
adequately able to describe Central Pacific ENSO events. Hence, as
a first step in addressing that question, the present paper aims to
assess whether or not one of these theories, namely the recharge–
discharge (RD) oscillator paradigm, can account for both the
canonical and Central Pacific El Niño events and/or if it can be
used to contrast the two types of events.

Let us first briefly review the main features of the different
flavours of ENSO and of the RD oscillator. Basically, the canonical,
cold-tongue or Eastern Pacific (EP) El Niño is characterised by
anomalous sea surface temperature (SST) warming extending
along the equator from the South American coast to the central
Pacific. In contrast, the Central Pacific (CP) El Niño has anomalous
warm SST concentrated in the central equatorial Pacific region
(e.g., Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009).
Different structures during these contrasting episodes have also
been observed in other climate variables including wind stress and
subsurface temperature (Kao and Yu, 2009), precipitation (Yeh
et al., 2009), sea level (Kug et al., 2009), heat content (Kug et al.,
2010), zonal thermocline slope (Ashok et al., 2007), sea surface
salinity (Singh et al., 2011) and chlorophyll (Radenac et al., 2012).

The RD oscillator paradigm roots on the early results of Wyrtki
(1985), was named by Jin (1997), and checked through observa-
tional studies by Meinen and McPhaden (2000). For convenience,
the RD has been measured as variations of the volume of water
warmer than 20 1C in the tropical Pacific (termed as Warm Water
Volume (WWV)). According to Jin (1997), there is a general
tendency for an east–west redistribution followed (preceded) by
a discharge (recharge) of WWV in the equatorial band during El
Niño (La Niña). Results based on observations and models indicate
that such WWV changes are mainly controlled by meridional and
zonal advections with a small contribution from vertical advection
(Meinen and McPhaden, 2000, 2001; Meinen, 2005; Bosc and
Delcroix, 2008; Clarke et al., 2007; Brown and Fedorov, 2010;
Lengaigne et al., 2011). Changes in WWV usually lead changes in
the Niño3.4 SST, and so can interestingly be used as a possible
predictor for ENSO onset (e.g., Meinen and McPhaden, 2000;
Hasegawa and Hanawa, 2003; McPhaden, 2003). As exemplified
in Fig. 1 for the 1980–2010 period (see Section 2 for the data
origin), WWV leads the Niño3.4 SST index by 6 months with a
maximum correlation of R¼0.71. Noteworthy, changes in WWV
and Niño3.4 SST are reduced in amplitude and this correlation
looks slightly higher (R¼0.81) for the 2000–2010 period, when CP
ENSO prevails, with a reduced lag of 3 months (see also McPhaden,
2012; Horii et al., 2012).

As mentioned earlier, the different flavours of El Niño have
been contrasted in terms of climate variables. Also, numerous
modelling studies did look at the mechanisms involved in ENSO

(e.g., Mechoso et al., 2003; van Oldenborgh et al., 2005) but, to our
knowledge, very few studies distinguished the different flavours of
El Niño in terms of dynamics. In this study, we attempt to
differentiate EP and CP El Niño in terms of oscillatory modes and
especially examine whether or not WWV, and therefore the RD
paradigm, can account for CP ENSO features. This was scantly
analysed in a few publications. For example, Hasegawa et al.
(2006) contrasted the discharge of the equatorial heat content in
terms of ‘A-type’ and ‘B-type’ El Niño events based on subsurface
ocean temperature dataset for the 1955–2003 period. Also, Kug
et al. (2009) concluded that the RD process of the equatorial heat
content is not efficient during CP El Niño, based on a reanalysis
product. In contrast, Mosquera-Vasquez et al. (2013) argued that
the RD process was at work during the 2002–03 CP El Niño based
on an OGCM simulation. To enrich the debate, this study will use
both sea level observations and forced model simulation as
complementary approaches. The rest of the manuscript is orga-
nised as follows: Section 2 describes the data and methodology;
Section 3 describes the observational and model results; Section 4
attempts to explain the main mechanisms likely responsible for
the contrasted ENSO signatures; and a discussion and conclusion
follow in Section 5.

2. Data and methods

We use two observational and one modelling dataset for this
study. See the Acknowledgements section for details on how to
download all the data we used. The first observational dataset is
the Met Office Hadley Centre for Climate Prediction and Research
sea ice and sea surface temperature dataset 1 (HadISST1; Rayner
et al., 2003), available monthly from 1870 until present on a 11
horizontal grid. From this, we computed the well-known Niño3
(150–901W, 51S–51N), Niño4 (1601E–1501W, 51S–51N) and Niño3.4
(170–1201W, 51S–51N) SST indices. We also used the El Niño
Modoki Index (EMI), as derived by Ashok et al. (2007). The Niño3
and Niño4 indices are used to calculate the Niño cold tongue (NCT)
and Niño warm pool (NWP) indices according to Eq. (1). The NCT

and NWP indices are used to characterise EP and CP ENSO,
respectively, following Ren and Jin (2011).

NCT ¼N3�αN4

NWP ¼N4�αN3;

(
α¼

2=5; N3N440
0; otherwise

(
ð1Þ

The second observational dataset is the remotely sensed sea
level anomalies (SLAs) which were obtained in combining data
from the ERS, ENVISAT, GEOSAT, Jason and TOPEX/Poseidon series
of satellite missions (Ducet et al., 2000). The monthly SLA,
calculated with respect to a 7 year (1993–1999) mean, are
available from AVISO on a 1/41 Cartesian grid and from December
1992 to June 2011 at the time of writing. The SLAs are further re-
gridded on a 11 horizontal grid using linear interpolation. SLA is an
important component in ENSO-related studies more so because it
is an excellent alias for WWV changes (e.g., Meinen, 2005). The
SLAs were converted into WWV anomalies (using ρ/Δρ¼180)
following the approach of Bosc and Delcroix (2008).

The short observational period of the altimetry-based SLA does
not cover many ENSO events and we therefore also make use of a
model simulation. This simulation allows us to calculate the WWV
directly from the 20 1C isotherm depth (Z20) at each grid point. The
modelling dataset is obtained from the Ocean General Circulation
Model (OGCM) DRAKKAR simulation ORCA-R025.L75-G85 forced
by DRAKKAR Forcing Set #4.3 with the European Centre for
Medium-Range Weather Forecasts (ECMWF) 40-year reanalysis
(ERA40) base and has outputs of temperature, salinity, sea surface
height, and horizontal and vertical velocities data amongst other
variables (Barnier et al., 2006). The data is distributed on a 1/41
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Fig. 1. Warm water volume (defined as the volume of water warmer than 20 1C in
the region 51S–51N, 1201E–801W) anomaly (in blue) and Niño3.4 index (defined as
the average SST anomaly in the region 51S–51N, 1701W–1201W; in red) for the
period 1980–2010. Both time series have been smoothed with a 13-months
Hanning filter for clarity. See the Acknowledgements section for the origin of
WWV data. Units for WWV anomaly and Niño3.4 index are 1014 m3 and 1C,
respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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grid at 5-day averaged intervals from 1958 to 2007. We re-gridded
this product on a 11 horizontal grid by 1 month (using monthly
mean and linear interpolation along the temporal and spatial axes)
while conserving the vertical resolution of 47 levels (with 31 levels
in the upper 200 m).

Focusing on the interannual time scale, the datasets were
detrended and their mean monthly climatology removed over
the 1993–2010 period for the observed SLA (and derived WWV),
and over the 1958–2007 period for the modelled WWV. The
anomalies were then smoothed using a 13-months Hanning filter
as it passes almost no signal at periods of 6 months and shorter
and so looks appropriate since the duration of CP ENSO was found
to be less than 1 year (e.g., Ashok et al., 2007; Weng et al., 2007;
Kao and Yu, 2009). The data analysis was restricted to the tropical
Pacific region delimited by 1201E–701W, 121S–121N as isotherms
spreading beyond these meridional boundaries result in a diffused
thermocline (Wyrtki and Kilonsky, 1984); the ocean then poorly
behaves like a 1.5-layer ocean system poleward of 121 latitude
meaning that SLA cannot be used as a good proxy for WWV
anymore (see Meinen, 2005; his Fig. 4). We did not use regions in
the far western tropical Pacific north of Australia and west of
Papua New Guinea and extending to the South China Sea as we
cannot validate model simulations of the western boundary
transports due to the lack of sufficient observational data in the
western Pacific (e.g., Kug et al., 2003; Ishida et al., 2008). It is
hoped that some results on the quantification of the western
boundary transports will be obtained from the Northwestern
Pacific Ocean Circulation and Climate Experiment (NPOCE) and
SPICE (Southwest Pacific Ocean Circulation and Climate Experi-
ment) programs (see CLIVAR Endorsed projects in CLIVAR
Exchanges, No. 61, March 2013).

In addition to the overall evaluation performed in Barnier et al.
(2006), the DRAKKAR simulation was further evaluated regarding
its capability to simulate the SST (taken at 0.5 m depth), the WWV
tendency (dWWV/dt), the link between Niño3.4 SST and WWV,
and the horizontal transports involved in WWV changes. The
correlation coefficients between the monthly 1958–2007 observed
and modelled Niño3.4, NCT and NWP SST time series are R¼0.97,
R¼0.96 and R¼0.87, respectively (not shown here). The observed
SLA-derived, in situ temperature-derived (Meinen and McPh
aden, 2000; hereafter MM00) and model-derived WWV tenden-
cies computed over the 51S–51N, 1201E–801W region are com-
pared in Fig. 2. The correlations at zero lag (ratio of standard
deviations) between the SLA-derived and in situ temperature-
derived WWV tendency is 0.82 (1.06), SLA-derived and model-
derived WWV tendency is 0.93 (0.82), and model-derived and
in situ temperature-derived WWV tendency is 0.93 (1.36).
The correlation coefficient between the 1958–2007 modelled
WWV (tendency) and Niño3.4 SST time series is R¼0.68
(R¼�0.84) with the WWV leading by 6 months (at zero lag; not
shown here).

As discussed in Section 1, the WWV tendency in a given
equatorial box is chiefly balanced by the horizontal mass trans-
ports across those box boundaries. The Ekman and total horizontal
transports were then computed from the surface wind stress and
horizontal velocity profiles, respectively, while the geostrophic
transports were inferred from the total minus the Ekman trans-
ports (hence with no assumption regarding the reference level).
Note that the net horizontal transport was not divided onto Ekman
and geostrophic transports within 51S–51N to avoid computation
of strong discontinuity at the equator where the Coriolis para-
meter goes to zero. With this caveat, we validate with observations
from (Meinen and McPhaden, 2001, hereafter referred to as
MM01), the horizontal transports for the equatorial Pacific region
using the DRAKKAR dataset for the 1993–1999 period. The
correlations and ratio of standard deviations between the model
and observed data for the total, geostrophic and Ekman meridional
transports across 81S and 81N, and the total zonal transports across
1561E and 951W are shown in Table 1. Note that the data
processing used was the same as in MM01. The high correlation
between the observed and modelled SST, WWV tendency and
horizontal transport terms gives us extra confidence in the ability
of the routinely-validated DRAKKAR product to realistically simu-
late the state of the tropical Pacific during ENSO.

We use an Agglomerative Hierarchical Clustering (AHC) proce-
dure to characterise the main ENSO signature in sea level (SL) and
WWV anomalous tendencies. In the AHC process, the Euclidean
distance between each pair of singletons (monthly maps) is
calculated to measure their (dis)similarity. The Ward (1963)
criterion uses this Euclidean distance to merge each pair of
singleton based on the least sum of squared distance between
them. This ensures maximum similarity within the cluster of
elements and maximum dissimilarity with elements of other
clusters. The process is repeated agglomeratively until the entire
dataset is merged into one cluster. The clustering procedure can be
represented by a dendrogram (upside-down) tree, which shows
the clustering at each successive step (see Fig. 3 and 4b). The
abscissa shows the unique cluster numbers and the ordinate
indicates the height. The horizontal lines link the clusters while
the vertical lines denote the distance between each pair of clusters
being merged. Consequently, to identify the main modes of
variability, it suffices to cut the dendrogram horizontally so as to
represent the entire dataset using only a few merged unique
clusters which can be physically explained (similar to using an EOF
procedure where only the first few dominant modes are used).
This cut-off can be defined arbitrarily so as to optimally maximise
the similarity within the cluster and the dissimilarity between
clusters. We gain confidence in the use of this method as it has
been successfully applied to climate and biological studies before
(e.g., Vincent et al., 2009; Kao and Yu, 2009; Singh et al., 2011;
Radenac et al., 2012) and further stress that it does not require a
priori to extract the dominant modes of variability and does not
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Fig. 2. The 1980–2010 WWV tendency (dWWV/dt) term for the region bounded by
latitudes 51S and 51N, and longitudes 1201E and 801W using DRAKKAR modelled
data (in blue), observational data from Aviso sea level (in black) and Meinen and
McPhaden (2000); (in red). All time series have been smoothed with a 13-months
Hanning filter for clarity. Units are in Sverdrups (Sv; 1 Sv¼106 m3 s�1).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Correlation coefficients between the meridional (across 81N and 81S) and zonal
(across 1561E and 951W) transports calculated above the 20 1C isotherm from
observations and DRAKKAR model data using the same data processing as in
Meinen and McPhaden (2001); hereafter MM01, for the 1993–1999 period. The
values in parentheses represent the ratio of standard deviations (SD) between the
two time series: SD-observations/SD-model. Sections at 81N and 81S extend from
1561E to 951W, and sections at 1561E and 951W from 81S to 81N.The Ekman
transports used from MM01 were those from the ECMWF product.

Section Ekman transports Geostrophic transports Total transport

81N 0.85 (0.96) 0.91 (0.89) 0.85 (0.85)
81S 0.91 (1.01) 0.97 (1.43) 0.90 (1.19)
1561E – 0.76 (0.61)
951W – 0.80 (0.75)
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extract unrealistic symmetrical El Niño/La Niña (EN/LN) patterns
like an EOF analysis would do (e.g., Singh et al., 2011). It should be
noted that just like an EOF analysis, the AHC is sensitive to the
selected temporal and spatial domain.

3. Observed and modelled SL and WWV changes

3.1. Observational results, 1993–2010

We used various statistical methods to analyse the observed
SLA tendency (dSLA/dt), including EOF, AHC, combined regression-
EOF and neural network analysis and these are presented in detail
in the thesis manuscript of Singh (2012). We choose to present
here the results of the AHC procedure for the June 1993–December
2010 period (note the first and last 6 months of the December
1993–June 2011 time period cannot be analysed using a 13-

months low pass Hanning filter). The resulting cluster time series
and the spatial clusters for dSLA/dt are shown in Fig. 3 (note the
conversion into dWWV/dt). Five clusters for a total of 211
observations (months) were identified at the top of the dendro-
gram tree. These five clusters mostly characterise a central–east-
ern equatorial Pacific discharge and an off-equatorial recharge in
the far west (cluster 1), a central–eastern equatorial Pacific and
SPCZ discharge (cluster 2), a neutral situation (cluster 3 – so called
due to its weak amplitude), a central equatorial Pacific recharge
and an off-equatorial discharge in the far west (cluster 4 – roughly
symmetrical in spatial pattern to cluster 1) and a zonal recharge–
discharge seesaw with an equatorially-trapped maximum in the
eastern half and off-equatorial minima in the western half of the
basin (cluster 5), and occur 5%, 4%, 36%, 51% and 4% of the time,
respectively. The comparison between the cluster time series and
the normalised WWV anomaly (Fig. 3a), as well as with previous
EP/CP classification (Singh et al., 2011; see their Fig. 1), suggests

Fig. 3. (a) The cluster time series showing which cluster best represents the observed dSLA/dt pattern at a particular time for the period 1993–2010 (in black; left vertical
axis). Superimposed is the normalised WWV anomaly smoothed with a 13-months Hanning filter (in red; scaled on the right vertical axis; see the definition in Fig. 1). The
abscissa labels denote the beginning of the year. (b) The dendrogram resulting from the AHC analysis on dSLA/dt. Numbers 1–5 represent the cluster numbers. Spatial
patterns from the AHC on dSLA/dt, converted to dWWW/dt, with (c) cluster 1 denoting La Niña-type (LN), (d) cluster 2 denoting after EP El Niño-type (AEPEN), (e) cluster
3 denoting neutral-type, (d) cluster 4 denoting CP El Niño-type (CPEN) and (e) cluster 5 denoting EP El Niño-type (EPEN) situations. Thick black contour lines in the spatial
patterns denote the 0 line. Note the different colour scales in the plots for clarity. Units for dSLA/dt, converted in dWWW/dt, are in Sverdrups.
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that these clusters chiefly represent La Niña-type (LN; in 1998 and
2010), after EP El Niño-type (AEPEN; in 1997-98), CP El Niño-type
(CPEN; in 1994, 1995–96, 1999, 2000 2001–02, 2003–04, 2006,
2008, 2009) and EP El Niño-type (EPEN; in 1997) situations for
clusters 1, 2, 4 and 5, respectively. We shall use this nomenclature
henceforth to refer to these clusters.

The EPEN and AEPEN spatial patterns (Fig. 3g and d, respec-
tively) are similar to those obtained by Alory and Delcroix (2002)
using multivariate EOF for a shorter time period (1992–1999; see
their Figs. 2 and 7, respectively). The negative dSLA/dt evidenced
in the SPCZ region during AEPEN is due to shoaling of the
thermocline resulting from upwelling favourable wind stress curl
(Picaut et al., 2002; see their Fig. 8). The zonal seesaw pattern
during EPEN (Fig. 3g) is also evident during LN (Fig. 3c) but with
opposite signs and with the fulcrum at around 1701E instead of
1701W. Such a zonal seesaw during EPEN corresponds to a
displacement of the western Pacific warm waters to the central

and eastern basins and so to a reduced thermocline slope in the
equatorial band. It should be noted that the amplitude of the dSLA/
dt pattern for AEPEN is almost 2 times that for LN. The CPEN
pattern (Fig. 3f), almost symmetrical to the LN pattern, shows
positive dSLA/dt mostly from the east to the west, except in the far
western Pacific, with maximum dSLA/dt in the central equatorial
Pacific region. Again, it should be noted that the amplitude of the
maximum dSLA/dt during CPEN is only �25% of that during EPEN.
Although the dSLA/dt signature of CPEN is weaker than for EPEN,
the reduced amplitude is also due to the effect of aggregating the
nine CPEN events as compared to only one very strong EPEN event
that occur over the 1993–2010 period in the AHC.

As further discussed below, it is worth pointing out that the
changing SLA slope (as inferred from the changing dSLA/dt slope)
in the equatorial band during CPEN yields to a zonal gradient of
the SLA which is eastward (i.e., higher SL in the east) to the west of
the maximum SLA and can result in geostrophic poleward

Fig. 4. Same as Fig. 3 but for model-derived dWWV/dt for the period 1958–2007. The red line in (a) denote the normalised modelled WWV smoothed with a 13-months
Hanning filter. Note the overlapping periods (1980–1985) in the plots for the cluster time series in (a). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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transports by meridional divergence; conversely, the zonal gradi-
ent
is westward to the east and can result in geostrophic equatorward
transports by meridional convergence. In contrast, the zonal
gradient of the SLA is eastward only during EPEN and thus results
in poleward geostrophic transports from the east to the west of
the basin.

3.2. Model results, 1958–2007

The AHC procedure was also performed on the simulated dSLA/
dt for the common period 1993–2007, and results show that the
cluster time series and spatial patterns (not shown here) were
quasi-identical as in Fig. 3. To extend the short observational-
based time series, we repeated the AHC technique to the 1958–
2007 model-derived dWWV/dt using the same data processing as
was done for the observed SLA-derived WWV data. The dWWV/dt
cluster time series and the spatial patterns of the modelled
dWWV/dt are shown in Fig. 4.

From the AHC on dWWV/dt, five distinct clusters from the 588
sets of observations (months) were identified and these are more
or less still representative of a central–eastern equatorial Pacific
discharge and an off-equatorial recharge in the far west (cluster 1),
a western–central equatorial Pacific and SPCZ discharge and a
recharge in the off-equatorial far eastern Pacific (cluster 2), a
neutral situation (cluster 3), a central equatorial Pacific recharge
(cluster 4) and a zonal seesaw (cluster 5 – almost symmetrical to
cluster 1) and occur 26%, 2%, 34%, 24% and 14% of the time,
respectively. Because of the close similarity of these clusters to the
ones derived from observed dSLA/dt (but for a shorter period;
Fig. 3), and relying on the comparison between the cluster time
series and normalised WWV anomaly (Fig. 4a), we will use the
same naming conventions for the clusters here. Note that some
expected differences can be seen between the observed dSLA/dt
and modelled dWWV/dt due to the clustering procedure per-
formed over different time periods. Cluster 2, which represents
AEPEN conditions (Fig. 4d), shows the equatorial and SPCZ
discharge with positive anomalies to the north of a meridional
fulcrum situated near 51N. The negative anomalies occupy most of
the equatorial band (except in the far eastern Pacific), extend up to
121S in the western Pacific, and are larger in amplitude over the
SPCZ region than in the equatorial region. This mass depletion of
warm water in the equatorial and SPCZ regions occurs directly
after the strong 1972–73 and very strong 1982–83 and 1997–98
EPEN events only (represented by cluster 5; Fig. 4g) and is
followed by LN (represented by cluster 1; Fig. 4c). In terms of
dynamics, this means that the eastward sloping thermocline
anomaly during EPEN in the central Pacific results in a mass
discharge in the central equatorial region thereby shoaling the
thermocline there. The EPEN and LN spatial patterns are similar to
those obtained from observations in Fig. 3g and c, respectively,
with oppositely signed zonal seesaws. Interestingly, the CPEN
cluster (Fig. 4f) shows a mass accumulation of warm water that
extends from 51N to 51S.

The cluster time series implies that after the strong 1972–73
and very strong 1982–83 and 1997–98 EPEN events, an AEPEN
event follows which shows a WWV discharge in the equatorial
band. It also shows that a recharge of the equatorial band (CPEN)
generally occurs prior to an EPEN event. These results are
consistent with results obtained from the observed dSLA/dt
analysis earlier and the RD paradigm. However, there is no
discharge signal occurring after any CPEN event strongly suggest-
ing that CPEN does not fit the RD oscillator paradigm.

To better differentiate the time evolution and spatial structure
of the EP and CP types of ENSO, Fig. 5 shows lagged regression
coefficients between model-derived dWWV/dt and normalised

NCT and NWP indices (Note that a similar figure would hold when
using the observed dSLA/dt.). For the EP type of ENSO, there is a
progressive replacement of equatorially-trapped positive values
located in the eastern half of the basin by eastward-moving
negative values located in the western half of the basin, from
lag¼�9 to 0 months. During and about 3 months after the mature
phase of the event (from lag¼0 to +3), values are mostly negative
in the whole equatorial band, and positive values then start to
appear in the western basin and propagate eastward at lag¼+6 to
+9 months. Overall, from lag¼�9 to +9 months, this indicates a
progressive reduced recharge (dWWV/dt40) of the equatorial
band which mostly occurred in the eastern half of the basin prior
to the mature phase of an EP event, a discharge (dWWV/dto0)
during and for a few months after its mature phase in the whole
equatorial band, and then a gradual recharge (dWWV/dt40) of
the equatorial band, which starts from the western basin. For the
CP type of ENSO, there are basically the same patterns and time
evolution, with the notable exceptions that we observe a clear
tendency for the positive (at lag ¼�9 to �3) and negative (at lag
+3 to +9) values to be located farther to the west of the South
American coast, with much reduced amplitude, suggesting that
the thermocline changes (and so the RD processes) are very less
involved in the time evolution of CP versus EP type of events, in
agreement with the results of Kao and Yu (2009).

To further detail the EP and CP El Niño features with respect
to the RD paradigm, we have plotted and analysed the anomalous
depths of the 20 1C thermocline (Z20) in the equatorial band, as
well as the chronology of model-derived WWV anomaly for all EP
and CP El Niño events, which we compared to the conceptual
phases of the RD oscillator (Meinen and McPhaden, 2000; see
their Fig. 1). These are illustrated in Fig. 6 for the 1997–98 EP and
2002–03 CP El Niño periods, bearing in mind that the 1997–98
event is unambiguously considered as an EP (and/or extreme)
El Niño in the literature, and the 2002–03 event is most often
considered as a robust CP Niño event but on occasion as an EP or
even mixed EP/CP El Niño depending on the criterion used (Lee
and McPhaden, 2010; Singh et al., 2011; Mosquera-Vasquez et al.,
2013; Xiang et al., 2013). Note that using dWWV/dt instead of
WWV anomaly gives similar results to that obtained from the
lagged-regression analysis in Fig. 5.

The 1997–98 EPEN event shows a positive WWV anomaly
increasing in magnitude as it progresses from the central to the
eastern equatorial Pacific. The almost initially flat thermocline
anomaly gradually tilts to have an eastward slope by Oct–Dec
1997, when there is a sharp east–west contrast in the WWV
anomaly signature pivoted at around 1601W along the equator.
The negative WWV anomaly in the west then moves eastward and
poleward signifying a discharge of warm waters from the wes-
tern–central Pacific equatorial region resulting in a shallower
thermocline anomaly by Oct–Dec 1998. Meanwhile the positive
WWV anomaly in the east is forced to move poleward along the
South American coast and tends to move westward along and
above the 51–101 latitudes possibly as reflected equatorial Rossby
waves (Fig. 6f).

For the 2002–03 CPEN event, the situation during 2002 is
somewhat similar to that in 1997 except for the reduced magni-
tude of the WWV anomaly build-up in the east. Consequently, the
anomalous eastward sloping thermocline tilt during Oct–Dec 2002
is not as pronounced as during Oct–Dec 1997. The east–west
seesaw is pivoted at around 1801, about 201 in longitude westward
of the position during Oct–Dec 1997. The relatively reduced pole-
ward transport of the positive WWV anomaly in Jan–Mar 2003
results in a depletion of warm waters from the equatorial band.
However, this discharge is not as pronounced as during the 1997–
98 event, which is reflected in the near zero thermocline anomaly.
This suggests that the discharge during the 2002–03 CPEN was
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Fig. 5. Lagged-regression coefficients between the 1958–2007 model-derived dWWV/dt and the normalised Niño cold tongue (NCT; left panels) and Niño warm pool (NWP;
right panels) indices characterising the EP- and CP-type of ENSO, respectively. A negative lag means dWWV/dt leads the ENSO indices. Units are in Sverdrups. (a) lag=-9, (b)
lag=-6, (c) lag=-3, (d) lag=0, (e) lag=3, (f) lag=6, (g) lag=9, (h) lag=-9, (i) lag=-6, (j) lag=-3, (k) lag=0, (l) lag=3, (m) lag=6 and (n) lag=9 months.
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Fig. 6. 3-month averages of model-derived WWV anomalies for the periods (a–h) Jan 1997–Dec 1998 (first column) and (i–p) Jan 2002–Dec 2003 (second column). (third
column) The corresponding anomalous depth of the 20 1C thermocline (Z20) for each 3-month WWV anomaly average. The depth anomalies are departures from the 1971–
2000 mean thermocline depth averaged between 21S–21N and are smoothed with a 51 longitude running mean (positive values denote a deeper thermocline, note the
reversed vertical scale). The roman numerals represent the modified Jin (1997) conceptual model phase of ENSO (as illustrated in Meinen and McPhaden, 2000). Phases I and
III represent El Niño and La Niña phases, while phases II and IV represent the discharged and recharged phases, respectively. Thick black contour lines in the spatial patterns
denote the 0 line. Units for WWV and depth anomalies are 1014 m3 and metres, respectively. (a) WWV Anomaly Jan-Mar 1997, (b) WWV Anomaly Apr-Jun 1997, (c) WWV
Anomaly Jul-Sep 1997, (d) WWV Anomaly Oct-Dec 1997, (e) WWV Anomaly Jan-Mar 1998, (f) WWV Anomaly Apr-Jun 1998, (g) WWV Anomaly Jul-Sep 1998, (h) WWV
Anomaly Oct-Dec 1998, (i) WWV Anomaly Jan-Mar 2002, (j) WWV Anomaly Apr-Jun 2002, (k) WWV Anomaly Jul-Sep 2002, (l) WWV Anomaly Oct-Dec 2002, (m) WWV
Anomaly Jan-Mar 2003, (n) WWV Anomaly Apr-Jun 2003, (o) WWV Anomaly Jul-Sep 2003, (p) WWV Anomaly Oct-Dec 2003.
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clearly different from that during the 1997–98 EPEN. By the end of
2003, the equatorial basin shows a slightly positive thermocline
anomaly in huge contrast to the largely negative anomaly during
the end of 1998. The WWV anomaly is almost the same in Oct–Dec
2003 as it was in Jan–Mar 2002. In comparison, the 1997–98 WWV
anomaly for the same months show pronounced symmetry. It is
tempting to conclude from these results that the 1997–98 EP El
Niño does fit the RD oscillator paradigm, and that the 2002–03 CP
El Niño does not. A more detailed study of the transport contribu-
tion to the WWV anomaly is presented below to understand the
dynamical processes taking place in the equatorial region during
EP and CP ENSO.

4. Transport contribution to the modelled WWV

To understand the RD process that mostly concern the equa-
torial Pacific (see Figs. 3–6), it is important to understand the
WWV variations, and consequently, the mass balance of horizontal
transports of warm water (see Eq. (1) in Brown and Fedorov
(2010)). This is done here in two steps using model data: (1) to set
the context by looking at the mean state (and standard deviation)
of the horizontal transports across different choices of east and
west boundaries delimiting our defined “equatorial Pacific”, and
(2) contrasting the EP and CP El Niño signature in horizontal
transports across these boundaries.

4.1. Mean state

Previously published estimates of horizontal mass transports
accounting for WWV tendency were sometimes performed in
separating the entire equatorial box in two or three sub-regions
(e.g., Brown and Fedorov, 2010). Choosing the eastern and western
limits of those sub-regions is not straightforward and may appear
somewhat arbitrary. As an alternative, we computed the mean
transports entering the equatorial region across 51S and 51N in 311
longitude moving regions between 1201E and 701W (Fig. 7).
Sensitivity tests using different longitudinal moving window
lengths (from 211 to 411 longitude) did not significantly change
our results. As stated in Section 2, we calculate the total horizontal
transports above the 20 1C isotherm, the Ekman transports from
the model wind stress, and the geostrophic transports as the total
minus Ekman transports (except within 51S–51N for the later).

The inferred mean meridional geostrophic transports are into
the equatorial region across both 51S and 51N along the central
and eastern Pacific, consistent with the mean east–west slope
of the thermocline (see Durand and Delcroix, 2000; their Fig. 3),
with maximum variability in the western Pacific. The mean total
meridional transports across 51N (51S), as shown in Fig. 7a
(Fig. 7b), show a recharge of the equatorial band in the eastern
(central) Pacific and a discharge in the central (eastern) and
western Pacific (Fig. 7a). The mean geostrophic meridional trans-
ports across both 51S and 51N shows a recharge of the equatorial
band over the central and eastern Pacific and a discharge in the far
western Pacific (Fig. 7c). The mean total meridional transport
shows a discharge from the east to the west. A poleward discharge
across 51S and 51N is seen for the mean meridional Ekman
transports (not shown), consistent with the mean westward
blowing trade winds, and opposes the geostrophic transports as
sketched more than 30 years ago (e.g., Wyrtki, 1981).

For the zonal transports (not shown), the mean transports
are calculated between 51S and 51N at each longitudinal position.
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Fig. 7. Mean (in blue; left vertical axis) and standard deviation (SD; in red; right
vertical axis) of model-derived meridional (a) transport across 51N, (b) transport
across 51S and (c) transports entering across both 51N and 51S computed above the
20 1C isotherm depth and for 311 longitude moving boxes. The thin (thick) lines
represent the mean meridional total (geostrophic) transports. The abscissa is
centred on the 311 longitude moving box. Positive values indicate transports
entering the equatorial band. Mean values are calculated over the 1958–2007
period. Units are in Sverdrups per degree longitude. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. Regression coefficients obtained from the regression of normalised Niño cold tongue (NCT; full lines in red), Niño warm pool (NWP; full lines in blue), Niño3 (N3;
dashed lines in red) and EMI (dashed lines in blue) indices with model-derived (a) WWV anomaly averaged between 51S–51N and (b) the corresponding mean dWWV/dt.
The regressions were performed on averages computed in 311 longitude moving boxes. The abscissa is centred on the 311 longitude moving box. Positive values indicate
transports entering the equatorial band. All transports were computed above the 20 1C isotherm depth. Units are m3 in (a) and Sverdrups per degree longitude in (b).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The mean total zonal transports are westward over the central and
eastern Pacific, in line with the South Equatorial Current (SEC), and
eastward in the western Pacific with a mean zonal convergence
within 160–1801E (not shown), consistent with the mean position
estimated from the convergence of surface drifters (Picaut et al.,
1996). Maximum variability for the zonal transports is seen in the
western and central Pacific regions (not shown). The total mean
transports across 51N, 51S, 1561E and 951W (not shown) are close
to zero indicating that the vertical mass transports across the 20 1C
are one order of magnitude smaller than the horizontal transports
in changing the WWV.

4.2. Contrasting EP and CP ENSO events

To obtain the WWV signature during ENSO, we use a linear
regression analysis using normalised NCT and NWP indices, which
characterise EP and CP events, respectively. Note that using
different EP/CP indices, as Niño3 and El Niño Modoki (EMI; dashed
lines in Fig. 8), does not significantly change our results. We use
the 51S and 51N latitudes as the southern and northern limits of
our equatorial box where maximum WWV tendency are observed
(Figs. 3–6), respectively, and calculate the signal in 311 longitude
moving boxes from the western to the eastern Pacific coasts
(again, using 211 to 411 longitude box lengths gave similar results).
For WWV, regression coefficients obtained from the regression
analysis indicate the well-known zonal seesaw centred at around
1501W during EP ENSO (red curve in Fig. 8a). It shows that the
WWV anomaly has opposite signs on either side of this fulcrum,
indicating a mass transfer from the west to the east during EP El
Niño as can be seen in Figs. 3–6. The maximum positive WWV
anomaly is closer to the South American coast compared to during
CP ENSO (blue curve in Fig. 8a), where the maxima is smaller in
magnitude and broadly spread in the central eastern basin (see
Fig. 3–6). The zonal seesaw, which is still evident during CP ENSO,
has a weaker slope and the fulcrum is shifted about 151 in
longitude westward compared to during EP ENSO.

A similar regression analysis was performed between NCT and
NWP indices versus the WWV tendency (dWWV/dt), as a way to
infer the related incoming and outgoing mass transport balance
during EP and CP ENSO. Interestingly, results show a huge mass
discharge over the entire equatorial region during EP El Niño (red
curve in Fig. 8b; see also Figs. 3–6), contrasting with a weak mass
discharge during CP El Niño (blue curve Fig. 8b; see also Figs. 3–6)
(Note that the mass discharge is even almost-zero during CP
events when integrated from the west to the east, using the
EMI.). The RD paradigm seems to be dominant during EP El Niño
and less effective during CP El Niño.

The regression analysis was extended to the individual trans-
ports entering the equatorial box from the south (51S) and north
(51N). The meridional geostrophic transports during EP and CP
ENSO across both 51S and 51N show similar behaviour, with the
transport across 51S showing a larger effect than its northern
counterpart (thick lines in Fig. 9a and b; note the different scales).
There is geostrophic discharge of warm water almost over the
entire equatorial band during EP (except west of 1501E) while it is
restricted to the region west of about 1601W and peaking at 1701E
during CP El Niño. East of about 1701W, geostrophic recharge of
the equatorial band is seen during CP El Niño. This indicates that
there is some sort of compensating effect of the meridional
geostrophic transports into the equatorial region during CP El
Niño, hence the weak overall discharge of WWV (Fig. 8b), which is
not evident during EP El Niño. The total meridional geostrophic
transports into the box also reflect the above scenario (Fig. 9c). The
discharge of the equatorial band in the western basin during CP El
Niño is indicative of an eastward sloping thermocline, and the

recharge in the eastern basin of a westward sloping thermocline,
as was evidenced in the dSLA/dt observations.

The absolute zonal transports during EP El Niño are eastward
over the entire equatorial region (not shown). In comparison, the
absolute zonal transports show opposite signs on either side of
about 1701W during CP El Niño. In particular it shows there is
mass convergence with eastward transports to the west and
westward transports to the east, in agreement with the analysis
of 1994–2008 observed surface currents during CP El Niño events
(Singh et al., 2011; see their Fig. 8). The total horizontal transports
in the equatorial region generally show a discharge (recharge)
during EP (CP) El Niño (also not shown).

5. Conclusions and discussion

The El Niño Southern Oscillation (ENSO) oscillates between
warm (El Niño) and cold (La Niña) phases with the origin,
development and decay of each episode being different from each
other. Four major theories have been proposed more than a decade
ago to explain the quasi-periodic nature of ENSO (see Wang and
Picaut, 2004). This raises the question whether the basic processes
involved in these ENSO theories are still appropriate to describe
the features of the recently-evidenced “new” CP type of El Niño.
One of the leading theories which we analysed in this study is the
recharge–discharge (RD) oscillator paradigm.

The recharge and discharge can be measured as changes of sea
level and related Warm (420 1C) Water Volume (WWV) in the
equatorial band. Using an agglomerative hierarchical clustering
(AHC) procedure, we first characterise the eastern Pacific (EP) and
CP El Niño signal within 121N–121S using 1993–2010 sea level
anomaly tendency (dSLA/dt) derived from satellite altimetry. The
EP El Niño signature shows a zonal seesaw with positive anoma-
lies in the eastern Pacific and negative anomalies in the western
Pacific. This is similar to the findings of Alory and Delcroix (2002)
who found this as the dominant signal using a multivariate EOF
analysis on SLA but for a shorter period and Latif and Flügel (1991)
who used POP analysis on SLA over the 1975–1988 period.
The CP El Niño (La Niña) pattern is reminiscent of a mass recharge
(discharge) in the central Pacific while a western–central equator-
ial and SPCZ discharge characterises the after EP El Niño signal.
This later signal occurs once only during 1993–2010 – after the
very strong EP El Niño in 1997–98, and represents a mass
discharge of warm waters. We find basically the same ENSO
signatures using the AHC procedure complemented with an
analysis of lagged regression coefficients between the WWV
tendency and the Niño Cold Tongue (NCT) and Niño Warm Pool
(NWP) indices (Ren and Jin, 2011) and 3-month composites of
typical EP and CP El Niño events when studying the 1958–2007
WWV computed directly from the DRAKKAR model product.

The previous and present results show that changes in WWV
of an equatorial box (51S–51N) result chiefly from the horizontal
transports computed above the 20 1C isotherm depth across the
box boundaries. The transports at play during the recharge–
discharge process were then analysed, contrasting the EP and CP
transport characteristics. This was done by regressing the mer-
idional and zonal transports entering the equatorial band with the
NCT and NWP indices (and Niño3/EMI). Our findings indicate that
there is a mass discharge (recharge) over the entire equatorial
band occurring during EP El Niño (La Niña), in line with the
recharge–discharge paradigm proposed by Jin (1997), with the
meridional geostrophic transports being more pronounced across
51S than at 51N.

The CP ENSO signature is drastically different in terms of recharge–
discharge and related horizontal transports. Interestingly, it shows
both a recharge and discharge occurring simultaneously. During CP El
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Niño, there is a recharge of the equatorial band in the eastern Pacific
and a discharge in the western Pacific. This creates a compensating
effect which results in a reduced recharge–discharge during CP El Niño
as when compared to EP El Niño. Part of these results were also found
in the works of Hasegawa et al. (2006) and Kug et al. (2009, 2010) for
different data sets and time periods. We emphasise in this study that
the recharge–discharge mechanisms were characterised by using the
meridional transports across both 51S and 51N over the equatorial
Pacific.

The zonal total transport of warm waters is eastward (west-
ward) during EP El Niño (La Niña) over most of the equatorial
region. In contrast, that transport in the equatorial band shows a
convergence during CP El Niño occurring in the central basin at
around 1701W. Similar results for the mixed layer zonal currents
were found by Kug et al. (2009) and Singh et al. (2011) using
assimilated and observed data for the 1980–2005 and 1992–2008
periods, respectively.

From our results, it is tempting to conclude that the recharge–
discharge oscillator proposed by Jin (1997) does not seem to apply
to CP El Niño events, reinforcing the idea that such events are
actually a different phenomenon (Ashok et al., 2007) and/or that
the RD oscillator paradigm should now be somewhat amended.
This is probably the reason why CP El Niño is generally not
followed by La Niña events, in contrast to EP El Niño which are
followed by La Niña. The different behaviours of the RD oscillator
during EP and CP El Niño raise interesting and open questions.
As far as the RD oscillator paradigm is concerned, should CP El
Niño events be called “El Niño” events? What are the forcing
mechanisms of the different EP and CP El Niño discharge

processes? How is it related to the location of SST anomalies
(Larkin and Harrison, 2005; Kug et al., 2010) and zonal wind stress
anomalies (Kug et al., 2009) and consequently different equatorial
Kelvin and Rossby wave signatures that modify the zonal thermo-
cline slope and so the geostrophic RD processes (Bosc and
Delcroix, 2008; Dewitte et al., 2012)? Is the CP signature an
intrinsic part of ENSO, a possible special case of the unified
oscillator (Wang, 2001), a signal of decadal variability (Weng
et al., 2007), controlled by atmospheric mechanisms
(Dommenget, 2010; Clement et al., 2011), and/or an expression
of the global warming signal (Yeh et al., 2011; Ashok et al., 2012)?
Why do we reach different conclusions regarding the ability to
predict EP and CP El Niño events (Kim et al., 2009; Hendon et al.,
2009), or in other words, how is the predictability of recent CP
ENSO events influenced by the reduced amplitude of WWV
(McPhaden, 2012; Horii et al., 2012)? These are questions that
remain to be answered in addition to testing the relevance of the
other oscillator theories to account for CP El Niño features.
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