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Gravity waves in the upper atmosphere of Venus revealed by CO,
nonlocal thermodynamic equilibrium emissions
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[1] The imaging capabilities of the Visible and Infrared Thermal Imaging Spectrometer-
Mapper (VIRTIS-M) onboard Venus Express mission are used to analyze perturbations
of CO, nonlocal thermodynamic equilibrium emissions in the thermosphere of Venus.
These emissions with a wavelength of 4.3 pm originate from the 110—140 km

altitude range and are sensitive to density perturbations. They show wave-like
perturbations of about 0.5% root-mean-square amplitude of the background signal with
horizontal wavelengths in the 90—400 km range. The horizontal phase velocities are
similar in magnitude and direction from one orbit to the next, with averages of 70 m/s
westward and 30 m/s northward. The geographical wave distribution and the orientation
of wavefronts demonstrate that the polar vortex at work in the cloud layer is the

source of these gravity waves. The large westward zonal phase velocity in the 0900—1500
local time range argues in favor of the superrotation dynamics within 30° from the south
pole to an altitude of at least 115 km. The gravity wave dispersion relation and the
geographical distribution of wavefront amplitudes suggest the presence of a solar to
antisolar wind close to the south pole. Because the centroid altitude and the sensitivity of
these emissions to gravity wave perturbations are only roughly estimated, it is not possible
to make a quantitative estimate of the upward energy transfer. However, this study
demonstrates the strong influence of the polar vortex on the circulation in the atmosphere

of Venus up to the thermosphere.

Citation: Garcia, R. F., P. Drossart, G. Piccioni, M. Lépez-Valverde, and G. Occhipinti (2009), Gravity waves in the upper
atmosphere of Venus revealed by CO, nonlocal thermodynamic equilibrium emissions, J. Geophys. Res., 114, EO0B32,

doi:10.1029/2008JE003073.

1. Introduction

[2] The atmosphere of Venus is a very active and turbu-
lent medium which is expected to show competition be-
tween subsolar to antisolar and superrotation circulations
[Gierasch et al., 1997]. The clues to understanding the
mechanisms of this competition are in the lower thermo-
sphere of Venus. However, up to now, the dynamics of
Venus’ lower thermosphere have only been investigated
by indirect evidence relying mainly on the distribution of
neutral species, temperature and O, airglow [Bougher and
Borucki, 1994; Bougher et al., 1997]. The nonlocal
thermodynamic equilibrium (non-LTE) emissions of CO,
on the dayside upper atmosphere of Venus provide a way
of investigating the structure and dynamics of Venus’
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lower thermosphere [Rolddan et al., 2000; Gilli et al.,
2009]. Moreover, the imaging capabilities of the Visible
and Infrared Thermal Imaging Spectrometer-Mapper
(VIRTIS-M) onboard the Venus Express mission can be
used to investigate the evolution over time of these emis-
sions on successive images taken at nadir or at the limb
[Drossart et al., 2004, 2007].

[3] The models of thermosphere circulation [Zhang et al.,
1996; Bougher et al., 1997] are sensitive to the dynamics
and breaking of atmospheric gravity waves. These waves
have been observed in Venus troposphere [Gierasch, 1987;
Young et al., 1987; Hinson and Jenkins, 1995] and thermo-
sphere [Kasprzak et al., 1993] by different exploration mis-
sions. The modeling of the upper atmosphere gravity wave
propagation suggests a source in the lower atmosphere [Mayr
et al., 1988] which is probably related to the turbulence in the
cloud layer [Woo et al., 1980, 1982]. Gravity waves are also
used to explain the atmospheric superrotation [4lexander,
1992].

[4] The CO, non-LTE emissions, which are mainly sen-
sitive to density perturbations [Roldadn et al., 2000], provide
a unique opportunity for direct observation of the dynamics
of gravity waves in the 110—140 km altitude range. Despite
the limitations induced by the integrated information content
along the line of sight, and the restricted knowledge on both
the space/time distribution of these emissions [ Drossart et al.,
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(left) Limb emission profiles at 4.277 um (solid line) and 4.315 pum (dashed line) on orbit

315. (right) Spectral profiles at 132 km and 118 km altitudes on the limb profile (vertical bar indicates the
position of the wavelength at 4.277 um). The spectral profiles are shifted by about 0.007 pm relative to
values indicated in the text owing to a recent correction of spectral registration implemented in the text

but not shown.

2007] and their sensitivity to density perturbations, the
perturbations of these emissions can be used to characterize
the wave content and dynamics of the upper atmosphere and
its background circulation.

[5] This study first describes the structure of CO, non-
LTE emissions at the 4.3 pum wavelength as seen by the
VIRTIS-M spectral imaging instrument. The structure and
dynamics of wave-like perturbations are then extracted
through a specific data processing scheme. Finally, the source
of wave excitation and the consequences on Venus circulation
models are discussed.

2. CO; Non-LTE Emissions at 4.3 pum

[6] The non-LTE CO, emissions in the upper atmosphere
of Venus are described in detail by Gilli et al. [2009] in this
issue. These emissions are due to the excitation of CO,
molecules by dayside solar radiations. Owing to the low
atmospheric density above 90 km altitude, these molecules
return to their ground state in a noncollisional manner by
releasing photons in a series of emission bands around the
4.3 pm wavelength. Non-LTE situations of pure radiative
excitation, like the present CO, emissions, are relatively
insensitive to the actual temperature, while their density
dependence is more significant [Roldan et al., 2000; Lopez-
Puertas et al., 2000]. In this section, we will recall only the
main features of these emissions as seen by VIRTIS-M.

[7] At the spectral resolution of VIRTIS-M, the limb pro-
files present two main peaks at 4.277 pym and 4.315 pum in
the altitude range 110 to 140 km. The first emission peak is
weaker than the second and presents a maximum on limb
data at higher altitudes. The maximum emission strength
and the altitude of the emission centroid vary with solar
zenith angle and local time. The centroids of the emissions
seen at the limb are in the 125—135 km range at the 4.277 pym
wavelength and the 115-120 km range at 4.315 pym. An
example of these emissions measured by VIRTIS-M at the

limb is shown in Figure 1 for the two emission wavelengths at
1300 local time (LT) and at 50.8° solar zenith angle on orbit
315. In Figure 1, the spectra around the 4.3 um wavelength
clearly show the two emission peaks at 4.277 pum and
4.315 pm plus additional non-LTE emissions above 4.4 pm.

[8] When observed at nadir, CO, non-LTE emissions at
4.3 pm show a clear variation with solar zenith angle, as can
be seen in Figure 2 from a south polar view acquired during
orbits 473 and 474. Some wavelike features, hardly dis-
cernible in Figures 2a and 2b, appear over the background
emission. The rest of this study will discuss the structure
and dynamics of these features. The structure of the back-
ground emission is not investigated.

3. Characteristics of Wave Patterns
3.1. Data Processing

[v] This study uses the calibrated VIRTIS-M data for
which continuum effects have been removed and absolute
spectral radiances are expressed in W/(m? pm sr). These
data are extracted from the VIRTIS database and processed
in the following steps: (1) correction of residual instrument
discrepancies between odd and even samples of VIRTIS-M
measurement line by an algorithm computing a smooth cor-
rection factor for each sample, (2) selection of image parts
far from the limb to avoid limb effects, (3) enhancement of
wave-like features through a filtering process based on the
removal of low-pass filtered background emission, (4) pro-
jection of the filtered image into a geographical coordinate
system centered on the subspacecraft point to avoid image
distortions, (5) computation of wave displacements between
two consecutive images for the same wavelength through an
algorithm based on cross correlation, and (6) back-projection
of the images and estimated displacement and velocity
vectors into the true geographical system.

[10] Calibrated VIRTIS-M data are corrected for instru-
ment artifacts such as discrepancies between odd and even
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Figure 2.

samples along the VIRTIS measurement line. However,
owing to the low amplitudes of the wave signals investi-
gated here, an additional correction of this instrument effect
is applied in the first step of the algorithm. It is based on the
idea that each pixel value at one wavelength p;; is related to
the true pixel radiance R; by a correction factor c; in the
following way: p;; = R;;c;;. This correction factor is estimated
under the following hypotheses. ¢; is smooth along the
sample direction (j) because the correction of a given sample
is approximately the same for two consecutive measurement
lines; and c; is close to 1 because the relative difference
between odd and even samples of VIRTIS-M images is below
10% for more than 95% of the pixels. An algorithm is
implemented on the basis of these two assumptions and the
true radiance is computed by R;; = ’%

[11] The second step is carried out manually to exclude
regions of the image outside the 50° arc limit around the
subspacecraft point. The third step is designed to enhance
the wave features on nadir images at the 4.3 um wavelength.
In order to improve the signal-to-noise ratio, the images
are first averaged over four VIRTIS-M wavelengths around
the first and the second emission peaks (respectively from
4.26 pum to 4.29 pm and from 4.305 pum to 4.335 pum). The
background radiation Bj; is estimated by low-pass filtering of
the radiance values R;; with a median filter 16 pixels wide.
The filtered image is then computed through F;; = R;; — By,
and the normalized filtered image is estimated through N; =
F;/B;;. The wave features in these images taken far from the
planet, at spacecraft altitudes greater than 20,000 km, have

(a and b) Venus south polar views of radiance at the 4.315 pum wavelength averaged over four
VIRTIS-M bands, for images taken along orbits 473 (Figure 2a) and 474 (Figure 2b). Color scale from
black to white ranges from 0 to 0.06 W/(m”z msr). (c and d) Same images after wave enhancement by the
data processing scheme. Color scales range from —1.5 to +1.5% of the background signal on the left
(Figure 2c¢) and from —3 to +3% on the right (Figure 2d). Latitude contours are indicated in degrees, and
the terminator line is almost horizontal.

been shown to be almost insensitive to the median filter
window for widths larger than 16 pixels. However, even if the
use of a median filter is justified to reduce data spike effects,
its frequency response is difficult to estimate. The normalized
filtered images N;; are used to estimate the amplitudes of the
waves relative to the background. Two examples of wave
enhancement are presented for CO, non-LTE emissions at
4.315 pm in Figures 2c¢ and 2d during orbits 473 and 474.
On the nightside, the low level of background signal creates
spurious features not shown here. On the dayside, wavefront
like features are visible which correspond to the small-scale
features observed on the original images.

[12] The projection and back-projection at steps 4 and 6
are performed to avoid distortions of pixels when plotted in
geographical coordinates close to the south pole. The average
subspacecraft point during the image acquisition is computed,
and the pixels coordinates are simply rotated and back-rotated
from the true geographical coordinates to a geographical
coordinate system in which this point has zero latitude and
longitude. In this manner, the latitudes and longitudes of
pixels are kept within a range of £30°. The images are pro-
jected on a regular (latitude, longitude) grid of 0.15° resolu-
tion in this new coordinate system.

[13] When the VIRTIS data include two images of the
same region at different times along the same orbit, the
horizontal displacement of the waves can be estimated by
cross correlation of the two images. The typical time differ-
ence between two consecutive images is about 1800 s. Sim-
ilarly, if two wavelengths sample different altitudes, the
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Figure 3. Focus on two consecutive VIRTIS-M images at 4.315 pum wavelength filtered and projected
at nadir along orbits (a and ¢) 473 and (b and d) 474. Color scales range from —1.5 to +1.5% of the
background signal on the left and from —3 to +3% on the right. Black grid lines are plotted with a step of
25 pixels equal to the size of the correlation window.

apparent displacement of the wavefront between the two
wavelengths on the same image can be used to estimate the
vertical wavelength [Vargas et al., 2007]. An important
assumption is that the wavefront shape remains constant be-
tween the two images. Our method computes the pattern
correlation coefficient (PCC) [Schmetz et al., 1993] between
two images, defined by

U]z(n,m)

PCCii(n,m) = (1)

or0a(n,m)

For each point on the first image, located at coordinates (i, j),
a square area of K*K pixels centered on this point is defined,
and the same square area is defined on the second image
centered on the coordinates (i + n, j + m). oy is then the
standard deviation of the signal over the area of the first
image centered on the (i, j) coordinates, and o,(#, m) is the
standard deviation of the signal over the area of the second
image centered on (i + n, j + m) coordinates. o1,(n, m) is the
covariance of zero mean signals over the two areas. Values
of PCCy(n, m) range from —1 to +1 and are calculated over
the range [—; /] of indices n and m. The maximum value
of this function (PCC3;™* = PCCy{(n, my)) indicates the image
shifts (ng, mg) at which the two images are best correlated. In
order to improve the quality of image shifts retrieved, a
minimum value criterion on the correlation is required by
PCCi™ > 0.8, and only points with all neighbors fitting
this criterion are retained to avoid image border effects.
Additionally, the zero shifts values (ng = 0 and mo = 0) are

excluded because instrument effects generally report a signal
at zero shifts. Once the best correlated parts in the images are
determined and selected, the image shifts are converted into
real displacement between the pixels, and then interpreted as
wavefront velocities. This image correlation algorithm has
been validated by comparison with outputs of COSI-CORR
software [Leprince et al., 2007]. Figure 3 shows examples of
consecutive images after filtering and projection at Nadir. In
Figure 3, the displacements of wavefronts are clearly visible.

3.2. Wave Structure and Distribution

[14] The VIRTIS-M data containing wave-like features
after processing are summarized in Table 1 with cor-
responding data parameters. These data have been selected
from the large VIRTIS-M database because the same region
is mapped twice during the same orbit, enabling the com-
putation of the horizontal displacement of wave features at
the same wavelength. The VIRTIS-M data covering the
4.3 pm emission on the dayside at nadir are restricted to
south pole or terminator views owing to thermal constraints
on the instrument.

[15] The two non-LTE emission peaks at the 4.277 um
and 4.315 um wavelengths show the same patterns after
data processing. The image correlation algorithm was not
able to detect any coherent horizontal displacement of
these patterns between these two wavelengths on the same
image. In the rest of the study, only results at the 4.315 um
wavelength are presented because the signal to noise ratio
is lower at the 4.277 um wavelength.
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Table 1. Summary of VIRTIS-M Data Providing More Than 100 Horizontal Velocity Estimates and Corresponding Processing

Parameters
Pixel Size Range or Dominant Horizontal Wavelength Mean Local Time

Orbit Session (km) (km) K2 M/2 (h)
219 04 16 340 10 10 11.3
220 01 16 250 10 10 11.5
220 04 16 230 10 10 11.3
232 01 16 210 10 10 11.8
233 01 16 275 10 10 11.8
251 08 16 230 10 10 12.0
473 00-01 16 90-400 12 12 12.3
474 00-01 16 110-320 12 12 13.5
476 00-01 16 90-400 12 12 12.2

[16] The horizontal wavelengths of the upper atmosphere
wave features are in the range 90—400 km. The maximum
pixel size of VIRTIS-M data in high space resolution mode
(about 16.5 km) should make it possible to resolve horizon-
tal wavelengths below 90 km, but such features are rarely
seen. Moreover, the various filtering procedures tested do
not reveal horizontal wavelengths larger than 400 km. We
therefore believe that the horizontal wavelength range of
90—400 km is not biased by instrument resolution or data
processing.

[17] Figure 4 shows an example of the typical distribution
of wave features observed from south polar view. For com-
parison between the three images at the 4.315 pm wave-
length, the normalized filtered images are plotted with the
same scale (£2.5%). On the composite image, coherent
circular wavefronts with horizontal wavelengths larger than
200 km are visible in the middle of the image indicating a
possible source region close to the south pole. The wave
activity is low on the morningside (on the right). On the
eveningside (on the left), small horizontal wavelength
features (90—200 km) are observed close to dusk with
wavefronts almost parallel to the terminator line. The
geographical distribution of wave features varies between
one orbit and the next, and a wide range of horizontal
wavelengths can be observed on the same image, as shown
in Figure 2. However, the orientation of wavefronts and
the low level of wave activity on the morningside are per-
sistent features.

[18] The root-mean-square (RMS) amplitudes of wave
features on all images processed are presented in Figure 5
for the two emission peaks at the 4.277 pum and 4.315 pym
wavelengths. The areas over which RMS amplitudes are

computed correspond to the image points at which a hori-
zontal velocity vector has been retrieved. The amplitudes of
wave-like perturbations of CO, non-LTE emissions are
slightly larger at the 4.315 pm than at 4.277 um wavelength.
The ratio of RMS wave amplitudes is about 3/4. If the
emission radiances are directly interpreted in terms of wave
amplitudes, this observation may suggest a wave dissipation
between the two emission centroids. However, the unknown
sensitivities of non-LTE emissions to density perturbations
convolute the wave signal preventing the direct interpreta-
tion of emission perturbation amplitudes in terms of wave
amplitudes.

3.3. Wave Dynamics

[19] The horizontal displacement of the wave features is
computed for the second peak of CO, non-LTE emissions
(around 4.315 pum) by using the algorithm described in step
5 of data processing. The parameters of the cross-correlation
analysis must be adapted to the dominant horizontal wave-
length of the signal and to the phase shift between the two
images. As shown in Figure 3, the image correlation window
size (K) is chosen to be larger than the dominant horizontal
wavelength. The displacement range of the correlation win-
dow (£M/2) is set to be equal to half the size of the of
correlation window (K/2) in order to avoid aliasing. The
validity of this parameter was visually checked by comparing
image pairs (Figure 3). Parameters K/2 and M/2 chosen for
each image pair are given in Table 1, and vary in the range
10—12 pixels. In addition to the quality tests described in the
algorithm, the relative difference between horizontal dis-
placement vectors estimated at 4.277 pum and 4.315 pum is
computed. Displacement estimates with a relative difference

Figure 4. Venus south polar views of normalized filtered images (;) at the 4.315 um wavelength on

orbit 232. Black and white color scale ranges from —

2.5 to 2.5% on the three images. Latitude contours

are indicated in degrees, the terminator line is almost horizontal at the lowest border of the images, and
the eveningside (morningside) is on the left (right) side. The data processing generates spurious vertical
stripes at the limb owing to the strong contrast there.
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at 4.277 pum (grey dots) on each image processed as a
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larger than 15% are excluded. From the horizontal dis-
placement estimates and knowing the time lag between the
two image points, horizontal phase velocity vectors are
calculated.

[20] Some examples of velocity vector estimates are
shown in Figure 6 for orbits 473 and 474. The wave
velocities are obtained in the part of the image that shows
wave features with strong contrasts and which maintain the
same shape during the time lag between the two images
(=~1800 s). The phase velocity vector is not perpendicular
to the wavefront and it presents a strong westward zonal
component.

[21] The horizontal velocity vectors for the whole data set
are plotted in Figure 7. The amplitudes of the phase velocity
vectors are in the 50—110 m/s range. The direction of ve-
locity vectors is zonal westward in the direction of lower
atmosphere superrotation, with a small meridional compo-
nent. The coherency of the velocity vectors is remarkable,
because these estimates are obtained from different images
along different orbits with different conditions of observa-
tion. Meridional and zonal velocities are plotted as a function

(=]
7

Figure 6. Venus south polar views of enhanced wave features at the 4.315 pum wavelength, and
corresponding estimates or horizontal wave velocities along orbits (a) 473 and (b) 474. One velocity
estimate in 15 is presented to clarify the plots. Local time is converted into longitude (zero longitude is

noon) with evening on the left side.
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Figure 7. Estimates of horizontal wave velocities. (top)
Norm of the horizontal velocity vector (m/s) as a function of
local time (h) in reverse scale (eveningside on the left).
(bottom) Norm and direction of horizontal velocity vectors
as a function of latitude and local time converted into lon-
gitude (zero longitude is noon) with evening on the left side.
In this plot, one velocity estimate in 15 is presented to clarify
the plots.

of local time and latitude on Figure 8. The meridional
component is positive (in a northern direction) with an
average value of about 30 m/s. The zonal component is
westward with an average value of about 70 m/s. The only
possible trend in these plots is an increase of the meridional
component when approaching dusk, but the low number of
images processed in this study did not allow us to validate
this feature fully.

3.4. Possible Artifacts and Limitations

[22] The radiance observed at nadir is the sum of the
direct non-LTE emission and possible other components
coming from the reflection of these emissions and/or the
sunlight on cloud top at these wavelengths. In order to
check the possible contribution of light reflected on cloud
top, the wave enhancement procedure was applied on the
same images at the 2.9 um wavelength and in the visible
for which the reflected sunlight is the main contribution.
Some wave features were detected on these images, but the
positions and orientations of these features are completely
different from the ones observed at the 4.3 um wavelength.
Similarly, the background emission observed at the 4.3 um
wavelength and its large horizontal wavelength variations
are different from the ones observed in the visible and at the
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2.9 pm wavelength. So, the reflected light on cloud top is
not the main contribution at the 4.3 ym wavelength.

[23] Our data processing scheme is limited to integer pixel
displacements, but this limitation will be overcome in future
subpixel versions by interpolation of the correlation function
or by analysis in the frequency domain [Leprince et al.,
2007]. The main limitation comes from the low signal to
noise of the wave features partly owing to their low am-
plitude relative to background emission and partly owing to
operational constraints on the spacecraft orientation and on
VIRTIS-M exposure time. However, the strong consistency
of our results, obtained along different orbits for different
observation conditions, excludes the possibility of these
wave features having been created by noise or artifacts.

[24] Another limitation of our analysis arises from the
integrated character of the 4.3 ym radiance along the line of
sight. In order to fully interpret these data it is necessary
to know the large wavelength space/time variations of non-
LTE CO, volumetric emission, and the sensitivity of these
emissions to density perturbations. The first parameter will
be obtained from an analysis of the whole VIRTIS data set,
including limb profiles, and the second will be modeled
as an extension of previous modeling [Roldan et al., 2000;
Lopez-Puertas and Lopez-Valverde, 1995; Lopez-Valverde
et al., 2007].

4. Interpretation
4.1. Wave Type

[25] In order to identify the type and structure of the ob-
served wave features, the results are analyzed in the frame-
work of gravity and acoustic wave propagation theories.
The difficulty when discussing the wave type (gravity or
acoustic waves) lies in the following two major unknowns:
the vertical wave structure and the background circulation.
The vertical wave structure can be constrained by the thick-
ness of the emission layers and the fact that the two main
non-LTE emissions at 4.277 pum and 4.315 pm display the
same wave features whereas their centroid altitudes seen at
the limb are separated by about 15 km. These two observa-
tions impose a minimum vertical wavelength of approxi-
mately 30 km. Concerning the background thermospheric
circulation, previous models [Zhang et al., 1996; Bougher et
al., 1997] predict a strong subsolar to antisolar circulation
with winds in the range 60—130 m/s in this altitude range
(110-140 km) and in this angular distance range to the
terminator (15°-35°). However, the particularities of the
atmospheric dynamics in the polar region [Piccioni et al.,
2007] can modify this simple picture significantly.

[26] The wavefronts are almost parallel to lines of con-
stant latitude, so the horizontal component of the apparent
phase velocity (Ci) can be approximated by the meridional
component of the phase velocity which is perpendicular
to the wavefronts. An average apparent horizontal phase
velocity is C4 = 30 + 10 m/s. If we assume that our wave
features are acoustic waves, the intrinsic horizontal phase
velocity is Ch = Ct — U, with the background meridional
wind U in the range [—130;0] m/s, which is a very con-
servative hypothesis. We deduce that C/ is in the range
[20;170] m/s taking into account error bars. The speed of
sound at these altitudes is about 215 m/s. Because this value
is a minimum estimate of the intrinsic horizontal phase
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velocity C7 for acoustic waves, obtained only for horizontal
wave propagation, our wave features cannot be acoustic
waves. So, the gravity wave hypothesis is the only remain-
ing possibility.

[27] In conclusion, the wave features presented here are
indicative of gravity wave phenomena. We will explore in the
next two sections the source and propagation of these waves
and their links to the background atmospheric dynamics.

4.2. Gravity Wave Source

[28] As shown in Figures 4 and 6 the main wavefronts are
almost circular and parallel to lines of constant latitude. This
observation suggests a source close to the south pole. Figure 9
shows a comparison between the enhanced wave features
at the 4.315 pm wavelength and the polar vortex observed at
the 5.05 um wavelength in the same images. This comparison
has also been performed on polar vortex features observed at
the 3.3 um wavelength (which is less sensitive to saturation
problems) for all the images processed in this study. The
direction perpendicular to wavefronts is always pointing in
the direction of the region of strongest polar vortex activity,
whatever the position and shape of the vortex. These obser-
vations clearly identify the polar vortex as the source of the
gravity waves observed in the 110—140 km altitude range.
This conclusion is also supported by theoretical studies
[Baker et al., 1999; Nappo, 2002] which demonstrate that
turbulence is able to generate gravity waves propagating
upward. For such a source close to south pole, the gravity
waves propagate with horizontal components of intrinsic
phase and group velocities along meridional direction from
the pole to the equator.

[29] Moreover, the analysis of VIRTIS-M images has
shown that the wave features at the 4.315 pm wavelength
are more numerous with larger amplitude when the polar
vortex is on the dayside than on the nightside. As an ex-
ample, Figures 10a and 10b show that only a few wave
features of low amplitude are visible when the polar vortex
is completely on the nightside. This observation suggests
that the gravity wave propagation from the cloud layer up to
the 110—140 km altitude range is more favorable on the
dayside than on the nightside. Figure 10c shows the Brunt-
Viisild frequency profile computed for day and night Venus
atmosphere parameters [Hunten et al., 1983]. In the 100—
140 km range, it increases on the nightside and decreases
on the dayside. The shape of the Brunt-Viisila frequency
profile on the dayside suggests that gravity waves may be
trapped between altitudes of 60 km to 140 km for wave
frequencies between 3 and 3.5 mHz. In this layer, trapped
waves propagate horizontally with horizontal wavelengths
depending on the trapped mode number, and with low
attenuation along their path [Lighthill, 2001]. The presence
of these trapped waves at frequencies higher than 3 mHz
could explain the difference between day and nightside
observations. Moreover, the presence of strong background
winds and vertical wind variations may also play an im-
portant role in the day/night difference of wave propagation
by creating wind ducts [Nappo, 2002; Snively et al., 2007;
Zhou and Morton, 2007].

4.3. Implications for Background Circulation

[30] The gravity waves at these heights propagate within
the global thermosphere circulation. The horizontal phase
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Figure 9. Venus south polar views along orbits (a and b) 220, (c and d) 232, and (e and f) 251 of (left)
enhanced wave features at 4.315 pum wavelength and (right) emission at 5.05 um wavelength which
reveals the structure and position of the south polar vortex. Latitude contours are indicated in degrees,
and the terminator line is clearly visible through the spurious features created by the data filtering on the
nightside.

speeds obtained therefore include the effects of both wave
propagation and background wind. Consequently, the ob-
served gravity wave propagation can constrain the back-
ground wind structure.

[31] If we assume that the source of the gravity waves is
the turbulent area of the polar vortex close to the south pole,
their propagation without wind should be mainly along

meridians. However, a strong zonal component of the
horizontal phase velocity is observed in Figures 7 and 8.
This observation implies that a zonal westward back-
ground wind of about 70 m/s is present at the altitude of
4.315 pm wavelength non-LTE emission perturbations in
the 0900—1500 LT range in the polar regions. The gravity
wave propagation therefore suggests that the zonal lower
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Figure 10. Venus south polar views along orbit 253 of (a) enhanced wave features at the 4.315 um
wavelength and (b) emission at the 5.05 um wavelength revealing the structure and position of the south
polar vortex. Latitude contours are indicated in degrees. (c) Plot of the Brunt-Viisilé frequency (in mHz)
as a function of altitude (in km) on the dayside (solid line) and on the nightside (dotted line), computed

for Venus atmosphere models [Hunten et al., 1983].

thermosphere circulation in the 0900—1500 LT range is in
the direction of the lower atmosphere superrotation up to
30° from the south pole and up to an altitude of at least
115 km.

[32] Moreover, because of the absence of phase difference
between the wave features observed at the 4.277 pum and
4.315 pm wavelengths, the vertical wavelength of these
waves must be larger than twice the centroid altitude dif-
ference of these two emissions (=15 km at the limb)
[Vargas et al., 2007]. In order to use this constraint, the
gravity wave dispersion relation with constant background
wind should be written [Li et al., 2007]

N? |
[ k4 — 2
(CO_U)Z m-+ +4H2 ( )

where m = ZA—T is the vertical wave number with A, the ver-
tical wavelength, N = 27 £ = 0.0215 rad/s (or f = 3.4 mHz)
is the Brunt-Viisdld pulsation which is estimated from a
dayside Venus atmosphere model at a latitude of 120 km
[Hunten et al., 1983], Cy is the apparent wave velocity, U is
the meridional wind, k = 2.513 x 107> rad/m is the hor-
izontal wave number assuming an average 250 km
horizontal wavelength, and H = 4 km is the density scale
height at 120 km altitude. If we assume an intrinsic wave
propagation from the pole to the equator, and a lower
bound on the vertical wavelength A, >2 * 15 km = 30 km
and on the apparent phase velocity Cy > Ca = 30 m/s, by
using equation (2) we deduce an upper bound on the
meridional phase velocity U < —58 m/s. This analysis sug-
gests that the meridional wind is opposite to the wave
propagation direction with an amplitude greater than about
60 m/s. This conclusion is in favor of a subsolar to antisolar
thermospheric meridional circulation consistent in direc-
tion and amplitude with previous results [Zhang et al.,
1996; Bougher et al., 1997].

[33] In addition to the gravity wave dispersion analysis,
the previous conclusion is also supported by the geograph-
ical distribution of gravity wavefronts. Sun et al. [2007]

demonstrated recently that gravity waves propagating against
the wind direction are amplified relative to other propagation
directions. Assuming a wave source close to the south pole
and a strong subsolar to antisolar wind, this prediction is
consistent with our observation of gravity wave features
above the noise level only in the 0900—1500 LT range. The
wave feature distribution therefore also supports the presence
of a strong subsolar to antisolar wind at the south pole.

5. Conclusion

[34] The nadir images of non-LTE CO, emissions present
wave-like perturbations of about 0.5% RMS amplitude
relative to background signal. These features are mainly
observed in the 0900—1500 LT range, and their horizontal
wavelengths are in the 90—400 km range. The dynamics of
these wave features are similar for all the images processed
along different orbits. Average zonal and meridional com-
ponents of the horizontal phase velocities are respectively
70 m/s westward and 30 m/s northward. The horizontal
phase velocities and horizontal wavelengths are compatible
with gravity waves propagating in the 110—140 km altitude
range which is sampled by non-LTE CO, emissions at the
4.3 pum wavelength. The considerable uncertainty on the
altitude of these perturbations restricts the acquisition of
information on the vertical structure of the waves. How-
ever, the geographical distribution and the orientation of
wavefronts clearly identify the polar vortex at work in the
cloud layer as the source of gravity waves. Finally, the
characteristics of gravity wave propagation can be used to
infer the background atmospheric winds. The strong zonal
component of gravity wave phase velocities is not due to
their propagation from a source close to the south pole, and
can consequently be attributed to the background atmo-
spheric circulation in the 110—140 km altitude range. The
gravity wave dispersion relation and the geographical
distribution of wavefronts strongly argue in favor of the
presence of a subsolar to antisolar wind of amplitude larger
than 60 m/s close to the south pole.
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[35] This first direct mapping of thermospheric gravity
waves demonstrates the strong influence of the polar vortex
on the atmospheric polar circulation of Venus [Piccioni et
al., 2007], and illustrates an upward energy transfer from
the cloud layer to the thermosphere. Moreover, this study
seems to demonstrate the persistence of superrotation dy-
namics at least up to 115 km in polar regions (up to 30°
from the south pole). Furthermore, our data support the
existence of the subsolar to antisolar circulation predicted
by thermosphere circulation models [Zhang et al., 1996;
Bougher et al., 1997], with meridional wind speeds
greater than 60 m/s in this polar region.

[36] The increase of the VIRTIS database will improve the
statistics of wave features, and its combination with VMC
data [Markiewicz et al., 2007] will make it possible to follow
gravity wave propagation from the top of the cloud layer up to
the thermosphere. In order to improve our description and
understanding of these wave phenomena, a large-scale three-
dimensional model of CO, volumetric emission rates should
be developed by using the limb and nadir VIRTIS observa-
tions, the sensitivity of these emissions to gravity wave
perturbations should be modeled, and the gravity wave
propagation within the background circulation should be
computed. Finally, these high-altitude emissions can also
be used to investigate transient infrasonic signals generated
by quakes and volcanic events [Garcia et al., 2005].
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