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ABSTRACT

This paper is the first of a two-part study that investigates internal gravity wave generation by convection in
the lower atmosphere of Venus. A two-dimensional, nonlinear, fully compressible model of a perfect gas is
employed. The calculations consider the lower atmosphere from 12- to 60-km altitude, thereby including two
convection regions: the lower atmosphere convection layer from roughly 18- to 30-km altitude and the cloud-
level convection layer from roughly 48- to 55-km altitude. The gravity waves of interest are located in the stable
layer between these two convection regions. Part I of this study considers gravity wave generation and propagation
in the absence of mean wind shear.

In the absence of mean wind shear, internal gravity waves are primarily generated by cloud-level convection.
Horizontal wavelengths (;10–15 km) are similar to dominant horizontal scales in the cloud-level penetrative
region, and intrinsic horizontal phase speeds are comparable to cloud-level downdraft velocities. Without mean
wind shear, there is no effective coupling between the lower atmosphere below 34-km altitude and the overlying
stable layer. Simulated wave amplitudes and vertical wavelengths agree well with spacecraft observations,
suggesting that gravity waves generated by cloud-level convection through the ‘‘mechanical oscillator’’ effect
may be responsible for observed variations in the stable layer.

1. Introduction

Internal gravity waves likely occur within the stable
layer in Venus’s atmosphere from roughly 30- to 48-km
altitude. Doppler tracking of the Pioneer Venus North
probe reveals oscillations in the stable layer with ve-
locity amplitudes of 2–5 m s21 and a mean vertical
wavelength of ;7.5 km (Seiff et al. 1980). Similarly,
interferometric radio tracking of Pioneer Venus probes
indicates meridional velocity oscillations of ;2 m s21

and vertical wavelengths of ;6–7 km in the stable layer
(Counselman et al. 1980; Seiff et al. 1992). Venera 9
and 10 probes also observed velocity oscillations (ver-
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tical velocities ;0.3–0.5 m s21) with slightly larger ver-
tical wavelengths of 10–15 km (Kerzhanovich and Ma-
rov 1983). More recently, Magellan radio occultation
experiments show temperature oscillations below the
cloud-level convection layer (located roughly from 48-
to 55-km altitude) with amplitudes of 0.5–1.5 K and
vertical wavelengths of about 5–10 km (Jenkins et al.
1994; Hinson and Jenkins 1995). While these oscilla-
tions may represent planetary-scale disturbances (Seiff
et al. 1992), they may also indicate small-scale internal
gravity waves propagating within the stable layer (Seiff
et al. 1992; Hinson and Jenkins 1995).

Most theoretical studies of small-scale gravity waves
in Venus’s atmosphere have focused on vertical wave
propagation within and above the clouds (Schubert and
Walterscheid 1984; Young et al. 1987, 1994; Leroy
1994; Leroy and Ingersoll 1995, 1996). However, a
number of investigations have highlighted the poten-
tially important role of small-scale gravity waves on
atmospheric dynamics in the lower atmosphere. Venus’s
atmosphere exhibits westward zonal winds at all alti-
tudes with a maximum wind speed of 100 m s21 at 65-
km altitude. The westward zonal flow is commonly re-
ferred to as the Venus atmospheric superrotation (e.g.,
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Schubert 1983; Gierasch et al. 1997). Hou and Farrell
(1987) suggested that vertically propagating internal
gravity waves forced near the surface, perhaps by
boundary layer convection, may help maintain the Ve-
nus atmospheric superrotation below 45-km altitude
through critical level absorption. In addition, vertically
ducted, horizontally propagating gravity waves in the
stable layer from 30- to 48-km altitude may transport
momentum and energy to other regions of the planet
(Schubert 1983; Gierasch 1987; Schinder et al. 1990).
Linear calculations indicate that ducted gravity waves
in the stable layer generated from above by cloud-level
convection have horizontal wavelengths of 30–50 km
(Gierasch 1987), but more recent linear calculations of
ducted gravity waves by Schinder et al. (1990) exhibit
smaller horizontal wavelengths of roughly 10 km and
intrinsic horizontal phase speeds of a few meters per
second (relative to the convection layer). Finally, con-
vection–wave interaction may help explain the large cel-
lular features observed in cloud-top ultraviolet images.
Cloud-level convection may deeply penetrate the un-
derlying stable layer, generate internal gravity waves in
the stable layer, and interact with convection in the lower
atmosphere through convection–wave coupling. Such a
process would form a deep convection–wave system
with potentially large horizontal scales (Baker and Schu-
bert 1992).

Thermal convection is a plausible wave generation
mechanism in Venus’s atmosphere (Schubert 1983;
Schubert and Walterscheid 1984; Hou and Farrell 1987;
Gierasch 1987; Schinder et al. 1990; Baker and Schubert
1992; Leroy 1994; Leroy and Ingersoll 1995, 1996).
Pioneer Venus detected two neutrally stable regions in
the atmosphere of Venus: one in the lower atmosphere
from roughly 18- to 30-km altitude and the other in the
middle cloud layer from roughly 48- to 55-km altitude
(Seiff et al. 1980). In addition, a neutrally stable bound-
ary layer likely exists adjacent to the surface (Seiff
1983; Young et al. 1987). These regions of neutral sta-
bility are probable sites of convection since convection
tends to adjust the thermal structure toward neutral strat-
ification. VEGA balloons, drifting at 54-km altitude
within the cloud-level neutrally stable layer, found a
strong positive correlation (85%) between vertical ve-
locity and thermal perturbations, thus indicating that
thermal convection occurs within the cloud layer (In-
gersoll et al. 1987). Given the close proximity of con-
vection to the stable layer from 30- to 48-km altitude,
internal gravity waves within the stable layer may be
forced by either cloud-level convection (Schubert 1983;
Gierasch 1987; Seiff et al. 1992), lower atmosphere con-
vection (Hou and Farrell 1987; Baker and Schubert
1992), or convection in both layers (Baker and Schubert
1992).

Convection models previously used to investigate
convectively generated internal gravity waves in Ve-
nus’s atmosphere suffer from many limitations. Studies
that parameterize convective forcing of waves by dia-

betic heating with Gaussian (Schubert and Walterscheid
1984; Schinder et al. 1990) or delta function (Gierasch
1987) vertical distributions only consider thermal forc-
ing of gravity waves and therefore neglect mechanical
forcing by convective plumes. Mechanical forcing of
internal gravity waves by deep cumulus convection has
been shown to be an important wave generation mech-
anism in Earth’s stratosphere (Fovell et al. 1992). Hou
and Farrell (1987) employed simple periodic forcing as
a proxy for convective plumes in Venus’s atmosphere,
but such forcing unrealistically assumes regular, non-
turbulent behavior by atmospheric convection. Mixing
length theory has also been used to convectively force
internal gravity waves on Venus (Leroy 1994; Leroy
and Ingersoll 1995, 1996). These studies incorporate
both thermal and mechanical forcing mechanisms by
convection and include a Kolmogorov turbulence spec-
trum with prescribed peak velocities of 3–5 m s21. How-
ever, the applicability of mixing length theory in Venus’s
atmosphere is questionable. Mixing length treatments
assume that the convection layer is much smaller than
a scale height. In Venus’s atmosphere, both the lower
convection layer and the cloud-level convection layer
are comparable in thickness to the local pressure scale
height [the scale height at 24-km altitude is ;12 km
and the scale height at 50-km altitude is ;7 km (Schu-
bert 1983)] and even thicker than the local pressure scale
height if penetrative effects are included. Indeed, mixing
length theory may underestimate vertical velocities on
Venus by a factor of 3 or more (Baker et al. 1998).

Here, we present two-dimensional, nonlinear, fully
compressible numerical simulations of convectively
generated internal gravity waves in the lower atmo-
sphere of Venus. The model overcomes many limita-
tions exhibited by previous gravity wave studies by al-
lowing for deep (multiple scale height) convection and
by permitting convection to develop naturally (i.e., con-
vective forcing is not prescribed a priori). The vertical
domain extends from 12- to 60-km altitude, thus in-
cluding both the lower convection region and the cloud-
level convection layer. The gravity waves of interest
occur in the stable layer from 30- to 48-km altitude,
bounded above and below by convection layers. Char-
acteristics of convectively generated internal gravity
waves in the model are determined and compared with
observations. A simulation without mean wind shear
(i.e., without the Venus atmospheric superrotation) is
presented; Part II of this study (Baker et al. 2000) pre-
sents results from a convectively generated gravity wave
simulation with the Venus atmospheric superrotation.
The next section introduces the mathematical model and
numerical approach used to investigate convectively
generated internal gravity waves. Section 3 presents a
numerical simulation without mean wind shear. Impli-
cations of these results for Venus’s atmosphere are pre-
sented in the discussion section.
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FIG. 1. Time-averaged, horizontally averaged Brunt–Väisälä fre-
quency N as a function of altitude for the no mean wind shear case
(solid). The background Brunt–Väisälä frequency (dotted) is also
shown. Convection layers exist where N ; 0, and stable layers occur
where N . 0.

FIG. 2. Model subsolar heating Q as a function of altitude z.

TABLE 1. Model parameter values for the Venus gravity wave
simulation.

Parameter Value
Nondimensional

parameter Value

g
R
cp

km

ku

d
r0

T0

q0

8.87 m s22

191.4 J kg21 K21

970 J kg21 K21

155 m2 s21

155 m2 s21

48.0 km
0.4291 kg m23

268 K
1.76 3 1022 W m23

s
g
Cg

Ck

Cq

Ra a†
q

1.00
1.25
8.30

1.43 3 1025

3.35 3 1025

6.8 3 106b

1.2 3 106c

a The convection layer depth is used rather than the total depth in
determining the Rayleigh number.

b The cloud-level convection layer Rayleigh number.
c The lower convection layer Rayleigh number.

2. Model

The mathematical model of Venus’s atmosphere and
the numerical approach are fully described in Baker et
al. (1998, 1999). Briefly, we use a 2D, nonlinear, fully
compressible model of a perfect gas to simulate Venus
atmospheric convection and gravity wave generation
from 12- to 60-km altitude. Full compressibility is re-
quired because convection in Venus’s atmosphere spans
a scale height or more and local compressibility pref-
erentially produces strong, narrow downwellings (Hurl-
burt et al. 1984). Variables in our model such as density,
velocity, and potential temperature are decomposed into
two components: a steady (at the timescales of our sim-
ulations) background state that is supported by processes
such as thermal radiation, large-scale dynamics, and
small-scale eddies (eddy diffusion) with timescales
much longer than convection and waves, and time-de-
pendent deviations from this background state that in-
clude convection and waves with timescales of seconds
to hours. A Venus-like background thermal structure
similar to that used by Young et al. (1987) is adopted
(Fig. 1). Time-dependent deviations (convection and
gravity waves) are driven by absorption of solar radi-
ation in the clouds. The simulations in this paper con-
sider solar heating at the subsolar point (Fig. 2), the
maximum solar heating possible in Venus’s atmosphere.
Subsolar heating is determined from extrapolation of
Pioneer Venus solar flux measurements (Tomasko et al.
1980). Small-scale turbulence is modeled by eddy dif-
fusion with constant diffusion coefficients. The conser-
vation equations of mass, momentum, and energy are
solved explicitly using a time-adaptive leapfrog scheme
for all but the diffusion terms, which are solved using
an implicit Crank–Nicolson scheme and Jacobi iteration
in the energy equation and an explicit time-lag scheme
in the momentum equations. Spatial derivatives are
computed using centered, second-order differences on

a vertically staggered grid. A frequency filter (Asselin
1972) is applied at every time step to dampen the leap-
frog computational mode.

Table 1 lists the dimensional and nondimensional Ve-
nus parameter values used in the model simulation,
where g is the acceleration of gravity, R is the gas con-
stant, cp is the specific heat at constant pressure, km is
the eddy momentum diffusivity, ku is the eddy thermal
diffusivity, d is the total depth, r0 is the reference den-
sity, T0 is the reference temperature, and q0 is the ref-
erence volumetric solar heating. The reference level is
at 60-km altitude. The value of cp used in this model is
appropriate for a temperature of 445 K (Staley 1970),
the mean temperature at roughly 36-km altitude. The
companion paper (Baker et al. 2000) presents results of
a simulation with the same parameter values except that
the Venus westward superrotation is included.

Since Venus’s atmosphere is radiatively opaque below
60-km altitude, longwave radiation can be modeled by
a radiative diffusivity (Hou and Goody 1989). The value
of eddy diffusivity used in our calculations (discussed
in more detail below) is larger than the radiative dif-
fusivity at all altitudes (the radiative diffusivity has a
minimum value of ;0.1 m2 s21 at 12-km altitude and
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a maximum value of ;40 m2 s21 at 60-km altitude).
We do not explicitly include radiative diffusivity in our
model, although eddy diffusivity could be interpreted
to represent both turbulent and radiative effects. Re-
gardless, Venus’s atmosphere is dominated by convec-
tive and diffusive processes below 60-km altitude. Ab-
sorption of solar radiation is the primary forcing mech-
anism for these convective and diffusive processes. Be-
cause solar heating is strongest at the top of the domain
(Fig. 2), one may initially conclude that absorption of
solar radiation provides a stabilizing influence in Ve-
nus’s atmosphere. However, the Venus profile of solar
heating actually provides a destabilizing influence on
the atmosphere (Baker et al. 1999). Since the atmo-
sphere behaves diffusively below 60-km altitude, neg-
ative potential temperature gradients are established to
transfer the absorbed solar radiation. Larger values of
solar heating result in steeper (more negative) potential
temperature gradients, and convectively unstable re-
gions are produced. The situation is somewhat analo-
gous to a uniformly internally heated system in which
convection occurs even though heating is uniformly dis-
tributed. It is important to note here that the thermal
boundary conditions at 12-km altitude and 60-km al-
titude in our model consist of fixed eddy diffusion heat
flux conditions. The value of eddy diffusion heat flux
at the boundaries is equal to (but opposite in sign from)
the solar heat flux at that altitude. Since eddy diffusivity
in our model may be partially viewed as parameterizing
longwave radiation, the fixed heat flux boundary con-
ditions partially account for longwave radiative heating
at the lower boundary and for longwave radiative cool-
ing near the cloud tops.

The value of eddy diffusivity used in the model (155
m2 s21) is comparable to recent estimates (120–150 m2

s21) from radio scintillation data on scales less than 1
km (Leroy 1994). Currently, these estimates of eddy
diffusivity are the only available estimates for diffusion
by small-scale turbulent eddies in Venus’s atmosphere
with spatial scales #1 km. For mixing lengths larger
than 1 km, the range of eddy diffusivity is much broader,
with estimates from photochemical modeling of roughly
2 m2 s21 (Krasnopolsky and Parshev 1981, 1983; Kras-
nopolsky 1985; Yung and Demore 1982) and estimates
from Galileo and Vega balloon observations of 60–1500
m2 s21 (James et al. 1997). However, ‘‘large-scale’’ eddy
diffusivity parameterizes convective motions explicitly
resolved in our model, and one therefore should not
expect large-scale eddy diffusivities to match ‘‘small-
scale’’ eddy diffusivities in value. We consider the value
of eddy diffusivity used in the model to be an upper
bound for diffusion by small-scale turbulent eddies.
Computational considerations currently limit the use of
lower values of eddy diffusivity. Nevertheless, lower
values of eddy diffusivity will likely result in stronger
convective penetration and entrainment (Baker et al.
1999). The implications of sensitivity to eddy diffusivity
are presented in the discussion section.

When the nonlinear, fully compressible equations are
scaled by d, r0, T0, q0, and the reference sound crossing
time d/(RT0)1/2, the following nondimensional param-
eters result:

kms 5 , (1)
ku

cp
g 5 , (2)

cy

dg
C 5 , (3)g RT0

kuC 5 , (4)k 1/2d(RT )0

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

where cy is the specific heat at constant volume. The
Prandtl number s represents the relative strength of mo-
mentum 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 alternatively, as the ratio of the
depth of the layer to the isothermal 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.

An additional nondimensional parameter, the inter-
nally heated Rayleigh number Raq, can be expressed as
a combination of the nondimensional compressible pa-
rameters given in Eqs. (1)–(5):

5 C Cgq d g q0Ra 5 5 . (6)q 2 3T r c k k sC0 0 p u m k

The Rayleigh number, as a measure of the degree of
thermal instability in a fluid, remains the most important
parameter in characterizing thermal convection. It rep-
resents the relative efficiency of buoyancy forces due
to internal heat generation in overcoming viscous forces
due to small-scale turbulence. The Rayleigh number de-
fined by Eq. (6), however, uses the total depth d of the
layer and thus overestimates the convective instability
in Venus’s atmosphere. Instead, we chose the convection
layer depth d† to define an effective Rayleigh number

. Likewise, the reference level is taken to be at the†Raq

top of the convection layer (where solar heating is great-
est within the convection layer) rather than at 60-km
altitude in calculating . The convection layer depth†Raq

d† and the reference level are determined a posteriori
since convective penetration and entrainment widen the
convection layer from its background state thickness
(Fig. 1). The values of for the lower convection†Raq
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FIG. 3. Schematic of the layered dynamic structure in Venus’s at-
mosphere.

layer and for the cloud-level convection layer are 1.2
3 106 and 6.8 3 106, respectively.

The computational domain extends 120 km horizon-
tally and spans vertically from 12- to 60-km altitude.
The lower boundary is placed at 12-km altitude for two
reasons: 1) reliable data from the Pioneer Venus probes
only extend down to 12-km altitude, and 2) inclusion
of the additional scale height of atmosphere from the
surface to 12-km altitude would impose additional com-
putational burden. A grid of 650 3 403 points is used
with a horizontal grid spacing of ;0.18 km and a ver-
tical grid spacing of ;0.12 km. Such high resolution is
needed to resolve extremely narrow convective down-
drafts and nonlinear wave generation by convective pen-
etration (Baker et al. 1998). Since the fully compressible
model includes sound waves, a small time step of ap-
proximately 0.10 s is required to meet the Courant con-
dition for stability.

The horizontal boundaries are stress free with a fixed
heat flux, and the side boundaries are periodic. Imper-
meable, stress-free boundaries cause artificial wave re-
flection and an intensification of gravity wave ampli-
tudes in the stable layers adjacent to the boundaries
(from 12- to 18-km altitude and from 56- to 60-km
altitude). However, as shown in Baker et al. (1998),
artificially trapped gravity waves do not significantly
alter the convection, and therefore impermeable, stress-
free boundaries should not influence the convectively
generated gravity waves in the stable layer from 30- to
48-km altitude. The value of eddy diffusion heat flux
at the boundaries is equal to but opposite in sign from
the solar flux at that level.

The initial condition is a lower Rayleigh number
(higher eddy diffusivity) solution that ultimately de-
veloped from small thermal perturbations (#1%)
against a motionless, conductive state. A short transient
phase occurs as the simulation adjusts from the initial
condition to a statistically steady state. The statistically
steady integration time is 32.4 h.

3. Results

Two convection regions in Venus’s atmosphere are
simulated: the lower atmosphere convection layer from
roughly 17- to 31-km altitude and the cloud-level con-
vection layer from roughly 47- to 56-km altitude (Fig.
3). A stable layer exists between the two convection
layers; this stable region supports internal gravity
waves. In addition, stable layers exist below the lower
convection layer and above the cloud-level convection
layer. Transition regions occur between a convection
layer and adjacent stable layers. As described below,
convection in both convection layers is characterized by
cold downdrafts that penetrate underlying stable re-
gions. We therefore describe transition regions below
convection layers as penetrative regions. Similarly,
downdrafts near the top of the convection layers entrain
overlying stable air into the convective regions. We

therefore label transition regions located above convec-
tion layers as entrainment regions. Dynamical charac-
teristics of the convection layers, transition regions, and
the middle stable layer are described below.

a. Convection characteristics

Figure 4 shows residual potential temperature u0 (to-
tal potential temperature minus the horizontally aver-
aged potential temperature) and velocity field for the
case without mean wind shear at one instant in time,
where x is horizontal distance, z is altitude, and t is the
simulation time. Characteristics of the cloud-level con-
vection layer are similar to results presented in Baker
et al. (1998, 1999). Cloud-level convection is distin-
guished by cold, narrow downwellings that deeply pen-
etrate the underlying stable layer. The horizontal widths
of cloud-level convective downdrafts are 1–2 km with
horizontal spacings of 15–30 km. As a convective down-
draft penetrates the underlying stable layer, stable air
splashes upward into the convection layer along with a
portion of the downwelling plume head (e.g., colder,
stable air is forced into the convection layer by the
strong downdraft at x 5 67 km, z 5 46 km). The re-
maining portion of the downwelling plume head un-
dergoes strong compressional heating with potential
temperatures within the compressional features up to 4
K warmer than the environment. Downdrafts in the
cloud-level convection layer have typical downward ve-
locities of ;5–7 m s21 at 54-km altitude and stronger
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FIG. 4. Residual potential temperature u0 (colors) and velocity field (arrows) at one instant in time. The lower convection layer spans from
17- to 31-km altitude, and the cloud-level convection layer extends from 47- to 56-km altitude. Stable layers occur from 12- to 17-km, 31-
to 47-km, and 56- to 60-km altitude. The longest arrow represents a velocity of 13.3 m s21.

FIG. 5. Spatially averaged kinetic energy density for the cloud-
level convection layer (solid) and the lower convection layer (dashed)
as a function of time.

downward velocities of ;9–13 m s21 as they penetrate
the underlying stable layer at 47-km altitude. Upward
velocities are somewhat smaller (the upflow regions are
distinctly broader) with typical values of 4–6 m s21

throughout the layer. Downward convective penetration
generates internal gravity waves in the underlying stable
layer with potential temperature amplitudes of roughly
0.5 K and horizontal wavelengths of roughly 10–15 km.
Characteristics of internal gravity waves in the stable

layer from 31- to 47-km altitude will be discussed in
more detail below.

Convection in the lower atmosphere is also charac-
terized by cold, narrow downwellings (Fig. 4). Down-
draft widths in the lower convection layer are 2–3 km
and the horizontal spacing between downdrafts is 15–
50 km. Again, downward convective penetration is pres-
ent, but upward mechanical forcing and compressional
heating of plume heads is less intense than for cloud-
level convection because lower-atmosphere convection
is less vigorous. Typical downward velocities near the
top of the convection layer (30-km altitude) are 1–2 m
s21. Near the bottom of the convection layer at 18-km
altitude, downward velocities are larger (3–5 m s21).
Upward vertical velocities, with typical values of 2–3
m s21, are only slightly smaller than downward vertical
velocities.

The thickness of both the lower convection layer and
the cloud-level convection layer is modified by con-
vective penetration and entrainment (Fig. 1). The lower-
atmosphere convection layer is thicker than the back-
ground neutrally stable region by roughly 2 km because
downward penetration into the underlying stable layer
and convective entrainment of the overlying stable layer
partially erode adjacent stable regions. Similarly, the
thickness of the cloud-level convection layer is slightly
larger than the thickness of the cloud-level background
neutrally stable layer. The stable layer between the two
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FIG. 6. Power spectral density EK of spatially averaged kinetic
energy density K as a function of angular frequency v and period P
for the cloud-level convection layer (top) and the lower atmosphere
convection layer (bottom). Arrows indicate dominant peaks discussed
in the text. The units of EK are J2 m6 s21.

FIG. 7. Time-averaged power spectral density of r1/2w9 as a function
of horizontal wavenumber k (or horizontal wavelength l ) and altitude
z. Contours represent the logarithm of power spectral density with
an interval of 0.5. Dark shading depicts regions of large power.

convection regions is correspondingly reduced in ver-
tical extent by ;2 km.

Figure 5 is a plot of the time series of the spatially
averaged kinetic energy density K within both convec-
tion layers. Only the convectively active portion of the
domain (14–34-km altitude for lower-atmosphere con-
vection and 43–58-km altitude for cloud-level convec-
tion, including penetrative effects) is considered in cal-
culating K. Even though velocities are smaller by a fac-
tor of 2 or 3 in the lower convection layer than in the
cloud-level convection layer, K in the lower convection
layer is larger because the average density in the lower
convection layer is an order of magnitude larger than
in the cloud layer. Both convection layers exhibit time-
dependent behavior. Spectral analysis of the kinetic en-
ergy density time series indicates dominant periods of
approximately 8 and 2 h in the lower convection layer
(Fig. 6). The 8-h oscillation is associated with the con-
vective overturning time, and the 2-h cycle is associated
with the lifetime of compressional features due to pen-
etrative convection. Higher frequency oscillations occur
in the cloud-level convection layer, with dominant pe-

riods of roughly 4 h, 2 h, and 45 min. The characteristic
overturning time in the cloud-level convection layer is
roughly 2 h with a characteristic penetrative timescale
of roughly 45 min, consistent with results from the
cloud-level 100% subsolar heating case presented in
Baker et al. (1998). The longer period fluctuation of
roughly 4 h is a modulation of kinetic energy by strong
convective downdrafts. Occasionally, weaker down-
wellings merge into strong downdrafts; these strong
downdrafts form every few convective overturns.

As Fig. 4 shows, the horizontal scale of convection
is slightly larger in the lower convection layer than in
the cloud-level convection layer. This idea is further
reinforced by spectral analysis of r1/2w9 (Fig. 7), where
r is density and w9 is the vertical velocity deviation
from the background state. Vertical velocity fluctuations
are weighted by r1/2 to account for the exponential de-
pendence of density with altitude. With this scaling, the
spectral power density of r1/2w9 represents (within a
factor of two) the deviation kinetic energy density per
unit wavenumber. Spectra as a function of horizontal
wavenumber k are taken at each altitude level at time
intervals of roughly 75 min from t 5 16.6 h to t 5 32.4
h. The spectra are then averaged in time, and the results
are plotted in Fig. 7. At all altitudes, significant power
resides at horizontal wavenumbers smaller than the Ny-
quist wavenumber (k 5 17.4 km21). Cloud-level con-
vection exhibits horizontal wavelengths of ;30 km in
the middle of the layer with smaller-scale features
(wavelengths of ;9–15 km) evident in the lower part
of the layer. The smaller-scale features are associated
with ‘‘splashed’’ plume heads and stable air from below
(e.g., small-scale features can be seen in Fig. 4 near the
strong downdraft at x 5 67 km, z 5 46 km). Even
smaller-scale features are present near the convection–



15 JANUARY 2000 191B A K E R E T A L .

FIG. 8. Time-averaged heat fluxes as a function of altitude. Plotted
are the convective heat flux Fc (dot), eddy diffusion heat flux Fe

(solid), kinetic energy flux Fk (dash), pressure energy flux Fp (dash–
dot), and solar heat flux Fq (long dash).

stable layer interface at roughly 47-km altitude, indic-
ative of small-scale mixing near the penetrative region.
In comparison, convection in the lower atmosphere
shows dominant wavelengths of roughly 20–30 km
throughout the layer. A slight tendency toward higher
wavenumber (smaller wavelength) can be seen at 18-
km altitude, but the length scales are still considerably
larger than those found in the cloud-level penetrative
region. A broad spectrum of internal gravity waves with
horizontal wavelengths of roughly 7–40 km is generated
in the stable layer between the two convection regions,
with the largest power at wavelengths of ;10–15 km.
Larger wavenumber (shorter wavelength) features are
absent in the stable layer because wave forcing by con-
vection at large wavenumbers is weak.

The partitioning of heat transfer in our model is con-
trolled by convective, diffusive, kinetic, pressure, and
solar heating terms. The convective heat flux Fc, eddy
diffusion heat flux Fe, kinetic energy flux Fk, energy
flux associated with pressure fluctuations Fp, and solar
heat flux Fq are defined as

F 5 ^rc u0w9&, (7)c p

du9
F 5 2 rc k , (8)e p u7 8dz

1
F 5 ^ru9u9w9&, (9)k i i2

F 5 ^p0w9&, (10)p

F 5 ^F9 &, (11)q Q

where the angle brackets indicate a horizontal average,
a prime indicates deviations from the background state,
a double prime indicates residuals from the horizontal
average, r is density, u is potential temperature, w is
the vertical velocity, ui is the velocity in the xi direction,
p is pressure, and FQ is the vertical integral of volumetric

solar heating Q shown in Fig. 2. We use the convention
that upward energy or heat transfer is positive.

Figure 8 shows time-averaged heat fluxes from 12-
to 60-km altitude. Within the convection layers, solar
heat flux is largely balanced by convective heat flux.
Positive values of Fc indicate that vertical velocity and
potential temperature fluctuations are positively corre-
lated and heat transfer by convection is upward. Neg-
ative values of Fc indicate regions of convective pen-
etration or entrainment in which relatively warm air
(positive u0) is forced downward by convective down-
drafts (negative w9). Average downward penetration by
cloud-level convection extends from the bottom of the
convection layer at 47-km altitude to roughly 43-km
altitude. Similarly, lower-atmosphere convection pene-
trates roughly 4 km into the underlying stable layer to
roughly 13-km altitude. The lower boundary at 12-km
altitude, however, may limit the extent of penetration
by the lower convection layer; downward penetration
could be even greater if the lower boundary occurred
closer to the surface. For both convection layers, the
amount of heat transferred downward by convective
plumes within the penetrative regions is comparable to
the solar heat flux at the respective altitudes.

Negative values of Fc located above the convection
layers are the result of convective entrainment by strong
downdrafts. Convective entrainment has been shown to
be a potentially important mechanism for convection
layer growth in Venus’s atmosphere (Baker et al. 1999).
Here, entrainment by convective downdrafts in the low-
er convection layer and in the cloud-level convection
layer occurs up to altitudes of 34 and 59 km, respec-
tively. The upper boundary at 60-km altitude may limit
the thickness of the entrainment region above the cloud-
level convection layer. The amount of heat transferred
downward by entrainment is significantly smaller than
that transferred by convective penetration into under-
lying stable layers, largely because convective velocities
are reduced near the top of the convection layers.

The kinetic energy flux Fk is directed downward
throughout the convection layers because convection is
characterized by cold, narrow downwellings in which
most of the kinetic energy of the system resides; Fk is
largest in magnitude near the bottom of the convection
layers where densities are largest and downdrafts
achieve their highest velocities. Moreover, the pressure
energy flux Fp is positive within the convection layers.
Pressure fluctuations near the bottom of a convection
layer help drive diffuse upflows in compressible con-
vection (Hurlburt et al. 1984); thus, relatively large val-
ues of Fp occur in the lower portion of the convection
layers. These positive values of Fp help offset the strong
negative kinetic energy flux in the lower portion of the
convection layers. In the penetrative regions, Fp is neg-
ative due to compressional regions (high p0) associated
with downflow plume heads.

Finally, the eddy diffusion heat flux Fe is negligible
within the convection layers since the convection layers
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FIG. 9. Coherence (top), cross-spectrum amplitude (middle), and
phase (bottom) of w9 and u0 at 39-km altitude and x 5 60 km as a
function of angular frequency v. The dashed line is the time-averaged,
horizontally averaged Brunt–Väisälä frequency at 39-km altitude. The
dotted line in the phase plot marks a phase difference of 908.

exhibit a nearly adiabatic interior (Fig. 1). However, Fe

is the dominant mode of heat transfer (along with solar
heating) within the stable layers (Fig. 8). The eddy dif-
fusion heat flux is also quite large in the penetrative
regions, indicating that convective penetration generates
significant small-scale turbulence. These results are
largely insensitive to the value of eddy diffusivity. With
a different value of eddy diffusivity, the temperature
gradient would adjust such that the eddy diffusion heat
flux would balance the solar heat flux in the stable layers
(i.e., the value of Fe would not change). However, a
different value of eddy diffusivity does produce varia-
tion in convective penetration and entrainment, which
can alter the mean thermal structure in the penetrative
and entrainment regions (Baker et al. 1999).

b. Gravity waves

1) CHARACTERISTICS

Wave motions in the simulation without mean wind
shear exist in the stable layer from 31- to 47-km altitude.
As we show in this section, these wave motions are
internal gravity waves generated primarily by cloud-
level penetrative convection. Intrinsic horizontal phase
speeds of internal gravity waves (discussed in more de-
tail below) are comparable to convective velocities in
the cloud layer, and horizontal wavelengths (7–40 km
with a dominant wavelength of ;15 km) are similar in
scale to cloud-level convection (Fig. 7). Cloud-level
convection and gravity wave propagation operate on
much faster timescales than atmospheric dynamics be-
low 34-km altitude. Indeed, animation of the residual
potential temperature field shows the atmosphere above
roughly 34-km altitude to be largely decoupled from the
atmosphere below. Gravity waves rapidly propagate
away from penetrating plume heads in both horizontal
directions, although some vertical propagation does oc-
cur (note the tilted phase lines of potential temperature
(lines of constant color in the image) within the stable
layer in Fig. 4). Vertical wave propagation, however, is
limited by the lower convection layer; convectively gen-
erated internal gravity waves are vertically trapped from
roughly 31- to 47-km altitude.

To show that simulated wave motions in the stable
layer are indeed internal gravity waves, we plot coher-
ence, cross-spectrum amplitude, and phase of vertical
velocity and potential temperature time series taken at
x 5 60 km, z 5 39 km (Fig. 9). Coherence measures
the frequency correlation between w9 and u0; if both
time series experience oscillations at a given frequency,
then coherence at that frequency will be high. The max-
imum possible value of coherence is 1.0. The cross-
spectrum amplitude is a measure of the spectral power
in both signals. Small cross-spectrum amplitudes indi-
cate that coherence and phase spectra are unreliable;
that is, oscillations may be present at a given frequency
but the amplitudes are negligible. The phase can be

interpreted as the phase difference between the two time
series at a given frequency. For linear internal gravity
waves, w9 and u0 are 908 out of phase (Stull 1988). At
39-km altitude (the middle of the stable layer), coher-
ence between vertical velocity and potential temperature
fluctuations is rather high for nearly all frequencies,
especially for frequencies near the Brunt–Väisälä fre-
quency N. Gravity waves in an isothermal atmosphere
have frequencies less than or equal to the Brunt–Väisälä
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FIG. 10. Coherence (top), cross-spectrum amplitude (middle), and
phase (bottom) of w9 and u0 at 45-km altitude and x 5 60 km as a
function of angular frequency v. The dashed line is the time-averaged,
horizontally averaged Brunt–Väisälä frequency at 45-km altitude. The
dotted line in the phase plot marks a phase difference of 908.

frequency (Beer 1974). The cross-spectrum amplitude
indicates that both w9 and u0 experience relatively large
power at frequencies less than N. Furthermore, vertical
velocity and potential temperature are roughly 908 out
of phase for v # N. Thus, vertical velocity and potential
temperature oscillations show significant power at fre-
quencies less than the Brunt–Väisälä frequency and ex-
hibit a 908 phase lag, both properties characteristic of
linear internal gravity waves.

The situation is more complex in the cloud-level pen-
etrative region. Figure 10 shows coherence, cross-spec-
trum amplitude, and phase of vertical velocity and po-
tential temperature fluctuations taken at the horizontal
midpoint (x 5 60 km) at 45-km altitude. Again, most
of the combined power of w9 and u0 occurs at frequen-
cies less than N, but coherence shows a broader range
(0.2–1.0) than in the stable layer. In addition, the phase
shift between w9 and u0 departs significantly from 908
at frequencies with the highest cross-spectrum ampli-
tude. In other words, the time series of w9 and u0 in the
penetrative region exhibit strong nonlinear signatures
that overwhelm any linear gravity wave signal that may
be present. The nonlinear motions have previously been
described as ‘‘interfacial waves’’ near the convection–
stable layer interface (Baker et al. 1998).

The analysis of time series taken at a single point is
less meaningful in a convection layer than in a pene-
trative region or in a stable layer because such an anal-
ysis is unlikely to capture the average conditions of the
convective system. For example, the sample point may
be located within a plume at all times. Time series taken
at this sample location would distinctly capture plume
dynamics. This would be a useful analysis, but the
plume location cannot be determined a priori due to the
time-dependent nature of convection. In other situations,
the sample point may stay within the convection cell
core at all times, and time series would represent at-
mospheric dynamics away from plumes. Indeed, a sam-
ple point in the convection layer may (or may not) en-
counter a variety of dynamical processes and thus likely
will not be representative of the convection layer as a
whole. Nevertheless, for completeness, Fig. 11 shows
coherence, cross-spectrum amplitude, and phase of w9
and u0 in the cloud-level convection layer at (x 5 60
km, z 5 51 km). Nonturbulent time-dependent convec-
tion should exhibit strong coherence and large cross-
spectrum amplitude with zero phase lag for a few dom-
inant frequencies. This type of behavior does not appear
in the vertical velocity and potential temperature signals
in the middle of the cloud-level convection layer. In-
stead, most of the cross-spectrum amplitude occurs at
low frequency where coherence is relatively low and
phase oscillates dramatically. There is one frequency (v
5 8.8 3 1024 s21 or a period of 120 min) with large
amplitude, relatively high coherence of 0.77, and zero
phase that may reflect convective overturning (see Fig.
5). However, the complex temporal signature of vertical
velocity and potential temperature in the cloud-level
convection layer suggests a departure from simple time-
dependent behavior.

The difference in spatial and temporal scales between
lower atmosphere convection, gravity waves in the sta-
ble layer, and cloud-level convection can be further con-
firmed by 2D Fourier analysis. Figure 12 shows the 2D
power spectral density of r1/2w9 as a function of v and
k in the lower convection layer (24-km altitude), the
lower entrainment region (33-km altitude), the stable
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FIG. 11. Coherence (top), cross-spectrum amplitude (middle), and
phase (bottom) of w9 and u0 at 51-km altitude and x 5 60 km as a
function of angular frequency v. The dotted line in the phase plot
marks a phase difference of 908.

layer (39-km altitude), the cloud-level penetrative re-
gion (45-km altitude), and the cloud-level convection
layer (51-km altitude). The density-weighted vertical
velocity was sampled every 100 s at each horizontal
grid point at a given altitude from t 5 24.1 h to t 5
32.4 h. Because data were sampled at every horizontal
location, 2D spectral analysis better captures the tem-
poral nature of the convection layers than does sampling
from a single location. Both lower-atmosphere convec-

tion (Fig. 12e) and the lower entrainment region (Fig.
12d) are characterized by small wavenumbers (long hor-
izontal wavelengths) and low frequencies (long peri-
ods). Gravity waves in the stable layer exhibit compa-
rable wavelengths but higher frequencies than lower at-
mosphere convection and entrainment (Fig. 12c). The
maximum 2D power spectral energy of r1/2w9 at 39-km
altitude occurs at v 5 4.8 3 1023 s21 (22-min period)
and k 5 0.52 km21 (horizontal wavelength of 12 km).
The cloud-level penetrative region shows power dis-
tributed over a broader range of frequencies and wave-
numbers (Fig. 12b). Both higher wavenumber and high-
er frequency features are seen in the penetrative region,
indicative of rapid, smaller-scale mixing. The largest
2D spectral power at 45-km altitude, however, resides
at the same frequency and wavenumber as the dominant
gravity wave mode in the stable layer. This strongly
suggests that the linear gravity wave signal found in the
underlying stable layer is generated by cloud-level pen-
etrative convection (animation of residual potential tem-
perature confirms cloud-level wave generation). Finally,
cloud-level convection exhibits largest spectral power
at low wavenumber and low frequency, but also ex-
periences significant power at smaller wavelengths and
higher frequencies (Fig. 12a). Obviously, cloud-level
convection operates on shorter length scales and time-
scales than lower-atmosphere convection and therefore
is responsible for generation of rapidly fluctuating
small-scale internal gravity waves. The forcing of grav-
ity waves by convection occurs in the cloud-level pen-
etrative region, as evidenced by the lack of a local max-
imum at v 5 4.8 3 1023 s21 and k 5 0.52 km21 in Fig.
12a. Wave generation is directly tied to the penetrative
region (rather than to the convection layer), and thus
the penetrative region can be considered a transition
zone from a convective response to a gravity wave re-
sponse.

Figure 13 plots the spectral energy density of r1/2w9
at horizontal position x 5 60 km as a function of angular
frequency v and altitude. The earlier comments regard-
ing time series analysis from a single location within
convection layers also apply here. In the stable layer,
however, time series of r1/2w9 sampled from a single
point will capture propagating gravity waves. As Fig.
13 indicates, oscillations of r1/2w9 below 44-km altitude
have dominant frequencies less than the Brunt–Väisälä
frequency N, indicative of gravity waves in the stable
layer. Gravity wave frequencies in the stable layer range
from v 5 1.5 3 1023 to v 5 9.0 3 1023 s21 (periods
of ;12–70 min) with the strongest oscillation (in the
middle of the stable layer near 40-km altitude) at a
frequency of 4.8 3 1023 s21 (22-min period). Fluctua-
tions in the penetrative region (;43–47 km altitude)
have a much broader range of frequencies, although the
frequency with the largest power at 46-km altitude does
coincide with N (25-min period). The presence of sig-
nificant power in the penetrative region at frequencies
larger than N suggests short timescale atmospheric dy-
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FIG. 12. Two-dimensional spectral energy density of r1/2w9 as a function of angular frequency v and horizontal wavenumber k at altitudes
of (a) 51, (b) 45, (c) 39, (d) 33, and (e) 24 km. Dark shading indicates regions of large power. The logarithm (base 10) of spectral energy
density is plotted with contour intervals of 0.75. The units of spectral energy density are J m23.
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FIG. 13. Power spectral energy density of r1/2w9 at x 5 60 km as
a function of angular frequency v and altitude z. The quantity r1/2w9
was sampled roughly every 100 s from t 5 16.6 to t 5 32.4 h. The
logarithm (base 10) of spectral energy density is shown here. The
units of spectral energy density are J m23. Dark shading depicts
regions of large power. The dashed line is the time-averaged, hori-
zontally averaged Brunt–Väisälä frequency.

FIG. 14. Time-averaged, horizontally averaged power spectral en-
ergy density of r1/2w9 in the stable layer from 31- to 45-km altitude
as a function of vertical wavenumber m.

namics other than linear internal gravity waves. These
rapid fluctuations are associated with relatively small
length scales (Fig. 12b) and represent small-scale mix-
ing within the penetrative region.

Phase speeds of internal gravity waves depend on the
gravity wave source (Lindzen 1981). The intrinsic hor-
izontal phase speed cx 5 v/k of gravity waves in the
stable layer can be determined from Fig. 12c. The largest
2D spectral power at 39-km altitude occurs at v 5 4.8
3 1023 s21 and k 5 0.52 km21, which gives a dominant
phase speed of 9.2 m s21. Visual tracking of peaks in
residual potential temperature also reveals horizontal
phase speeds of roughly 10 m s21. These phase speeds
are similar in magnitude to downdraft velocities (9–13
m s21) near the bottom of the cloud-level convection
layer. Thus, internal gravity waves in the stable layer
are primarily generated by cloud-level penetrative con-
vection when strong mean wind shear is absent.

In this simulation, gravity wave generation by con-
vection occurs via the ‘‘mechanical oscillator’’ effect
(Fovell et al. 1992). Cloud-level convective downdrafts,
impinging on the interface between the cloud-level con-
vection layer and the underlying stable layer, displace
stable air and thus excite internal gravity waves. A sec-
ond type of wave generation by convection, the ‘‘ob-
stacle’’ effect (Clark et al. 1986; Fovell et al. 1992), is
not present in the current simulation. The obstacle effect
occurs in the presence of mean wind shear: convective
plumes act as temporary mountains and deflect hori-
zontally travelling air parcels vertically. Gravity waves
generated by the obstacle effect are similar in nature to
gravity waves generated by topography (e.g., Young et
al. 1994). Because the mean wind in the current sim-
ulation is zero, gravity waves are generated through the

mechanical oscillator effect alone. Gravity wave gen-
eration by the obstacle effect is considered in the com-
panion paper (Baker et al. 2000).

2) COMPARISON WITH OBSERVATIONS

Simulated wave motions in the principal stable layer
exhibit potential temperature amplitudes of about 0.1–
0.6 K (Fig. 4). In addition, horizontal velocity ampli-
tudes u0 range from 0.4–2.1 m s21 and vertical velocity
amplitudes w0 are roughly 0.2–1.0 m s21. The simulated
gravity wave amplitudes are small compared to (but
within the lower bounds of ) observed wave amplitudes
in the stable layer by Pioneer Venus (u0 ø 2–4 m s21)
and Magellan spacecraft (T0 ø 0.5–1.5 K) (Seiff et al.
1980; Counselman et al. 1980; Hinson and Jenkins
1995). Venera 9 and 10 probes also detected vertical
velocity oscillations in the stable layer with amplitudes
of ;0.3–0.5 m s21 (Kerzhanovich and Marov 1983).
Simulated wave amplitudes in the calculation without
mean wind shear agree well with the Venera 9 and 10
observations.

Figure 14 shows the spectral energy density of r1/2w9
in the stable layer from 31- to 45-km altitude as a func-
tion of vertical wavenumber m. Vertical power spectra
within the stable layer were taken at every horizontal
location and then averaged in space and time. Spectra
were calculated below 45-km altitude to reduce the non-
linear signal of penetrative dynamics in determining the
vertical length scales of internal gravity waves. Internal
gravity waves in the stable layer have average vertical
wavelengths of 7–14 km (m 5 0.45–0.90 km21). The
calculated vertical wavelengths are consistent with ob-
servations of wave features in the stable layer from
Pioneer Venus with vertical wavelengths of 6–7.5 km
(Seiff et al. 1980; Counselman et al. 1980), with Venera
9 and 10 vertical wavelengths of 10–15 km (Kerzhan-
ovich and Marov 1983), and with recent Magellan radio
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scintillation experiments exhibiting vertical wave-
lengths of 5–10 km (Hinson and Jenkins 1995).

4. Discussion

A simulation of deep convection and convectively
generated gravity waves in the absence of mean wind
shear has been performed. The calculation spans from
12- to 60-km altitude and includes two convection layers
from 17- to 31-km altitude and from 47- to 56-km al-
titude, respectively. Internal gravity waves are generated
by convection in the stable layer between these two
convection layers. Wave motions in the stable layer oc-
cur at frequencies less than the Brunt–Väisälä frequen-
cy, and vertical velocity and potential temperature fluc-
tuations are roughly 908 out of phase. These character-
istics are indicative of propagating internal gravity
waves. Cloud-level penetrative convection is the pri-
mary wave generation mechanism. Intrinsic horizontal
phase speeds (;10 m s21) of gravity waves in the stable
layer are comparable to cloud-level convective down-
draft velocities (;9–13 m s21). The characteristic time-
scale of lower atmosphere convection is two to three
times longer than cloud-level convection (convective
velocities are two to three times smaller in the lower
layer). Without mean wind shear, there is no effective
coupling between the lower atmosphere below 34-km
altitude and the overlying stable layer. Gravity wave
generation by cloud-level convection occurs through the
mechanical oscillator effect in which convective down-
drafts impinging on the underlying stable layer induce
buoyancy oscillations below. Convectively generated
internal gravity waves due to the mechanical oscillator
effect have characteristic horizontal wavelengths of
;10–15 km and dominant periods of 18–25 min. The
waves are vertically trapped by the two convection lay-
ers with horizontal wave propagation in both directions.

Interaction between the two convection layers in the
absence of mean wind shear is minimal. Average cloud-
level penetration extends down to roughly 43-km alti-
tude, while lower-atmosphere entrainment reaches up to
34-km altitude. However, the value of eddy diffusion
used in this simulation is 155 m2 s21, an upper bound
on turbulent diffusion by small-scale eddies in Venus’s
atmosphere (Leroy 1994). If a smaller value of eddy
diffusion were used, the Rayleigh numbers in the con-
vection layers would increase and more vigorous con-
vection would ensue. Convective penetration and en-
trainment would be stronger (Baker et al. 1999), and
the convection layers could be connected by deep pen-
etration from the cloud region and strong entrainment
from the lower atmosphere. Furthermore, more vigorous
convection would generate internal gravity waves with
potentially larger phase speeds since gravity wave phase
speeds are closely related to convective velocities. In-
deed, changes in the characteristic length scales and
timescales of cloud-level convection would naturally

result in different gravity wave characteristics in the
underlying stable layer.

Although the simulation considers wave generation
at the subsolar point, convectively generated internal
gravity waves in the simulation match observations at
various locations around the planet. Pioneer Venus
probe measurements occurred in the early morning at
both low and high latitudes (Seiff et al. 1980), Venera
9 and 10 probes sampled near the subsolar region (Ker-
zhanovich and Marov 1983), and Magellan radio oc-
cultation experiments detected temperature oscillations
at high latitudes (Jenkins et al. 1994; Hinson and Jenkins
1995). In the absence of mean wind shear, simulated
internal gravity waves have horizontal velocity ampli-
tudes of 0.4–2.1 m s21, vertical velocity amplitudes of
roughly 0.2–1.0 m s21, potential temperature amplitudes
of 0.1–0.6 K, and vertical wavelengths of 7–14 km. The
wave amplitudes and vertical wavelengths exhibited in
the simulation are consistent with observed amplitudes
and vertical wavelengths in the stable layer by Pioneer
Venus, Venera 9 and 10, and Magellan spacecraft (Seiff
et al. 1980; Counselman et al. 1980; Kerzhanovich and
Marov 1983; Hinson and Jenkins 1995). This agreement
with ‘‘global’’ observations suggests two possibilities.
First, if observed gravity waves are generated by local
convection, wave forcing is similar in magnitude around
the planet. This scenario seems unlikely since convec-
tive vigor should vary considerably. Second, the ob-
served wave features may be generated by intense con-
vection in the subsolar region. Gravity waves in the
stable layer from 31- to 47-km altitude are vertically
trapped by the two convection layers. Wave dissipation
by thermal radiation will be small in the stable layer
(Pollack and Young 1975), and therefore internal gravity
waves generated near the subsolar point may propagate
horizontally great distances on Venus. Horizontal prop-
agation of convectively generated gravity waves could
transfer momentum and energy to other regions on the
planet and influence the general circulation away from
the subsolar region (Gierasch 1987; Schinder et al.
1990). However, wave dispersion and mechanical dis-
sipation may limit horizontal propagation of internal
gravity waves, especially if local regions of large shear
and turbulence are encountered.

The Pioneer Venus probes provided reliable atmo-
spheric data down to 12-km altitude, the altitude of the
lower boundary in our simulation. The detailed thermal
structure of the Venus atmosphere below 12-km altitude
is uncertain. Data from the VEGA-2 lander suggest that
an unstable planetary boundary layer (PBL) exists from
the surface to 6-km altitude with an overlying stable
layer from 6- to 18-km altitude (Young et al. 1987).
Convection from the PBL could penetrate the overlying
stable layer and generate internal gravity waves. If pen-
etration is sufficiently strong, significant interaction be-
tween the PBL and the lower convection layer from 18-
to 30-km altitude could result. This possibility may be
more likely in mountainous regions, such as Aphrodite
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Terra, that extend 4 km above the surface (i.e., the PBL
could extend to higher altitudes in mountainous re-
gions).

The treatment of thermal radiation in our model is
somewhat simplistic. The radiative timescale in the low-
er atmosphere of Venus is much longer than the time-
scale of convection and gravity waves, yet thermal ra-
diation plays an important role in determining the ther-
mal structure of the lower atmosphere. Below 60-km
altitude, Venus’s atmosphere is radiatively opaque and
therefore acts as a diffusive process. The value of eddy
diffusivity in our model is larger than the radiative dif-
fusivity below 60-km altitude. Indeed, subgrid-scale dif-
fusivity in our model could be viewed to include both
turbulent and radiative effects. Nevertheless, a more
complete treatment of thermal radiation is necessary,
especially given that thermal radiation may be a primary
forcing mechanism of convection on the nightside of
Venus (Ingersoll et al. 1987; Baker et al. 1999).

The presence of mean wind shear could dramatically
influence gravity wave characteristics within the stable
layer. Convective plumes could act as obstacles to the
mean flow and thus generate gravity waves akin to
mountain waves. This wave generation mechanism does
not occur in the absence of mean wind shear. Second,
critical levels could absorb wave momentum and en-
ergy, and significant wave–mean flow interaction could
ensue. The influence of mean wind shear on convec-
tively generated internal gravity waves is considered in
Part II of this study.
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