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Abstract The characteristics of gravity wave packets in the Venusian atmosphere were studied using
high-vertical-resolution temperature profiles obtained by ESA's Venus Express and JAXA's Akatsuki
radio occultation experiments with radio holographic methods. Localized disturbances were detected by
applying a wavelet transform to the temperature profiles. The packet lengths were found to be distributed
over 0.6-10 km, in which typically 1.5-4.0 oscillations are included. The number of oscillations per wave
packet was found to have only a slight dependence on the wavelength, which is consistent with the —3
power law dependence of the spectral density on the wavenumber in the saturation model. The spectral
densities of the wave packets are roughly aligned with the power law of the saturation model, while the
saturation ratio for each quasi-monochromatic wave is low. This suggests that the saturated spectrum

is produced by the superposition of individually unsaturated quasi-monochromatic waves. Waves with
short vertical wavelengths (<1.5 km) were found to be more prevalent at lower altitudes than at higher
altitudes, implying an effect of radiative damping during upward propagation. The amplitude was found
to be larger at higher latitudes, which might be attributed to an increase in background static stability at
high latitudes, which allows larger saturation amplitudes.

Plain Language Summary Although gravity waves are thought to play crucial roles in
transporting momentum and energy in the Venusian atmosphere, their characteristics are not well
constrained from observations. Here the characteristics of Venusian gravity waves were studied by
extracting wave packets from temperature profiles obtained by radio occultation experiments using Venus
orbiters. The number of oscillations per wave packet was found to have only a slight dependence on the
wavelength. The observed amplitudes and the vertical wavenumber spectra suggest that the superposition
of quasi-monochromatic waves causes convective instability to limit their amplitudes. The decrease of
short vertical-scale waves with altitude is thought to be caused by radiative dampling, and the increase

of the amplitude at high latitudes is attributed to an effect of the background static stability. The finding
that the wave amplitude is mostly limited by convective instability serves as the basis for gravity wave
parameterization in numerical models.

1. Introduction

Internal gravity waves play crucial roles in transporting momentum and energy in the Earth's atmosphere
(e.g., Fritts & Alexander, 2003). In the Venusian atmosphere, wave trains with horizontal wavelengths of
tens to hundreds of kilometers, indicative of gravity waves, have been observed as localized quasi-mono-
chromatic wave packets in cloud and airglow images (e.g., Garcia et al., 2009; Peralta et al., 2008, 2019; Pic-
cialli et al., 2014). Bow-like stationary features indicative of topographic gravity waves have been observed
in cloud images (Fukuhara et al., 2017; Kitahara et al., 2019; Kouyama et al., 2017; Sato et al., 2020). Gravity
wave-like features have also been detected by radio occultation observations. Hinson and Jenkins (1995)
studied temperature oscillations with vertical wavelengths of several kilometers seen in Magellan radio oc-
cultation temperatures. They attributed the oscillations to vertically propagating gravity waves and suggest-
ed a major role for radiative damping in limiting the wave amplitude. They also suggested a contribution of
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wave-induced drag to the decrease of the mean zonal wind speed with height above the clouds. Using the
temperature profiles obtained by the Venus Express radio occultation, Tellmann et al. (2012) studied the
meridional distribution of temperature fluctuations with vertical wavelengths of <4 km that can be attribut-
ed to gravity waves. They reported an increase in the wave activity with increasing latitude, suggesting wave
generation near the high-latitude jets. Imamura et al. (2014) argued that wave generation by cloud-level
convection, which might be stronger at higher latitudes due to stronger radiative cooling of the cloud top,
can also explain the observed latitude dependence. Gravity wave-like perturbations were also observed in
situ by Pioneer Venus probes and orbiters (Seiff et al., 1992) and by Vega balloons (Ingersoll et al., 1987).
Numerical models suggest that gravity waves play crucial roles in shaping the planetary-scale wind struc-
ture (Hoshino et al., 2013; Hou & Farrell, 1987; Schubert & Walterscheid, 1984; Zalucha et al., 2013).

The interaction of gravity waves with the mean flow occurs due to the nonlinearity of the waves, which is
usually measured by the ratio of the amplitude to the saturation amplitude. The basic idea of saturation
is that the wave perturbation causes the total lapse rate to become superadiabatic, leading to convective
mixing and attenuation of the wave to the convective instability threshold (e.g., Lindzen, 1981). This is not
caused by a single wave, but by a superposition of quasi-monochromatic wave packets of all wavenumbers
jointly achieving a state of convective instability (Smith et al., 1987). Based on this concept, a model for the
vertical wavenumber spectrum of saturated waves was developed. The saturation model gives the spectral
density F;. 7 of the fractional temperature disturbance 7'/ T, where T" is the temperature disturbance and T
is the background temperature, as (Smith et al., 1987; Tsuda & Hocke, 2002; Tsuda et al., 1991):

1 N

—_—, 1
4% 10g°k? ®

Fryr =
where N is the Brunt-Viisild frequency, g is the gravitational acceleration, and k, = 1/1_ is the vertical
wavenumber, with 4 being the vertical wavelength. The use of cycles per unit length instead of radians per
unit length in the definition of the wavenumber is the convention in plots of vertical wavenumber spectra.
The k;3 dependence relies on the assumption that the bandwidth of each quasi-monochromatic wave is
proportional to the local wavenumber (Dewan & Good, 1986; Smith et al., 1987). This is equivalent to a
condition that the number of wave cycles in each quasi-monochromatic wave packet is independent of the
wavenumber. The saturated spectral density given by (Equation 1) is a factor of 3 times smaller than that
obtained by assuming that individual wave packets are saturated in isolation. The saturation model agrees
well with observations of the Earth's middle atmosphere (e.g., Fritts & Alexander, 2003; Smith et al., 1987;
Tsuda & Hocke, 2002; Tsuda et al., 1989, 1991).

Ando et al. (2015) studied the vertical wavenumber spectra of the temperature profiles of the Venusian
atmosphere obtained by the Venus Express radio occultation and showed that the spectra above ~65 km
altitude are largely consistent with the saturation model at wavelengths of 1-5 km. At shorter wavelengths
the vertical resolution limits the analysis. From the characteristics of saturated waves, wave-driven tur-
bulent diffusion coefficients were estimated. They also determined the amplitude growth with height of
unsaturated waves (1, > 5 km). Though neutral stability layers indicative of saturation were rarely observed
in the temperature profiles Ando et al. (2015) used, Imamura et al. (2018) showed that thin near-neu-
tral layers frequently exist in the Venusian atmosphere, using high-vertical-resolution temperature profiles
obtained by a radio holographic method from the Venus Express and Akatsuki radio occultation experi-
ments. Examples of the vertical profile of the static stability S = dT'/dz + g/C,, are shown in Figure 1, where
dT/dz is the vertical gradient of the temperature, g is the gravitational acceleration and C,is the specific
heat at constant pressure given by Seiff et al. (1985). Thin layers of near-neutral stability are distributed
over a wide range of latitudes and altitudes. Imamura et al. (2018) also found that the vertical wavenumber
spectrum roughly follows the saturation model down to wavelengths of a few hundreds of meters. The
characteristics of quasi-monochromatic wave packets and their contributions to the saturated spectrum in
the Venusian atmosphere are still unknown.

Here, we study the characteristics of gravity wave packets in the Venusian atmosphere using high-verti-
cal-resolution temperature profiles obtained by applying a radio holographic method to the Venus Express
and Akatsuki radio occultation data (Imamura et al., 2018). A wavelet transform is applied to Venusian tem-
perature profiles for the first time. Wavelet transform has been used in studies of Earth's gravity waves (Sato
& Yamada, 1994; Shimomai et al., 1996) and Saturn's gravity waves (Harrington et al., 2010). In the present
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Figure 1. Examples of the vertical profile of the static stability obtained by a radio holographic analysis (Imamura
et al., 2018). The data were obtained by Akatsuki's entry occultation on May 26, 2017 at a latitude of ~0.4°S (a, red),
Akatsuki's exit occultation on June 6, 2017 at a latitude of ~38.9°S (a, blue), Akatsuki's exit occultation on March 3,
2016 at a latitude of ~66.9°S (b, red), and Venus Express's entry occultation on July 31, 2017 at a latitude of ~73.3°S
(b, blue). The error in the static stability is typically <0.7 K km~! at altitudes lower than 75 km.

study, the amplitudes and packet lengths of individual quasi-monochromatic waves and their contribution
to saturation are investigated. Combined with the altitude and latitude dependences, the dissipation pro-
cesses of the waves are discussed. Section 2 describes the data set and the analysis procedure, Section 3 gives
the results, and Section 4 provides a discussion and conclusions.

2. Data Set and Analysis Procedure
2.1. Temperature Profiles

The radio occultation temperatures we analyzed are those retrieved by Imamura et al. (2018). The raw data
were obtained by the Radio Science experiment (VeRa) (Tellmann et al., 2009, 2012) on ESA's Venus Express
(Svedhem et al., 2007) and the Radio Science (RS) (Imamura et al., 2017, 2018) on JAXA's Akatsuki (Naka-
mura et al., 2011, 2016). From the whole data set of VeRa, we analyzed 32 occultation experiments distrib-
uted evenly in latitude and local time taken during the period from July 2006 to September 2009. These data
are a subset of the data used by Tellmann et al. (2012). Akatsuki RS started in March 2016. We analyzed
27 occultation experiments conducted during the period from March 2016 to July 2017 at the Usuda Deep
Space Center (UDSC) of JAXA. Using data from the two missions that are separated by ~10 years from each
other allows us to investigate possible long-term variations.

Imamura et al. (2018) have processed the raw VeRa and Akatsuki RS data using full spectrum inversion
(FSI) (Jensen et al., 2003; Tsuda et al., 2011), which is one of the radio holographic methods, to achieve
vertical resolutions of ~150 m. This method is different from the conventional geometrical optics method
used in Tellmann et al. (2009, 2012) and Imamura et al. (2017), in which the vertical resolution is de-
termined by the Fresnel diameter, which is typically 400-700 m (Ando et al., 2015; Hausler et al., 2006;
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Imamura et al., 2017). FSI can decipher multipath propagation that frequently occurs in radio occultation
of the Venusian atmosphere. The vertical grid interval of the temperature profiles is taken to be 10 m. The
observation points used are widely distributed in space and local time (see Figure 2 in Imamura et al., 2018).

2.2. Identifying Wave Packets

Localized waves were extracted using a wavelet transform, which has been applied to various geophysical
and astrophysical data including gravity waves in the Earth's atmosphere. The wavelet transform was per-
formed using the Python module PyCWT, based on Torrence and Compo (1998). The Morlet function was
used as the wavelet basis function. The analysis procedure is described below.

Temperature profiles spanning the altitude region of 60-80 km were analyzed. Before applying the wavelet
transform, short vertical wavelength (<4 km) components were extracted by subtracting a smoothed profile
from the original profile for each observation. Smoothing was done by calculating the running average with
an averaging width of 4 km using the Python routine numpy.convolve in the NumPy module. The wavelet
transform was applied to the residual highpass-filtered profiles. An example of the processing procedure
is shown in Figure 2. The altitude is the radial distance from the surface of Venus, which is located at a
radius of 6,051.8 km. This definition is used throughout the study. In this temperature profile, a vertical
temperature gradient close to the adiabatic lapse rate is seen at 67-68 km altitudes, indicating occurrence of
wave saturation. The vertical wavenumber k, against which the wavelet spectrum is plotted is the inverse of
the vertical wavelength without a 27 factor. The 90% confidence level shown in the wavelet spectrum was
calculated following the method of Torrence and Compo (1998). The hatched regions represent the cone of
influence (COI), in which the results are less reliable because of the influence of the boundaries.

The local maxima in the wavelet spectrum outside the COI are candidates for wave packets. The cross sec-
tions that traverse the two local maxima in the wavelet spectrum (Figure 2c) are shown in Figure 2d. The
packet length is defined as the full width at half maximum of each peak along the altitude (red arrow in Fig-
ure 2d). When either of the half maximum points is within the COI, the packet length is obtained as twice
the half width at half maximum on the side that does not overlap with the COI (purple arrow in Figure 2d).
The peak is not considered to be a wave packet when both of the half maximum points are within the COL.
We also define the following criteria for wave packets.

1. The power exceeds the 90% confidence level everywhere between the peak and the half maximum points
along the altitude.

2. The wavelength exceeds 0.5 km considering the vertical resolution.

3. There are no other local maxima that have values exceeding the peak of interest within +0.52_ in the
altitude direction and k /1.2-1.2k_ in the wavenumber direction.

4. The background static stability, which is the value obtained by the 4 km-width running average, is posi-
tive within the wave packet.

The wave packets indicated by dots in Figure 2c satisfy the criteria above.

2.3. Spectral Density and Amplitude

The wavelet transform of a temperature disturbance profile gives the peak spectral density F;. in units of K?
km™!. The quantity used in later analysis is the peak spectral density of the fractional temperature distur-
bance T'/T, which is related to Fy. as
Fy

Fryr = EE @
where T is taken to be the mean temperature in the vertical extent of the wave packet. The amplitude of a
quasi-monochromatic wave 7 is related to the temperature disturbance power P as

712

P . 3
2
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Figure 2. Example of data processing procedure. The data were obtained by Akatsuki's entry occultation on May 15,
2017 at a latitude of ~20°S. (a) Original temperature profile (black) and smoothed profile obtained by a 4 km-width
running average (orange). The green line shows the adiabatic lapse rate of —11.1 K km~". (b) Residual temperature
obtained by subtracting the smoothed profile from the original. (c) Wavelet spectrum of the residual temperature. The
colors represent the logarithm to base 2 of the power normalized by the variance, and the solid black lines represent
the 90% confidence intervals. The hatched regions represent the cone of influence (COI). The dots indicate the local
maxima corresponding to wave packets. (d) Cross sections of the wavelet spectrum along the horizontal lines in
panel (c) traversing the local maxima with wavenumbers of ~0.5 km™! (red, indicated by “1”) and ~0.3 km™!

(purple, indicated by “2”). Cross-sections within the COI are dashed.
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Table 1

Numbers of Detected Wave Packets and Numbers of Analyzed
Temperature Profiles (in Parentheses) From Venus Express and Akatsuki
Radio Occultation Classified According to the Altitude and the Latitude

P is obtained by integrating the spectral density with respect to the wav-
enumber. Since the spectral width of a peak for the wavelet transform of
a monochromatic wave is determined by the shape of the wavelet basis
function and is proportional to the center wavenumber k , we can assume

Altitude Latitude arelation:
60-70km  70-80 km <450 >45° P = ak.Fp, @
S — 58(32) 22(32) 18 (10) 62 (22) where « is a nondimensional constant. Then, from (Equations 3 and 4),
the amplitude is obtained as
Akatsuki 43 (27) 10 (27) 40(20)  13(7) 0
= (2ak.Fp ) (5)
By applying a wavelet transform to monochromatic waves with various
wavelengths, it was shown that o ~ 0.59 irrespective of the wavelength.
The error in the peak spectral density originates from the background component of the wavelet spectrum,
which is comparable to the fluctuation of the background spectral density. This quantity is measured by the
standard deviation of the spectral density in the region spanning +1_and +k_centered at the peak, exclud-
ing the region inside the half maximum level. The error in the amplitude is calculated from the error in the
peak spectral density.
The observed temperature oscillations are assumed to be manifestations of gravity waves. To assess the
degree of saturation for individual wave packets, the threshold amplitude at which the wave would cause
convective instability is calculated for each wave packet. Letting the background temperature at the altitude
zbe f(z), the condition of neutral stability is written as
d(T +T1'
u -_& (6)
dz )
where g is the gravitational acceleration and ¢, is the specific heat at constant pressure. When the tempera-
ture disturbance is represented by a monochrornatlc wave with an amplitude of T and a vertical wavelength
of 1, the condition that the wave causes a marglnal stability is obtained from (Equation 6) as
IS GT
7= +£ ™
27z o c »
The measured amplitude is underestimated due to horizontal smoothing
10 along the raypath of radio occultation. Ignoring the bending of the ray,
o the length of horizontal averaging is estimated to be ~90 km (Imamura
°0 o et al., 2018). Applying a 90 km-width moving average to sinusoidal func-
8- o ° tions with various wavelength, it was shown that the underestimation of
— ° : the amplitude is <30% for horizontal wavelengths of >200 km. It should
g : g be noted that the smoothing effect depends on the propagation direction;
- o © o it is maximized or minimized when the horizontal propagation is parallel
£ 61 e e © . .
B / . or perpendicular to the raypath, respectively.
c % o o _°©
Q Coc®
— o
T 4 o €9 o 7 3. Results
Y /,/ «© an e
2 /o8 & 3 3.1. Distribution of Wave Packets
o o @©
2 0 °.°;f, We detected 133 wave packets in total in the 59 temperature profiles ob-
/ il tained from the selected Venus Express and Akatsuki radio occultation
e data described in Section 2.1. The wave packets were classified according
2 to the altitude (60-70 km and 70-80 km) and the latitude (<45° and >45°)
0 0 1 2 3 4 5 and are summarized in Table 1. Venus Express has more observations at

Vertical wavelength (km)

Figure 3. Relationship between the vertical wavelength and the packet
length for the Venus Express (open circles) and Akatsuki (filled circles)
observations. The green dotted lines indicate slopes of 1.5 and 4.0.

higher latitudes than at lower latitudes due to its polar orbit, while Akat-
suki has more observations at lower latitudes due to its equatorial orbit.

Figure 3 shows a scatter plot of the vertical wavelength and packet length.
The wavelengths are scattered over 0.5-4 km. Many wave packets were
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Figure 4. Histograms of the vertical wavelength for the altitude regions of (left) 60-70 km and (right) 70-80 km. The
vertical axis is the number of waves occupied by each bin of width 0.5 km.

detected near the short wavelength limit of the analysis, that is, 0.5 km. The dominance of such short wave-
length waves have not been previously reported, because of the lower vertical resolution in the previous
observations. The packet lengths are distributed over 0.6-10 km. The green dashed lines in Figure 3 show
slopes of 1.5 and 4.0, which represent 1.5 and 4.0 cycles per wave packet, respectively. Most of the wave
packets are included in this range. The average slope is ~2.2, which means that a wave packet typically in-
cludes 2.2 oscillations. Such small numbers of oscillations per packet likely implies transient wave sources
such as convection rather than continuous sources such as mountain waves caused by steady surface winds
impinging on the topography. The short vertical wavelengths are also difficult to explain by topographic
waves, as discussed in Section 4.

The typical number of oscillations per wave packet depends little on the wavelength: itis 2.1, 2.3, 2.4, and 2.1
cycles per wave packet for vertical wavelengths of <1, 1-2, 2-3, and >3 km, respectively. This feature is im-
portant for the saturation model as discussed in Section 1 (e.g., Smith et al., 1987). Note that the finite length
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Figure 5. Histograms of the vertical wavelength for the latitude regions of (left) <45° and (right) >45°. The vertical
axis is the number of waves occupied by each bin of width 0.5 km.
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Figure 6. Peak spectral densities of wave packets plotted against vertical
wavenumber in the altitude regions of 60-70 km (orange) and 70-80 km
(blue), obtained from the measurements by Venus Express (crosses) and
Akatsuki (dots). The saturation model is shown for comparison (green
line).

of the wavelet basis function, which is ~2 cycles for Morlet (Torrence &
Compo, 1998), limits the detectable wave packets; the absence of waves
below the slope of 1.5 can be attributed to the fact that the wavelet trans-
form is insensitive to wave packets shorter than the width of the wavelet
function. This means that the typical number of wave cycles might be
underestimated. Nevertheless, oscillations of less than one cycle cannot
be regarded as waves, and thus the influence of the width of the wavelet
function should be small. There is no systematic difference between the
Venus Express and Akatsuki observations.

Figure 4 shows histograms of the vertical wavelength for the two alti-
tude regions. It is remarkable that waves of short vertical wavelengths
(<1.5 km) are much more prevalent at lower altitudes than at higher al-
titudes. This feature is attributed to the preferential dissipation of short
vertical wavelength waves through radiative damping in the course of
upward propagation (Crisp, 1989; Hinson & Jenkins, 1995). Figure 5
shows the histograms for the two latitude regions, and shows no notable
difference.

3.2. Spectral Density and Amplitude

Figure 6 shows the peak spectral densities of the fractional temperature
disturbance divided by the fourth power of the Brunt-Viisild frequency
N, thatis, F. 7 /N 4, classified according to the altitude regions and plot-
ted against the vertical wavelength. The saturation model (Equation 1) is
also plotted for comparison. It is noteworthy that the spectral densities of

the wave packets generally follow the kf power law of the saturation model. Considering that the saturation
model is based on a variety of empirically determined parameters (Smith et al., 1987) and that the spectral
width of the wavelet spectrum differs from the bandwidth of the wave packet, a quantitative agreement in
absolute spectral density is not expected. Nevertheless, it is noteworthy that quasi-monochromatic wave

10!

Venus Express 60-70 km
Akatsuki 60-70 km
%  Venus Express 70-80 km
¢  Akatsuki 70-80 km

100 1

Amplitude of temperature (K)

1071 T T T
0.5 1 2 4

Vertical wavelength (km)

Figure 7. Amplitudes of wave packets plotted against vertical
wavenumber in the altitude regions of 60-70 km (orange) and 70-80 km
(blue), obtained from the measurement by Venus Express (crosses) and
Akatsuki (dots).

packets collectively reproduce the power law. The typical spectral den-
sity at each wavenumber does not clearly depend on the altitude. There
is no systematic difference between the Venus Express and Akatsuki
observations.

The temperature amplitudes are shown in Figure 7. Waves with longer
wavelengths tend to have larger amplitudes, which can be attributed to
the larger saturation amplitudes of longer vertical wavelength waves as
understood from (Equation 7). The amplitude does not clearly depend
on the altitude, although it is slightly larger at lower altitudes. Figure 8
shows the saturation ratio, that is, the ratio of the observed temperature
amplitude to the saturation amplitude (Equation 7). The ratio is typically
0.2-0.5 with a mean value of 0.36, consistent with the prediction that
the amplitudes are a factor of 3 times smaller than those of individually
saturated wave packets (Smith et al., 1987).

The peak spectral densities are classified according to the latitudinal
regions in Figure 9, and show no dependence on the latitude. Note,
however, that the plotted spectral densities have been divided by N*,
which depends on the latitude. The temperature amplitudes shown in
Figure 10 clearly indicate a trend of larger amplitudes at higher lati-
tudes. The saturation ratios shown in Figure 11 do not exhibit a notable
latitude dependence. The results are attributed to the fact that the static
stability is typically a factor of 2 times higher at high latitudes than at
low latitudes above ~60 km altitude (Ando et al., 2020). This tendency
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Figure 8. Saturation ratios of wave packets plotted against vertical

wavenumber in the altitude regions of 60-70 km (orange) and 70-80 km
(blue), obtained from the measurement by Venus Express (crosses) and

Akatsuki (dots).

104

is also seen in the representative static stability profiles shown in Fig-
ure 1. N? has qualitatively the same latitude dependence. A higher sta-
bility means a larger saturation amplitude as implied by (Equation 7),
and thus a larger amplitude is allowed at higher latitudes when the sat-
uration ratio is fixed. The spectral densities in Figure 9 are not affected
by the change in static stability because they were divided by N*. This
might explain the larger amplitudes of short-vertical scale fluctuations
at higher latitudes observed by Venus Express radio occultation (Tell-
mann et al., 2012) and the stronger radio scintillation at higher latitudes
observed by Pioneer Venus radio occultation (Woo et al., 1980). A slight
increase of the saturation ratio is seen at high latitudes especially for
wavelengths >2 km (Figures 9 and 11), being consistent with the analy-
sis of vertical wavenumber spectra by Ando et al. (2015); more data are
needed to confirm the tendency. Imamura et al. (2014) suggested that
gravity wave generation by cloud-level convection can be more intense
at higher latitudes.

4. Discussion and Conclusions

The characteristics of gravity wave packets seen in vertical temperature
profiles of the Venusian atmosphere were studied for the first time. The
wavelengths are scattered over 0.5-4.0 km; waves with shorter wave-
lengths cannot be observed due to the limit of the resolution. The packet
lengths are distributed over 0.6-10 km, in which typically 1.5-4.0 oscil-

lations are included. The number of oscillations per wave packet was found to not depend strongly on
the wavelength. This result justifies the assumption in the saturation model (Dewan & Good, 1986; Smith
et al., 1987) that the bandwidth of each quasi-monochromatic wave is proportional to the wavenumber,
which is essential for the kf dependence of the spectral density (see Section 1).
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Figure 9. Peak spectral densities of wave packets plotted against vertical
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The peak spectral densities of the wave packets are roughly aligned with
the kf power law of the saturation model, consistent with the finding that
thin neutral layers frequently exist in the Venusian atmosphere (Imamu-
ra et al., 2018). This implies that the amplitude of each monochromatic
wave is such that the superposition of all waves achieves saturation as
predicted by the saturation theory (e.g., Smith et al., 1987). The satura-
tion ratio of each quasi-monochromatic wave is typically 0.2-0.5, which
is consistent with the model prediction that the amplitudes are a factor of
3 times smaller than those of individually saturated wave packets. Based
on the properties of the wave packets described above, we conclude that
the k;3 power law for the vertical wavenumber spectra observed in the
Venusian atmosphere (Ando et al., 2015; Imamura et al., 2018) is a con-
sequence of the superposition of individually unsaturated quasi-mon-
ochromatic waves, each of which has a bandwidth proportional to the
local wavenumber.

Waves with short vertical wavelengths (<1.5 km) were found to be more
prevalent at lower altitudes than at higher altitudes. This might be attrib-
uted to radiative damping since the damping rate is higher for short-ver-
tical wavelength waves (Crisp, 1989; Hinson & Jenkins, 1995; Imamura
& Ogawa, 1995). The saturated waves lose energy not only via saturation
but also via radiative damping, thereby decreasing the efficiency of turbu-
lence generation (Ando et al., 2015). The evaluation of radiative damping
requires information on the wave's frequency, which cannot be obtained
by radio occultation. Gravity wave-like oscillations have been observed
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in the thermosphere (Garcia et al., 2009; Miiller-Wodarg et al., 2016); the
change in wave characteristics associated with upward propagation into
the thermosphere when subjected to radiative damping will be a subject
of a future study.

The temperature amplitude is larger at higher latitudes, while no nota-
ble latitudinal dependence is found in the saturation ratio and the spec-
tral density divided by N*. This result is attributed to the increase of the
Brunt-Viisild frequency at high latitudes (Ando et al., 2020), which al-
lows larger saturation amplitudes at higher latitudes. This might explain
the high-latitude enhancement of short-vertical scale fluctuations seen in
radio occultation temperatures (Ando et al., 2015; Tellmann et al., 2012),
although the latitudinal variation of gravity wave sources cannot be ruled
out since a slight increase of the saturation ratio is seen at high latitudes
especially for wavelengths >2 km. The higher scintillation power at
higher latitudes observed in the Pioneer Venus radio occultation (Woo
et al., 1980) might also result from the large saturation amplitude at high
latitudes, since the density fluctuation responsible for the scintillation
should be larger for larger temperature fluctuations. The idea that the
amplitudes of gravity waves can be mostly determined by the background
stability will lead to an improvement of the parameterization of the wave
momentum flux and the wave-induced eddy diffusivity in general cir-
culation models of the planets (Medvedev et al., 2011; Yigit et al., 2008;
Zalucha et al., 2013).

Although similar wavenumber spectra were seen in the Earth's and Venusian atmospheres, the process
determining the wavenumber spectrum is debatable (Ando et al., 2015). The spectrum might be affected
by interactions among different wavenumbers (Dewan, 1997; Hines, 1991; Weinstock, 1985). Radiative
damping that is stronger at higher wavenumbers can also cause a power-law dependence (Zhu, 1994).
The apparent universality of the spectrum across the planets that have different atmospheric conditions
will be helpful in constraining the mechanism. Ando et al. (2012) studied radio occultation tempera-
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Figure 11. Saturation ratios of wave packets plotted against vertical

wavenumber in the latitude regions <45° (orange) and >45° (blue), obtained
from the measurements by Venus Express (crosses) and Akatsuki (dots).

tures of the Martian atmosphere obtained by conventional geometrical
optics and found a similar power-law dependence. A wavelet analysis
of high-vertical-resolution profiles obtained by the radio holographic
method for the Martian atmosphere will be performed in the future. A
comparison with the temperature fluctuations in Saturn's atmosphere
obtained by stellar occultation, for which Harrington et al. (2010)
showed a vertical wavenumber spectrum indicating saturation, would
also provide clues.

The fact that each wave packet includes only a few oscillations implies
that the waves are generated by transient sources such as convection and
the meandering motion of jets. The observed short vertical wavelengths
also make it unlikely that topographic gravity waves constitute the wave
packets; because of the large intrinsic phase speeds due to the superrota-
tion of the atmosphere (Sanchez-Lavega et al., 2017; Schubert et al., 1980),
the vertical wavelengths of topographic gravity waves should be >10 km
(Lefevre et al., 2019; Yamada et al., 2019). Gravity wave generation by
cloud-level convection has been studied using mesoscale numerical mod-
els (Imamura et al., 2014; Lefe vre et al., 2017, 2018). A three-dimension-
al model with vertical shear by Lefé vre et al. (2018) reproduced gravity
waves with amplitudes of ~1.5 K around 60 km altitude, comparable to
the observations. However, the wave characteristics at higher altitudes
are unclear, and furthermore, a much wider model domain and higher
vertical resolution are needed to reproduce wavenumber spectra that can
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be compared with the observations. Other possible sources are transient large-scale motions associated with
barotropic/baroclinic instability (Lebonnois et al., 2016; Sugimoto et al., 2014) and shear instability (Ima-
mura, 1997). Comprehensive studies combining high-resolution dynamical models and wavelet analyses of
radio occultation temperatures and cloud images are needed to identify the wave sources.

No notable difference was found between the Venus Express and Akatsuki observations, which are separat-
ed by ~10 years from each other, although long-term variations in the mean zonal velocity at cloud heights
and the ultraviolet albedo have been reported (Horinouchi et al., 2018; Khatuntsev et al., 2013; Kouyama
et al., 2013; Lee et al., 2019; Peralta et al., 2018; Rossow et al., 1990). This may suggest that the gravity wave
activity is not sensitive to such variations. To confirm the tendency and constrain the interaction between
gravity waves and the background atmospheric structure, more data including those taken in the latter half
of the Venus Express mission and taken after 2017 in the Akatsuki mission should be analyzed.

Data Availability Statement

The radio science data used in this study are available at Planetary Data System (PDS) of NASA (under the
heading “VRA” on https://pds-atmospheres.nmsu.edu/ve/) and Data ARchives and Transmission System
(DARTS) of JAXA (Murakami et al., 2017) (https://doi.org/10.17597/ISAS.DARTS/VC0-00014). The tem-
perature profiles derived from the radio science data with radio holographic method are given at Zenodo
(Imamura, 2021) (https://doi.org/10.5281/zenodo0.5106343).
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