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Maintenance of Strong Rotational Winds in Venus’
Middle Atmosphere by Thermal Tides

Matthew Newman* and Conway Leovy

The cloud-level atmosphere of Venus takes little more than 4 days to complete one rotation,
whereas the solid planet below has a 243-day period. Computer simulations of the cir-
culation of the Venus middle atmosphere between 40 and 85 kilometers, as driven by solar
radiation absorbed in the clouds, reproduce (i) the observed cloud-level rotation rate, (i)
strong vertical shears above and below the cloud tops, and (iii) midlatitude jets and strong
poleward flow on the day side. Simulated circulations converge to yield nearly the same
zonal winds when initialized with both stronger or weaker rotation rates. These results
support the hypothesis that the observed cloud-top rotation rate is maintained by statistical
balance between fluxes of momentum by thermal tides and momentum advection by mean

meridional circulation.

Virtually the entire Venus atmosphere,
from above the lowest scale height to well
above the cloud tops (65 to 70 km), rotates
much faster than the solid planet. Al-
though the equatorial rotational speed of
the solid surface is only 4 m s~!, the
atmospheric rotational speed reaches a
maximum of approximately 100 m s~! near
the equatorial cloud-top level (65 to 70 km)
(1). This phenomenon, known as superro-
tation, is the central dynamical problem of
the Venus atmosphere. We report here the
results of numerical simulations aimed at
clarifying the mechanism for maintaining
the equatorial cloud-top rotation.
Although the zonally symmetric Hadley
circulation, which is thermally driven, can
carry angular momentum upward, it trans-
ports this angular momentum to high latitudes
and cannot maintain a maximum in equato-
rial angular momentum near cloud-top level.
Waves are needed to counter this transport, as
well as friction (2). Planetary waves arising
from horizontal shear instability of the zonal
flow (barotropic instability) could maintain
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the equatorial rotation by transporting angular
momentum horizontally from midlatitudes to-
ward the equator, but only if wave amplitudes
are sufficiently large (3). Observational evi-
dence for the required transport of eddy mo-
mentum by large amplitude planetary waves is
lacking, however (4).

Alternatively,  vertically  propagating
waves could provide the required momentum
source. The relative motion between the ro-
tating atmosphere and the pattern of solar
heating, which has a maximum where solar
radiation is absorbed in the cloud tops, drives
diurnal and semidiurnal thermal tides that
propagate vertically away from the cloud-top
level. The effect of this wave propagation is to
transport momentum vertically toward the
cloud-top level at low latitudes and accelerate
the mean zonal flow there. At higher alti-
tudes, where much of the energy of the
thermal tides is dissipated, these waves decel-
erate the mean zonal flow (5-7). We investi-
gated the tidal mechanism using a numerical
model that includes the zonally symmetric
components of the flow and the two longest
zonal waves. This model also allows us to
address several outstanding problems posed by
observations of Venus’ middle atmosphere: (i)
observed temperature distributions indicate
that there are strong cyclostrophically bal-
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anced midlatitude jets (7, 8), but winds in-
ferred from cloud drifts indicate that jets are
weak or absent (4); (ii) meridional winds
derived from measurements of cloud drift are
far stronger than those expected to result from
thermal forcing of the Hadley circulation (4);
(iii) dark bands in the cloud structure are
frequently observed to spread poleward from
the equator in the illuminated morning quad-
rant but not in the afternoon quadrant (9).
We used a semispectral primitive equa-
tion model with a zonal mean flow and
zonal wavenumbers 1 and 2 (10). These
waves correspond to the diurnal and semi-
diurnal tides, but they can also be excited
by barotropic or baroclinic instability.
Waves of higher wavenumbers and interac-
tions between the waves are neglected;
these terms may not be insignificant. Sym-
metry about the equator is assumed; there-
fore, the model applies to one hemisphere
and covers altitudes from 30 to 110 km. At
the lower boundary, the horizontal flow is
fixed at a prescribed background rotation
rate with no meridional velocity. Vertical
wind can be nonzero there, but momentum
transport from this boundary is negligible
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Fig. 1. Mean zonal winds from the simulation
initiated with a uniform background rotation rate
corresponding to 75 m s~ on the equator (A),
and for the same uniform background rotation
initiated with an added shear component giving
a maximum total rotational speed of 125 m s~
(B). Both cases correspond to averages of the
last 40 days of 300-day runs. The solid lines at
45 and 65 km represent the approximate verti-
cal extent of the cloud layer; about half of the
solar energy absorbed by the Venus atmo-
sphere is deposited in this region. Height in
atmosphere also shown as log of pressure (13).
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(10). Horizontal and vertical resolutions are
1.5° latitude and 1.5 km. Solar and thermal
infrared heating, based on Venus observa-
tions and calculations, drive the model flow
(11, 12). Dissipation is mainly by Rayleigh
friction of the form F, = —K (0 — ),
where  is the local angular velocity and @,
is the prescribed background angular veloc-
ity. The coefficient of Rayleigh friction is K,
= k{1 + tanh[h™!(z—2y)]}, where z is alti-
tude, and profile shape is specified through
the constants z, = 86.4 km and h = 10 km
(13). This form and the value k = 0.579 X
1073 57! were chosen to produce strong
dissipation above 85 km in order to absorb
upward propagating waves and limit extreme
flow velocities there, yet to give very weak
Rayleigh friction below 70 km where K, <
0.04 x 1073 s71. We examine results only
for the layer from 40 to 85 km. On the basis
of short runs in which z, was raised, cloud-
layer results do not appear to be sensitive to
the Rayleigh friction. The model also has
weak vertical diffusion, and very weak hori-
zontal diffusion, which has a smoothing
effect on the flow only at the two grid-points
nearest the pole (14).

We examine the importance of various
mechanisms to the maintenance of the
cloud-level superrotation, not the origin of
the slower superrotation that occurs at low-
er levels, and report the results of two
simulations carried out with uniform back-
ground angular velocity equivalent to an
equatorial speed of 75 m s~ . Flow with this
angular velocity was the initial condition
for one simulation. The initial condition
for the other simulation was obtained by
adding to this background rotation a hori-
zontally uniform, cyclostrophically bal-
anced component with zero additional zon-
al velocity at 30 and 110 km and a smooth
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Fig. 2. Contributions to mean zonal flow accel-
eration on the equator from: (A) advection by
zonal mean vertical velocity, (B) momentum flux
convergence of the semidiurnal tide, (C) mo-
mentum flux convergence of the diurnal tide,
(D) Rayleigh friction, (E) vertical diffusion. Av-
erages are for the last 40 days of the 300-day
simulation with initial sheared angular velocity.
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increase to a maximum addition of 50 ms~!

at 65 km on the equator. This addition
resulted in an initial flow with a maximum
total speed of 125 m s~!. Both cases were
run for 300 simulated (Earth) days, by
which time a statistically steady state was
reached. The final state was not absolutely
steady because of weak low-frequency oscil-
lations of the waves and mean flow that had
a dominant period of 40 days in each run.
We present averages for the last 40 days of
each run. Four other model runs, in which
the background rotation or the vertical
diffusion was decreased, or both, yielded
qualitatively similar results.

In the resulting mean zonal flow for
either initial state (Fig. 1) the equilibrated
equatorial wind maximum was approxi-
mately 100 m s~!, and a jet developed near
40° latitude. In general, both the cloud-
level wind field and the vertical wind profile
at low latitudes are broadly consistent with
observations (I, 4, 8, 15). The equatorial
wind maximum was maintained primarily
by the convergence of vertical momentum
transport by the semidiurnal tide, which
caused an acceleration of approximately 0.6
m s~ ! per day at the level of the jet on the
equator (Fig. 2). Below the low-latitude
zonal wind maximum, the vertical wind
profile was maintained by approximate bal-
ance between the momentum flux of the
two tides and vertical advection by the
vertical velocity of the weak Hadley circu-
lation. Above 70 km, the semidiurnal tide
strongly decelerated the flow until the re-
sulting shear was maintained by the balance
between wave deceleration and vertical ad-
vection due to the Hadley cell updraft.

The diurnal tide contributed to the ac-
celeration of the mean zonal flow below the
wind maximum, primarily by transporting
angular momentum horizontally from the
region of the midlatitude jet toward lower
latitudes. This transport, which resulted in
large part from the interaction between
radiatively damped vertically propagating
and vertically trapped components of the
tide (5), smooths the zonal wind profile
between the midlatitude jets and the equa-
tor and provides a consistent explanation
for the remarkable uniformity of the ob-
served zonal winds at latitudes below 40°
(4). We verified this profile-smoothing role
of the tides by running the model with the
sheared angular velocity profile added to
the background angular velocity in the
zonally symmetric mode (no waves). In this
run, the model did not reach a statistically
steady state because of the absence of tidal
momentum fluxes, but the equatorial wind
speed decreased to near the background
rotation rate as a midlatitude jet developed
that was stronger and higher in latitude
throughout the run than in runs with tides.
This result is consistent with theoretical
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predictions of the latitude and strength of
the jet (16). This zonally symmetric jet was
strongly barotropically unstable; however,
momentum transport of the diurnal tide
weakened the instability so that jet insta-
bility did not generate significant planetary-
scale waves.

Tides can also act to modify the Hadley
circulation through divergences of their
meridional and upward heat fluxes. At the
equator, the vertical convergence of the
upward heat flux in our model compensated
part of the zonally averaged solar heating in
the cloud-top region. This effect, which
had been previously estimated to be small
(6) and has been neglected in some models
(17), was significant and reduced the mean
equatorial cloud-level updraft by half, as
compared to the zonally symmetric run.
Thus, the tides acted to maintain the mean
zonal flow at cloud-top level in two ways:
directly, through tidal fluxes of angular
momentum, and indirectly, by reducing the
thermal forcing of the Hadley cell.

The temperature pattern of the semidi-
urnal tide is broadly consistent with Pioneer
Venus temperatures and with linear tidal
theory between the cloud-top level and 80
km (18, 19). The vertical wavelength of
the semidiurnal tide was about 20 km, and

the temperature amplitude was largest at
low latitudes, but significant amplitude ex-
tended to the latitude of the jet. The
relatively large midlatitude tidal amplitude
in both the observations and the model can
be attributed to the effect of the jet on the
tidal modes (19). Both observed and mod-
eled diurnal tides have largest amplitude
near the jet latitude; this result appears to
be caused by the large vertically trapped
component of the diurnal tide.

At cloud-top level, the model zonal
wind has a distinct minimum during day-
time such that the midlatitude jet is sub-
stantially diminished from the zonal mean
value. The daytime meridional wind, on
the other hand, is strongly poleward and is
a maximum in early afternoon (Fig. 3).
This is a robust result that is consistent with
both the near absence of midlatitude jets
and the strong meridional winds deduced
from cloud drifts. Cloud drifts can be mea-
sured only during the period from about
0800 to about 1600 hours local time, but
they have been used to infer the strength of
zonally averaged zonal and meridional
winds (4). As shown by these results, this
method can lead to spurious estimates. The
magnitude and phase of the diurnally vary-
ing meridional winds are consistent with
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small-probe measurements from Pioneer
Venus (15) and can account for the pole-
ward spreading of the dark horizontal band
in the cloud-top dark markings consistently
observed during the morning.

Spectral analyses of model results also
show nontidal wave components: a strong
wavenumber 2 component with a period of
2.6 days, and a weak wavenumber 1 com-
ponent with the same angular phase speed
and period of 5.2 days. These are confined
mainly to the midlatitude region below the
cloud-top level. They arise from baroclinic
and barotropic instabilities of the zonal
mean flow in this part of the atmosphere.
These features may be related to a 5.2-day
spectral feature of wavenumber 1 that has
been detected in cloud-level temperature
data, cloud-top ultraviolet brightness vari-
ations, and cloud-drift winds (20). The
model dominance of a wavenumber 2 fea-
ture with a 2.6-day period instead of the
5.2-day wave 1 may be a consequence of
the omission of wave-wave interactions or
the model structure of the background at-
mosphere. To check the latter possibility,
we repeated the simulations described
above but with background angular velocity
corresponding to an equatorial speed of 60
m s~ ! and obtained similar but somewhat
weaker cloud-top rotational winds and a
somewhat stronger 5.2-day wave. These
waves do not contribute to maintenance of
the zonal mean flow near the equator, but
in mid- to high latitudes the 2.6-day wave
does act to transport momentum from the
middle to lower cloud region, thereby in-
fluencing high-latitude zonal mean temper-
ature and wind.

Our model converges from different ini-
tial conditions to a middle atmosphere zon-
al wind structure resembling that observed,
and the results provide consistent explana-
tions for other puzzles posed by the obser-
vations. Thus, the results seem to capture
the essential role of thermal tides in main-
taining the rotational wind structure in the
region from 40 to 80 km. Several other
observed features of the Venus atmosphere
circulation remain unexplained. These in-
clude the wave structure, the relatively
high temperature of the polar cloud-top
region, and the critically important back-
ground rotation. Plausible mechanisms for
maintaining a background rotation rate in
the lower atmosphere include momentum
flux due to convectively generated internal
gravity waves or to the “moving flame”
mechanism involving viscous wave propa-
gation (21), but neither of these has been
demonstrated quantitatively.
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Elasticity of a-Cristobalite: A Silicon Dioxide with a
Negative Poisson’s Ratio

Amir Yeganeh-Haeri, Donald J. Weidner, John B. Parise

Laser Brillouin spectroscopy was used to determine the adiabatic single-crystal elastic
stiffness coefficients of silicon dioxide (SiO,) in the a-cristobalite structure. This SiO,
polymorph, unlike other silicas and silicates, exhibits a negative Poisson’s ratio; a-cris-
tobalite contracts laterally when compressed and expands laterally when stretched. Ten-
sorial analysis of the elastic coefficients shows that Poisson’s ratio reaches a maximum
value of —0.5 in some directions, whereas averaged values for the single-phased aggre-

gate yield a Poisson’s ratio of —0.16.

The three distinct crystalline forms of
SiO,—quartz, tridymite, and cristobalite—
occur widely in nature. Because of the
broad technological applications and sheer
abundance of quartz, its physical properties
have been extensively studied; yet compar-
atively, there is little information available
on the physical properties of cristobalite
and tridymite. All three polymorphs of
SiO, form complex three-dimensional, cor-
ner-linked networks of rigid SiO, tetrahe-
dra. Furthermore, each of these crystalline
forms has a high-temperature (B) and a
low-temperature (o) modification (I, 2).
We measured the single-crystal elastic
properties of SiO, in the a-cristobalite

Center for High Pressure Research and Department of
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structure under ambient conditions (3). We
find that a-cristobalite exhibits a negative
Poisson’s ratio, contracting laterally when
compressed and expanding laterally when
stretched. Foams and two-dimensional hon-
eycomb structures, that is, amorphous mate-
rials, and some elements such as As and Sb,
also have negative Poisson’s ratios (4, 5),
but other minerals apparently do not.

In an isotropic medium, Poisson’s ratio
(v) is defined as the quotient of lateral
contraction divided by longitudinal exten-
sion. Solids usually contract laterally when
stretched and expand laterally when com-
pressed, resulting in a positive Poisson’s
ratio. Poisson’s ratio falls between 0.20 and
0.27 for most crystalline compounds and
hard metals, has values between 0.30 and
0.40 for most soft metals, and is exactly 0.5
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for liquids. Albeit it is counterintuitive that
a solid should have a negative Poisson’s
ratio, according to the theory of elasticity
the allowable range for Poisson’s ratio in an
isotropic medium is between +0.5 and
—1.0 (6, 7). These limits can be under-
stood in terms of the relation between the
bulk modulus (K) and the shear modulus

(i) of a solid, expressed as
v=3K - 2p)A6K + 2u) (1)

If the solid is incompressible, that is, as
K approaches infinity, it can be seen from
Eq. 1 that v approaches the upper limit of
0.5. In this type of solid, the bulk modulus
is substantially larger than the shear modu-
lus. For example, in liquids the shear mod-
ulus is zero; hence Poisson’s ratio is exactly
0.5. Conversely, as K approaches zero, in
the case of an infinitely compressible solid,
v tends toward —1.0. In this type of solid,
the shear modulus far exceeds the bulk
modulus. Other extraordinary behavior is
also predicted to occur in compounds with a
negative Poisson’s ratio. For instance, as
the Poisson’s ratio approaches the lower
limit of —1.0, the material’s fracture tough-
ness and its resistance to indentation are
greatly enhanced. In other words, despite
being pliant, the material can become
tough (4, 5, and references therein). Mate-
rials exhibiting a negative Poisson’s ratio
also have a large potential for applications
as shock absorbers and fasteners.

We determined the single-crystal elastic
properties of a-cristobalite using Brillouin
spectroscopy (8). The experiments were
carried out on a natural single crystal from
the Ellora Caves of Hyderabad, India. The
specimen was 200 wm in maximum dimen-
sion, colorless, and transparent, and its
shape was a perfect octahedron. A total of
58 compressional and shear acoustic veloc-
ities in 27 distinct crystallographic direc-
tions were used to constrain the velocity
surface (Fig. 1). The velocity surface of
a-cristobalite is such that one of the shear
(S) modes travels at a faster velocity than
the corresponding compressional (P) wave
(9). This velocity surface was inverted to
determine the six independent elastic stiff-
ness coefficients that characterize tetragonal
a-cristobalite, space group P4,2,2 (Table
1) (10). ‘

The large magnitude of the six elastic
compliance coefficients (11) strongly re-
flects the pliant nature of the a-cristobalite
framework (Table 1; Fig. 2A). This frame-
work is highly anisotropic. The c axis, with
a linear compressibility of B, = 2.73
MPa~!, is much more compressible than
the a axis for which B, = 1.77 MPa~!. The
a-cristobalite structure is also more rigid
than it is incompressible; the shear modulus
is approximately 2.4 times the bulk modu-
lus (Table 1). Because the Si—O forces are





