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Abstract Atmospheric convection has the striking capability to organize it-7

self into a hierarchy of cloud clusters and super-clusters on scales ranging from8

the convective cell of a few kilometres to planetary scale disturbances such as9

the Madden-Julian oscillation. It is widely accepted that this phenomenon10
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is due in large part to the two-way coupling between convective processes11

and equatorially trapped waves and planetary scale flows in general. However,12

the physical mechanisms responsible for this multiscale organization and the13

associated across-scale interactions are poorly understood. The two main pe-14

culiarities of the tropics are the vanishing of the Coriolis force at the equator15

and the abundance of mid-level moisture. Here we test the effect of these two16

physical properties on the organization of convection and its interaction with17

gravity waves in a simplified primitive equation model for flows parallel to18

the equator. Convection is represented by deterministic as well as stochas-19

tic multicloud models that are known to represent organized convection and20

convectively coupled waves quite well. It is found here that both planetary21

rotation and mid-troposphere moisture are important players in the dimin-22

ishing of organized convection and convectively coupled wave activity in the23

subtropics and mid-latitudes. The meridional mean circulation increases with24

latitude while the mean zonal circulation is much shallower and is dominated25

by mid-level jets, reminiscent of a second baroclinic mode circulation associ-26

ated with a congestus mode instability in the model. This is consistent with27

the observed shallow Hadley and Walker circulations accompanied by conges-28

tus cloud decks in the higher latitude tropics and sub-tropics associated with29

the monsoon trough and with the northward migration of the intra-tropical30

convergence zone. Moreover, deep convection activity in the stochastic model31

simulations becomes very patchy and unorganized as the computational do-32

main is pushed towards the subtropics and mid-latitudes. This is consistent33

with previous work based on cloud resolving modeling simulations on smaller34

domains.35

Keywords Rotation effects · Congestus clouds · Convectively coupled waves ·36

Organized convection · Stochastic parametrization · Tropical circulation37
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1 Introduction38

Atmospheric dynamics in the tropics are characterized by the predominance39

of organized deep convection on a wide range of scales, spanning mesoscale40

systems to synoptic and planetary scale convectively coupled waves such as41

Kelvin waves and the Madden Julian oscillation (MJO) [21,33,19]. A few key42

physical processes are believed to play a central role in defining these char-43

acteristic features of tropical dynamics: the vanishing of the Coriolis force at44

the equator, the abundance of moisture over of the warm waters of the trop-45

ical oceans and rain forests, and the ability of convection and in particular46

clouds to transport and redistribute this moisture in the vertical. The goal47

here is elucidate the effects of rotation and of the mean vertical moisture pro-48

file on organized convection on the planetary scale and on the induced mean49

circulation, using simple multicloud models for convectively coupled waves.50

The setup consists of the multicloud model of Khouider and Majda [15,18]51

in 2 dimensions (x, z) on an f-plane where the Coriolis parameter f varies from52

f = 0, at the equator, to larger values for higher latitudes. As demonstrated53

in earlier papers, the multicloud model is very good at simulating convectively54

coupled waves, including the MJO, from both the stand point of linear theory55

[15,26,18,17] and in idealized climate simulations [16,26,18,20]. In the 2D56

setup in particular, where the beta effect is ignored, convectively coupled waves57

are allowed to travel in both east-west directions as gravity waves, see [15,26,58

16,18] for flows above the equator (f = 0).59

Here we show through simple simulations and linear theory that the intro-60

duction of rotation effect in the 2d multicloud model induces (1) a non-zero61

meridional circulation which increases with f , reminiscent of the Hadley circu-62

lation and (2) a decrease in the zonal circulation due to less moisture coupling63

as the simulated flow transit from a deep mean circulation driven by deep and64
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stratiform convection to a shallow circulation driven by congestus cloud decks.65

Moreover, as the parameter f is increased (1) the strength of the moisture fluc-66

tuations decreases rapidly and (2) the wave fluctuations lose their coherence as67

packets of convectively coupled waves while precipitation and deep convection68

become increasingly patchy and localized. This last fact is consistent with ear-69

lier work by Liu and Moncrieff [22], using cloud resolving modeling on smaller70

domains (more on this below).71

The results of such studies, in a simplified setting, can be used to under-72

stand the transition of convectively coupled synoptic systems from the tropics73

to sub-tropics such as the behavior of convectively coupled waves in the ITCZ74

[8,9,7,23] and in monsoon troughs with respect to changes in the effects of75

rotation and environmental moisture as these systems move poleward [6,5,32,76

28].77

The effect of rotation on gravity waves and convection is studied in Liu78

and Moncrieff [22] using a two dimensional (x, z) non-hydrostatic primitive79

equations model with rotation effects. They first looked at the steady state80

mesoscale response to a localized convective scale heat source with various81

vertical profiles to mimic variability in proportions of deep and stratiform82

heating. They found that the main effect of rotation on convection is that83

the induced subsidence becomes more and more confined to the vicinity of84

the heating source. The authors concluded that, in a moist atmosphere, such85

confinement by rotation would stabilize and dry the environment near mature86

convective peaks and thus would inhibit the formation of cloud clusters on87

the meso- and synoptic scales. They then conducted cloud resolving modeling88

simulations using the same set up to test their hypothesis on a 4000 km do-89

main. Among three different settings, tropics, sub-tropics, and midlatitudes,90

they found that convective clustering is observed only in the tropics, when91

f = 0, where, under the influence of an easterly mean flow, convection further92
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organizes into westward propagating moist gravity waves. The main effect of93

planetary rotation is that convection becomes patchy and unorganized regard-94

less of the presence or not of a mean-flow. The effect of convective precipitation95

on geostrophic adjustment for the f-plane, is studied in Dias and Pauluis [1]96

using a simple one-baroclinic quasi-equilibrium model [4]. They found that97

convective precipitation induces a delay in the adjustment process and leads98

to both a stronger temperature gradient and stronger jets. This is an indica-99

tion that convection has a certain effect on dry dynamics in midlatitudes but100

not as much as it does in the tropics.101

The rest of the paper is organized as follows. The multicloud model on an f-102

plane is presented in Section 2 and the effect of rotation on its linear waves and103

instabilities is studied in Section 3. Nonlinear simulations using both the deter-104

ministic and stochastic multicloud models [13,2,3] with rotation are presented105

in Section 4. In particular, the stochastic simulations reproduce qualitatively106

the behavior seen in the CRM results of Liu and Moncrieff [22] especially re-107

garding the patchiness of deep convection as the Coriolis effect increases. This108

is significant since it is already demonstrated in earlier work [2,3,30] that the109

stochastic multicloud model mimics quite well the chaotic behavior and the110

stochastic organization of deep convection. Section 5 concludes the paper with111

a summary and discussion.112

2 The model and setup113

As pointed out in the introduction we use the multicloud model of Khouider114

and Majda in the simple setup of 2d flows parallel to the equator [18]. This115

choice is made because this is a simple model of intermediate complexity on116

which linear analysis can be easily performed (with a linear algebra software117

such as Matlab) and yet it is a good model for convectively coupled equatorial118
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waves [15,18,17, etc.] and organized convective systems in general [20,26,10,119

14]. To better represent the chaotic behavior of organized convection we also120

use the stochastic version of the multicloud model first introduced in Khouider121

et al. [13]. The stochastic multicloud model captures well the chaotic behavior122

of organized convection as seen in CRMs [2,3] and the stochastic variability123

of convective precipitation in radar observations [30].124

The dynamical core equations of the multicloud model in a two dimen-

sional setting, parallel to the equator, can be summarized as follows. The

main model is based on the hydrostatic primitive equations, with a coarse

vertical resolution reduced to the first two baroclinic modes, where the ad-

vection nonlinearities are ignored. The background climatology consists of a

homogeneous stratification with a constant Brunt-Väisälä buoyancy frequency

and a moisture profile exponentially decaying in the vertical [15]. More details

on the derivation of the model equations are found in the seminal papers [15,

18]. The perturbation fluid dynamic variables assume the following reduced

expansions in the vertical.

U(x, z, t) = u1(x, t)
√

2 cos(z) + u2(x, t)
√

2 cos(2z)

V (x, z, t) = v1(x, t)
√

2 cos(z) + v2(x, t)
√

2 cos(2z) (1)

Θ(x, z, t) = θ1(x, t)
√

2 sin(z) + 2θ2

√
2 sin(2z),

where U, V are respectively the zonal and meridional velocity components and125

Θ is the potential temperature. The indexed variables (.)1 and (.)2 are the126

corresponding first and second baroclinic components. Here x is the zonal127

coordinate (longitude) and z is the vertical coordinate (altitude), 0 ≤ x ≤128

Py, 0 ≤ z ≤ π where Py is Earth’s perimeter at latitude y and z varies in units129

of the tropospheric height HT ≈ 16 km. The vertical velocity and pressure130

fields are obtained through the continuity and hydrostatic balance equations,131



Title Suppressed Due to Excessive Length 7

respectively. The equations of motion for the first and second baroclinic modes,132

augmented by the vertically averaged tropospheric moisture perturbation, q,133

and the boundary layer equivalent potential temperature θeb, are given by134

∂uj

∂t
− fvj −

∂θj

∂x
= −duj

∂vj

∂t
+ fuj = −dvj , j = 1, 2

∂θ1

∂t
− ∂u1

∂x
= Hd + ξsHs + ξcHc − S1

∂θ2

∂t
− 1

4

∂u2

∂x
= −Hs + Hc − S2 (2)

∂q

∂t
+

∂

∂x
(u1q + αu2q) + Q̃(u1 + λ̃)

∂q

∂x
= −P +

1

H
D

∂θeb

∂t
= − 1

h
D +

1

h
E.

Here f = 2Ω sin(φy) is the Coriolis parameter at the fixed latitude with φy the135

corresponding angle and Ω = 2π/24 hours while d =
(

Cd
u0

h
+ 1

τR

)

is the sum136

of boundary layer and Rayleigh friction coefficients. Here Hd, Hs, Hc are the137

deep, stratiform and congestus heating rates while P = Hd + ξsHs + ξcHc is138

the moisture sink due to precipitation reaching the ground and D represents139

downdrafts that tend to moisten the environment due to evaporation of deep140

convective and stratiform rain and cool and dry the boundary layer. The effect141

of radiative cooling is represented by the terms S1, S2 while E represents142

the evaporation from the sea surface. Further details about the multicloud143

model equations, in particular regarding the parametrization of Hd, Hs, Hc are144

provided in Table 1 for the stochastic and deterministic models, separately. The145

stochastic multicloud model is discussed further in Section 4.3. The interested146

reader is referred to the original multicloud papers for more details [15,18,13].147

The equations in (2) are written in non-dimensional units where the equa-148

torial Rossby deformation radius Le =
√

c/β ≈ 1500 is the length scale, c ≈ 50149
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m s−1, the first baroclinic dry gravity wave speed, is the velocity scale, and150

T =
√

cβ
−1 ≈ 8.33 hours is the time scale. The temperature scale is fixed to151

α = HT /piN2θ0/g ≈ 15K with θ0 = 300 K a reference temperature, g = 9.8152

m s−2 is the gravity acceleration and N = 0.01 s−1 is the Brunt-Väisälä fre-153

quency. The drag parameter d has the same value used in previous studies154

using the multicloud model with d = 4.15 × 106 s−1.155

As illustrated below, the two key parameters that control the geostrophic-

radiative-convective or moist-geostrophic adjustment are d and f . In fact, if

we denote by 〈.〉 the statistical (time-average) steady-state operator then, at

statistical steady state, the system in (2) yields the equations

− f〈vj〉 − 〈θj〉x = −d〈uj〉

f〈uj〉 = −d〈vj〉, j = 1, 2

〈u1〉x = 〈P − S1〉 (3)

1

4
〈u2〉x = 〈−Hs + Hc − S2〉

〈P 〉 + 〈qu1 + α̃uq2〉x + Q̃
(

〈u1〉x + λ̃〈u2〉x
)

=
1

HT

〈D〉

=
1

HT

〈E〉 =
h

HT

1

τe

(θ∗eb − θeb − 〈θeb〉)

The first two equations in (3) can be rearranged to yield

〈vj〉 = −f

d
〈uj〉

〈θj〉x =

(

f2

d
+ d

)

〈uj〉, j = 1, 2, (4)

which together with the 3rd and fourth equation imply that the strength of156

the moist-geostrophic adjustment is controlled by the balance between the157

strength of rotation and dissipation through the ratio f/d. Clearly, the first158

equation in (4) implies that the ratio of the strength of the mean meridional159
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winds to the mean zonal winds increases with the strength of rotation. The160

other factors that control the strength of the mean circulation are the external161

forcing, i.e, the imposed radiative cooling Q0
R,1, the evaporative flux 1

τe
(θ∗eb −162

θ̄eb), and the dryness of the middle troposphere θeb − θem. Here, the constants163

θ̄eb, θ̄em are equivalent potential temperatures of a background homogeneous164

sounding taken as an RCE solution [26,18,17].165

The third and fourth equations in (3) indicate that the statistical steady166

state automatically satisfies the weak temperature gradient balance, where167

the vertical velocity or horizontal divergence is balanced by convective heat-168

ing [31,25,24]. However, we can see from (4) that, when the mean zonal flow169

is sufficiently strong, departures from weak temperature gradient can be im-170

portant for sufficiently large f ; namely if f2/d ' 1 in the non-dimensional171

units, i.e, f ' f0 =
√

d/T ≈ 1.0169 day−1 which is equivalent to latitudes172

φy = sin−1(f0/(2πΩ)) ≈ 1.5o or 160 km.173

It is worthwhile to recall [15,18,13] that for any solution of (2), the ver-174

tically integrated equivalent potential temperature, θtot
e = h

HT
θeb + θ1 + q,175

satisfies176

∂θtot
e

∂t
= − ∂

∂x
[q(u1 + α̃u2)] + (1 − Q̃)

∂u1

∂x
− Q̃λ̃

∂u2

∂x
+

1

HT

E − S1.

Thus, vertically integrated moist static energy remains conserved in the ab-177

sence of external forcing regardless of rotational effects.178

3 Effect of Rotation and atmospheric dryness on linear stability179

In this section, we report linear stability results for the system in (2) when the180

two key parameters identified above, namely, the Coriolis parameter f and the181

dryness of the middle troposphere of the background-RCE solution, θ̄eb − θ̄em,182

are varied. We use the same linearization procedure as in [15,18]. The inter-183
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Table 1 Convective closures for the deterministic and stochastic multicloud parametriza-
tion. The over-barred quantities are physical constants uniquely determined by the choice
of the radiative convective equilibrium. See text for details.

Physical quantity Deterministic Stochastic
Potential for deep
convection

Qd = Q̄ + τ−1
conv[a1θeb + a2q − a0(θ1 + γ2θ2)]

+

Potential for con-
gestus

Qc = Q̄ + τ−1
conv[θeb − a′

0(θ1 + γ′
2θ2)]

+

Convective avail-
able potential
energy (CAPE)

CAPE = CAPE + R(θeb − γ(θ1 + γ2θ2))

Low level CAPE CAPEl = CAPE + R(θeb − γ(θ1 + γ′
2θ2))

Midlevel θe θem = q +
√

2
π

(θ1 + α2θ2)
Moisture switch Λ = 1 if θeb − θeb ≥ 20K
function Λ = 0 if θeb − θeb ≤ 10K

Linear and continuous otherwise

Congestus heating ∂tHc = 1
τc

(αcΛQ+
c − Hc) Hc = σc

αcᾱ
Hm

√

CAPE+
l ,

Deep convection Hd = (1 − Λ)Q+
d , Hd = [σdQ̄ + σd

σ̄dτconv
(a1θeb + a2q − a0(θ1 +

γ2θ2))]
+,

Stratiform heating ∂tHs = 1
τs

(αsHd − Hs) ∂tHs = 1
τs

(αsσsHd/σ̄d − Hs)

ested reader is referred to those papers for the details. As demonstrated in184

[18], for flows above the equator (f = 0), the dryness parameter, θ̄eb − θ̄em,185

has a major impact on the instability features of the system. In the standard186

parameter regime of [18] (referred to below as the KM08 parameter regime),187

for a moist atmosphere with θ̄eb − θ̄em ≈ 10 to 12 K, the multicloud equa-188

tions (2) exhibit moist gravity waves as the dominant instability, peaking at189

synoptic scales, with the associated modes having the physical and dynamical190

features reminiscent of convectively coupled Kelvin waves, including a reduced191

phase speed of ≈ 17 m/s and the observed front-to-rear tilt in zonal winds,192

temperatures, and heating anomalies. As the atmosphere becomes dryer a sec-193

ondary instability of a planetary scale standing congestus mode develops and194

amplifies when θ̄eb − θ̄em ' 14 K and becomes dominant while the moist grav-195

ity wave instability (MGWI) fades out. This collapse of MGWI can be viewed196

as the equivalent of the collapse of convectively coupled waves as one moves197
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Table 2 The KM08 and FMK13 parameter regimes. Parameters assuming the same value
are repeated on the last column.

Parameter Description KM08 FMK13
a1 Coefficient of θeb in deep convection closure 0.45 0.5
a2 Coefficient of q in deep convection closure 0.55 0.5
a0 Coefficient of θ1 + γ2θ2 in deep convection closure 5 2

τconv Convective time scale 2 hrs -
a′
0 Inverse buoyancy scalling 1.5 -

γ′
2 Relative contribution of θ2 in congestus heating closure 2 0.1

α2 = 0.1 Contribution of θ2 to θem 0.1 -
τc Congestus adjustment time scale 1 hr -
αc Congestus adjustment fraction 0.1 -
τs Stratifrom adjustment time scale 3 hrs -
αs Stratiform adjustment fraction 0.25 -

from the moist environment of the equatorial atmosphere towards the dryer198

higher latitudes. The transition to a congestus standing mode instability is199

consistent with the abundance of congestus cloud decks at such latitudes [11].200

In this study we include the effect of rotation to see whether rotation will201

change this picture and especially whether rotation alone will have such an202

effect on organized convection.203

For the sake of completeness and for consistency with the nonlinear and204

stochastic simulations presented in Section 5, in addition to the KM08 param-205

eter regime [18] we also consider the “deterministic” parameter regime of [3]206

presented on purpose in that paper as the regime where the performance of207

the multicloud model is deficient. It is referred here as the FMK13 parameter208

regime. The KM08 and FMK13 parameters are summarized in Table 2. We209

note that the main differences between these two regimes are found in the key210

convective and congestus parameters a0 and γ′
2. In [2,3], we showed that the211

introduction of the stochastic model drastically improves the behavior of the212

nonlinear dynamics of convectively coupled waves and of the mean climatology213

for the FMK13-deficient regime.214
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In Figure 1, we present the linear stability diagrams for the KM08 and215

FMK13 regimes when both the Coriolis and atmospheric dryness parameters216

are varied. As we see from the two panels (a) and (b), in the KM08 regime217

increasing the Coriolis parameter has the same effect on the stability features218

of the multicloud model as increasing the atmospheric dryness. In both cases,219

the main MGWI fades out and is replaced by the instability of a standing-220

congestus mode, which is extensively documented in [18]. This is perhaps a221

mere coincidence but the main conclusion here is that in nature both rota-222

tion effects and atmospheric dryness are believed to play an important role in223

confining congestus cloud decks to higher latitudes while the moist and rota-224

tionless equatorial region is more favorable for organization of deep convection225

[22]. While the same fading of the MGWI occurs also in the FMK13 cases dis-226

played in Figure 1 (c) and (d), this regime does not have a congestus-standing227

mode instability due to the small value of the congestus parameter γ′
2 used228

here.229

The effect of rotation on the unstable modes in the KM08 regime is fur-230

ther documented in Table 3. Two additional features are worth noting here.231

1) As the Coriolis parameter increases the phase speed of the moist gravity232

waves gradually increases to approach and then exceed that of the dry sec-233

ond baroclinic gravity wave of ≈ 25 m/s while their growth rate decreases234

and ultimately become stable. 2) The instability band of the congestus mode235

widens toward smaller scales with increasing Coriolis parameter while its max-236

imum growth remains at large sales. This growth rate is controlled solely by237

atmospheric dryness; it remains below 0.001 1/day for θeb − θem = 11 K and238

below 0.135 1/day for θeb − θem = 14 K. This is consistent with the idea that239

both the Coriolis parameter and atmospheric dryness play a role in confining240

congestus cloud decks to higher latitudes but suggests that their strength is241

controlled by the gradient of θe.242
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Fig. 1 Effect of rotation and atmospheric dryness on the linear stability diagram for the
KM08 and FMK13 parameter regimes. (a) KM08, φy = 0, θ̄eb − θ̄em = 11, 14, 16, 19 K, (b)
KM08, φy = 0, 5, 15o, θ̄eb − θ̄em = 14 K, (c) FMK13 φy = 0, 5, 15o, θ̄eb − θ̄em = 14 K, (d)
FMK13 φ=0, 5, 15o, θ̄eb − θ̄em = 11 K

To elucidate some of the plausible physics that control the change in be-243

havior of convectively coupled waves, in Figure 2 we show the bar diagrams244

corresponding to three latitudes 0,5, and 10 degrees for the KM08 regime with245

θ̄eb − θ̄em = 14 K. As expected, the nonzero Coriolis parameter induces a246



14 Andrew J. Majda et al.

Table 3 Effects of rotation on unstable modes for KM08 regime.

Moist gravity wave Standing-Congestus mode

θeb −
θem

Latitude
(de-
grees)

Most
un-
stable
mode

Phase
Speed
(m/s)

Growth
rate
(1/day)

Range
of
Insta-
bility

Most
un-
stable
mode

Growth
rate
(1/day)

Range
of
Insta-
bility

11 0 17 19.17 0.393 2-28 – – –
2.5 17 19.3 0.382 5-28 1 -

0.0046
–

5 11 19.7 0.35 6-27 1 10−6 1
7.5 11 20.3 0.301 7-26 2 0.001 1
10 11 21.0 0.241 9-25 2 0.0004 1
15 10 23.1 0.099 11-23 4 0.0006 3-4
20 10 26.4 -0.05 – 5 0.001 4-5

14 0 10 16.6 0.32 2–21 1 0.13516 1
2.5 10 17.6 0.24 4-17 2 .1214 1-2
5 11 18.3 0.2 5-16 3 0.1328 1-4
7.5 12 20.2 0.06 8-14 4 0.1345 1-7
10 10 22.9 -0.05 – 5 0.13502 1-10
20 10 35.6 -0.36 – 9 0.13557 1-18

nonzero meridional (cross-equatorial) velocity components, v1, v2, that may247

significantly modify the dynamics of these waves. As highlighted in the cap-248

tion of Figure 2, the combined relative strength of v1, v2 reaches roughly 50%249

of that of (u1, u2) at φy = 5 degrees and increases to about 70% at φy = 10250

degrees. A close look at the three bar diagrams in Figure 3 reveals that during251

the growth of (v1, v2), the relative strengths of u1, u2 and the other diagnostic252

variables remain constant at the expense of the moisture component q which253

diminishes considerably in strength as the Coriolis parameter is increased, al-254

though this moisture component remains the dominant one. This decrease in255

the moisture component perhaps explains both the reduced instability and the256

increased phase speed as the Coriolis parameter is increased.257

Another important physical effect implied by rotation is a significant mod-258

ification of the dispersion relations of the underlying gravity waves. As high-259

lighted below, the nonzero f makes the moist gravity waves more dispersive260
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Fig. 2 Bar diagrams showing the relative strengths of the prognostic variables for the most
unstable moist gravity waves in the KM08 regime with θeb − θ̄em = 14 K and a) φy = 0, b)
φy = 5 degrees, and c) φy = 10 degrees.
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and more in line with the traditional Poincare waves on an f-plane, unlike the261

case f = 0 which results in waves that look more like Kelvin waves. In fact,262

plugging the usual ansatz263













uj

vj

θj













= eiω(k)t−kx













ûj

v̂j

θ̂j













, j = 1, 2

in (2), where i2 = −1, and ignoring the heating and cooling and moisture264

coupling etc. yields the dispersion relation265

ω(k) − k2

j2

1

ω(k) − i/τD

− f2

ω − id
− di = 0, j = 1, 2.

For high frequency waves, so that 1/τD, d ≪ 1, this reduces to266

w2 = f2 + k2/j2, j = 1, 2

which is essentially the dispersion relations of f-plane Poincare waves. Notice267

also general identity268

v̂j = i
f

ω − id
ûj , (5)

for linearized waves regardless of moisture coupling, which again suggests that269

high frequency waves are such that the meridional velocity anomalies are (al-270

most) in quadrature with the zonal velocity anomalies as for Poincare waves.271

This is in fact confirmed in Figure 3 (a) where we plot the zonal structure272

of the zonal and meridional velocity components of the most unstable moist273

gravity waves in the KM08 regime at 10 degree latitude and for θeb− θ̄em = 14274

K. This is contrasted with the structure of the standing congestus mode in275

Figure 3 (b), which as expected does not appear to have this quadrature prop-276
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Fig. 3 (a) The structure of the zonal and meridional velocity components of the most
unstable moist gravity waves in the KM08 regime at 10 degree latitude and for θeb−θ̄em = 14
K. vPcr is the meridional velocity component of the corresponding dry Poincare wave.
(b) The structure of the zonal and meridional velocity components of the most unstable
standing-congestus mode in the same parameter regime.

erty because meridional and zonal velocities are anti correlated as predicted277

by (5) when ω is pure imaginary and iω − id < 0.278

In Table 4, we report the strength of the dynamical terms in the θ equation279

for the unstable moist gravity wave (MGW) and congestus modes in the KM08280
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parameter regime to assess whether any of these modes are WTG. We do this281

for the first and second baroclinic modes separately. As we can see from this282

table the time derivative of the first baroclinic components of the MGW mode283

is roughly one order of magnitude smaller than the other dynamical terms. The284

corresponding quantities for the congestus mode are relatively higher than that285

but they remain (4 to 5 times) smaller compared to the corresponding other286

dynamical terms. However, for both modes, the second baroclinic components287

are comparable in magnitude to the other dynamical terms. This suggests that,288

for tropical wave dynamics, the WTG approximation is valid for convectively289

coupled gravity waves in their first baroclinic component but its generalization290

to the whole dynamics (i.e to shallower vertical modes) is questionable. The291

systematic derivation of the WTG models from [31] presented in [25] relies on292

the smallness of the Froude number, the ratio of the typical velocity to the293

gravity wave speed; second baroclinic dry gravity waves move at half the wave294

speed of the first baroclinic mode gravity waves and therefore have a larger295

Froude number. Evidently, moisture coupling with larger Froude number in-296

validates the ”simple” WTG approximation [31] here for the second baroclinic297

component. Fortunately, there are a wide variety of generalized multi-scale298

WTG approximations [24,25,19] which also allow for suitable gravity wave299

dynamics and ameliorate this difficulty with the original WTG approximation300

from [31].301

4 Effect of rotation and atmospheric dryness on organized302

convection and mean circulation303

In this section we present long run nonlinear simulations using both the deter-304

ministic and stochastic multicloud models which we interpret in the light of305

the linear analysis presented above and try to gain some more understanding306



Title Suppressed Due to Excessive Length 19

Table 4 Strength of the dynamical terms for the most unstable moist gravity wave (MGW)
and congestus mode in the KM08 parameter regime at 5 degrees. See text for details.

First Baroclinic
Moist gravity wave

latitude (degrees) ||iωθ̂1|| ||ikû1|| ||Ĥd + ξsĤs + ξĤc − θ̂1/τD||
0 0.0785 0.7002 0.6299
5 0.0869 0.7844 0.7036
10 0.0978 0.9078 0.8126
15 0.0971 0.9268 0.8302

Congestus mode
0 0.0061 0.0243 0.0306
5 0.0076 0.0572 0.0651
10 0.0074 0.0458 0.0535
15 0.0072 0.0409 0.0483

Second Baroclinic
Moist gravity wave

latitude (degrees) ||iωθ̂2|| ||ikû2/4|| ||Ĥc − Ĥs − θ̂2/τD||
0 0.1002 0.2234 0.1393
5 0.1111 0.2506 0.1515
10 0.1223 0.2836 0.1664
15 0.1168 0.2786 0.1628

Congestus mode
0 0.0241 0.0241 0.0489
5 0.0142 0.0266 0.0413
10 0.0172 0.0265 0.0442
15 0.0186 0.0263 0.0455

of the properties of organization of convection in the tropics and extra-tropics.307

As we will see below, the stochastic simulations have strong qualitative resem-308

blance with the CRM simulations of Liu and Moncrieff [22] on a 4, 000 km309

domain.310

The governing equations in (2) and Table 1 are solved numerically for about311

500 days, starting from a random initial condition. After a short transient312

period of less than 100 days the solution enters a statistical steady state. For313

each one of the three cases presented below, we plot the spatial structure of314

the time mean, discarding the transient period, and the Hovmöller diagrams315

of deviations from this mean to separate the climatological-mean circulation316
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due to steady forcing and/or standing modes from propagating waves. More317

details on the procedure including details of the simulations can be found in318

[16,18].319

4.1 Deterministic simulations: Homogeneous SST320

We consider a homogeneous SST background, i.e, the imposed sea surface321

evaporative forcing θ∗eb − θ̄eb and all other model parameters assume their val-322

ues in Tables 1 and 2, for the KM08 regime. In Figure 4 (a),(b),(c), (d) we show323

the time averaged zonal and meridional structure of the velocity components,324

heating rates Hd, Hs, Hc, moisture anomalies q, and the zonal circulation pat-325

terns with u − w velocity arrows overlaid on top of potential temperature326

contours corresponding respectively to latitudes φy = 2.5, 5, 10, 20 degrees. As327

we can see from Figure 4(a),(b),(c), although the external forcing is uniform328

a nontrivial mean solution develops for all three latitude cases. This is in fact329

a manifestation of the standing-congestus mode of linear instability, identi-330

fied in Section 3, as rotation and dryness effects are increased. Consistently,331

this mean solution is characterized by a dominating congestus heating char-332

acterized by moist and dry regions separated by high congestus gradients and333

substantial peaks in velocity amplitudes. Also, consistent with linear theory,334

those gradients become sharper and sharper as the Coriolis parameter is in-335

creased because of the spread of the large scale instability to smaller scales.336

The case φy = 20 degrees is even more revealing as it shows a wavy pat-337

tern with a clear wavenumber k = 4 unlike the cases in (a),(b), and (c) that338

display a double-cell Walker type circulation as suggested in [18] for the case339

f = 0. Moreover, the overall amplitude of the solutions in Figure 4 remains un-340

changed except for the meridional velocity which increases considerably with341

rotation. This is consistent with the fact that linear theory predicted a growth342
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Fig. 4 Time averaged zonal and meridional velocity components (top), heating rates and
moisture (middle), and mean zonal circulation patterns (bottom) for the MK08a parameter
regime with a uniform SST background: (a) φy = 2.5 degrees.

rate for the congestus mode which is independent of rotation and the zonal343

mean circulation is roughly constant in magnitude so the first equation in (4)344

predicts a meridional mean flow strongly increasing with rotation. Also the345

u and v components are anti-correlated to each other as predicted by linear346

theory using (5) with imaginary frequency.347

In Figure 5 (a) and (b), we plot the Hovmöller diagrams (x-t contours) of348

the wave fluctuations from the mean solutions presented in Figure 4 for the349

two cases corresponding to φy = 2.5 and 5 degrees, respectively. Interestingly350

on top of the standing-congestus mode, we see moist gravity waves moving in351

both directions at roughly 18 m/s evolving mainly within the moist region with352

the congestus-standing mode acting as a barrier trying to confine convective353

organization, as already noted in [18]. It is also worth noting that as expected,354
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Figure 4 (continued): (b) φy = 5 degrees.

due to the Coriolis effect, the moist gravity waves carry a nontrivial meridional355

velocity v (not shown here) which is in quadrature with the zonal velocity u356

and whose amplitude increases with f . For higher Coriolis forcing φy ≥ 7357

the wave fluctuations are very weak and when φy ≥ 10 the solution becomes358

steady; consistent with the linear theory results in Section 3 it is dominated359

by the standing-congestus mode, which eventually saturates due to nonlinear360

effects.361
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Figure 4 (continued): (c) φy = 10 degrees.

4.2 Deterministic simulations: Warm pool forcing362

We now introduce a non-homogeneity in the surface forcing by modifying the

evaporative flux to mimic the maritime continent warm pool. We set

θ∗eb − θ̄eb =











10 cos(x − x0) K if |x − x0| < π/2

5 K otherwise,
(6)

so that the surface heating and moistening is raised by 5 degrees in the centre363

of the warm pool and lowered by 5 K outside, with respect to the uniform364

background used before.365

In Figure 6 we show the mean circulation patterns obtained with the warm366

pool simulations for the case φy = 0 and φy = 5 degree in the KM08 parameter367

regime. As expected from (4), as we go from the equator to higher latitudes,368
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(D)

Figure 4 (continued): (d) φy = 20 degrees.

the meridional mean circulation increases in strength. As we move from the369

equator to higher latitudes, the Walker circulation transitions from a deep first370

baroclinic circulation to a shallower one which is characterized by a mid-level371

jet reminiscent of a strong second baroclinic component due to the congestus372

mode which dominates the heating field. This is in fact very similar to the373

homogeneous RCE case. Compare Figure 6(b) with Figure 4(b). As f is in-374

creased, the congestus-standing mode develops and aligns itself with the warm375

pool geometry. Note that the situation is different at much higher f values as376

we are not getting a packet of standing waves any more because the warm pool377

forcing provides a preferential location for the congestus mode. However, the378

zonal Walker-cell circulation becomes much weaker and more confined to the379

warm pool region as f is increased. The sudden transition of the Walker circu-380

lation from deep to shallow reminiscent of the mixed-type secondary shallower381
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Fig. 5 Hovmöller diagrams (x-t contours) of the wave fluctuations corresponding to the
mean solutions presented in Figure 4. First and second baroclinic zonal velocities (top left
and top right), first and second baroclinic meridional velocities (middle left and middle right
), deep and congestus heating anomalies (bottom left and bottom right respectively). (a) :



26 Andrew J. Majda et al.

circulation observed at higher latitudes in the mean monsoonal circulation [29]382

while the confinement of the subsiding circulation to the vicinity of the heating383

source is consistent with the findings of Liu and Moncrieff [22].384

Figure 7 shows the wave fluctuations associated with the warm pool simu-385

lations in Figure 6. As expected the strong convectively coupled gravity waves386

seen in the case without rotation in (a) weaken substantially as the rotation387

is introduced and they become very confined to the edges of the warm pool;388

moist gravity waves seem to be initiated at the warm pool centre and amplify389

at its edges as they propagate in both directions and then fade out and die390

when they leave the moist region. The same confinement of convection seen391

in Figure 5 (to the centre of the standing congestus mode) seems to operate392

here also.393

4.3 Stochastic simulations394

In this section we couple the multicloud equations in (2) to a stochastic model395

for the area fractions of the three main cloud types represented by the model:396

congestus, deep, and stratiform. The stochastic multicloud model (SMCM) is397

designed in [13] to account for the missing subgrid scale variability of convec-398

tion in GCMs. It is successfully used in [2,3] for the simulation of convectively399

coupled waves and tropical climate in the context of the crude vertical resolu-400

tion model in (2).401

402

As in the deterministic simulations reported above, we also consider here403

both the cases of a uniform and a warm pool SST backgrounds but for the404

FMK13 parameter regime. First, we recall that the linear (deterministic) the-405

ory, from Section 3, exhibits, in this regime, a systematic decrease in growth406

rates of the synoptic scale instability of moist gravity waves as the Corio-407
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Fig. 6 Mean zonal circulation patterns for the MK08 parameter regime with a warm pool
SST: (a) φy = 0 degrees, (b) φy = 5 degrees, (c) φy = 10 degrees, (d) φy = 20 degrees.
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Fig. 7 Zonal and meridional velocities of wave disturbances associated with the warm
pool simulations in Figure 6. (a): Equator, φy = 0 (meridional velocities are zero in this
simulation, thus only zonal velocities are plotted), (b) φy = 5 degrees.
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lis parameter is increased but they remain unstable even at φy = 20o, when408

θ̄eb − θ̄em = 11 K. However, when θ̄eb − θ̄em = 14 K, the instability fades out409

somewhere between 5 and 15o. At θ̄eb − θ̄em = 14 K, (results not shown) the410

model becomes stable at 5o. In all cases, the FMK13 regime does not develop a411

congestus mode instability as f is increased. By choosing to couple the SMCM412

to the model in (2) we can address the important question of whether with413

the help of the stochastic parametrization, the multicloud model can repro-414

duce some of the behavior seen in the deterministic simulations such as the415

weakening and confinement of the moist gravity waves and Walker circulations416

even though a congestus mode instability is lacking. Moreover, we can address417

the important question of whether the SMCM will be capable of reproducing418

the CRM behavior seen in [22] such as the “disorganization” and patchiness419

of convection that occurs at high Coriolis parameter values. Recall that in the420

deterministic simulations, the congestus mode instability, is suggested to help421

establish the confinement of moist gravity waves in the deterministic simula-422

tions.423

In a nutshell, the coarse-grained SMCM [13,2,3] is a probabilistic model for424

the area fractions of congestus, deep, and stratiform cloud types, denoted here425

σc, σd and σs, respectively. A rectangular lattice of N = n×n sites is overlaid426

over each GCM horizontal grid. Here we assume n = 20 so that for a large-427

scale resolution of 40 km the lattice sites are 2 km apart from each other. Let428

Nc, Nd, Ns be the number of lattice site that are occupied by a congestus, deep,429

and stratiform cloud types, respectively. The triplet form a three dimensional430

birth and death process with immigration, that is, cloud populations can in-431

crease by the birth of new cloudy sites, decrease by the death of older ones, or432

exchange members by transitions of some sites from one cloud type to another.433

It forms an ergodic Markov process with a well defined limiting distribution434

which depends only on the large scale (GCM) variables. In the SMCM, we as-435
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Table 5 Transition time scales for the SMCM simulations [3]. See text for details.

Transition Rate Time scale (hours)
Clear to congestus R01 = Γ (D)Γ (Cl)/τ01 τ01 =1

Clear to deep R02 = [1 − Γ (D)]Γ (C)/τ02 τ02 = 3
Congestus to deep R12 = (1 − Γ (D))Γ (C)/τ12 τ12 = 1
Deep to stratiform R23 = 1/τ23 τ23 = 3
Congestus to clear R10 = 1/τ10 τ10 =1
Congestus to clear R20 = 1/τ20 τ20 = 3
Congestus to clear R30 = 1/τ30 τ30 = 5

sume that, under very specific large scale conditions, only congestus and deep436

sites can be created from clear sky sites and that a congestus site can transit to437

a deep site and a deep site can transition to a stratiform site. Any cloudy site438

can decay into a clear sky site. A single transition time scale τkj , k, j = 0, 1, 2, 3439

is associated with each one of these seven state transitions of the lattice sites.440

The closure equations of the transition rates and the values of the transition441

time scales used for this article are given in Table 5 [3]. The transition rates442

are defined in terms of midtropospheric dryness D = (θeb − θem)/T0, normal-443

ized values of convective available potential energy, CAPE/CAPE0, and low444

level CAPE, CAPLEl/CAPE0, through an Arrhenius-type activation func-445

tion: Γ (x) = 1 − e−x if x ≥ 0 and Γ (x) = 0 if x < 0. Here T0 = 10 K and446

CAPE0 = 2000 J/kg. Also the physical constant R used to define CAPE and447

CAPEl in Table 1 take the value R = 2.1514e−04J/kgK−1[13]. The coupling448

of the SMCM to the large-scale equations is summarized in Table 1 and the449

interested reader is referred to the original papers [13,2,3] for details. There450

is a recent generalization of SMCM to allow for local interactions [12] .451

As in the deterministic simulation we run the coupled SMCM model for452

400 days using a 2 minute time step and a 40 km grid spacing combined with453

a lattice size of 20 × 20 microscopic sites per grid cell. In Figure 8(A),(B),454

and(C), we plot the Hovmöller diagrams for the deep and congestus area frac-455

tions, a surrogate for convective cloud cover, obtained by SMCM simulations456
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Table 6 Time series variance for SMCM simulations with homogeneous SST background.

θ̄eb − θ̄em Variable (Units) Equator 5o 10o 20o

11 K u1, u2 (m/s)2 9.0, 6.5 2.5, 4.3 1.0 ,3.5 0.5 , 3
v1, v2 (m/s)2 0,0 0.5, 1.0 4.5, 1.5 3.5 , 2.5

q K2 6.4 3.6 2.1 1.4
14 K u1, u2 (m/s)2 9.5, 6.5 2.0, 4.5 1.0, 4.0 0.5, 3.5

v1, v2 (m/s)2 0,0 4.5, 0.5 5.0, 2.0 6.0, 3.0
q K2 6.5 2.9 2.2 1.7

with homogeneous SST at latitudes 0, 5, and 20 degrees, respectively when457

θ̄eb − θ̄em = 11 K. As noted in [3], at the equator (0 latitude) the SMCM458

exhibits synoptic to planetary wave envelopes of mesoscale propagating con-459

vective signals with appreciable variance. As we see in Figure 8, as the Coriolis460

effect is introduced and increased this synoptic to planetary scale organization461

weakens and disappears. It is gradually replaced by chaotic and somewhat462

patchy convective events. In Table 6 we report the variability in horizontal463

and meridional velocity components and moisture anomaly fields for the cases464

of Figures 8 and 9. We note from Table 6 that in addition to the patchiness of465

convection, the whole zonal wave fluctuations get attenuated as f is increased466

while the meridional component of the variance increases substantially. This is467

consistent with the linear theory results of Section 3. The more patchy and less468

organized cases correspond to the linearly stable regimes. This patchiness or469

rather lack of organization thereof is qualitatively similar to what is observed470

in the CRM simulations of Liu and Moncrieff [22]; see Figures 7 and 8 from471

[22] and compare with our Figures 8 and 9. The analogy is even more evident472

in the warm pool simulations presented next.473

In Figures 10, 11,12, we plot the mean/Walker circulation patterns ob-474

tained by SMCM simulations with 5 K warm pool SST forcing (6) using the475

FMK13 parameter regime with θ̄eb − θ̄em = 10, 14, 20 K, respectively; the476

Coriolis parameter is increased from 0 to its value at φy = 20o. The wave and477
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Fig. 8 Hovmöller diagram of the area fractions of congestus (left) and deep (right) cloud
types for SMCM simulations using a uniform SST and θ̄eb − θ̄em = 11 K. (a) Equator, (b)
50, (c) 10o. and (d) 20o.
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Fig. 9 Same as Figure 8 but for θ̄eb − θ̄em = 14 K. (a) Equator, (b) 50, (c) 10o, (d) 20o.
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Table 7 Strength of mean zonal circulation (U m/s, W cm/s) for the warm pool SMCM
simulations using the FMK13 regime.

Latitude θ̄eb − θ̄em = 10 K θ̄eb − θ̄em = 14 K θ̄eb − θ̄em = 20 K
0o 8.6, 2.7 11.1, 1.3 11.8, 3.2
5o 3.0, 0.6 3.0, 0.7 3.8, 0.8
10o 1.3, 0.4 1.2, 0.5 1.1,0.6
20o 0.6, 0.4 0.5 , 0.4 0.8 , 0.4

convective fluctuations behave similarly as in the homogeneous SST simula-478

tions reported in Figures 8 and 9, except that they are now more confined to479

the warm pool region [2,3]. In Tables 7 and 8, we display the actual strengths480

of the mean and fluctuations, respectively. Similarly to both the homogeneous481

SST and deterministic simulations, we see a significant decrease in strength482

of the zonal mean circulation and variability and confinement of the mean483

circulation to the warm pool consistent with the findings of Liu and Moncrieff484

[22]. This confinement is further accelerated with the increase in atmospheric485

dryness parameter θ̄eb − θ̄em. However, the mean circulation in Figures 10, 11,486

and 12 does not become significantly shallow with increasing f as in the case487

of the deterministic simulations using the KM08 regime in Figure 6. This sup-488

ports the claim that the transition to a shallower mean circulation in Figure489

6 is mainly controlled by the congestus mode instability, since it is absent in490

the FMK13 regime as reported in Figure 1. Moreover, while the zonal means491

〈u〉1, 〈u〉2 decrease significantly with f , the strength of the meridional means492

〈v〉1, 〈v〉2 remains roughly unchanged, as f is increased from 5 to 20o, except493

for the case θ̄eb − θ̄em = 20 K where 〈v〉1,2 seem to decrease with f but they494

remain substantially larger than 〈u〉1,2. This can be explained from Equation495

(4) by the fact that the drastic decrease in 〈u〉1, 〈u〉2 is compensated by the496

increase in the value of f .497
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Fig. 10 Walker circulation patterns obtained by SMCM simulations on a 5 K warm pool
SST forcing using the FMK13 parameter regime with θ̄eb− θ̄em = 10 K. (a) Equator, (b) 50,
(c) 10o, (d) 20o. Top panel of each subplot shows the time averaged zonal and meridional
velocities, while the mean zonal circulation pattern is given in the bottom.
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Fig. 11 Same as Fig. 10 but for θ̄eb − θ̄em = 14 K.

5 Concluding discussion498

Convection in the tropics is organized into a hierarchy of mesoscale clusters499

and superclusters with scales ranging from the convective cell of a few kilo-500
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Fig. 12 Same as Fig. 10 but for θ̄eb − θ̄em = 20 K.

meters to planetary scale disturbances. As a consequence of the tremendous501

effort devoted by the scientific community, significant progress has been made502

during the last few decades in our understanding of the dynamics and physical503

features of the associated multiscale waves such as meso-scale convective sys-504
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Table 8 Standard deviation (u1 m/s, u2 m/s, q K) for the warm pool SMCM simulations
using the FMK13 regime.

Latitude θ̄eb − θ̄em = 10 K θ̄eb − θ̄em = 14 K θ̄eb − θ̄em = 20 K
0o 30.5, 47.6, 162 25.4 ,62.1 ,75.1 62.4, 85.2, 118.5
5o 2.5, 11.0, 6.75 2.5, 10.5 ,6.5 3.5,12.5, 7.5
10o 1.5,5.0 , 3.3 1.0 ,6.0 ,3.1 1.5,5.2 ,5.3
20o 0.5,4.0 , 1.5 0.5 ,5.0 ,1.8 1.0,4.5 ,3.3

tems, convectively coupled tropical waves and the MJO [33,21,27,19]. While505

mesoscale convective systems are found almost all over the world especially506

near the coasts and mountains, curiously, synoptic and planetary scale con-507

vectively coupled waves are restricted to the tropics and to some extent to508

the subtropics. The main physical properties that distinguish the tropics from509

the midlatitudes are the abundance of mid-tropospheric moisture and the van-510

ishing of the Coriolis force at the equator. To shed some light into this out-511

standing conundrum we used simple deterministic and stochastic multicloud512

models to study the effect of rotation and mid-tropospheric dryness on orga-513

nized convection and convectively coupled gravity waves. The effect of rotation514

on convection has been studied previously by Liu and Moncrieff using cloud515

resolving modeling [22] on a 4, 000 km synoptic scale domain. We have chosen516

to use the multicloud model, because it captures well the observed dynamical517

and physical features of organized convection and convectively coupled waves,518

including the MJO [15,18,17,20,13,2,3] and allows for simple linear stability519

analysis.520

Linear analysis for two-dimensional flows parallel to the equator is per-521

formed in Section 3 in two typical parameter regimes of the deterministic522

multicloud model, the KM08 [18] and the FMK13 [2] regimes. In the KM08523

regime, the main effect of rotation and mid-tropospheric moisture on convec-524

tively coupled gravity waves is that their growth rates decrease significantly525

as the Coriolis force is increased and/or the mid-tropospheric moistness is de-526
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creased. Instead the system gives rise to an instability of a standing-congestus527

mode whose growth rates increase with the mid-tropospheric dryness and the528

band of unstable modes increases with both the rotation and mid-tropospheric529

dryness. The FMK13 regime on the other hand does not produce a standing530

congestus mode but the growth rates of the moist gravity waves consistently531

decrease with increased rotation and with increased mid-tropospheric dryness.532

We note that the main differences between the two parameter regimes are in,533

γ′
2, the relative contribution of θ2 to congestus heating and the deep convec-534

tive inverse buoyancy time scale parameter, a0. Both assume larger values535

in the KM08 regime but γ′
2 is substantially larger. The fading of the moist536

gravity wave instability in the dry atmosphere and for higher Coriolis param-537

eter values is consistent with the fact that convectively coupled waves are538

found mostly in the tropics. We assessed whether any one of these unstable539

modes obeys the weak temperature gradient (WTG) balance [31] by compar-540

ing the relative contribution of each term in the the θ equations. We found541

that while the first baroclinic mode component of the moist gravity wave can542

be considered in WTG balance, the second baroclinic cannot. Thus, transient543

dynamics associated with the second baroclinic mode can be an obstacle for544

using straightforward WTG theories [31] to parametrize tropical convection.545

However, more sophisticated multi-scale WTG approximation that allow for546

gravity waves on larger scales have already proved useful for analyzing many547

multi-scale features of tropical convection [24,25,19].548

The role of the congestus mode is apparent in the nonlinear determinis-549

tic simulations performed in the KM08 regime with homogeneous and warm550

pool SST backgrounds. In the homogeneous SST in particular, the congestus551

mode forces the emergence of a Walker-type steady zonal mean flow. Such552

steady circulation was reported in [18] but it is further amplified when the553

Coriolis force is introduced and increased. More importantly, as the Coriolis554
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force or dryness is increased the wave fluctuations associated with the MGWI555

decrease progressively in intensity and the whole solution becomes ultimately556

evanescent; the meridional component of the mean circulation increases with557

rotation and dominates the mean circulation. Note also that the wavelength of558

the steady-mean flow decreases with increasing f consistent with the increase559

of the instability band of the congestus instability toward small scales. The560

decay of moist gravity wave fluctuations is also observed when a warm pool561

forcing is imposed. However, the key feature here resides in the induced Walker562

circulation which becomes shallower and shallower and more confined to the563

vicinity of the warm pool, while the mean meridional circulation increases and564

dominates as f increases. The shallow circulation observed at higher latitudes565

is consistent with the dominance of the congestus mode which is associated566

with the second baroclinic mode reminiscent of the persistence of congestus567

cloud decks on the flanks of the ITCZ [11].568

Another contribution of this article comes from the use of the stochastic569

multicloud model (SMCM) to address this question about the effect of rota-570

tion and mid-tropospheric dryness on convection. As pointed out in [2,3], the571

SMCM captures very well the chaotic behavior and stochastic organization of572

tropical convection as observed in cloud resolving modeling and in nature [30].573

As shown in Section 4.3, the multiscale organization of convection into streaks574

of synoptic scale patterns associated with moist gravity waves and their plan-575

etary scale envelopes, fades out when the Coriolis parameter is increased from576

5o to 20o. As the Coriolis parameter is increased convection becomes very577

patchy and unorganized and strikingly similar to that seen in CRM simula-578

tions of Liu and Moncrieff [22] which are performed under similar conditions579

on a smaller domain. The same behavior is observed for both the small dryness580

values of θ̄eb − θ̄em = 11 K and for the moderate one of θ̄eb − θ̄em = 14 K,581

although the transition is more rapid in the latter case.582
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