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Abstract stationary features indicative of topographic gravity waves were identified at the cloud top of
Venus with the 283-nm channel of the Ultraviolet Imager (UVI) onboard Akatsuki, and their
geographical and local time dependences were studied. At this wavelength the absorption by SO, dominates.
To extract stationary structures with respect to the surface, we averaged multiple images to smooth out
moving features and applied high-pass filtering to emphasize small structures. We found that stationary
features appear exclusively above highlands and that they tend to appear between noon and evening. The
stationary features seem to be synchronized with those observed in the cloud top temperature maps taken by
the Longwave Infrared Camera (LIR). It was shown using a gravity wave model that the scale height of

SO, should be smaller than that of the cloud around the cloud top to reproduce the observed phase relationship
between the stationary features seen in the Ultraviolet Imager and Longwave Infrared Camera images.

Plain Language Summary Topographic gravity waves, which are atmospheric waves created by
winds flowing over mountains, are found to be ubiquitous in the Venus atmosphere. These waves are
expected to play crucial roles in the momentum balance of the global-scale atmospheric circulation. The
spatial and temporal variabilities of such waves were studied using 283-nm images taken by an ultraviolet
camera onboard the Venus orbiter Akatsuki. To extract cloud structures related to topographic gravity waves
that are stationary with respect to the surface, multiple images were averaged to smooth out moving
features. Topographic waves were found to appear above highlands from noon to evening. The vertical
distribution of SO,, which is the main absorber at this wavelength, around the cloud top was constrained
from the observed wave features based on the modeling of wave-induced transport.

1. Introduction

Venus has a cloud layer of sulfuric acid at altitudes of approximately 50-70 km (Mills et al., 2007), where the
atmosphere rotates westward up to ~60 times faster than the surface (Schubert et al., 1980). This zonal wind,
called the superrotation, diminishes with altitude above the clouds, probably due to the deceleration caused
by momentum transport by atmospheric waves (Sinchez-Lavega et al., 2017). However, observational clues
about the process have been limited. Here, we focus on stationary atmospheric features related to
topographic gravity waves, which are generated by near-surface flows impinging on mountains and
propagating upward. Since these waves possess momentum in the direction opposite to the superrotation,
their dissipation at high altitudes exerts deceleration on the mean flow.

JAXA's Venus orbiter Akatsuki was inserted into orbit around Venus in 7 December 2015 to explore
atmospheric dynamics (Nakamura et al., 2016). In the images taken immediately after the Venus orbit
insertion, huge bow-shaped structures extending from northern to southern high latitudes were
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discovered by the Longwave Infrared Camera (LIR; Fukuhara et al., 2011) and Ultraviolet Imager (UVI;
Yamazaki et al., 2018) onboard Akatsuki, and they continued to exist for more than four Earth days at the
cloud top (Fukuhara, Futaguchi, et al., 2017). Similar features have been observed several times by LIR
(Kouyama et al., 2017). Since they appear above certain highlands and are always present there, they can
be attributed to topographic gravity waves. Fukuhara, Futaguchi, et al. (2017) demonstrated, using a numer-
ical simulation, that bow-shaped structures similar to the observation can be created at the cloud top level by
gravity waves. Navarro et al. (2018) reproduced bow-shaped stationary features in a Venusian general circu-
lation model using a subgrid-scale orographic parameterization.

Oscillations of the vertical wind that are attributed to topographic gravity waves have been observed by the
VEGA balloons over Aphrodite Terra, which has a top altitude of 3-4 km (Blamont et al., 1986). Recently,
Bertaux et al. (2016) suggested, based on cloud tracking using cloud images taken by the Venus
Monitoring Camera onboard Venus Express, that the zonal wind speed decreases above Aphrodite Terra,
probably due to momentum deposition by topographic gravity waves, although the result of cloud tracking
using Akatsuki UVI data does not support this result (Horinouchi et al., 2018). A large number of small
structures that are considered to be manifestations of topographic gravity waves were also found in the ther-
mal maps of the cloud top on the nightside by the Visible and InfraRed Thermal Imaging Spectrometer
onboard Venus Express (Peralta et al., 2017). Piccialli et al. (2014) studied close-up Venus Monitoring
Camera images in the northern high latitude and found that small-scale wavelike features mostly occur
above highlands, although it was not confirmed that those features are stationary.

The characteristics of Venusian topographic gravity waves and the mechanism for creating wavelike features
at the cloud top are still unclear. In this study, we identify stationary features in UVI images and study their
geographical and local time dependences. LIR can map the cloud top temperature, whereas UVI visualizes
the distribution of ultraviolet absorbing material. Though UVI can observe the dayside only, unlike LIR that
can observe all local time regions, it has the advantage of being able to capture stationary features from
longer distances because of its higher resolution. We further model the response of the cloud top atmosphere
to gravity waves in order to understand the relationship between the wave features in UVI and LIR images
and constrain the altitude distribution of cloud particles and the ultraviolet absorbers in the background
atmosphere. Section 2 describes the data set, section 3 gives the analysis procedure and the results,
section 4 gives an interpretation using a model, and section 5 gives conclusions.

2. Data Set

The orbit of Akatsuki is elliptical with a revolution period of ~10.5 Earth days, a periapsis altitude of 1,000-
8,000 km and an apoapsis altitude of ~360,000 km (Nakamura et al., 2016). UVI takes images of Venus at two
wavelengths, 283 and 365 nm, from this elongated orbit. The 283-nm channel corresponds to the absorption
band of SO,, which is abundant below the clouds and decreases rapidly above them (Bertaux et al., 1996;
Esposito, 1980; Esposito et al., 1979; Vandaele et al., 2017) because of photochemical conversion to H,SO4
clouds (Mills et al., 2007). The 365-nm channel has been used for imaging observations of Venusian clouds
for many years, and various species such as Cl,, FeCls, S,0,, and elementary sulfur are listed as candidates
for the absorber, although it has not been identified yet (Mills et al., 2007). This absorber is considered to
exist mostly below the cloud top (Esposito, 1980). UVI captures solar radiation scattered by cloud particles,
and thus, the observable area is limited to the dayside. The field of view is 12° x 12°, and the number of pixels
is 1,024 x 1,024. The pixel resolution varies with the distance to Venus, which is ~200 m at periapsis and ~76
km at apoapsis. More details on UVI are given in Yamazaki et al. (2018).

LIR data are also used for comparison in this study. LIR maps the brightness temperature of the cloud top in
the wavelength band 8-12 um, both on the dayside and nightside. The field of view is 16.4° X 12.4°, and the
number of pixels is 328 x 248. The pixel resolution is ~1 km at periapsis and ~300 km at apoapsis. Details on
the LIR are given in Fukuhara et al. (2011) and Fukuhara, Taguchi, et al. (2017).

The data product we use is level 3 (L3), in which images were projected onto the longitude-latitude coordi-
nates with a grid interval of 0.125° (Ogohara et al., 2017). The periods of the data analyzed are 7-11
December 2015 and March 2016 to January 2017, spanning more than one Venus year, or 224.7 Earth days.
Pairs of UVI images at 283- and 365-nm wavelengths were usually obtained every 2 hr when the spacecraft is
not communicating with the tracking station in Japan.
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Figure 1. (a) Map projection of a 283-nm image taken at 17:26 on 7 December 2015. (b) Average of five images taken within 9 hr. (c) High-pass filtered map after
averaging, with a 3° full width at half maximum Gaussian filter. The locations of stationary features are indicated by ovals.

3. Characteristics of Stationary Features
3.1. Identifying Stationary Features

Figure 1 shows, as an example, the procedure for processing the images taken at the wavelength of 283 nm
on 7 December 2015, when LIR also captured the bow-shaped structure for the first time (Fukuhara,
Futaguchi, et al., 2017). In the ultraviolet, bow-shaped structures are thought to appear due to the vertical
transport of ultraviolet-absorbing substances by gravity waves. Since nonuniform distributions of the absor-
ber due to other processes exist and fluctuate, it is difficult to identify the target structure buried in the back-
ground in an unprocessed image (Figure 1a). Therefore, in order to extract structures fixed to the surface, we
averaged multiple images taken continuously to smooth out moving features (Figure 1b). The numbers of
images averaged in producing the figures shown in this paper are summarized in Table Al. Then, high-pass
filtering was applied to the averaged images by subtracting a Gaussian-smoothed image to emphasize small-
scale structures (Figure 1c). The full width at half maximum (FWHM) of the Gaussian function is 3°, which
corresponds to ~300 km near the equator. Periodic small-scale mottled patterns with a longitudinal interval
of ~7° appear because cloud morphology embedded in the superrotating background atmosphere was
sampled with a time interval of ~2 hr and remains after the high-pass filtering: 7° in longitude corresponds
to 740 km, which is the distance a 100 m/s flow travels in ~2 hr.

In Figure 1c, small-scale bow-shaped structures are identified at longitudes of ~82°E, 93°E, and 110°E near
the equator. This region corresponds to Aphrodite Terra (75-140°E, 15°S-5°N). Figure 2a shows an enlarged
image of this area with contours of the surface topography, and Figure 2b shows the 365-nm counterpart.
The bow-shaped structures indicated by circles in the 283-nm image are almost stationary in movies before
averaging (see the supporting information). Unlike the 283-nm image, bow-shaped structures are not clearly
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Figure 2. (a) Enlargement of Figure 1c for the wavelength of 283 nm, focusing on Aphrodite Terra, and (b) the 365-nm
counterpart. The full width at half maximum of the Gaussian filter is 3°. Average of five images. The locations of sta-
tionary features are indicated by ovals. White contours indicate altitudes with 1-km interval for altitudes higher than the
global average corresponding to the radius of 6,052 km. The topography data are taken from the Magellan global topo-
graphy data records in the Planetary Data System of NASA (https://pds.nasa.gov). The red solid line and the light blue
dashed line indicate the positions from which the zonal cross-sections in Figure 3 were extracted.

observed in the 365-nm image; this is true of most of the 365-nm images. Figure 3 shows zonal cross-sections
of the 283-nm radiance near the center of each structure in Figure 2a extracted from the images taken every
~2 hr without averaging. Stationary peaks and dips indicated by vertical red lines exist at longitudes 83-94°E
in the latitude cross-section at 5°S and at longitudes 110-115°E in the latitude cross-section at 20°S.

20°

o5 fF TS

0 s A\ 117:26, Dec 7
q-05F 3
“JosF
1 O¢
3-05F
3 o0s5F
. op S
3-05F
JosfF
7 0
3-05F
ERYA
{0k~
]-05F
02 F
0 N\
.'0'2_....I....li..?.il...._
80 85 90 95 100 100 105 110 115 120

20:16, Dec 7

 22:16, Dec 7

00:16, Dec 8

102:16, Dec 8

Radiance deviation (W/m2/sr/um)

1 Average

02 b, o b e

East longitude (deg)

Figure 3. Zonal cross-sections of the high-pass filtered radiance across the bow-shaped structures at 5°S (red line in
Figure 2a) and 20°S (yellow line in Figure 2a) seen in the 283-nm images taken on 7 December 2015. The cross-sections
before and after averaging are shown. The blue range shows the standard deviation divided by the square root of the
number of samples. The time of each image is shown on the right. Red, dashed vertical lines indicate the positions of
stationary features.
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{2 A large bow-shaped structure corresponding to the one observed by LIR
on 7 December 2015 is only partly seen around 80-90°E in Figure 2.
This is because the amplitude of this feature was suppressed by high-pass
filtering. With a 30°-FWHM Gaussian filter, the large bow shape becomes
more discernible (Figure 4). However, with FWHM values larger than 5°,
it is difficult to distinguish small-scale stationary features from back-
ground fluctuations in most cases. Therefore, in order to search for

0 small-scale stationary features, the FWHM of the Gaussian filter was set
to 3°.
-1 In the 283-nm images analyzed, we detected eight events of stationary fea-

tures, which are shown in Figure 5. Stationary features tend to appear
over highlands in the low and middle latitudes. Although Maxwell
2 Mons in the northern high latitude is the highest (~11 km), no stationary

Radiance deviation (W/m?/sr/um)

40 ! : ! : features were found there. All of the stationary features show streaky
70 80 90 100 110 120 130 structures extending in the north-south direction and tend to show wave-
East longitude (deg) like patterns of up to one cycle in the east-west direction. This feature is

similar to the ones observed by LIR (Kouyama et al., 2017) and seen in

Figure 4. High-pass filtered map after averaging five images at 283-nm  the model result shown in Fukuhara, Futaguchi, et al. (2017). The zonal

wavelength taken on 7 December 2015 focusing on Aphrodite Terran. The
full width at half maximum of the Gaussian filter is 30°. The locations of
stationary features are indicated by ovals.

span of the stationary features is 300-500 km, while the meridional span
is up to 2,000-3,000 km, beyond which the bow-shaped structures are dif-
ficult to separate from background fluctuations.

Figure 6 shows the locations, the orbits, and the local times where the stationary features were identified.
The letters for the locations follow Kouyama et al. (2017), although location B is slightly shifted southward.
It is apparent that stationary features tend to appear between noon and evening. This tendency is similar to
that of the stationary features seen in LIR images (Kouyama et al., 2017), although the tendency on the
nightside is unknown in UVI data; LIR hardly detected stationary features on the nightside.

The stationary feature that appeared on January 2017 above Beta Regio (275-290°E, 20-40°N) was continu-
ously observed over 20 Earth days (Figure 7). The feature gradually emerged in ~3 Earth days, remained visi-
ble for ~20 Earth days, and became invisible as it moved to the nightside due to the rotation of Venus. While
Kouyama et al. (2017) reported that the stationary feature that appeared on July-August 2016 was not
strictly stationary but slowly moved upstream by ~20° in 1 month, the stationary feature shown in
Figure 7 was almost fixed to a specific longitude. There were no other stationary features observed beyond
10 Earth days because other features began to be observed in the evening region and immediately shifted
to the night side, where UVI cannot observe.

All of the stationary features detected by UVI were also observed by LIR in the same geographical regions
and at the same local time (Kouyama et al., 2017), although the stationary feature observed with LIR over
eastern Aphrodite Terra (115-140°E) in mid-August of 2016 is not clearly seen in UVI data because it was
near the evening side of the terminator. The almost one-to-one correspondence suggests a common dynami-
cal mechanism, which is thought to be topographic gravity waves. However, since the extremely weak flow
near the surface (Schubert et al., 1980) might not be strong enough to pass over the ridges, the mechanism
for generating gravity waves needs further investigation. The tendency of stationary features to appear in
local times ranging from noon to evening suggests a diurnal change in the atmospheric state, such as the sta-
tic stability and the wind velocity, near the surface (Navarro et al., 2018).

Most of the images taken at the wavelength of 365 nm do not clearly show stationary features, as mentioned
before. Among all the 365-nm images analyzed, stationary features are discernible only on 17 May 2016
(Figure 8). The difference in the appearance of stationary features between the two wavelengths implies a
difference in the vertical distribution of the ultraviolet absorbers, as discussed in section 4.2.

3.2. Characteristics of Wavelike Structures

Here we estimate the amplitude and the horizontal wavelength of the wavelike structure seen in the 283-nm
images taken on 17 May 2016 as a representative example. The spatial variation of the brightness along the
solar incidence angle and emission angle was first removed by applying the Minnaert law (e.g., Lee et al.,
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after averaging and high-pass filtering. The locations of the stationary features are indicated by ovals. White contours indicate altitudes with 1-km interval for
altitudes higher than the global average corresponding to the radius of 6,052 km. The numbers of images averaged are given in the appendix.

2015) to obtain photometrically corrected images like the one shown in Figure 9. The Minnaert disk function
is given by (cos i)* (cos €)“!, where i is the incidence angle, e is the emergence angle, and k is an index that is
determined by fitting the function to each image; k = 1 leads to the Lambert law.

Multiple images taken continuously were photometrically corrected and averaged to smooth out moving fea-
tures, and then a zonal cross-section of the radiance near the center of a stationary feature was analyzed
(Figure 10). A quadratic function was fitted to a longitudinal range of 20° centered at the stationary feature
by a nonlinear least squares method, and then the fitted curve, which represents the background, was sub-
tracted from the original cross-section to obtain the perturbation component. Finally, a sinusoidal function
spanning one cycle was fitted to the perturbation associated with the stationary feature using a nonlinear
least squares method to estimate the amplitude and the horizontal wavelength. High-pass filtering was
not applied so that the waveform is not distorted. The relative amplitude of the radiance is obtained as
~1.2% and the wavelength as ~510 km. Given that the signal-to-noise ratio exceeds 100 (Yamazaki et al.,
2018), the relative error after averaging seven images is <0.5%, and thus, an amplitude of this magnitude
is detectable. The formal error estimate from the parameter covariance matrix is <10%; however, the quality
of the fit is low, probably because various disturbances other than the stationary wave are superposed. The
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Atla Regio (180-210°E), and Beta Regio (270-300°E). (Bottom) The longitudinal span of UVT's field of view (green lines)
and the local solar time (black and red lines) on the equator in each orbit. Symbols represent the longitude and the orbit
where the stationary features were identified.

magnitude of the residual at the maximum and the minimum, which is ~40%, is taken as a measure of the
uncertainties in the wave parameters.

The phase relationship between the stationary features seen in UVI 283 nm and LIR 10 um images gives
clues to the wave-induced transport of ultraviolet absorbers and cloud particles. For example, considering
that SO, exists mostly below the cloud top in the basic state (Bertaux et al., 1996; Mahieux et al., 2015),
the radiance in the SO, absorption band should decrease where SO, is carried upward relative to the cloud.
The brightness temperature of the cloud top measured by LIR should decrease via adiabatic expansion in
regions where the cloud is elevated.

Figures 11 and 12 show representative examples of pairs of UVI and LIR images showing stationary features
and the zonal cross-sections across the structures. Photometric correction was applied to the UVI images,
and then multiple images taken continuously were averaged for both UVI and LIR, while high-pass filtering
was not applied. The amplitudes of the stationary features exceed the relative measurement errors of UVI
and LIR before averaging, which are <1% and ~0.3 K, respectively; the measurement errors after averaging
are even smaller. Roughly positive correlation is seen between the two wavelengths in the stationary struc-
tures, suggesting high (low) clouds in ultraviolet-dark (bright) regions. Most of the stationary features iden-
tified in this study show positive correlations between the two channels. Though vertical winds should
transport both SO, and cloud particles, the observation suggests that the response is stronger for SO,. The
mechanism behind this is discussed in section 4.
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4. Response of the Cloud Top Atmosphere to a
Gravity Wave

4.1. Model Description

The response of the atmosphere containing clouds and ultraviolet absor-
bers (such as SO,) to a gravity wave is studied using a numerical model
to understand the observed phase relationship (section 3.2). Focusing on
the atmosphere near the cloud top where both the cloud particle number
density and the ultraviolet absorber density decrease with height, the ver-
tical distributions of those species are represented by their respective local
scale heights. This approximation is expected to be appropriate for a nar-
row altitude range around the cloud top even though the vertical distribu-
tions in a broad altitude range do not obey the exponential law. Then,
assuming a horizontally uniform atmosphere as the basic state, the verti-
cal distribution of a minor species that represents cloud particles or the
ultraviolet absorber is given by

7i(2) = nio exp <— Z;°> : €y

where the subscript i represents cloud particles (i = cloud) or ultraviolet
absorber (i = UV), 7;(z) is the basic number density before perturbation

by the wave at the altitude z, n;, is the number density at the reference altitude z, (=70 km), and H; is the
scale height of the minor species. The relative density perturbation of the minor species n;/7; induced by
a linear gravity wave in the absence of the Coriolis force is given by (Chiu & Ching, 1978)
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Figure 9. The 283-nm images acquired at 08:13 on 17 May 2016 (a) before and (b) after Minnaert photometric correction.
Regions where the incidence angle or the emission angle exceeds 85° are not shown because of insufficient correction.
The red line indicates the position where the zonal cross-section in Figure 10 was created. The locations of stationary

features are indicated by ovals.
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Figure 10. (a) Zonal cross-section of the radiance at 30°N across the bow-shaped structure observed on 17 May 2016
(Figure 9). Seven images were averaged. The black line is the observed radiance, and the blue line is a fitted quadratic
function. (b) The residual radiance obtained by subtracting the fitted curve from the observed radiance. The red line
indicates a sinusoidal function fitted to the stationary feature seen in the residual.

where y = 1.32 is the ratio of specific heats at 70 km altitude for Venus’ atmospheric composition (Seiff et al.,
1985), H is the scale height of the background atmosphere, N' /N is the relative density variation of the back-
ground atmosphere associated with a gravity wave, A is the amplitude of the relative density variation, ¢ is
the time, x is the horizontal distance in the direction of wave propagation, w is the intrinsic frequency, k
is the horizontal wavenumber, and m is the vertical wavenumber. In this model, the minor species (clouds
and ultraviolet absorbers) do not influence the propagation of the gravity wave, and the distributions of the
minor species are disturbed mostly by vertical winds associated with the gravity wave. Since the wind field of
the gravity wave is related to the atmospheric density fluctuation N’ /N, the density fluctuation of the minor
species n; /7i; can be related to N' /N via equation (2). The contributions of chemical production and loss are
ignored. The model above is based on the assumption that the background temperature is constant over the
vertical extent of the layer structure and the intrinsic period of the wave is long compared to the Brunt-
Viisild frequency. The latter is satisfied as shown later.
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Figure 11. Stationary features observed in (upper left) Ultraviolet Imager (UVI) 283-nm image and (lower left) Longwave Infrared Camera (LIR) 10-um image on 7
December 2015. Five images were averaged for UVI and 12 images for LIR. The zonal cross-sections along 5°S (red solid line) and 20°S (light blue dashed line) are
shown on the right.
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Figure 12. Stationary features observed in (upper left) Ultraviolet Imager (UVI) 283-nm image and (lower left) Longwave Infrared Camera (LIR) 10-um image on
17 May 2016. Seven images were averaged for both UVI and LIR. The zonal cross-sections along 30°S (red solid line) are shown on the right.

The scattering of the solar ultraviolet radiation by the cloud is modeled with a single-scattering approxima-
tion (Kuznetsov et al., 2012). This approximation is valid for an optically thin atmosphere; a complete radia-
tive transfer calculation including the effect of multiple scattering (e.g., Lee et al., 2017; Pérez-Hoyos et al.,
2018), which is needed for Venusian clouds, is left for future studies. The relative reflectivity normalized by
the reflectivity without the ultraviolet absorber for zero incidence and emission angles is given by

pr Ocloud Mcloud (Z) exp |:_2§ iﬁov (O' cloudMcloud (Zl) + guv huv (Z/ ) ) dz'} dz

2 2 , ’
Olop Ocloud Mcloud (Z) exp [_zj‘zlop Ocloud Mcloud (Z )dZ :| dz

©)

a =

where ngouq and nyy are the perturbed total densities (n; = n; + nl) Ocloud 18 the scattering cross-section of
cloud particles, oyy is the absorption cross-section of the ultraviolet absorber, and zp, (=100 km) is the
upper boundary of the model where no.q and nyy are negligibly low. The numerator is proportional to
the upward intensity with the source function replaced by one that ignores the scattering of the diffuse field
but retains the scattering of the incident solar radiation (e.g., Chamberlain & Hunten, 1987; Kuznetsov et al.,
2012). The 0¢oud Neloud(z) term that first appears in the integrand is the scattering cross-section of the clouds
per unit volume at the altitude z where the radiation to be observed is scattered, the exponential term gives
the attenuation along the incoming and outgoing paths, and the integration is performed from z to the top of
the atmosphere. The denominator is the same as the numerator, but the attenuation by the ultraviolet absor-
ber is not taken into account.
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(a)

Heoud = 4 km  Hyy = 2 km Using the model above, we can calculate the variations of the cloud top
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altitude and the ultraviolet reflectivity induced by a gravity wave as fol-
lows. The cloud top is defined as the altitude at which the contribution
function peaks:

Zito) ’ ’
K(Z) = Ocloud Mcloud (Z) exp [_2j‘z l)O'cloud Ncloud (Z )dz } 5 (6)

which is the integrand in the numerator of equation (5). Though the cloud
top altitude at ~10-um wavelength is expected to be 2-4 km lower than
that in the ultraviolet (Ignatiev et al., 2009), the difference is ignored in
this study.

Since the number density and the cross-section appear in equations (5)

Relative variation of reflectivity (%)

180

Phase (degrees)

and (6) as a product o n; (i = cloud or UV), the product o;#; is given as a
model parameter. g¢joudcloud iS determined so that the basic cloud top alti-
tude is 70 km. oyynyy is determined so that the relative reflectivity a given
by equation (5) in the basic state is ~0.8; this is a value typical for the ratio

270 360

of the low-latitude brightness to the brightness in the bright polar band
(Rossow et al., 1980), which is seen around 50°N in Figure 10. The phase
relationship shown below does not depend on oyy as long as the ultravio-
let absorber above the cloud top is optically thin, as is the case here.

The vertical distributions of the cloud and the ultraviolet absorber per-
turbed by the gravity wave at a certain phase (wt — kx) are calculated by
using equations (1)-(4) and then substituted into equations (5) and (6)
to obtain the reflectivity and the cloud top altitude. This procedure is
repeated while changing the phase from 0 to 2.

4.2. Results

Variation of cloud top altitude (km)

90

180

Phase (degrees)

Relative variation of reflectivity (%)

270 360 . . :
We consider the stationary feature observed on 17 May 2016 (section 3.2).

The parameters of the background atmosphere are taken from the values

Figure 13. Examples of the variation of the cloud top altitude (solid) and the ~ at 70-km altitude at latitudes <30° of Venus International Reference
variation of the reflectivity relative to the basic value (dashed) along the Atmosphere (Seiff et al., 1985): The temperature is 229.8 K, the gas con-
phase of a gravity wave calculated by the model. The cloud scale heightis4  gtant used for calculating H is 191.3 J .K'l.kg'l, Yy =132, g =8.67m/ sz,

km, and the scale height of the ultraviolet absorber is (a) 2 km or (b) 5 km.

To = 229.8 K, and the Brunt-Viisild frequency is Nz= 0.018 s™*. Though
newer data are available (Limaye et al., 2017), the difference from Venus
International Reference Atmosphere is small around the cloud top (65-70 km) at low latitudes according
to radio occultations (Imamura et al., 2017; Tellmann et al., 2009); we confirmed that the difference hardly
changes the results below. The scale height is calculated to be H ~ 5.1 km. The zonal wind speed at the cloud
top is assumed to be 100 m/s (e.g., Horinouchi et al., 2018), meaning that the intrinsic phase velocity is also
100 m/s in the opposite direction. From these parameters and the observed horizontal wavelength of ~510
km (section 3.2), the wave period is 1.4 hr, corresponding to w ~ 0.0012 s™. Using the dispersion relation
for gravity waves in the absence of background shear and the Coriolis force (Fritts & Alexander, 2003)

\/ K+ m2 + 1/4H?

m is calculated to be ~0.15 km™, corresponding to a vertical wavelength of ~42 km.

The cloud scale height is assumed to be Hjo,q= 4 km based on the values at low latitudes retrieved from the
combination of Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) and radio occultation
measurements on Venus Express by Lee et al. (2012). The estimate of the SO, scale height ranges from
1 to 5 km in the previous observations (Esposito et al., 1979; Mahieux et al., 2015; Na et al., 1994). To
demonstrate the dependence on the scale height, we show results for Hyy = 2 km as an intermediate value
and Hyy = 5 km as the upper limit; these are shorter or longer than the cloud scale height of H.j5,g=4 km.
By adjusting the atmospheric density amplitude A of the gravity wave so that the observed reflectivity ampli-
tude of 1.2% relative to the background (section 3.2) is reproduced, the amplitude is estimated to be A = 2%

KITAHARA ET AL.

1277



'AND SPACE SCiENCE

Journal of Geophysical Research: Planets 10.1029/2018JE005842

when Hyy = 2 km and A = 11% when Hyy = 5 km. Note, however, that this is considered as an order-of-
magnitude estimate because of the large uncertainty in the amplitude of the reflectivity and the simplified
radiation modeling.

Figure 13 shows the variation of the cloud top altitude and the reflectivity along the wave's phase. The oscilla-
tions of the cloud top altitude and the reflectivity are almost opposite in phase for Hyy = 2 km, while they are
in phase for Hyv = 5 km. Generally, they are opposite in phase for Hgjouq > Hyy and in phase for Hygug < Hyy-
This result is explained by equations (2) and (3): The relative density fluctuation of the minor species nl /7
becomes larger for a larger vertical gradient of the mixing ratio, that is, a smaller scale height of the species.
When H,,uq > Hyv, the relative variation of the absorber density exceeds that of the cloud, and thus, the col-
umn amount of the absorber above the cloud top increases (decreases) at phases where the cloud top is elevated
(lowered). Conversely, when H,jouq < Hyy, the relative variation of the cloud density exceeds that of the absor-
ber, and thus, the column amount of the absorber above the cloud top decreases (increases) at phases where the
cloud top is elevated (lowered). The observed positive correlation between the 283-nm brightness and the
brightness temperature at the stationary features means that high (low) clouds occurs in low (high) reflectivity
regions, suggesting that the SO, scale height is shorter than the cloud scale height near the cloud top.

The model also implies that the variation of the column density of any ultraviolet absorber above the cloud
top would vanish when the scale heights of the absorber and the cloud are equal because the densities of the
absorber and the cloud would change equally. This might explain the observed tendency that stationary fea-
tures are not clearly seen at the wavelength of 365 nm: The scale height of the “unknown absorber” might be
close to the cloud scale height.

5. Summary and Discussion

We investigated the characteristics of stationary features seen in the ultraviolet images taken by UVI on
board Akatsuki. In order to extract stationary features buried in the background pattern, we averaged multi-
ple images and applied high-pass filtering. As a result, eight events were identified in the 283-nm (SO,
absorption band) images obtained in the period from 7 December 2015 to 31 January 2017. They show
bow-shaped structures extending in the north-south direction with a zonal scale of 300-500 km and a mer-
idional scale of 2,000-3,000 km. The stationary features appear only above highlands, suggesting that they
are manifestations of topographic gravity waves and tend to appear in the local time region from noon to
evening. They are synchronized with the stationary features detected in the cloud top temperature images
taken by LIR (Fukuhara, Futaguchi, et al., 2017; Kouyama et al., 2017). No stationary feature was observed
above Maxwell Mons, which is the highest mountainous area on Venus.

Comparison of the stationary features between UVI 283 nm and LIR brightness temperature images shows
that the SO, absorption and the cloud top height tend to have positive correlation. To understand this rela-
tionship, we constructed a simple advection model for the response to a gravity wave. The result suggests
that the observed positive correlation requires a SO, scale height smaller than the cloud scale height near
the cloud top. This might be attributed to the photochemical loss of SO, and the production of sulfuric acid
droplets near the cloud top. On the other hand, at 365 nm (absorption by unknown absorbers), stationary
features are unclear compared to at 283 nm, suggesting that the scale height of the unknown absorber is
close to the cloud scale height.

As for nonstationary features, prominent albedo contrasts exist also at 365 nm (Rossow et al., 1980; Titov
et al., 2012; Sanchez-Lavega et al., 2016), and albedo marks are similar between 283 and 365 nm (Limaye
et al., 2018). The reason for the difference between stationary and nonstationary features at 365 nm is
unclear. A possible cause is the short time scale of the dynamics related to the stationary features; given
the horizontal wavelength of ~400 km and the intrinsic phase speed of ~100 m/s, the intrinsic period of
the gravity wave is ~1 hr. Longer time scale processes may involve photochemistry as well as dynamics.
Detailed investigation on this issue is left for future studies.

The momentum transport by topographic gravity waves potentially has a large influence on the momentum
balance of the upper atmosphere. If the gravity waves are not saturated, radiative damping and molecular
viscosity are considered as major processes attenuating the waves. Based on a theoretical estimation of the
radiation relaxation time, which exceeds one Earth day up to 90-km altitude for a vertical wavelength of
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30 km (Crisp, 1989), the effect of radiative damping is small for topographic waves having intrinsic periods of
hours at cloud heights. At higher altitudes the propagation characteristics should depend on the local time
because of the local time-dependence of the background zonal wind (e.g., Alexander, 1992). The waves
should reach thermospheric heights and decay via molecular viscosity on the dusk side where the westward
superrotation extends to the thermosphere, while the waves will decay via radiative damping or critical layer
absorption on the dawn side where the superrotation vanishes at high altitudes. Characterization of topo-
graphic gravity waves in a broad altitude region is crucial for understanding the momentum deposition by
those waves and the resultant deceleration of the superrotation above the cloud. Note, however, that waves
with vertical wavelengths of tens of kilometers (section 4.2) cannot be detected by radio occultation mea-
surements, which focus on vertical wavelengths shorter than several kilometers (e.g., Imamura et al.,
2018; Tellmann et al., 2012).

Further studies of topographic gravity waves are needed for understanding the dynamical state of the surface
boundary layer where they originate. It would be possible to constrain the static stability and the wind speed
near the surface based on the wave parameters at the cloud top (Fukuhara, Futaguchi, et al., 2017; Navarro
et al., 2018). Such information is important for elucidating the exchange of angular momentum between the
atmosphere and the solid planet that eventually leads to the maintenance of the superrotation.

Appendix A

The numbers of images averaged in producing the figures are listed in Table Al. Each date indicates a time
slot from around 06:00 on that day to around 06:00 on the next day.

Table Al
Numbers of Images Averaged in Producing the Figures

Date Figure Number of images

7 December 2015 1,2,3,4,5 11
25 April 2016 5

17 May 2016 5,8,9,10,12
23 July 2016 5

3 August 2016

24 August 2016
22 December 2016
31 December 2016
1 January 2017

2 January 2017

3 January 2017

4 January 2017

5 January 2017

6 January 2017

7 January 2017

8 January 2017

9 January 2017

10 January 2017
11 January 2017
12 January 2017
13 January 2017
14 January 2017
15 January 2017
16 January 2017
17 January 2017
18 January 2017
19 January 2017
20 January 2017
21 January 2017
22 January 2017
23 January 2017
24 January 2017
25 January 2017
26 January 2017
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