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ABSTRACT

2



The Intertropical Convergence Zone (ITCZ) over the eastern Pacific is some-

times observed to break down into several vortices on the synoptic time scale.

It is still a challenge for present-day numerical models to simulate the ITCZ

breakdown in the baroclinic modes. Also, the upscale impact of the asso-

ciated mesoscale fluctuations on the planetary-scale circulation is not well

understood. Here a simplified multi-scale model for the modulation of the

ITCZ is used to study these issues. A prescribed two-scale heating drives

the planetary-scale circulation through both planetary-scale mean heating and

eddy flux divergence of zonal momentum, where the latter represents the up-

scale impact of mesoscale fluctuations. In an idealized scenario with zon-

ally symmetric planetary-scale flow, both deep convective heating and shal-

low congestus heating are considered. First, several key features of the ITCZ

breakdown in the baroclinic modes are captured in this multi-scale model.

Secondly, the eddy flux divergence of zonal momentum is characterized by

mid-level (low-level) eastward (westward) momentum forcing at high lati-

tudes of the Northern Hemisphere and alternate mid-level momentum forcing

at low latitudes. Such upscale impact of mesoscale fluctuations tends to accel-

erate (decelerate) planetary-scale zonal jets in the middle (lower) troposphere.

Thirdly, compared with deep convective heating, shallow congestus heating

induces stronger vorticity anomalies on the mesoscale and more significant

eddy flux divergence of zonal momentum and acceleration/deceleration ef-

fects on the planetary-scale mean flow. In a more realistic scenario with zon-

ally varying planetary-scale flow, the most significant zonal velocity anoma-

lies are confined in the diabatic heating region.
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1. Introduction35

The ITCZ is a narrow band of cloudiness encircling the Earth in the tropics. Due to the low36

heat capacity of the continental regions, a large portion of energy that originally comes from inso-37

lation is released back to the troposphere in the form of longwave radiation, providing favorable38

conditions for tropical convection in the ITCZ (Ramage 1968). Over the oceanic regions, con-39

vective activity in the ITCZ is accompanied by warm sea surface temperatures, which increases40

evaporation and heat influx through the atmospheric boundary layer (Zhang 2001). Besides, low41

pressure in the ITCZ induces wind convergence in the lower troposphere with the northeasterly42

trade winds to its north and southeasterly trade winds to its south (Toma and Webster 2010a). The43

early observational studies based on satellite imagery can date back to the 1960s, where the vari-44

ation of the visible brightness field affected by all cloud types is used to estimate the convective45

field with cloudiness (Hanson et al. 1967; Hubert et al. 1969; Winston 1971; Gruber 1972). With46

the development of satellite measurement in higher spatiotemporal resolutions, global-scale anal-47

ysis for the ITCZ has been done based on long-record satellite datasets, providing the community48

with concise descriptions of global ITCZ climatology (Waliser and Gautier 1993). In general, the49

ITCZ in the continental regions such as Africa and South America and most of the oceanic regions50

such as the Indian Ocean, the western Pacific and Atlantic Ocean migrates between the Northern51

and Southern Hemispheres with the seasonal cycle. However, the eastern Pacific ITCZ remains52

in the Northern Hemisphere along the latitudes between 5◦N and 15◦N all year round. Such per-53

sistent location of the eastern Pacific ITCZ in the Northern Hemisphere has attracted attention54

of the community, and many theoretical and numerical studies have been undertaken to illustrate55

the underlying mechanism (Philander et al. 1996). Climate models fail to capture this Northern56
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Hemisphere persistence of the ITCZ, which is associated with the so-called double ITCZ problem57

(Hubert et al. 1969; Zhang 2001; Lin 2007).58

Instead of being a steady state, the ITCZ over the eastern Pacific is sometimes observed to undu-59

late and break down on the synoptic time scale (Ferreira and Schubert 1997). In details, the ITCZ60

first undulates and breaks down into several disturbances in the form of displaced cloud clusters61

at different locations. Among these disturbances, some grow to become tropical cyclones and62

others dissipate in the following several days. As tropical cyclones move to high latitudes, a new63

ITCZ band of cloudiness reforms in the original place. This whole process is referred to the ITCZ64

breakdown. Since most of tropical cyclones forming near the ITCZ (Gray 1979) can significantly65

impact the local weather and global atmospheric conditions, many physical mechanisms have been66

proposed to explain the ITCZ breakdown. For instance, easterly waves are frequently observed67

in the Atlantic Ocean, West Africa and the Pacific (Toma and Webster 2010a,b), which can be68

an external reason for the ITCZ breakdown as the westward moving synoptic-scale disturbances69

propagate to the eastern Pacific and disturb the ITCZ flow field (Gu and Zhang 2002). In addition,70

internal instability such as the vortex roll-up mechanism (Hack et al. 1989; Ferreira and Schubert71

1997) involving a reversed meridional potential vorticity gradient field is proposed to explain the72

ITCZ breakdown. As the ITCZ undulates and breaks down into disturbances, the atmospheric73

flows get disturbed with cyclonic flows, which further impact the large-scale circulation over the74

eastern Pacific (Wang and Magnusdottir 2006).75

In spite of many observational studies based on satellite measurement, understanding the essen-76

tial mechanism for the ITCZ breakdown and its upscale impact on the planetary-scale circulation77

is still an unsolved problem. For example, the barotropic aspects of the ITCZ breakdown are78

examined through a nonlinear shallow water model on the sphere (Ferreira and Schubert 1997).79

After prescribing a zonally elongated mass sink near the equator, a potential vorticity strip with a80

5



reversed meridional gradient appears on the poleward side of the mass sink, which is unstable with81

weak disturbances and resembles the ITCZ breakdown. However, since the eastern Pacific ITCZ82

is characterized as a narrow band of cloudiness, convective activity increases the buoyancy of air83

parcels and lift them into the upper troposphere. Such baroclinic aspects of the ITCZ breakdown84

are not captured by the shallow water model in (Ferreira and Schubert 1997). On the other hand,85

three-dimensional simulations using a primitive equation model have been used to model the atmo-86

spheric flows during the ITCZ breakdown (Wang and Magnusdottir 2005). In that work, a positive87

potential vorticity strip is generated in the lower troposphere of the Northern Hemisphere with88

a reversed meridional gradient, while the potential vorticity in the upper troposphere is negative89

with a broader meridional extent. As the potential vorticity strip undulates and breaks down, the90

resulting vorticity anomalies resemble the tropical cyclones over several hundred kilometers in the91

eastern Pacific ITCZ. However, the upscale impact of the atmospheric flows associated with the92

ITCZ breakdown on the planetary-scale circulation is still unclear (Wang and Magnusdottir 2005).93

The goal of this paper is to use a simple multi-scale model to address those issues including the94

baroclinic aspects of the ITCZ breakdown and the upscale impact of mesoscale fluctuations on the95

planetary-scale circulation through eddy flux divergence of zonal momentum.96

Tropical convection is organized in a hierarchical structure across multiple spatiotemporal97

scales, ranging from the single cumulus cloud over several kilometers, to mesoscale convec-98

tive systems (Houze 2004), to synoptic-scale convectively coupled equatorial waves (Kiladis99

et al. 2009) to planetary-scale intraseasonal oscillations such as the Madden-Julian Oscillation100

(Zhang 2005). In the theoretical directions, self-consistent multi-scale models based on multi-scale101

asymptotic methods were derived systematically and used to describe such hierarchical structures102

of atmospheric flows in the tropics (Majda and Klein 2003; Majda 2007). The advantages of using103

these multi-scale models lie in isolating the essential components of multi-scale interaction and104
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providing assessment of the upscale impact of the small-scale fluctuations onto the large-scale105

mean flow through eddy flux divergence of momentum and temperature in a transparent fashion.106

In particular, the modulation of the ITCZ (M-ITCZ) equations (Biello and Majda 2013) describe107

atmospheric flows on both the mesoscale and planetary scale, which interact with each other in a108

completely nonlinear way. Such complete nonlinearity distinguishes itself from other multi-scale109

models (Biello and Majda 2005, 2006; Majda 2007; Biello et al. 2010; Majda et al. 2010; Yang110

and Majda 2014; Majda and Yang 2016), where large-scale mean flow and small-scale fluctua-111

tions are typically governed by different groups of equations. Here a specific numerical scheme is112

designed to achieve satisfactory accuracy without violating the asymptotic assumptions after the113

discretization of the multi-scale system.114

The M-ITCZ equations describe atmospheric dynamics on both the mesoscale and planetary115

scale, which are the typical scales of atmospheric flows in the eastern Pacific ITCZ. On the one116

hand, a single tropical cyclone and the associated cyclonic flows during the ITCZ breakdown have117

a comparable size as the mesoscale components in the M-ITCZ equations, and they are driven by118

latent heat release during precipitation of cloud clusters. On the other hand, the planetary-scale119

velocity and temperature fields in the M-ITCZ equations can be used to mimic the large-scale cir-120

culation pattern over the eastern Pacific, which is characterized by a strong overturning circulation121

cell around the equator. Here the M-ITCZ equations are used to simulate the ITCZ breakdown122

and its upscale impact of the disturbed atmospheric flows associated with tropical cyclones on123

the planetary-scale circulation. To begin with, an idealized scenario with zonal symmetry on124

the planetary scale is considered so that the planetary-scale gravity wave is suppressed. On the125

mesoscale, zonally localized heating is prescribed in the Northern Hemisphere to mimic diabatic126

heating associated with a single cloud cluster in the eastern Pacific ITCZ. Outside this heating re-127

gion, horizontally uniform cooling is prescribed to mimic radiative cooling and subsiding motion128
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in the cold and dry region such as the whole Southern Hemisphere (Toma and Webster 2010a).129

Besides deep meridional circulation in the eastern Pacific ITCZ, shallow meridional circulation130

with northerly returning flows just above the atmospheric boundary layer is observed by satellite131

measurement and dropsondes and wind profilers (Zhang et al. 2004; Nolan et al. 2007; Zhang132

et al. 2008). Since the large-scale meridional circulation can be regarded as a response to convec-133

tive heating (Schneider and Lindzen 1977; Gill 1980; Wu 2003), the resulting mesoscale solutions134

in the M-ITCZ equations driven by deep convective heating and shallow congestus heating are135

compared in terms of their different upscale impact. In fact, the deep and shallow ITCZ break-136

down classified by convection depth have been observed and studied in (Wang and Magnusdottir137

2006). Then a more realistic scenario including both mesoscale and planetary-scale dynamics is138

considered with the diabatic heating modulated by a convective envelope to mimic the eastern Pa-139

cific ITCZ. The upscale impact of mesoscale fluctuations during the ITCZ breakdown can induce140

rectification of the planetary-scale circulation over the eastern Pacific.141

After prescribing the diabatic heating for latent heat release in the eastern Pacific ITCZ, the M-142

ITCZ equations are initialized from a background state of rest and numerically integrated when143

forced by the diabatic heating. Several crucial results are obtained by diagnostically calculating144

eddy flux divergence of zonal momentum and comparing the flow fields with mesoscale zonally145

localized and uniform heating in the first scenario. First, a positive vorticity strip is generated in the146

northern side of the deep diabatic heating region in the lower troposphere and undulates in the first147

two days, followed by the formation of a strong vortex in the middle, which resembles the ITCZ148

breakdown as seen in observations (Ferreira and Schubert 1997). In the middle troposphere, a149

pair of vorticity dipoles form at low latitudes of the Northern Hemisphere. The baroclinic aspects150

of the ITCZ breakdown is examined here, including the vertical structure of vorticity and flow151

fields. Secondly, in the deep heating case, the eddy flux divergence of zonal momentum is char-152
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acterized by mid-level (low-level) eastward (westward) momentum forcing at high latitudes of the153

Northern Hemisphere and alternate mid-level momentum forcing at low latitudes. As far as kinetic154

energy is concerned, such eddy impact of the mesoscale dynamics accelerate mid-level zonal jets155

at both low and high latitudes, and decelerate low-level zonal jets at high latitudes. Thirdly, com-156

pared with deep convective heating, shallow congestus heating efficiently drives stronger vorticity157

anomalies and induces more significant eddy flux divergence of zonal momentum and accelera-158

tion/deceleration effects in the Northern Hemisphere, although the flow fields are confined in the159

shallower levels. In the more realistic scenario where the mesoscale fluctuations are coupled to160

the planetary-scale gravity waves, it is found that the most significant zonal velocity anomalies are161

confined to the diabatic heating region while small zonal velocity anomalies are transported away162

by the planetary-scale gravity waves. As for the rectification of the planetary-scale circulation in163

the Northern Hemisphere, westerly wind anomalies are induced at high latitudes of the lower and164

middle troposphere and low latitudes of the upper troposphere, while easterly wind anomalies are165

induced around the equator in the middle troposphere.166

The rest of this paper is organized as follows. The properties of the M-ITCZ equations for167

mesoscale barotropic Rossby waves and planetary-scale gravity waves and conservation of poten-168

tial vorticity and kinetic energy are discussed in Sec.2. Sec.3 presents numerical solutions for the169

ITCZ breakdown in zonally symmetric planetary-scale flow. Both deep convective heating and170

shallow congestus heating cases are considered in the same model setup and compared in terms171

of vorticity field, eddy flux divergence of zonal momentum and acceleration/deceleration effects172

on the mean flow. Sec.4 considers the general case where the diabatic heating is modulated by a173

planetary-scale convective envelope, explaining the rectification of the planetary-scale circulation174

due to the ITCZ breakdown over the eastern Pacific. The paper ends with a concluding discussion.175

The numerical scheme for solving the M-ITCZ equations is summarized in the Appendix.176
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2. Properties of the M-ITCZ Equations177

a. The governing equations178

Inspired by the multi-scale features of tropical convection, the multi-scale asymptotic methods179

were used to derive reduced models across multiple spatiotemporal scales (Majda and Klein 2003;180

Majda 2007). In particular, the M-ITCZ equations, derived in (Biello and Majda 2013), describes181

the multi-scale dynamics of the ITCZ from the diurnal to monthly time scales in which mesoscale182

convectively coupled Rossby waves are modulated by large-scale gravity waves. The M-ITCZ183

equations in dimensionless units read as follows,184

Du
Dt
− yv =−∂ p

∂x
− ∂Π

∂X
−du, (1a)

Dv
Dt

+ yu =−∂ p
∂y
−dv, (1b)

w = Sθ , (1c)

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0, (1d)

∂Π

∂x
=

∂Π

∂y
= 0,

∂Π

∂ z
= Θ, (1e)

∂Θ

∂ t
+ 〈w̄〉 ∂Θ

∂ z
+W = 0, (1f)

∂

∂X
[〈ū〉−U ]+

∂W
∂ z

= 0, (1g)

where D
Dt =

∂

∂ t +u ∂

∂x + v ∂

∂y +w ∂

∂ z is the advection derivative due to the three-dimensional flow.185

The M-ITCZ equations are derived by using multi-scale asymptotic methods and introducing186

two zonal spatial scales (planetary-scale X , mesoscale x). More details about the derivation can be187

found in (Biello and Majda 2013). In Eqs.1a-1g, one dimensionless unit of planetary-scale X and188

mesoscale x correspond to Lp = 5000km and Lm = 500km, respectively, and that of time t is 1 day.189

The Rossby number, ε = 0.1, is the small nondimensional parameter used in the asymptotic anal-190
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ysis. The M-ITCZ equations involve velocity field (u,v,w) and pressure perturbation p balancing191

the equations of motion at O (1), large-scale pressure Π and large-scale potential temperature Θ192

at O
(
ε−1) as well as secondary vertical flow W at O (ε). The velocity field (u,v,w) and pressure193

perturbation p depend on both zonal spatial scales (planetary-scale X , mesoscale x) as well as the194

meridional coordinate y while the large-scale pressure Π and potential temperature Θ only depend195

on the planetary-scale zonal coordinate X . All physical variables can have vertical dependence196

z and temporal variation t. One dimensionless unit of horizontal velocity (u,v) corresponds to 5197

ms−1 , one dimensionless unit of vertical velocity w corresponds to 0.05 ms−1 and that of pressure198

perturbation, per unit mass, is 25 m2s−2. The large-scale pressure Π and temperature perturbation199

Θ are in units of 250 m2s−2 and 3.3 K, respectively. The secondary vertical flow W has units of200

0.005 ms−1. In this scaling regime, one dimensionless unit of the diabatic heating corresponds to201

33 Kday−1. Eq.1f-1g involve mesoscale zonal and meridional averaging operators defined for an202

arbitrary function f as follows.203

f̄ (X ,y,z, t) = lim
L→∞

1
2L

∫ L

−L
f (x,X ,y,z, t)dx, (2)

〈 f 〉(x,X ,z, t) =
1

2L∗

∫ L∗

−L∗
f (x,X ,y,z, t)dy, (3)

where L is the mesoscale zonal length of the domain in the asymptotic limit and L∗ measures the204

finite poleward extent of the domain on the equatorial β plane. Besides, U denotes the barotropic205

mode of mean zonal velocity 〈ū〉.206

b. Mesoscale barotropic Rossby waves and planetary-scale gravity waves207

One crucial feature of the M-ITCZ equations is that the planetary-scale and mesoscale dynam-208

ics are nonlinearly coupled with each other. As already mentioned, such a model with complete209

nonlinearity is quite different from multi-scale models where the flow fields on different scales210
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are governed by different groups of equations. For example, the intraseasonal planetary equa-211

torial synoptic dynamics (IPESD) model consists of two groups of equations (Majda and Biello212

2004; Biello and Majda 2005, 2006). One of them describes equatorial synoptic-scale fluctuations213

and the other one is for the planetary-scale circulations. In the IPESD model, the planetary-scale214

equations are forced by upscale transfer of momentum and temperature from synoptic-scale fluc-215

tuations. In contrast, the M-ITCZ equations consists of only one group of equations, which involve216

zonal variation on both the planetary scale and mesoscale in a single time scale.217

Although both the planetary-scale and mesoscale dynamics in the M-ITCZ equations are com-218

pletely coupled to each other, the mesoscale dynamics still can be isolated by assuming zonal219

symmetry of the planetary-scale dynamics. Consequently, the planetary-scale pressure perturba-220

tion term −ΠX in Eq.1a vanishes, Eqs.1a-1d decouple from Eqs.1e-1g , and the equations for the221

mesoscale dynamics in dimensionless units become,222

Du
Dt
− yv =−∂ p

∂x
−du, (4a)

Dv
Dt

+ yu =−∂ p
∂y
−dv, (4b)

w = Sθ , (4c)

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0, (4d)

Eqs.4a-4d are called Mesoscale Equatorial Weak Temperature Gradient (MEWTG) equations (Ma-223

jda and Klein 2003), which consist of three-dimensional velocity field (u,v,w) and pressure per-224

turbation p. The nonlinear horizontal momentum equations on an equatorial β -plane come with225

a linear momentum damping term, which is used to mimic cumulus drag in large-scale tropical226

flows (Lin et al. 2005). Due to the Weak Temperature Gradient (WTG) approximation (Sobel et al.227

2001), the vertical velocity w is directly determined by the diabatic heating Sθ . The conservation228

of mass is guaranteed by the divergence-free constraint and constant density in the Boussinesq229

12



approximation. The MEWTG equations have been applied to model a variety of physical phe-230

nomena in the tropical circulation. For example, through a combination of exact solutions and231

simple numerics, some elementary exact solutions and an exact nonlinear stability analysis about232

a model similar to the MEWTG equations but on smaller scales and the f -plane are obtained in233

(Majda et al. 2008). The elementary solutions including the evolution of radial eddies to repre-234

sent hot towers in a hurricane embryo are studied in a suitable radial preconditioned background.235

Meanwhile, similar equations to the MEWTG equations also appear in the balanced hot tower236

model and balanced mesoscale vortex model as dynamical core, which are utilized successfully to237

illustrate key mechanisms in the hurricane embryo (Majda et al. 2010).238

By plugging the ansatz of plane waves into the linear MEWTG equations without thermal forc-239

ing and momentum damping, the dispersion relation of barotropic Rossby waves can be obtained240

(Majda and Klein 2003),241

ω =− k
k2 + l2 , (5)

where ω is the frequency and k, l are the wavenumber in the zonal and meridional directions.242

Such linear solutions with the dispersion relation of barotropic Rossby waves can have arbitrary243

vertical structure including both barotropic and baroclinic modes, sharing many crucial features of244

convectively coupled Rossby waves as observed in nature (Kiladis et al. 2009).245

As for the planetary-scale dynamics of the M-ITCZ equations, the planetary-scale equations can246

be obtained by applying the zonal averaging operators defined in Eq.2. In order to guarantee the247

multi-scale asymptotic assumptions and avoid secular growth, all terms involving mesoscale zonal248

derivative are assumed to be zero after taking mesoscale zonal averaging. The resulting equations249
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for the planetary-scale gravity wave in dimensionless units read as follows.250

∂ ū
∂ t

+
∂

∂y
(v̄ū)+

∂

∂ z
(w̄ū)− yv̄ =−∂Π

∂X
−dū− ∂

∂y

(
v′u′
)
− ∂

∂ z

(
w′u′

)
, (6a)

w̄ = S̄θ , (6b)

∂ v̄
∂y

+
∂ w̄
∂ z

= 0, (6c)

∂Π

∂x
=

∂Π

∂y
= 0,

∂Π

∂ z
= Θ, (6d)

∂Θ

∂ t
+ 〈w̄〉 ∂Θ

∂ z
+W = 0, (6e)

∂

∂X
[〈ū〉−U ]+

∂W
∂ z

= 0, (6f)

where 〈w̄〉 in Eq.6e vanishes if the rigid boundary condition for meridional velocity v̄ is imposed251

for no inflow and outflow in the meridional boundaries. The prime notation denotes mesoscale252

zonal fluctuations f = f̄ + f ′, satisfying f ′ = 0.253

Eqs.6a-6f describe zonally propagating gravity waves on the planetary scale. The meridional254

circulation (v̄, w̄) is directly determined by the diabatic heating Sθ with some suitable boundary255

conditions. The zonal velocity ū is forced by advection effects of the meridional circulation(v̄, w̄),256

the Coriolis force yv̄, planetary-scale zonal gradient of pressure perturbation −ΠX , momentum257

damping −dū and eddy flux divergence of zonal momentum −
(
v′u′
)

y−
(
w′u′

)
z. The meridional258

mean of zonal velocity in the baroclinic mode and the secondary vertical velocity W have zero di-259

vergence. The equations are closed with the hydrostatic balance in Eq.6d and thermal equation in260

Eq.6e. In fact, the planetary-scale gravity wave equations without upscale fluxes have been studied261

in (Biello and Majda 2013). By prescribing the diabatic heating in the first baroclinic mode within262

a zonally localized envelope, planetary-scale gravity waves are generated and propagate in both263

eastward and westward directions. The planetary-scale gravity waves tend to equalize the merid-264

ional mean of the vertical shear of zonal wind at all longitudes in the tropics. Meanwhile, they265
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carry cold temperature anomalies and upward velocity to the west, warm temperature anomalies266

and downward velocity to the east. In a moist environment, the cold temperature anomalies and267

upward velocity provide favorable conditions for convection to the west and unfavorable condi-268

tions for convection to the east.269

c. Conservation of potential vorticity and kinetic energy270

Here the conservation of potential vorticity (PV) and kinetic energy in the M-ITCZ equations271

are discussed.272

PV is a useful quantity to understand the generation of vorticity in cyclogenesis, which is ma-273

terially invariant in flows and can only be changed by diabatic and frictional processes. In the274

M-ITCZ equations, planetary-scale quantities such as the large-scale pressure perturbation ΠX275

do not depend on the mesoscale zonal and meridional coordinates (x,y), thus the planetary-scale276

gravity wave does not directly modify vorticity and PV on the mesoscale except for the advection277

of the mean zonal velocity. After taking the meridional derivative of Eq.1a and the zonal deriva-278

tive of Eq.1b along with the thermal equation in Eq.1c and the continuity equation in Eq.1d, the279

equations for PV can be derived. We have,280

DQ
Dt

= Q
∂Sθ

∂ z
− ∂v

∂ z
∂Sθ

∂x
+

∂u
∂ z

∂Sθ

∂y
−dω, (7)

where Q = ω +y, is the summation of relative vorticity, ω = vx−uy, and the vorticity due to earth281

rotation, y, on an equatorial β -plane.282

One simple scenario is that both diabatic heating Sθ and momentum dissipation d are assumed283

to be zero. Then all terms on the right hand side of Eq.7 vanish and Q is materially invariant.284

In general, both diabatic heating Sθ and momentum dissipation d are nonzero so that potential285

vorticity Q is also modified by several terms on the right hand side of Eq.7. The first term QSθ
z =286
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Qwz represents vortex stretching. The second and third terms −vzSθ
x +uzSθ

y =−vzwx +uzwy give287

rise to vortex tilting. The fourth term −dω describes damping effect that has the same dissipation288

time as the zonal momentum, and its value is proportional to the vorticity ω instead of PV.289

On the mesoscale, the vertical velocity w is directly balanced by the diabatic heating Sθ in the290

M-ITCZ equations, whose vertical gradient also means wind divergence and convergence due291

to the conservation of volume in Eq.1d. Meanwhile, the momentum damping d in Eqs.1a-1b292

for cumulus drag has increasing dissipation time scale as height increases (Romps 2014), which293

tends to decelerate winds and restore the forced flows into equilibrium. Therefore, the M-ITCZ294

equations with the prescribed diabatic heating profile is a forced and damped model.295

The conservation of kinetic energy can provide a better understanding of the dynamical field,296

especially the acceleration/deceleration effects due to the upscale impact of the mesoscale fluctua-297

tions. In details, the conservation of kinetic energy on the mesoscale can be derived by multiplying298

the zonal momentum equation in Eq.1a by u and the meridional momentum equations in Eq.1b by299

v and adding these two equations together as follows,300

∂Km

∂ t
+∇ · (Kmv+ pu) =−∂Π

∂X
u−2dKm, (8)

where v = (u,v,w) represents three-dimensional velocity field and u = (u,v,0) represents horizon-301

tal velocity field. Km = u2+v2

2 denotes kinetic energy of horizontal flow field on the mesoscale.302

Eq.8 is in the general form of the conservation of energy, which includes the time tendency of303

kinetic energy, the kinetic energy fluxes and some source terms on the right hand side. Specially,304

the kinetic energy flux term Kmv involves the three-dimensional flow field, while only horizontal305

flows do work against pressure force in the term pu. The first term−ΠX u on the right hand side of306

Eq.8 represents the acceleration/deceleration effects of the planetary-scale pressure perturbation307
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in the zonal direction. The second term −2dKm represents the energy dissipation due to cumulus308

drag, which has half dissipation time scale as momentum dissipation.309

On the planetary scale, after multiplying Eq.6a by ū, the equation for kinetic energy of zonal310

winds can be obtained as follows,311

∂

∂ t

(
ū2

2

)
+

∂

∂y

(
v̄

ū2

2

)
+

∂

∂ z

(
w̄

ū2

2

)
= yv̄ū− ∂Π

∂X
ū−dū2 +Fuū, (9)

where Fu =−
(
v′u′
)

y−
(
w′u′

)
z is the eddy flux divergence of zonal momentum from the mesoscale312

fluctuations. Similarly, the equation for kinetic energy of meridional winds can also be obtained313

by using Eq.1b and multiplying v̄ ,314

∂

∂ t

(
v̄2

2

)
+

∂

∂y

(
v̄

v̄2

2

)
+

∂

∂ z

(
w̄

v̄2

2

)
=−yv̄ū− ∂ p̄

∂y
v̄−dv̄2 +Fvv̄, (10)

where Fv = −
(
v′v′
)

y−
(
w′v′

)
z is the eddy flux divergence of meridional momentum from the315

mesoscale fluctuations. By adding Eq.9-10 together, the equation for the total kinetic energy reads316

as follows,317

∂K
∂ t

+
∂

∂y
(v̄K)+

∂

∂ z
(w̄K) =−∂Π

∂X
ū− ∂ p̄

∂y
v̄−2dK +Fuū+Fvv̄, (11)

where K = ū2+v̄2

2 represents the kinetic energy of horizontal flow.318

Eq.11 describes the budget of horizontal kinetic energy on the planetary scale, including the319

time tendency of kinetic energy and the kinetic energy fluxes in the meridional/vertical directions320

on the left hand side, and some source terms on the right hand side. The kinetic energy flux term321

(v̄K)y +(w̄K)z represents the advection effect of the planetary-scale meridional/vertical circula-322

tion (v̄, w̄). On the right hand side, the first term −ΠX ū represents the acceleration/deceleration323

effects of large-scale pressure gradient in zonal direction. The second term−p̄yv̄ represents the ac-324
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celeration/deceleration effects of pressure gradient in meridional direction. The third term −2dK325

describes the energy dissipation due to cumulus drag, which has half dissipation time scale as326

momentum dissipation. The last two terms, Fuū+Fvv̄, denote the acceleration/deceleration ef-327

fects due to mesoscale eddy flux divergence of zonal and meridional momentum. Furthermore,328

the first terms ∓yv̄ū on the right hand side of Eq.9-10 cancel each other and do not show up in the329

kinetic energy equation in Eq.11. In fact, these two terms represent energy transfer between the330

planetary-scale zonal and meridional velocity due to the Coriolis force.331

3. ITCZ Breakdown in Zonally Symmetric Planetary-Scale Flow332

The eastern Pacific ITCZ turns out to be an unstable environment where many tropical cyclones333

are generated (Gray 1979). One case of the ITCZ breakdown in the eastern Pacific is observed334

in July of 1988 (Ferreira and Schubert 1997), based on geostationary operational environmental335

satellites (GOES) infrared (IR) images. In that case, the ITCZ was first seen as an elongated336

zonal band of cloudiness off the equator in the eastern Pacific. After two days, the ITCZ started337

undulating and breaking down into several tropical cyclones, which moved into high latitudes,338

followed by the reforming of the ITCZ cloud band in its original location. The atmospheric flows339

over the eastern Pacific are organized into a hierarchical structure across multiple spatiotemporal340

scales. Such hierarchical structure of convective and dynamical fields is a suitable scenario to use341

multi-scale models (Majda 2007).342

After the ITCZ breakdown, the resulting tropical cyclones are typically accompanied by upward343

motion and cloud clusters over several hundred kilometers (Mapes and Houze Jr 1993). Mean-344

while, the large-scale meridional circulation including Pacific easterly waves over the eastern Pa-345

cific has zonal extent of several thousand kilometers (Serra et al. 2008). On the other hand, the346

M-ITCZ equations describe such multi-scale features across two zonal spatial scales (planetary-347
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scale Lp = 5000 km, mesoscale Lm = 500 km), which match well with the typical length scale348

of small-scale tropical cyclones and the large-scale meridional circulation, justifying the appro-349

priateness of using the M-ITCZ equations to model the ITCZ breakdown and its upscale impact350

on the planetary-scale circulation. Over the eastern Pacific, the large-scale meridional circulation351

has zonal variation due to boundary conditions such as sea surface temperature gradient and atmo-352

spheric disturbance such as easterly waves (Toma and Webster 2010a,b). In order to model ITCZ353

breakdown in a simple scenario, the solutions of the M-ITCZ equations are assumed to be zonally354

symmetric on the planetary scale so that all derivatives about planetary-scale X vanish. Then the355

M-ITCZ equations in Eqs.1a-1g are reduced to the MEWTG equations in Eqs.4a-4d, where Sθ
356

stands for thermal forcing such as diabatic heating in cloud clusters and radiative cooling effects.357

For simplicity, local periodicity is imposed in mesoscale zonal direction and rigid-lid boundary358

conditions are imposed in meridional and vertical boundaries. By taking both zonal and meridional359

averaging and enforcing the boundary conditions in these two directions, Eq.4d reduces to 〈w̄〉z =360 〈
S̄θ
〉

z = 0, which means conservation of volume at each level. Since vertical velocity vanishes361

in the rigid-lid vertical boundaries, an implicit constraint for diabatic heating can be derived as362

follows,363 〈
S̄θ

〉
= 0, (12)

where the notation bar and angle bracket stand for mesoscale zonal and meridional averaging as364

defined in Eqs.2-3.365

The momentum dissipation for cumulus drag in the convective region is described by a linear366

damping law in Eqs.4a-4b. The coefficient d in units of 1/day sets the time scale for momentum367

dissipation on the mesoscale. According to the observation, momentum damping time scale at368

the surface of the Pacific ocean could be as strong as 1 day (Deser 1993) while that at the upper369

troposphere is much longer. In general, the momentum damping of large-scale circulation occurs370

19



on a time scale of O (1−10) days, and also depends on the vertical wavelength of the wind profile371

(Romps 2014). For simplicity, the momentum damping coefficient d is assumed to be a linear372

function of height d (z), which has 1 day damping time scale at surface and 10 days damping time373

scale at top of the troposphere.374

Eqs.4a-4d are solved numerically by using a new method based on the Helmholtz decomposition375

and a second-order corner transport upwind scheme to effectively resolve the non-linear eddies.376

The details of the numerical scheme are summarized in Appendix.377

For the numerical simulations in Sec.4, the banded region from 15◦S to 15◦N circling the globe378

in the tropics is chosen as the full domain with zonal extent 0 ≤ X ≤ 40× 103km. As summa-379

rized in Appendix, the coarse grid number Nxp is fixed and the zonal extent of each mesoscale380

box is 0.976× 103km, which is in the same order as the mesoscale length, Lm = 500km. In the381

numerical scheme with nested grids, each coarse cell corresponds to a single mesoscale box with382

horizontal extent 0≤ x≤ 0.976×103km,−1.5×103km≤ y≤ 1.5×103km and the vertical extent383

0 ≤ z ≤ 15.7km. Besides, the planetary-scale domain and all mesoscale domains share the same384

vertical grids. The details about grid numbers and grid spacing in the numerical simulations are385

summarized in Table.1 and Sec.4. Here the planetary-scale variations are ignored and a relatively386

high spatial resolution for a single mesoscale domain is chosen to resolve mesoscale eddies in the387

MEWTG equations. A short time step is used for numerical accuracy and stability.388

a. Deep and shallow heating profile389

The dominating meridional circulation over the eastern Pacific consists of a strong overturn-390

ing circulation cell around the equator and a weak one at high latitudes of the Northern Hemi-391

sphere. The strong overturning cell around the equator expands over the whole troposphere with392

southerly winds in its lower branch near the surface and northerly winds in its upper branch near393

20



the tropopause, which is referred to deep meridional circulation. Such deep overturning cell can394

be explained as the response of the large-scale circulation to deep convective heating in the ITCZ395

(Schneider and Lindzen 1977; Wu 2003). The deep convective heating in the ITCZ comes from396

latent heat release during precipitation associated with cloudiness such as deep convective cumu-397

lonimbus clouds, which tends to warm and dry the entire troposphere and produce amounts of398

rainfall.399

Here the deep convective heating Sθ for a single cloud cluster in dimensionless units is pre-400

scribed as follows,401

Sθ = cH (x,y)G(z)φ (t) , (13)

where heating magnitude coefficient c = 2 corresponds to the maximum heating rate 66K ·day−1.402

H (x,y) is the horizontal envelope function shown in Fig.1a. The vertical heating profile is the first403

baroclinic mode G(z) = sin(z), as shown in Fig.1c. φ (t) is the time dependent heating magnitude,404

which linearly increases from 0 to 1 at day 1 and remains constant afterwards. Since the typical life405

time of cloud clusters is between several hours to several days (Mapes and Houze Jr 1993), here 1406

day in duration is set as initialization time when the deep convective heating increases from zero to407

its maximum magnitude. The prescribed diabatic heating Sθ is used to mimic convective heating408

associated with a single deep cloud cluster in the ITCZ. As shown in Fig.1a, the deep heating409

is located at the latitudes between y = 0km and y = 1.2× 103km of the Northern Hemisphere410

and zonally localized in the center of the mesoscale domain. Outside of the convective heating411

region such as the Southern Hemisphere and high latitudes of the Northern Hemisphere, there is412

horizontally uniform cooling in much weaker magnitude, which is used to mimic radiative cooling413

in the troposphere.414

The shallow meridional circulation is also significant in the meridional circulation over the east-415

ern Pacific, besides the deep meridional circulation. The existence of shallow meridional circu-416
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lation is beyond the classic theory of the Hadley circulation over the eastern Pacific, where deep417

convection typically dominates and drives meridional circulation with deep vertical extent. By ana-418

lyzing observational data from upper-air soundings, aircraft dropsondes and wind profilers (Zhang419

et al. 2004), the shallow meridional circulation is identified as a circulation cell with its northerly420

cross-equatorial return flow above the atmospheric boundary layer from the ITCZ into the South-421

ern Hemisphere. The causes and dynamics of the shallow meridional circulation are explained by422

a large-scale sea-breeze circulation theory and an idealized Hadley circulation simulation driven423

by moist convection in a tropical channel (Nolan et al. 2007).424

As suggested by many theoretical studies (Schneider and Lindzen 1977; Gill 1980; Wu 2003),425

the large-scale tropical circulation can be regarded as the response to convective heating associ-426

ated with tropical precipitation. Correspondingly, the diabatic heating associated with the shallow427

meridional circulation has shallower vertical extent than that of deep convective heating. Here the428

shallow congestus heating Sθ in dimensionless units is prescribed in the same general expression429

in Eq.13, and heating magnitude coefficient cs is 1 (maximum heating rate 33K ·day−1). The hor-430

izontal profile H (x,y) and time series φ (t) are the same as Eq.13. The vertical profile of shallow431

congestus heating G(z) is prescribed in Fig.1c and reaches its maximum value around the height432

z = 4 km , while that of deep convective heating reaches maximum value at the height z = 7.8 km.433

According to the conservation of volume in Eq.4d, horizontal wind divergence is proportional to434

the gradient of G(z) as shown in Fig.1c. Firstly, the magnitude of wind convergence at the surface435

in the shallow congestus heating case is more than twice as much as that in the deep convective436

heating case. Secondly, compared with the deep convective heating case, the maximum wind di-437

vergence in the shallow heating case is near the height z = 6 km, which qualitatively matches438

well with the returning flows above the atmospheric boundary layer in the shallow meridional439

circulation (Zhang et al. 2004).440
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In the following discussion, two deep heating cases are considered. The strong deep heating441

case (deep2 : magnitude coefficient c = 2) indicates the significant baroclinic aspects of ITCZ442

breakdown. The relatively weak deep heating case (deep1 : magnitude coefficient c = 1) in the443

same maximum heating magnitude as the shallow heating is used for comparison with the shallow444

heating case. According to Fig.1d, the spin up time for all the scenarios is around 3 days, here the445

numerical solutions at day 4 are mainly chosen for discussion.446

b. Formation and undulation of a positive vorticity strip447

In the ITCZ, convective activities occur with large amounts of rainfall, which release latent heat448

and lift air parcels to higher levels. Due to the conservation of mass, such upward motion of449

air leads to wind convergence (divergence) in the lower (upper) troposphere. Under the Coriolis450

force, the southerly (northerly) winds to the south (north) of the ITCZ in the Northern Hemisphere451

deflect to the right side and generate westerly (easterly) winds, resulting in meridional shear of452

zonal winds in the lower troposphere. Such meridional shear of zonal winds is characterized453

by a positive vorticity strip in the Northern Hemisphere. Therefore, the ITCZ breakdown can be454

visualized through the vorticity strip dynamics from its formation and undulation in the early stage455

to its breakdown into several vortices later. In this section, such a scenario involving a positive456

vorticity strip is captured.457

Fig.2a-c shows the horizontal profile of velocity and vorticity fields at the surface during the458

first 4 days in the deep2 heating case. At day 1 in Fig.2a when the magnitude of diabatic heating459

reaches its maximum, a positive low-level vorticity strip develops on the poleward side of the460

diabatic heating region. It is centered at the latitude y = 750km. As explained above, such a461

positive vorticity strip with meridional shear of zonal winds is related to wind convergence in462

the low troposphere and meridional wind deflection due to the Coriolis force. Meanwhile, the463
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positive vorticity has nearly zonally uniform strength along all longitudes of the diabatic heating464

region. At the lower latitudes of the Northern Hemisphere, southerly winds deflect to the right465

side due to the Coriolis force and generate westerly wind anomalies. Stronger westerly winds466

are generated as the Coriolis coefficient increases on the equatorial β -plane. Therefore, such467

positive meridional shear of zonal velocity induces negative vorticity anomalies at low latitudes of468

the Northern Hemisphere. Besides, winds in the Southern Hemisphere blow from the southeast,469

which has similar wind direction and magnitude as the trade winds (Wyrtki and Meyers 1976).470

At day 2 in Fig.2b, the magnitude of the positive vorticity strip in the Northern Hemisphere gets471

strengthened. The zonally elongated vorticity strip starts to undulate with its eastern end moving472

northward and western end moving southward, which is reminiscent of the undulation process473

of cloudiness during the ITCZ breakdown. Besides, negative vorticity anomalies at low latitudes474

of the Northern Hemisphere have stronger magnitude and broader zonal extent. The horizontal475

flow field has increasing maximum wind magnitude but its horizontal spatial pattern is similar to476

Fig.2a. At day 4 in Fig.2c, the magnitude of the positive vorticity strip continuously increases477

and its maximum value reaches about 16day−1 ≈ 1.85× 10−4s−1, which is comparable with the478

observational data as well as numerical simulations (Ferreira and Schubert 1997). As both ends479

of the positive vorticity strip undulate in weak magnitude, a strong positive vortex forms in the480

middle, resembling the formation of tropical cyclones. In addition, such a positive vorticity strip481

is surrounded by negative vorticity anomalies in both its northern and southern sides. Although the482

maximum wind strength still increases, the spatial pattern of horizontal flow field is quite similar483

to that in the early stage.484

One interesting phenomenon with regard to the numerical solutions in Fig.2a-c is that the zonally485

elongated positive vorticity strip is located in the northern side of the diabatic heating region. The486

underlying mechanism can be explained as follows. First, as far as the mesoscale zonal mean flow487
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is concerned, the conservation of volume is guaranteed through the divergence-free meridional488

circulation in Eq.4d,489

∂ v̄
∂y

+
∂ w̄
∂ z

= 0, (14)

Considering the fact that there are a strong circulation cell around the equator and a weak cir-490

culation cell in the Northern Hemisphere, the southerly winds in the lower branch of the strong491

circulation cell are prevailing in the Southern Hemisphere and low latitudes of the Northern Hemi-492

sphere, and vanishing at the latitude where upward and downward motion to its south exactly493

cancel by each other. Since downward motion to the south of the diabatic heating region occurs494

in much broader area than that to the north, the latitude where meridional winds vanish is located495

in the northern side of the diabatic heating region, generating negative meridional shear of zonal496

winds (positive vorticity anomalies ω = vx−uy). Secondly, PV (Q = ω + y) is advected by three-497

dimensional flow and forced by several terms involving gradient of diabatic heating as well as498

damping in Eq.7. Since meridional winds converge in the Northern Hemisphere, the vorticity ω499

decreases (increases) due to the increasing (decreasing) mean PV y to the south (north), resulting500

in poleward displacement of positive vorticity anomalies.501

The other interesting phenomenon arising in the numerical solutions in Fig.2a-c is the undulation502

of the positive vorticity strip and the resulting strong positive vortex in its middle, which describes503

a similar scenario for the ITCZ breakdown. According to the conservation of volume in Eq.4d, hor-504

izontal wind convergence is induced by the accelerating upward motion in the lower troposphere505

in the heating region. Due to the Coriolis force, the southerly (northerly) winds to the south (north)506

of the ITCZ deflect to the right side, which then become southwesterly (northeasterly) winds. The507

overall flow field near the diabatic heating region tends to rotate counterclockwise, and advect the508

eastern (western) end of the positive vorticity strip poleward (equatorward) as shown in Fig.2b-c509
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. Such undulation of the positive vorticity strip in the rotational flows due to the zonal asymmetry510

and the Coriolis force is related with the ‘vortex roll-up’ mechanism, which is one of the main511

mechanisms used to explain the eastern Pacific ITCZ breakdown (Hack et al. 1989; Ferreira and512

Schubert 1997; Wang and Magnusdottir 2005).513

The vertical structure of the deep heating in Fig.1c reaches maximum value in the middle tropo-514

sphere at height z= 7.48 km. Fig.2e-g shows the horizontal profile of velocity and vorticity field in515

the middle troposphere during the first 4 days in the deep2 heating case. A positive vorticity strip516

is generated in the northern side of the diabatic heating region, gets strengthened at day 2 in Fig.2f,517

undulates and breaks down into a strong vortex in the middle at day 4 in Fig.2g. Besides, a pair of518

vortex dipoles form at low latitudes of the Northern Hemisphere with negative (positive) vorticity519

anomalies to the east (west). Such vortex dipoles can be explained through the PV equation in520

Eq.7, where PV anomalies are forced by the vorticity tilting term −vzSθ
x . The low latitudes of521

the Northern Hemisphere is dominated by southerly winds in the lower troposphere and northerly522

winds in the upper troposphere, indicating negative vertical shear of meridional velocity. On the523

other hand, zonal gradient of diabatic heating is negative (positive) to its eastern (western) end.524

Therefore, the product term −vzSθ
x have negative (positive) value to the eastern (western) end of525

the diabatic heating region, resulting in a pair of vortex dipoles with negative (positive) anomalies526

to the east (west). As far as the velocity field is concerned, the strong positive vortex in the north-527

ern side of the diabatic heating and the western vortex dipole come along with cyclonic flows,528

while the eastern vortex dipole comes along with anticyclonic flows. In the Southern Hemisphere,529

the prevailing westerly winds in gradually increasing wind strength, and the maximum westerly530

wind occurs at the latitude y =−103 km.531

Horizontal flows at the top diverge over the deep heating region and move northward and south-532

ward afterwards. Fig.2i-k shows the horizontal profile of velocity and vorticity fields near the top533
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of the troposphere during the first 4 days in the deep2 heating case. As a counterpart of the positive534

vorticity strip at surface, a negative vorticity strip is generated in the Northern Hemisphere. Since535

PV is advected by the three-dimensional flow in Eq.7, this negative vorticity strip has broader536

meridional extent and weaker magnitude due to the advection effects of meridionally divergent537

winds. As far as the velocity field is concerned, the strong meridional shear of westerly winds at538

high latitudes of the Southern Hemisphere results in strong vorticity anomalies near the southern539

boundary. Since the momentum damping strength at the top of the domain is only 1/10 of that at540

surface, the maximum wind magnitude at the top is much stronger than those at lower levels.541

Compared with the deep convective heating in Fig.1c, shallow congestus heating has stronger542

vertical gradient near the surface when the maximum heating magnitudes are the same. Such large543

vertical gradient of upward motion also means stronger horizontal wind convergence at the surface,544

which can accelerate the ITCZ breakdown as shown in the other study (Wang and Magnusdottir545

2005).546

Fig.3a-c shows the horizontal profile of velocity and vorticity fields at the surface in the first 4547

days in the shallow heating case. The velocity and vorticity fields share many similar features with548

those in the deep convective heating case in Fig.2a-c, including the formation and undulation of a549

positive vorticity strip. In spite of the similarity, a direct comparison is not appropriate since the550

maximum shallow congestus heating is 33Kday−1 while the maximum deep convective heating551

is 66Kday−1. Fig.3d-f shows the horizontal profile of velocity and vorticity fields at the surface552

in the deep1 heating case with maximum heating magnitude 33Kday−1. In contrast, there are553

no significant positive vorticity anomalies in the middle of the positive strip after 4 days. As for554

the horizontal wind field, both cases with deep/shallow heating share similar spatial patterns with555

cyclonic flows in the Northern Hemisphere, southerly winds around the equator and southeasterly556

winds in the whole Southern Hemisphere, but the maximum wind strength in the deep1 heating557
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case in Fig.3d-f is about half that in the shallow heating case in Fig.3a-c. In fact, such stronger558

horizontal velocity and vorticity fields in the shallow heating case have been emphasized in a559

model for hot towers in the hurricane embryo (Majda et al. 2008) and the ITCZ breakdown in560

three-dimensional flows (Wang and Magnusdottir 2005).561

Different from the deep convective heating case, the velocity and vorticity fields in the shallow562

heating case are confined in the lower troposphere. Fig.3g-i shows the horizontal profile of velocity563

and vorticity field at height z = 7.48 km in the shallow heating case. Again, the overall spatial564

pattern of the velocity and vorticity fields is quite similar to that in the deep convective heating case565

with doubled magnitude in Fig.2i-k. Over the diabatic heating region in the Northern Hemisphere,566

divergent winds prevail and negative vorticity anomalies have broader meridional extent. The567

whole Southern Hemisphere is dominated by zonally uniform westerly winds with the maximum568

wind magnitude at y = 103 km, resulting in positive meridional shear of zonal winds (negative569

vorticity) near the southern boundary.570

c. Vertical stretching of wind and vorticity fields571

Deep clouds such as cumulonimbus have vertical extent throughout the whole troposphere, warm572

and dry the entire troposphere, contributing the majority of tropical rainfall (Khouider and Majda573

2008). During convective periods associated with deep clouds in the ITCZ, warm and moist air574

parcels have enough buoyancy to get lifted up from the atmospheric boundary layer to the upper575

troposphere. Besides, the upward motion in the ITCZ has significant wind strength in the free576

troposphere, and it serves to transport energy and moisture from the lower troposphere to the up-577

per troposphere. In contrast, shallow meridional circulation is characterized by a northerly return578

flow just above the atmospheric boundary layer (Zhang et al. 2004). In the northern branch of the579

overturning circulation cell, the upward motion over the eastern Pacific ITCZ is driven by shallow580
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congestus heating, which is confined in the lower troposphere. On the other hand, the MEWTG581

equations in Eqs.4a-4d are fully nonlinear with the thee-dimensional advection effects. Consid-582

ering that vertical velocity is directly balanced by diabatic heating in Eq.4c, persistent upward583

motion exists in the diabatic heating regions, advecting both horizontal velocity and vorticity field584

upward and resulting in the vertical stretching of these fields.585

Fig.4a-c shows the vertical profile of horizontal velocity and vorticity fields along the latitude586

y = 0.8× 103 km at day 4 in the deep2 heating case. As shown in Fig.4c, a positive vorticity587

disturbance is located in the middle longitude of the mesoscale domain with its maximum mag-588

nitude at the surface. Due to persistent upward motion in the diabatic heating region, the positive589

vorticity, which characterizes cyclonic flows following the ITCZ breakdown, extends to the up-590

per troposphere. As far as the horizontal flow field in Fig.4a-b is concerned, the cyclonic flows591

associated with the positive vortex also stretch vertically over the whole troposphere and their592

vertical structure becomes dominated by the barotropic mode. Fig.4d-f shows the same fields in593

the shallow heating case. Both velocity and vorticity fields are confined to the much shallower594

levels compared with those in the deep heating case. Since the positive vorticity anomalies are595

accompanied by cyclonic flows, southerly winds to the east of the positive vortex and northerly596

winds to the west can be found in Fig.4e. Besides, the positive vorticity anomalies in the middle597

are surrounded by weak negative vorticity anomalies to both the east and west as well as the top.598

Along with the vertical stretching of positive vorticity anomalies, winds diverge in the upper599

levels and go along the upper branches of the overturning circulation cells. Fig.4g-i shows the600

vertical profile of horizontal velocity and vorticity field along the longitude x = 0.43× 103km at601

day 4 in the deep2 heating case. As indicated by Fig.4i, positive vorticity anomalies have very602

narrow meridional extent but deep vertical extent, which are accompanied by horizontal cyclonic603

flows, including westerly winds to the south of the positive vortex and easterly winds to the north604
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as shown in Fig.4g. A strong circulation cell forms around the equator and a weak one forms at605

high latitudes of the Northern Hemisphere, whose upper and lower branches of meridional winds606

are shown in Fig.4h. Fig.4j-l shows the same fields in the shallow heating case. The overall607

spatial pattern of velocity and vorticity fields is similar to those in deep convective heating case,608

except that the vertical extent is much shallower. As shown by Fig.4l, the positive vorticity vortex609

is located to the north of the diabatic heating region and surrounded by weak negative vorticity610

anomalies. The shallow congestus heating can also drive a strong overturning circulation cell611

around the equator and a weak circulation cell at high latitudes of the Northern Hemisphere. The612

corresponding lower and upper branches of these overturning circulation cells are shown in Fig.4k.613

Due to the strong momentum dissipation in lower levels, the resulting maximum zonal winds in614

the shallow heating case are much weaker than those in the deep convective heating case.615

d. Eddy flux divergence of zonal momentum and mean flow acceleration/deceleration616

The M-ITCZ equations are a multi-scale model with two spatial zonal scales (planetary-scale617

Lp = 5000 km, mesoscale Lm = 500 km). This scale selection is a good approximation for the618

hierarchical structure of tropical convection across multiple spatiotemporal scales in the ITCZ619

(Majda and Klein 2003; Majda 2007). Eddy flux divergence of zonal momentum arising from620

the mesoscale dynamics forces the planetary-scale circulation, while the large-scale flow field621

provides the background mean flow for the mesoscale dynamics. Specifically, the planetary-scale622

zonal momentum equation is derived by taking mesoscale zonal averaging on Eq.4a as follows,623

∂ ū
∂ t

+ v̄
∂ ū
∂y

+ w̄
∂ ū
∂ z
− yv̄ =−dū− ∂

∂y

(
v′u′
)
− ∂

∂ z

(
w′u′

)
, (15)

where the notation bar is defined in Eq.2 and the prime denotes mesoscale fluctuations. Eq.15624

describes zonal momentum dynamics on the planetary-scale, which can be used to model zonal jets625
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associated with the meridional circulation over the eastern Pacific. In detail, the planetary-scale626

zonal velocity is advected by the two-dimensional planetary-scale meridional circulation (v̄, w̄) and627

forced by the Coriolis force and linear momentum damping. Besides, the eddy flux divergence of628

zonal momentum that involves mesoscale fluctuations appears on the right hand side of Eq.15 and629

represents upscale impact of mesoscale fluctuations on the planetary-scale circulation. In fact, the630

eddy flux divergence of zonal momentum is referred to convective momentum transport (CMT),631

which has been studied from different perspectives to highlight its significance such as stochastic632

models (Majda and Stechmann 2008; Khouider et al. 2012) and dynamical models with cloud633

parameterization (Majda and Stechmann 2009). This eddy flux divergence of zonal momentum in634

dimensionless units reads as follows,635

FU =− ∂

∂y

(
v′u′
)
− ∂

∂ z

(
w′u′

)
, (16)

The eddy flux divergence of zonal momentum FU in Eq.16 constitutes an upscale zonal mo-636

mentum forcing on the planetary scale that can have a significant impact on the planetary-scale637

flow. Specifically, positive (negative) anomalies of eddy flux divergence of zonal momentum FU
638

represent eastward (westward) momentum forcing. Fig.5a-c shows eddy flux divergence of zonal639

momentum FU in the latitude-height diagram at day 4 in the deep2 heating case. Along the lati-640

tude where the positive vortex located (see Fig.4i), eastward momentum forcing is induced by eddy641

flux divergence of zonal momentum FU with deep vertical extent, which is mainly contributed by642

the meridional component of FU in Fig.5b. In addition, meridionally alternating eastward and643

westward momentum forcing exists at low latitudes and the middle troposphere of the Northern644

Hemisphere in Fig.5a, which is directly related to the vorticity dipoles as shown in Fig.2g. Lastly,645

the maximum magnitudes of both the meridional and vertical components of FU are comparable646

to each other, providing significant contributions to the total eddy flux divergence of zonal mo-647
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mentum. Fig.5d-f shows the same fields in the shallow heating case. The most significant FU
648

anomalies are similar to those in the deep2 heating case but confined in the lower troposphere.649

Besides the positive anomalies at high latitudes of the Northern Hemisphere, there are also signif-650

icant negative anomalies to the south of the positive anomalies near the surface. At low latitudes651

of the Northern Hemisphere at height z = 4 km, the eddy flux divergence of zonal momentum has652

significant anomalies with eastward momentum forcing on top of westward momentum forcing653

in upward/equatorward tilt. The magnitudes of momentum forcing in the meridional and vertical654

components are comparable but their spatial patterns are quite different in this region. In order655

to compare the eddy flux divergence of zonal momentum, Fig.5g-i shows the same fields in the656

deep1 heating case. The magnitudes of total eddy flux divergence of zonal momentum and its657

meridional and vertical components are much weaker than those in the shallow heating case in658

Fig.5d-f, highlighting the significant upscale impact in the shallow heating case.659

As indicated by Eq.15, eddy flux divergence of zonal momentum arising from the mesoscale660

dynamics further forces the planetary-scale circulation and induces zonal jet anomalies. Its impact661

can be illustrated through the comparison between numerical solutions with and without the eddy662

momentum forcing FU . Instead of utilizing the mesoscale zonally localized diabatic heating in663

Fig.1a, a mesoscale zonally uniform heating profile is prescribed in the same expression in Eq.13,664

but its horizontal envelope function H (y) is replaced by the one in Fig.1b with the same zonal665

mean. The differences of mesoscale zonal mean of zonal velocity reflect the impact of eddy flux666

divergence of zonal momentum on the planetary-scale circulation. Fig.6a-b shows mean zonal ve-667

locity ū in the latitude-height diagram at day 4 in the zonally localized and uniform deep2 heating668

case. The mean zonal velocity fields in both these two cases share several common features, which669

are consistent with a strong overturning circulation cell around the equator and a weak circulation670

cell in the Northern Hemisphere. In particular, the horizontal profiles of velocity and vorticity671
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fields at different levels in the zonally uniform heating case are shown in panels (d,h,l) of Fig.2.672

Although the maximum magnitude of zonal wind anomalies due to eddy flux divergence of zonal673

momentum in Fig.6c is about 1
10 of that in Fig.6a-b, most of these zonal wind anomalies are local-674

ized in places where the mean zonal wind is relatively weak, resulting in significant rectification675

of zonal jets. Particularly, there are westerly wind anomalies along the latitude of the positive676

vortex (see Fig.4i), which matches well with the eastward momentum forcing in the same region677

in Fig.5a. Due to the advection effect of the mean meridional circulation (v̄, w̄), such eastward678

zonal wind anomalies extend to the upper troposphere, the equator and the Southern Hemisphere.679

Besides, meridionally alternate zonal wind anomalies in the middle troposphere and low latitudes680

of the Northern Hemisphere match well with the spatial pattern of the eddy flux divergence of681

zonal momentum in Fig.5a. Fig.6d-f shows the same fields in the shallow heating case. The over-682

all spatial patterns of mean zonal velocity and zonal velocity anomalies are mostly confined in the683

shallower levels. The mean zonal velocity in Fig.6d shares many common features as that in the684

mesoscale zonally uniform heating case in Fig.6e. The spatial pattern of mean zonal wind anoma-685

lies in Fig.6f is consistent with that of eddy flux divergence of zonal momentum in Fig.5d. There686

are westerly wind anomalies along the latitude y = 800 km where the positive vortex is located687

(see Fig.4l) and easterly wind anomalies to the south of the westerly wind anomalies in the lower688

troposphere. Zonal wind anomalies with westerlies on top of easterlies occur at low latitudes of689

the Northern Hemisphere.690

The eddy flux divergence of zonal momentum in Eq.16 is a crucial quantity, because it not691

only significantly modifies the zonal momentum budget as momentum forcing, but also involves692

energy transfer across multiple spatial scales and induces acceleration/deceleration effects on the693

planetary-scale mean flow. Here the acceleration and deceleration of eddy flux divergence of zonal694

momentum is investigated through the kinetic energy of zonal winds in Eq.9 instead of the total695
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kinetic energy in Eq.11. One essential reason is that only the mesoscale mean zonal velocity is696

coupled with the planetary-scale gravity waves in Eqs.6a-6f, while the mean meridional velocity697

is directly balanced by the diabatic heating through Eqs.6b-6c. The equation for kinetic energy of698

mean zonal velocity is reduced from Eq.9,699

∂Ku

∂ t
+

∂

∂y
(v̄Ku)+

∂

∂ z
(w̄Ku) = yv̄ū−2dKu +Fuū, (17)

where Ku = ū2

2 represents kinetic energy of planetary-scale zonal winds.700

The eddy energy transfer term Fuū in Eq.17 is a product of eddy flux divergence of zonal mo-701

mentum FU and mean zonal velocity ū, which can be interpreted as acceleration/deceleration702

effects of Fu on the mean zonal winds. If the sign of the term Fuū is positive (negative), the ki-703

netic energy of zonal winds tends to increase (decrease) and the eddy energy transfer term Fuū704

induces acceleration (deceleration) effects. Besides, the magnitude of acceleration/deceleration705

effects of the eddy energy transfer Fuū depends on the magnitudes of both eddy flux divergence706

of zonal momentum Fu and mean zonal velocity ū. Fig.7a shows acceleration/deceleration ef-707

fects of eddy flux divergence of zonal momentum at day 4 in the deep2 heating case. Along the708

latitude where the positive vortex is located (see Fig.4i), the acceleration effects are induced by709

eastward momentum forcing Fu on the westerly mean flows ū. To both the northern and southern710

sides of that acceleration effects, the deceleration effects with narrow meridional extent is mostly711

significant in the lower troposphere, which decelerate the westerly (easterly) winds to the south712

(north) of the positive vortex. At low latitudes of the Northern Hemisphere, acceleration effects713

are also significant in the middle troposphere where mean zonal winds are weak in Fig.6b and714

modified mainly by eddy flux divergence of zonal momentum in Fig.5a. Fig.7b shows the acceler-715

ation/deceleration effects due to eddy flux divergence of zonal momentum in the shallow heating716

case. The most significant acceleration/deceleration effects are confined in the lower troposphere.717
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Besides the acceleration effects at high latitudes, there are also deceleration effects of westward718

(eastward) eddy flux divergence of zonal momentum on the mean westerly (eastward) winds to719

the south (north) of the latitude y = 800 km. Such lower-level deceleration effects in the diabatic720

heating region is typically seen in other studies about CMT (Majda and Stechmann 2008, 2009).721

As a clear comparison, the eddy energy transfer Fuū in the deep1 heating case in Fig.7c is much722

weaker than that in the shallow heating case in Fig.7b, highlighting the significant upscale impact723

of mesoscale fluctuations in the shallow congestus heating in terms of kinetic energy budget.724

4. ITCZ Breakdown in Zonally Varying Planetary-Scale Flow725

In this section, the M-ITCZ equations are utilized to simulate the ITCZ breakdown process over726

the eastern Pacific involving both the mesoscale and planetary-scale dynamics. In each mesoscale727

cell, periodic boundary conditions are imposed in the zonal direction and rigid-lid boundary con-728

ditions are imposed in the meridional and vertical directions. On the planetary scale, the zonal729

periodic boundary condition is naturally consistent with the belt of tropics around the globe. In730

addition, the model setup and numerical details such as mesoscale and planetary-scale domain731

size, spatial and temporal resolutions are exactly the same as Sec.3. Lastly, the whole model is732

driven by diabatic heating on both mesoscale and planetary scale, and all physical variables are733

initialized from a background state of rest. The whole domain is discretized with nested coarse734

and fine grids as shown in Fig.8. In the numerical simulations, the MEWTG equations in Eqs.4a-735

4d are only valid on each mesoscale box with the zonally periodic boundary conditions. After736

taking zonal averaging of physical variables in each mesoscale domain, the planetary-scale phys-737

ical quantities on each coarse grid is obtained and further involved in the planetary-scale gravity738

waves. More numerical details are summarized in Appendix.739
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In the ITCZ, the diabatic heating can be released during tropical precipitation in cloud clus-740

ters. In order to model the ITCZ over the eastern Pacific, diabatic heating Sθ is modulated by741

a planetary-scale zonally localized envelope. In general, such a two-scale diabatic heating Sθ in742

dimensionless units reads as follows,743

Sθ = cF (X)H (x,y)G(z)φ (t) , (18)

where F (X) = 1.2e−(X−4)2
is the planetary-scale envelope function , H (x,y) is the horizontal744

heating profile, which can be either mesoscale zonally localized heating in Fig.1a or uniform745

heating in Fig.1b. G(z) is the vertical heating profile, which can have either deep or shallow746

vertical extent in Fig.1c. The magnitude parameter c and the time series φ (t) are the same to those747

in Sec.3.748

a. Cross section of mean zonal velocity in the heating region749

In order to assess the upscale impact of mesoscale fluctuations, two numerical simulations with750

either mesoscale zonally localized or uniform deep2 heating are implemented for comparison.751

The difference of zonal velocity anomalies indicates the impact of eddy flux divergence of zonal752

momentum on the planetary-scale circulation. Fig.9a shows the cross section of planetary-scale753

zonal velocity anomalies in the center of the heating region at day 4 in the deep2 heating case. The754

overall spatial pattern of zonal velocity anomalies here is quite similar to that in the planetary-scale755

zonal symmetric case in Fig.6c, including westerly wind anomalies in deep vertical extent near the756

latitude y= 800 km with its maximum strength in the middle troposphere and alternate mean zonal757

velocity anomalies in the middle troposphere near the equator. In contrast, Fig.9b shows the cross758

section of planetary-scale zonal velocity anomalies in the shallow heating case. Compared with759

the deep convective heating case in Fig.9a, the zonal velocity anomalies on the planetary scale are760
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mostly confined in the lower troposphere, which is consistent with the limited vertical extent of761

the shallow congestus heating. Meanwhile, the spatial pattern of zonal velocity anomalies is quite762

similar to the planetary-scale zonally symmetric case in Fig.6f.763

b. Mean zonal velocity in the lower, middle and upper tropospheres764

The zonal velocity anomalies due to the eddy flux divergence of zonal momentum have dif-765

ferent spatial patterns at different levels in Fig.9. Fig.10a-c shows planetary-scale zonal velocity766

anomalies at three different levels at day 4 in the deep2 heating case. Firstly, the significant zonal767

velocity anomalies are confined in the longitudes between X = 15×103km and X = 25×103km,768

which is the same as the zonal extent of the convective envelope in Eq.18. Secondly, the zonal ve-769

locity anomalies due to eddy flux divergence of zonal momentum have different spatial patterns at770

different levels. In the lower troposphere in Fig.10c, westerly wind anomalies are localized in the771

northern of the diabatic heating and weak easterly wind anomalies are to the south. In the middle772

troposphere in Fig.10b, the westerly wind anomalies at high latitudes of the Northern Hemisphere773

has stronger magnitude and broader zonal extent. Besides, there are easterly wind anomalies at774

low latitudes of the Northern Hemisphere and westerly wind anomalies to their south and north.775

Since the mean zonal winds in the middle troposphere near the equator are relatively weak, such776

significant zonal wind anomalies can dramatically change the zonal wind direction and magni-777

tude. The zonal velocity anomalies in the upper troposphere in Fig.10a is dominated by westerly778

winds with broad meridional extent, including low latitudes of both the Northern and Southern779

Hemisphere as well as the equator. Such broad meridional extent of zonal velocity anomalies is780

related with the advection effects by the upper branch of the circulation cell in northerly return-781

ing flows. In contrast, planetary-scale zonal velocity anomalies at these three levels at day 4 in782

the shallow heating case are shown in Fig.10d-f. Similarly, the most significant planetary-scale783
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zonal velocity anomalies are confined in the diabatic heating region between X = 15×103km and784

X = 25× 103km. At the surface in Fig.10f, there are westerly wind anomalies at high latitudes785

of the Northern Hemisphere and easterly wind anomalies to the south, whose spatial pattern is786

quite similar to the deep convective heating case in Fig.10c. In the middle troposphere in Fig.10e,787

easterly wind anomalies are found to the north of the westerly wind anomalies in the Northern788

Hemisphere, whose magnitudes are much weaker than those in lower levels. In the upper tropo-789

sphere in Fig.10d, the magnitude of zonal velocity anomalies is negligible.790

In the M-ITCZ equations, the planetary-scale physical variables including large-scale zonal ve-791

locity 〈ū〉, pressure perturbation Π, potential temperature anomalies Θ and secondary vertical792

motion W do not depend on meridional coordinate y, representing a planetary-scale gravity wave793

with uniform meridional profile. Therefore, the meridional mean of zonal velocity and potential794

temperature anomalies (not shown) can be used to characterize planetary-scale gravity waves. It795

turns out that the meridional mean of planetary-scale zonal velocity and potential temperature796

has few discrepancies with/without mesoscale fluctuations in both deep and shallow heating cases,797

meaning that little upscale impact of mesoscale fluctuations are transported away from the diabatic798

heating region by planetary-scale gravity waves.799

5. Concluding Discussion800

The ITCZ over the eastern Pacific is a narrow band of cloudiness, which is accompanied by801

low-level convergent winds and warm sea surface temperature below. Unlike the western Pacific802

ITCZ that migrates between the Northern and Southern Hemispheres in the seasonal cycle, the803

eastern Pacific ITCZ persistently remains in the Northern Hemisphere between the latitudes 5◦N804

and 15◦N throughout the whole year. Instead of being a steady state, the eastern Pacific ITCZ805

is sometimes observed to undulate and break down into several vortices, some of which become806
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tropical cyclones and others dissipate and die out. As these tropical cyclones in great strength807

move to high latitudes, a new band of ITCZ cloudiness reforms in the original place. Capturing808

the flow fields in the baroclinic modes during the ITCZ breakdown including the undulation of a809

positive vorticity strip and the formation of a strong positive vortex is one of the main motivations810

in this paper. Using a multi-scale model to incorporate both the mesoscale and planetary-scale811

dynamics during the ITCZ breakdown and assessing the upscale impact of mesoscale fluctuations812

on the planetary-scale circulation is the other one of the main motivations.813

Here a multi-scale model (M-ITCZ equations) is used to achieve those motivations as mentioned814

above. The M-ITCZ equations were first derived in (Biello and Majda 2013) by starting from the815

primitive equations on an equatorial β plane and following systematic multi-scale asymptotic816

methods (Majda and Klein 2003; Majda 2007). Two zonal spatial scales arise naturally from817

the physically scaling about atmospheric flow field in the ITCZ (mesoscale Lm = 500 km and818

planetary-scale Lp = 5000 km). The M-ITCZ equations describe atmospheric flows on both the819

planetary scale and mesoscale, and the corresponding governing equations across these two scales820

are nonlinearly coupled to each other. Specifically, the undulation of a positive vorticity strip and821

formation of a strong positive vortex are simulated on the mesoscale dynamics of the M-ITCZ822

equations, which resembles the formation of tropical cyclones during the ITCZ breakdown. The823

planetary-scale circulation is governed by the planetary-scale gravity wave equations in the M-824

ITCZ equations.825

In the first scenario, the planetary-scale flow is assumed to be zonally symmetric, which sup-826

presses planetary-scale gravity waves in the M-ITCZ equations. Such an idealized assumption827

isolates the upscale impact of mesoscale fluctuations from the planetary-scale gravity wave and828

provides a suitable scenario to model the ITCZ breakdown over several hundred kilometers in829

the mesoscale domain. Deep convective heating is prescribed as the mesoscale zonally localized830
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heating in the Northern Hemisphere and uniform cooling elsewhere in the first baroclinic mode.831

First, after the flow field is initialized from a background state of rest, a positive vorticity strip832

forms at the surface in the northern side of the diabatic heating region, surrounded by negative833

vorticity anomalies. As the diabatic heating remains persistent, the positive vorticity strip has834

increasing magnitude and starts to undulate, which resembles the undulation of the ITCZ as ob-835

served in (Ferreira and Schubert 1997). Later, a strong positive vortex is generated in the middle836

of the positive vorticity strip, which mimicks tropical cyclogenesis in the baroclinic modes during837

the ITCZ breakdown. Since upward motion prevails in the diabatic heating region, positive vor-838

ticity anomalies are advected by upward motion and stretched vertically to the middle and upper839

troposphere. In the middle troposphere, a pair of vorticity dipoles are generated at low latitudes840

of the Northern Hemisphere, which also means cyclonic (anticyclonic) flows to the west (east)841

of the diabatic heating region. As the counterpart of the positive vorticity strip at the surface,842

negative vorticity anomalies with broad meridional extent are induced at the upper troposphere.843

Secondly, the eddy flux divergence of zonal momentum is characterized by mid-level (low-level)844

eastward (westward) momentum forcing with deep vertical extent at high latitudes of the Northern845

Hemisphere and mid-level alternate momentum forcing anomalies at low latitudes. Such eddy flux846

divergence of zonal momentum tends to induce westerly wind anomalies at high latitudes of the847

Northern Hemisphere, which are further advected by upper-level northerly winds to the Southern848

Hemisphere. Besides, mid-level easterly and westerly wind anomalies are also induced at low849

latitudes of the Northern Hemisphere, which provide extensive features for the zonal jets in this850

region. As far as the kinetic energy budget is concerned, acceleration effects are induced in the851

region where the positive vorticity anomalies are vertically stretched, while deceleration effects852

are mainly located in the lower troposphere to the north and south of the positive vorticity strip.853
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Besides, strong acceleration effects are also induced in the middle troposphere at low latitudes of854

the Northern Hemisphere, where the wind directions and strength are changed dramatically.855

Compared with deep convective heating, shallow congestus heating is prescribed in a vertical856

profile with its maximum in the lower troposphere. After initialization from a background state of857

rest, a positive vorticity strip forms at the surface of the Northern Hemisphere, which undulates858

and generates a strong positive vortex in the middle. A direct comparison between the deep and859

shallow heating cases with the same maximum heating magnitude indicates that shallow congestus860

heating induces stronger vorticity anomalies and wind strength at the surface, which is related with861

the larger horizontal wind convergence there. In fact, such stronger cyclonic flows driven by shal-862

low congestus heating is also discussed in a canonical balanced model to simulate “how towers”863

in the hurricane embryo (Majda et al. 2008). In the three-dimensional simulation for ITCZ break-864

down of (Wang and Magnusdottir 2005) using a primitive equation model, shallow heating tends865

to induce stronger lower-tropospheric potential vorticity response than the deep heating while866

the upper-tropospheric potential vorticity response vanishes. Here, as upward motion prevails in867

the diabatic heating region, positive vorticity anomalies in the Northern Hemisphere is advected868

by upward motion and lifted up to the middle troposphere. The resulting large-scale circulation869

response is confined in the low and middle troposphere and vanishes in the upper troposphere,870

which resembles shallow meridional circulation as observed over the eastern Pacific. As far as the871

eddy flux divergence of zonal momentum is concerned, its spatial pattern in the shallow heating872

case is mostly confined in the lower and middle troposphere with eastward momentum forcing at873

high latitudes of the Northern Hemisphere and alternative eastward/westward momentum forcing874

anomalies at low latitudes. Shallow congestus heating also induces stronger eddy flux divergence875

of zonal momentum on the planetary-scale zonal winds. As for the kinetic energy budget, there876

are stronger acceleration effects in the region where the positive vorticity anomalies are vertically877
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stretched and deceleration effects to its north and south. Besides, acceleration effects are also878

significant in the lower troposphere at low latitudes of the Northern Hemisphere.879

In the second scenario, the two scales (planetary scale and mesoscale) are set to interact with880

each other and the diabatic heating is modulated by a planetary-scale zonally localized convec-881

tive envelope to mimic the eastern Pacific ITCZ; The fully coupled M-ITCZ equations that allow882

zonal variation of flow fields on both the mesoscale and planetary scale are used. As studied883

in (Biello and Majda 2013), in the mean deep heating case, the resulting overturning circulation884

consist of the deep meridional circulation and zonal jets due to the Coriolis force. The meridional885

mean of planetary-scale zonal velocity is in the first baroclinic mode and propagates away with the886

planetary-scale gravity wave, which also brings negative (positive) potential temperature anoma-887

lies and upward (downward) motion to the west (east), providing favorable (unfavorable) condi-888

tions for convection. After replacing the mean heating by the mesoscale zonally localized heating,889

significant zonal velocity anomalies are induced in the diabatic heating region, which mainly con-890

sist of deep westerly wind anomalies at high latitudes of the Northern Hemisphere and several891

easterly/westerly wind anomalies in the middle troposphere near the equator. As modulated by the892

planetary-scale convective envelope, the flow fields in all the mesoscale domains are characterized893

by cyclonic flow in the same direction in the Northern Hemisphere. In the shallow heating case,894

most of significant zonal velocity anomalies induced by eddy flux divergence of zonal momen-895

tum are confined in the lower troposphere, although the spatial pattern in the corresponding levels896

are similar to that in the deep convective heating case. Lastly, the eddy flux divergence of zonal897

momentum has weak impact on the meridional mean of zonal velocity and potential temperature898

in both deep and shallow heating cases, thus small upscale impact of mesoscale fluctuations are899

transported away from the diabatic heating region by the planetary-scale gravity waves.900
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This study based on a multi-scale model has several implications for physical interpretation901

and comprehensive numerical models. First, the MEWTG equations in the idealized scenario902

with zonally symmetric planetary-scale flow successfully capture several key features of the ITCZ903

breakdown in the baroclinic modes, including the undulation of the positive vorticity strip and for-904

mation of a strong positive vortex. Secondly, the M-ITCZ equations model both the ITCZ break-905

down and planetary-scale circulation in a self-consistent framework and provide assessment of the906

upscale impact of mesoscale fluctuations in a transparent fashion. Thirdly, compared with the deep907

convective heating, shallow congestus heating tends to have more significant upscale impact on908

the planetary-scale circulation including stronger eddy flux divergence of zonal momentum and909

acceleration/deceleration effects. Lastly, the resulting eddy flux divergence of zonal momentum910

significantly modifies planetary-scale zonal velocity, resulting in the rectification of the ITCZ over911

the eastern Pacific. Such assessment of the upscale impact of mesoscale fluctuations associated912

with the ITCZ breakdown can help to improve the convective parameterization in more complex913

numerical models. The M-ITCZ equations under the current model setup can also be generalized914

in several ways and used to model other phenomena in the ITCZ. For example, as suggested in915

(Biello and Majda 2013), instead of prescribing the diabatic heating, an active heating coupling916

the M-ITCZ equations with moisture will introduce new realistic features of tropical flows. As917

planetary-scale gravity waves propagate westward, negative potential temperature anomalies and918

upward motion are also carried westward, which provides favorable conditions for convection.919

The recently triggered convection through the active heating induces mesoscale fluctuations and920

generates upscale impact on the planetary-scale gravity wave in return. Such mesoscale Rossby921

wave coupled with planetary-scale gravity wave through an active heating can be a good candidate922

for westward moving disturbances as observed in the eastern Pacific ITCZ (Yang et al. 2003; Serra923

et al. 2008). In addition, coupling an equation for the atmospheric boundary layer can further elab-924
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orate the M-ITCZ equations and provide realistic features of tropical phenomena over the eastern925

Pacific. The resulting model should be useful to model the convective instability in the ITCZ and926

flow fields during the ITCZ breakdown.927
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APPENDIX932

Numerical Scheme933

The M-ITCZ equations consist of two zonal spatial scales (planetary-scale and mesoscale), and934

the corresponding dynamics on these scales are coupled to each other in complete nonlinearity. A935

suitable numerical scheme is required to simulate this model without violating the following prop-936

erties. First of all, the M-ITCZ equations are derived by using multi-scale asymptotic methods,937

which assume scale separation that these two zonal spatial scales are independent from each other938

when the small parameter (Rossby number ε) goes to zero in the asymptotic limit. Secondly, the939

MEWTG equations in Eqs.4a-4d are totally nonlinear with the advection term in three-dimensional940

flows. Thirdly, although both the mesoscale and planetary-scale dynamics are coupled with each941

other, a suitable averaging method need to be chosen so that large-scale physical variables can942

be obtained and updated in each time step. Lastly, the hydrostatic balance is valid on the plane-943

tary scale in Eq.1e, which requires a vertical boundary condition for the planetary-scale pressure944

perturbation. Such a numerical scheme shares many similar features with the so-called super-945

parameterization method (Majda and Grooms 2014).946
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The numerical scheme for solving the M-ITCZ equations is split into two alternative steps. The947

first step is to solve the MEWTG equations in each mesoscale box and the second step is to solve948

the planetary-scale gravity wave equations in the full domain.949

Step 1: solve the MEWTG equations in each single mesoscale box,950

Du
Dt
− yv =−∂ p

∂x
−du, (A1a)

Dv
Dt

+ yu =−∂ p
∂y
−dv, (A1b)

w = Sθ , (A1c)

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0, (A1d)

and compute zonal and meridional averaging of u in each mesoscale box 〈ū〉.951

Step 2: solve the planetary-scale gravity wave equations,952

∂ 〈ū〉
∂ t

+
∂Π

∂X
= 0, (A2a)

∂Π

∂x
=

∂Π

∂y
= 0,

∂Π

∂ z
= Θ, (A2b)

∂Θ

∂ t
+W = 0, (A2c)

∂

∂X
[〈ū〉−U ]+

∂W
∂ z

= 0, (A2d)

and update u in each mesoscale box by adding the increment of mean zonal velocity 〈ū〉.953

a. Solve the MEWTG equations in each single mesoscale box954

In order to solve the MEWTG equations, the Helmholtz decomposition is utilized to decompose955

horizontal velocity with stream function ψ and velocity potential φ ,956

u =−∂ψ

∂y
+

∂φ

∂x
, (A3)

v =
∂ψ

∂x
+

∂φ

∂y
, (A4)
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which turn out to be governed by two coupled Poisson’s equations as follows (∆ = ∂ 2

∂x2 +
∂ 2

∂y2 ),957

∆φ =− ∂

∂ z
Sθ (A5)

∆ψ = ξ (A6)

BC1 : φ ,ψ are periodic in x958

BC2 : ∂ψ

∂x + ∂φ

∂y = 0 at y =±L∗959

BC3 : −∂ψ

∂y + ∂φ

∂x = ū at y =±L∗960

Such technique is first used in the study (Majda et al. 2010, 2008). Here BC1 denotes the local pe-961

riodicity boundary condition in the zonal direction. BC2 denotes rigid-lid condition for meridional962

velocity at the meridional boundaries. BC3 assumes the mesoscale fluctuations of zonal velocity963

vanish in the meridional boundaries u′ = 0, u = ū and thus the governing equation for mean zonal964

velocity at the meridional boundaries can be derived by taking zonal averaging of Eq.A1a.965

∂ ū
∂ t

+ w̄
∂ ū
∂ z

=−dū. (A7)

Besides, the vorticity is governed by a forced advection equation in three-dimensional flows,966

∂ξ

∂ t
+u

∂ξ

∂x
+ v

∂ξ

∂y
+w

∂ξ

∂ z
= (ξ + y)

∂Sθ

∂ z
− ∂v

∂ z
∂Sθ

∂x
+

∂u
∂ z

∂Sθ

∂y
− v−dξ . (A8)

which is solved by a second-order Corner-Transport-Upwind (CTU) scheme following (LeVeque967

2002) with careful treatment of corner flux terms to maintain second-order accuracy in space. In968

addition, the predictor-corrector scheme is utilized to improve temporal accuracy with two stages.969

A cheap first-order upwind scheme is implemented in the first stage. After estimating the velocity970

field at half time step in the first stage, the second-order piecewise linear CTU scheme is applied971

to calculate the vorticity in the second stage.972
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b. Solve the planetary-scale gravity wave equations973

It is well known that such linear equations in Eqs.A2a-A2d with rigid-lid boundary conditions974

can be solved with explicit solution formulas in both barotropic and baroclinic modes (Majda975

2003). In particular, the harmonic functions (sine and cosine functions) are a complete set of976

basis functions, which also satisfy the rigid-lid boundary conditions in the vertical direction. Thus977

the linear planetary-scale gravity wave equations are solved through vertical mode decomposition978

with both the barotropic and baroclinic modes. Due to the zonally periodic boundary condition,979

the numerical scheme is further speeded up by using the Fast Fourier Transform technique.980

Case 1, barotropic mode q = 0:981

∂U
∂ t

+
∂Π0

∂X
= 0, (A9)

Here the barotropic mode of pressure perturbation Π0 are assumed to be constant for simplicity.982

Case 2, baroclinic modes q > 0983

∂Uq

∂ t
+

∂Πq

∂X
= 0, (A10a)

Πq = Θq, (A10b)

∂Θq

∂ t
+Wq = 0, (A10c)

∂Uq

∂X
−q2Wq = 0. (A10d)

984
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Name Symbol Length of Domain Grid Number Resolution

planetary-scale zonal X Lp = 4×103km 41 ∆X = 0.976×103km

mesoscale zonal x Lm = 0.976×103km 81 ∆x = 12.045km

meridional y Ly = 3×103km 241 ∆y = 12.5km

vertical z Lz = 15.7km 127 ∆z = 0.125km

temporal t T = 4days 1200 ∆t = 4.8min

TABLE 1. The multi-scale domain with nested grids and grid numbers and time steps in the numerical simu-

lations.

1101

1102

55



LIST OF FIGURES1103

Fig. 1. Horizontal and vertical properties of heating profiles in all scenarios. (a) horizontal profile1104

of zonally localized heating. (b) horizontal profile of zonally uniform heating. (c) vertical1105

profiles of heating and its gradient. (d) time series of the vorticity at the surface in the1106

Frobenius norm. The value is in dimensionless units. . . . . . . . . . . . . 581107

Fig. 2. Horizontal profiles of velocity (arrow) and vorticity ω = vx− uy (color) in the longitude1108

(horizontal axis, 103 km) and latitude (vertical axis, 103 km) diagram in the deep2 heating1109

case. The columns from left to right are for different heights from 0 km to 7.85 km to 15.71110

km. The first three rows are for different days from Day 1 to Day 2 to Day 4. The last row1111

is for the zonally uniform heating case. The panels in each column share the same color1112

bar at the bottom. The maximum velocity magnitude is shown in the title of each panel and1113

vorticity has units of day−1. . . . . . . . . . . . . . . . . . . 591114

Fig. 3. Horizontal profiles of velocity (arrow) and vorticity ω = vx− uy (color) in the longitude1115

(horizontal axis, 103 km) and latitude (vertical axis, 103 km) diagram in the shallow heating1116

case. The left column is for the height 0 km and the right column is for 7.85 km. The middle1117

column is for deep1 heating case at the height 0 km. The first three rows are for different1118

days from Day 1 to Day 2 to Day 4. The panels in each column share the same color bar1119

at the bottom. The maximum velocity magnitude is shown in the title of each panel and1120

vorticity has units of day−1. . . . . . . . . . . . . . . . . . . 601121

Fig. 4. Vertical profiles of zonal velocity, meridional velocity and vorticity at Day 4. The columns1122

from left to right are for zonal velocity, meridional velocity and vorticity. The first row (a-c)1123

shows solutions along the latitude 0.8× 103 km in the deep2 heating case. The third row1124

(g-i) shows solutions along the longitude 0.43× 103 km in the deep2 heating case. The1125

second and fourth rows are the same as the first and third rows but for shallow heating case.1126

The dimensional units of horizontal velocity and vorticity are ms−1 and day−1 respectively. . . 611127

Fig. 5. Eddy flux divergence of zonal momentum FU in the latitude-height diagram at day 4. The1128

columns from left to the rights are for deep2, shallow and deep1 heating cases. The second1129

column share the same color bar at the bottom with the third column. The three panels1130

from top to bottom are for (a) FU , (b) its meridional component − ∂

∂y

(
v′u′
)

(c) its vertical1131

component − ∂

∂ z

(
w′u′

)
. The dimensional unit of FU is ms−1day−1. . . . . . . . . 621132
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FIG. 1. Horizontal and vertical properties of heating profiles in all scenarios. (a) horizontal profile of zonally

localized heating. (b) horizontal profile of zonally uniform heating. (c) vertical profiles of heating and its

gradient. (d) time series of the vorticity at the surface in the Frobenius norm. The value is in dimensionless

units.
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FIG. 2. Horizontal profiles of velocity (arrow) and vorticity ω = vx− uy (color) in the longitude (horizontal

axis, 103 km) and latitude (vertical axis, 103 km) diagram in the deep2 heating case. The columns from left

to right are for different heights from 0 km to 7.85 km to 15.7 km. The first three rows are for different days

from Day 1 to Day 2 to Day 4. The last row is for the zonally uniform heating case. The panels in each column

share the same color bar at the bottom. The maximum velocity magnitude is shown in the title of each panel and

vorticity has units of day−1.
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FIG. 3. Horizontal profiles of velocity (arrow) and vorticity ω = vx− uy (color) in the longitude (horizontal

axis, 103 km) and latitude (vertical axis, 103 km) diagram in the shallow heating case. The left column is for

the height 0 km and the right column is for 7.85 km. The middle column is for deep1 heating case at the height

0 km. The first three rows are for different days from Day 1 to Day 2 to Day 4. The panels in each column

share the same color bar at the bottom. The maximum velocity magnitude is shown in the title of each panel and

vorticity has units of day−1.
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FIG. 4. Vertical profiles of zonal velocity, meridional velocity and vorticity at Day 4. The columns from

left to right are for zonal velocity, meridional velocity and vorticity. The first row (a-c) shows solutions along

the latitude 0.8× 103 km in the deep2 heating case. The third row (g-i) shows solutions along the longitude

0.43× 103 km in the deep2 heating case. The second and fourth rows are the same as the first and third rows

but for shallow heating case. The dimensional units of horizontal velocity and vorticity are ms−1 and day−1

respectively.
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FIG. 5. Eddy flux divergence of zonal momentum FU in the latitude-height diagram at day 4. The columns

from left to the rights are for deep2, shallow and deep1 heating cases. The second column share the same color

bar at the bottom with the third column. The three panels from top to bottom are for (a) FU , (b) its meridional

component − ∂

∂y

(
v′u′
)

(c) its vertical component − ∂

∂ z

(
w′u′

)
. The dimensional unit of FU is ms−1day−1.
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FIG. 6. Mean zonal velocity ū in the latitude-height diagram at day 4. The left panels from top to bottom

show the solutions for (a) zonally localized heating, (b) zonally uniform heating, (c) their difference (a)-(b)

in the deep2 heating case. The right panels (d-f) show the same fields but for the shallow heating case. The

dimensional unit of mean zonal velocity is ms−1.

1179

1180

1181

1182

63



FIG. 7. Acceleration and deceleration of mean zonal velocity due to eddy flux divergence of zonal momentum

in the latitude-height diagram at day 4. The color indicates the value of the quantity FU ū with positive anomalies

for acceleration effects and negative anomalies for deceleration effects. The panels from left to right are for the

cases (a) deep2, (b) shallow, (c) deep1. The dimensional unit is m2s−2day−1
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x

y

FIG. 8. A schematic depiction of the multi-scale domain with nested grids. The large red dots are the coarse

grids on the planetary scale. Each coarse grid corresponds to a single mesoscale domain characterized by a

mesoscale box in thick lines. The fine grids in each mesoscale domain are shown by pink dots.
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FIG. 9. Cross section of mean zonal velocity anomalies in the center of heating region (longitude X = 19.51×

103 km) at day 4. The left panel is for deep2 heating case and the right panel is for shallow heating case. The

dimensional unit is ms−1.
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FIG. 10. Mean zonal velocity anomalies at different heights at day 4 in the longitude-latitude diagram. The

left column (a-c) is for deep2 heating case and the right column (d-f) is for shallow heating case. The panels

from top to bottom are for heights 14.84 km, 7.48 km and 3.62 km respectively. The dimensional unit is ms−1.
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