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ABSTRACT

The authors use linear analysis for a simple model to study the evolution of convectively coupled waves

(CCWs) in a background shear and background moisture mimicking the observed structure of the Madden–

Julian oscillation (MJO). This is motivated by the observation, in an idealized setting, of intraseasonal two-

way interactions between CCWs and a background wind. It is found here that profiles with a bottom-heavy

moisture content are more favorable to the development of mesoscale/squall line–like waves whereas syn-

optic-scale CCWs are typically more sensitive to the shear strength. The MJO envelope is thus divided into

three regions, in terms of the types of CCWs that are favored: an onset region in front that is favorable to

Kelvin waves, a mature or active region in the middle in which squall lines are prominent, and the stratiform

and decay phase region in the back that is favorable to westward inertia–gravity (WIG) waves. A plausible

convective momentum transport (CMT) feedback is then provided according to the results of the idealized

two-way interaction model. The active region, in particular, coincides with the westerly wind burst where both

Kelvin waves and squall lines are believed to play a significant role in both the deceleration of low-/high-level

easterly/westerly winds and the acceleration of low-/high-level westerly/easterly winds. The WIG waves in the

wake could be a precursor for a subsequent MJO event through the acceleration of low-/high-level easterly/

westerly winds, which in turn favor Kelvin waves, and the cycle repeats. These results open interesting di-

rections for future studies using observations and/or detailed numerical simulations using the full primitive

equation.

1. Introduction

The Madden–Julian oscillation (MJO; Madden and

Julian 1971, 1972) is a planetary-scale disturbance of

winds and enhanced convection that travels eastward at

about 5 m s21 in the tropical troposphere, over the In-

dian and the western Pacific oceans. Various studies

have confirmed the multiscale organization of tropical

convection into a hierarchy of temporal and spatial

scales ranging from propagating mesoscale cloud clus-

ters to synoptic- and planetary-scale (the MJO) wave

disturbances that share a self-similar structure and are

embedded in each other like Russian dolls (Nakazawa

1988; Mapes et al. 2006). The zonal wind and tempera-

ture anomalies are characterized by a front-to-rear

vertical tilt (Kiladis et al. 2009) with easterlies below

westerlies in front and westerlies below easterlies in the

rear of the convection center and with warm tempera-

tures preceding cold temperatures at low levels while

warm temperatures prevail in the upper troposphere

in the center and somewhat to the rear of the deep

convection center. This vertical structure is believed to

be supported by the succession of three cloud types.
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Cumulus congestus clouds in front heat the lower tropo-

sphere and cool the upper troposphere, deep convec-

tion in the center serves to heat the entire troposphere,

and a wake of stratiform anvils warms the upper rear

of the wave and cools it below (Johnson et al. 1999;

Kiladis et al. 2005; Mapes et al. 2006; Kiladis et al.

2009).

It is now widely recognized that the synoptic-scale

disturbances are the moist equivalent of the equatorially

trapped waves of Matsuno (1966) with a very complex

coupling between various vertical baroclinic modes

through convection and moisture, resulting in the ver-

tical tilt mentioned above and a significantly reduced

phase speed (Kiladis et al. 2009). While Nakazawa

(1988) is perhaps the first to reveal the existence of

a hierarchy of clusters and superclusters embedded

within the MJO, using satellite data, recent detailed

studies of two individual MJO events during the

Tropical Ocean Global Atmosphere Coupled Ocean–

Atmosphere Response Experiment (TOGA COARE)

(Lin and Johnson 1996; Chen et al. 1996; Moncrieff

and Klinker 1997; Yanai et al. 2000; Houze et al. 2000)

have shed light onto the dominant effect of squall

line–like convective bands that move in the direction

of the low-level wind from both ends of the MJO

convection center. These lines of convection have the

capability of converting convectively available energy

at the convective scale to kinetic energy, resulting in

either damping or acceleration of the ambient vertical

shear (LeMone 1983; LeMone et al. 1998; Tung and

Yanai 2002a,b).

The transfer of momentum from the convective to

synoptic and planetary scales is known in the literature

as convective momentum transport (CMT). Here we abu-

sively call CMT the transport of momentum from a cir-

culation feature that is associated with convective

organization on of a certain scale to a larger scale,

including the transfer of momentum from mesoscale

systems to synoptic and to planetary scales and from

synoptic-scale superclusters to planetary scales.

In addition to the observational evidence for the sig-

nificance of CMT from mesoscale convective systems,

there are also a few theoretical and numerical studies

that addressed this issue (Moncrieff 1981; Dudhia et al.

1987; Moncrieff 1992; LeMone and Moncrieff 1994; Wu

and Yanai 1994; Liu and Moncrieff 1996; Wu and

Moncrieff 1996; Majda and Stechmann 2008, 2009a,

hereafter MS09; Lane and Moncrieff 2010; Khouider

et al. 2012). An interesting overview perspective can be

found in the introduction section of MS09.

The other important form of CMT consists in trans-

ferring momentum from synoptic-scale convectively

coupled waves (CCWs) to planetary scales. Synoptic- to

planetary-scale CMT is the main energy source in the

multiscale (kinematic) MJO model of Majda and Biello

(2004) whereas in Biello and Majda (2005) it competes

with planetary-scale heating; it is believed to consti-

tute the ‘‘muscle’’ of the MJO while the planetary-

scale heating is part of its ‘‘skeleton,’’ to paraphrase

Majda and Stechmann (2009b), who proposed the first

idealized model for the MJO that reproduces most of its

dominant features. However, while the role of the

background shear and background thermodynamics in

controlling the dynamics of mesoscale squall lines is well

established, the evolution of synoptic-scale waves in the

MJO, for instance, is poorly understood. Except for the

case of dry waves evolving in a prescribed background

shear, very few observational and/or theoretical studies

have addressed this issue (Haertel and Johnson 1998;

Roundy 2008; Han and Khouider 2010, hereafter HK10;

MS09).

Based on the multicloud model of Khouider and

Majda (2006, 2008a,b), MS09 proposed and analyzed

a multiscale asymptotic model for the dynamical in-

teractions between a background vertical shear and

synoptic-scale CCWs. In these studies, the multicloud

model carries two vertical modes of vertical structure,

forced by convective heating from the three cloud types

(congestus, deep, and stratiform) that characterize the

heating field of tropical convective systems (Johnson

et al. 1999). It assumes a uniform radiative cooling and is

coupled to vertically averaged tropospheric moisture

and to the boundary layer equivalent potential tem-

perature but the nonlinear advection terms are ignored.

In the MS09 framework, the background vertical shear

forces packets of CCWs through advection and the

CCWs provide in return a CMT feedback that changes

the strength and direction of the background shear on an

intraseasonal time scale mimicking the acceleration and

deceleration phases of the MJO westerly wind burst

(WWB). As a result the CCWs undergo drastic changes

in strength and direction of propagation due to the de-

pendence of their growth rates and phase speeds on the

background vertical shear, according to linear analysis

(MS09). Although the Coriolis force is ignored, the

MS09 model provides an interesting paradigm for the

two-way interactions between the MJO WWB and

the embedded CCWs. Moreover, the linear analysis of

MS09 in particular showed that while sometimes the

most unstable synoptic-scale CCWs move in the di-

rection opposite to the low-level background wind, the

model also exhibits mesoscale squall line–like moist

gravity waves that propagate with the low-level back-

ground wind. This is consistent with the evolution of

squall lines in the TOGA COARE MJO background

(LeMone et al. 1998). In the remainder of the paper, we
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will abusively call ‘‘squall line’’ any type of mesoscale

CCWs that has a phase speed roughly equal to the max-

imum of the low-level background wind, known as the

steering-level wind (Moncrieff 1992).

The evolution of CCWs in a prescribed vertical and

meridional background shear, using the multicloud

model on a beta plane (Khouider and Majda 2008a)

without CMT feedback, is studied in HK10. The same

kind of dependence of the wave growth rates and phase

speeds on the shear strength and wind direction is re-

ported but the picture is much more complex as it in-

volves the whole menagerie of equatorially trapped

waves: Kelvin, westward and eastward inertia–gravity

(WIG and EIG), mixed Rossby–gravity (MRG), and

Rossby waves. The results of HK10 showed the same

sensitivity of the stability characteristics of CCWs in the

multicloud model to the background vertical shear. It is

shown in HK10 that both low-level (WWB-like) and

high-level westerlies destabilize convectively coupled

Kelvin waves, consistent with the observational analysis

of Roundy (2008), who showed that Kelvin waves persist

in both the active (WWB) and inactive (low-level east-

erly) phase of the MJO. However, WIG and EIG waves

in the multicloud model follow mainly high-level east-

erlies and high-level westerlies, respectively. This led

the authors to conjecture that Kelvin waves are more

likely to persist in both the active and inactive phases of

the MJO while WIG waves are more likely to occur

within the active (WWB) phase of the MJO. Besides

these interesting discoveries, the work of HK10 did not

reveal instabilities of squall line–like waves as in MS09,

unlike the TOGA COARE data that showed an abun-

dance of such mesoscale features on both sides of the

MJO envelopes that propagate in the direction of the

midlevel shear.

While vertical wind shears mimicking the evolution of

both the low-level easterlies and low-level westerlies in

the front and in the rear of the MJO envelope, re-

spectively, were considered in HK10, they carry only the

first and second baroclinic components. This is moti-

vated by the fact that these are the only vertical structure

modes that are directly excited by the three cloud types

of tropical convection (Khouider and Majda 2006).

However, the background wind in MS09 comprises the

three first baroclinic modes, with the third mode being

directly forced by CMT fluxes. We can thus conjecture

that the lack of squall line–like mesoscale waves in the

work of HK10 is due to the lack of a third baroclinic

zonal wind component in the prescribed background

vertical shear. One physical explanation for this could be

attributed to the fact that the third mode affects directly

the strength of the low-level shear, which is known to

induce squall lines (see, e.g., Moncrieff 1992; MS09). In

this paper, we extend the linear theory analysis of HK10

to the case of a more realistic MJO background zonal

wind that involves all the three first baroclinic compo-

nents. We consider both the CCWs CMT-forced WWB-

like mean vertical shear obtained in the multiscale

simulation of MS09 at various times spanning its life

cycle and a sequence of zonal shears sampled through-

out the life cycle of an MJO event from reanalysis data

(Tromeur and Rossow 2010). As expected, in both cases

we obtain squall line–like instabilities in addition to the

menagerie of equatorial CCWs.

The rest of the article is organized as follows. In sec-

tion 2, we introduce the multicloud model governing

equations linearized around a zonal wind background,

with a vertical shear, that includes the three first baro-

clinic components; discuss the multiscale model of MS09;

and proceed with the linear wave analysis for the mul-

ticloud model, on a beta plane, using the MS09 zonal

wind background shear. While the zonal wind vertical

shear is perhaps the most apparent variable within the

MJO envelope, CCWs are sensitive to the thermody-

namic backgrounds. A more realistic MJO background

mimicking reanalysis data in both zonal wind and

moisture profiles is considered in section 3. Section 4

presents an MJO scenario where changes in zonal wind

vertical shear are combined with moisture profile var-

iations throughout the MJO life cycle. The types of

multiscale CCWs that are unstable in various regions

of the MJO envelope are obtained together with some

speculations for a plausible CMT feedback on the

MJO. The paper concludes with a short summary in

section 5.

2. The multicloud model in a background shear and
the two-way interaction model of MS09

In this work, we consider the multicloud model on an

equatorial beta plane, linearized about a zonal wind

background vertical shear with three baroclinic com-

ponents (MS09; HK10), at radiative–convective equi-

librium (RCE):

V(z, t) 5 �
3

j51
[Uj(t), 0] cos( jz), (1)

where 0 # z # p is the height coordinate normalized so

that z 5 0 is at the surface and z 5 p is at the top of the

troposphere and t is a slow time (see below). For the

purpose of the linear analysis in sections 3 and 4, it can

be thought of the MJO lag time.
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Here uj, yj, and uj, where j 5 1, 2, are the components of

the first and second baroclinic modes of vertical struc-

tures of the zonal velocity, the meridional velocity, and

the potential temperature, respectively. Also, q is the

vertically averaged specific humidity and ueb is the

boundary layer equivalent potential temperature; Hd,

Hs, and Hc are the heating and cooling rates due re-

spectively to deep convection, stratiform anvils, and

congestus clouds, while Q0
R,1 and Q0

R,2 are the radiative

cooling rates associated with the first and second baro-

clinic modes, respectively. Finally, D is the downdraft

mass flux that includes the cooling effect from stratiform

rain that falls into a dry lower troposphere and evapo-

rates, and ueb
* is the saturation ueb while te is the evapo-

ration time scale from the sea surface. The rest of

parameters and closure assumptions of the multicloud

model are listed in Table 1 for convenience. More de-

tails can be found in Khouider and Majda (2006) and

subsequent papers on the multicloud model.

The advective terms in the u1 and u2 equations that

involve the Coriolis gradient by (b 5 1 here) are due to

the meridional advection of the background potential

temperature Q by the synoptic-scale meridional veloci-

ties where the geostrophic balance/thermal wind equa-

tions ›yQj 5 yUj, with j 5 1, 2, 3 were used. We note,

however, that these terms induce only small quantitative

changes to the results and therefore can be neglected.

For a similar reason the vertical advection of the back-

ground temperature is actually neglected in those equa-

tions because it is even smaller, on the order of (y)2.

Unless otherwise stated, all equations and variables

are given in nondimensional units where the length scale

is roughly 1500 km (the equatorial Rossby radius of

deformation), the velocity scale is 50 m s21 (the phase

speed of the first baroclinic Kelvin wave), the time scale

is 8.33 h, and the temperature scale is 15 K. These units

are chosen so that the Coriolis beta parameter and the

temperature stratification gradient are set to one (Majda
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2003). Moisture is converted to temperature units based

on the latent heat of vaporization and heat capacity of

dry air, under normal atmospheric conditions (Khouider

and Majda 2006).

a. The multiscale model of MS09

To allow two-way interactions between the synoptic-

scale convectively coupled waves and a slowly varying

background flow, the MS09 model assumes that the flow

field decomposes into two components that vary on two

different time scales. In terms of the baroclinic modes of

vertical structure for the zonal velocity, this amounts to

setting

utot
j (x, y, t, t) 5 U(t) 1 �uj(x, y, t), j 5 1, 2, 3, . . .

Here t 5 �2t is a slow time scale with �5 0.1 so that when

t varies on the synoptic scale (8.33 h), t adopts the in-

traseasonal time scale of roughly 34 days. For con-

vectively coupled waves in the multicloud model, where

only the first and second baroclinic modes are present,

the slowly varying background zonal velocity carries

three baroclinic modes, U1, U2, and U3, that are directly

forced by CMT while the associated background po-

tential temperature carries four baroclinic modes Qj, j 5

1, 2, 3, 4 (MS09). The governing equations for U1, U2,

and U3 are given by (MS09)

dU1

dt
5 2

1ffiffiffi
2
p u2

›u1

›x
2

1

2
u1

›u2

›x

� �
,

dU2

dt
5 0,

dU3

dt
5

3ffiffiffi
2
p u2

›u1

›x
1

1

2
u1

›u2

›x

� �
, (3)

when the Coriolis force and the meridional dependence

are neglected (which is assumed in this section only).

The angle brackets in (3) are the time averages with

respect to the synoptic time scale t and the overbars

denote the running zonal average. It is interesting to

note here that the second baroclinic components of the

background wind are not forced directly by CMT while,

as observed in MS09 (but not explicitly stated), U1 and

TABLE 1. Closures and parameters of the multicloud model.

Variable/parameter Closure/value Description

Hd (1 2 L) Qc 1
1

t
conv

[a1ueb 1 a2q 2 a0(u1 1 g2u2)]

	 

1

Deep convective heating

QR,1 1 K day21 First baroclinic radiative cooling rate

QR,2 Determined at RCE Second baroclinic cooling rate

tR 50 days Newtonian cooling time scale

tD 75 days Rayleigh friction time scale

Qc Determined at RCE Background convective heating at RCE

D D 5 11 m
H

s
2 H

c

Q0
R,1

 !
1

(u
eb

2 u
em

) Downdrafts

u
eb
* Undetermined Saturation equivalent potential temperature

uem uem 1 q 1
ffiffiffi
2
p

p(u1 1 a2u2) Middle tropospheric equivalent potential temperature

ueb
* 2 ueb 10 K Discrepancy between ueb

* and ueb value at RCE

u
eb

2 u
em

11 K Discrepancy between boundary layer and middle

tropospheric ue

L 1 if ueb 2 uem . 20 K Moisture switch function

0 if ueb 2 uem , 10 K

Linear continuous otherwise

a1 0.25 Deep convection parameter

a2 0.75 Deep convection parameter

a0 3 Deep convection parameter

g2 0.1 Deep convection parameter

a2 0.1 Relative contribution of u2 in the uem

m 0.25 Downdraft parameter
~Q 0.9 (changes) First baroclinic moisture convergence background
~l 0.8 (changes) Second baroclinic moisture convergence background

ts 3 h Stratiform adjustment time

tc 1 h Congestus adjustment time

tconv 2 h Convective time scale

as 0.16 Stratiform adjustment fraction

ac 0.1 Congestus adjustment fraction
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U3 satisfy dU1/dt 5 2dU3/dt. This can be easily estab-

lished by noting that u
2
(›u

1
/›x) 2 1/2[u

1
(›u

2
/›x)] 5 3/2

[u2(›u1/›x)] 2 1/2[›(u1u2)/›x] and 3fu2(›u1/›x) 1 1/2[u1

(›u2/›x)]g5 3/2fu2(›u1/›x) 1 3/2[›(u1u2)/›x]g and that

›(u
1
u

2
)/›x 5 0.

In MS09, the equations in (3) are coupled to the mul-

ticloud equations in (2) in the simple case without rota-

tion (where the meridional velocity and y dependence are

ignored) and solved numerically on a periodic domain of

6000 km using a discretization procedure adapted to the

multiple time scales. In the case when the background

mean flow is such that jU1j � jU3j and U2 5 0 (initially),

the coupled system exhibits irregular intraseasonal os-

cillations with an average period of roughly 80 days. In

Fig. 1, we show (a) the time history plots of the back-

ground flow components U1 and U3 that display irreg-

ular intraseasonal oscillations during which the westerly

wind accelerates and decelerates, (b) the space–time

(Hovmöller) contour plot of the synoptic-scale zonal

velocity during the deceleration period that occurs

roughly between 1000 and 1040 days, and (c) a sequence

of the reconstructed vertical profiles of the background

mean wind U(z) 5 U1

ffiffiffi
2
p

cos(z) 1 U2

ffiffiffi
2
p

cos(2z) 1 U3ffiffiffi
2
p

cos(3z) at various times during the deceleration

phase together with the corresponding shear profile

Uz(z) 52U1

ffiffiffi
2
p

sin(z) 2 2U2

ffiffiffi
2
p

sin(z) 2 3U3

ffiffiffi
2
p

sin(3z).

Note that U1, U2, and U3 are functions of the slow time

only (i.e., independent of x) that are treated as constant

parameters in the linear analysis in sections 2b, 3, and 4,

which permits us to study the effects of the ‘‘evolving’’

background flow on the synoptic and mesoscale waves

but it does not allow CMT feedback from these waves on

the background flow.

As we can see from Fig. 1 (see also MS09), the major

effect of the background wind variability is to change

the direction of propagation of the convectively cou-

pled gravity waves while the westward- and eastward-

propagating waves provide, respectively, deceleration

and acceleration fluxes for the low (high)-level westerly

(easterly) shear through CMT. As the shear weakens the

FIG. 1. Two-way interactions between a background westerly wind and convectively coupled gravity waves in the

multicloud model in the 2D domain over the equator. (a) Time history of background zonal wind components. (b)

Hovmöller diagram of deep convection Hd for the synoptic-scale waves. (c) Vertical profile of the total background

wind at various times during a deceleration phase together with the corresponding shear profile (see text for details).

Adopted from MS09.
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synoptic-scale waves change their direction of propa-

gation from west to east. The transition periods between

eastward and westward wave propagation are dominated

by short-lived squall line–like mesoscale waves that move

in the direction of the low-level wind (i.e., eastward).

While the direction of propagation of the mesoscale

waves is consistent with the general theory and observa-

tions of squall lines (Moncrieff 1981; Dudhia et al. 1987;

Moncrieff 1992), the synoptic CCWs seem to trigger their

own demise by disfavoring their favorable background;

while the strong shear is favorable for westward waves

and the weak shear favors eastward waves, westward-

moving waves seem to decelerate the westerly shear

while eastward waves seem to accelerate it. Nonethe-

less, these results were corroborated by linear analysis.

It is shown in MS09 that in the weak WWB background,

corresponding roughly to the profile at day 1030 in

Fig. 1, the multicloud model has instabilities of both

eastward- and westward-moving synoptic-scale waves

but the eastward waves have stronger growths whereas

in the ‘‘fully developed’’ strong WWB shear, which also

exhibits strong high-level easterlies, westward-moving

waves are more unstable. This is consistent with the

results of HK10, who showed that, in the case with rota-

tion, WIG waves are favored by high-level easterlies and

Kelvin waves are destabilized by both high-level and

low-level westerlies. In the case without rotation, con-

sidered in MS09, there is a perfect symmetry between

eastward and westward propagation of gravity waves.

One can thus conjecture that in the case of easterlies

over westerlies, weak westerly shear backgrounds would

favor the propagation of eastward (Kelvin-like) waves

while strong westerly shear backgrounds would favor

westward (WIG-like) waves. This is indeed confirmed in

the case with rotation in section 2b below but in the case

of westerlies over easterlies (mimicking the MJO onset

region) the picture is different: both the weak and strong

shears are more favorable for eastward-moving waves

(i.e., Kelvin and EIG waves). This is in fact consistent

with the results of HK10 mentioned above. Moreover,

the linear results of MS09 showed that eastward-moving

mesoscale waves are unstable in both the strong and weak

WWB backgrounds, which explains the persistence of

squall line–like waves during the transition periods be-

tween eastward- and westward-moving waves in Fig. 1.

b. Linear theory on a beta plane with the MS09
shear background

In this section we test the mean shear background of

the previous section on a beta plane. Namely, we perform

linear stability analysis for the multicloud equations in

(2) when the background wind U(z) 5 U1

ffiffiffi
2
p

cos(z) 1

U2

ffiffiffi
2
p

cos(2z) 1 U3

ffiffiffi
2
p

cos(3z) is given by the sequence

of decelerating westerly wind bursts from the simulation

of MS09 shown on the bottom-left panel of Fig. 1. Here

we investigate the effect of these background wind

profiles on convectively coupled waves when the rotation

effects are included without taking into account the CMT

feedback effect from such waves on the background wind.

The background wind itself is kept independent of y and

thus meridional variations in that direction that may result

from CMT feedback or any other effects are ignored here.

The solution methodology is the same as in HK10

except for the fact that here the background wind in-

cludes a third baroclinic component; solutions on the

form of linear waves

u(x, y, t) 5 �
N

j50
ûjfj(y)ei(kx2vt),

with N 5 15, are sought. Here fj(y), j 5 1, . . . , N are the

parabolic cylinder functions, k is the zonal wavenumber,

and v is the generalized (complex) frequency whose real

part R(v) is the phase and imaginary part J(v) is the

growth rate of the wave.

1) WESTERLIES BELOW EASTERLIES

In Fig. 2, we plot the symmetric dispersion relations—

that is, the phase versus the zonal wavenumber—for the

decelerating sequence wind profiles on the bottom-left

panel of Fig. 1. For each (fixed) wavenumber the system

has a certain number of wave-mode frequencies corre-

sponding to the number of prognostic variables in the

Galerkin expanded system, which is separated into

symmetric and antisymmetric parts. Among the fre-

quency curves, in the various panels in Fig. 2, there are

analogs of the equatorially trapped modes, such as the

Kelvin, Rossby, and inertia–gravity waves of lower

meridional indices (limited by the level of the Galerkin

truncation), and many other modes that are induced by

the boundary layer, moisture, and congestus and strati-

form heating equations [see Khouider and Majda

(2008a) and HK10 for details]. While only results from

the symmetric part of the truncated system are presented

and analyzed here, the antisymmetric part exhibits a fairly

similar behavior although the overall growth rates are

slightly smaller; the Kelvin wave is replaced by the east-

ward MRG (Yanai) wave and the antisymmetric gravity

waves by their symmetric counterparts. Thus, the anti-

symmetric part of the wave spectrum is omitted through-

out the paper for the sake of streamlining.

In Fig. 2, the wavenumber bands of instability are

highlighted on the corresponding branches by the small

filled circles of various sizes that are proportional to

the growth rate (HK10). In addition, some of the in-

stability and wave features are summarized in Table 2
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(columns marked ‘‘WW’’). Figure 2 and Table 2 show that

as the westerly wind decelerates, it progressively tran-

sits from a state (at time 1000 days) that is favorable to

synoptic-scale WIG waves, with a growth maximum around

k 5 23, to a state (at time 1030 days) that is more favorable

to Kelvin waves peaking around k 5 13. We note that

whereas during the WIG wave-favorable phase Kelvin

waves have a growth rate that is small but comparable

(roughly 2 times smaller) to that of the WIG waves, in the

Kelvin wave regime the growth peak of the WIG waves is

5 times smaller than that of the Kelvin waves.

These results are roughly consistent with those in

HK10 according to which strong high-level easterlies

destabilize WIG waves while Kelvin waves are unstable

in the presence of both high- and low-level westerlies.

But there are many important new features. In addition,

we see in Fig. 2 mesoscale instabilities of eastward- and

westward-moving waves, peaking roughly around k 5

200, with phase speeds of 8 and 25 m s21, which corre-

spond, respectively, to roughly the maximum speeds of

the low-level wind, consistent with the propagation of

squall lines in the TOGA COARE MJO (LeMone 1983;

Moncrieff 1981; Tung and Yanai 2002a,b, etc.) and the

phase speed of the dry second baroclinic gravity waves

(at large wavenumber). Moreover, the physical and

dynamical structure (not shown here) of the 25 m s21

waves project heavily on the second baroclinic modes

and resemble those of dry gravity waves in terms of

FIG. 2. Dispersion relations for the multicloud model with a sequence of vertical WWB-like background shears

from the MS09 model results in Fig. 1 at (a) 1000, (b) 1010, (c) 1020, and (d) 1030 days, representing a deceleration

phase of the low-level westerly wind. We note that the reversed sequence amounts to the acceleration phase. The

strength of the baroclinic components of the background wind is indicated on top of each panel. The bands of

instability are highlighted with small circles. The size of each small circle is proportional to the corresponding relative

growth rate in each panel where the maximum growth rate is indicated as a reference. The unstable branches are

marked: K (Kelvin), WIG/EIG (westward/eastward inertia–gravity), 2nd (dry second baroclinic wave), and SQL

(squall line–like mode).
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wind and temperature anomalies in addition to the

fact that their heating and moisture anomalies are

relatively weaker. Sensitivity tests, not included here,

showed that these mesoscale instabilities are due to

the presence of the third baroclinic background wind

component.

In the MS09 simulation, the deceleration of the back-

ground westerly shear is caused by the westward-moving

waves that are tilted backward with respect to the surface

wind direction. However, the squall lines and the EIG

(and especially the Kelvin) waves move in the same di-

rection as the surface wind and therefore they are tilted in

such a way as to accelerate the WWB. Thus, such back

and forth transitions may contribute to the MJO in-

itiation, maintenance, and propagation. However, while

MS09 considered the background westerly shear in Fig. 1

to mimic the westerly wind burst in the active phase of

the MJO, the MJO wave itself comprises both easterly

(easterly winds below westerly winds) and westerly (west-

erlies below easterlies) shears, in its front (inactive phase)

and rear, respectively. If one assumes some kind of sym-

metry within the MJO wave, then a close representation of

the wind shear in front of the MJO convection can be ob-

tained by simply considering the negative of the back-

ground shear presented in Fig. 1 and used in Fig. 2. This is

totally legitimate in the MS09 model. Since the effects of

rotation were ignored, there is a perfect symmetry between

eastward and westward gravity wave propagation.

2) WESTERLIES OVER EASTERLIES

In Fig. 3, we repeat the results of Fig. 2 but for a se-

quence of low-level (high-level) easterly (westerly) shears

obtained by taking the negative of the WWB sequence in

Fig. 1. See also Table 2 (columns marked ‘‘EW’’). From

Fig. 3 and Table 2, we see that unlike in the WW case,

here no dramatic change in stability behavior is notice-

able; the EW remains favorable for Kelvin and EIG

waves throughout the deceleration phase. However, as

expected the corresponding instability is stronger (in

terms of both growth rates and band of instability) for the

strongest shear. Moreover, we have mesoscale westward-

moving squall line–like (moving at 8 m s21) and eastward-

moving second baroclinic gravity wave instabilities when

the low-level shear is at its maximum (Fig. 3a) and west-

ward second baroclinic gravity waves when the shear is

the weakest (Fig. 3d): a mirror image of the WW case.

3) WAVE STRUCTURE

The structures of the convectively coupled synoptic-

scale waves of Figs. 2 and 3 and Table 2 are identical to

those shown in HK10 (with a vertical shear) and there-

fore they are not repeated here. The structure of the

mesoscale squall line–like wave is shown in Fig. 4. The

structure of the westward-moving squall line (associated

with the westerlies over easterlies background) is iden-

tical to that in Fig. 4 except for the fact that it is tilted

eastward and that its zonal flow is more confined to the

equatorial region.

Consistent with the fact that rotation effects are neg-

ligible at small scales, the structure of these mesoscale

waves, including the 25 m s21 second baroclinic gravity

waves, is more or less independent of the direction of

propagation, at least qualitatively. In fact, all of them

displayed a horizontal structure resembling that of the

Kelvin wave. This is consistent with the fact that the

theoretical eigenstructure of the inertia–gravity waves

of equatorial shallow water theory (e.g., Majda 2003)

predicts a meridional to zonal velocity ratio that scales

TABLE 2. Growth and phase speed at the peak on instability for the wind profiles from the MS09 model during the deceleration phase

from Fig. 1. The WW/EW column displays the results related to westerly/easterly wind at the surface; ‘‘2nd’’ denotes an instability of a dry

second baroclinic wave mode.

Time

(days)

U (m s21) Waves Growth (day21) (wavenumber) Phase speed (m s21)

WW EW WW EW WW EW WW EW

1000 U1 5 7.67,

U3 5 21.67

U1 5 27.67,

U3 5 1.67

WIG Kelvin 0.695 (25) 0.806 (24) 221.4 19.8

2nd modes (W) 2nd modes (E) 0.167 (200) 0.167 (200) 225 25

Kelvin EIG 0.233 (14) 0.61 (14) 17.6 26

Squall line Squall line 0.055 (200) 0.055 (200) 8 28

1010 U1 5 7.27,

U3 5 21.27

U1 5 27.27,

U3 5 1.27

WIG Kelvin 0.552 (22) 0.675 (21) 221.4 19.35

Kelvin EIG 0.235 (14) 0.47 (21) 17.7 26

1020 U1 5 5.84,

U3 5 0.16

U1 5 25.84,

U3 5 20.16

WIG Kelvin 0.111 (14) 0.284 (14) 222.5 18.1

Kelvin EIG 0.268 (13) 0.1 (10) 18.2 26

1030 U1 5 5.52,

U3 5 0.48

U1 5 25.52,

U3 5 20.48

WIG Kelvin 0.032 (13) 0.212 (13) 223 17.85

Kelvin EIG 0.28 (13) 0.05 (10) 18.3 30

2nd modes (E) 2nd modes (W) 0.046 (200) 0.046 (200) 25 224.6

1040 U1 5 5.63,

U3 5 0.37

U1 5 25.63,

U3 5 20.37

WIG Kelvin 0.0575 (13) 0.237 (13) 223 17.9

Kelvin EIG 0.276 (13) 0.06 (10) 18.3 30

2nd modes (E) 2nd modes (W) 0.0215 (200) 0.0215 (200) 25 225
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as 1/k. However, the squall lines seem to be more trapped

in the vicinity of the equator than the second baroclinic

waves and the westward squall lines are especially more

trapped than their eastward counterparts. The main

structural and physical differences between the squall

lines and the second baroclinic waves can be summa-

rized as follows. 1) The velocity and potential temper-

ature fields of the squall lines are dominated by the first

baroclinic mode while the second baroclinic mode

dominates in the second case. 2) While in the dry second

baroclinic gravity waves the velocity and potential tem-

perature fields are relatively strong compared to the

moisture variables, the squall line physical structure is

dominated by q and ueb. 3) While in both types of waves,

the heating field is dominated by upright deep convec-

tion, the vertical structure of the squall lines display a

bottom-heavy and strongly tilted temperature profile

consistent with the domination in strength of moisture

and boundary layer temperature, as shown in Fig. 4.

There is an appreciable vertical tilt in zonal velocity as

well but it is somewhat hard to distinguish from the wind

profile in Fig. 4. However, this does not imply that its

CMT effect on the MJO is negligible. In fact, in the

simulations of Khouider et al. (2012), who used a param-

eterization to account for the CMT effect from un-

resolved mesoscale features, the tilt in the zonal and

vertical wind of the subgrid mesoscale features is very

weak, in the sense that it is hard to distinguish on the

wave picture (just like in Fig. 4), but the CMT effect,

especially, on the MJO-like planetary-scale wave is

very significant, according to the simulation results.

3. Realistic MJO background

Here, we extend our analysis to more realist MJO

background shears. Specifically, we consider a sequence of

FIG. 3. As in Fig. 2, but for low-level easterly background mimicking the deceleration of the dry phase/onset

phase of the MJO.
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vertical shears that closely mimics the reanalysis MJO pro-

files taken from Tromeur and Rossow (2010). However,

because the background wind is not the only environmental

variable that varies during the passage of the MJO, here we

extend the analysis to variations in the moisture profile as

well. Similarly, we consider a tilted profile that mimics the

MJO humidity plots from Tromeur and Rossow (2010).

This is considered in section 3b below.

a. Sensitivity to the moisture profile

Before we consider an MJO scenario where both the

moisture and wind profile evolve together, we look at

FIG. 4. Dynamical and physical structure of the squall line–like wave associated with the strong WWB regime of the

MS09 background (t 5 1000 days): U
1

5 7:67 m s21 and U
3

5 21:67 m s21. (top left) Bar diagram showing the

strength of meridional components of dynamical variables; (top right) (x, z) contours of meridional average.

(middle),(bottom) Horizontal and zonal structure and various heights.
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the sensitivity of the model to changes in the moisture

profile, for two different shear strengths, during the

WWB phase. Namely, we consider three moisture pro-

files that represent roughly the three main phases of the

MJO: dry below and moist aloft; moist below and dry

aloft; and a somewhat moister below profile, yielding

a stronger moisture gradient overall, corresponding re-

spectively to profiles 1, 2, and 3 shown on the top of Fig. 5

together with the two westerly shears corresponding

roughly to the onset and mature phases of the WWB.

It is important to note here that it is actually the gra-

dient of the moisture background that affects the model

stability feature and not the moisture content in the

lower and/or upper troposphere. In fact, the variations

in moisture profile affect the multicloud model equations

in (2) through changes in the moisture convergence

parameters ~Q and ~l that appear in the q equation. To

find adequate moisture parameters, we consider moisture

background profiles of the form Q(z) 5 q0e2z/Hq , where

Hq and q0 are ‘‘fitting’’ parameters representing the

moisture scale height and the value of moisture at the

top of the boundary layer, respectively (Khouider and

Majda 2006). For instance the lag 26 and lag 23 profiles in

Fig. 4 correspond respectively to exponential profiles with

q0 5 7.22 K and Hq/HT 5 0.0799, 0.096 15, respectively,

yielding the coefficient values ~Q 5 0:7677, ~l 5 0:849 and
~Q 5 0:9, ~l 5 0:8, respectively. We note that the latter case

corresponds to the default values used in Khouider and

Majda (2006, 2008a,b), MS09, and HK10 and in the pre-

vious section. The values of ~Q and ~l for the rest of the

moisture profiles used in this paper are summarized in

Table 3.

FIG. 5. Sensitivity to the moisture background. (top) Moisture and WW profiles. (middle),(bottom) Dispersion relations and instability

diagrams for the moisture profiles 1–3 and the intermediate and strong westerly shears, respectively.
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The dispersion diagrams corresponding to these three

moisture and two wind shear profiles are shown in the

middle and bottom panels of Fig. 5. We note that the

MJO vertical shear background in Fig. 4 includes a non-

zero second baroclinic component U2, unlike the MS09

background from the previous section. However, U2 re-

mains relatively small compared to U1 and U3.

From Fig. 5, we see that, in the weak shear environment,

the multicloud model is stable when the low-level tropo-

sphere is dry and in the strong shear the overall growth

rates increase as the low-level troposphere moistens.

While the WIG waves are stable in the weak shear case,

independent of the background moisture, the Kelvin and

squall line–like waves are the most affected by the changes

in the background moisture in both the weak and strong

shears. However, while both Kelvin waves and squall lines

are effectively stabilized when the lower troposphere is dry

below and moist aloft, the squall lines are more sensitive to

changes in the moisture gradient; in the strong shear case,

shown in the bottom panels of Fig. 5, the increase in

growth rates for the squall line–like waves, as the moisture

profile evolves from profiles 1 through 3, is considerably

larger than that of the Kelvin wave, although the latter

appears to be stable in the bottom-left panel.

The physical mechanisms at work can be summarized as

follows. The variations in background wind induce strong

changes in both lower-level and midlevel shear. The mid-

level shear stretches the stratiform anvils and affects the

stability properties of the model by enhancing the growth

rates, although the dry model (i.e., when the convective

heating is turned off) remains stable in the presence of the

shear as demonstrated in HK10. The lower-level shear, on

the other hand, affects the congestus clouds and thus the

moisture preconditioning. Likewise, the moisture gradient

affects directly the moisture convergence through varia-

tions of the parameters ~Q and ~l in the q equation in (2).

b. The MJO background

In Fig. 6, we plot reconstructed profiles of the observed

MJO zonal wind anomalies (Tromeur and Rossow 2010),

using the three first vertical modes of vertical structure,

and the moisture background based on the exponential

form above with a sequence of parameters q0 and Hq that

best mimic the MJO filtered specific humidity from the

above cited paper. In Fig. 6, the sequence of moisture

profiles is separated into two panels for clarity. In a nut-

shell, the moisture profile evolves from a lower tropo-

sphere that is moist near the surface (the boundary layer)

and dry aloft during the MJO onset phase (in front; lag

26 and lag 23) to a profile that is moister both near the

surface and aloft during the initiation and mature deep

convection phases (in the middle; lag 22 and lag 0), and

then moist aloft and dry below during the stratiform

phase (in the rear; lag 14 and lag 19).

The sequence of moisture profiles in Fig. 6 corresponds

to a progressive moistening near the surface during the

inactive phase that triggers a progressive moistening aloft

during the onset and through the initiation phases. While

moistening aloft continues, during the early stage of the

active phase, the moisture profile becomes progressively

drier near the surface.

4. Multiscale waves in the MJO envelope

In Figs. 7a–i, we present a sequence of dispersion di-

agrams that represent variations in the background

vertical shear and moisture profile as the MJO envelope

evolves from its onset phase to its decay as illustrated in

Fig. 6. Figure 7 suggests a certain organization of a me-

nagerie of synoptic and mesoscale waves within the

MJO envelope depending on the various phases of the

MJO. With the lag 26 wind shear and moisture profile

(moist below and dry aloft), corresponding roughly to

the MJO onset phase, Fig. 7a suggests an MJO back-

ground favorable mostly to eastward-moving waves,

comprised of synoptic-scale EIG and Kelvin waves as

well as mesoscale second baroclinic waves, that would

zip quickly through and exit the MJO region. As sum-

marized in Table 4, Kelvin (and EIG) waves tend to

have large growth rates in front of the MJO and weak in

the back, while WIG waves are strong in the back and

stable in front. In the convection core (lag 0 wind and

moisture profiles), both Kelvin and WIG waves coexist

together with mesoscale squall line–like waves. Squall

lines appear at lag 23 and progressively become domi-

nant and prominent throughout the active phase be-

tween lag 22 and lag 0. They change their direction of

propagation as the WWB develops near the surface.

Mesoscale dry second baroclinic modes propagate east-

ward in front of the MJO and westward in the back, fol-

lowing the direction of the third baroclinic wind near the

surface and near the top of the troposphere (as demon-

strated by sensitivity tests not included here).

TABLE 3. Moisture profiles used.

Profile Figure ~Q ~l

Moisture 1 5 0.9031 0.6047

Moisture 2 5 0.9 0.8

Moisture 3 5 1.0382 0.7846

Lag 26 6 0.7677 0.849

Lag 23 6 0.9 0.8

Lag 22 6 1.0382 0.7846

Lag 0 6 1.0837 0.7679

Lag 12 6 0.7787 0.7846

Lag 14 6 0.6811 0.83

Lag 19 6 0.6378 0.849
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As the lower troposphere moistens progressively,

near and above the surface, the multicloud model in-

stability gives rise to squall line–like mesoscale waves

that move westward in the direction of the low-level

wind. In Fig. 7d, corresponding to the lag 22 profiles,

with a relatively weak background shear, the squall line–

like mode already dominates the instability, although

both the Kelvin (and EIG) waves and mesoscale second

baroclinic waves still have substantial growth rates. The

overall instability then decreases as the shear strength

decreases near the convection center (lag 0 moisture

profile) and gives rise to both Kelvin waves and squall

line–like waves, which appear to move westward in

Fig. 7e and eastward in Fig. 7f.

As the WWB strengthens, the growth rates of the

(eastward-moving) squall lines increase substantially

while at the same time it still sustains Kelvin waves;

it also exhibits WIG and mesoscale westward second

baroclinic gravity waves (Fig. 7g). However, as the lower

troposphere becomes drier, especially near the surface

(lag 12), the squall lines’ instability disappears, and

WIG and second baroclinic mesoscale waves become

more dominant (Fig. 7h). Finally, when both the lower

troposphere is dry and the WWB is weak, the mesoscale

second baroclinic waves become stable and the overall

instability weakens substantially.

Implications for CMT feedback

Starting from the general idea that westward-tilted

waves typically accelerate westerly shears and decelerate

(low-level) easterly shears while eastward-tilted waves

accelerate easterlies shears and decelerate (low-level)

FIG. 6. MJO background profile. (top left) Lag–height contours of the zonal wind. An easterly wind shear (EW) during the inactive-onset

phase is followed by a westerly shear (WW) during the active phase. (top right) A sequence of the vertical shear profiles during the active

phase. (bottom) A sequence of moisture background profiles during various phases of the MJO roughly mimicking the humidity profile from

observational data. The lag unit in the zonal wind panels is roughly 2–3 days while in the moisture panels the lag unit is roughly 5–7 days.
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westerly shears (Majda and Biello 2004; MS09), here

we speculate about the CMT implication, for the MJO

envelope itself, from the predisposition of the multi-

scale waves in Figs. 7a–i. We note here that westward-

tilted waves (i.e., east to west in the vertical direction),

typically moving eastward, comprise Kelvin and EIG

waves and squall lines, in a westerly shear background

(easterly wind above westerly wind), while eastward-

tilted waves, typically moving westward, include WIG

waves and squall lines in an easterly background shear.

We are not trying here to come up with a theory for

MJO initiation and or dynamics but rather to simply

speculate about plausible CMT feedback scenarios

from synoptic and mesoscale CCWs embedded within

the MJO envelope to warrant future investigations

using observations and/or numerical simulations. More-

over, while as revealed by linear analysis for the simula-

tion of MS09 reported in Fig. 1, positive growth rates do

not necessarily imply a mature phase of the correspond-

ing wave (i.e., there is some time lag between the two),

our speculations are based solely on the growth rates.

Nonetheless, the associated time lags are much smaller

than the MJO time scale.

Table 5 and Fig. 8 summarize the plausible CMT

feedback scenario due to the synoptic CCWs and me-

soscale squall line–like waves that are favored within

each region of the MJO envelope. We note that Table 5

and Fig. 8 refer only to Kelvin and WIG waves, in ad-

dition to squall lines. While the present model suggests

instabilities of higher-order EIG and WIG waves, only

FIG. 7. Multiscale waves in the MJO background. Sequence of background winds combined with a sequence of moisture profiles

representing the evolution within the MJO envelope from the onset to decay as illustrated in Fig. 4: (a) lag 26, (b) lag 23, (c) wind lag 22

and moisture lag 23, (d) lag 22, (e) wind lag 21 and moisture lag 22, (f) wind lag 11 and moisture lag 0, (g) wind lag 12 and moisture

lag 0, (h) lag 14, and (i) lag 19.
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Kelvin and symmetric N 5 1 WIG waves are observed in

nature (Wheeler and Kiladis 1999; Kiladis et al. 2009).

One possibility is that the Kelvin and WIG waves are the

most prominent CCWs in nature and thus the most

statistically significant. This is somewhat reflected in

the model results given that EIG waves always appear

together with Kelvin waves and never alone and they

always have smaller growth rates than the latter.

Moreover, it is not clear whether a weak EIG wave can

survive the passage of a strong Kelvin wave because the

latter may use up all of the resources (CAPE and

moisture) and ‘‘starve’’ the former to ‘‘death.’’

The (dry) second baroclinic gravity waves are ignored

in this CMT discussion because on the one hand there is

no observational evidence for their existence and con-

sistently there are not seen in the MS09 simulation,

discussed in section 2, and on the other hand they always

appear as a continuation of the instabilities of the EIG

or WIG waves on the corresponding dispersion relation

branches, in Fig. 7.

The MJO envelope is divided into five main CMT

regions. East of the convection core, we find the pre-

conditioning region that we generically call the onset

region. It is the region of the MJO envelope where the

MJO wind anomalies are dominated by strong easterlies

below westerlies (i.e., an easterly shear), where, on the

MJO scale, the low-level troposphere is relatively dry

compared to the planetary boundary layer but is pro-

gressively moistening by detrainment of congestus

clouds and the associated low-level large-scale conver-

gence. According to the model results in Fig. 7, this re-

gion favors eastward-moving CCWs such as Kelvin and

EIG waves, which that would zip quickly in front and

leave the MJO envelope, and squall line–like waves that

move with the low-level wind (i.e., westward), toward

the MJO convection core. Accordingly, the eastward

CCWs (Kelvin waves in particular) would then induce

a deceleration of MJO background easterly shear while

the squall lines would tend to accelerate it. However, in

this region of the MJO envelope, corresponding roughly

to Figs. 7a–c, the growth rates are dominated by Kelvin

and eastward-moving waves; in general, we therefore

expect deceleration by eastward-moving waves to domi-

nate acceleration by the squall lines.

West of the onset region, the mature phase is divided

into two subregions: one located east of the convection

core, where the easterly shear has weakened a lot (due in

part to Kelvin wave activity during the onset phase) and

the other located west of the core, where a westerly

shear starts to form and grow (the onset phase of the

WWB). The east-of-the-core region, corresponding

roughly to Figs. 7d and 7e, is characterized by Kelvin

waves and westward-moving squall lines. In this region,

the growth rates of the eastward-moving waves and the

TABLE 4. Multiscale waves within the MJO envelope. Here A–I indicate Figs. 6a–i, respectively. Lower-case ‘‘lag’’ follows the sequence

of moisture profiles and upper-case ‘‘Lag’’ is for the wind profiles in Fig. 6. The maximum growth rate (day21) is shown in parentheses after

the wave name. E/W 2nd: eastward/westward mesoscale 2nd baroclinic gravity wave. E/W SQLN: eastward/westward squall line–like

mesoscale wave.

I: lag 19,

Lag 19

H: lag 14,

Lag 14

G: lag 0,

Lag 12

F: lag 0,

Lag 11

E: lag 22,

Lag 21

D: lag 22,

Lag 22

C: lag 23,

Lag 22

B: lag 23,

Lag 23

A: lag 26,

Lag 23

Kelvin (0.052) Kelvin (0.045) Kelvin (0.17) Kelvin (0.17) Kelvin (0.41) Kelvin (0.58) Kelvin (0.59) Kelvin (0.76) Kelvin (0.82)

WIG (0.27) WIG (0.64) WIG (0.163) EIG (0.16) EIG (0.37) EIG (0.4) EIG (0.57) EIG (0.65)

W 2nd (0.44) W 2nd (0.2) E 2nd (0.22) E 2nd (0.2) E 2nd (0.4) E 2nd (0.46)

E SQLN

(1.14)

E SQLN

(0.13)

W SQLN

(0.15)

W SQLN

(0.926)

W SQLN

(0.08)

TABLE 5. Plausible CMT feedback scenario from MJO background induced by synoptic-scale convectively coupled waves and

squall lines. Here A–I refer to Figs. 6a–i, respectively. Note that the effect of waves emanating from other sources is not taken into

account here.

MJO

phase/waves

Onset

(A–C)

East of core

(D, E)

West of

core (F, G)

Mature

WWB (H) Decaying WWB (I)

WIG N/A N/A N/A Deceleration Deceleration

Kelvin Deceleration Deceleration Acceleration Acceleration Acceleration

SQLN Acceleration Acceleration Acceleration Acceleration N/A

Total CMT

effect

Deceleration of

easterlies by

Kelvin waves

Neutral Acceleration of

WWB by Kelvin

waves and squall

lines

Deceleration of WWB

by WIG waves

Deceleration by WIG

waves continues

and would potentially

trigger acceleration

of easterlies for next

MJO event.
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westward squall lines are more or less comparable. In

fact, the squall lines appear to slightly dominate in Fig.

7d. Thus we expect the overall CMT feedback effect to

be neutral.

The WWB onset region, west of the core, starts in Fig.

7f with both Kelvin waves and eastward-moving squall

lines that both accelerate the freshly formed WWB and

finishes in Fig. 7g where Kelvin and squall lines coexist

with WIG waves. However, in Fig. 7g, while the maxi-

mum growth rate of WIG waves is comparable to that of

Kelvin waves (0.163 and 0.17 day21, respectively, ac-

cording to Table 4), that of the squall lines is almost 10

times larger (1.14 day21, according to Table 4). There-

fore, the WWB that was first accelerated due to Kelvin

waves [consistent with the hypothesis of Majda and

Biello (2004)] continues to accelerate due to the prev-

alence of squall lines, when WIG waves start to form

(and compensate the acceleration due to Kelvin waves).

When the WWB gets stronger (Fig. 7h), the WIG waves

will dominate the scenery and therefore induce a net

deceleration of the background westerly shear and lead

to the demise of the MJO in Fig. 7i.

Finally, we note that Fig. 8 suggests the possibility for

the MJO onset region to be accelerated by WIG waves

emanating from the tail of a preceding MJO in the event

of a train of MJOs, which seems to be very common in

nature (Yanai et al. 2000).

5. Concluding summary and discussion

The two-way interactions between synoptic and meso-

scale CCWs in an MJO-like planetary-scale background

was investigated here using the multicloud model

framework of Khouider and Majda (2006, 2008a,b).

The WWB background obtained by a simple multi-

scale model (MS09) is used here to perform linear sta-

bility analysis for the multicloud model on an equatorial

beta plane, using Galerkin expansions in the meridional

direction, following HK10. Consistent with the results of

MS09, the strong WWB regime favors WIG and squall

line–like waves while the weak WWB regime favors

Kelvin waves, as shown in Fig. 2. To highlight the role of

rotation effects in breaking the symmetry between east

and west, which are ignored in the MS09 model, we

considered in Fig. 3 the negative of the westerly back-

ground of MS09. We found that both the strong and

weak easterly shear regimes favor EIG and Kelvin

waves, consistent with the work of HK10, although in

HK10 the third baroclinic wind component was not in-

cluded in the background shear. Although similar to the

WWB case, westward-moving squall line–like waves

develop when the easterly shear is strong. To be more

pragmatic, the WWB background is viewed as the active

phase or the back side and its negative as the onset or

front side of the MJO envelope where synoptic and

mesoscale CCWs evolve and interact with the MJO.

For more realism, we thus considered in section 3

rough approximations of the evolving sequences of MJO

zonal wind and moisture profiles, based respectively on

the three first baroclinic modes and a heuristic exponential

profile, from reanalysis data (Tromeur and Rossow 2010).

It is found in section 3 that the stability diagram of the

multicloud model is sensitive to variations in the moisture

profile and the squall lines, in particular, are favored by

bottom-heavy moisture profiles that prevail in the con-

vection core of the MJO.

The types of synoptic and mesoscale CCWs that are

excited in various regions of the MJO when both

FIG. 8. A schematic of the plausible multiscale two-way interaction between the MJO envelope and embedded synoptic-scale CCWs and

squall lines as suggested by the model results.
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variations in zonal wind and moisture profiles are con-

sidered together are discussed in section 4. It is found

that the onset region, which is characterized by a strong

easterly shear and a moisture profile that moist below

and dry aloft, is favorable for Kelvin and EIG waves that

propagate eastward in front of the MJO. East of the

convection core, which is characterized by a weak

easterly shear and an overall moist lower troposphere,

favors both Kelvin waves and squall line–like waves that

move westward toward the convection center, although

the squall line waves have larger growth rates (Fig. 7g

and Table 4). West of the core, the region of WWB

onset is dominated by both Kelvin waves and eastward-

moving squall lines. This sudden transition between

westward- and eastward-propagating squall line–like

mesoscale systems is consistent with the results of

Grabowski (1998), who documented the evolution of

mesoscale convective clusters during the TOGA

COARE experiment using both radar data and CRM

simulations.

The mature phase of WWB, which still has a moist

lower-to-middle troposphere, is dominated by WIG

waves but both Kelvin and squall line–like waves are

still unstable. The stratiform wake of the MJO is

characterized by a weaker westerly shear and a moist

over dry moisture profile. It yields WIG waves and

Kelvin waves. The persistence of WIG waves within the

WWB regions is consistent with the observational

study of Chen et al. (1996), who showed that westward

propagation inertio-gravity waves with a 2-day period

are predominant within the active phase of the TOGA

COARE MJO.

Using the general CMT theory that states that westward-

tilted waves accelerate the westerly shear and eastward-

tilted waves accelerate easterly shears, we can speculate

about the plausible CMT feedback due to the synoptic-

scale CCWs and the mesoscale squall line–like waves

embedded within each region of the MJO envelope.

Accordingly, the Kelvin and EIG waves in front of the

MJO are expected to decelerate the easterly shear while

the squall lines east of the convection core provide an

acceleration that would likely compensate and retard

the deceleration caused by Kelvin waves. Kelvin waves

and eastward-moving squall lines that prevail on the west-

ern flank of the convection core would accelerate the WWB

and likely contribute to its onset while WIG waves that

dominate the mature WWB phase cause its deceleration.

This WIG deceleration likely continues throughout the

stratiform wake and would cause the demise of the

WWB. This is partly consistent with the work of Houze

et al. (2000), who reported that the transition from the

‘‘westerly onset’’ to the ‘‘westerly wind burst’’ phases of

the MJO wave is characterized by midlevel easterlies

overlying low-level westerlies and low-level westerlies

expanding to midlevel, which occur within the MJO

convective core. They argued that this results in the

development of convective systems that, through CMT,

decelerate the easterly midlevel jet within the westerly

onset region and the acceleration of the westerly jet

within the WWB region.

The suggested deceleration of the WWB due to CMT

from westward-moving waves and its acceleration by

eastward-moving waves is in essence a dynamical mech-

anism that is consistent with the eastward propagation

and maintenance of the MJO. The deceleration of the

easterly shear and acceleration of the WWB by Kelvin

waves within the MJO onset and mature phases, re-

spectively, and the deceleration of the WWB by WIG

waves in the back of the MJO envelope could arguably

contribute to the eastward propagation of the MJO.

Moreover, as demonstrated in the simulations of Khouider

et al. (2012), mesoscale CMT can act directly on both the

synoptic-scale CCWs and their planetary-scale envelopes;

mesoscale CMT from squall lines may thus provide

a compensation for the deceleration of the MJO winds

by WIG and Kelvin waves, on each side of the core, re-

spectively, to maintain the MJO strength near the con-

vective center.

While the present study demonstrates, somewhat heu-

ristically, using a simple model, the importance of both

moisture and background wind for the multiscale in-

teractions between synoptic and mesoscale waves, more

work needs to be done in order to fully elucidate and un-

derstand the effect of moisture and other variables in this

multiscale process.
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