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Abstract: The intraseasonal tropical variability (ITV) patterns in the tropical troposphere are documented using double

space-time Fourier analysis. Madden and Julian oscillations (MJO) as well as equatorial coupled waves (Kelvin

and Rossby) are investigated based on the NCEP/NCAR Reanalysis data for the 1977-2006 period and the out-

puts of an intermediate ocean-atmosphere coupled model named LODCA-OTCM. A strong seasonal dependence

of the ITV/ENSO relationship is evidenced. The leading relationship for equatorial Rossby waves (with the cor-

relation of the same order than for the MJO) is documented; namely, it is shown that intensification of Rossby

waves in the central Pacific during boreal summer precedes by half a year the peak of El Niño. The fact that

MJO activity in spring-summer is associated to the strength of subsequent El Niño is confirmed. It is shown

that LODCA-QTCM is capable of simulating the convectively coupled equatorial waves in outgoing long wave

radiation and zonal wind at 850 hPa fields with skill comparable to other Coupled General Circulation Models.

The ITV/ENSO relationship is modulated at low frequency. In particular the periods of low ENSO amplitude are

associated with weaker MJO activity and a cancellation of MJO at the ENSO development phase. In opposition,

during the decaying phase, MJO signal is strong. The periods of strong ENSO activity are associated with a

marked coupling between MJO, Kelvin and equatorially Rossby waves and ENSO; the precursor signal of MJO

(Rossby waves) in the western (central) Pacific is obvious. The results provide material for the observed change

in ENSO characteristics in recent years and question whether the characteristics of the ITV/ENSO relationship

may be sensitive to the observed warming in the central tropical Pacific.

Keywords: ocean-atmosphere interaction • El Niño Southern Oscillation • intraseasonal tropical variability
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1. Introduction

It is well known that a large part of the synoptic variability

in the tropics is due to propagating disturbances moving

∗E-mail: dasha155@mail.ru

parallel to the equator. Such disturbances are character-

ized by the time scales from several days up to seasons

and so on, representing the tropical intraseasonal vari-

ability (ITV). The tropical intraseasonal variability was

shown to play an important role in ENSO forcing as well

as in ENSO teleconnections [54, 58].

In the intraseasonal variability, one usually distinguishes
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two modes: the so-called coherent Madden-Julian os-

cillations with frequencies in the 30 to 90 days−1 band

and zonal wave numbers of 1 to 3 [46] and the equa-

torial convectively coupled waves [81, hereafter WK99]

that may be interpreted as a stochastic mode relative to

slow oceanic processes. The MJO is the dominant tropi-

cal intraseasonal mode and a key source of untapped pre-

dictability in both the tropics and extra-tropics, e.g. WK99

[61, 76, 77, 82]. The MJO significantly affects a wide range

of tropical weather such as the onset and break-off of the

Indian and Australian summer monsoons [85, 86], and the

formation of tropical cyclones [43, 49]. Being a strong

tropical heating source through its impacts on large-scale

convection, the MJO also drives teleconnections to the

extra-tropics [6, 78, 80]. On a longer timescale, the MJO

is thought to play a crucial role in the triggering of El

Niño events, e.g. [7, 34, 70]. Therefore, the MJO is im-

portant for both weather and climate prediction. However

the MJO is usually poorly simulated by General Circu-

lation Models [45]. Typically, model MJOs are too weak

and propagate too fast, e.g. [27, 28, 40, 67].

Because of increases in MJO activity in the vicinity of

the equator in boreal spring and because the ENSO on-

set tends to occur in spring-early summer, many recent

investigations were devoted to the relationships between

MJO and ENSO, suggesting a possible mechanism of in-

teraction between both signals at seasonal timescale. In

particular, the development of some recent El Niños was

suggested to be related to the enhanced MJO activity in

the western Pacific observed some months before the peak

phase of El Niño, e.g. [34, 39, 51, 79, 93]. The MJO has

both an impact in the momentum and the heat flux forcing

to the ocean. The positive phase of the MJO contributes

to the eastward migration of westerly wind stress anoma-

lies that can force equatorial Kelvin waves [15, 34, 58].

The latter impact the central equatorial Pacific through

zonal advection near the eastern edge of the warm pool

[7, 42, 65] and propagate eastward, resulting in the warm-

ing of the eastern tropical Pacific [31, 93]. The MJO

also cools the western Pacific by increasing the ocean-

atmosphere heat flux and upper-ocean mixing. Both pro-

cesses contribute to decrease the east-west temperature

gradient, which results in westerly wind anomalies in this

region and in turn contributes to the propagation of the

warm pool to the east. This warm pool shift was sug-

gested to trigger the El Niño onset [56]. The opposite

mechanism promotes the development of La Niña condi-

tions [39]. Noteworthy the MJO induces easterly anoma-

lies that might interact with ENSO: in [59, 62–64], it was

shown that intraseasonal spatial patterns associated with

the MJO might weaken El Niño or amplify La Niña, while

other patterns might amplify El Niño. These associations

occur because the easterly and westerly phases of the

MJO evolve differently relative to each other during dif-

ferent ENSO states (see [59]). Particularly during the El

Niño developing phase the interaction between the back-

ground westerlies and MJO associated wind anomalies re-

sults in strong westerly anomalies which in turn enhance

the atmospheric forcing of the ocean.

Whereas there is more and more evidence that the MJO

can rectify an ENSO [35], there is remaining difficulties in

diagnosing a clear relationship between MJO and ENSO

when focusing on the mature phase of the MJO activity.

For instance, Hendon et al. [30] and Slingo et al. [68]

noticed a weak correlation between MJO and ENSO dur-

ing the boreal winter, i.e. when MJO is strongest in the

Southern Hemisphere. Both studies do not distinguish the

seasons and take into account all months of the year in

their correlation analysis. In fact, because of the eastward

propagation of the MJO related fields, MJO is supposed

to be critical for ENSO onset in spring-summer, i.e. when

it is weaker but still observed. Moreover in spring, MJO

occurs near the equator, which favors the forcing of the

equatorial oceanic Kelvin wave by westerly wind anoma-

lies [60, 92].

When the globally averaged MJO is considered, the rela-

tionships with ENSO may be nothing more than the sig-

nature of the modulation of MJO resulting from the highest

SST shifts toward the date line once El Niño has started

e.g. [5, 18, 88]. However [7, 20, 30, 58] demonstrated that

expansion of the eastward extent of the MJO across the

Pacific during the developing El Niño occurs more often

than a simple eastward extension. To prove the critical

role of MJO in triggering El Niño, Hendon et al. [29]

emphasized the role of MJO activity in the western Pa-

cific near its source region. In particular, they revealed

an important seasonal dependence on the lagged asso-

ciation of the MJO with ENSO. They also suggest that

the seasonally varying relationship between MJO activ-

ity and the ENSO cycle might be anticipated due to the

marked seasonal cycle of the MJO activity and phase-

locking of ENSO onset to the seasonal cycle. They further

argued that the causative relationship between enhanced

spring/early summer MJO activity and El Niño in au-

tumn/winter stems from the association of enhanced MJO

activity with anomalous surface westerlies in the western

Pacific. Spring is when the mean equatorial zonal SST

gradient in the Pacific is the weakest and the center of

MJO activity has moved towards the equator. The oppo-

site relationship with the development of La Niña tends

to hold as well which makes the MJO a potential con-

tributor to the ENSO asymmetry [1]. Presumably, years

with less-than normal MJO activity exhibit an easterly

anomaly while years with above-normal MJO activity ex-
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hibit a westerly anomaly. However the MJO can also

generate easterly anomalies during its suppressed con-

vective phase, and these easterlies alternate with MJO

westerlies. Further, periods of enhanced local MJO activ-

ity across the west Pacific are likely also periods when

the regional SST is higher than average. This pattern

tends to be associated with enhanced low level westerly

winds to the west of the SST maximum, even ignoring the

MJO. So, such low frequency low-level westerlies and en-

hancement of the MJO might occur coincidentally because

both are modulated by the same warm background state.

These observations stress the important role of the ocean

background state in controlling the evolution and charac-

teristics of the intraseasonal oscillations in the equatorial

Pacific [59]. It calls for a detailed investigation of such

processes of interaction in long-term data sets. Due to its

likely coupled nature [20, 58, 59], the analysis of coupled

models simulations may provide useful material for un-

derstanding the role of the MJO activity in modifying the

ENSO properties. However, the changes in the evolution

of intraseasonal variations such as the MJO during the

course of ENSO [59] might feedback upon the interannual

mode to influence the evolution of ENSO itself.

Here, we take advantage of the versatility of an interme-

diate coupled model of the tropical Pacific to study the

coupling between the ITV and ENSO. Following [29], the

focus is on the seasonal dependence of ITV and ENSO.

It is beyond the scope of the paper to investigate the de-

pendence of the ITV characteristics as a function of the

ENSO phase although the latter can be influential on the

amplitude and propagating characteristics of the MJO in

particular [59] . However, whereas Hendon et al. [29] con-

centrates on the MJO activity, we also document all the

components of the simulated and observed ITV, namely

the variability associated to equatorial coupled waves ob-

served in the tropical belt (Kelvin, equatorially Rossby,

mixed Rossby gravity, westward and eastward propagat-

ing gravity waves). In that sense our study can be viewed

as an extension of the study by Hendon et al. [29]. The

reason for considering the full spectrum of the ITV is

twofold: first, these equatorial waves also have a pro-

nounced signature in precipitation [45], zonal wind, wind

stress and net heat fluxes fields [26], potentially impact-

ing the SST and therefore air-sea coupling. In particular,

because of their propagation characteristics, these waves

may interact with the mean atmospheric circulation in the

region where El Niño can develop and impact the growth

of the coupled instabilities. Second, this share of the ITV

can act as a “noise-maker” for the tropical Pacific system

and participate in the ENSO low frequency modulation,

which we will diagnose in the intermediate coupled model

used in this study.

The paper is organized as follows: first the data and the

method for extracting the component of the ITV is pre-

sented. Then the intermediate coupled model is described.

In section 4, the ITV simulated by the coupled model is

presented and analyzed, then the relationship between

ITV and ENSO is discussed. Conclusions are provided in

section 6.

2. Data and methods

Data

The daily surface zonal wind and outgoing longwave ra-

diation (OLR) were obtained from the National Center

for Environmental Prediction-National Center for Atmo-

spheric Research NCEP/NCAR reanalyses [32]. These

fields are referred to as ”observations” in the follow-

ing although, strictly speaking, they are not observed

data but results from a combination of observations and

model simulations. The monthly Nino 3.4 SST anoma-

lies are obtained from the U.S. Weather Service’s Climate

Prediction Center website (http://www.cpc.ncep.noaa.gov/

data/indices/).

Space-time spectral analysis

Similar method to WK99 is used. It is briefly described

here. The reader is invited to refer to WK99 for further

details. As demonstrated by WK99, the structure of con-

vectively coupled equatorial waves is either symmetric or

antisymmetric about the equator, in accordance with shal-

low water theory. A gridded field, D, that is a function of

latitude, φ, can be written as D(φ) = DA(φ) + DS(φ),

where DA(φ)=[D(φ)-D(-φ)]/2 is the antisymmetric com-

ponent, and DS(φ) = [D(φ) + D(-φ)]/2 is the symmetric

component. The model and observed fields are therefore

decomposed into its antisymmetric and symmetric com-

ponents. Then the frequency-wave number analysis is

performed. Space-time spectra of daily data were ob-

tained for the 30 years of model data and compared with

those of 30 years of observations (1977-2006). To reduce

the noise, the space-time spectra were calculated for suc-

cessive overlapping segments of data and then averaged.

Here 96-day long segments with a 30-day overlap be-

tween each segment were used following WK99. Complex

FFTs are performed in longitude to obtain Fourier coef-

ficients (in zonal planetary wavenumber space) for each

time and latitude. Further complex FFTs are applied

in time to these coefficients to obtain the wavenumber-

frequency spectrum for each latitude. Finally, the data

set power is averaged over all available segments of the

96 days, and is further summed up for the latitudes be-
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tween 15◦S and 15◦N. The resulting effective bandwidth

is 1/48 cycles per day (cpd) in frequency, and 1 unit zonal

wavenumber.

An estimate of the ”background” space-time spectrum is

obtained for each data set by averaging the power of the

symmetric and antisymmetric spectra. A smoothing of the

obtained series is then applied using a 1-2-1 filter in fre-

quency and wavenumber successively eleven times (see

WK99). The raw spectra are then divided by this back-

ground to obtain an estimate of the signal standing above

the background noise. In WK99, power at 1.1 times the

background or greater was deemed significant, based on

a crude estimate of the degrees of freedom involved. In

reality, a true estimate of the degrees of freedom is dif-

ficult to obtain due to the complications of simultaneous

autocorrelation in both space and time. Here, since the

data sets used are half the length of those used in WK99

(one time per day versus twice per days), we have chosen

the threshold of 1.2 times (or 20%) above the background

as in [45]. Peaks standing above the background corre-

spond to the Kelvin, n=1 equatorial Rossby (ER), mixed

Rossby-gravity (MRG), n=0, 1 eastward inertio-gravity

(EIG), n=1 westward inertio-gravity (WIG) waves.

Isolating the MJO, Kelvin, ER, MRG, EIG and WIG signals

In this paper, the definitions of MJO, Kelvin, ER, MRG,

EIG and WIG modes are as in WK99, and the vari-

ous contributions were isolated using the same method:

each mode was isolated by filtering in the wavenumber-

frequency domain (see Fig. 6 of WK99 for the definition

of the regions in the frequency and wavenumber space

domain for each wave), and the corresponding time series

were obtained by an inverse space-time Fourier transform.

Lag correlation analysis.

The amplitude of equatorial waves was computed by tak-

ing the root mean square (rms) of the variance of MJO,

Kelvin and n=1-ER-filtered U850 and OLR field, with

the rms computed in a 3-month running window. Then

the variance was sampled monthly to the central month.

Hence, for example, the MJO amplitude in February 1977

is the square root of the mean variance of MJO-filtered

U850 and OLR computed over January-March 1977. Then

these amplitude time series were equatorially averaged

(5◦S-5◦N) at each point of longitude. The equatorially

averaged wave amplitude was further correlated with the

January sea surface temperature average over the Nino 3.4

box (5◦S-5◦N; 170◦W-120◦W), hereafter referred to as the

SST Nino 3.4 index. January was chosen as a month of

the peak of El Niño. The analysis of this correlation (see

below) emphasized that the strongest leading correlation

with respect to SST Nino 3.4 for the MJO is observed in

the Western Pacific; for the Kelvin wave, in the Eastern

and Western Pacific; and for the Rossby wave, in the cen-

tral Pacific. To explore carefully these relationships, we

defined the indices of the wave’s intensity. The wave’s am-

plitude, computed as described above, was averaged over

the following regions: Western Pacific: 5◦S-5◦N;120o-

180oE, Central Pacific: 5◦S-5◦N; 140◦E-160◦W; Eastern

Pacific: 5◦S-5◦N; 160◦-100◦W. From here on, we will re-

fer to these indices as named in Table 1.

Table 1. Indices of equatorial waves intensity

Western Pacific Central Pacific Eastern Pacific

OLR WPacMJOOLR , CPacEROLR EPacKelvinOLR

WPacKelvinOLR

U850 WPacMJOU850 CPacERUU850 EPacKelvinU850

WPacKelvinU850

The lag correlation between the SST Nino 3.4 index

(smoothed with a 3-month running mean to be consistent

with the wave indices) and the above defined indices was

computed.

3. Model and experiments’ descrip-
tion

Model setup:

The coupled model used in this study consists of a tropical

Pacific linear ocean model and a global general circulation

model of intermediate complexity. The atmosphere com-

ponent is the QTCM model (for Quasi-Equilibrium Trop-

ical Circulation Model) developed by the team of Prof.

David Neelin at Los Angeles University. It is a primi-

tive equation-based intermediate-level atmospheric model

that focused on simulating the tropical atmosphere. The

constraints placed on the flow by quasi-equilibrium pa-

rameterization are used to calculate typical vertical struc-

tures of temperature, moisture and winds. Being more

complicated than a simple model, the model has full non-

linearity, includes a radiative-convective feedback pack-

age, and a simple land soil moisture routine. Topography

is not taken explicitly into account but an inhomogeneous

surface roughness is used. For its convective parameteri-

zation, this model uses the Betts-Miller moist convective

scheme [8], a scheme which is also used in some General

Circulation Models. Model formulation is described in [55]

and model implementation is described in [91]. Zeng et al.
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[91] demonstrate that this intermediate-level model does

a reasonable job in simulating tropical climatology and

ENSO variability. The model also maintains intrasea-

sonal oscillations which some of its characteristics resem-

ble the real-world intraseasonal oscillations [22, 24, 44].

The ocean component is the LODCA model. The full de-

scription of the model is presented in [13, 16, 23]. Briefly,

the circulation for the oceanic part is governed by adi-

abatic, linear shallow water wave dynamics. It includes

three baroclinic modes with characteristics of phase speed

cn and projection coefficient P„ derived from the vertical

mode decomposition of a mean density profile typical of

the central Pacific. The friction r„ is also chosen as in

[16, cf their Table 1]. A well-mixed surface layer of 50-m

depth is embedded in the ocean model. SST anomalies

are calculated from a fully nonlinear surface mixed layer

temperature equation similar to equation (1) in [90], but

different surface currents and upwelling climatologies are

used, as well as a different parameterization of subsurface

temperature.

The coupling between the ocean and the atmosphere

is through the momentum fluxes (wind stress) and heat

fluxes (evaporation) over the tropical Pacific (130◦E-80◦W;

20◦S-20◦N). Outside the tropical Pacific, the climatolog-

ical Reynolds SST is prescribed. Since LODCA is an

anomaly model, wind stress and heat flux anomalies need

to be calculated at each time step. In order to derive

daily anomalies, QTCM is first run in a climatological

mode (i.e. using SST climatological forcing) during 30

years. The last simulated 20 years are used to derive a

daily mean climatology for wind stress and heat flux. The

latter is then prescribed in the coupled mode to derive the

anomalous atmospheric fields to force LODCA. A coupling

efficiency of 1.4 is used that allows for sustaining oscil-

lations in the models and maintaining an unstable ENSO

mode. Below these values, the simulated ENSO is stable

and dissipation processes in the model lead to a damped

interannual variability after 10 to 15 years of simulation.

The model simulates ENSO variability that shares many

characteristics with observations [14, 21]. In particular,

the ENSO phase locking resembles the one of the obser-

vations with most simulated El Niño events occurring in

Austral spring - Early summer. The ENSO modulation

also has a realistic amplitude and timescale. As will be

seen below, the ITV simulated by LODCA-QTCM is also

comparable to the observations.

Experiments

A 250-year model run was carried out with LODCA-

QTCM starting from initial conditions corresponding to

the 1st of January 1980. The simulation consists in run-

ning the model with the set of parameters corresponding

to the standard values of LODCA and QTCM respectively,

except for the parameters controlling the strength of the

wind-evaporation feedback (see below). The reader is in-

vited to refer to [16] and [91] for the values of the model’s

parameters. Two sensitivity experiments have been car-

ried out which consist of increasing the coupling between

SST and the ITV. The first experiment consists of in-

creasing the strength of the wind-evaporation feedback

in the model. In the QTCM model, the evaporation-wind

feedback (also known as ”wind-induced, surface heat ex-

change” or WISHE) is a mechanism at work that partially

organizes the intraseasonal variability by reducing damp-

ing. In the evaporation-wind feedback theory, eastward

propagation of convective regions is driven by anomalies

in evaporation induced east of the convective regions by

the rise of anomalous surface winds. In the simplest formu-

lation, the anomalies of evaporation are induced by con-

vectively driven low-level convergence, superimposed on

top of mean easterlies, such that evaporation is enhanced

east of the enhanced convection and suppressed west of

the enhanced convection. Whereas it is not clear if such

feedback is really at work to maintain the MJO in the

observations, it has been proven to be at work in several

general circulation models and experiments. In QTCM,

along with the excitation by the extra-tropical storms, it

is a main driving force for ITV (cf. [44] for details). This

experiment is referred to as Newevap.

In the second experiment, the change in SST associated

with heat flux anomalies is explicitly taken into account

in the mixed-layer model of LODCA. Note that the stan-

dard version of LODCA only considered a damping term

(-αT) that accounts for both dissipation processes and

heat flux anomaly forcing. In the new experiments, named

NewFlux, the damping term was reduced and the new

value of (1/150) days−1 and the contribution of net heat

flux anomalies to the rate of SST change is considered

using a constant mixed layer depth of 50m in the tropical

Pacific (20◦S-20◦N). Considering net heat flux, anoma-

lies in the heat balance of the mixed-layer results in a

stronger coupling between ITV and ocean wave dynam-

ics. Net heat flux forcing is also considered outside the

tropical Pacific, so that air-sea coupling also operates in

the extra-tropics and the other tropical oceans through a

slab-mixed layer. A seasonally varying mixed layer depth

(derived from [12]) is used. It is beyond the scope of the

present paper to study the effect of such coupling.

Since LODCA-QTCM was shown to simulate ITV charac-

teristics that are in better agreement with the ”observa-

tions” than the results obtained with forced simulation (i.e.

with prescribed SST forcing) of QTCM (see the last sec-

tion), only results of the coupled model are presented in
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this paper. The experiment Newevap with increased wind-

evaporation feedback demonstrates the better agreement

between the observations and model in simulating the

ENSO/ITV relationships so that, for brevity, only results

from this simulation are presented in the following. The

differences between the two experiments (Newevap and

Newflux) will be discussed in the last section.

4. ITV characteristics

The ITV is diagnosed from zonal wind at 850 hPa (U850)

and outgoing long wave radiation (OLR) because both

fields are linked to both the MJO signal and the ENSO.

OLR is a good proxy for tropical deep convection, as well

as associated rainfalls. It is well known that convection

and associated precipitation do not occur randomly in the

equatorial belt but have been often organized by con-

vectively coupled large-scale equatorial waves, such as

MJO, Kelvin, ER, MRG, EIG, and WIG waves, e.g. [71, 72,

WK99]. At the same time, the changes in deep convec-

tion distribution and intensity on the interannual scale

are mostly associated with the ENSO variability in the

equatorial Pacific. The zonal wind also exhibits a signifi-

cant variability at intraseasonal time-scales with zonally

propagating characteristics. Moreover the occurrence of

westerly wind anomalies at 15-30 days, usually referred

to as a westerly wind burst, were recognized as preceding

the ENSO development in the eastern Pacific [18, 88].

Note that, in previous studies of ITV-ENSO teleconnec-

tions, the surface zonal wind is used [29, 52]. However,

our analysis revealed that the relationship between the

MJO signal associated to zonal wind and SST anomalies

in the equatorial eastern Pacific is stronger in the free

atmosphere than near the surface. We suppose that MJO

associated anomalies are more pronounced in the free at-

mosphere and the signal propagates toward the surface

where it interacts with ocean dynamics. For these rea-

sons, we chose to diagnose the ITV and its relation to

ENSO from U850 in the subsequent analysis.

Figures 1 and 2 present the space-time spectra normalized

above the background spectra for OLR and U850 wind re-

spectively from the Reanalysis over 1977-2006 (left panel)

and as simulated by LODCA-QTCM (experiment Newe-

vap) (right panel) over a 30-year period. The resulting

contours can be thought of as levels of significance, with

peaks in the individual spectra that are 20% above the

background shown as shaded. Superimposed upon these

plots are the dispersion curves for even (for antisymmet-

ric component) and odd (for symmetric component) merid-

ional mode number equatorial waves for various equivalent

depths (h=8, 12, 25, 50 and 90 m). The full space-time

spectra are not presented here for brevity. However the

full spectra for QTCM forced with observed SST are dis-

cussed in [26] and were shown to be similar to the ones

obtained from LODCA-QTCM.

Signals of the Kelvin, ER, and WIG waves are obvi-

ously identified in the symmetric spectra for observed OLR

(Fig. 1b), along with the MRG and EIG waves in the an-

tisymmetric spectra (Fig. 1a). The MJO also appears as

a prominent signal, especially in the symmetric spectra.

As in WK99, all observed spectral peaks corresponding to

shallow water modes best match an equivalent depth of

around 25 m in the observational OLR data sets except

for Kelvin waves in OLR symmetric components where

the peak is shifted toward the deeper equivalent depth

(around 50 m) (Fig. 1b). WK99 explains such shallow

equivalent depths (about an order of magnitude smaller

than that for a free wave generated as the peak projection

response to deep convective heating) as a result of the

way convection is interacting with the dynamics.

The OLR spectra obtained from LODCA-QTCM exhibits

some characteristics that are in good agreement with the

observations. The model simulates signals of convectively

coupled equatorial waves, with Kelvin and ER waves es-

pecially prominent (Fig. 1d). The MRG-EIG signal is al-

most lacking in LODCA-QTCM (Fig. 1c). The MRG signal

could be distinguished in OLR spectra but with a differ-

ent localization in the wavenumber axis as compared with

observations (Fig. 1c). Two main discrepancies between

observations and LODCA-QTCM are noted. The first one

concerns the MJO: the peak corresponding to the MJO

area is shifted toward the lower frequencies and the sig-

nal with respect to the background spectra has a lower

amplitude. The second discrepancy concerns the Kelvin

wave signal: for the lower frequencies, energy peaks are

found away from the usual theoretical dispersion curves

and towards the high zonal wavenumbers (k=6). Also,

the simulated signal appears in both the symmetric and

antisymmetric spectra which suggests that the actual dis-

turbances responsible for these spectral signals are asym-

metric across the equator (rather than symmetric or an-

tisymmetric) and corresponds to mid latitude waves in-

stead of Kelvin waves. In order to verify that this spec-

tral peak does correspond to disturbances associated with

Kelvin waves, the spatial structure of these disturbances

is estimated using the regression technique of [84]. As a

first step, the OLR signal corresponding to the eastward

wavenumbers 3 to 9 and the periods 2.5 to 40 days was

estimated at each grid point and the time series associ-

ated to the average over the area of maximum variability

is used to regress upon the total OLR fields. The obtained

regression maps exhibit a pattern reminiscent of the Kelvin
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Figure 1. The antisymmetric OLR power divided by the background power (a, c). Contour interval is 0.1 and shading begins at a value of 1.2 for
which the spectral signatures are statistically significant above the background at the 95% level (based on 500 d.o.f.). Superimposed are
the dispersion curves of the even meridional mode-numbered equatorial waves for the equivalent depths h of 8 12, 25, 50 and 90 m. (b,
d) Same as in panel (a, c) except for the symmetric component of OLR and the corresponding odd meridional mode-numbered equatorial
waves. Frequency spectral bandwidth is 1/48 cpd. Results obtained from NCEP/NCAR Reanalysis (a, b) and from LODCA-QTCM (c,
d).

structure, namely mostly symmetrical towards the equator

and comparable to similar estimates from the Reanalysis

data (not shown). This indicates that the model tends to

simulate convective coupled Kelvin waves having slower

phase speed (i.e. associated with smaller value of equiv-

alent depth), which could be due to an overestimation of

the coupling between atmospheric convection and oceanic

equatorial Kelvin waves in the model. The disturbances

corresponding to equatorial Rossby waves for the model

also have a spectral peak that fit the dispersion curves

associated to shallower equivalent depth than in the ob-

servations, which may reflect a systematic model bias.

Figure 2 is similar to Figure 1 but for the zonal wind at

850 hPa. For the Reanalysis, the regions of high energy

match the theoretical dispersion curves of the equatorial

Kelvin waves in a wide range of equivalent depths from 12

m up to 90 m. The MJO is also found in both symmetric

and antisymmetric components. The energetic westward

moving symmetric synoptic-scale disturbances are found

in the [3–8] days−1 frequency band, which do not corre-

spond to any equatorial waves dispersion curves. Such

waves in tropical convection have been well documented

in previous studies, e.g. [17, 73] and are generally termed

”tropical depression” (TD) disturbances occurring over a

wide range of frequency and wavenumber. Another energy

maximum is located at westward zonal wavenumber 1 that

corresponds to the westward moving long planetary zonal

wave.

The discrepancy between model and observations is com-

parable to OLR (Fig. 1), namely a weaker MJO and a too

energetic Kelvin wave in the vicinity of the zonal wave

number 6 at low frequency. The signal associated to the

MJO stands at 1.5 times (or 50 %) above the background

for the model, whereas, for the observations, it stands 4.5

times above the background in the [20-40] days−1 fre-

quency band for zonal wave number 1 to 3 (with the

background of the same order for the model and obser-

vations). The spatial patterns associated with the unreal-

istic model spectral maximum around eastward wave num-

ber 6 were analyzed using the method described above.

Their maximum amplitude in the extra-tropical regions and

their asymmetric structure suggests that the model Kelvin
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Figure 2. Same as Fig. 1 but for U850

waves have a strong association with the extratropical

waves. Noteworthy, a similar asymmetric pattern emerges

for the Reanalysis when the zonal wind is regressed onto

the filtered data averaged over (120◦E-180◦E, 0◦-5N),

with, however, a maximum amplitude closer to the equa-

tor. The main deficiency of the model is in fact related

to the simulation of the low frequency Kelvin wave. The

regression map of U850 onto the filtered (4-9 eastward

wavenumber; 2.5-40 days) data averaged over the equa-

torial western Pacific (100◦E-140◦E; 5◦S-5◦N) indicates

that the model tends to simulate disturbances too much

to the North compared to the observations (not shown).

However, the expression of these disturbances along the

equator is consistent with the Kelvin wave pattern since

the wavelength and the phase speed of these disturbances

is comparable to that of the observed Kelvin wave (cf. Fig.

7 in [26]). The high frequency Kelvin waves (period less

than 3 days) are realistically simulated by the model (not

shown), as well as the TD-type disturbances, although

their spectral peak has a slightly different space-time lo-

calization and higher energy than in the observations.

Despite these biases, the LODCA-QTCM skill in simulat-

ing the ITV characteristics is comparable to most Coupled

General Circulation Models (cf. [45] for a comparison of

the spectra with the ones of the IPCC models).

5. ENSO/ITV seasonal relationship

It has been shown recently that the relationship between

ENSO and MJO activity exhibits a strong seasonal de-

pendence [29, 52]. To analyze the ENSO/ITV interaction

in relation to the seasonal cycle, a method similar to the

one proposed by Hendon et al. [29] is applied. Whereas

Hendon et al. [29] focuses on the MJO signal, here we

extend his approach to the other component of the ITV

(see section 2).

5.1. Model-data comparison

The lag-correlation between January SST in the Nino 3.4

region and the equatorially averaged wave amplitude for

OLR (Fig. 3) and U850 (Fig. 5) is presented as a function

of longitude. The lag-correlation of the Nino 3.4 SST in-

dex (smoothed with a 3-month running mean) with respect

to the indices associated with each wave type (see Table

1) is also presented as a function of calendar month (start

month) for OLR (Fig. 4) and U850 (Fig. 6). The upper

(bottom) panel displays the results for the NCEP/NCAR

Reanalysis (LODCA-QTCM). Correlation higher than 0.34

is significant at 95% significance level assuming Gaussian
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statistics with 30 independent samples. In Figs 3-9, the

areas with correlation higher (less) than 0.30 (-0.30) are

shaded.

MJO signal

We first focus on the MJO disturbances, for which two

interesting features can be underlined:

1. At zero time lag, the dipole correlation structure

appears in the MJO-filtered OLR of the Reanalysis.

It consists of enhanced MJO convection in the cen-

tral and eastern Pacific (positive correlation) and

a reduction of MJO associated convection over the

Indian Ocean and Western Pacific (negative corre-

lation) (Fig. 3a). This is in good accordance with

the well-known intensification of convection over

the warm SST region and decrease of the deep

convection over Australia and Indonesia, leading to

the dry conditions (fires) in these regions during the

mature phase of El Niño [78]. Noteworthy, the cou-

pled model accurately simulates these relationships

with a similar longitudinal location and amplitude

of the positive and negative correlation zones to

the Reanalysis, with however slightly lower nega-

tive correlation in the model. The enhancement of

the MJO in the eastern Pacific during the mature

phase of El Niño (Jan. 0) is less pronounced for

low troposphere zonal winds than for OLR in the

Reanalysis (compare Fig. 3a with Fig. 5a). The de-

crease of MJO-associated winds over the Western

Pacific and Indian oceans, in opposition, is more

marked. The LODCA-QTCM tends to overestimate

the ENSO associated enhancement of MJO-filtered

U850 in the central Pacific but does capture the

equatorial dipole structure of correlation distribu-

tion (Fig. 5a, d).

2. The most important signal in MJO occurs 6-8

months before the maximum of SST anomalies (in

May-June, preceding El Niño). The wide area of

positive correlation could be depicted in the west-

ern Pacific (in the vicinity of 80◦-140◦E) both for

the observed MJO-filtered OLR and U850 (Figs 3a,

and 5a). Thus enhanced MJO amplitude in the

Western Pacific leads the maximum of equatorial

Pacific warming by 6 to 8 months. In the case

of low troposphere wind, this area of enhanced

MJO amplitude extends towards the eastern Pacific,

which implies the eastward propagation of MJO-

associated wind anomalies across the Pacific in the

late spring-summer, preceding El Niño (Fig. 5a).

Note that similar features were found by Hendon

et al. [29] and McPhaden et al. [52] from the same

observations with a somewhat different timing. In

particular, they found that maximum lag correlation

is observed one month earlier (April-May).

Interestingly, the coupled model is able to simulate sim-

ilar phase relationships. However the model maximum

correlation has lower amplitude, is shifted eastward for

the MJO-filtered OLR and appears later (in June-July) for

MJO-filtered U850 as compared to the Reanalysis.

We now investigate the phase relationship between the

MJO index (WPacMJOOLR ) and the Nino 3.4 SST index

from June to December, which corresponds to the period

of eastward displacement of the strong convection associ-

ated with the warm SST over the equatorial Pacific. Most

attention has to be paid to the positive lag correlation

between WPacMJOOLR and SST Nino 3.4, which corre-

sponds to MJO leading SST (Fig. 4a). Hendon et al. [29]

pointed out the strong seasonal dependence of this re-

lationship: when all months are considered together, the

maximum lagged correlation of the Nino 3.4 SST index

with respect to Western Pacific MJO is 0.4 and 0.3 for 3

and 8 months lag respectively (SST Nino 3.4 lagging) for

the observations. However, the correlation between the

MJO in the western Pacific in the spring-summer and the

Nino 3.4 SST index in the subsequent December is much

larger (peaking to 0.6). Similar strong seasonal depen-

dence between WPacMJOOLR and SST Nino 3.4 is en-

countered here. Significant positive correlation appears

at lag 11 months and persists up to the time lag of 1

month, the correlation increasing at small lags (Fig. 4a).

It implies that increase of MJO-filtered OLR amplitude in

the western Pacific in summer is highly correlated (cor-

relation higher than 0.5) with the Nino 3.4 SST index in

the following autumn-winter. For low troposphere zonal

wind, such a correlation pattern is less pronounced and

the significant correlation occurs one month earlier but the

overall behavior is similar (Fig. 6a). The intensification of

MJO-filtered U850 at the beginning of the summer corre-

lates with the Nino 3.4 SST index 1-11 months later (wind

leads). The wide interval of time-lags is not surprising as

the SST anomaly associated with El Niño is characterized

by a strong persistence from the summer to the next spring.

The high correlation for the wind is more extended to the

negative time lag reflecting the Western Pacific wind’s

dependence on the previous ocean state (Fig. 6a). Inter-

estingly, LODCA-QTCM also simulates a strong seasonal

dependence of the lag relationship between MJO ampli-

tude in the Western Pacific and the Nino 3.4 SST index

(Figs 4e and 6e). However the area of high correlation

is shifted towards the second half of the years compared

to the Reanalysis, thus MJO enhancement preceding SST

anomalies takes place with too much delay in the model.
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Figure 3. Lagged correlation of equatorially averaged OLR with SST Nino 3.4 (Jan(0)). MJO-filtered - left column, Kelvin wave-filtered - central
column, N1ER-filtered - right column. Results for NCEP/NCAR - upper panel, LODCA-QTCM - bottom panel. The period is 1977-2006
for the Reanalysis and 108-137 years for the model. Contour interval is 0.1. Correlation values higher (smaller) than 0.3 (-0.3) are
shaded.

Another unrealistic feature can be evidenced from the com-

parison of Figures 6a and 6e, namely the persistent pos-

itive correlation between the Nino 3.4 SST index and the

MJO index in May, present in the model and not in the

Reanalysis. The reasons for such discrepancies between

model and observations are unclear. It could be due to

the simplified physics of the ocean model which may not

grasp properly the evolution of the coupling between the

oceanic Kelvin wave and the atmospheric convection over

the course of ENSO [59], resulting in a different phasing

between SST and the MJO than observed at some ENSO

stages. It is beyond the scope of the present paper to

investigate such issue.

Convective equatorial Kelvin and Rossby waves

Whereas, the relationship between MJO and ENSO has

been widely considered [29, 52, 89], the role of other

equatorial convective coupled waves in the mechanism of

ENSO still remains unclear. Here, using a similar ap-

proach as for the MJO signal, we investigate the seasonal

dependence of ENSO and the variance of atmospheric

Kelvin and Rossby waves.

Figure 3 presents the correlation between recomposed

waves and Nino 3.4 SST index in January as a function of

longitude. Not surprisingly, a strong simultaneous corre-

lation between OLR equatorial Kelvin waves in the cen-

tral and eastern Pacific (in the vicinity 160◦E-80◦W) and

SST anomalies at the peak of El Niño (Fig. 3b) can be

evidenced, which is the consequence of the intensification

of deep convection in these regions associated with the

eastward displacement of warm pool waters. The maxi-

mum correlation occurs when OLR lags SST by one month,

which reflects some inertia of the atmosphere reaction to

the ocean forcing. The model behavior looks very simi-

lar (Fig. 3e). Furthermore, the lag relationship may be

depicted in the OLR field. The Kelvin wave activity in

the central Pacific from June to December before the peak

phase of El Niño is significantly related to the January

Nino 3.4 SST index (Jan 0) while the intensification of the

Kelvin wave over the Indian Ocean takes place in Decem-

ber (-1) (Fig. 3b). Both correlation patterns are captured

by the model, although the first one has lower values for

the model than for the Reanalysis and the second one has

larger values (Fig. 3e)

For the observed U850 Kelvin wave, we find that the
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Figure 4. Monthly lagged correlation of SST Niño 3.4 as a function of start month with respect to a,e) WPacMJOOLR b,f) WPacKelvinOLR c,g)
EPacKelvinOLR d,h) CPacEROLR . NCEP/NCAR Reanalysis – upper panel, LODCA-QTCM – bottom panel. Period 1977-2006 for Re-
analysis and 108-137 years of model run. Contour interval is 0.1. Correlation values higher (smaller) than 0.3 (-0.3) are shaded.

seasonal dependence consists mostly of an atmospheric

response to the ocean forcing since positive correlations

are found at year +1, i.e., SST leading the atmosphere

(Fig. 5b). This is also true for the model (Fig. 5e). At

high-frequency, the oceanic equatorial Kelvin wave in the

equatorial Pacific has a relatively short zonal scale [15]

and may dissipate rapidly at the surface through vertical

propagation, so it is not likely that coupling between con-

vective Kelvin wave and ocean Kelvin wave explains such

a correlation pattern. Rather, these convective waves are

most often triggered by interaction of extratropical waves

with the equatorial waveguide [69]. The stronger expres-

sion of these Kelvin waves over the Pacific basin during

El Niño is therefore likely associated with increased am-

plitude in convection coupled to the waves because of the

warmer SST background state.

The comparison between model and observations for

the relationship between the Kelvin wave activity index

(WPacKelvinOLR and WPacKelvinU850) and the Nino 3.4

SST index (Figs 4b, f and 6b, f) reveals that the model

tends to simulate a too strong Kelvin wave response in

the western Pacific although the timing is comparable in

both products. The fact that the model overestimates the

atmosphere response to the ocean forcing was previously

mentioned by [19]. Note however that the model overesti-

mates the Kelvin wave activity only in the Western Pacific.

In the eastern Pacific, the Kelvin wave intensification lag-

ging SST maximum, is observed in the Reanalysis both

for OLR (Fig. 4c) and U850 (Fig. 6c). This feature is sim-

ulated correctly by the coupled model for OLR (Figs 4g).

A worse agreement between the model and reanalysis for

U850 may be due to the incorrect simulation of low fre-

quency component (i.e. [5-30] days period band) of the

convective equatorial Kelvin waves in the model (Fig. 6f,

g).

The results for the equatorial Rossby wave response are

presented in the Figures 3c, f and 5c, f (correlation with

the Nino 3.4 SST index in January) and the Figures 4d, h

and 6d, h (lag relationship with the Nino 3.4 SST index

as a function of calendar month). The most outstanding

result is the strong leading relationship between equa-

torial Rossby waves and the subsequent El Niño. Our

analysis demonstrates that equatorial Rossby waves play

a crucial role in the El Niño initiation mechanism like

the MJO. The area of high correlation for the U850 ER

(Fig. 5c, cor > 0.4) appears 7 months before the El Niño
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Figure 5. Same as Fig. 3 but for U850.

peak phase in the vicinity of the dateline with the max-

imum correlation in July. In the light of these results, it

is suggested that the intensification of equatorial Rossby

waves in the central equatorial Pacific in summer is fol-

lowed by the positive SST anomalies in the eastern Pa-

cific in winter. Figure 7a presents the lag correlation be-

tween SST anomalies along the equator and the ER ac-

tivity index (CPacERU850) taken in July. It indicates that

the Rossby wave intensification in the central Pacific in

July is associated with eastward propagating SST anoma-

lies that reach the South American coast 6 months later,

namely in January. Concomitantly, the CPacERU850 index

in July is highly correlated to the low troposphere winds

along the equator and the lag correlation pattern between

both exhibits similar eastward propagating characteristics

(Fig. 7b). The westerly winds that are highly conducive to

El Niño conditions are associated not only with the MJO

enhancement but also with the intensification of Rossby

waves. Hendon et al. [29] proposed that MJO activity

in the western Pacific promotes sustained westerly sur-

face winds, which themselves promote and are promoted

by warm SST and atmospheric convection on the eastern

edge of the warm pool. They argued that this feedback is

most pronounced in spring, when convection and wester-

lies are most sensitive to SST anomalies on the edge of

the warm pool. For equatorial Rossby waves, it is shown

here that the strongest covariability takes place during

the summer season and is located in the central Pacific.

We thus hypothesize the following mechanism of interac-

tion between SST and equatorial Rossby waves: El Niño

typically begins with a rapid expansion of the warm pool

into the eastern Pacific approximately beginning in April,

which coincides with the seasonal redevelopment of the

cold tongue. This initial eastward expansion of the warm

pool is accompanied by westerly anomalies in the west-

ern Pacific that are evident as far back as the preceding

winter, e.g., [10]. Thus, the wind anomalies associated

with enhanced MJO activity would project strongly onto

these westerlies that accompany the development of El

Niño in spring. Furthermore, a positive feedback between

the MJO and El Niño development is implied in spring.

Anomalously warm SST on the eastern edge of the warm

pool in March and April, which typically precedes the de-

velopment of El Niño, promotes enhanced MJO in June,

which then promotes enhanced surface westerlies in the

western Pacific [29]. The careful inspection of Figure 7

reveals that the CPacERU850 index in July is correlated

with the equatorial SST and low troposphere winds in

the Western Pacific 2 to 4 months earlier. This indi-

cates that the intensification of Rossby wave activity in
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Figure 6. Same as Fig. 4 but for U850.

the central Pacific is related to the preceding intensifica-

tion of the MJO in the Western Pacific. We then argue

that the westerlies associated with the MJO enhance-

ment expands to the east in association with the east-

ward displacement of the eastern edge of the warm pool,

which in turn is promoted by westerly winds and eastward

advection of east-west temperature gradient. When the

area of anomalous westerlies reaches the central Pacific,

the equatorial Rossby waves contribute to the intensifi-

cation of westerlies and enhance the positive feedback.

This mechanism implies the positive feedback between

ENSO and equatorial Rossby waves. Matthews and Ki-

ladis [50] demonstrated the associations between extra-

tropical Rossby waves and equatorial Rossby waves. Ex-

tratropical Rossby waves may propagate into the tropics

when continuous regions of westerly wind extend between

the two regions. The state of ENSO and the seasonal cy-

cle might favor the locations of these regions of westerly

winds, thus these factors determine the most likely loca-

tions for equatorial Rossby wave formation. Consequently

some association between equatorial Rossby waves and

ENSO may occur even if the equatorial Rossby waves do

not influence ENSO at all (i.e., the association might not

necessarily imply causality. ENSO might simply mod-

ulate the regions in which the equatorial Rossby waves

occur). On the other hand, a closed feedback loop might

occur if ENSO modulates the equatorial Rossby waves,

which in turn might influence ENSO through their asso-

ciated stress on the ocean surface and their modulation of

atmospheric convection.

Such mechanisms will have to be tested from specific

model experiments or based on case studies. It is be-

yond the scope of the present study. At this stage, it is

interesting to note that, consistently with results by Shin-

oda et al. [66], intraseasonal variations in the east Pacific

wind anomalies influence the amplitude and propagation

speeds of Kelvin waves triggered farther west. If these

atmospheric waves can influence the Kelvin waves, then

they might influence the impact of the Kelvin waves on

SST. This is the necessary condition for the existence of

the feedback loop associated with the equatorial Rossby

wave proposed above.

It is worth pointing out the results of [93] that suggest

another mechanism of the interaction between MJO and

ENSO. In particular, they propose that the connection

between the two operates through the excitation of in-

traseasonal oceanic Kelvin waves that propagate into the

eastern Pacific where they interact with El Niño. Con-

sistent with their theory, it is suggested here that the

atmospheric equatorial Rossby waves may influence the

oceanic Kelvin wave in the central Pacific through the

generation of anomalous westerly winds. It is beyond the

scope of this study to test such mechanism of wave-wave

interaction.

LODCA-QTCM simulates similar correlation patterns as
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Figure 7. a) Lagged correlation between the equatorial SST anomalies and CPacERU850 in July (Jul 0) b) Lagged correlation between U850
anomalies along the equator and CPacERU850 in July (Jul 0).

the observations for the relationship between ER-filtered

U850 in summer and Nino 3.4 SST in January, with, how-

ever, the maximum located one month earlier - in June

(compare Figs 5c, f). The main deficiency of the model is

its inability to simulate the spreading of the positive cor-

relation in the central and eastern Pacific for positive lags

(i.e. SST leading) across the whole Pacific. Note that this

is more pronounced for U850 than for OLR (Figs 3c, f).

Analyzing the lag relationships between CPacERU850 and

the equatorial Pacific SST, we can note the strongest si-

multaneous correlation beginning in August and persisting

up to February (Fig. 6d). This can be explained in terms

of a linear response (Gill-type, [19]) of the atmosphere

to a heat source, which results in Rossby wave genera-

tion to the west of the heat anomalies located along the

equator. The role of ER waves in ENSO initiation is ev-

idenced by the high correlation observed at positive time

lags, which implies the interaction between ER in the cen-

tral Pacific and following anomalies of SST in the Nino

3.4 box (Fig. 6d). The model exhibits a similar pattern al-

though simultaneous correlation is not present (Fig. 6h).

The lag relationships between central Pacific Rossby

wave-filtered OLR and subsequent equatorial SST

anomalies are not obvious in the Reanalysis (Fig. 4d).

The model tends to overestimate this interaction (Fig. 4h).

However, the model captures the simultaneous correlation

between the OLR Rossby wave intensity in the central

Pacific and the SST anomalies at the peak of El Niño

(Fig. 3f, 4d). As the maximum SST anomalies in Jan-

uary are located in the eastern Pacific and the maximum

of correlation - near the date line, we can suppose that

this traduces the linear response of the atmosphere to the

heat source described above. The model simulates this

mechanism realistically.

5.2. Decadal modulation

It is known that the intensity of ENSO exhibits sig-

nificant decadal modulation [2, 3, 11, 75], In particular,

the 1976/77 climate shift is associated with significant

changes in ENSO statistics (frequency, amplitude, propa-

gating characteristics and asymmetry) [1, 2]. Recent stud-

ies also emphasized two type of El Niños: the canonical

El Niño as described in [25, 57] which is characterized

by SST anomalies located in the eastern Pacific and the

so-called central Pacific El Niño (also termed the date-

line El Niño, El Niño Modoki or warm pool El Niño) with

anomalous SST shifted toward the dateline and cooler

water located to the east and to the west [4, 33, 37, 38].

This latter type of El Niño differs significantly in both

the location of maximum SST anomalies and tropical to

mid-latitude teleconnections, and consequently might be

associated with a different seasonal dependence of the

ITV/ENSO relationship.
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Figure 8. Monthly lagged correlation of SST Nino 3.4 as a function of start month with respect to a,e)WPacMJOU850 b,f)WPacKelwinU850 c,g)
EPacKelwinU850 d,h) CPacNIERU850. NCEP/NCAR Reanalysis. Period of strong ENSO amplitude (1979-1998) upper panel, the period
of relatively weak ENSO amplitude (1948-1967) - bottom pannel. Contour interval is 0.1. Correlation values higher (smaller) than 0.3
(-0.3) are shaded

Since the seasonal dependence between ITV and ENSO

as evidenced in this paper is a fundamental characteris-

tic of the tropical Pacific system, one may wonder if it is

sensitive to the characteristics of ENSO itself, which in-

cludes its low frequency modulation. Comparison of two

periods identified as ”strong ENSO activity” (1979-1998)

and ”low ENSO activity” (1948-1967), corresponding to

the transition of the 1976/77 climate shift, allows testing

of the sensitivity of the ITV/ENSO relationship to changes

in mean state. Figure 8 presents the lag relationship be-

tween the Nino 3.4 SST index and the wave indices for

the two periods. It can be compared to the Figures 6a, b, c

which are for the ”full” period. Similarly, Figure 9 is sim-

ilar to Figure 5 except for the periods before and after the

1976/77 climate shifts. Interestingly, a drastic change in

the ENSO/ITV relationship is observed between the two

periods. First of all, during the period of ”strong ENSO”

activity, the MJO activity precedes the SST rise in the

eastern Pacific by 2-10 months, whereas during the pe-

riod of ”weak ENSO” activity, large MJO variance takes

place in the Western Pacific 5 months after the peak of

El Niño and the MJO does not lead El Niño. When the

MJO activity is correlated with SST Nino 3.4 in January

(Fig. 9a, d), the region of high correlation for the period of

weak ENSO is shifted to the eastern Pacific as compared

the period of strong ENSO activity and the intensification

of the MJO takes place in August instead of May.

Comparable differences can be evidenced for the convec-

tive equatorial coupled waves. In particular, the growth of

Kelvin wave intensity over the Western Pacific takes place

after the maximum positive SST anomalies over the pe-

riod of strong ENSO activity while over the period 1948-

67 (weak ENSO activity) another Kelvin wave signal ap-

pears 5-8 months before the SST maximum (Figs 8b, f).

Similar behavior is evidenced for EPacKelvinU850, with a

clear response to SST anomalies over the period of strong

ENSO whereas during the period of weak ENSO activ-

ity (Fig. 8c, g), the Kelvin wave variability is ahead of

the El Niño peak. Over 1979-98, the Kelvin waves ap-

pear over the equatorial Pacific simultaneously with the

ENSO peak and spread to the east during the following

spring-early summer (Fig. 9b). Over 1948-67, two areas

of high correlation are observed: one is located in the

spring following the El Niño peak and the next, during

the preceding summer (Fig. 9e).

Over the period 1979-98, CPacERU850 exhibits persistent

correlation with Nino 3.4 SST during 12 months prior to

El Niño. The period of weak ENSO activity is character-

ized by two weak signals in equatorial Rossby waves in

the central Pacific preceding and following SST extremes

(Figs 8d, h). When the correlation between equatorially
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Figure 9. Same as Figure 5 for the period of strong ENSO amplitude (1979-1998) and the period of relatively weak ENSO amplitude (1948-1967).

averaged Rossby wave and Nino 3.4 SST in January is

considered, the intensification of Rossby waves emerge,

which starts in March of Year -1 and lasts until the peak

of ENSO in January during the period of strong ENSO

activity. During the weak ENSO period this signal is less

pronounced (Fig. 9f).

In the light of this analysis, we can conclude that the

causative relation between ENSO and ITV patterns are

strongly dependent on the period under investigation.

Namely the intensification of MJO and equatorial Rossby

waves in the western-central Pacific preceding El Niño

are typical of the period of strong El Niño amplitude. The

period of weak ENSO activity is characterized by a com-

pletely different ITV/ENSO relationship in the tropical

troposphere.

In order to investigate further the low frequency modula-

tion of the ITV/ENSO relationship, the long-term LODCA-

QTCM simulation is used (experiment Newevap, see sec-

tion 3). Note that the analysis of the model outputs may

also test the null hypothesis that would consider that the

change in the ITW/ENSO relationship evidenced in the

observations result from the increases in observational

samplings due to satellite-derived winds assimilated in

the NCEP- NCAR reanalysis.

LODCA-QTCM exhibits a realistic ENSO amplitude mod-

ulation [14], which allows selecting periods of strong and

weak ENSO activity. The so-called N3VAR index (cf [9])

is used to quantify the ENSO modulation. It is calculated

from the integral between 2 and 7 years of the wavelet

power coefficient of the Nino 3 SST anomalies [74]. To

compare with the observations, chunks of 20 years were

used (143-162 model years for ”weak ENSO” and 79-

98 model years for ”strong ENSO”). 20-year periods (to

be consistent with observation) when the N3VAR index is

predominantly lower (larger) than its standard deviation

over the 250 years are periods of ”weak ENSO” (”strong

ENSO”).

Figure 10 is similar to Figure 9 except for the model

and just for MJO and Rossby waves. These two types

of ITV disturbances were chosen as they demonstrate the

strongest leading relationships with the subsequent El

Niño. It is evidenced that the model also exhibits the

marked decadal modulation of ENSO/ITV relationships.

The teleconnection patterns for the wave’s intensity pre-

ceding and following the peak of El Niño differ both in

space and time during the period of strong and poor

ENSO activity. Thus we may suppose that causative rela-

tion between MJO and equatorial Rossby waves and SST

in the model depends on the mean state of the system.
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Figure 10. Same as Figure 8 for LODCA-QTCM. The period of strong ENSO amplitude (78-97 model years) - upper panel, period of relatively
weak ENSO amplitude (143-162 model years) -bottom panel. MJO filtered data (a, c), ER-filtered data (b, d).

6. Conclusion

Double space-time Fourier analysis was applied in or-

der to identify and document intraseasonal tropical vari-

ability patterns in the tropical troposphere following the

method of WK99. Madden-Julian oscillations as well as

convectively coupled equatorial Kelvin and Rossby waves

were investigated based on the NCEP/NCAR Reanaly-

sis data for the 1977-2006 period and the outputs of a

hybrid ocean-atmosphere model that consists of a simple

linear ocean model of the tropical Pacific coupled with an

intermediate complexity atmospheric model.

The experiment Newevap (with increased wind-

evaporation feedback) was chosen as it is the one

that exhibits the strongest MJO/ENSO relationships

comparable to observations and as compared with forced

QTCM model and experiments Newflux of the coupled

LODCA-QTCM model (Fig. 11).

It was shown that LODCA-QTCM is capable of simu-

lating the convectively coupled equatorial waves in OLR

and U850 fields with skills comparable to other CGCMs

(see [45]). Note that the earlier versions of many GCM

models almost did not have the signal corresponding to

these waves [83]. Since it is thought that the interplay

between convectively coupled waves is important to the

low frequency variability of the tropical atmosphere, e.g.

[37, 47, 48], the existence of a wide variety of observed

equatorial waves in LODCA-QTCM opens the possibil-

ity to use such intermediate complexity models to study

the mechanisms of the coupling between the intraseasonal

oceanic Kelvin waves and atmospheric convection (e.g.,

[58]). In particular, Roundy and Kravitz [59] show that

these convective waves evolve differently with their asso-

ciated weather patterns during different phases of ENSO

whether they are timed with the intraseasonal oceanic

equatorial Kelvin wave or not (see also [66]).

Further the seasonal relationship between ITV and ENSO

relationships is estimated in both products. A strong sea-

sonal dependence is found for all three types of ITV dis-

turbances. The fact that MJO activity in spring-summer

is associated with the strength of a subsequent El Niño

is confirmed in agreement with recent other investigations

[29, 51]. A new finding is the similar behavior of the equa-

torial Rossby waves with respect to ENSO. In particular,

the lagged correlation between ER waves and the Nino

3.4 SST index is of the same order as for the MJO. On the

other hand, the convectively coupled Kelvin waves lag the
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Figure 11. Monthly lagged correlation of SST Nino 3.4 as a function of start month with respect to WPacMJOOLR a) NCEP/NCAR Reanaly-
sis b) LODCA-QTCM experiment Newevap c) LODCA-QTCM -experiment NewFlux d) QTCM (forced mode). Period 1977-2006 for
Reanalysis and 108-137 years of model run. Contour interval is 0.1. Correlation higher (smaller) than 0.3 (-0.3) are colored.

ocean warming, which is due to the fact that convection

associated with these waves increases as they propagate

across the warm ocean.

The coupled model captures the main characteristics of

the observed ITV/ENSO relationship, which is promising

for further ENSO studies using this model.

It is also demonstrated that the causative relation be-

tween ENSO and ITV patterns are strongly dependent on

the period under investigation. It is shown that periods of

strong ENSO amplitude are characterized by increased

activity in both the MJO and the equatorial Rossby waves

in the western-central Pacific in spring-summer preced-

ing El Niño. On the other hand, the seasonal relationship

between ENSO and ITV exhibits a significantly different

characteristic during periods of low ENSO amplitude. In

particular, prior to ENSO peak, the MJO and Rossby wave

signal is weaker and shifted to the eastern Pacific while

during the subsequent year the MJO activity is maintained

during the whole year. Interestingly the response in the

atmosphere Kelvin waves is restricted to the season (bo-

real spring) following the mature ENSO phase, traducing

the persistence of warm mean conditions.

Overall our study provides material for the interpretation

of the observed change in ENSO characteristics in recent

years. In particular, it has been noticed that the occur-

rence of the non-conventional El Niño (i.e. Central Pacific

El Niño) has been increasing since 1990 [4, 41, 87], which

has been argued to be related to the mean state changes

in the tropical Pacific and ENSO feedback processes [87].

Our results indicate that such trends could also be re-

lated to changes in the ITV/ENSO relationship. This is

the topic of current research.
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