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Influence of Venus topography on the zonal wind and UV
albedo at cloud top level: The role of stationary gravity waves

Jean-Loup Bertaux', I. V. Khatuntsev?, A. Hauchecorne', W. J. Markiewicz®, E. Marcq’, S. Lebonnois®,
M. Patsaeva?, A. Turin? and A. Fedorova®

'LATMOS/INSU/CNRS, UVSQ, Guyancourt, France, *Space Research Institute, RAS, Moscow, Russia, >Max Planck Institute for Solar
System Research, Goéttingen, Germany, “Laboratoire de Météorologie Dynamique, UMR 8539, IPSL, UPMC, CNRS, Paris, France

Abstract Based on the analysis of UV images (at 365nm) of Venus cloud top (altitude 67 +2km)
collected with Venus Monitoring Camera on board Venus Express (VEX), it is found that the zonal wind
speed south of the equator (from 5°S to 15°S) shows a conspicuous variation (from —101 to —83 m/s) with
geographic longitude of Venus, correlated with the underlying relief of Aphrodite Terra. We interpret this
pattern as the result of stationary gravity waves produced at ground level by the uplift of air when the
horizontal wind encounters a mountain slope. These waves can propagate up to the cloud top level, break
there, and transfer their momentum to the zonal flow. Such upward propagation of gravity waves and
influence on the wind speed vertical profile was shown to play an important role in the middle atmosphere
of the Earth by Lindzen (1981) but is not reproduced in the current GCM of Venus atmosphere from LMD.
(Laboratoire de Météorologie Dynamique)

In the equatorial regions, the UV albedo at 365 nm varies also with longitude. We argue that this variation
may be simply explained by the divergence of the horizontal wind field. In the longitude region (from 60° to
—10°) where the horizontal wind speed is increasing in magnitude (stretch), it triggers air upwelling which
brings the UV absorber at cloud top level and decreases the albedo and vice versa when the wind is
decreasing in magnitude (compression). This picture is fully consistent with the classical view of Venus
meridional circulation, with upwelling at equator revealed by horizontal air motions away from equator: the
longitude effect is only an additional but important modulation of this effect. This interpretation is comforted
by a recent map of cloud top H,0, showing that near the equator the lower UV albedo longitude region is
correlated with increased H,0. We argue that H,O enhancement is the sign of upwelling, suggesting that the
UV absorber is also brought to cloud top by upwelling.

1. Introduction

Venus is enshrouded in a veil of thick clouds composed of H,SO,4-H,0 liquid droplets. The presence of a (still
unidentified) UV absorber at cloud top level manifests itself with UV markings, which allowed determining
that the atmosphere was rotating in a retrograde fashion with a period of ~4days [Boyer and Camichel,
1961], corresponding to a westward zonal wind of ~ 100 m/s. Radar observations later revealed that the solid
body was also rotating in a retrograde direction but at a much slower rate (period 243.02 days or 1.81 m/s).
The reason of this atmospheric superrotation is still debated. Other radar/altimeter observations from space
missions revealed also a number of topographic features (mountains/volcanoes). Zonal wind measurements
(from tracking of UV cloud features) were obtained from several space missions including Venus Express
Venus Monitoring Camera (VMC) [Rossow et al., 1990; Khatuntsev et al., 2013]. VMC/Venus Express (VEX)
camera has confirmed the previous findings that the zonal wind speed depended on latitude and local time.
Here we show for the first time that one major parameter modulating the zonal wind is the ground-level
topography several thousands of kilometers upstream of the observed wind (deceleration up to 17 m/s), a
fact that had escaped notice before. As an explanation, we propose a mechanism based on gravity waves
produced by the topography, propagating upward up to the convective zone just below the cloud top level
where they break and communicate their momentum to the atmosphere.

Section 2 presents the zonal wind measurements with VMC/VEX with two representations: one as a function
of longitude for a constant latitude just below the equator and also a longitude-latitude (geographic) map,
both compared to topography. In section 3 is described our proposed mechanism of stationary gravity waves
generated at ground level and propagating upward to the cloud top level where they decelerate the zonal
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wind. In section 4 we discuss some pre-
vious observations of gravity waves
and the trajectories of the two VEGA bal-
loons flown in 1985 at 53 km of altitude.
Section 5 is devoted to UV albedo map-
ping and comparison to H,O mapping,
with conclusions in section 6 and three
complementary appendices.

2. Zonal Wind Measurements
With VMC/VEX and
Comparison With Topography

The Venus Monitoring Camera (VMCQ)
took simultaneous images in four nar-
rowband channels (365, 513, 950, and
1010 nm) projected on one CCD detec-
tor [Markiewicz et al., 2007a, 2007b;
Titov et al., 2012]. Here we used only
the UV images at 365 nm taken on the
dayside, showing the highest contrast

Figure 1. An example of VMC image (UV, 365 nm) taken from a distance
of around 33,000 km (~3 h before pericenter) on the dayside. This is thanks to a still unidentified UV absor-
UV image #0030 of orbit #0462 obtained on 27 July 2007. The latitude- ber near cloud top altitude. As discussed
longitude grid is indicated. Cloud markings are used to determine winds  in Del Genio and Rossow [1990], the alti-
at cloud top level. The superrotation is from right to left.

tude of cloud top level is at 70km
(~30 mbar) in low and middle latitudes
relevant to the present work. The UV markings are slightly lower than the estimated cloud top but above
65 km (~100 mbar). In the following we will refer for simplicity to wind at cloud top, though the UV markings
are actually in the altitude range 67 +2 km. Each image (Figure 1) displays a wealth of UV markings. The
change of position of a particular UV cloud feature between two images of the same region can be translated
into a horizontal wind measurement [Moiss/ et al., 2009; Khatuntsev et al., 2013; Patsaeva et al., 2015]. The time
separating two images of a pair examined for wind tracking varied from 20 to 60 min, depending on the dis-
tance of VEX to the planet.

Because of the particular VEX orbit configuration, all latitudes were not covered equally with cloud tracking
wind measurements. Venus Express orbit was very eccentric, 24 h period, pericenter at 200-400 km near the
North Pole and apocenter at 66,000 km facing the South Pole. This orbit allowed VMC to acquire global views
of the Venus southern hemisphere when the spacecraft was at apocenter. A portion of the orbit favorable for
wind measurements was when VEX was moving from a distance of 66,000 km down to a distance of
12,000 km from the planet. As a result, wind measurements were obtained mainly in the southern hemi-
sphere. Both manual (45,600) and digital (391,600) individual measurements over 127 orbits were analyzed
covering from 2006 to 2012 [Khatuntsev et al., 2013].

In low-latitude regions (5°S to 25°S) the velocities of zonal winds are found in the range ~ 80 to 120 m/s (retro-
grade; therefore, negative in the geographic system longitude-latitude), while the velocity of meridional
winds slowly increases from 0 at equator to about 10 m/s poleward at 50°S latitude and then decreases to
0 at the pole [Khatuntsev et al, 2013]. A minimum in the zonal speed was found close to the noon
(11-14h local time LT) and maxima in the morning (8-9 h LT) and in the evening (16-17 h LT) [Khatuntsev
et al., 2013]. In their paper, a Lomb-Scargle period analysis of the time series of measurements (a periodo-
gram) showed a peak period at 117 days that triggered our attention. The peak is larger than the 99.99%
confidence limit. Indeed, 117 days is the length of the Venus solar day, the time required for a particular
geographic point (for example, a mountain) to be illuminated by the Sun. As discussed in section A1, if
measurements of one parameter are requiring solar light, and if this parameter is linked to geography, a peak
at 117 days is expected in the periodogram of the measurements. Reciprocally, when a peak at 117 days is
present, one might expect a correlation with the geography.
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The present study is based on a data
set collected over 127 orbits of Venus
Express by VMC (Venus Monitoring
Camera) instrument in the period from
2006 to 2012. It contains 31,604 zonal
wind measurements performed manu-
ally by cloud tracking of UV features
3 on VMC/Venus Express images in the

: latitude range from 5° to 45°S,
VMC/ Venus Express " D favored by the orbit configuration.

zonal wind in latitude band (5°S to 15 °S) i i
200 L The 6,312 measurements obtained in

T T T T T T T
0 50 e R e NI 300 350 the latitude range from 5°S to 15°S
‘enus geographic longitude (°)
are plotted as a function of Venus
Figure 2. All zonal wind measurements performed manually over 127  geographic longitude in Figure 2. At
orbits in the latitude range from 5°S to 15°S latitude are plotted as a any longitude, there is a dispersion of
function of Venus geographic longitude.

50 .

-100- 88

zonal wind (m/s)

-1504*

points due to a combination of
measurement error (7 to 30 m/s), natural variability, and other factors, like local time variation and waves
[Khatuntsev et al., 2013].

The data in Figure 2 were smoothed by using a 10° running window. In each window (centered every degree
of longitude), the median value was kept (to avoid the effect of outliers) and plotted as a function of
geographic longitude in Figure 3. There is a very clear longitude signature. While the average zonal wind
in the longitude range 200-330° is —100.9 m/s, it reaches —83.4m/s in the range 60-100°, a difference of
17.5m/s. The blue curve in Figure 3 is the average altitude obtained by averaging the altimetry in the latitude
band from 5°S to 15°S for each degree in longitude. The wind speed observed at cloud top level seems
correlated to the relief altitude several tens of kilometers below, with some downstream shift, according to
the wind direction indicated by the arrow.

The zonal wind curve of Figure 3 and the relief altitude curve are again plotted together in Figure 4, but this
time the zonal wind curve is shifted to the east (upstream) by 30° with respect to its original position in
Figure 3. With such a shift, there is a striking similarity of both wind speed and relief altitude. This demon-
strates that the zonal wind is decelerated downstream of the mountains in this latitude range from 5°S to
15°S, though there is an altitude difference of about 60-70 km between the ground and the cloud top level.
The similarity of the curves is obvious for the main mountains around 80-140° longitude but seems to exist
also for smaller mountains, such as

80" ! ! ! : : : ' around —160° longitude. The optimal
value of 30° for the shift was obtained
by correlating the wind curve with the
e B ST |- G000 relief curve with a variable longitude
lag. The correlation coefficient as a func-
tion of the lag is shown in Figure 5. A
maximum of 0.805 is obtained for a lag

~ 8000
5] WIND

-90 ]
-95

= 4000
-100

zonal wind (m/s)
(w) apmnje

-105 L 2000 of about 30°.
5§55 In the following we compare a
= longitude-latitude map of Venus
115 o o .
0 50 100 150 200 250 300 350 topography (from 5°S to 45°S, Figure 6,

Venus geographic longitude (°)

top) to a map of the zonal wind in the

Figure 3. Black curve, left scale: median zonal wind in each bin of 10° long- same latitude range (Figure 6, bottom),
itude, in the latitude band from 5°S to 15°S. The dispersion of all points in a well covered by VMC and containing con-
bin (standard deviation ¢) is about 15-21 m/s. Every 10° is marked an error ~ spicuous mountains named Aphrodite
bar (0.9-2.3 m/s), computed from o/v/n, where n is the number of pointsin  Terra and Atla Regio. The zonal wind
each bin. Therefore,.all .error bars are from independent r.neasurements, map shows a region of greatly decreased
Other schemes of binning (the mean instead of the median or the mean .

after elimination of points at more than 2o from the mean) give very similar zonal wind, a feature that was totally
curves. Blue curve, right scale: longitude distribution of the relief altitude unexpected and escaped attention up
averaged in the same latitude band from 5°S to 15°S. to now. In addition, the comparison of
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80 1 L L L 1 L L .

—— wind shifted +30°
-85 —— mean altitude 5 to 15°S

the two maps shows an obvious correla-
- 6000 tion of both maps (topography and wind
speed), with the region of minimum

907 wind (absolute speed) being displaced

T ] T4 s by ~30° downstream of the elevated
E g highlands. The minimum zonal wind at
7 -100 §  _82m/s (in absolute value) is found 30°
N ~ 2000

downstream of Aphrodite Terra, a high-
altitude region (3000 m) extending from
40° to 160° in longitude.

-105

Aphrodite

-110 Terra

Atla

Regio

-115- T T T T T T T

-150 -100 -50 0 50 100 150
Venus geographic longitude (°)

Therefore, we may conclude that there
must be a mechanism triggered by the
relief which decelerates significantly
Figure 4. Longitude distributions of the relief altitude and of the zonal the mean zonal wind (observed
wind in the latitude-selected region (from 5°S to 15°S). Blue curve: ~65 km above) about 30° downstream
altitlfde in meters, left sca!e. Black cu'rve: zonal wind (m/s), right.scale. The of both Aphrodite Terra and Atla
longitude for the zonal wind was shifted by +30° from the original X .
longitude plotted in Figure 3 to emphasize the correlation between the region highlands (~3200km at equa-
zonal wind and the relief. The longitude scale is now centered on 0°, from  tor). We propose that as illustrated in
—180° to 180° instead of 0 to 360° of Figures 2 and 3. Figure 7, stationary gravity waves are
generated by the horizontal wind flow-
ing over a relief; then they propagate
upward up to the altitude where they break and transfer their momentum to the general circulation. It is
indeed a well-known fact that when gravity waves break, they transfer their momentum flux to the mean
flow and they accelerate the zonal wind in the direction of their horizontal propagation relative to the
mean flow [Lindzen, 1981]. For stationary waves on Venus this will result in a deceleration of the zonal flow,
since the wind is increasing with altitude in the atmosphere of Venus (Figure 9, left).

On the wind map, the region of strong deceleration (red and yellow) seems to extend toward south, down
to —35°S. This extension may be due to the south extension of the high terrains south of Aphrodite Terra. It
might be also due to the fact that the slopes of the mountains at ground level are not all purely oriented
east-west, facing east; their face may be oriented kinked to the north or to the south, and some trains of
stationary waves might be generated with an oblique direction with respect to the longitudinal east-west
axis. We could then expect also some propagation to the north. Unfortunately, wind measurements north
of the limit of —5°S are difficult with VMC because of the fast latitude motion in the northern hemisphere,
as mentioned before.

3. Deceleration of the Wind
DT T From Stationary Gravity
~] Max 0.805 at 30° L Waves Breaking

We discuss now some conditions for
the deceleration mechanism associated
to gravity waves (GW), which are wave
disturbances where buoyancy is the
restoring force. They can propagate
vertically only in a stable atmosphere
-0.5 - and can be triggered by a horizontal
] [ flow passing an obstacle or by convec-
‘(')‘ " '5'0' " ‘1(‘)0’ " ‘1.‘5()' i '2(')0' " zéo " '3(‘)0' " ‘3;0’ tion below. In this case, we discuss the
Longitude shift (%) former orographic mechanism.

0.5 -

0.0

Correlation coefficient

The static stability of the atmosphere is

Fi .Th lati ffici h | wi .
igure 5. The correlation coefficient between the two curves (zonal wind defined as stability S = dT/dz — T, where

and relief altitude displayed of Figure 3) is computed as a function of the

longitude lag between the two curves. The maximum of correlation is
0.805, obtained for a shift of the zonal wind curve by 30° eastward.

Tis the temperature, z is altitude, and T’
is adiabatic lapse rate. Figure 8 shows
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Figure 6. (top) Partial topographic map of Venus. Altitude is color coded. The latitude coverage of the map is limited
from 5°S to 45°S to match the map of zonal wind. The zonal wind is oriented from right to left, from east to west,
toward decreasing longitudes. Maps are centered on 0° longitude. The scale 0 to 360° longitude is indicated on top axis.
The names of the highlands are written south of the reliefs. (bottom) Map of the zonal wind speed is in m/s (color coded).
There is a region of strong minimum (in absolute value) which is located ~30° downstream of the Aphrodite Terra
highlands of Figure 6 (top); this region extends farther south in latitude. The wind map was obtained from a set of 31,604
manual measurements; a median filter was used in a box of 4 x 4° (longitude-latitude) around each point of the map to
avoid outliers.

some vertical profiles of static stability obtained from in situ measurements (left) and Venus Express Radio
Science Experiment (VeRa) radio occultations measurements on Venus Express [Tellmann et al., 2009] (right).
In principle GW cannot propagate upward through a region of zero stability (convective zone). Pioneer
Venus descending probes found S to be >0 (with weak values in the 51-55 km convective zone); temperature

was not acquired below 12km. The

70 s ‘ s s . . , VEGA-2 descent probe measured S>>0

T — O O_ Qoudtop £  from 15 to 5km (Figure 8, left) and <0
%03 . below 5km. Note also the difference in
504  dem— Q O — £ the region 55-58km: low stability for

VeRa/Venus Express (but still positive
: pravywaLes . and larger than at other latitudes in
304 = the same altitude range) and high stabi-
3 ~— . lity for Pioneer Venus and VEGA-2.
E £ Therefore, we may conclude that the
vertical stability profile of Venus allows
o] ©GW generated on reliefs to propagate
o so 100  1s0 200 280 00  sso  at least up to the altitude range of

Venus longitude (°) 52-57km. We think that we observe
the mean zonal wind deceleration due
to the breaking of many GWs with
small horizontal wavelengths. When

altitude (km)

Figure 7. Sketch of gravity waves generated by interaction of the zonal
wind on the mountains, propagating upward, breaking in the altitude
region 50-60 km, and decelerating the zonal wind at this altitude

and higher. The altitude of the relief is exaggerated by a factor of 7 for
better clarity.

GW break they transfer their momentum
flux to the mean flow and they

BERTAUX ET AL.

GEOGRAPHIC MAPPING OF VENUS WIND/ALBEDO



@AG U Journal of Geophysical Research: Planets 10.1002/2015JE004958

VeRa/VEX
Pioneer Venus 80
Vega 2 probes
2504 75
80.0
5.0 70
50.0 .
45.0 4 E
= 65
40.0 + %
E =
o 35.04 E
3 < 60
s 30.04
< I
25079 ° 88 [-o- DOY 170 ing lat: -15.a °
20,0 55 | —— DOY 173 ing lat: 4.7 °
. -~ DOY 176 ing lat: 6.8°
15.0
10.0 50
5.0+
o.n_z_n as
-5 0 5 10 15 20 25
STABILITY (K/km) STABILITY (K/km)

Figure 8. (left) Altitude profile of the static stability versus altitude derived from in situ temperature profiles (in units of
K/km). Solid curve is from Pioneer Venus sounder probe taken from Seiff et al. [1980], and dashed curves are from
Vega-2 lander data obtained in 1985 and discussed in Young et al. [1994]. (right) Static stability versus altitude derived from
VeRa/VEX radio occultations in K/km, for three latitudes near the equator [Tellmann et al.,, 2009]. Note the difference of
horizontal and vertical scales.

accelerate the zonal wind in the direction of their horizontal propagation relative to the mean flow. For
stationary GW, it will result in a deceleration of the wind as illustrated in Figure 7. This mechanism was first
proposed by Lindzen [1981] to explain the deceleration of the zonal wind observed in the Earth mesosphere
and is now widely accepted in the Earth atmospheric community. In the present case of Venus, the decelera-
tion dV/dt that is required to explain a 17 m/s change dV in 100° (from longitude 200° to 100°, Figure 3) is
13.2m/s/day, since 100° of longitude corresponds to a distance of 10.5 x 10> km traveled in dt=1.28 days
at a mean speed of 95 m/s.

In principle gravity waves cannot propagate through an unstable layer, for instance, at 52-57 km. However, if
they break and decelerate the wind at the bottom of a convective layer, the deceleration will be transferred to
the whole layer by convective mixing. Then, the zonal wind at the cloud top gets modulated because of
angular momentum balance between cloud top and cloud bottom.

Another condition for vertical propagation of GW is that their horizontal phase speed must be different from
the mean horizontal wind. In the case of planet Venus, this condition is always fulfilled for stationary GW gen-
erated at ground level, since their phase speed is zero with respect to the ground and since the wind
increases constantly with altitude up to 70 km (Figure 9). In the case of the Earth and as shown by Lindzen
[1981], this condition is fulfilled only for certain speeds and depends on season, as is discussed further in
section A3.

4. Discussion on Gravity Waves

Gravity waves manifest themselves as quasiperiodic disturbances on the atmospheric temperature profiles or
regular cloud structures. Ultraviolet images of the Venus cloud top from Mariner 10 and Pioneer Venus
showed cloud features 200-1000 km in size interpreted as GW [Belton et al, 1976; Rossow et al., 1990].
VMC/Venus Express cloud top UV observations of the northern polar region have revealed frequent wave
trains [Picciali et al., 2014; Titov et al., 2012], somewhat correlated with the highest terrains on Venus (Ishtar
Terra and Maxwell Montes) and a higher detection rate 40-60° downstream of the mountain peaks [see
Picciali et al., 2014, Figure 10].
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Figure 9. (left) A comparison of zonal wind velocity profiles from Pioneer Venus and Venera probes taken from Schubert
et al. [1980]. (right) Vertical profile of SO, mixing ratio (ppmv) measured within the clouds in situ from instruments
ISAV-1 and ISAV-2 on descent probes of VEGA-1 and VEGA-2 in 1985 [Bertaux et al., 1996]. The decrease above the higher
peak is due to captation of SO, into droplets of H,SO,4 and is linked to the UV absorber (see text in section 5).

Vertical profiles of wind (Figure 9, left) and temperature acquired by the four Pioneer Venus probes showed
evidence for propagating gravity waves [Seiff et al, 1980; Counselman et al., 1980]. Temperature profiles
retrieved from radio occultation measurements display quite often wiggles also interpreted as the signature
of GW, mainly from Magellan [Hinson and Jenkins, 1995] and Venus Express spacecraft [Tellmann et al., 2009].

Magellan [Hinson and Jenkins, 1995] performed three consecutive radio occultations. The three temperature
profiles were obtained on three consecutive orbits, separated by 3.26 h, at 67°N. It implies that the atmo-
sphere had rotated by ~18° between orbits (here we revise the value of ~25° quoted by Hinson and
Jenkins [1995] to account for the 2.8 days rotation period of the atmosphere at 67° latitude [Khatuntsev
et al, 2013]). Since the three temperature profiles show almost identical wiggles (the signature of GW), it
shows that gravity waves are stationary relative to the Sun or to the surface. The ambiguity comes from
the short time of the observations. With the findings of the present paper showing the importance of topo-
graphic elevation near equator, it is quite likely that the Magellan observed GW were linked to the surface
rather than to the Sun. In addition, their Figure 3b shows that the static stability for altitudes >36 km (altitude
range reachable by radio occultations above the critical radius for refraction) is always > 0 and very small only
in narrow regions of 1-2 km around 51-54 km. This was not an obstacle for gravity waves which would have
been generated below their observed temperature wiggles at 62-72 km.

At high northern latitudes where Ishtar Terra and Maxwell Montes are the highest terrains on Venus, the
Venus Express Radio Science Experiment (VeRa) measurements show a clear enhancement of GW potential
energy in the altitude range 65-80 km [Tellmann et al., 2009]; but there are no such obvious topographic
enhancement near equator which are relevant to our VMC present analysis (their Figure 10). Unfortunately,
owing to the particular VEX orbit configuration, there is only a very limited number of radio occultations near
the equator (S. Tellmann, personal communication, 2016).

Earlier, the trajectories of the two 1985 VEGA balloons floating near 53 km altitude indicated that atmospheric
motions are influenced by surface topography [Blamont et al., 1986]. The VEGA-1 balloon stayed at approxi-
mately 7°N latitude, away from high mountainous regions, and did not encounter the type of disturbances
experienced by the VEGA-2 balloon: flying over Aphrodite region at 7°S, VEGA-2 experienced enhanced vertical
winds and relatively large temperature/pressure excursions, together with much larger horizontal wind varia-
tions than at any other period during either balloon flight [Preston et al., 1986; Sagdeyev et al.,, 1992]. The sug-
gestion [Blamont et al., 1986; Gierasch, 1987] that gravity waves generated at the surface of Venus by horizontal
flow over Aphrodite could propagate vertically up to the balloon float altitude was explored later thoroughly in
the frame of linear and nonlinear theory of GW generation and propagation [Young et al., 1987, 1994].

We note that VEGA-1 and VEGA-2 balloons drifted along longitude ranges from ~ 178 to 73° longitude, a
region of decelerated wind as seen by VMC (Figure 3). Therefore, we searched if there was a difference of their
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average zonal velocity from injection to the end of their flight, 2 days later. We recomputed in Appendix A2
their average zonal velocity from the plots of Sagdeyev et al. [1992] and found 68.8 m/s for VEGA-1 balloon
flying at 8.1°N and 65.9 m/s for VEGA-2 balloon flying at 7.5°S. This is probably a more accurate ([Sagdeyev
et al,, 1992] analysis published in 1992, 7 years after the flight, benefiting of better trajectory reconstruction
from VLBI tracking) but fully consistent with the earlier estimate of 69+ 1 and 66 + 1 m/s, respectively, for
VEGA-1 and VEGA-2 balloons [Preston et al., 1986]. The smaller velocity of VEGA-2 with respect to VEGA-1 indi-
cates that GW are already acting on balloons floating at an altitude of 53 km over the most mountainous
region overflown by VEGA-2 balloon (Aphrodite Terra), in contrast to VEGA-1 flying north of equator, over flat
terrains and probably less GW effect.

In view of the present findings from Venus Express VMC zonal wind measurements, the presence of a similar
signature of the topography in the temporal average of the zonal wind has been searched for in the latest
simulations of the LMD Venus GCM. The model was described in Lebonnois et al. [2010]. It was found that
even when the simulations include an orographic GW parameterization, they do not show any deceleration
correlated to the topography. It is reasonable to think that the GCM does not model the atmosphere well
enough to reproduce the phenomenon responsible for the correlation. Work is needed in particular to vali-
date the parameterization of the orographic GW and its effect in the deep atmosphere in a simulation that
would be more realistic than the simulations published in Lebonnois et al. [2010].

5. UV Albedo Maps and H,O Distribution
5.1. The Distribution of UV Albedo and UV Absorber at Cloud Top Level

The exact nature of the UV absorber responsible for the contrast in the UV images is still unknown. As
discussed in Esposito et al. [1997], it is something in addition of SO, and SO gases because these gases do
not absorb longward of 320 nm while the UV absorber does. Among the candidates for the unknown UV
absorber [Esposito et al., 1997], sulfur allotropes Ss, S4, and Sg have been proposed, and also, S,0 and
polysulfur oxides were suggested. There is however a correlation between SO, and the UV absorber, as noted
in Lee et al. [2015]. Inside the clouds, SO, mixing ratio was measured by in situ absorption on descent probes
of VEGA-1 and VEGA-2 [Bertaux et al., 1996]. It peaked at 150 ppmv at 54 km of altitude for VEGA-1 (Figure 9,
right) and strongly decreasing above up to the measuring limit of 62 km. The abundance of SO, detected at
cloud top level (67 + 2 km) in the scattered solar spectrum is of the order of 0.1 to 1 ppmv [Marcq et al., 2011,
2013]. Therefore, there is a strong vertical gradient of SO, inside the clouds, showing that it is already
destroyed below the cloud top level, and if the UV absorber is indeed coming from SO,, then the UV absorber
must be produced inside the upper cloud, just below the cloud top level.

Perhaps even more intriguing at first glance than the variation of the zonal wind with topography is the
variation of UV albedo measured by VMC at 365 nm. In Figure 10 are compared the longitude distribution
of UV albedo measured between 5°S and 15°S (top) and the wind velocity averaged in the same latitude band
(curve of Figure 3, not shifted). The highest albedo at 0.52 is over elevated terrains, while the smallest albedo
at 0.43 is above lower terrains, as can be inferred by comparing the UV albedo curve with topography in
Figure 10 (bottom).

In Figure 11a is shown a longitude-latitude map of the UV albedo at 365 nm measured by VMC. It is an aver-
age of 1442 images obtained over 7.5 years from orbit 30 (May 2006) to orbit 2714 in September 2013 (more
than 12 Venus years). One has to realize that the albedo map is based on an average of a very large sample of
data. It is likely that a single map will not show the averaged distribution presented here. For each measure-
ment point the UV albedo A is obtained from the measured radiance B and Lambert’s law equation (1)

A = nB/Fscos(SZA) (M

in which F; is the solar flux at Venus and SZA is the local solar zenith angle. The map extends farther North than
the wind map of Figure 6 (bottom), because there is no need of two consecutive VMC images in the case of the
albedo measurement. All radiances divided by cos(SZA) were averaged in each 1 x 1° bin of longitude-latitude
(only points with SZA < 70° are kept) and then multiplied by the constant z/F,. The number of points per bin is
mapped in Figure 12. It ranges from ~1000 to 5000, except near the boundaries of the observed regions.

In each bin, the average albedo and the standard deviation o of all points in the bin were computed, measur-
ing the dispersion of the albedo around the mean value at a given point in longitude-latitude. The dispersion
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Figure 10. Latitude averages between 5°S and 15°s of (top) UV albedo and (unshifted) (bottom) zonal wind and topography.
The albedo points are representing averages within 1 x 1° latitude-longitude bins. There is a strong correlation between the
UV albedo curve and the wind curve, which is explained by the divergence of the zonal flow (a stretch from 60° down to —20°
longitude), compensated by air upwelling, increase of the UV absorber, and decrease of the UV albedo. Vice versa from 200° to
110°, compression, air downwelling, less UV absorber, and larger UV albedo.

is a combination of natural variability of albedo above one geographical point and of the measurement error
(precision); the natural variability is larger than the measurement error. The dispersion in each bin amounts
from 0.1 to 0.2 in albedo units.

While the UV albedo poleward of 40°S is pretty uniform and higher than near the equator, a well-known fact
[Limaye and Suomi, 1977] and evident on all UV images (i.e., Figure 1), there are totally unexpected structures
at other places nearer the equator, both in longitude and latitude. Indeed, we would rather expect that such a
long average of a large data set would smooth out in longitude the local natural variability. This longitude
distribution of the UV albedo remained mysterious at first glance, but with second thoughts the underlying
cause became pretty obvious.

On the one hand, in situ measurement of solar scattered UV radiation performed during the descent of
Venera 14 in 1981 with a narrow band photometer centered at 370 nm indicated that most of the UV absor-
ber was confined above 58 km but below the cloud top level [Ekonomov et al., 1984]. On the other hand, there
is a meridional component of the wind away from the equator on both sides (from ~0-2 to ~ 6 m/s within 0 to
20°S latitude, Figure 13 of Khatuntsev et al. [2013], confirming earlier results). Conservation of matter indicates
that if the divergence of the horizontal wind field V at a given level is different from 0, it requires a conver-
gence of the vertical motion of air to compensate. The equatorial horizontal flow divergence dV,/dy (where
y is ground distance along a latitude axis) is >0 at all longitudes and calls for upwelling air in the equatorial
regions, bringing more UV absorber at cloud top. This explains why the UV albedo is, in general, lower near
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Figure 11. (a) Venus geographic map of the UV albedo. The albedo A is derived from the VMC measured UV radiance (345
to 385 nm) assuming a Lambertian behavior: A = z radiance/[solar flux x cos(SZA)], SZA = solar zenith angle. A was averaged
in each 1 x 1° bin of longitude-latitude (only for SZA<70°). The number of points per bin ranges from ~1000 to 5000.
Isocontours of UV albedo are drawn. (b) Geographic distribution at cloud top altitude of H,O mixing ratio as determined
from the near-infrared spectral feature of H,O at 1.38 um detected in the solar backscattered radiation from SPICAV IR
instrument on Venus Express [Fedorova et al., 2016]. Isocontours are indicated in ppmv. The data cover 8.5 years of data,
150,000 individual measurements of H,O with 1 sigma < 1 ppmv for each point, and 50 to several hundreds of points in
each longitude-latitude box.

equator than at higher latitudes. This is the basis of the classical understanding of meridional atmospheric
circulation in two Hadley cells departing from the equator and going down at each pole. The UV absorber
is destroyed along the path to the pole and explains the increase of UV albedo with latitude.

This effect of the horizontal flow divergence near equator is valid at all longitudes, but in addition, there is a
similar and strong longitude effect where the zonal wind increases or decreases by + 9 m/s from the mean,
much larger in magnitude than the meridional wind. With x being the ground distance along the longitude
axis, dV,/dx is positive over a certain longitude region and negative in another region. An increase of the
horizontal wind magnitude (dV,/dx > 0) may be visualized as a “stretching” of air which must be compen-
sated by a vertical flow (upwelling), while

Y P R a decrease (dV,/dx < 0) could be visua-
lized as a compression calling for down-
welling or less upwelling. Looking at
Figure 10 and going in the wind direc-
tion, the region of increasing of the wind
magnitude (from 60° longitude down to
—20°=340° where dV,/dx>0) can be
visualized as a stretching of the flow. It
5 corresponds to air upwelling, an increase
of the UV absorber at cloud top and a
decrease of the UV albedo. And the
150 -100 50 0 50 100 150 200 reverse process happens from 200° to
longitude () 110°, dV,/dx <0, slowing down of the
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compute an average albedo and its fluctuations. It ranges from ~1000to ~ Welling, less UV absorber, and larger
5000, except near the boundaries of the observed regions. UV albedo.
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5.2. The Distribution of Water Vapor at Cloud Top Level

Stimulated by the present findings on geographic deceleration of the zonal wind and UV albedo, Anna
Fedorova and colleagues have plotted their water vapor measurements at cloud top level in a longitude-
latitude plot, as reproduced here in Figure 11b. They were recently compiled from 8.5 years of data acquired
from the near-infrared spectral feature at 1.38 um detected in the solar backscattered radiation (from
Spectroscopy for Investigation of Characteristics of the Atmosphere of Venus (SPICAV) IR instrument on
Venus Express, Korablev et al. [2012]).

Figure 11b shows a major effect of latitude, with more H,O poleward of 50° of latitude than elsewhere in both
hemispheres (north hemisphere not shown here). This is related to the H,0 mixing ratio vertical profile decreas-
ing with altitude inside the clouds, combined with the fact that clouds at latitudes >60° are at lower altitude by
~6 km than in equatorial and middle-latitude regions. More H,O come into view when the clouds are lower.

Indeed, the cloud droplets of Venus are made of condensed H,SO,4 (solution of sulfuric acid). While the
volume mixing ratio of H,O is ~30 ppmv in the bulk and lower atmosphere [Marcq et al., 2008; Bézard
et al.,, 2011; Fedorova et al., 2015], there is only ~6 ppmv at cloud top level (Figure 11b, from SPICAV IR data
analyzed in Fedorova et al. [2016]) indicating that most of H,0 is captured in the clouds by SO, oxidized to
SO3 and forming H,SOq4 (it remains only 1-2 ppmv of H,O above the clouds as measured by solar occultations
with Solar Occultation in the InfraRed (SOIR) instrument on Venus Express, Fedorova et al. [2008]). This is a
well-established fact, well understood, and well modeled. The most recent model [Krasnopolsky, 2015,
Figure 8] shows 25 ppmv at 48 km, 14 ppmv at 60 km, and 4 ppmv at 65 km. Therefore, there is inside the
clouds a strong negative vertical gradient du(H,0)/dz of water vapor mixing ratio x(H,0) (decrease with
increasing altitude), which in such conditions is an ideal dynamical tracer of vertical motions of air: the larger
is the upwelling, the more H,0 is brought to the level where it can be detected from space (cloud top level).
Focusing now our attention to the equatorial region from —20 to +10° latitude, we see on the H,O map of
Figure 11b that the H,O mixing ratio is larger than 6 ppmv in the range from —160° to +30° longitude and
smaller than 6 ppmv at other longitudes. This H,O feature is statistically solid (8.5 years of data), and it
demonstrates an increased upwelling of air in this particular —160° to +30° longitude region (at least on
the dayside where observations are made).

The longitude-latitude maps of H,O (Figure 11b) and UV albedo (Figure 11a) show a striking anticorrelation in
the low-latitude regions, at least down to 20°S of latitude. The longitude region of low UV albedo at equator
coincides with the region of increased water vapor both in longitude and latitude, as shown by the isocon-
tours at 6.4 ppmv. It confirms that the UV absorber is present in upwelling regions (revealed by water vapor),
and therefore, it must be produced below the cloud top level. It had been already suggested that UV bright
regions are associated with downwelling [Del Genio and Rossow, 1990; Esposito and Travis, 1982], and here we
demonstrate that UV dark regions are associated to an upwelling regime with the UV absorber produced
within the upper cloud.

From the UV alone, it is not possible to decide if air is descending or ascending without making a hypothesis
about the vertical distribution of the UV absorber. The case of water vapor, where we know that the vertical
gradient du(H,0)/dz of mixing ratio u(H,0) is negative, discriminates the case and calls for upwelling in
regions richer in H,0, imposing also that the UV absorber is present below the cloud top level (as indicated
by Venera 14 results) and brought at cloud top by ascending air.

A thorough analysis of VMC UV albedos compared to radiative transfer model [Molaverdikhani et al., 2012]
showed that VMC observations could be fitted by two different vertical distributions of the UV absorber:
either a well-mixed species, located mostly at altitudes above the bottom of the upper cloud deck
(~150 mbar) and below the cloud top, or as a thin layer of pure absorber at the top of upper clouds 24 + 5 mbar
or 70-72 km (which is above the cloud top level). This uncertainty illustrates the difficulty (likely an impossibility)
to locate exactly in altitude the UV absorber on the sole ground of radiative transfer modeling compared to
observations. Our analysis is rather based on two other lines of arguments: one is the correlation of SO, with
the UV absorber, and we know that the major part of SO, is below the cloud top; the other is the observed
upwelling of H,0, correlated with a lower UV albedo, which demonstrates that the UV absorber is carried to
cloud top by upwelling. This upwelling is just the consequence of the divergence of the wind flow, meridio-
nal, or zonal. For Molaverdikhani et al. [2012], their favorite location for the UV absorber is, without being
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certain, the well-mixed model within the upper cloud. Our analysis fully concurs with this scheme, and there
is no need for the high-altitude thin layer above the cloud top level.

In summary, H,0 and UV albedo at cloud top in the low-latitude regions are only indirectly connected to
topography below, through the influence of GW on the horizontal gradient of the zonal wind.

We may speculate on the existence of a zonally oriented circulation cell in which we would see the upper part
at cloud top level. SO, above the clouds is also monitored by VEX [Marcq et al., 2013], but the long-term
variations spanning one order of magnitude make the available data set too sparse to detect a significant
correlation with Venusian topography or longitude. Careful reanalysis of a larger data set may alleviate these
difficulties in the near future.

6. Conclusions

From the analysis of a large data set of individual wind measurements collected with VMC/VEX, we have shown
that the zonal winds near cloud top level (~67 £ 2 km) show a geographic pattern which is correlated with sur-
face topography. The present longitude analysis of VMC zonal winds suggests indeed that topography is decel-
erating the zonal wind, and we are proposing a mechanism based on stationary gravity waves generated at
ground level, propagating upward until a breaking altitude, where they deposit their momentum and decele-
rate the winds. Such a gravity wave mechanism is known to operate in the Earth atmosphere, as proposed by
Lindzen [1981] to explain the seasonal variation of mesospheric vertical wind profiles. The deceleration
observed in the atmosphere of Venus is a fact that should be accounted for when superrotation mechanisms
are discussed. Current GCM models which can reproduce superrotation do not reproduce yet this effect.

This analysis shows that the zonal wind at cloud top level correlates with surface topography. The temporal
trend (increase of the wind velocity from 2006 to 2010) reported by Khatuntsev et al. [2013] is now under-
stood as an aliasing artifact linked to the combination of the longitude-latitude distribution of the wind speed
and the measurements sampling near the geographic longitude of the subsolar point, which drifted slowly
from a longitude of slow zonal wind to a longitude of stronger wind. Similarly to the apparent wind speed
trend, it is likely that the temporal trend of UV contrast and albedo reported by Lee et al. [2015] is also appar-
ent, exactly for the same reasons as the wind artifact.

Other atmospheric parameters may also be mapped as a function of geography. We have presented the geo-
graphic distribution of UV albedo and found a conspicuous longitude structure, totally unexpected. We have
shown that near the equatorial region, there is a striking similarity between the UV albedo distribution and
H,0 distribution at cloud top level as established by SPICAV IR data Fedorova et al., 2016]. We provided an expla-
nation, with upwelling of more humid air compensating for the zonal wind longitude gradient for mass conser-
vation. In some sense, there is an atmospheric fountain located downstream of Aphrodite Terra, where the wind
is reaccelerating after a zone of deceleration. The low albedo associated with high H,O near equator demon-
strates that the UV absorber is produced below the cloud top and is brought by upwelling together with
H,0. In this explanation, the UV albedo and H,0 variations are a secondary effect of the influence of stationary
GW influencing the zonal wind magnitude.

These new findings are totally justifying the remarkable intuition of Young et al. [1994] who wrote: “...large
topographic slopes are ubiquitous over the surface of Venus and hence topographic wave forcing may be an
important momentum source for the global circulation at cloud levels and above.” This intuition is supported
by the present analysis of VMC zonal winds. The deceleration of the zonal wind by stationary gravity generated
on high-altitude reliefs is a fact that should be accounted for when superrotation mechanisms are discussed.

With the successful capture in orbit of Japanese Akatsuki mission and its good imaging capabilities, it is
hoped that all the findings presented in this paper will be confirmed and studied in more detail by our
Japanese colleagues.

Appendix A: Additional Aspects

A1. The Length of Venus Solar Day and Frequency Signature of Periodogram
In Table A1 is indicated the length of the day for both planets Earth and Venus (in units of hours and terrestrial
days). One must distinguish the length of the sidereal day (the time separating the passage above a given
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Table A1. Length of Day and Year on Earth and Venus

Earth Venus
Length of year (days) 365.24 224.7
Length of sidereal day (mountain facing a star) 23 h 56 min 243 days
Length of solar day (mountain facing the sun) 24h 117 days

geographic meridian of a given star) from the length of the solar day (the time separating the passage above
a given geographic meridian of the sun). It is often quoted in the literature that on Venus the length of the
day is longer than the year. This statement is quite misleading. It is true for the sidereal day (243 terrestrial
days, longer than the length of the year which is 224.7 terrestrial days); it is not true for the solar day
(117 days), and the solar day is a much more important controlling factor than the sidereal day for any planet.
It can be noted that on Earth the solar day is longer than the sidereal day (by 4 mn), while on Venus it is the
contrary: the solar day is shorter than the sidereal day. This is because of the retrograde rotation of the planet.
A particular longitude of Venus will see the sun at the local meridian every 117 days.

Let us assume that one Venus parameter (for example, the zonal wind velocity) would depend on the Venus
geographic longitude and assume dayside observations only as illustrated in Figure A1l. The sampling
window will be centered on, or not far from, the subsolar point geographic longitude, which moves by
360° in 117 days. Therefore, the following theorem may be formulated: if a parameter measured on the day-
side depends on the geographic longitude, then a time series of such measurements will show a period at
117 days, regardless of other geometric conditions of observations (like the fact that the orbit of Venus
Express is fixed in inertial space.)

Reciprocally, if a period of 117 days is found on a parameter measured on the dayside, it is likely that it
depends on the geographic longitude, which can be checked by plotting the parameter as a function of long-
itude. In their study of VMC zonal wind from VMC/VEX, Khatuntsev et al. [2013] found indeed in the period-
ogram of the zonal wind a peak at 117 days that triggered our attention.

A2. The Trajectories of VEGA-1 and VEGA-2 Balloons

During the soviet missions VEGA-1 and VEGA-2, two identical balloons were deployed in the atmosphere of
Venus and stay afloat at an altitude of ~53 km for ~2 days, VEGA-1 at 8.1°N and VEGA-2 at 7.5°S [Blamont et al.,
1986]). From Table 1 of Sagdeyev et al. [1992] giving the time and longitudes of both balloons, we may com-
pute the average zonal velocity from injection to the final transmission. Taking into account the radius of
Venus at 53 km of altitude, we find 68.8m/s for VEGA-1 balloon flying at 8.1°N and 65.9 m/s for VEGA-2
balloon flying at 7.5°S. This is probably more accurate (analysis published in 1992, 7 years after the flight)
but fully consistent with the earlier estimate of Preston et al. [1986] of 69+ 1 and 66 + 1 m/s, respectively,
for VEGA-1 and VEGA-2 balloons. The longitudes of the two balloons changed from 176.9 to 68.8° for
Balloon 1 and from 179.8 to 76.3° for Balloon 2. Therefore, this Balloon 2 was in the geographical region of
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Figure A1. (left) A typical image of VMC/VEX used to make zonal wind measurements. Regions near the terminator are avoided.
(right) lllustration of the theorem. The sine wave would represent a parameter that would depend on the geographic longitude.
The red arrow, centered on the subsolar longitude, moves by 360° in 117 days, producing a corresponding frequency peak in
the periodogram of a time series of the parameter. The theorem would be valid also for nightside-only measurements.
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Table A2. Longitude of VEGA-1 Balloon B1 and of VEGA-2 Balloon B2 at Start and End of Mission and Average Velocity®

Balloon 1 Time (UT) h:min:s Latitude (deg) Longitude (deg) Zonal Distance Traveled (km) Mean Velocity (m/s)
B-1 injection 02:06:10 8.1°N 176.9 0

B-1 final transmission 48:38 8.1°N 68.8 11,523 68.8

B-2 injection 02:06:04 7.5°S 179.8 0

B-2 final transmission 48:38:01 7.5°S 76.3 11,033 65.9

*Time, latitude, and longitude are taken from Sagdeyev et al. [1992]. The distance traveled is computed at altitude of 53 km to derive an average zonal wind

velocity.

decelerated wind as mapped by VMC (Figure 2b) and its lower mean zonal velocity (—4 % compared to
Balloon 1, which latitude is over less mountainous regions) is consistent with our VMC findings. Since we have
no good coverage at 8°N for VMC winds, we may assume that the zonal wind at 8°N is the same as over
nonmountainous regions south of the equator where there is good VMC wind coverage (Figure 6, bottom).
From Figure 3 we compute that the average zonal wind over the longitude range of Balloon 2 (76.3 to 179.8°)
is —89.1 m/s, while itis —101 m/s in the longitude region (200-360°) that we consider as unperturbed. This is
a deceleration of —12%, therefore higher at 67 km than at 53 km.

Still, Vega balloons show that there is already an effect at 53 km, in the lower part of a low stability region as
measured by VERA radio occultations measurements [Tellmann et al., 2009, Figure 3]. It shows that GW are
already beginning to break at 53 km but that their decelerating effect is even higher at higher altitudes.
Therefore, they probably break also at altitudes higher than 53 km (Table A2).

A3. Propagation of Stationary Gravity Waves in the Atmosphere of the Earth

As an exercise of comparative planetology, it is interesting to compare the conditions of vertical propagation
of gravity waves on planets Earth and Venus. One condition for vertical propagation of GW is that their hor-
izontal phase speed must be different from the mean horizontal wind. In the case of planet Venus, this con-
dition is always fulfilled for stationary GW generated at ground level, since their phase speed is zero with
respect to the ground and since the wind increases constantly with altitude up to 70 km (Figure 9). In the case
of the Earth and as shown by Lindzen [1981], this condition is fulfilled only for certain speeds and depends on
season. Figure A2 illustrates the propagation of gravity waves in the Northern Hemisphere of the Earth atmo-
sphere. In winter winds are blowing from west in both the troposphere and the middle atmosphere (strato-
sphere/mesosphere, from 12 to 90 km). Stationary and westward traveling gravity waves generated at low
altitude can propagate up to the upper mesosphere with a constant horizontal phase speed and an increasing
amplitude due to the exponential decrease of the atmospheric density.

When they reach a level where their
phase speed is close to the mean zonal
wind or their amplitude large enough
J to create a shear instability, they break
Zsreax and they transfer their momentum flux
to the mean flow, creating an accelera-
1 tion in the direction of their propaga-
tion relative to the mean wind. This
explains the closure of the mesospheric
jet around 90 km. In summer a similar
- process occurs but in the opposite
direction. Only gravity waves with an
| | J eastward phase speed can propagate
100 5 0 5 100100 5 0 50 100 Up to the upper mesosphere, creating

SPEED (ms) 37543.24 a closure of the mesospheric easterly
jet. The mechanism of deceleration of
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Figure A2. Approximate altitude profiles of the mean zonal winds in (left)
winter and (right) summer of the Earth Northern Hemisphere. The
permitted phase speeds for the propagation of gravity waves and their
breaking levels are also shown. Reproduced from Brasseur and Solomon atmospheres and in particular in the
[2005, p.76] and adapted from Lindzen [1981]. Venus atmosphere.
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