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ABSTRACT

We present the detection and characterisation of mesoscale waves on the lower clouds of Venus using images from the Visible Infrared
Thermal Imaging Spectrometer onboard the European Venus Express space mission and from the 2 pm camera (IR2) instrument
onboard the Japanese space mission Akatsuki. We used image navigation and processing techniques based on contrast enhancement
and geometrical projections to characterise morphological properties of the detected waves, such as horizontal wavelength and the
relative optical thickness drop between crests and troughs. Additionally, we performed phase velocity and trajectory tracking of wave
packets. We combined these observations to derive other properties of the waves such as the vertical wavelength of detected packets.
Our observations include 13 months of data from August 2007 to October 2008, and the entire available data set of IR2 from January
to November 2016. We characterised almost 300 wave packets across more than 5500 images over a broad region of the globe of Venus.
Our results show a wide range of properties and are not only consistent with previous observations but also expand upon them, taking
advantage of two instruments that target the same cloud layer of Venus across multiple periods. In general, waves observed on the
nightside lower cloud are of a larger scale than the gravity waves reported in the upper cloud. This paper is intended to provide a more
in-depth view of atmospheric gravity waves on the lower cloud and enable follow-up works on their influence in the general circulation

of Venus.
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1. Introduction

An atmospheric internal gravity wave is an oscillatory distur-
bance on an atmospheric layer in which the buoyancy of the
displaced air parcels acts as the restoring force. As such, this
kind of wave can only exist in a continuously stably stratified
atmosphere, that is, a fluid in which the static stability is posi-
tive and horizontal variations in pressure (within the atmospheric
layer) are negligible when compared to the vertical variations (in
altitude) (Sutherland 2010).

These waves represent an efficient transport mechanism of
energy and momentum which can dissipate at different altitudes
and force the dynamics of several layers of the atmosphere. This
dissipation or wave breaking can dump the transported momen-
tum and energy to the mean flow, contributing to an acceleration,
thus significantly altering the thermal and dynamical regime of
the atmosphere (Alexander et al. 2010).

The attributes of internal gravity waves are of particular
importance in the case of Venus, a planet with a zonal retro-
grade super-rotating atmosphere with winds up to 60 times faster
than the solid globe of the planet (Sanchez-Lavega 2011). The
mechanism that drives this motion has been the subject of debate
for over 40 yr. Multiple modelling attempts and observations of
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cloud dynamics both from the ground and space have been made,
and still there is no complete answer (Sanchez-Lavega et al.
2017).

According to the most recent models and observations,
super-rotation starts to become more prominent at cloud level
(~45 km), with steadily increasing wind speeds up to the top
of the clouds of Venus (~67-70 km), where they can reach
100ms~" (Sanchez-Lavega et al. 2008). The proper mecha-
nism that powers the zonal flow to such magnitudes is still
unclear but one possible contribution could be in the form of
atmospheric gravity waves generated from a convective layer
in the middle-bottom of the clouds that can transport momen-
tum upwards, powering such winds (Hou & Farrel 1987; Peralta
et al. 2008). Furthermore, measurements from several in situ
probes as well as recent radio-occultation data analysis from
the Japanese Aerospace Exploration Agency (JAXA) Akatsuki
space mission show that Venus features a convective zone in
the middle of the cloud layer (at a height of ~49-55 km) where
heat, momentum, and chemical species are mixed and change the
dynamical regime of the atmosphere considerably (Zasova et al.
2007; Tellmann et al. 2009; Ando et al. 2020).

Venus’ atmosphere displays an incredible variety of waves,
which are detected at different wavelengths ranging from the
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ultraviolet to the near-infrared. The periodic structure of the
waves observed in the ultraviolet can be seen as differences in the
reflected light at the top of the clouds while waves in the infrared
appear through opacity patterns to the thermal radiation under
the cloud layer where they propagate (Belton et al. 1976; Rossow
et al. 1990; Peralta et al. 2008; Piccialli et al. 2014). Observa-
tions of waves in the upper cloud with the Venus Monitoring
Camera (VMC) instrument onboard the European Space Agency
(ESA) Venus Express (VEx) space mission lead to the detec-
tion of periodic structures interpreted as gravity waves whose
activity was mostly limited to the cold collar region (60°—80°)
and concentrated above a mountainous region on the northern
hemisphere (Ishtar Terra) (Piccialli et al. 2014). This suggested
these waves were generated by a Kelvin-Helmholtz instability or
that waves are excited by the interaction of the lower atmosphere
with the surface topography. However, a need for improving the
statistics of wave analysis to further develop these and other
hypotheses has been expressed (Piccialli et al. 2014). Additional
observations of the upper clouds using Venus Infrared Thermal
Imaging Spectrometer — Mapper (VIRTIS-M) images at target
wavelengths 3.9 and 5 pm reveal the presence of a large number
of stationary mesoscale waves (Peralta et al. 2017b). Interest-
ingly, as these wavelengths target the nightside upper clouds and
the waves seem related to topography, the same structures are
mysteriously missing on the nightside lower clouds. On the other
hand, waves previously detected in the lower cloud of Venus
show a large diversity of properties and morphologies which
span an extended latitudinal range (40°-75°) limited to the south-
ern hemisphere. The location of these waves seems uncorrelated
to any notable topographical feature on the surface of Venus or
the local time (Peralta et al. 2008).

Radio occultation data also allow direct detection of waves
through small-scale temperature fluctuations, the latest studies
of which reveal significant wave activity in the cold collar region
favouring the northern hemisphere (Tellmann et al. 2012). With
these results, Tellmann et al. (2012) concludes that waves are
generated by either convection or topographical forcing, sup-
porting other wave studies using different observation techniques
(Peralta et al. 2008; Piccialli et al. 2014).

Here, we present the results of a systematic search for wave-
like features on the lower clouds of Venus’ nightside (estimated
to be in a region between ~44 and 49 km above the surface) using
imaging data from two different instruments, namely the VIR-
TIS instrument (Drossart et al. 2007) onboard Venus Express
(Svedhem et al. 2007) and the 2-pum camera (IR2) onboard
Akatsuki (Nakamura et al. 2016).

2. Data acquisition

VIRTIS is an instrument equipped with two separate telescopes
which work on two channels: VIRTIS-M a mapping spectrome-
ter that operates in two wavelength ranges (VIRTIS-M-VIS from
0.3 to 1 um and VIRTIS-M-IR from 1 to 5 um); and VIRTIS-H,
a high-resolution spectrometer focused on the infrared (Drossart
et al. 2007). In imaging mode, VIRTIS extracts cubes of images,
dividing its spectral range into 432 wavelength slits. This setup
allows simultaneous visualisation of different layers of the atmo-
sphere. Sanchez-Lavega et al. (2008) provide a relation between
wavelength and cloud altitude determination as well as a detailed
account of the cloud dynamics of Venus. Peralta et al. (2017a)
also give an overview of the spectral regions that target specific
cloud layers of the atmosphere.

Venus Express featured a highly elliptical orbit throughout
its mission, with an apocenter at 60 000 km from the planet and
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a pericenter as close as 350 km above the cloud tops facing
approximately 80°N of the planet. Because of the long integra-
tion times of the VIRTIS instrument, the spacecraft would move
too fast as it approached the pericenter for effective mapping of
the disc to construct an image cube, and therefore most VIRTIS
observations are focused on the southern hemisphere of Venus.

We set out to follow up on the analysis performed in Peralta
et al. (2008) and conducted our search for waves over 13 months
of VIRTIS data starting in August 2007 until the unfortu-
nate malfunction of the infrared (IR) channel of VIRTIS-M in
October 2008, which disabled its use for the rest of the mission
(Hueso et al. 2012). However, we do include the data from Peralta
et al. (2008) in our results, who observed the lower cloud from
April 2006 to March 2007, in order to present the data set in its
most complete format. A total of 239 orbits were examined, each
image at four target wavelength ranges (1.74,2.25, 3.9 and 5 pm).
The first two wavelengths are sensitive to the opacity of the lower
cloud layer at a height of ~44—48 km against the brighter back-
ground thermal radiation from below, while the last two sense
the thermal emission of the upper clouds (Peralta et al. 2017a).
As this study focuses on the lower cloud of Venus, observations
in the latter wavelengths are left to a future publication.

The Akatsuki space mission was launched in March 2010 and
reached the vicinity of Venus in December of the same year,
but the orbit insertion manoeuvre failed. However, 5 yr later a
new opportunity came for orbit reinsertion which was fortunately
successful (Nakamura et al. 2016). This led to a more elongated
orbit than previously planned, but it allowed for more continuous
observations because the apparent disc of Venus is found within
the field of view (FOV) about 96% of the time in one orbital
revolution compared to the originally planned 60% (Nakamura
et al. 2016). The IR2 camera operates at three wavelengths for
standard observation: 1.73, 2.26, and 2.32 um. The first two are
affected only by CO, absorption while the last one also fea-
tures an absorption band from CO. Using these wavelengths, the
outgoing radiation originates from altitudes of between 35 and
50 km (Nakamura et al. 2011; Satoh et al. 2016).

The orbital characteristics after orbit reinsertion, and par-
ticularly observations of the full apparent disc of Venus for
longer time intervals than was possible for VIRTIS observations,
opened up equatorial latitudes for exploration of atmospheric
waves, enabling a more complete characterisation of different
locations in the atmosphere of Venus. Images at 2.26 um were
predominantly used for the IR2 data because they offered the
best conditions to precisely detect and characterise features, and
more importantly minimised light pollution from the dayside of
the disc of Venus caused by multiple reflections of infrared light
on the detector (Satoh et al. 2017). We inspected all IR2 data
along 30 orbits, from March 2016 to December 2016, before the
acquisition of images was indefinitely interrupted (Iwagami et al.
2016). In total, 1255 VIRTIS-M images, each at the target wave-
lengths mentioned above, and 1639 IR2 images were analysed to
detect atmospheric waves during the periods selected.

3. Methods
3.1. Detection

We performed a systematic search for periodic features on the
lower cloud of Venus by visual inspection of each image. Each
image was navigated and processed to increase the contrast on
cloud features. The images were then mapped into cylindri-
cal projections. Following previous observations of small-scale
waves (Peralta et al. 2008; Piccialli et al. 2014) we looked for
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Fig. 1. Examples of detected waves on navigated images. A—C: VIRTIS images processed with a directional kernel and unsharp masking. D—F:

IR2 images processed with unsharp masking and histogram equalisation.
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Fig. 2. Example of a VIRTIS calibrated image from Venus Express
archive (A) and after image processing and application of cylindrical
projection (B).

wave packets with at least three bright and dark stripes such
as those illustrated in Fig. 1. After images were navigated and
image defects corrected, a number of contrast enhancement and
unsharp mask filters were applied to the image so that the waves
could be more easily recognised after processing, as can be seen
in Fig. 2. Each positive detection was confirmed after checking
the presence of the wave packet on images taken with different
filters sensing the nightside lower clouds, eliminating spurious
detections from additional defects. This was performed for the
VIRTIS-M images. Confirmation through the identification of
identical wave packets between images of the same area on the
disc of Venus at short time intervals (1-2 h) was also performed
in some cases.

3.2. Characterisation of wave properties

A total of 2685 VIRTIS-M cubes and 2878 IR2 images were
inspected for the presence of atmospheric gravity waves. Pos-
itive detections of wave activity were characterised for their

morphological (horizontal wavelength, packet length and width,
orientation, and optical thickness drop) and dynamical (phase
velocity and lifetime of wave packets) properties where possible.
Processing techniques used for both detection and characterisa-
tion were similar to the ones described in Peralta et al. (2018)
including limb fitting when necessary, as some nightside images
showed a misplacement of the navigation grid. Adjustments in
processing were always made on a case-by-case basis. VIRTIS
images featured one exception as we found that applying a direc-
tional kernel for sharpening greatly improved the visibility of
wave packets for those cases.

Properties such as horizontal wavelength and packet width
and length are extracted by calculating the distance between an
origin and destination target points in the wave packet using the
expression:

Pis \/(/12 — A1)? cos? ((ﬁ%) + (2 — ¢1)?

Dist =
8 180

(a+h

ey

This calculation is applied between two pixels on top of the vis-
ible disc of Venus (provided they are navigated). The values of
Ay, A2 and ¢, ¢, are the longitudinal and latitudinal coordinates
of the origin and destination points, ¢ is the average latitude
between measured points, a is the planet radius and % is the
altitude of the observed cloud layer.

Horizontal wavelength and packet length and width measure-
ments were performed several times for the same packet and then
averaged. The orientation of the packet is the angle between the
general axis perpendicular to the wave front alignment and the
local parallel at the origin point. Angles in this calculation are in
degrees.

¢ = arctan (%) ) ()
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A34, page 3 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040193&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040193&pdf_id=0

A&A 649, A34 (2021)

Estimation of the wave amplitude is difficult because retrievals
of atmospheric parameters like temperature or density from nadir
observations of Venus’s nightside lower clouds are subject to
large uncertainties. However, the disturbance of waves over the
optical thickness of the clouds can be used as a ‘proxy’ for
the normalised wave amplitude (Tselioudis et al. 1992). The
calculation of the optical thickness perturbation by the wave
packets is performed using the same formula as that described
in Peralta et al. (2020), taking the optical thickness drop ratio
between crests and troughs. This calculation was not performed
for wave packets in Akatsuki/IR2 images because of the problem
of light pollution from the saturated dayside (Satoh et al. 2017).
In VEx/VIRTIS images, wave packets close to the terminator
were also excluded.

The dynamical characterisation of wave packets was more
challenging. Due to the observational constraints previously
mentioned, VIRTIS could not observe the same region of the
disc continuously for more than 6 h within the same orbit. This
limited the number of wave packets that could be tracked indi-
vidually to analyse their propagation and dynamical evolution.
Nonetheless, a significant number of wave packets were effec-
tively tracked, allowing us to record their phase speed and how
they possibly interact with the background wind flow.

This task was better accomplished for waves detected with
IR2 images because orbital aspects of the spacecraft permit-
ted visualisation of larger areas over longer stretches of time
than VIRTIS. This in turn allowed wave packets to be followed,
on some occasions before they became apparent or after they
vanished in the images.

We used the same procedure as Peralta et al. (2018) to track
the displacements of each crest of a wave packet between two
images separated by a known time interval, retrieving at least ten
wind tracers per packet. We also retrieved the local background
wind at similar latitudes using methods identical to cloud track-
ing — also applied in Peralta et al. (2018) and Goncalves et al.
(2019) — to evaluate the intrinsic phase velocity of these waves
and how they relate to the general atmosphere dynamics.

Phase velocities of wave packets and background wind veloc-
ity were measured individually using wind tracers and the
following equation:

c0S(P)Req 755 ALon

v= At ’ ©)

where U is the zonal velocity of the tracked tracer (wave crest for
phase velocity or any cloud feature for the background wind), ¢
is the latitude average as in Eq. (1), Rq is the equatorial radius
of Venus, ALon is the zonal displacement of the tracked feature
between images A and B, and At is the temporal interval between
the considered images. Wave phase speed is measured by track-
ing individual structures that belong to the wave packet (mostly
wave crests) between one or more pairs of images, depending
on the lifetime and visibility of the packet. In addition to the
above-mentioned constraints on the dynamical characterisation
of waves, wave dispersion also plays a role in their visual clas-
sification and characteristics, as a single wave packet can break
into two or more separate ones.

3.3. Theoretical considerations

Assuming that the wave packets apparent in the observations
correspond to atmospheric gravity waves, a simple analytical
model was employed for their interpretation. To this end, we
made use of radio-occultation data from the Ultra-Stable Oscil-
lator (USO; Imamura et al. 2011) onboard the Akatsuki space
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mission, namely temperature profiles to constrain the vertical
wavelength of waves present at the nightside lower clouds. These
temperature profiles were also used to infer the Brunt Viisild
frequency, which can be used to unveil the true character of the
waves present in observations.

Using linear theory to describe wave phenomena, we can
describe waves as a small perturbation of the mean flow on a spe-
cific atmospheric layer (in this case the lower clouds of Venus).
Using an approach specific to slow terrestrial rotators such as
Venus — described in Peralta et al. (2014a) — and assuming that
the vertical wind shear of the zonal wind does not significantly
affect wave propagation, which can be verified if the intrinsic
phase velocity is higher than the change in the zonal wind in a
vertical wavelength (Iga & Matsuda 2005), and that the static
stability is approximately constant within the altitude region
studied, we can obtain a general dispersion relation for gravity
waves in the form:

& — = NI +E.(m* + 77)
; =

, “
K +m? +
where ¢} is the zonal component of the phase velocity, U is the
average zonal wind, N is the Brunt Viisild frequency, & repre-
sents a centrifugal frequency modified by the meridional shear of
the background wind, H is the density scale height, and k and m
are the horizontal and vertical wave numbers. We are not includ-
ing the meridional component of the phase velocity of waves in
this discussion because the best spatial resolution achieved on
these images is of the same order of magnitude as the error in
meridional wind flow in the lower cloud, as already discussed by
Hueso et al. (2012). The Brunt Viisild frequency can be esti-
mated using the results from radio occultation measurements
performed by Akatsuki and described in detail in Ando et al.
(2020), namely the value of the static stability in the lower cloud
of Venus during the period of observation:

dr

= 9
S_dz +Cp’ )

where § is the static stability of the layer of the atmosphere, T
and z are the temperature and altitude, g is the acceleration of
gravity, and C, is the specific heat at constant pressure. From
this, the Brunt Viisild frequency is calculated through:

_—. 6)

As the static stability and consequently the Brunt Viisald fre-
quency can both vary with altitude and latitude, values of N
were calculated for different altitude levels within the expected
altitude region of the lower cloud. These analytical models
are compared to the retrieved data in dispersion diagrams in
Sect. 5.1.

The estimation of the Brunt Viiséla frequency is then used in
the computation of the vertical wavelength of characterised pack-
ets along with the retrieved horizontal wavelengths and phase
velocities:

2 2
_ m=2". @)
Ay A,

k

where A, and A, are the horizontal and vertical wavelengths of
packets. Introducing the latter in Eq. (4) we are able to compute
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Fig. 3. Distribution of characterised wave packets on the nightside
of Venus during the period of observation. Wave packets from VIR-
TIS data are represented by crosses and from IR2 are represented by
rhombuses. Additionally, represented by dark circles are wave packets
featured in Peralta et al. (2008). The topography map was made from
data from VeRa onboard Venus Express (Hausler et al. 2006, 2007).

the vertical wavelength of wave packets with:

A 52
271«/0;,‘ -z

/lz = (8)
\/N2 - Egz.kz + iy (‘z—z + 5;2)

where cAi,‘ is the intrinsic zonal component of the phase speed
resulting from ¢, - @. We calculated the value of A, for each
wave packet at the altitudes within the lower cloud range, using
the previously obtained values of the static stability from radio
occultation data.

For a more precise approach, we understand that both vertical
shear of the zonal wind and variability of the static stabil-
ity within the lower cloud layer exist which would necessarily
change these equations. Even though we account for variations of
the static stability with altitude when calculating 1., we address
the implications of these approximations in Sect. 5.2.

4. Results

Examples of wave packets observed and characterised with both
VIRTIS and IR2 nightside images are displayed in Fig. 1. A
total of 277 wave packets were identified and morphologically
characterised (VIRTIS and IR2) while for dynamics only 168
characterisations were retrieved. Of all retrieved wave packets,
approximately 32% were dynamically characterised, with a sig-
nificantly higher proportion of IR2 waves available for tracking
than those from VIRTIS. Packets were characterised on every
image in which they were present, not only for completion but
also to track the evolution of each packet over time. As such, we
distinguish every wave packet measurement with distinct packet
measurements as the latter refers to a single wave packet prop-
agating in the atmosphere, even if its properties are measured
on more than one image. Regarding distinct packets, 94 were
observed and analysed on VIRTIS images and 42 from IR2 data.
With the addition of the data from Peralta et al. (2008), a total of
166 different wave packets are included in this study.

4.1. Morphological properties

Figure 3 shows every instance of wave-packet characterisation,
even if the same wave packet is being characterised across dif-
ferent images. In Fig. 4 we also present a condensed version in

%
s (kM)

Latitude

X
Altitude relative R,

0 45 90 135 180 225 270 315 360
Longitude

Fig. 4. Distribution of characterised wave packets on the nightside of
Venus in a latitude/longitude map. On this map, we represent only dis-
tinct packets from all three data sets: VIRTIS, IR2, and the data from
Peralta et al. (2008).
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Fig. 5. Top: latitude/longitude and latitude/local time coverage maps
of VIRTIS and IR2 images during the period of observation for both
datasets. A greater number of images are shown for the southern hemi-
sphere, particularly in regions between 60° and 90°S at 0°—45° and
195°-360° and slightly decreasing between both terminators. Bottom:
latitude/longitude and latitude/local time maps of the percentage of
wave occurrence within the number of images analysed..

which we show only distinct packets. The large rows of points
that represent the movement of the same wave packet charac-
terised on different images are gone as a result. As illustrated by
both Figs. 3 and 4, most of the wave activity was observed on the
southern hemisphere of Venus.

Moreover, the large concentration of VIRTIS packets at
225°-315° longitude may be an observation bias, because dur-
ing the observed period (August 2007-October 2008) VIRTIS
observed this region much more frequently than other areas
which is illustrated in Fig. 5 (top-left plot). There are also a good
number of images and detections at equatorial and ‘subtropical’
latitudes (0°-30°) as the orbit of Akatsuki enables the detec-
tion of wave activity closer to the equator and on the northern
hemisphere on Venus, which is not possible with VEx/VIRTIS.

The occurrence maps in Fig. 5 combine the distribution of
characterised waves with the number of images that target each
sector on Venus to show the mesoscale wave frequency (num-
ber of observations with mesoscale waves to ‘total number of
observations’ ratio) at different locations. Even though wave
occurrence is never higher than 11%, an asymmetry in their dis-
tribution is clear as wave occurrence seems more concentrated
in two different regions, between 45°and 135° at equatorial lati-
tudes and between 270° and 315° flanked by subtropical latitudes
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Fig. 6. Histogram showing the number of crests on each characterised
wave packet. Includes data from Peralta et al. (2008) which encompass
VIRTIS data from July 2006 to March 2007.

and the region where the cold-collar would be (Piccialli et al.
2012).

Figure 6 shows the number of crests of characterised wave
packets. A minimum of three crests for wave packet detection
was required to distinguish mesoscale waves from other cloud
patterns that might share a similar morphology. There seems to
be a higher occurrence of shorter wave packets (3—4 crests) in
both data sets which decreases drastically for packets with many
more crests (>10). However, the causes of these observations are
uncertain.

Figure 7 shows the results of the morphological properties
of characterised packets. Waves characterised with VIRTIS data
have the values of their properties, such as horizontal wavelength
and packet width, more concentrated on narrower ranges than
IR2 waves. Even though we have approximately 59% more wave
characterisations with VIRTIS data when compared with IR2,
the properties distribution is not proportional between both data
sets, especially for the case of the orientation of wave packets in
Fig. 7 (bottom right plot) where we can identify approximately
the 10° orientation as the most frequent value for VIRTIS waves,
whereas IR2 waves present two peaks regarding orientation, one
at —10° and another at 20°.

The values retrieved for the morphological properties of
wave packets on both VIRTIS and IR2 databases are summarised
in Table 1. The spatial resolution of observations was limited
(minimum of 12 kmpix~! on VIRTIS and 5 km pix~! on IR2)
and so there is the possibility of waves with shorter wavelengths
that we were unable to characterise in our observations. Also,
the widths of some of these packets changed considerably within
their extension (packet length), which lead to larger deviations
from the mean value of the packet width. Furthermore, some of
the packets did not have a clear boundary from where the crests
emerged and their width might be greater than what observing
conditions (the contrast between crest and background) would
allow us to see during characterisation (see Fig. 8).

As IR2 data span wider areas on Venus’s nightside, higher
values for the packet length are expected. However, some of
these characterisations offer only the minimum packet length,
as putative crests blend into the background atmosphere or the
packets extend beyond the image, especially for the VIRTIS case.
As the orientation is defined as the angle relative to the paral-
lel (line of constant latitude parallel to the equator), values are
positive when increasing to the north and negative otherwise.
Information on the direction of propagation can only be confi-
dently retrieved when the same wave packet can be identified in
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two or more images. As previously stated, orientation values of
VIRTIS and IR2 waves have the most contrasting distributions
when compared with other morphological properties. Probable
cause is attributed to the broader region where the packets are
located when compared to VIRTIS waves, although an explana-
tion as to why orientation seems more affected by this than other
properties remains unclear.

Figure 9 shows how the morphological properties of waves
are distributed across the geographical latitude of Venus.
Mesoscale waves at lower latitudes exhibit more scattered val-
ues for certain morphological properties, in contrast with waves
at higher latitudes. Distinct sources and greater variability of the
dynamics of the lower cloud layer at these latitudes might con-
tribute to the dispersion of these values, creating more diverse
waveforms (Horinouchi et al. 2017).

Figure 10 shows the range of values for the relative drop in
optical thickness between crests and troughs for characterised
packets. We only include data retrieved from VIRTIS images
because IR2 images are affected by light pollution as described
in Satoh et al. (2017). This aberration has a significant effect on
the observed pixel information from which we would calculate
the optical thickness, in most cases making it difficult to accu-
rately measure the drop in optical thickness between crests and
troughs with confidence.

Data from VIRTIS images show that for most packets the rel-
ative drop is fairly low, namely between 2 and 6%, with packets
whose relative optical thickness drops by higher values (>10%)
being increasingly less frequent. However, we did not find any
relation between this sharp decrease in optical thickness and any
other properties or location of the wave packets. Nevertheless,
there have been investigations into the relationship between opti-
cal properties of clouds and their temperature (Tselioudis et al.
1992, 1994). It might be possible to use radiative transfer models
to infer other properties of waves such as amplitude.

4.2. Dynamical properties

With techniques akin to cloud tracking described in Machado
et al. (2017), Peralta et al. (2018) and Goncalves et al. (2019), we
measured the phase speed of 50 different wave packets on both
instruments. Figure 11 shows the measured wave-packet phase
velocity compared with the mean zonal wind profiles for the
lower cloud of Venus, where these waves were detected. Each
phase velocity data point represents a different packet.

Figure 12 shows the intrinsic phase velocity of measured
waves. These are the values presented in Fig. 11 with the
retrieved local background wind subtracted. As this calculation
is performed as cAg =c, — U, where cAf)‘ is intrinsic phase velocity,
¢, is the measured phase velocity, and @ the local background
wind, along with Venus featuring a retrograde wind flow, nega-
tive values imply a wave with its phase speed faster than the local
wind and, conversely, positive values imply slower wave packets
relative to the background wind.

Figures 13 and 14 show how wave packets propagate during
observation. The latitude/longitude map shows the travelled dis-
tance in a straight line between the first tracked position to its last
known location. Initial positions are not necessarily related to the
formation of the wave packet, nor is the final position linked with
the dispersion of the wave. The labels on each arrow represent
the minimum lifetime of tracked waves as they propagate on the
atmosphere of Venus. As already demonstrated in Fig. 7D, most
of the packets follow the dominant zonal wind flow along their
trajectory which is further illustrated here as well as in Figs. 13
and 14.
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Fig. 7. Histogram plots of the morphological properties of identified waves on nightside images of VIRTIS-IR and VCO-IR2. Also included are

data from Peralta et al. (2008).

Table 1. Morphological properties of characterised packets.

Instrument Ay o, PW Opw PL OpL 6 o
(km) )
VIRTIS 100 (48-183) 27.07 250 (77-597) 115 486 (137-2512) 302.77 9 (-45-50) 11.61
IR2 158 (39-524) 82.79 527 (115-2340) 360.16 716 (107-2089) 412.24 -3 (-80-45) 21.78

Notes. A, is the horizontal wavelength, PW is the packet width, PL is packet length, and 6 is the orientation of the packet. o, , opw, op. and oy
are the standard deviations between all wave packets for its respective property. The first value of each of A,, PW, PL, and 6 is the mean value and
in brackets are the minimum and maximum values measured for that property.

Figure 15 presents a histogram plot of the vertical wave-
lengths calculated with the dispersion relation from Sect. 3.3
(Eq. (8)). As the static stability varies considerably with lat-
itude within the lower cloud layer, we calculated the vertical
wavelengths using four different static stability values shown
in Fig. 15 which were determined from temperature profiles
retrieved from radio occultation data in Ando et al. (2020). We
considered a larger altitude range of ~44-56 km to calculate the
values for A, in order to accommodate the possible variability of
the altitude range where the lower cloud is estimated to be (Titov
et al. 2018).

4.3. Characterisation precision

The spatial resolution of images is the most important aspect
concerning both atmospheric wave detection and their morpho-
logical and dynamical characterisation. In turn, these are highly
dependent on the proximity of the spacecraft to the target loca-
tion being monitored. Given the orbital characteristics of both

spacecraft detailed in Svedhem et al. (2007) for Venus Express
and Nakamura et al. (2016) for Akatsuki, the mean spatial resolu-
tion obtained on images with characterised waves was ~23.9 and
~20.6 km pix~! for VIRTIS and IR2 data, respectively, with bet-
ter resolution towards higher latitudes for the former and closer
to the equator for the latter.

The contents on Table 2 show the measurement error for
each morphological property which is given directly by the spa-
tial resolution of the image where a wave packet is detected. As
discussed in Sect. 2 this resolution is highly dependent on the
distance between the spacecraft and the target, controlled by its
orbit around Venus. The values for ;_, {pw, {pL, and {, represent
the mean standard deviation between measurements of the same
wave packet for each respective property. With these values, it
is possible to gauge the consistency of the measuring process
within each wave packet. As the error in the distance measure-
ment calculation (see Eq. (1)) is the same between measuring A,,
PW, or PL, and as the two latter values are usually higher than
the former, we expect a decrease in percentage error even if the
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Fig. 8. Examples of wave packets characterised with VIRTIS and
IR2. The two images on the left (a(VI0834_04), b(VI0607_07)) show
the crests and troughs very clearly, with a sharp contrast in com-
parison to the background atmosphere. The two images on the right
(c(ir2_20160905_033333_226_12b_v10), d(VI0588_05)) show that the
boundary for the width of each different crest is not as clear. The white
bars on each image represent a distance of 100 Km.
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Fig. 9. Distribution of morphological properties of waves with their
respective latitude. Each plot point represents a wave packet detected
with VIRTIS (blue or dark grey) or IR2 (red or light grey).
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Fig. 10. Histogram of the optical thickness drop ratio values for
characterised packets on VIRTIS images.

absolute values for £, , {pw, and {p rise beyond the mean spatial
resolution.

The value for ¢y in Table 2 is remarkably higher in percentage
because the mean value for orientation of packets approaches 0°
(see Table 1). The precision of the orientation values also varied
with the length of the wave packet. Due to the measuring process
as well as the limited spatial resolution of the images, it was pos-
sible to determine the orientation of longer wave packets more
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Fig. 11. Zonal wind profile of Venus’ lower cloud and the measured
phase velocity of characterised packets from VIRTIS and IR2 data. The
filled and dashed profiles in black represent the wind profiles on the
lower cloud reported in Hueso et al. (2012) and Peralta et al. (2018),
respectively. Blue crosses (dark grey) and red plus signs (light grey)
mark the absolute phase velocity of wave packets retrieved with IR2
and VIRTIS respectively along with data from Peralta et al. (2008).
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Fig. 12. Histogram of intrinsic phase velocity of characterised packets.
Bin size is 2 ms™! and each value represents a different packet. Red
(light grey) bins show values from VIRTIS data and overlaid on top
with a semi-transparent pattern are values from IR2 data. Additionally,
as black bins we show the data from Peralta et al. (2008).

accurately than it was for shorter wave packets. The measuring
process for orientation was also sensitive to the packet width,
although to a lesser degree.

Retrieved phase velocities are affected by the spatial resolu-
tion of each image and the time interval between them. The error
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Fig. 13. Trajectory of tracked wave packets from VIRTIS (filled line)
and IR2 (dashed line) data on a latitude/local time map of the night-
side of Venus. The length of the arrows represents the location of the
first observation of the packet, following a straight trajectory to its last
observed location.
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Fig. 14. Trajectory of tracked wave packets from VIRTIS (filled lines)
and IR2 (dashed lines) data from the location of the first character-
isation to the final location. The labels on each arrow represent the
minimum lifetime in hours of the respective packet. Topography map
from Magellan probe data in the background.
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Fig. 15. Histogram of the vertical wavelength of distinct characterised
packets for the altitude range (44-56 km). We also present here the val-
ues of the static stability used to compute the vertical wavelengths for
each latitude range (S), the mean error on the static stability (6S) from
Ando et al. (2020), and the propagated errors for the vertical wavelength
for both instruments (64,). The bins are 1 km wide.

in the velocity retrieval is calculated as:

os
oU=—, 9
At ©)
where 0U is the velocity error, Js is the spatial resolution of the
images (in meters pixel™'), and At is the time interval between
images. Hence, larger time intervals lead to smaller errors. The

average error for measured phase velocities and background
wind is ~6.2 ms~! within the range 2.5-12 ms~! for VIRTIS
waves and ~2.2 ms~! within 1-5 ms~! for IR2 waves.

Other predominant effects that compromise characterisation,
especially optical thickness studies, is the light pollution from
the dayside caused by multiple reflections of light inside the
detector of IR2 (Satoh et al. 2017). Not only did this influence
detectability of crests closer to the terminator (or possibly entire
wave packets) but it also made some optical thickness characteri-
sation impossible, as this external light would eclipse the natural
drop between crests of a wave. For this reason, we elected to dis-
card the optical thickness measurements from IR2 images. Other
sources of error include navigation and geometry errors from
limb fitting, however these are generally less significant. Naviga-
tion of VIRTIS and IR2 images comes mainly from Spacecraft
Planet Instrument C-matrix Events (SPICE) data and its main
sources of error are considered to be the accuracy and stabil-
ity of the spacecraft’s attitude, the uncertainty in the spacecraft’s
position, and the time accuracy on the time-tag attributed to each
image. For the case of VEX/VIRTIS, the spacecraft’s attitude is
usually stable, ensuring any deviation is not larger than 10 mdeg,
which is more than five times smaller than the best spatial res-
olution of the data used. The uncertainty in the position of the
spacecraft leads to errors on the order of tens of meters, as anal-
ysed in Rosenblatt et al. (2008), which is even lower and the
time accuracy when tagging image data is on the order of mil-
liseconds, more than five orders of magnitude smaller than the
shortest time interval between images with waves.

Navigation of IR2 images required more corrections because
for many nightside images, light contamination from the dayside
mentioned earlier along with other effects such as the high opac-
ity of the lower clouds, which makes the limb more difficult to
identify, led to significant misalignments of the navigation grid.
As such, we used the same interactive limb-fitting method devel-
oped and detailed in Peralta et al. (2018). The precision of this
correction can be estimated to range between 0.5 and 1 pixel,
depending on the case at hand.

5. Discussion
5.1. The nature of characterised waves

Characterised waves are interpreted as internal gravity waves
due to their neighbouring conditions (static stability) as well
as their combination of characteristics which are not consis-
tent with other types of waves that could form in Venus’
atmosphere (Peralta et al. 2008). To further support this inter-
pretation, we place the retrieved values on a dispersion diagram,
which connects the type of wave propagating with its horizontal
wavelength and intrinsic phase speed.

Figure 16 shows theoretical models for waves of various
types given their respective horizontal wavelengths and intrin-
sic phase velocities (Peralta et al. 2014a,b). Reference values
used to build these models are detailed in Seiff et al. (1985) and
Taylor et al. (1985), some of which are included in a com-
pendium of models for the atmosphere of Venus called the Venus
International Reference Atmosphere (VIRA). However, these
dispersion diagrams also use more recent data from instruments
onboard Venus Express for more robust modelling of the atmo-
sphere (Piccialli 2010; Hueso et al. 2012). Each type of coloured
line (a combination of dashes and dots) represents the analyti-
cal solution for pure waves of the appropriate type with specific
vertical wavelengths. Also represented with grey lines are the
Brunt Viisild frequency (N), the centrifugal frequency (), and
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Table 2. Morphological characterisation precision.

Instrument  Spatial resolution o, Opw 1559 $y
(km pix~") (km) )
VIRTIS 23.9 (12.78-42.6) 1223 (12.23%) 24.2(9.68%) 18.63 (3.83%) 1.54 (17.11%)
IR2 20.6 (5.32-51.19) 2195 (13.89%) 51.98 (9.86%) 36.92 (5.16%) 2.3 (76.67%)

Notes. Mean spatial resolution values followed by their respective minimum and maximum values and individual measurement errors for each
morphological property measured. The percentage value is relative to the mean values retrieved for each property in Table 1.
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Fig. 16. Dispersion diagram for dynamically characterised waves on
both data sets. Each dashed coloured line represents the value of the
vertical wavelength that a wave would have given its specific horizontal
wavelength and intrinsic phase velocity values according to the mod-
els described in Peralta et al. (2014a,b). The shaded region over the data
points represents the error on the phase velocity of the waves. Due to the
logarithmic nature of this diagram, the error bars go all the way down
towards the abscissa.

the centrifugal frequency modified by the meridional shear of
the background zonal wind (£) (Peralta et al. 2014a,b). Lastly,
the dark and light grey shaded areas mark the limits of the max-
imum horizontal wavelength allowed at the respective latitude
and where the usual condition in which the intrinsic frequency
of waves is much greater than & no longer applies, respectively.
In summary, these three quantities (N, ¥ and &) can serve as
boundaries where internal atmospheric gravity waves manifest
themselves and are able to propagate as such. Even though the
shape of the dispersion diagram, particularly the values of N, ‘¥,
and &, are variable with latitude and altitude, we present a single
dispersion diagram comprising all the data, having verified that
for each of their respective conditions most characterised pack-
ets remain within the gravity wave region and that the error bars
related to the measurements are large enough to justify the use
of a single mean value for latitude and altitude to build the dis-
persion diagram in Fig. 16. More details on these models can be
found in Peralta et al. (2014a,b).

The position of most characterised wave packets (black
crosses in Fig. 16) is well within the gravity wave region. A few
of these packets fall under the light grey area of the plot where
some assumptions regarding the dispersion relation used in this
model are no longer valid, which makes these particular pack-
ets more difficult to interpret regarding their nature. However,
considering the error bars present in Fig. 16, all packets can be
considered as atmospheric gravity waves. Their position in the
dispersion diagram also provides an estimation of the vertical
wavelength of wave packets represented by the dashed lines. The
static stability used in the models, which enables the calculation
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of vertical wavelengths, comes from Venus Express Data and its
calculation is described in Piccialli (2010) and the lowest altitude
the models reach is 50 km. However, in this work we estimated
the vertical wavelengths from Eq. (8) and used updated values
of temperature from radio-occultation profiles from Akatsuki
(Ando et al. 2020).

5.2. Vertical wavelength estimation and altitude of waves

The values for the vertical wavelength are calculated for a wider
region than what is estimated to be the lower cloud of Venus (44—
49 km of altitude). According to Titov et al. (2018), the altitude
level for the lower cloud starts at approximately 47 km, stating
that the boundary between the lower and middle cloud is not
well defined, going as high as 56 km. We also know from sev-
eral models of the atmosphere of Venus, such as those described
in Lefevre et al. (2018) to generate waves through convection,
that there is a highly convective zone above 50-51 km which
makes propagation of gravity waves more difficult. Furthermore,
gravity waves cannot be observed in a region where the static
stability is zero (Sutherland 2010). We chose the larger interval,
which accommodates both interpretations, as we are calculating
an average result for all these altitude levels and the mean altitude
value coincides exactly with the region where waves should start
propagating (on the region where the static stability approaches
zero, close to 50 km in altitude). Additionally, the vertical exten-
sion of these waves should not be larger than the area on which
they are propagating. According to Fig. 15 we have a substantial
number of waves that extend beyond 5 km (larger than the 44—
49 km altitude range), and so a larger altitude interval must be
considered. Regarding the convection region where we should
not see gravity waves, there is a possibility as discussed in
Lefévre et al. (2020) of transmission of gravity waves through
these impossible zones, much like a quantum tunnelling effect,
to upper layers of the atmosphere of Venus, possibly depositing
momentum and feeding the super-rotation of the upper clouds.
However, we are probably seeing waves generated by the convec-
tive region between the lower and upper clouds that propagate
downwards, and as the region below the supposed lower cloud
(<44 km) is stable until roughly 30 km, it is possible to have
waves that vertically extend down to these levels. One possible
way to distinguish the altitude range within which we see waves,
and whether these are propagating upwards or downwards, could
be via the verification of upper cloud images at the same geo-
graphical locations as the waves in this study and measure cloud
properties and dynamics for any possible alteration due to the
waves propagating in the lower cloud.

Estimated values of the vertical wavelength do not take into
account the presence of vertical wind shear of the zonal wind
or that the static stability below the cloud layer (where it can
propagate) changes with altitude, which influences the form of
Eq. (8). Considering the effects of wind shear on the propagation
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Table 3. Variable values on the estimation of A,.

Latitude range 0-30° 30-60° 60-70° 70-80°
Nx1073 (s71) (5.5+52) (5.7+53) (4.9+76) (3.6+6.7)
i (ms™h) [-12.6-12.7] + 4.4

% %107 (ms~ km™) -09+23

F1%1076 (ms~' km™) 12+2.4

H (m) 6380@

kx107° (m™) [2.7-10]1 + 1.2

Notes. The latitude range intervals are the same as in Ando et al. (2020). Values for N are obtained using the equations in Sect. 3.3 and the
temperature profiles obtained from radio occultation data from Akatasuki, described in Ando et al. (2020). We present the value and its propagated
error for each entry. For cfg and k we present its range of values (minimum and maximum) across both VIRTIS and IR2 datasets and the mean
velocity error and propagated error for the wave number across all measurements. For the wind shear and its variability we present the mean
within the largest altitude range described earlier (44—-56 km) along with its standard deviation across all latitude ranges as all values are within the
presented error. ”Scale-height reference value for the cloud layer of Venus (Peralta et al. 2014a).

of waves it is possible to verify whether or not the influence from
vertical shear is great enough to produce significant changes to
the vertical wavelength of characterised waves. We can use the
relation Iégl > AZ.I‘;—ZI from Iga & Matsuda (2005) to determine
whether or not the waves studied here are fast enough to avoid
perturbation by vertical wind shear within one vertical wave-
length. We took this analysis to the dynamically characterised
packets and concluded that all waves are indeed fast enough
for the vertical shear of the zonal wind to be insignificant. To
further develop our analysis of this issue we recalculated the ver-
tical wavelength using a more complete equation which includes
wind shear and performs the Wentzel-Kramers-Brillouin (WKB)
approximation so that an analytical formula can be obtained to
compute the vertical wave number. Further details on this equa-
tion and the approximations used can be found in the textbook
by Nappo (2002):

10)

where the partial derivative terms of the background zonal wind
correspond to the vertical shear and its variability within the
middle-lower cloud. Vertical profiles of the zonal wind can be
found in Peralta et al. (2014a) which are based on data from
Pioneer Venus probes as well as more recent cloud-tracking data
of the upper and lower clouds. In Table 3 we present the range of
values considered for the different variables at play in Eq. (10).
Wind shear values are obtained from the vertical profile of the
zonal wind in Peralta et al. (2014a).

Comparing the results between estimated vertical wave-
lengths obtained from Egs. (8) and (10) we arrive at an approx-
imately 4% relative difference between the results from both
equations. These results, which are consistent with the verifi-
cation from Iga & Matsuda (2005), allow us to conclude that
the vertical shear, although present on the sounded region of
the atmosphere, has insufficient influence to perturb the vertical
extension of the characterised waves.

5.3. Dependence on latitude/local time and influence on
wave properties

Figures 13 and 14 show that in general the waves identified in
this work mostly follow a zonal downstream propagation and as

¢ IR2
¢ VIRTIS

-
o
L 1
e
—o—H

'
-
o
|
2g]

Intrinsic Phase Speed (m/s)
S °
| L |
——
bor

¢ IR2
¢ VIRTIS

40—_I I
RS A

N
o
|

-
(-]
M|
+

Mean Orientation (deg)
)
|
+

Observed Packet Lifetime (hour)

Fig. 17. Observed lifetime of identified packets (whose dynamics are
characterised herein) versus their intrinsic phase speed (fop) and mean
orientation (bottom). Each point represents a single packet. The error
bars for intrinsic phase speed correspond to the velocity error, the cal-
culation of which was performed with Eq. (9), while the error bars
for orientation represent the standard deviation from the mean value
between all orientation measurements for each specific packet.

we see in Fig. 7D, the wave fronts are generally perpendicular to
parallel lines moving the perturbation mostly westward. As grav-
ity waves seem partially limited by & in terms of propagation
(Peralta et al. 2014a), we investigated the relationship between
morphological aspects of waves and the retrieved dynamic
properties.

We can see from Fig. 17 that most of the identified waves
tend towards shorter lifetimes even for the case of IR2 waves.
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Even though few wave packets were observed over long peri-
ods (more than 10 h), wave packets that live the longest tend to
have slower intrinsic speeds. For shorter-lived packets, intrinsic
phase speed is shown to be more variable. The right plot com-
pares the observed packet lifetime with their respective mean
orientations from parallel. Even though most packets have small
orientations (mostly zonal downstream propagation) there is no
apparent influence of orientation on lifetime, as shown by the
data retrieved from IR2. The left plot possibly indicates that
waves tend towards equilibrium with the zonal flow when they
disperse (Sutherland 2010).

5.4. Possible mechanisms for wave generation
5.4.1. Surface forcing

The asymmetry of wave occurrence on Venus could suggest a
forcing mechanism probably linked to either topography (non-
stationary Lee waves) or any other localised features that are
dependent on longitude or local time. In both bottom plots of
Fig. 5, there are two areas where wave occurrence is higher, one
of which corresponds to the Aphrodite Terra, a large mountain
range, while the other does not appear to be linked to any remark-
able topographic feature. It is also relevant to point out that we
also see a higher occurrence of waves at local times not long after
dusk (terminator) and before dawn. However, results supporting
a clear local time dependence remain inconclusive, as already
found by Peralta et al. (2008).

Even though there is a concentration of packets in the
region between Helen Planitia and Lavinia Planitia this can be
attributed to an observation bias as this region features a higher
number of observations, especially with VIRTIS images during
the observed period. As such, there is no clear wave dependence
with any geographical location on Venus, at least for small-scale
waves in the lower cloud.

The static stability profile of the lower cloud and below has
been observed from entry probes (Vega 2 down to the surface
and Pioneer Venus probes down to 12 km altitude) and is avail-
able in the VIRA model (Seiff et al. 1985; Zasova et al. 2007).
It shows a low(down to zero)-static-stability region between
roughly 20 and 30 km altitude, and the zero-static-stability con-
vective layer in the low and middle clouds (roughly 50-55 km
altitude). This convective layer and the stable region immediately
below is also characterised from the radio-occultations from
Magellan, Pioneer Venus, and Akatsuki, as recently discussed
by Ando et al. (2020). It is clear from these observations that the
static-stability profile is dependent on local time and latitude.

As atmospheric gravity waves cannot propagate in unstable
regions (Nappo 2002; Sutherland 2010), the vertical movement
of waves that would be forced on the surface would be compro-
mised through this low-static-stability region. However, Lefevre
et al. (2020) showed that stationary gravity waves generated by
topographical features can indeed travel upward to the cloud
deck through a type of tunnelling effect due to their large verti-
cal wavelengths. These stationary waves are proposed to explain
the presence of the large-scale bow-shaped stationary waves
observed with Akatsuki (Fukuhara et al. 2017). The transmis-
sion factor for waves with similar wavelengths to those retrieved
for this study reaches 20% for the lowest unstable layer (mixed
layer) and up to 45% for the cloud convective layer consider-
ing their thickness (Lefevre et al. 2020). Therefore, it could be
possible that waves generated near the surface could be part
of those seen in the lower cloud region in our work. Further-
more, the horizontal wavelength of trapped lee waves on Venus
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with the mesoscale model described in Lefevre et al. (2020) is
about 150 km, which is ten times greater than what is found
on Earth (Ralph et al. 1997) and consistent with the waves in
this study. However, according to the simulations performed by
Lefevre et al. (2020), the vertical wavelengths of these waves
should be at least three times greater than what we calculate from
our estimation with radio occultation data. Additionally, such
mountain-generated waves as those described in the observations
performed in Kouyama et al. (2017) and the models of Lefevre
et al. (2020) seem to be preferentially generated in the afternoon,
which makes observations of trapped lee waves generated by
mountains on the nightside unlikely. Also, there are a significant
number of waves whose location does not match any remark-
able topography, and the mesoscale simulations imply that some
of the estimated vertical wavelengths for the observed packet
should not be allowed to propagate because of limitations from
near-surface conditions. In addition, so far, stationary waves have
not yet been reported on the nightside lower cloud (Peralta et al.
2017b, 2019), preventing confirmation of this hypothesis, and the
mesoscale simulations of orographic gravity waves might not be
suitable for the non-stationary waves which are presented in this
work.

5.4.2. Convection and instabilities

It has been argued before that the most likely source of exci-
tation for these waves is convection, in particular from the
convectively unstable region in the lower and middle cloud
(Baker et al. 2000a,b; Imamura et al. 2014). Efforts to model
convection-generated waves in the lower cloud (McGouldrick &
Toon 2008) have shown that such waves could be observable
in VEx/VIRTIS images. The most recent simulations done with
an idealised Large-Eddy-Simulation model (Lefevre et al. 2018)
have shown that gravity waves were generated both above and
below the convective layer. These latter authors also showed the
strong influence of the vertical wind shear on the wavelengths
and direction of propagation of the gravity waves. In this lat-
ter model, the strong convective activity induces gravity waves
below the clouds over roughly 5 km, with or without wind shear.
The presence of wind shear makes the wavefronts align per-
pendicularly to the wind direction, and increases the horizontal
wavelength. This is interpreted by the authors as the consequence
of an obstacle effect due to the interaction of the background
wind with convective updrafts and downdrafts. This is consistent
with the observed orientation measured in the present work, as
well as with observations reported for the upper cloud (where the
meridional wind is much stronger than below the clouds). Indeed
our results are consistent with some predictions from models
of convectively generated waves, namely their estimated vertical
wavelength and spatial scales (morphological properties).

Some of the characterised packets might also be generated
through a Kelvin-Helmholtz instability mechanism. With the
estimated values of the Brunt Viisild frequency from the static-
stability profiles and the vertical profiles of the zonal wind from
VIRA models presented in Peralta et al. (2014a), we calculated
the Richardson number (R;) for different latitudinal bins and
heights as presented in Sanchez-Lavega (2011), but without the
contribution from the vertical shear of the meridional wind as
we lack the spatial resolution to retrieve reliable data for the
meridional wind in the lower cloud (Hueso et al. 2012). For an
altitude range of 44-52 km, R; is mostly between 0.001 and 0.194
in our calculations for Venus, which suits the narrow region
for the generation of Kelvin-Helmholtz instabilities (0 < R; <
0.25) (Sanchez-Lavega 2011). However, the critical value of R;
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Fig. 18. Latitude/longitude map of the vertical shear of the zonal
wind at the altitude of the lower cloud layer. Vertical wind shear is in
ms~' Km™'. An increase in the vertical shear is noticeable in the cold
collar region on both hemispheres.

for which instabilities occur is subject to debate because some
authors suggest that the flow might be unstable for much higher
values of R; (Piccialli 2010), leading to some uncertainty over
the conditions where we might expect these types of instabilities
to form and whether or not these can be responsible for gravity
waves such as those characterised in this paper.

Some of these waves could also be generated by shear insta-
bilities within the lower cloud. Some of these packets seemingly
interact with their environment and such perturbations could also
be part of a wave-generator mechanism. From Fig. 18 we notice
there is an increase in the vertical shear of the zonal wind at
latitudes close to 60°. This not only coincides with the cold
collar region but also with the highest concentration of packets
observed in these observations. Even though this large number of
packets has been addressed as an observational bias from VIR-
TIS, their location might be linked to this rise in wind shear and
be generated by an instability provoked from it.

One last aspect regarding wave generation and propagation
that is important to clarify is that, depending on the source,
waves in this cloud region travel in vertically different directions,
therefore either propagating towards the sky, but into the convec-
tive layer with almost zero static stability, or to deeper layers of
the atmosphere of Venus (Lefevre et al. 2018).

5.5. Wave excitation and dispersion: impact on circulation

Observation of apparent packet excitation and/or dissipation was
possible for a small number of packets. These were registered
simply as positive confirmation of the presence of a wave in a
given location and, with the calculated value of its phase veloc-
ity, we can estimate its position on another image at an earlier
or later date. In a very small number of cases, we were able to
catch a glimpse of either small disturbances that would grow
into a wave packet that was characterised, the result of break-
ing or dissipation of a wave, or simply the disappearance of a
packet in the time interval between two sequential images of the
same location. Some of these packets are seen to lose part of
their structure, and in one particular case we see a wave packet
interacting with another feature in the atmosphere of Venus and
its structure being dissipated as it passes through. We analysed

the influence of the wave packet dissipation on the background
wind flow by taking wind tracers in the region where the wave
would pass before or when the wave packet was active and after
breaking.

Even though the breaking of gravity waves dumps energy and
momentum on their respective atmospheric layer, and as such we
should expect an increase in the background wind flow velocity
after dissipation, we verified that for all cases the wind flow was
slowed after the wave disappeared and in four of the five cases
we could see that for waves with greater intrinsic phase speed,
this drop was larger (see Table 4).

Unfortunately, opportunities to accompany wave propagation
until breaking or dissipation were extremely rare for this data
set because this has to be combined with the already limited
available data of dynamically characterised waves as explained
in Sect. 4.2. Possible solutions might include more continuous
observations of the nightside of Venus such as those that could
hypothetically be achieved by what is proposed in Kovalenko
et al. (2020), with micro-spacecraft inserted on Sun-Venus’
Lagrange point orbits or further model studies on the trans-
mission of waves between layers of the atmosphere similar to
Lefevre et al. (2020), concentrating on mesoscale waves in order
to distinguish exactly where these waves dissipate.

5.6. Comparison with previous wave studies

Beyond the above-mentioned study of atmospheric waves in the
lower cloud (Peralta et al. 2008), very few extensive analyses
of this kind have been carried out. Peralta et al. (2019) charac-
terised a large number of cloud morphologies observed on the
nightside of Venus with Akatsuki/IR2 including wave packets.
Even if they were not the focus of that particular study, waves
identified in Peralta et al. (2019) served as valuable confirma-
tion of wave packets identified for this work as well as validation
of some characterisations of waves. Another study, focusing on
atmospheric waves on the dayside upper clouds, was presented
by Piccialli et al. (2014). Their survey covers the northern hemi-
sphere from 45° to polar latitudes at a latitude of approximately
66 km. Such waves are also interpreted as gravity waves, however
the morphological properties of those wave packets have much
smaller scales which can be related to the narrower field of view
and higher spatial resolution of VEx/VMC images during peri-
centric observations. The dimensions of the upper cloud waves
in this latter work were reported to be about one order of mag-
nitude smaller than what we find for wave packets in the lower
cloud. The orientation of wave packets has a broader distribution
than our findings and wave packets are concentrated above the
mountain range Ishtar Terra. Wave properties and the distribu-
tion of wave activity suggests that Kelvin-Helmholtz instabilities
or surface forcing play important roles in generating the waves
found by Piccialli et al. (2014) and Peralta et al. (2019).

The contrast between dayside upper cloud and nightside
lower cloud waves is readily apparent by their morphologi-
cal properties and distribution, even if the study by Piccialli
et al. (2014) was confined to the region northward of 45° due
to an observational bias from the Venus Monitoring Camera
(VEx/VMC; Markiewicz et al. 2007) used in their survey. Also,
because of the spacecraft orbit, these latter authors were unable
to retrieve dynamical properties from waves in the upper cloud
(Moissl et al. 2009).

This divergence in properties could also indicate a different
forcing mechanism for gravity waves at different altitudes, or it
could be that the conditions in which we find both types of wave
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Table 4. Observed appearance/disappearance of wave packets.

Orbit Date Time Lat LT c ou AU
(dd/mm/yyyy) (UT-h) (deg) (h) (ms™")

607 18/12/2007 17.48-22.48 —-44 27 -1.575 11.041 14.241
r0025 04/09/2016 15.06-17.06 1 1.6 3.901 1.553 3.884
r0026 05/09/2016 03.56-05.56 -24 0.8 —1.741 3439 14.844
r0026 05/09/2016 04.56-09.56 -32 233 —-4.667 3.846 18.38
r0026 05/09/2016 04.56-10.56 -40 231 2131 3.509 15.519

Notes. The orbit column follows the respective nomenclature norms for each spacecraft (the first entry corresponds to VEx/VIRTIS and the four
remaining belong to Akatsuki/IR2); Time refers to the temporal window of observation of the wave packet; Lat, LT refer to the mean latitude and
local time of the packet during propagation; 6; is the intrinsic phase velocity; 6U is the wind measurement error and AU is the wind speed drop

between the wave packet appearance and disappearance.

packets (dayside upper cloud and nightside lower cloud) con-
strain the observable morphological properties. Future analyses
of wave packets in the upper clouds in ultraviolet images from
Akatsuki’s Ultraviolet Imager (UVI) could help further confirm
these hypotheses and possibly establish a connection between
gravity waves on both cloud layers.

6. Conclusions

We present a systematic study of mesoscale atmospheric waves
on the nightside of Venus with data from the VIRTIS-M-IR
channel and IR2 from Venus Express space mission and Akat-
suki respectively. The wave packets apparent in the images were
morphologically and dynamically characterised, being inter-
preted as atmospheric gravity waves propagating on the lower
clouds of Venus. This paper serves as a follow-up work from
what is discussed in Peralta et al. (2008), but focuses on night-
side waves only and uses two different data sets to expand the
search for waves to other locations besides what was possible
with Venus Express, and is the largest observational study of
waves on the nightside of Venus to date. We also extend the
preliminary characterisation in Akatsuki images presented by
Peralta et al. (2019).

Atmospheric waves were mostly detected on the southern
hemisphere of Venus, which is probably due to the observa-
tion bias of VIRTIS data, as there is no evidence from previous
exploits or in our data to suggest that there would be a signifi-
cant asymmetry on wave generation between both hemispheres.
However, this can only be verified with further observations of
the northern hemisphere of Venus at the lower cloud.

Waves detected with VIRTIS and IR2 show similar charac-
teristics regarding their morphological and dynamical proper-
ties, though IR2 waves show more variety even with less distinct
packets. This could be attributed to waves being detected on
a wider range of latitudes and local times, especially closer
to equatorial latitudes. Further evaluation would be required to
examine the interaction between the different flow regimes on
the lower cloud of Venus and the properties of waves. How-
ever, we speculate that this could be related to different forcing
mechanisms at hand.

On another note, we verify that the general background wind
between both data sets increases by roughly 10 ms™'. As wind
retrievals from IR2 are more concentrated at lower latitudes
(equatorward) where the transient zonal wind jet (Horinouchi
et al. 2017) is more prevalent and the atmosphere is thicker in
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general, higher zonal wind values would be expected which we
can see in Fig. 11. However, the dynamics of the lower cloud
of Venus have been seen to change (Peralta et al. 2018), as have
those of the upper cloud (Hueso et al. 2015). Wave phase veloc-
ity and trajectory suggest that these waves are ‘guided’ by the
background zonal wind flow given their low intrinsic speeds and
orientations. We observe a decrease in the local wind speed after
waves dissipate but the short number of data points where this
was verifiable does not allow for a more robust interpretation.
However, it is apparent that gravity waves are restricted by either
their forcing mechanisms or the background dynamics of Venus
to low intrinsic phase speed and orientations.

We argue that convection is the main driving force of these
waves but it is still not possible to rule out other sources of
wave generation such as topography, shear, or Kelvin-Helmholtz
instabilities. We hope that the data presented here, providing an
update of direct measurements of gravity waves, can be used
by recent and future models to better predict the influence of
atmospheric gravity waves on the general circulation of Venus’
atmosphere.
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