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ABSTRACT

A two-dimensional, nonlinear, fully compressible model of a perfect gas is used to simulate cloud-level
penetrative convection in the Venus atmosphere from 40 to 60 km altitude. Three cases with different amounts
of solar heating are considered: 60%, 80%, and 100% subsolar heating conditions corresponding to maximum
internally heated Rayleigh numbers of 4.0 3 106, 5.4 3 106, and 6.8 3 106, respectively. Cloud-level convection
is characterized by cold, narrow downwellings that deeply penetrate (;5 km) the underlying stable layer. The
horizontal spacing of the downwellings is 15–30 km, an order of magnitude smaller than observed cloud-top
cells in ultraviolet images. The penetrating head of the downflow is both mechanically forced upward and
compressionally heated by the underlying stable layer. The local compressional heating rate induced by pene-
tration is four orders of magnitude larger than the solar heating rate. Although slightly larger in magnitude, the
calculated vertical velocities at 54-km altitude are consistent with Vega balloon measurements. The computations
show that the Vega balloons drifted in a relatively quiescent part of the convection layer. Vertical velocities are
three to five times larger in the lower part of the convection layer than in the upper part of the layer because
of the dominance of convection by intense downwellings that acquire their highest speeds as they penetrate the
underlying stable region. Mixing length theory underestimates the vertical velocity of convection by a factor
of 3 or more because kinetic energy in the convection layer is balanced not only by buoyancy work as assumed
by mixing length theory, but also by pressure work and viscous work. A transfer of energy from low-frequency
convective modes to higher-frequency ‘‘interfacial’’ penetrative modes occurs in the penetrative region. Internal
gravity waves are also generated in the stable layers with horizontal wavelengths of 5–30 km and intrinsic
horizontal phase speeds comparable to convective velocities.

1. Introduction

Cellular convection has long been thought to occur
in the clouds of Venus (Belton et al. 1976, 1991; Rossow
et al. 1980; Covey and Schubert 1981; Baker and Schu-
bert 1992). Ultraviolet images of the cloud tops ;60–
70 km above the surface from the Mariner 10, Pioneer
Venus, and Galileo spacecraft show polygonal features
in the subsolar region with horizontal scales of roughly
200–1000 km. Both dark-rimmed and bright-rimmed
cells are observed, with the dark-rimmed cells slightly
larger and more common. These cells are predominantly
found in the afternoon and in low latitudes (Murray et
al. 1974; Rossow et al. 1980; Belton et al. 1991; Baker
and Schubert 1992; Toigo et al. 1994) with a lifetime
of roughly 2 days (Toigo et al. 1994).
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Further evidence for convection in the Venus atmo-
sphere is obtained from radio occultation and spacecraft
probe data. Radio occultation experiments with the Mar-
iner 10 (Howard et al. 1974) and Magellan (Jenkins et
al. 1994) spacecraft indicate neutrally stable regions
from 47 to 55 km altitude and 50 to 55 km altitude,
respectively. Temperature and pressure measurements
from Pioneer Venus probes show two neutrally stable
regions, one in the lower atmosphere from roughly 18
to 30 km above the surface and a cloud-level adiabatic
layer in the altitude range 48–55 km (Seiff et al. 1980).
This thermal structure was later confirmed by the Vega
lander probe (Young et al. 1987). These layers are likely
sites of convection since convective overturning forces
the thermal structure toward adiabaticity. In addition,
Vega balloons measured vertical velocities within the
cloud-level adiabatic layer of 1–3 m s21 (Linkin et al.
1986). These velocities are well correlated with thermal
perturbations in the region, indicating that convection
is occurring in the cloud layer (Ingersoll et al. 1987).

The large size of the cellular features in the subsolar
region has yet to be adequately explained. If these
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features originate in the cloud-level adiabatic region,
as commonly assumed, the aspect ratio (width/height)
of the cells is of order 10 2 , an order of magnitude
larger than observed for mesoscale cellular convec-
tion on Earth (Agee 1987) and two orders of mag-
nitude larger than for laboratory experiments (Tritton
1975). A number of mechanisms have been hypoth-
esized to explain the large aspect ratios on Venus.
Tritton (1975) observed that laboratory experiments
with internal heat generation produce larger aspect
ratio cells than bottom-heated experiments and sug-
gested that solar absorption in the clouds of Venus
could similarly produce wider cells. However, inter-
nally heated laboratory experiments produce cells
with aspect ratio of at most 5, much smaller than
aspect ratios observed in the Venus atmosphere. An-
isotropic eddy diffusion has also been proposed as a
mechanism for producing long wavelength cells on
Venus. Linear stability analysis for the Venus atmo-
sphere indicates that the degree of anisotropy must
be roughly 100 in order to produce the required aspect
ratios (Covey and Schubert 1981). Deep penetrative
convection may also explain the large cells observed
on Venus. Convection in the clouds may penetrate the
underlying stable region, interact with upward pen-
etration from the lower convection layer through
wave–convection coupling, and effectively form
whole-atmosphere convection from the surface to the
cloud tops with the convective layer depth larger by
an order of magnitude. The aspect ratios of the cells
would then more closely resemble those on Earth (Ba-
ker and Schubert 1992).

Cloud-level penetrative convection likely generates
small-scale gravity waves in the Venus atmosphere
(Schubert 1983; Schubert and Walterscheid 1984;
Schinder et al. 1990; Baker and Schubert 1992; Seiff
et al. 1992; Leroy 1994; Leroy and Ingersoll 1995,
1996). Bowlike features and wave trains are abundant
in cloud-top ultraviolet images (Belton et al. 1976;
Rossow et al. 1980). Doppler tracking of the Pioneer
Venus north probe (Seiff et al. 1980) and Magellan
radio occultation experiments (Jenkins et al. 1994;
Hinson and Jenkins 1995) detected gravity wave os-
cillations below the convection layer. The proximity
of these waves to the convection region suggests that
penetrative convection may be a principal wave gen-
erating mechanism in the Venus atmosphere.

Up to this point, treatments of cloud-level convec-
tion in the Venus atmosphere have been subject to
numerous simplifications. One-dimensional radia-
tive–convective models (Pollack et al. 1980) para-
meterize convection through convective adjustment in
which the temperature profile is set to the adiabat
when the radiative profile is superadiabatic. Heat
transfer by convection and the effects of penetration
are neglected by this treatment. Mixing length theory
has been used to estimate the overturning time of
cloud-level convection (Toigo et al. 1994) and to pre-

scribe convective velocities for gravity wave gener-
ation (Leroy 1994; Leroy and Ingersoll 1995, 1996).
Mixing length theory assumes the Boussinesq ap-
proximation, which requires the depth of the convec-
tion layer to be much smaller than a scale height
(Spiegel and Veronis 1960). In the Venus clouds, the
depth of the neutrally stable layer (;7 km) is com-
parable to the pressure scale height at 51.5-km altitude
(;7.2 km), thus invalidating mixing length treatments
of cloud-level convection. As our simulations show,
convection in the clouds of Venus can, in fact, span
nearly two scale heights.

The purpose of this paper is to explore the nature
of convection in the cloud region of the Venus at-
mosphere. A nonlinear, fully compressible numerical
model is used to study penetrative convection from
40 to 60 km altitude. Venus-like profiles of temper-
ature, density, and solar heating are used. Three cases
with different amounts of solar energy absorption are
considered: 60%, 80%, and 100% of the solar ab-
sorption at the subsolar point. We begin by presenting
our mathematical model of the Venus atmosphere and
the numerical approach. Section 3 describes the re-
sults of our numerical simulations, and the last section
discusses the implications of these results for the at-
mosphere of Venus.

2. Model

a. Model equations and numerical method

We consider two-dimensional, nonlinear, fully
compressible motions in a plane-parallel atmosphere.
Compressibility is important on two counts: 1) con-
vective motions may span multiple scale heights in
these simulations, thereby rendering the standard
Boussinesq approximation inappropriate to study
cloud-level convection in the Venus atmosphere, and
2) compression enhances the negative buoyancy of
downwellings, making downflow plumes narrower
than those found in Boussinesq or anelastic systems
(Hurlburt et al. 1984). We assume a Venus-like back-
ground state supported by unmodeled processes such
as thermal radiation or large-scale dynamics and con-
sider time-dependent convective motions superim-
posed on this background state. Absorption of solar
radiation drives convection in the cloud layer. We
scale the nonlinear, fully compressible equations by
the layer depth d, reference density r 0 , reference tem-
perature T 0 , reference volumetric heating q 0 , and ref-
erence sound crossing time d/(RT 0 )1/2 , where R is the
gas constant and the reference level is at 60-km al-
titude. The resulting nondimensional equations are
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where ui is velocity in the xi direction, p is pressure, r
is density, u is potential temperature, t is time, k is eddy
diffusivity, Q is volumetric internal heating by solar
energy absorption, and t ij is the eddy stress tensor given
by

]u9 ]u9jit9 5 rk 1 , (4)i j 1 2]x ]xj i

and s, g, Cg, Ck, and Cq are parameters defined below.
All quantities are nondimensional. Total variables (e.g.,
u) are decomposed into background state variables u
and deviations from this background state u9. Eddy dif-
fusion acts only on deviation quantities; that is, the back-
ground state is unaffected by turbulent eddies. The con-
servation equations are augmented by an equation of
state, which is given by the nondimensional perfect gas
law

p 5 (ru)g. (5)

The fully compressible system is characterized by five
nondimensional parameters:

kms 5 (6)
ku

cpg 5 (7)
cy

dg
C 5 (8)g RT0

kuC 5 (9)k 1/2d(RT )0

dq0C 5 . (10)q 1/2r c T (RT )0 p 0 0

In (6)–(10), all quantities on the right-hand sides are
dimensional, km is the reference eddy momentum dif-
fusivity, ku is the reference eddy thermal diffusivity, cp

is the specific heat at constant pressure, cy is the specific
heat at constant volume, and g is the acceleration of

gravity. The Prandtl number s represents the relative
strength of momentum diffusion compared with heat
diffusion, and g determines the density change during
adiabatic pressure fluctuations. The parameter Cg may
be interpreted as the ratio of the time for a sound wave
to travel a distance d (the sound crossing time) to the
free fall time through a layer with depth d, or alterna-
tively, as the ratio of the depth of the layer to the iso-
thermal scale height at the reference level. The quantity
Ck is the ratio of the sound crossing time to the thermal
diffusion time, and Cq is the ratio of the sound crossing
time to the characteristic heating time.

Classic Boussinesq treatments of internally heated
convection are characterized by two nondimensional pa-
rameters, the Prandtl number s and the internally heated
Rayleigh number Raq. The Rayleigh number represents
the relative efficiency of buoyancy forces due to internal
heat generation in overcoming diffusion and can be ex-
pressed in terms of the nondimensional compressible
parameters

5gq d0Ra 5q 2T r c k k0 0 p u m (11)
C Cqg5 .

3sC k

In steady state, the horizontal average of the total
energy equation may be expressed nondimensionally as

d
(F 1 F 1 F 1 F 1 F 1 F )c e k p y qdz

2 (W 2 W ) 5 0, (12)b p

where Fc is the convective heat flux, Fe is the eddy
diffusive heat flux, Fk is the kinetic energy flux, Fp is
the energy flux associated with pressure fluctuations, Fy

is the viscous flux, Fq is the solar energy flux, Wb is the
rate of work by buoyancy, and Wp is rate of pressure
work associated with volume changes. Equation (12)
asserts that, in steady state, the horizontally averaged
work by buoyancy and pressure is balanced by the di-
vergence of energy fluxes at that altitude. The nondi-
mensional flux and work terms are defined as

F 5 ^ru0w9& (13)c

du9
F 5 2C rk (14)e k7 8dz

1 (g 2 1)
F 5 ^ru9u9w9& (15)k i i2 g

(g 2 1)
F 5 ^p0w9& (16)p g
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FIG. 1. Static stability profile for the Venus background state (solid
line). The dashed line is from the Pioneer Venus North probe and
the dash-dot line is from the Pioneer Venus Sounder (Seiff et al.
1980). The dotted line is from the Vega-2 lander (Young et al. 1987).

(g 2 1)
F 5 2 sC ^u9t9 & (17)y k i izg

F 5 C ^F9 & (18)q q Q

(g 2 1)
W 5 2 C ^r0w9& (19)b gg

(g 2 1) ]u9jW 5 2 p0 , (20)p 7 8g ]xj

where the angle brackets indicate a horizontal average,
a double prime indicates residuals from the horizontal
average, z denotes the vertical coordinate, w is the ver-
tical velocity, and represents the vertical integral ofF9Q
volumetric solar heating Q9. We use the convention that
upward energy or heat transfer is positive. Similarly,
the horizontal average of the steady-state mechanical
energy equation can be expressed nondimensionally as

d
(F 1 F ) 2 (W 1 W 2 W ) 5 0, (21)k p b p ydz

where Wy is the rate of work by viscous stresses

(g 2 1) ]t9i jW 5 sC u9 . (22)y k7 i 8g ]xj

Equations (1)–(3) are solved explicitly in time using
a second-order time-adaptive leapfrog scheme for all
but the diffusion terms, which are solved using an im-
plicit Crank–Nicolson scheme in the energy equation
and an explicit time-lag scheme in the momentum equa-
tions to avoid computational instability. Spatial deriv-
atives are computed using centered, second-order dif-
ferences on a vertically staggered grid. A frequency
filter (Asselin 1972) with a filter factor of 0.02 is applied
at every time step to dampen the leapfrog computational
mode. The code has been benchmarked successfully
against a bottom-heated Boussinesq study (Moore and
Weiss 1973), an internally heated Boussinesq study
(Thirby 1970), and two bottom-heated, fully compress-
ible cases (Graham 1975).

b. Input parameters for the Venus atmosphere

A steady, Venus-like background state is implemented
to account for physical processes not directly included
in our model, such as longwave thermal radiation and
large-scale dynamics, that influence the vertical struc-
ture of the Venus atmosphere on timescales much longer
than the convective timescale. The vertical profile of
static stability of the background state is shown in Fig.
1. This profile is consistent with those measured by the
Pioneer Venus probes (Seiff et al. 1980) and the Vega-
2 lander (Young et al. 1987). Convection in the cloud
layer inhibits the influence of thermal radiation from 48
to 55 km altitude by transporting excess heat out of the
region before thermal radiation can affect the vertical
structure. The background state incorporates this long-

term effect by including an adiabatic region from 48 to
55 km altitude. For this study, the mean zonal wind of
the background state is assumed to be zero in order to
ascertain the nature of penetrative convection in the ab-
sence of shear. Future investigations will include a Ve-
nus-like wind profile to determine the effects of shear
on penetrative convection.

Flux measurements from the Pioneer Venus probes
indicate that solar radiation is predominantly absorbed
in the clouds (Tomasko et al. 1980). It is this absorption
of solar energy that drives convection in the cloud re-
gion. Using the globally averaged net solar flux cal-
culated from Pioneer Venus measurements and the re-
lationship describing solar flux variation with cosine of
the zenith angle m0 (Tomasko 1983),

Fs(m0, z) 5 Fsub(z) ,1.4m0 (23)

the solar flux at the subsolar point Fsub(z) can be de-
termined. Differentiation of Fsub(z) with respect to z
gives the volumetric subsolar heating Qsub(z). A pair of
Gaussian distributions provides an excellent fit to the
heating data,

22(z 2 z )LQ (z) 5 c expsub L 21 22sL

22(z 2 z )U1 c exp , (24)U 21 22sU

where cL 5 3.6 3 1023 W m23, zL 5 27 km, sL 5 13
km, cU 5 2.7 3 1022 W m23, zU 5 67 km, sU 5 7.5
km, and z is in kilometers. This relationship holds from
0 to 100 km altitude (Fig. 2) and agrees quite well with
solar heating estimates of Tomasko et al. (1985) and the
Venus solar model used by Hou and Goody (1989). For
the vertical extent considered in this study (altitude 40–
60 km), most of the solar heating occurs near the top
of the domain.
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FIG. 2. Model solar heating at the subsolar point from (24). The
plus signs are estimated heating rates based on Pioneer Venus data
(Tomasko et al. 1985). The diamonds are from the Venus solar heating
model of Hou and Goody (1989).

TABLE 1. Venus model parameter values.

Parameter Value
Nondimensional

Parameter Value

g
R
cp

km

ku

d

8.87 m s22

191.4 J kg21K21

891 J kg21K21

155 m2s21

155 m2s21

20.0 km

s
g
Cg

Ck

1.00
1.27
3.46

3.42 3 1025

r0

T0

q0

0.4291 kg m23

268 K
1.06 3 1022 W m23

1.40 3 1022 W m23

1.76 3 1022 W m23

Cq 9.12 3 1026

1.21 3 1025

1.52 3 1025

Absorbed solar radiation at the subsolar point also
drives large-scale dynamics and infrared radiative trans-
fer. The partitioning of solar heating into small-scale
and large-scale dynamical forcing is difficult to estimate
since convection and large-scale dynamics often inter-
act. Convection in the subsolar region of Venus may
strongly influence and even help organize large-scale
motions, similar to cumulus–synoptic scale interaction
in Earth’s Tropics (Holton 1979). Both convection cell
lifetimes (Toigo et al. 1994) and the turbulent eddy dif-
fusion timescale are roughly 2 days in length, yet the
radiative timescale from 40 to 60 km altitude is 200–
1300 days (Pollack and Young 1975). Because dynam-
ical timescales are much shorter than radiative time-
scales at these altitudes, we believe that most of the
solar radiation absorbed in this altitude interval is bal-
anced by dynamics. We consider three different solar
heating cases to drive convective motions: 60%, 80%,
and 100% subsolar heating. These three cases offer a
range of possible convective states in the subsolar re-
gion. The 100% subsolar heating case is the upper limit
for driving convection by solar energy absorption.

Table 1 gives values of input parameters and the re-
sulting nondimensional parameters for the Venus model
atmosphere. The quantities g, R, cp, km, and ku are as-
sumed uniform with height. The value of cp used in this
model is appropriate for a temperature of 350 K (Staley
1970), the mean temperature at 50-km altitude. The val-
ues of the eddy diffusion coefficients km and ku are
consistent with recent estimates of 120–150 m2s21 from
radio scintillation data on scales less than 1 km (Leroy
1994). Photochemical modeling suggests diffusion co-
efficients two orders of magnitude smaller (Krasnopol-
sky and Parshev 1981, 1983; Krasnopolsky 1985; Yung
and DeMore 1982). This value of eddy diffusion may
not be appropriate for modeling small-scale turbulence
since eddy diffusion in photochemical models also pa-
rameterizes large-scale dynamics, including convective

motions explicitly resolved in our model. A Prandtl
number of unity is used since turbulence equally dif-
fuses momentum and heat.

The Rayleigh number defined by (11) uses the total
depth d of the layer. Although the effects of convective
penetration do span the entire depth d, we choose a more
conservative value of the convective depth to define the
effective Rayleigh number (similar to Raq but basedRa*q
on a depth smaller than d). The neutrally stable region
of the background state occurs from 48 to 55 km. Using
this depth of 7 km and the values of solar heating at 55
km (the maximum value in the neutrally stable region),
the effective Rayleigh numbers corresponding toRa*q
the three cases are 4.0 3 106, 5.4 3 106, and 6.8 3
106. Rayleigh numbers Raq based on the total depth d
are of order 109.

The computational domain spans the altitude range
40–60 km and extends 180 km horizontally. The vertical
resolution is 168 grid points and the horizontal reso-
lution is 1000 grid points. A large number of horizontal
grid points is required to resolve the extremely narrow
downflow plumes in these simulations. Consequently,
the horizontal domain is too small to address the de-
velopment of cells with horizontal scales of 1000 km
but is sufficiently large to address the tendency of long
wavelength cell growth on the order of 100 km.

The horizontal boundaries are stress free with a fixed
heat flux, and the side boundaries are periodic. Fixed
flux boundary conditions are appropriate for Venus be-
cause the values of eddy diffusion below 40-km altitude
and above 60-km altitude probably do not differ greatly
from the value within the layer. In order for fixed tem-
perature boundary conditions to apply, the diffusion co-
efficient outside the layer would need to be much larger
than the value inside the layer so that heat could be
removed quickly enough to maintain a constant tem-
perature at the boundary (Sparrow et al. 1964). Al-
though thermal radiation to space would act to maintain
a constant temperature at 60-km altitude, the radiative
time constant at 60-km altitude (Pollack and Young
1975) is an order of magnitude larger than the eddy
diffusion timescale. Fixed flux boundary conditions are
therefore appropriate for cloud-level convection in the
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FIG. 3. Residual potential temperature for the 100% subsolar heating case. The underlying stable layer runs from 40 to 47 km, the con-
vection layer from 47 to 56 km, and the overlying stable layer from 56 to 60 km. The penetrative region exists from 43 to 47 km.

Venus atmosphere. The value of heat flux at the bound-
aries is equal to but opposite in sign from the solar flux
at that level. The impermeable, stress-free boundary
condition causes artificial wave reflection at the upper
and lower boundaries. An additional 100% subsolar
heating case with sponge layers at the top and bottom
to absorb vertically propagating waves has been per-
formed to test the effect of reflecting gravity waves on
convective planform. Sponge layers are implemented
using Rayleigh damping terms whose coefficients have
an exponential dependence on altitude. The vertical ex-
tent for the sponge layer case is 35–65 km with strong
damping below 40 km and above 60 km.

The 80% case was started from a lower Rayleigh
number solution (higher eddy diffusion coefficient) and
the 60% and 100% cases began from the final 80%
solution. Since our model includes sound waves, a small
time step of approximately 0.125 s is required to meet
the Courant condition for stability. The 60% and 100%
cases were integrated for 15.6 and 25.0 simulation
hours, respectively. This length of time was sufficient
to pass the transient phase and establish a stable, time-
dependent flow. The 80% case was integrated for a lon-
ger period of time (32.8 simulation hours) to ensure that
a dramatic planform change did not occur within a sig-
nificant portion of the observed Venus cell lifetime of
;50 h (Toigo et al. 1994).

3. Results

a. General characteristics of cloud-level convection

Figure 3 shows residual potential temperature u0 (total
potential temperature minus horizontally averaged po-
tential temperature) for the 100% subsolar heating case.
This figure illustrates features representative of cloud-
level penetrative compressible convection for the three
heating cases considered. Differences among the three
heating cases will be discussed as needed. The convec-

tion is dominated by cold, narrow downwellings, char-
acteristic of both internally heated (Peckover and Hutch-
inson 1974) and compressible convection (Hurlburt et
al. 1984). The downflow plumes have horizontal widths
of 1–2 km, while the horizontal scale of the cells is 15–
30 km. The downflow plumes penetrate the underlying
stable layer and are both mechanically forced upward
and compressionally heated by the stable layer. The lo-
cal volumetric heating of the compression regions found
at 45-km altitude is roughly 20 W m23, four orders of
magnitude larger than the heating due to absorption of
solar energy. The strong downward penetration gener-
ates internal gravity waves in the underlying stable layer.
Spectral analysis of u0 at 42-km altitude (not shown)
indicates horizontal wavelengths of 5–30 km.

The flow is highly time dependent, with adjacent
starting downwellings merging together to create single,
strong downward plumes. The locations of these strong
plumes are relatively stable, although gravity wave feed-
back can cause the plumes to sway horizontally by as
much as 5 km. The time dependence can be seen in the
time series plot of kinetic energy density for the three
cases (Fig. 4). The kinetic energy density represents the
average kinetic energy of the entire domain. Spectral
analysis of the kinetic energy density time series indi-
cates that the 60%, 80%, and 100% subsolar heating
cases have dominant periods of 115 min, 117 min, and
126 min, respectively. We attribute these periods to the
convective overturn time of the system. The longer over-
turn time with increased solar heating is caused by an
increase in the convection layer depth. Shorter period
oscillations of ;45 min are associated with the pene-
trative cycle. Both convection layer depth and penetra-
tive cycle are discussed in more detail below. Naturally,
higher solar heating (higher Raq) calculations exhibit
larger time-average values of kinetic energy density.
The time-average kinetic energy density of the 100%
subsolar case (8.16 J m23) is comparable to the kinetic
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FIG. 4. Time series of kinetic energy density (mean kinetic energy
in the entire domain) for (a) 60% subsolar heating, (b) 80% subsolar
heating, and (c) 100% subsolar heating.

FIG. 5. Vertical velocity at 54-km altitude as a function of horizontal
position for (a) 60% subsolar heating, t 5 15.0 h, (b) 80% subsolar
heating, t 5 24.1 h, and (c) 100% subsolar heating, t 5 13.8 h. The
velocities were sampled at times corresponding to peaks in the kinetic
energy density.

energy of a convective shower on Earth (Emanuel
1994). However, in regions near strong convective
downdrafts, the mean value of kinetic energy density
for the 100% subsolar case (38.5 J m23) is more com-
parable to intense supercell thunderstorms on Earth
(Brandes 1978).

Figure 5 shows the vertical velocity at 54-km altitude
as a function of horizontal position at times correspond-
ing to peaks in the kinetic energy density for the three
cases considered. This altitude corresponds to the av-
erage altitude of the Vega balloons, which measured
vertical velocities of roughly 1–3 m s21 (Linkin et al.
1986). Because the velocities in Fig. 5 were sampled at
peaks in the kinetic energy plots of Fig. 4, the velocities
favor large values; velocities during a trough in kinetic
energy density versus time are lower in magnitude by
roughly 1 m s21. As the amount of solar heating in-
creases, the magnitude of the vertical velocity increases.
Typical velocities for the three cases are 2–5, 4–6, and
5–7 m s21, respectively, with maximum (downward)
velocities of 25.9, 27.1, and 27.3 m s21. These ve-
locities are consistent with Vega balloon measurements
because the balloons sampled velocities in the early
morning (roughly 0000–0800 local Venus time) and our
simulations occur near the subsolar point where veloc-
ities should be larger. At an altitude of 54 km, the width

of downward motion is comparable to the width of up-
ward flow and the magnitude of the vertical velocity is
relatively small because we are near the top of the con-
vection region where downwellings originate. Higher
downward velocities are found just above the underlying
stable layer where downwellings are more concentrated
(maximum velocities of 211.1, 213.6, and 214.2 m
s21, respectively).

The solar energy flux Fq through the adiabatic layer
from 48 to 55 km is primarily balanced by convective
heat transfer Fc as seen in Fig. 6 for the 100% subsolar
heating case. Values of Fc are larger at a kinetic energy
peak (Fig. 6a) than at a kinetic energy trough (Fig. 6b).
The regions of negative Fc indicate regions of convec-
tive penetration or entrainment. Convective penetration
occurs in the underlying stable layer when the down-
welling (w9 , 0) forces relatively warm air (u0 . 0)
downward. Convective entrainment occurs in the over-
lying stable layer when warmer stable air is pulled
downward by convection underneath. At times of peak
kinetic energy density, intense penetration into the un-
derlying stable layer occurs, as shown by the strong
negative values of Fc around 45-km altitude (Fig. 6a).
This penetration is less intense at a kinetic energy trough
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FIG. 6. Energy fluxes through the layer for the 100% subsolar heating case at (a) a kinetic energy peak and (b) a
kinetic energy trough. Plotted are the convective energy flux Fc (dot), the eddy diffusive flux Fe (solid), the kinetic
energy flux Fk (short dash), pressure work Fp (dash-dot), viscous flux Fy (dash-triple dot), and the solar flux Fq (long
dash), all scaled by the solar flux at the top. Positive values indicate upward energy or heat transfer.

(Fig. 6b). However, entrainment of the overlying stable
layer is only slightly stronger during peak kinetic energy
times since most of the kinetic energy resides at lower
altitudes where both density and velocities are larger.
The kinetic energy flux Fk is negative in the convection
layer because the flow is dominated by cold, narrow
downwellings. This characteristic has also been ob-
served in simulations of compressible solar convection
(Hurlburt et al. 1984, 1986; Jones 1991). Compressional
heating in the underlying stable layer is indicated by
negative values of pressure flux Fp around 46-km alti-
tude. The relatively small value of Fp occurs because
the compressional features, although they generate heat
four orders of magnitude larger than solar heating, are
local features separated by large expanses where no
compressional heating occurs (Fig. 3).

b. Comparison with mixing length theory

Mixing length theory is a simple approach used to
quantify the physical processes that occur in a convec-
tion layer. For a complete development of mixing length
theory, we refer the reader to Cox and Giuli (1968) and
Hansen and Kawaler (1994). Briefly, a parcel of air
moves vertically and retains its density and temperature
through a mixing length l. Upon traveling a mixing
length l, the parcel mixes with the environment and
deposits its energy at the new altitude. Several simpli-
fying assumptions are used in developing mixing length
theory: the mixing length l is much shorter than a scale
height, the velocity of the parcel is sufficiently slow to
allow the parcel pressure to adjust to the environmental
pressure as the parcel rises or descends, acoustic phe-
nomena are negligible, and the density and temperature

of the parcel differ a small amount from the environ-
mental values. These requirements comprise the Bous-
sinesq approximation (Spiegel and Veronis 1960). In
addition, the kinetic energy of the parcel is assumed to
balance the buoyancy work done on the parcel. Under
these assumptions, mixing length theory associates the
convective heat flux with the vertical velocity or su-
peradiabatic gradient within the layer. It is commonly
used to determine the amount of heat transported by
convection in stellar envelopes (Hansen and Kawaler
1994). Mixing length theory has been applied to the
Venus atmosphere to compare convective velocities
with Vega balloon measurements (Blamont et al. 1986),
to estimate the convective overturn times in both the
cloud-level convection layer and the convection layer
near the surface (Toigo et al. 1994), and to generate
internal gravity waves by cloud-level convection (Leroy
1994; Leroy and Ingersoll 1995, 1996).

The vertical velocity estimated from mixing length
theory is given by

1/3F glsw ø . (25)1 2rc Tp

For a mixing length l of 7 km and evaluation of ther-
modynamic quantities in the middle of the convection
layer at 51.5-km altitude (subsolar heat flux Fs 5 216
W m22, r 5 1.29 kg m23, and T 5 335 K), the estimated
vertical velocities for the 60%, 80%, and 100% subsolar
heating cases are 2.76, 3.03, and 3.27 m s21, respec-
tively. Although the Vega balloons only measured ver-
tical velocities in the early morning, the velocity esti-
mates from mixing length theory for the three cases
considered in this paper agree with the Vega measured
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FIG. 7. Time-averaged and horizontally averaged mechanical rates
of working for the 100% subsolar heating case. The solid line includes
the kinetic energy and buoyancy terms of (21); the dotted line includes
the kinetic energy, buoyancy, and pressure terms; and the dashed line
includes the kinetic energy, buoyancy, pressure, and viscous terms.

values of 1–3 m s21 (Linkin et al. 1986). However, this
agreement is fortuitous. As we discuss below, mixing
length theory underestimates typical convective veloc-
ities and the Vega balloons drifted in the relatively qui-
escent upper part of the convective layer.

Our numerical simulations show that mixing length
theory underestimates convective velocities in the Ve-
nus cloud region. The vertical velocities in the 100%
subsolar heating case range from 4 to 14 m s21 with
typical velocities of roughly 10 m s21, about three times
larger than predicted by mixing length theory. The un-
derestimation of the vertical velocity by mixing length
theory can be attributed to a violation of the Boussinesq
approximation and the assumption that kinetic energy
is balanced by buoyancy work. The depth of the cloud-
level convection layer is 7 km (or even deeper if pen-
etrative effects are included). By comparison, the pres-
sure scale height in the middle of the layer is 7.2 km.
Thus, one of the major requirements of the Boussinesq
approximation (depth much less than a scale height) is
violated. Furthermore, the kinetic energy is balanced
not only by buoyancy work but also by pressure work
and viscous dissipation. Figure 7 plots the time-aver-
aged and horizontally averaged mechanical energy work
rates for the 100% subsolar heating case. The solid line
represents the kinetic energy and buoyancy terms of
(21). For mixing length theory to hold, this line should
be close to zero everywhere. Near the top of the con-
vection layer around 54-km altitude, this balance is mar-
ginal, but deeper in the layer where larger velocities
occur, a strong imbalance exists. When the pressure
terms of (21) are included, the energy balance moves
closer to zero, but an imbalance remains deep in the
convection layer. Viscous work completes the balance
near the penetrative region since the underlying stable
layer impedes convective motion and generates strong
shear in the region. Further discussion of the convective

velocities and the Vega balloon measurements will be
presented in the concluding section.

c. Convective penetration

Figure 8 shows five consecutive closeup images of
residual potential temperature for the 100% subsolar
heating case; each frame is approximately 12.4 minutes
apart. The narrow downwelling centered at about x 5
36 km at t 5 21.4 h has just penetrated the underlying
stable layer at z 5 47 km (Fig. 8a). Approximately 12
min later, the penetration has deepened to z 5 44 km
(Fig. 8b). A portion of the downflow plume head has
been mechanically squeezed upward by the stable layer
(note the cold pocket of air at x 5 41 km, z 5 46 km),
while the remaining part of the downflow plume head
is compressionally heated by the stable layer around 45-
km altitude. This rapidly formed compression region is
roughly 4 K warmer in potential temperature than its
environment. Twelve minutes later, penetration has
reached approximately 43-km altitude (Fig. 8c). Cold
downflow plume air continues to be forced upward by
the stable layer. The compression region has expanded
and cooled. The penetrating downflow plume has gen-
erated internal gravity waves in the underlying stable
layer. A new strong downwelling forms at the top of
the convection layer by the convergence of smaller
downwellings at x 5 35 km. This new downwelling
reaches the stable layer in 12 min (Fig. 8d) and later
generates an intensely heated compressional region (Fig.
8e). The penetrative cycle in this example takes ap-
proximately 40 min.

Convective penetration and entrainment deepen the
adiabatic layer in the cloud region (Fig. 9). As the
amount of solar heating increases, the horizontally av-
eraged thickness of the neutrally stable layer increases
due to increased vigor of convection. The neutrally sta-
ble layer in the 100% subsolar heating case is roughly
3-km thicker than that of the background state. Solar
heating destabilizes the background state stability struc-
ture in the stable layers by as much as 5 K km21 at the
top of the computational domain where heating is
strongest. The amount of destabilization increases with
increased solar heating. If the value of eddy diffusion
were decreased, the stable layer would become even
more destabilized since less heat would be transported
out of the layer by small-scale eddies. This destabili-
zation promotes convective penetration and entrainment
by providing less resistance to vertical motion. The
deepening of the adiabatic region is thus a combination
of destabilization by solar heating and erosion of the
stable layers by convective motions.

The horizontally averaged downward penetration
depth extends to lower altitudes as the amount of solar
heating increases. Using negative values of convective
heat flux Fc as a diagnostic for penetration depth, we
find that the horizontally averaged penetration extends
down to altitudes of 43.2 km, 43.1 km, and 42.7 km
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FIG. 8. Residual potential temperature for the 100% subsolar heating case of the region from x
5 20 km to x 5 70 km. The images are 12.4 minutes apart.

for the 60%, 80%, and 100% cases, respectively. The
penetration depth oscillates with a period of ;16 min,
indicating that convective penetration is modulated by
the underlying stable layer.

Figure 10 shows power spectral density contours of
convective heat flux fluctuations for the 100% subsolar
heating case as a function of angular frequency and
height. By considering fluctuations in Fc, we effectively
filter out the gravity wave signal since Fc is exactly zero
for linear internal gravity waves; that is, w9 and u0 are
90 degrees out of phase for linear gravity waves. Instead,
variations in Fc in the penetrative region represent the
effect of the stable layer on downflow plumes since most
of the convective heat flux is carried by penetrative
plumes. As a plume penetrates the underlying stable
layer, its motion is modulated with a characteristic

timescale N21, where N is the mean Brunt–Väisälä fre-
quency at the altitude of penetration. In essence, down-
flow plumes (and thus convective heat flux Fc) expe-
rience ‘‘interfacial’’ penetrative oscillations with fre-
quencies near the Brunt–Väisälä frequency. These pen-
etrative modes are analogous to surface waves since they
occur at the interface between downflow plumes and
the underlying stable layer and rapidly evanesce below
the penetrative region.

As Fig. 10 shows, such ‘‘interfacial’’ oscillations in
Fc do occur in the penetrative region (note how the
spectral peaks cluster near the dashed curve representing
the Brunt–Väisälä frequency). In the convection layer,
the spectrum of fluctuations in Fc exhibits significant
periods of 30, 46, and 105 min. By contrast, fluctuations
in Fc experience peaks with periods of 11, 13, 16, 30,
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FIG. 9. Altitude profiles of the time-averaged and horizontally av-
eraged static stability for the background state (solid), the 60% sub-
solar heating case (dot), the 80% subsolar heating case (dash), and
the 100% subsolar heating case (dash-triple dot).

FIG. 10. Power spectral density contours of fluctuations in con-
vective heat flux Fc for the 100% subsolar heating case as a function
of angular frequency or period and altitude. The contour interval is
2500 W2 m24 Hz21. The maximum power is 4.4 3 104 W2 m24 Hz21.
The dashed line is the time-averaged and horizontally averaged
Brunt–Väisälä frequency.and 105 min in the penetrative region (;43–47-km al-

titude). The excited modes in the penetrative region are
harmonics of the driving frequencies of convection. The
46-min oscillation (v ; 2.2 3 1023 s21) disappears in
the underlying stable layer and is replaced by third (v
; 6.5 3 1023 s21, or 16-min period) and fourth (v ;
8.8 3 1023 s21, or 11-min period) harmonic oscillations.
The second harmonic of the 46-min oscillation (v ;
4.3 3 1023 s21) is mildly excited in the penetrative
region but evanesces deeper in the stable layer. The 13-
min mode (v ; 8.0 3 1023 s21) excited in the pene-
trative region is a higher harmonic of the 104-min driv-
ing frequency.

The horizontally averaged amount of penetration (;5
km) is significantly larger than Boussinesq parcel meth-
ods predict. Consider a parcel of air at the convection
layer–stable layer interface. As this parcel travels down-
ward into the stable layer, the parcel velocity decreases
until the negative buoyancy of the stable layer halts
penetration completely. We can use simple gravity wave
theory (Lindzen 1990) to estimate the depth of pene-
tration by this parcel, that is, the maximum displacement
of the parcel in a stable environment. The penetration
depth is then given by w/N, where w is the parcel ve-
locity at the convection layer–stable layer interface. Par-
cel velocities of w ; 10 m s21 and Brunt–Väisälä fre-
quencies of N ; 5 3 1023 s21 (a characteristic value in
the underlying stable layer) give penetration depths of
;2 km. Compressible convection produces penetration
depths 2.5 times larger.

d. Gravity waves

Convective penetration and entrainment generate in-
ternal gravity waves in the adjacent stable layers (Fig.
8). Gravity waves in the underlying stable layer have
characteristic vertical velocities of 1–2 m s21. Spectral
analysis of residual potential temperature at 42-km al-

titude indicates that these gravity waves have horizontal
wavelengths of 5–30 km with a peak horizontal wave-
length of 12 km. The waves are ducted horizontally by
the overlying convection layer and the lower boundary
at 40 km, which causes vertical reflection of waves.
Horizontal propagation of waves generated by the pen-
etrating downflow plumes occurs in both directions with
a characteristic intrinsic phase speed (as determined
from visual tracking of peaks in residual potential tem-
perature) of roughly 10 m s21, similar to the convective
velocities driving the waves. Convective entrainment
generates internal gravity waves in the overlying stable
layer with vertical velocities of ;0.5–1 m s21. The
waves are ducted horizontally by the convection layer
and the upper boundary at 60-km altitude. Spectral anal-
ysis of residual potential temperature indicates that in-
ternal gravity waves in the upper stable layer have hor-
izontal wavelengths of ;10–25 km at 58-km altitude,
and visual tracking of peaks in residual potential tem-
perature reveals intrinsic phase speeds of ;12 m s21.
It should be noted that gravity wave properties in these
simulations are strongly influenced by the artificial
boundaries at 40 and 60 km altitude and that simulations
without these artificial boundaries will possibly produce
gravity waves of different wavelengths and phase
speeds. More detailed analysis of convectively gener-
ated internal gravity waves is required.

Internal gravity waves generated by penetrative con-
vection often interact and modify the convection. The
interaction between convection and waves is best seen
in a movie of the time history of the deviation potential
temperature field. Ducted gravity waves can sway strong
penetrative downwellings horizontally by as much as 5
km. For example, the compression region located at
horizontal position x 5 37 km in Fig. 8b has been
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FIG. 11. Power spectral density of potential temperature fluctuations
at 52-km altitude as a function of wavenumber. The solid line is for
the case with stress-free boundaries and the dashed line is for the
case with sponge layer boundaries. The power spectra have been
averaged over the last 2.5 hours of simulation time for each run.

pushed horizontally to the right a few kilometers by a
passing gravity wave (Fig. 8c). Twelve minutes later,
the compression region has swung past its original lo-
cation and now resides at x 5 35 km (Fig. 8d). This
horizontal motion often diminishes the penetration
depth of the downflow plume by decoupling the plume
head from the downwelling core and aids in the dissi-
pation of the compressionally heated region. It is im-
portant to note, however, that gravity wave feedback on
convection in our model will likely be stronger than in
the Venus atmosphere because the artificial boundary at
40-km altitude in the model prohibits vertical wave
propagation and energy transport out of the computa-
tional domain.

To test the effect of wave-reflecting boundaries on
convective planform, we performed a calculation with
sponge layers at the top and bottom to prevent wave
reflection. The results are compared with an imperme-
able, stress-free boundary simulation with 100% sub-
solar heating. The horizontal extent for these runs is 60
km. The initial condition for the stress-free case was
the final state from x 5 0 km to x 5 60 km of the 100%
subsolar heating case presented earlier. The same initial
condition was used for the sponge layer case except
with motionless, unperturbed stable layers to eliminate
artificially trapped gravity waves. Both cases were in-
tegrated for roughly 13 hours simulation time. Ducted
gravity waves in both the underlying and overlying sta-
ble regions are present in the stress-free case, while
gravity waves in the sponge layer case quickly dampen
as they propagate away from the generation region. Fig-
ure 11 shows power spectral density of potential tem-
perature fluctuations at 52-km altitude as a function of
wavenumber for the two cases. The power spectra are
remarkably similar with dominant horizontal scales of
roughly 15–30 km, indicating that ducted gravity waves
caused by stress-free boundaries have little effect on
convective length scales.

4. Discussion

Our simulations of cloud-level compressible convec-
tion in the Venus atmosphere are nonlinear, high Ray-
leigh number calculations that address the style of at-
mospheric convection on Venus. Many features in our
simulations (e.g., extremely narrow downwellings and
compressional regions in the underlying stable layer)
would not be seen if the Boussinesq or anelastic ap-
proximations had been employed. Our fully compress-
ible model provides for deep convection by allowing
density stratification over multiple scale heights and in-
cludes simulation of local compressional features. Com-
pressibility operates as a positive feedback for gener-
ating narrow downwellings by increasing the local den-
sity in regions of convergence (Hurlburt et al. 1984).
Although internally heated Boussinesq systems are driv-
en by cold, relatively narrow downflow plumes (Pec-
kover and Hutchinson 1973), the feedback mechanism
due to compression produces even stronger, more con-
centrated downwellings. The local compressional
regions located at roughly 45-km altitude would not
occur in an anelastic or Boussinesq study. Local com-
pressional heating in this region is four orders of mag-
nitude larger than solar heating at that altitude. These
compressional regions are an intense local heat source
and may account for turbulence observed at 45-km al-
titude by radio occultation experiments (Woo et al.
1982).

A general characteristic of these simulations is the
enhanced vigor of convection with increasing solar heat-
ing (increasing ). As solar heating increases, theRa*q
average kinetic energy of the layer increases, the
strength of the downwellings increases, the amount of
heat transported by convection rises, penetration extends
deeper into the underlying stable layer, and the thickness
of the neutrally stable layer increases. The vertical ve-
locities of our simulations, although slightly larger than
the Vega balloon velocities, are consistent with the Vega
balloon measurements since the balloons sampled in the
early morning. Any future probes or balloons into the
subsolar region should expect to find a thicker neutrally
stable layer with more vigorous convection than pre-
viously measured. Also, the Vega balloons drifted in the
relatively quiescent upper part of the cloud-level con-
vective layer. Convection is much more vigorous near
the bottom of the layer where intense downwellings
enter the underlying stable layer. Any future balloons
placed in the cloud-level convective layer will have to
be designed to withstand more vigorous motions if the
more active part of the convection layer is to be probed.

The value of eddy diffusion for these calculations is
155 m2 s21. At present, this value should be considered
an upper bound for eddy diffusion in the Venus atmo-
sphere. Estimates from photochemical modeling suggest
that the diffusion coefficient is two orders of magnitude
smaller at ;2 m2 s21 (Krasnopolsky and Parshev 1981,
1983; Krasnopolsky 1985; Yung and DeMore 1982).
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This value of eddy diffusion may not be appropriate for
modeling small-scale turbulence since eddy diffusion in
photochemical models also parameterizes large-scale
dynamics. However, if a lower value of eddy diffusion
were valid at cloud levels, the Rayleigh number would
increase and more intense, turbulent convection would
occur in the cloud region. Penetration should be sig-
nificantly deeper and mixing much stronger for extreme-
ly high Rayleigh number convection.

The complex dynamics of the lower penetrative re-
gion has significant implications for the microphysical
structure of the lower cloud region. The lower Venus
cloud from 47.5 to 50.5 km consists of sulfuric acid
droplets and crystals with optical depths from 6 to 12
(Knollenberg and Hunten 1980). Vigorous mixing of
the lower cloud should occur due to strong penetrative
convection in the region. The cold narrow downwellings
and the mechanically squeezed plume air could induce
condensation of sulfuric acid while the compressionally
heated region could result in significant evaporation of
the clouds. Thus, the nonlinear dynamics of the pene-
trative region could result in rapid variation of optical
depth in the lower cloud. Furthermore, internal gravity
waves in the underlying stable layer generated by pen-
etrative convection could cause temporal and spatial het-
erogeneities in the lower cloud haze below the cloud
deck. These variations would have characteristic length
scales of 5–30 km in the penetrative region.

The agreement between mixing length theory and the
Vega balloon measurements is fortuitous. Mixing length
theory matches the Vega balloon measurements because
the measurements were taken at the top of the layer
where convection originates and the velocities are small-
er (Fig. 5). If the measurements had been taken deeper
in the convection layer, higher velocities would have
been observed. Mixing length treatments are intended
to represent the average state of the convection layer,
yet our simulations of cloud-level convection on Venus
indicate otherwise. Typical velocities for the 100% sub-
solar case are 10 m s21, or roughly three times larger
than mixing length estimates. Similarly, parcel methods
underestimate the depth of convective penetration by a
factor of 2.5. These discrepancies are due to compress-
ibility effects that are not adequately treated in Bous-
sinesq models. Kinetic energy in the convection layer
is not balanced by buoyancy work as assumed by mixing
length theory, but instead is balanced by buoyancy, pres-
sure, and viscous work.

Studies that utilize mixing length theory to parame-
terize convection in the Venus atmosphere underesti-
mate dynamical processes due to convection. For ex-
ample, Leroy and Ingersoll (1995, 1996) use mixing
length theory to associate the convective heat flux with
vertical velocities in the cloud-level convection layer.
These velocities (;3 m s21), in turn, generate internal
gravity waves in the overlying stable layer with phase
speeds comparable to the convective velocities. Our
simulations also exhibit gravity wave phase speeds com-

parable to average convective velocities, but our veloc-
ities are three to four times larger. Gravity waves with
phase speeds on the order of 10 m s21 would propagate
to higher altitudes before being absorbed by critical lay-
ers and may contribute to the Venus superrotation more
strongly than the low phase speed waves of Leroy and
Ingersoll (1995).

The transfer of convective energy to higher frequen-
cies in the underlying stable layer is a striking result of
our simulations. By inducing oscillations at the plume–
stable layer interface, the underlying stable layer mod-
ulates the depth of penetration and the amount of heat
transferred downward by penetrative plumes. The dom-
inant interfacial fluctuations in convective heat flux in
the penetrative region are near the Brunt–Väisälä fre-
quency and are higher harmonics of the convective driv-
ing modes. Internal gravity waves are also generated by
convective downdrafts in the penetrative region. While
the present study can qualitatively describe these waves,
reflections from the lower boundary at 40-km altitude
preclude a detailed quantitative study of the properties
of the waves. Further investigations with a lower bound-
ary below 30-km altitude will be necessary to determine
which gravity wave modes are excited by cloud-level
convection and which modes can propagate deep into
the atmosphere of Venus.

The horizontal scale of convection cells in our sim-
ulations is 15–30 km, an order of magnitude smaller
than observed in the UV images of the cloud tops. A
physical mechanism absent in our model must account
for the large horizontal cell sizes on Venus if the ob-
served cellular structure is due to convection. Aniso-
tropic eddy diffusion preferentially spreads material
horizontally and may elongate convection cells in the
cloud region. The amount of anisotropy required to give
aspect ratios of 100 (Covey and Schubert 1981) is con-
sistent with the degree of anisotropy observed in Earth’s
atmosphere (Pedlosky 1987). The penetrative convec-
tion hypothesis of Baker and Schubert (1992) requires
significant nonlinear interaction between cloud-level
convection, lower atmosphere convection, and gravity
waves in the stable layer between. To test this hypoth-
esis, we must extend the lower boundary of our model
from 40-km altitude to below 18-km altitude to include
both convection regions in the simulation. Yet another
possibility to explain the large cell sizes in the obser-
vations is horizontally varying absorption of solar ra-
diation due to heterogeneous concentrations of absorb-
ers. Toigo et al. (1994) show that differential horizontal
absorption of sunlight may support large mesoscale cells
in a thin layer at the cloud tops. However, as Toigo and
coworkers state, the ‘‘arguments made in this paper do
not address the fundamental origin of the mesoscale
cells.’’ The cause of the large cellular features observed
near the subsolar point remains uncertain and warrants
further investigation.
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