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ABSTRACT

An idealized cloud-system-resolving model simulation is used to examine the coupling between a tropical
cloud population and the mesoscale gravity waves that it generates. Spectral analyses of the cloud and gravity
wave Þelds identify a clear signal of coupling between the clouds and a deep tropospheric gravity wave mode
with a vertical wavelength that matches the depth of the convection, which is about two-thirds of the tropo-
spheric depth. This vertical wavelength and the period of the waves, deÞned by a characteristic convective time
scale, means that the horizontal wavelength is constrained through the dispersion relation. Indeed, the waveÐ
convection coupling manifests at the appropriate wavelength, with the emergence of quasi-regular cloud-system
spacing of order 100 km. It is shown that cloud systems at this spacing achieve a quasi-resonant state, at least for
a few convective life cycles. Such regular spacing is a key component of cloud organization and is likely
a contributor to the processes controlling the upscale growth of convective systems. Other gravity wave pro-
cesses are also elucidated, including their apparent role in the maintenance of convective systems by providing
a mechanism for renewed convective activity and system longevity.

1. Introduction

Deep convective clouds generate a rich spectrum of
gravity waves that have been shown to inßuence the
momentum budget of the troposphere, stratosphere, and
mesosphere (e.g., Fritts and Alexander 2003; Kim et al.
2003). In the troposphere, gravity waves generated by
clouds help deÞne the mesoscale circulations surrounding
those clouds (e.g., Bretherton and Smolarkiewicz 1989;
Schmidt and Cotton 1990; Pandya et al. 2000). These
circulations can enhance or suppress further convection
and become coupled to or feedback on the broader
cloud population (e.g., Mapes 1993; Liu and Moncrieff
2004), thereby playing an important role in cloud self-
organization. This study examines the coupling between
a cloud population and the mesoscale gravity waves it
generates in an idealized cloud-system-resolving model.

The coupling between the clouds and the gravity waves
they generate formed the basis of waveÐconditional

instability of the second kind (CISK) and associated
theories (Lindzen 1974; Raymond 1987). These theories
sought to explain the propagation of organized convective
systems like squall lines using gravity wave arguments, but
failed to produce propagation speeds consistent with ob-
servations (e.g., Nehrkorn 1986). The coexistence of wave
ducting and wave-CISK (the so-called ducted wave-
CISK), however, has been successful in explaining the
propagation and maintenance of model-simulated or-
ganized mesoscale convective bands in the midlatitudes
(e.g., Powers and Reed 1993; Koch et al. 2001; Zhang et al.
2001), although some discrepancy exists between their
observed and simulated waves. Among other things, this
study explores a coupling between clouds and gravity
waves in the tropics, which is different from the afore-
mentioned wave-CISK-like mechanisms, and argues that
gravity waves help deÞne the preferred horizontal spacing
of cloud systems in the population.

Recently, a number of studies have explored the role of
gravity waves and inertiaÐgravity waves in contributing to
the formation of propagating regimes of tropical con-
vective organization on a variety of scales. These include
large-scale convectively coupled waves (see Kiladis et al.
2009 for a review), clusters and superclusters (e.g.,
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Oouchi 1999; Numaguti and Hayashi 2000; Peng et al.
2001), and organization down to the mesoscale (e.g., Shige
and Satomura 2001; Lac et al. 2002; Tulich and Mapes
2008). Many of these studies demonstrate that tropo-
spheric gravity waves play an important role in the initi-
ation of convective systems as they propagate horizontally
away from their source. This initiation occurs sequentially,
providing the foundation for the propagation of organized
systems at speeds faster than storm outßows.

Vertical variations in gravity wave group velocity due
to variations in wind speed or stability causes partial or
total reßection of upward propagating gravity waves,
conÞning at least some of the wave energy below the
reßecting level. Lindzen and Tung (1976) explored a va-
riety of conditions that allow waves to become ducted and
showed that a change in stability like that seen at the
tropopause can (partially) reßect approximately 33% of
the amplitude of hydrostatic waves; depending on the
conditions the reßection can be even greater. This partial
gravity wave reßection at the tropopause and reßection at
the ground underpins the formation of deep tropospheric
gravity wave modesthat possess a vertical structure con-
sistent with the harmonics of the height of the tropopause.
The number of antinodes in the vertical are usually used
to label these modes; for example, then 5 2 mode has
a vertical wavelength equal to the tropospheric depth. In
reality these modes are not purely sinusoidal owing to
vertical variations in shear and stability (e.g., Monserrat
and Thorpe 1996; Tulich et al. 2007).

The tropospheric modes have served as the cornerstone
of recent arguments pertaining to the role of gravity waves
in cloud organization. Mapes (1993) described the pro-
cesses that lead to the upscale growth of long-lived or-
ganized convective systems, such as mesoscale convective
complexes (MCCs). Consistent with observations, Mapes
represented an MCC as a steady heat source that was a
combination of deep heating and stratiform heating, which
contains low-level cooling associated with precipitation.
He argued that such a forcing would initiate horizontally
propagating bores with vertical structures like the tropo-
spheric wave modes. The gravest mode (n 5 1) would
propagate fastest, inducing deep compensating sub-
sidence throughout the depth of the troposphere (see also
Bretherton and Smolarkiewicz 1989). On the other hand,
the lower-tropospheric cooling associated with precipita-
tion would produce a bore mode with a vertical wave-
length equal to the depth of the troposphere (n 5 2). This
n 5 2 mode induces lower-tropospheric cooling (ascent),
which acts to destabilize the area surrounding the MCC,
promoting new convection and leading to the upscale
growth of the convective system. Fovell (2002) showed
that a similar process occurs in the upstream region of
long-lived squall lines. Moreover, Liu and Moncrieff

(2004) demonstrated that the earthÕs rotation acts to re-
duce the radius of inßuence of these modes, which leads to
more widespread gravity wave effects in the tropics in
comparison to the midlatitudes. Finally, Robinson et al.
(2008) suggest that resonant convective development oc-
curs when the temporal and spatial scales of the convective
forcing are related in a way that is consistent with the
gravity wave dispersion relation.

One simpliÞcation utilized by Mapes (1993) and other
similar studies was the representation of long-lived con-
vective systems as a steady heat source. This assumption
is reasonable for long-lived organized systems like MCCs
and squall lines but is not representative of short-lived
or highly transient mesoscale convective cloud systems.
Short-lived clouds produce deep tropospheric wave modes
also, and Lane and Reeder (2001) demonstrated that
a single convective cloud could have a similar destabilizing
inßuence as a MCC. There is, of course, transience asso-
ciated with the passage and excitation of the bore modes
from a steady source (e.g., Nicholls et al. 1991; Mapes
1993; McAnelly et al. 1997; Shige and Satomura 2000).
Yet, the forcing of deep tropospheric modes by a steady
source does not allow any preferred horizontal scales to
emerge, but a transient heat source allows the modes to
have a wavelike structure in the horizontal as well as in the
vertical (e.g., Nicholls et al. 1991).

While most previous studies considered the scenario of
convection spanning the depth of the troposphere, thereby
effectively projecting onto the Þrst two tropospheric
modes, Lane and Reeder (2001) demonstrated that shal-
lower convection, like cumulus congestus, would elicit a
stronger response from the higher-order n 5 3 mode.
Tulich et al. (2007) also described notable higher-order
signals within convectively coupled waves. Similarly, in
a multiscale cloud-system-resolving simulation repre-
sentative of tropical oceanic convection that spanned
about two-thirds of the tropospheric depth, Lane and
Moncrieff (2008, hereafter LM08) diagnosed notable
wave responses from then 5 1, 2, and 3 modes. While the
depth of the convection is certainly linked to the gener-
ation of the wave modes, Holton et al. (2002) showed that
the horizontal and temporal characteristics of the source
are also crucial for determining the wave spectrum.

The LM08 results also showed a regular spacing of
order 100 km for the mesoscale cloud systems in their
model simulations (e.g., their Fig. 2b). Such a regular
spacing emerges in similar two-dimensional cloud-system-
resolving model simulations of multiscale convection
(e.g., Shige and Satomura 2001; Liu and Moncrieff 2004).
In this study we argue that this regular spacing is the result
of a coupling between the convective clouds and the
gravity waves they generate. A number of other recent
studies also attribute regular convective cloud spacing to
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gravity waves. Morcrette et al. (2006) and Marsham and
Parker (2006) identiÞed a sequence of bands of con-
vective clouds separated by about 40 km over southern
England, and linked the initiation of these bands to
gravity waves. Lac et al. (2002) and Halverson et al. (1999)
also postulated that observed cloud spacings during the
Tropical Ocean and Global Atmosphere Coupled OceanÐ
Atmosphere Response Experiment (TOGA COARE)
case studies were related to gravity waves. Lane et al.
(2001) showed regular cloud-system spacing in a three-
dimensional cloud model simulation of maritime con-
vection that appeared to be linked to the gravity wave
Þeld. Balaji et al. (1993) and Balaji and Clark (1988) also
argued that tropospheric gravity waves play a role in de-
Þning the cloud spacing of cumulus populations, yet the
mechanisms that deÞne the horizontal spacing on the
mesoscale remain elusive. Better understanding of these
mechanisms could have important consequences for
parameterization because such gravity waveÐcloud in-
teractions may play a role in adjusting cloud populations
toward a more efÞcient conÞguration (e.g., Chagnon
2010; Cohen and Craig 2004).

The aim of this study is to explore the coupling be-
tween a cloud population and the waves it generates in
an idealized cloud-system-resolving model (CSRM).
The role of deep tropospheric gravity waves in

contributing to that coupling is the underlying focus,
particularly on the mesoscale. The remainder of the
paper is organized as follows: section 2 describes an
idealized multiscale CSRM simulation of tropical con-
vection, the spectral characteristics of the clouds and
gravity waves, the constraints on the gravity wave char-
acteristics, and the processes responsible for the waveÐ
convection coupling. The Þndings are summarized in
section 3.

2. Cloud-system-resolving model simulation

The CSRM simulation examined here was Þrst pre-
sented in LM08 and also in Lane and Moncrieff (2010);
it is a two-dimensional simulation using the Clark model
(Clark 1977; Clark et al. 1996), designed to be repre-
sentative of weak oceanic tropical convection. The re-
sults presented herein utilize a 2000-km-wide periodic
domain that is 40 km deep, with 1-km horizontal grid
spacing and vertical grid spacing that varies from 50 m
near the surface to 200 m farther aloft. The cloud mi-
crophysics is treated via a combination of a Kessler
(1969) rain scheme and Koenig and Murray (1976) ice
parameterization [see Bruintjes et al. (1994) for details
of the implementation]. Convection is initiated and
maintained with weak surface ßuxes and constant

FIG . 1. Time evolution of the 5-km total cloud mixing ratio (cloud water plus ice) in the CSRM simulation; shading
represents mixing ratio greater than 0.1 g kg2 1. Outlined boxes denote regions of the simulation examined in Fig. 2.
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