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Studies of atmospheric waves on Venus
using continuous cloud images
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Chapter 1: General introduction

The atmospheric environment of Venus is quite different from that of Earth, although the mass and the
size are similar. Venus has a dense atmosphere composed mainly of CO2 (96%) and because of'its greenhouse
effect, the surface temperature reaches 730 K. Venus is covered with clouds at altitudes between 40 to 70 km
and the clouds reflect ~80% of sunlight to space. Figure 1 shows the wavelength dependence of the sunlight
reflectivity on Venus. Broad and strong absorption occurs in the ultraviolet wavelengths. Figure 2 shows an
ultraviolet image taken by Venus orbiter Akatsuki, whose contrast reflects the spatial distributions of
unidentified ultraviolet absorbers at the cloud top altitude of ~70 km. Because the UV absorption is
inhomogeneous and has a contrast of ~30% across the disk, it determines the spatial distributions of solar
heating. In UV images, various patterns are seen and one of the significant features is the dark horizontal Y
feature (e.g. Rossow et al., 1980), which often shows equatorially-symmetric dark pattern with a zonal
wavenumber of unity accompanying tilted dark mid-latitude bands extending from the equator to high
latitudes and a dark equatorial band at the root of the Y (Figure 3). Though the Y feature is frequently
observed with some variability in the structure, its generation mechanism has been unclear. The formation

of this planetary-scale feature will be studied in Chapter 2.
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Figure 1. Wavelength dependence of sunlight reflectivity of Venus (Moroz et al., 1985).

Figure 2. An image of Venus taken by 365-nm channel of Ultraviolet Imager (UVI) on board Akatsuki

spacecraft.
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Figure 3. A schematic view of cloud features seen in Venusian UV images (Rossow et al., 1980).

Figure 4 shows the vertical profile of the zonal wind of Venus. The westward wind speed increase with
height from 0 m s at the surface to ~100 m s at ~70 km altitude. This westward wind blows almost
everywhere and is ~60 times faster than the planetary rotation. This atmospheric circulation is called

superrotation. The mechanism of the generation and the maintenance of the superrotation is still unclear. Lee



et al. (2019) discovered the anti-correlation between UV planetary albedo and the zonal wind speed with
long term data analysis; when the planetary albedo is lower, the westward zonal velocity tends to be faster.
The lower planetary albedo leads to stronger solar heating, implying the solar heating may play an important
role in the acceleration of superrotation. To reveal the mechanism of the superrotation, the relationship
between the planetary albedo and the wind velocity should be understood and the close comparison between

them should be conducted.
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Figure4. Vertical profiles of zonal wind speed measured directly by sounding probes of Venera missions

and Pioneer Venus mission (Schubert et al., 1980).

Among the solar system, Venus, Earth, Mars, and Titan, which is one of satellites of Saturn, have rocky
surfaces and atmospheres. Titan’s atmosphere is also superrotating like Venus and the atmospheric
circulation of Mars’ is moderate like Earth as shown in Figure 5 (Dias Pinto & Mitchell, 2014). The tendency
that the atmosphere is superrotating when the planetary rotationis slow can be found. In addition to the zonal

circulation, a meridional circulation is formed by the meridional temperature gradient. As for the planets



with fast planetary rotation, the meridional circulation cannot reach the high latitude because of the Coriolis

force.
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Figure 5. Schematic view of atmospheric circulations with different Rossby numbers (Dias Pinto &
Mitchell, 2014). Rossby number (R, = U/2Qa) is proportional to a typical horizontal wind velocity U

to planetary rotation speed, where Q2 is the planetary rotation rate and a the planetary radius.

On the planets with slow planetary rotation, meridional rotation can reach high latitudes. Because the
distance between the atmosphere and the rotation axis is shorter in higher latitudes, the angular velocity of
the air parcel transported to the high latitudes becomes faster and then mid-latitude jets are formed. Because
the jets are dynamically unstable, the instabilities glow and atmospheric waves can be excited. It is thought
that such atmospheric waves transport momentum equatorward and contribute to the acceleration of the
atmosphere, forming the superrotation (e.g., Gierasch, 1975). However, this kind of instabilities and the
atmospheric waves that transport momentum equatorward are yet to be observed. Atmospheric waves
propagate in the atmosphere and buoyancy and/or meridional gradient of Coriolis force act as their restoring

force.



Figure 6 shows the periodograms of wind velocities at ~70 km altitude obtained from the continuous UV
images of Venus obtained by the Venus Monitoring Camera (VMC) onboard ESA’s spacecraft Venus Express
in different two seasons (Kouyama et al., 2015). In Figure 6a, significant periodicity of 4 days, which is
shorter than the rotation period of the mean zonal velocity, was detected. By comparing with theoretical
wave modes, this variation was identified as an equatorially trapped Kelvin wave which has an oscillation
of the zonal wind as shown in Figure 7a. As shown in Figure 6b, the same periodicity was detected in the
equatorial zonal velocity and mid-latitudinal meridional velocity, with a phase velocity slower than the
background zonal wind speed. This variation was also identified as a Rossby wave which has a vortex

structure as shown in Figure 7b.

(a) Epoch 3 (b) Epoch 4
g * &
o (@]
> >
) £3
o o]
- O - QO
(] [
>3 30 > 3
T = T =
& 8 s 5
N £ N £
=5 -
(@] O
w 15 (4]
B B
z25 z28
$s $s
= .9 =9
g =
s £ 8 £
= S = S
(e} O
n n
2 4 6 8 10 2 4 6 8 10
Period (days) Period (days)

Figure 6. Periodograms of wind velocities (Kouyama et al., 2015). White curves indicate the rotation
period corresponding to the mean zonal velocity. White dashed contour represents the 90% statistically

significant level.
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Figure 7. Solutions of planetary-scale wave modes from linear wave theory (Matsuno, 1966). (a) Kelvin

wave and (b) hemispherically-symmetric Rossby wave.

Above 70 km altitudes, the superrotation becomes weak with increasing altitude and the circulation
directing from the sub-solar point to the anti-solar point becomes dominant in the thermosphere above 100
km altitude because of the large temperature gradient associated with the long Venusian solar day of ~117
Earth days: the wind flows westward on the dawn side and eastward on the dusk side as shown in Figure 8
(Alexander, 1992). Mayr et al. (1985) pointed out that the sub-solar to anti-solar flow would exceed 300 m
s at the maximum in the absence of drag. On the other hand, ground-based Doppler wind measurements
using sub-millimeter CO absorption lines showed that the thermospheric wind velocity is ~200 m s™! with
significant variability (Clancy el al., 2012); it is believed that breaking of gravity waves generated in the
lower atmosphere reach the thermosphere and effectively decelerate the thermospheric wind to the observed
values. Gravity waves have been observed at the cloud top and in the middle atmosphere above clouds (e.g.,
Sanchez-Lavega et al., 2017) but there is no evidence that gravity waves propagate from the lower
atmosphere to the thermosphere. The interaction between these two altitude regions will be investigated in

Chapter 3.
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Figure 8. Vertical profile of zonal wind speed (Alexander, 1992).

To estimate wind fields, cloud tracking has been widely used. By calculating cross-correlation between
small areas of images obtained successively, the displacement within the time interval is estimated. Figure
9c¢ shows an example of the cross-correlation surface obtained from a pair of images with a time interval of
2 hours (Figure 9a, b). The template is a small area in the first image where the velocity is estimated. The
search region is an area in the second image where displacements of the template is searched. The point of
maximum correlation is regarded as the displacement of the cloud feature. However, cloud tracking has been
difficult in the high latitude of Venus because streak features are dominant in these regions (Figure2). Figure
10 shows a schematic view of the motion of a streak; the displacement along the streak features cannot be
identified. The difficulty prevents examination of the possible mechanisms of the superrotation. The
development of a new cloud tracking method which can be applied to the high latitude of Venus UV images

will be described in Chapter 4.
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Figure 10. A schematic view of the displacement of streak features within the time interval of dz.

This thesis consists of three studies on the roles of the atmospheric waves in the Venusian atmosphere. A
formation mechanism of the planetary-scale cloud pattern by planetary-scale atmospheric waves and the
mean circulation is discussed in Chapter 2, dynamical links between the cloud-level atmosphere and the

thermosphere by atmospheric waves are investigated in Chapter 3, and a new cloud tracking method which



can be applied to streaky cloud patterns like these seen in the high latitude of Venus is developed, and

horizontal structures of planetary-scale waves are described in Chapter 4. Chapter 5 gives conclusions.



Chapter 2: Formation of the Y feature at the
Venusian cloud top by planetary-scale waves and

the mean circulation

2.1. Introduction

Ultraviolet (UV) images of Venusian cloud top exhibit various planetary-scale features because of the
presence of unidentified UV absorbers (Mills et al., 2007; Moroz et al., 1985). One of the significant features
is the dark horizontal Y feature (e.g. Rossow et al., 1980), which often shows equatorially-symmetric dark
pattern with a zonal wavenumber of unity accompanying tilted dark mid-latitude bands extending from the
equator to high latitudes and a dark equatorial band at the root of the Y. Though the Y feature is frequently
observed with some variability in the structure, its generation mechanism has been unclear for more than 40
years since its discovery (Boyer & Guérin, 1969). The phase-angle dependence of the UV contrast suggests
that the absorbers are deep in the cloud (Esposito, 1980) and the tendency of decreased albedo near the
subsolar suggests the supply of absorbers by upwelling or the evaporation of the upper haze (Titov et al.,
2012). Therefore, the formation of the Y feature should be strongly related to the transport of materials
absorbing sunlight, and thus its understanding would provide clues to the mechanism determining the
planetary albedo and the solar heating in the cloud layer.

Smith & Gierasch (1996) argued that the horizontal stretching and advection of cloud parcels by the
combination of the mean zonal wind, Hadley circulation and thermal tides produce streak structures and that

thermal tides are responsible for the local time dependence of the streak orientation. Though their model
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seems to explain the characteristics of small-scale streaks, the formation process of the tilted dark bands
composing the Y feature is not addressed.

Del Genio & Rossow (1990) showed that the propagation of the equatorial UV contrast with a zonal
wavenumber of unity tends to be faster than the mean zonal velocity based on the analysis of the cloud-
tracked wind speed and the periodicity of the brightness, although the faster propagation than the mean flow
is not very clear due to the large dispersion of cloud-tracked velocities. This suggests that planetary-scale
waves propagating relative to the background wind are responsible for the Y feature. Analysis of wind fields
deduced by cloud tracking indeed showed existence of planetary-scale waves that are interpreted as Kelvin
waves, Rossby waves, and thermal tides (Kouyama et al., 2015; Kouyama et al., 2013; Limaye, 1988;
Limaye & Suomi, 1977; Rossow et al., 1990). Covey & Schubert (1981) and Smith et al. (1993) argued that
the Kelvin wave might be a preferred global mode of the Venus atmosphere and can be generated by random
forcing somewhere below the cloud top. Covey & Schubert (1981) and Yamamoto & Tanaka (1997)
suggested that the superposition of a Kelvin wave and a hemispherically-symmetric Rossby wave can
explain the Y feature, although the mechanism of the transport of UV absorber along the tilted dark bands is
not studied. Sugimoto et al. (2014) pointed out that the observed hemispherically-symmetric Rossby waves
could be explained by baroclinic waves generated at cloud heights and that their horizontal structures are
reminiscent of the Y feature. Peralta et al. (2015) argued that the Y feature could be produced by the vertical
transport of absorbers by a Kelvin wave distorted in the sheared flow and the subsequent zonal advection by
the background wind; since the zonal advection continues to distort the pattern, the mechanism for the long-
lasting feature needs to be studied.

To understand the role of spatially and temporally varying winds in the formation of the Y feature,
comparison between the cloud morphology and the wind field is essential. Patsaeva et al. (2015) studied the
relationship between the cloud motion vectors and the cloud morphology using Venus Express Venus
Monitoring Camera (VMC) images and suggested that the deflection of the wind orientation from latitude
circles in the mid-latitude depends on the presence of dark streaks. However, the mechanism of the formation
of dark streaks and the cause of the varying mid-latitude wind field are still unclear.

In this study, I analyze the relationship between the periodical variations of the cloud-top wind field and
the planetary-scale UV pattern to propose a new hypothesis about the formation of the Y feature, in which

advection of the absorbing material by planetary-scale waves plays an important role. The data used are the
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cloud images taken by VMC on ESA’s Venus Express spacecraft, which accumulated a great number of
images during its 8 years of observation (Markiewicz, Titov, Limaye, et al., 2007; Svedhem et al., 2007).
Section 2.2 describes the data set, Section 2.3 gives the details of the analysis procedures, Section 2.4 shows
the results, Section 2.5 discusses the generation mechanism of the planetary-scale streak feature, and Section
2.6 presents a simple numerical simulation which demonstrates the transport of an unidentified absorber

leading to a Y feature-like pattern. Section 2.7 gives conclusions.

2.2. Dataset

UV images obtained by VMC on Venus Express were used in this study. Venus Express observed Venus
from April 2006 until December 2014 in a polar orbit having a period of 24 hours, the apocenter located at
66,000 km altitude above the South pole, and the pericenter located at 250-400 km altitudes above the North
pole. Among the four wavelength channels of VMC with the center wavelengths of 365, 513, 965 and 1010
nm, I analyzed the 365 nm channel, in which absorption by unidentified materials dominates (Moroz et al.,
1985). The pixel format of the CCD detector is 512 x 512 pixels and the field of view is 17.5° x 17.5°.
Images that contain the entire Venus disk were used in this study; such images were acquired when the
spacecraft altitude was higher than about 30,000 km, and mostly the southern hemisphere were covered from
such high altitudes because of the orbit shape. The pixel resolution of the images analyzed in this study
ranges between 30 km and 50 km at the sub-spacecraft point. The details of Venus Express are given in
Svedhem et al. (2007) and the specifications of VMC are given in Markiewicz et al. (2007).

Before analysis, the original image data are processed with the procedure described in the next section,
and then projected onto longitude-latitude maps. Radiance values are given on the dayside only. During the
projection the pointing direction is corrected by a limb fitting method proposed by Ogohara et al. (2012) and
the optical distortion is corrected by the method of Kouyama, Yamazaki et al. (2013), although Limaye et al.
(2015) proposed another image correction scheme. The grid interval of the longitude-latitude maps is 0.25°
both in latitude and longitude. The details of the overall data processing pipeline are given in Ogohara et al.
(2017). The data I used were obtained in orbits 436-490 (July 1, 2007-August 23, 2007), 659-710 (February

8, 2008-March 30, 2008) and 883-938 (September 19, 2008-November 14, 2008).
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2.3. Analysis method

2.3.1. Photometric correction and noise reduction

To observe variations of the UV reflectivity, I first applied Minnaert’s law, which relates the observed

brightness / and the brightness at zero incident angle and zero emission angle /o, as
I=1o- ¥ pf, (M

where u is the cosine of the emission angle and wo is the cosine of the incidence angle (Minnaert, 1941). This
photometric correction has been widely used for images of the planets covered with thick clouds including
Venus (Lee et al., 2015; Titov et al., 2012). The parameter k was estimated by fitting pairs of In(uuo) and
In(x/) in each image to a linear function; the slope of the fitted line gives £. Since fitting becomes worse for
emission or incidence angles near 90°, I restricted the analysis to regions where both the emission and the

incidence angles are less than 80°. An example of the photometric correction is shown in Figure 1.
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Figure 1. An example of photometric correction using Minnaert’s law. (a) Original image, (b) corrected
image, and (c) scatter plot of In(uuo) and In(x/). The data was taken from orbit 458. In (c), the red line

shows the result of fitting; the slope of this line gives £.

The images contain streaky noise along one dimension of the detector, which is created during charge
transfer in the CCD as reported in VMC Calibration Report (VMC-MPAE-RP-SS011-001, 2008). For images

to be used for cloud tracking, the streaky noise was reduced by differentiating the brightness along the axis
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of the charge transfer. This procedure at the same time enhances small-scale cloud patterns. Then, the entire
area in each image was smoothed by a 5 x 5-pixels moving average to suppress high-frequency noises
emphasized by the differentiation. After these corrections the images were projected onto the longitude-

latitude coordinate.

2.3.2. Cloud tracking

To deduce velocity fields, I used a cloud tracking method based on cross correlation as given below. First,
a pair of images observed at different times is prepared. A square area with a particular dimension called a
template is selected in the first image. By assuming possible maximum displacements along the longitude
and the latitude during the time interval between the two images, an area called a search region is determined.
Then, the correlations between the template and areas with the size same as the template in the search region
are calculated, composing a cross-correlation surface. The point of maximum correlation in the cross-
correlation surface is regarded as the location to which the air parcel was displaced during the time interval.
In this study, the size of the template was set to 10° X 10° and the search region was determined by assuming
that the westward velocity is between 0 and 150 m s™! and the northward velocity is between -50 and 50 m
s1. Kouyama, Imamura, et al. (2013) systematically investigated the template size dependence of cloud-
tracked velocities using VMC dataset. The zonal velocities deduced from template sizes of 2-10 degrees do
not show significant differences while the standard deviation becomes larger and the correlation coefficients
tend to be lower for smaller template sizes. [ have deduced velocities every 5° in both longitude and latitude.

To reduce erroneous determinations of the displacement caused by multiple peaks that frequently appear
in cross-correlation surfaces, I have applied the method of averaging cross-correlation surfaces proposed by
Ikegawa & Horinouchi (2016). In this method, three or more images are prepared, and cross-correlation
surfaces between multiple combinations with different time intervals are calculated and averaged on the
coordinates of the longitudinal and latitudinal velocities. In this study, three images obtained sequentially
were used to prepare two pairs of images; one pair is composed of the first image and the second image, and
the other is composed of the first image and the third image.

Correlation surfaces sometimes have elongated peaks due to streak features and/or rather featureless
structures. To exclude velocity vectors obtained from such correlation surfaces, I adopted the following

criteria for acceptable vectors: on the cross-correlation surface, a sub-region of 1° x 1° size in longitude and
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latitude is placed centered at the correlation peak, and the fractional area in the sub-region where the
difference in the correlation coefficient from the peak value is less than 0.05 is evaluated; the fractional area

should be smaller than 80%.

2.4. Results

2.4.1. Periodicities in the radiance

Figure 2a shows the temporal variation of the radiance after photometric correction at 10°S averaged for
the local solar time of 11:00-13:00 during orbits 436-490. Figure 2b shows its periodogram obtained by
Lomb-Scargle method (Scargle, 1982), which can be applied to unevenly sampled data. Periodicities of 4
and 5 Earth days, exceeding the statistical significance of 99%, are identified. Figure 3 shows the latitudinal
profiles of the Lomb-Scargle periodogram obtained for three different periods; the first period, orbits 436-
490, shows the most coherent periodicity of ~4 Earth days from the equator to mid-latitudes. The second
period, orbits 659-710, shows a distinct periodicity of ~5 Earth days in the middle latitude and weak
periodicities of ~4 Earth days near the equator. The third period, orbits 883-938, exhibits a periodicity of
~4.5 Earth days in the low latitude and marginally significant periodicities over wide frequencies. Though
Lomb-Scargle periodograms can be contaminated by erroneous peaks caused by periodical data gaps (e.g.,
Kouyama, Imamura, et al., 2013), the dataset used in this study does not have such data gaps, and thus the
obtained periodograms should be free from such erroneous peaks. Figure 4 shows examples of the mosaic
images created from data obtained every 24 hours for the three periods. The longitudinal shifts between
images are determined by the background flow velocity on the equator obtained by cloud tracking later in
Section 2.4.2. I consider that the period of orbits 436-490 shows the most coherent periodicity and the most

distinct, tilted dark band representative of the Y feature; I focus on this period in later analysis.
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Figure 2. (a) Temporal variation of the radiance at 10°S averaged over the local solar time of 11:00-

13:00. (b) Lomb-Scargle periodogram of the variation of the radiance. The dashed line shows the 99%

statistically significant level.
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Figure 4. Examples of the mosaic images. Images taken with a time interval of about 24 hours are
shifted by (a) 62°, (b) 76°, and (¢) 75° in longitude on the assumption that the UV contrasts are advected

westward with a rotational period of (a) 5.4, (b) 4.7, and (c) 4.8 Earth days, respectively. These periods
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correspond to the recurrence periods of the background flow obtained by cloud tracking.

2.4.2. Velocity fields

Figure 5 shows a typical example of the deduced velocity field superimposed on the corresponding image.
The background zonal velocity in solid body rotation corresponding to the dayside-mean angular velocity at
the equator was subtracted from each vector. Comparison of the velocity field with the brightness distribution
suggests that poleward flow is enhanced around the boundary between the tilted dark band on the west side
and the white band on the east side, both of which extend in the northeast-southwest direction. Such a

tendency has already been suggested by Patsaeva et al. (2015).
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Figure 5. An example of the velocity field obtained from images taken in orbit 458 superimposed on
the UV image. The background zonal velocity in solid body rotation corresponding to the dayside-mean
angular velocity at the equator was subtracted from each vector. The vectors whose meridional

components exceed 15 m s are shown in red.

The latitudinal profiles of the dayside-mean zonal velocity and the rotation period of the atmosphere for
orbit 436-490 are shown in Figure 6. This mean velocity, obtained by averaging cloud-tracked velocities on
the dayside, is different from the zonal-mean velocity, which is the velocity averaged over the whole

latitudinal circle, because of the existence of local time-dependent structures including the thermal tides. The
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dayside-mean zonal velocity has a maximum of 96 m s! at the latitude of 45°S, which is known as the mid-
latitude jet. The mean rotation period is ~5.4 Earth days around the equator and decreases to ~2.7 Earth days
at 60°S; the period is shorter than the period of the brightness variation (~4 Earth days) on the south of 30°S
and longer on the north of 30°S. The dayside-mean zonal velocity obtained in this study are almost consistent
with those obtained by other studies including the existence of mid-latitude jets (Hueso et al., 2015;

Khatuntsev et al., 2013; Rossow et al., 1990).
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Figure 6. Latitudinal variations of (a) the dayside-mean zonal velocity, (b) the atmospheric rotation
period and (c) the number of averaged vectors. Data from orbits 436-490 are used. Horizontal bars show

standard deviations.

2.4.3. Periodicities in the velocity

Velocity fields were deduced at an interval of about 1 Earth day. Here I apply periodicity analysis to the
velocity time series at the local solar time of 12:00. First, the obtained velocity vectors were averaged on the
coordinates fixed to the latitude and the local time (Figure 7). In this local time-dependent component,
poleward divergent flows are significant in the afternoon region, being consistent with Patsaeva et al. (2015).
Next, the local time-dependent component was subtracted from all velocity vectors; the resultant velocity

field mostly contains components propagating with respect to the local time. Then, to utilize all velocity
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measurements including those at local solar times other than 12:00, the time when the atmospheric region
corresponding to each velocity vector has passed 12:00 was calculated on the assumption that the velocity
field is advected at the dayside-mean zonal velocity, and this "corresponding time" was assigned to each
velocity vector. Mathematically, letting the time when the velocity was measured be ¢, the local solar time
of the measurement be /, the background zonal wind be u, the radius of Venus be R}, and the latitude be
¢, the corresponding time is calculated as t+ (12— 1)/24 X 2R, cos ¢ /u. Similar analyses were

conducted by previous studies (Limaye & Suomi, 1981).
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Figure 7. Brightness distribution and the velocity field averaged on the coordinates fixed to the local
solar time in orbits 436-490. The vectors whose poleward components are larger than 15 m s™! are shown
in red. The background zonal velocity in solid body rotation corresponding to the dayside-mean angular

velocity at the equator was subtracted from each vector.

Left panels of Figure 8 show the zonal and meridional velocity time series at 10°S obtained with the
procedure above, and the right panels show the Lomb-Scargle periodograms. The analyzed period is orbits
436-465, in which the periodicity around 4 Earth days is most prominent. A measure of the errors in the
cloud-tracked velocity when the correlation peak is precisely identified is given by one grid interval divided
by the time interval, and is estimated to be 3.7 m s at 10°S and 2.8 m s™! at 40°S for the zonal velocity and
3.7 m s for the meridional velocity. The uncertainty of the periodogram that originates from this

measurement error is much smaller (< 5%) than the power of the spectral peak at ~4 Earth days and does not
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influence the detection of the peak.
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Figure 8. Temporal variations of the (a) zonal and (c) meridional velocities at 10°S in orbits 436-465
after subtracting the solar-fixed component, and (b) (d) their Lomb-Scargle periodograms. The dashed

lines show the 99% statistically significant level.

The latitudinal dependences of the periodicities are shown in Figure 9. Dominant periods of ~4 and ~5
Earth days are found both in the zonal and meridional velocities. The dayside-mean zonal velocity is ~82 m
s near the equator and ~84 m s™! at 15°S, corresponding to the mean rotation period of 5.4 Earth days and
5.1 Earth days, respectively (Figure 6a; b). The mean rotation period is shorter than 5.1 Earth days poleward
of 15°S. The 4-day oscillation is attributed to a Kelvin wave because the propagation speed is faster than the
dayside-mean zonal velocity if the zonal wavenumber is assumed to be one, the velocity oscillation is
predominantly zonal, and the amplitude is large in the low latitude. The 5-day oscillation is prominent in the
meridional velocity poleward of 15°S, where the dayside-mean zonal velocity has shorter rotation periods;
this feature can be attributed to a Rossby wave. The dayside-mean velocity deduced from the dayside images
can be different from the zonal-mean velocity because of the presence of the thermal tide; however, given

the amplitude of the thermal tide of ~10 m s' (Newman & Leovy, 1992; Takagi et al., 2018), the sign of the
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intrinsic phase velocities with respect to the zonal-mean zonal velocity would not change even if such a
difference is considered, although the amplitude of the thermal tide shows variability (Limaye, 1988).
Considering the hemispherically symmetric nature of the mid-latitude oscillation seen in the UV contrast
observed by Pioneer Venus (Del Genio & Rossow, 1990), the observed oscillation might represent
hemispherically-symmetric Rossby waves. The latitudinally-broad structures are consistent with the linear
theories (Imamura, 2006; Kouyama et al., 2015). The periodograms deduced from the same dataset by
Kouyama, Imamura, et al. (2013) also show a 4-day periodicity in the zonal velocity and a 5-day periodicity
in the meridional velocity, although the peak for the 5-day period does not reach the statistically significant
level; the difference is attributed to a smaller number of velocity vectors in Kouyama, Imamura, et al. (2013),

where data at a specific local time were used.
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Figure9. Latitudinal profiles of the periodograms of the (a) zonal and (b) meridional velocities in orbits
436-465 after subtracting the solar-fixed component. Dashed contours represent the 99% statistical

significance.

2.5. A scenario for the formation of the Y feature

The temporally- and zonally-oscillating meridional wind can play an important role in distributing the UV
absorber. The amplitude of the meridional displacement associated with the 5-day (Rossby) wave is given

by
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PT*
= — 2
n=-- (2)

where ¥ is the amplitude of the meridional velocity and T* is the intrinsic period. The amplitude of the
meridional velocity is estimated to be ¥ = 4.2+ 0.3 ms! at 30°S by fitting a sinusoidal function to the
data. The intrinsic period is given by (1/T» — 1/T\)"! = 24 + 7 Earth days at 30°S, where T, = 4.3 + 0.1 Earth
days is the period of the background velocity at 30°S and 7. = 5.2 + 0.4 Earth days is the period of the
oscillation. The error in 7} is given by the standard deviation (Figure 6) divided by the square root of the
number of the averaged vectors. The half width at half maximum of the periodogram of the meridional
velocity gives the error in 7). Substituting these into (2), I obtain # = (1.4+0.5) x 103km or 13 + 4° in
latitude. The total displacement caused by the wave is twice this amplitude, i.e., 27 £ 8° in latitude. This is
comparable to the latitudinal extent of the observed dark bands at the cloud top. The occurrence of the strong
poleward flow near the prominent streak feature (Figure 5) also implies transport of dark material by the
oscillating wind.

As shown in Figure 7, the wind field fixed to the local solar time also shows strong poleward flow in the
afternoon region because of the superposition of the thermal tide, whose velocity amplitude is typically ~10
m s (Newman & Leovy, 1992; Rossow et al., 1990), on the mean meridional circulation. However, because
the thermal tide has a relatively short intrinsic period that is close to the rotation period of the mean zonal
wind (typically 4-5 Earth days), the associated meridional displacement is around 2 x 10 (m s!) x 4.5 (Earth
days)/2mn ~ 1200 km ~ 11°, which is half of that by the 5-day wave. Furthermore, the thermal tide cannot
form patterns that propagate at a velocity faster than the super-rotation.

Based on the estimates above, I propose the following scenario. The region of upward flow associated
with the Kelvin wave moves westward at a speed slightly faster than the background wind, and the upward
wind transports dark material to the equatorial cloud top from below (Del Genio & Rossow, 1990). Then the
combination of the mean meridional circulation and the hemispherically-symmetric Rossby wave transports
the dark material poleward in both hemispheres. Once the dark material reaches the mid-latitude, the
meridional shear of the zonal wind associated with the mid-latitude jet stretches the dark feature in the
northeast-southwest (northwest-southeast) direction in the southern (northern) hemisphere, forming the Y
shape. Since the meridional velocity amplitude of the Rossby wave is comparable to the mean meridional

velocity, which is estimated to be 1-5m s! (e.g., Lee etal., 2015; Rossow et al., 1990; Takagi et al., 2018),
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the poleward flow undergoes large oscillation, thereby creating the undulation of the boundary between the
dark region on the low-latitude side and the bright region on the high-latitude side (Figure 4). Furthermore,
since the velocity of the poleward advection of the dark material is variable depending on the phase
relationship between the Kelvin wave and the Rossby wave, the slope of the tilted dark band becomes
variable as seen in the mosaic images given by Del Genio & Rossow (1982). The periodicity of the radiance
in the mid-latitude is determined mostly by the supply of the dark material to the cloud top by the Kelvin
wave; though the Rossby wave modulates the efficiency ofthe poleward transport, it does not seem to change

the dominant period (Figure 3).

2.6. Numerical modeling of material transport

The scenario described in the previous section is examined using a two-dimensional transport model on a
Cartesian coordinate for the cloud-top atmosphere. The influence of the vertical shear of the mean zonal
wind is not taken into account since the mean zonal velocity has a maximum in this height region. Passive
tracers representing the dark material are placed artificially near the equator and the subsequent horizontal
transport by the mean circulation, the Rossby wave, and the Kelvin wave is modeled. The Rossby wave field
is represented by a simple stream function. Since the physical processes are considered to be symmetric
about the equator, the model domain includes the southern hemisphere only. Letting x be the westward
distance and y be the southward distance with the origin at the equator, the total wind vector (u, v) is a

combination of the Rossby wave field (¢, v’) and the background circulation (&, v):

u=1u+u’, (3)
v=v+v’, 4)
2
ﬁ = uO + <l> ull (5)
Ly

7 = vy sin(ly), (6)

T y z
u’' = 1lgsin(kx — wxt) sin (ly + —) + T sin(kx — wyt) expy— ( ) , @)

2 YVe—fold
i

v’ = Dpcos(kx — wrt) cos (ly +E)’ (8)

where ¢ is the time, uy= 100 m s™!

is the mean zonal wind at the equator corresponding to the rotation
period of 4.5 Earth days, L, = 3.8 X 10* km is the zonal span of the model domain corresponding to 360°
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on the equator, L, = 6.4 X 10% km is the meridional span of the model domain corresponding to 60° in

latitude, and u; = 50 ms™!

is the velocity of the mid-latitude jet at y = L, corresponding to the rotation
period of 3.0 Earth days. The latitudinal profile of the rotation period of the background atmosphere is taken
from the mean zonal velocity deduced by cloud tracking in the 6 years of observations by VMC (Sanchez-
Lavega et al., 2017) because the relatively short period of my analysis might include notable uncertainty in

the mean circulation. k =2n/L, and [ =m/L, are the wavenumbers in the zonal and meridional

1

direction, respectively, vy =2 m s~ is the peak velocity of the mean meridional circulation, @iz =

1

12ms~! and Dz = 4ms™! arethe velocity amplitudes of the Rossby wave, wp = 2m/5.0 days™! isthe

1 isthe zonal velocity amplitude of the Kelvin wave, wy =

frequency of the Rossby wave, fix =10m s~
2m/4.0 days ! isthe frequency of the Kelvin wave, and y,_¢oq is the e-folding distance corresponding to
the latitudinal distance of 25°, which is comparable to the value estimated by Kouyama et al., (2012). The
model domain is restricted to equatorward of 60°S, where major dark features exist (e.g., Peraltaet al., 2007).

Passive tracers represented by particles are placed every 24 hours at intervals of 10° in longitude and
latitude in a rectangular region near the equator (5-25°S) with a longitudinal span of40° that moves westward
at a velocity corresponding to the rotation period of the Kelvin wave (4.0 Earth days), which is expected to
supply the dark material to the cloud top. The region where the tracers are supplied is located at the phase of
the maximum divergence of the zonal velocity associated with the Kelvin wave, i.e. the phase of the
maximum upward displacement. The latitudinal width of the rectangular region is taken from the half width
of the Kelvin wave. To visualize stretching of air parcels, the tracers are connected in the north-south
direction by thin lines when they are first placed. The dark material seems to have a lifetime on the same
order of magnitude as the timescale of the meridional advection because the dark air supplied in the
equatorial region becomes brighter during poleward advection and creates the bright polar band around 60°
latitude (Figure 4). Considering the timescale of the meridional advection of L,/vy ~ 37 Earth days in the
model, the color of the tracers is changed to lighter colors every 10 Earth days and the tracers are removed
from the system when 30 Earth days has passed since their supply to the equatorial region. A test run without
the Rossby wave was also conducted to examine the role of the wave.

Figure 10 shows snapshots of the calculation spanning 20 Earth days where the periodical variation has
reached a quasi-steady state; because of the 4-day and 5-day period forcing, the overall variation is repeated

every 20 Earth days. The tracers placed near the equator are transported poleward and westward to form a
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band structure resembling the observed tilted dark bands. The thin lines connecting the tracers are aligned in
the northeast-southwest direction, suggesting that air parcels are stretched in this direction; this feature is
consistent with the observed small-scale streaks along the dark bands (Figure 4). Prominent poleward
extension of the band structure occurs at the poleward wind phase of the Rossby wave, while the tracers are
confined to the equatorial region at the equatorward wind phase of the Rossby wave. The eastern edge of the
tracers confined in the equatorial region is stretched zonally by the eastward wind component of the Rossby
wave, creating the root of the Y feature. At the leading (western) edge of the Y feature near the equator, the
eastward wind component of the Rossby wave pushes the tracers eastward to shape the bow-like structure.
Since the phase relationship between the Rossby wave and the equatorial source of the tracers is variable,
the overall structure is not steady. Such a variability in the tracer transport leads to the variation of the tilt
angle of the dark bands (Del Genio & Rossow, 1982). It should be noted that the magnitude of the mean
meridional circulation and the lifetime of the UV absorber are rather uncertain. To examine the sensitivity
to these parameters, test runs were performed with the maximum value of the mean meridional circulation
of 1-4 m s (2 m s’! in the nominal run), and the tracer lifetime of 15-60 Earth days (30 Earth days in the
nominal run). The characteristics of the tracer distribution resembling the Y feature were largely unchanged

from the nominal run (not shown here).
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Figure 10. Result of the modeling of tracer transport. Black dots are the tracers within 10 Earth days
after supply, gray dots are within 10-20 Earth days, and light gray dots are within 20-30 Earth days.

The dots connected by thin lines were aligned in the north-south direction when they were first placed
near the equator. The arrows indicate the velocity vectors of the Rossby wave.

Figure 11 shows snapshots of the test run without the Rossby wave. In this case, the tracers supplied near
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the equator are transported poleward and westward solely by the mean circulation. Though a dark band is
created also in this run, the band is tilted in the northeast-southwest direction only in the mid-latitude
poleward of ~35°, where the latitudinal shear of the zonal wind is large. The root of the Y feature in the
equatorial region is not created. The orientation of the dark bands is stable with time. The difference between

the nominal case and the test run suggests the key role of the Rossby wave in the formation of the Y feature.
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Figure 11. Same as Figure 10 but in the absence of the Rossby wave.

2.7. Summary

I investigated the role of planetary-scale waves and the mean circulation in the formation of the Y feature
based on a comparison between the velocity field deduced by cloud tracking and the brightness distribution
using 365 nm images obtained by VMC on Venus Express spacecraft. Brightness variations with periods of
4-5 Earth days that are thought to be related to the Y feature are observed most of the time. I focused on orbit
436-490, in which the tilted dark band was clearly observed and the brightness variation had a coherent
periodicity of ~4 Earth days independent of the latitude. Spectral analyses of the cloud-tracked velocities
revealed existence of ~4 and ~5 Earth day periodicities. The 4-day oscillation was attributed to a Kelvin
wave because the phase speed is faster than the background zonal wind, the amplitude is large in the low
latitude, and the velocity oscillation is predominantly zonal. The 5-day oscillation was attributed to a Rossby
wave because the phase speed is slower than the background zonal wind and the amplitude of the meridional
velocity is large in the middle latitude. The meridional displacement of air parcels associated with the Rossby
wave was found to be comparable to the latitudinal extent of the Y feature, suggesting a significant
contribution.

Based on the observations above, a scenario for the formation of the Y feature is suggested. Dark materials
are first supplied to the cloud top by the vertical wind associated with the Kelvin wave from below. The
materials are subsequently transported poleward by the combination of the mean meridional circulation and
the Rossby wave, and then stretched to the northeast-southwest (northwest-southeast) direction in the
southern (northern) hemisphere by the mid-latitude jet, forming the tilted dark bands that constitute the Y
feature. Because of the contribution of the oscillating winds to the transport, the tilt of the dark bands
becomes variable. A simplified two-dimensional numerical simulation was conducted to examine the
transport of passive tracers by the mean meridional circulation, the mid-latitude jet, and the Rossby wave; a
tilted band structure resembling the observed Y feature was created, suggesting the validity of the proposed
scenario.

In this study, the analysis of the observational data was restricted to the southern hemisphere because of
the orbital configuration of Venus Express. The use of images obtained by JAXA’s Akatsuki (Nakamura et

al., 2016), which is observing both hemispheres of Venus from an equatorial orbit from December 2015,
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would allow investigation of the formation of the whole structure of the Y feature. Since multiple wavelength
channels in addition to UV are available simultaneously, more detailed analysis of the wave field should be
possible. Three-dimensional modeling of tracer transport using Venus GCMs is also needed for
comprehensive understanding of the role of atmospheric dynamics in the formation of the planetary-scale
brightness contrast. Petrova et al. (2015) pointed out, based on an analysis of UV and near-IR images taken
by VMC, that submicron particles also contribute to the formation of the UV contrast; the role of

photochemistry and cloud microphysics is left for future studies.

31



Chapter 3: Vertical coupling between the cloud-
level atmosphere and the thermosphere of Venus

inferred from the simultaneous observations by

Hisaki and Akatsuki

3.1. Introduction

In the thermosphere of Venus, flows direct from the sub-solar to the anti-solar (SS-AS) point are thought
to be dominant because ofthe large temperature gradient associated with the long Venusian solar day of ~117
Earth days. Mayr et al. (1985) pointed out that the SS-AS flow would exceed 300 m s at the maximum in
the absence of a drag. On the other hand, ground-based Doppler wind measurements using sub-millimeter
CO absorption lines showed that the thermospheric wind velocity is ~200 m s™! with significant variability
(Clancy el al., 2012); it is believed that breaking of gravity waves generated in the lower atmosphere reach
the thermosphere and effectively decelerate the thermospheric wind to the observed values. Gravity waves
have been observed at the cloud top and in the middle atmosphere above clouds (e.g., Sanchez-Lavega et al.,
2017). Zhang et al. (1996) developed a Venus thermosphere general circulation model taking into account
the gravity wave-drag and reproduced a thermospheric circulation with eastward velocity of 140 ms™! at the
morning terminator and westward velocity of 265 m s™! at the evening terminator. Gilli et al. (2017) also
reproduced the realistic zonal wind profile in the thermosphere of Venus in the presence of wave drag
However, there is no evidence that waves generated in the lower thermosphere are responsible for the drag.

Hoshino et al. (2012) examined vertical propagation of various planetary-scale waves using a general
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circulation model and showed that Kelvin and Rossby waves can propagate to the thermosphere without
notable attenuation. However, the atmosphere at rest at the lower boundary (80 km) and a symmetric SS-AS
flow develops above; this background wind field is not realistic because zonal superrotation dominates below
~ 90 km altitude (Alexander, 1992). Kouyama et al. (2015) showed, using a linear model for the vertical
propagation of planetary-scale waves in the cloud-level atmosphere (60-80 km), that Kelvin waves cannot
reach >75 km while the vertical propagation of Rossby waves highly depends on the vertical profile of the
mean zonal wind.

Masunaga et al. (2015; 2017) analyzed variations of the oxygen atom (O) dayglow intensity of the
Venusian thermosphere on both dawn and dusk side using spectroscopic data obtained by the Extreme
Ultraviolet Spectroscope for Exospheric Dynamics (EXCEED) on-board the Hisaki spacecraft (Yoshikawa
et al., 2014). They detected a periodicity of ~4 Earth days in the dayglow intensity exclusively on the dawn
side and pointed out that planetary-scale waves might be responsible for the periodic variations, although
the existence of planetary-scale waves at thermospheric heights was not confirmed.

In this study, I investigate the vertical coupling between the cloud-level atmosphere and the thermosphere
of Venus via atmospheric waves using data obtained simultaneously by Hisaki and the Venus orbiter Akatsuki
(Nakamura et al., 2007) on the dawn side of Venus in June 2017. Hisaki and Akatsuki can obtain information
on the Venusian thermosphere and the middle atmosphere, respectively. The rest of this chapter consists of
5 main sections. Section 3.2 describes the dataset, Section 3.3 gives the details of developed models of
vertical propagation of atmospheric waves, Section 3.4 discusses the variations of the thermospheric oxygen
density with one dimensional photochemical model, and Section 3.5 discusses a possible mechanism for the
vertical coupling between the cloud-level atmosphere and the thermosphere and its timescale. Finally,

Section 3.6 gives conclusions.

3.2. Observations

The two instruments, EXCEED on Hisaki and UVI on Akatsuki, observed Venus almost simultaneously
in June 2017. The period of the EXCEED data used is from 10 June 2017 to 24 June 2017, and that of UVI

data is from 1 June 2017 to 31 June 2017. The methods of data processing are given below.

3.2.1. Hisaki data analysis
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3.2.1.1. Dataset

EXCEED on board the Hisaki spacecraft, which is orbiting around Earth, has measured extreme ultraviolet
spectra of several planets with a temporal resolution of 1 min. EXCEED is a spectro-imager that consists of
an entrance mirror, slits of different widths and shapes, a grating, and a microchannel plate detector. Among
the slits installed in EXCEED, a dumbbell like shape was used in the observation on June 2017. The width
of'the wide portion of the slit, which the Venus disk is allocated inside, is 140-arcsec. The spectrograph covers
the wavelength region 52-148 nm with a dispersion of 0.1 nm per pixel. For the present observation, the
dumbbell-shaped slit was used with a spectral resolution of ~1.5 nm. However, because the apparent
diameter of Venus disk seen from the Earth is smaller than the slit width, the effective spectral resolution is
determined by the apparent diameter of Venus disk. Details of the instrument and the performance are given
by Yoshioka et al. (2013) and Yoshikawa et al. (2014). Among the emissions which EXCEED can detect, the
O 135.6 nm emission, which is excited by photoelectron impact, was analyzed in this study because it is

sensitive to the thermospheric O density.

3.2.1.2. Analysis method

The apparent diameter of Venus disk seen from the Earth changed from 30 to 20 arcsec during the
observation and was smaller than the wide portion of the slit width of 140 arcsec. Figure 1 shows the spectra
of Venus across the slit length (Y-axis) integrated over the entire 15 days period. Because the Hisaki orbits
around the Earth, the spectrum includes not only the Venusian airglow but also contributions from the
geocorona, which is the emission from Earth’s exosphere above ~1000 km altitude. The dumbbell-shaped
emission at 130.4 nm originates from the geocorona. The trajectory of Venus inside the slit is elliptic because
of the pointing error caused by the orbital motion of Hisaki spacecraft (Yamazaki et al., 2014) with its Y-
position centered at ~580 pixels. Due to this motion, the Venus disk was sometimes out of the slit.

To retrieve the airglow intensity of Venus with high accuracy, I have developed a method to determine the
position of the center of Venus disk as shown in Figure 2. The main panel in Figure 2 shows an example of
the spectrum of 1-min integration. The rectangle area surrounded by yellow dotted lines shows the upper
part of the dumbbell slit determined by the O 130.4 nm geocoronal emission as shown in Figure 1. By fitting

a Gaussian function to the spectrum averaged along Y-axis within the slit, the X-position of Venus disk was
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determined (the right panel in Figure 2). The Y-position is obtained similarly by averaging the spectrum
along X-axis and fitting a Gaussian function to it (the top panel in Figure 2). Then, the data in which the
Venus disk was not inside the slit were removed from the analysis. The position of O 135.6 nm was 46 pixels
(corresponds to ~ 5 nm) from that of 130.4 nm. The intensity of the O 135.6 nm emission is derived by
integrating the counts within =5 pixels from the center. To eliminate the contamination from the geocorona,
I subtracted the counts 50 pixels away from the Venus disk on the other side of the dumbbell similarly to the

method adopted by Nara et al. (2018).
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Figure 1. Spectrum integrated for 10-24 June 2017 obtained by EXCEED. The dumbbell-shaped frame
seen at around 130 nm is the O geocoronal emission. Venusian emissions are located at a spatial
direction of ~580 pixels. The position of Venus disk relative to the slit is variable due to the pointing

error of Hisaki spacecraft.
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Figure2. An example of the determination of Venus disk position for O 130.4 nm emission. Upper panel
shows the sum of the counts between the horizontal dashed lines for each wavelength and is used to
determine the x-position of the Venus disk. Right panel shows the sum of counts between the vertical

lines for each spatial distance and is used to determine the y-position of the Venus disk.

3.2.1.3. Periodicity in airglow intensity

Figure 3a shows the temporal variation of the O 135.6 nm dayglow intensity on the dawn side. The
averaged intensity is ~400 Rayleigh in this period, although ~1000 Rayleigh on June 2015 (Masunaga et al.,
2017). This difference can be understood with variations of the solar UV intensity. The monthly averaged
F10.7 indices were 133 on June 2015 and 77 on June 2017 (https://www.spaceweather.gc.ca/solarflux/sx-5-
mavg-en.php). The difference in the airglow intensity between the periods is attributed to the difference in
the solar activity, which should control the density of photoelectrons that excite oxygen atoms. Figure 3b
shows its periodogram obtained by Lomb-Scargle method (Scargle, 1982), which can be applied to unevenly

sampled data. A periodicity of 3.6 + 0.2 Earth days, which exceeds the statistical significance of 99%, is
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identified. This variation can be attributed to the O atom column density above 130 km, where the optical

depth of CO- is unity at a wavelength of ~136 nm (Von Zahn et al., 1980). The amplitude of the ~3.6-day

variation is 29+4 Rayleigh which is ~4% of the background value, implying ~4% variation also in the O

atom column density.
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Figure 3. (a) Temporal variation of O 135.6 nm intensity and (b) its Lomb-Scargle periodogram. The
red curve in (a) shows a sinusoidal function with a period of 3.6 days and a linear function fitted to the

data. The red line in (b) shows the 99% statistical significance level of the periodogram.

3.2.2. Akatsuki data analysis

3.2.2.1. Dataset

I

used 365-nm UV images of UVI, which are sensitive to the absorption by unidentified materials that

absorb solar radiation at wavelengths from ultraviolet to violet (Moroz et al., 1985). UVI has the field of

view is 12° x 12° and takes images of 1024 x 1024 pixels. The pixel resolution of UVI at the sub-spacecraft

point is ~80 km at the pericenter. The details of Akatsuki are given in Nakamura et al. (2016) and the

37



specifications of UVI are given in Yamazaki et al. (2018).

As a preprocessing, the original image data were converted to Akatsuki’s Level-3 (L3) data format, in
which images are projected onto longitude-latitude maps with the method described in Ogohara et al. (2017).
During the projection the pointing direction was corrected by a limb fitting method proposed by Ogohara et
al. (2012) and the optical distortion was corrected by the method of Kouyama et al. (2013). The grid interval

of the L3 data is 0.125° both in latitude and longitude.

3.2.2.2. Analysis method

To retrieve variations of the UV brightness, I first applied Minnaert’s law, which relates the observed
brightness / to the photometrically corrected brightness /o:

I'=Iop " ug, (M
where p is the cosine of the emission angle, o is the cosine of the incidence angle, and £ is a parameter to
be determined by least-squares fitting (Minnaert, 1941). This photometric correction has widely been used
for images of the planets covered with thick clouds including Venus (Lee et al., 2015; Titov et al., 2012). I
calculated /o over the area with emission and incidence angle less than 80° (Nara et al., 2019).

The dependence on the scattering phase angle still remains after the photometric correction (Lee et al.,
2017; Markiewicz et al., 2014). To eliminate this dependence, polynomial functions were fitted to the whole
data by least-squares method (Figure 4). Figure 4 shows the phase angle dependence of the UV albedo
calculated from /pand a function fitted to the data. The albedo is definedas r = ml,d2/®,(365 nm), where
@, (365 nm) = 1.085 Wm 2 sr ! nm™? is the solar irradiance at 365 nm at 1 AU and d, is the Sun-Venus
distance in unit of AU. As the fitting function, polynomials of 2-6th degree are found to yield similar results,
and I adopted a quartic function. By dividing /o by the fitted function, the apparent large excursions
synchronized with the phase angle change were successfully removed (Figure 5). Therefore, this phase angle

corrected /o was used in this study.
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Figure 4. Phase angle dependence of the global mean UV albedo (black dots) and fitted quartic function

(red curve).
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Figure 5. Time series of the UV brightness at the equator averaged over local solar time of 11:00-13:00

(a) without and (b) with the correction of the phase angle dependence.
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3.2.2.3. Periodicity in the UV brightness and the velocity at the cloud top

Figure 6 shows the periodogram of the UV contrast from which the phase angle dependence was removed.
Periodicities of 3.6 + 0.1 Earth days are seen around the equator and 4.0 + 0.1 Earth days in the middle
latitude of both hemispheres. The period of 3.6 days is identical to that detected in the O dayglow intensity

(Section 3.2.1.3).
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Figure 6. Latitudinal variation of the Lomb-Scargle periodogram of the phase angle corrected I
averaged over local solar time of 11:00-13:00. White contours show the 99% statistically significant

level.

I also deduced velocity fields at the cloud top with cloud tracking from the same dataset using the method
developed in Chapter 2, although some settings were different; the size of the template was set to 8° x 8°
and the search region was determined assuming that the westward velocity is between 0 and 150 m s™! and
the meridional velocity is between -50 and 50 m s'. Velocities were obtained every 4° in both longitude and
latitude. Figure 7 shows the latitudinal distribution of the dayside-mean zonal velocity deduced by cloud

tracking and the corresponding rotation period.
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Figure 7. Latitudinal variations of (a) the dayside-mean zonal velocity, (b) the atmospheric rotation

period and (c) the number of averaged vectors. Horizontal bars show standard deviations.

Figure 8 shows the temporal variation of the deviation of the zonal velocity from the mean velocity
obtained above on the equator and its periodogram obtained by Lomb-Scargle method. Latitudinal variations
of the periodograms of the zonal and meridional velocities are shown in Figure 9. A periodicity of 3.6 + 0.1
days is seen inthe zonal velocity in the low latitude; this variation can be attributed to a Kelvin wave because
the westward phase velocity is faster than the mean zonal velocity near the equator if the zonal wavenumber
is assumed to be one as suggested by previous studies (e.g., Kouyama et al., 2015). The larger amplitude in
the low latitude than in the high latitude and the predominantly zonal oscillation are also consistent with a
Kelvin wave. The 3.6-day variation found in the meridional velocity peaking at around 30°S cannot be
attributed to a Kelvin wave because its propagation speed is slower than the dayside-mean zonal velocity
poleward of 20°S. Occurrence of a Rossby—Kelvin mode due to shear instability (Iga & Matsuda, 2005)

might explain the same periodicity for the equatorial and the mid-latitude modes. There also exists a distinct
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5-day periodicity in the zonal and meridional velocities, which is considered as a Rossby wave because of
its slow propagation relative to the background wind. This component is, however, almost absent in the
periodogram of the brightness (Figure 6). The discrepancy was explained by Nara et al. (2019): the Kelvin
wave with a period of ~3.6 days supplies dark materials from below to the cloud top by vertical wind
oscillation to create a periodical variation of the brightness, while a Rossby wave with a period of ~5 days
has a minor effect on the brightness oscillation because of its negligible vertical wind oscillation. Imai et al.
(2019) also detected a ~4-day periodicity both in the brightness and the velocity and a ~5-day periodicity in

the velocity in the same dataset.
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Figure 8. (a) Temporal variation of the eddy component of the westward velocity and (b) its Lomb-
Scargle periodogram. The red curve in (a) shows the sum of a sinusoidal function with a period of 3.6

days and a linear function fitted to the data. The red line in (b) shows the 99% statistical significance

level of the periodogram.
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Figure 9. Latitudinal profiles of the periodograms of the (a) zonal and (b) meridional velocities. White

contours represent the 99% statistical significance.

3.2.3. Comparison of the periodicities between the thermosphere and the

cloud top

Periodicities of 3.6 = 0.2 days, 3.6 + 0.1 days, and 3.6 = 0.1 days were detected in the thermospheric O
airglow intensity, the cloud-top UV brightness, and the cloud-top zonal velocity, respectively. In the estimate
of the error in the period, I first calculate the standard deviation o of the spectral density outside of the
spectral peaks and regard this quantity as the uncertainty in the spectral density and also in the spectral peaks.
Then, the possible range of the peak period is defined by the period bins where the spectral density is higher
than P - o, where the P is the spectral density at the peak period. The agreement between the periods in the
thermosphere and the cloud level suggests that the variation in the thermosphere is controlled by the variation
in the cloud-level atmosphere. The phase difference between airglow intensity and the westward velocity is
small such that the maximum (minimum) velocity precedes the maximum (minimum) airglow intensity by
442 hours. In the following sections, I investigate the vertical propagation of Kelvin and small-scale gravity
waves in the presence of radiative damping and the response of the thermospheric O atom density to vertical

mixings, which may be responsible for the variation of the airglow intensity.

3.3. Vertical propagation of gravity waves
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3.3.1. Model description

I examine the vertical propagation of a Kelvin wave and a small-scale gravity wave from the cloud level
to the thermosphere as possible mechanisms for the vertical coupling, using a one-dimensional gravity-wave
model (Eckermann et al., 2011). The Kelvin wave is modeled as a long gravity wave because the longitude-
height structure of a Kelvin wave is identical to a gravity wave having the same wavelength and the period.
The small-scale gravity wave is assumed to be generated by convection in the cloud (Imamura et al., 2014;
Lefévre et al., 2017) and have a phase velocity close to the cloud-level mean velocity.

The wave damping is represented by the imaginary part of the complex vertical wavenumber: M =m +
im; such that

1 @)

where ¢, is the vertical group velocity and 7 is the damping time. Neglecting the Coriolis force and assuming

that the wave propagates predominantly in zonal direction, ¢ is given by

_ —w" 3)
97 T im? +a?

where w* = k(c — U, (zo)) is the intrinsic frequency with ¢ being the horizontal phase velocity and uy the
background zonal velocity as a function of the altitude z, & is the horizontal wavenumber, and o® = 1/4H,’,
with H, being the density scale height. The real part of the vertical wave number is calculated by the

dispersion relationship:

(V- ) 4)

2
x2

m?
w

where N is buoyancy frequency.

The major damping process is radiative damping due to CO2 15-pm absorption band below the
thermosphere and molecular diffusion in the thermosphere (Hinson & Jenkins, 1995).The model adopts a
constant radiative damping time 7. of 1 days, which is comparable to those given in Crisp (1989). Test runs
with 7, = 1 and 2 days confirmed that the result is not sensitive to this parameter. The molecular viscous

coefficient is represented as Banks & Kockarts (1973);

M:ZL (5)

1 )
T 2Ny
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where 7 (or j) = 1, 2 and 3 denotes O, CO, and CO-, respectively, N; is the number density of the i-th species
and M; is the mass of the i-th species. The viscous coefficients of each species are given by Chapman &
Cowling (1970) and Banks & Kockarts (1973): u1 = 3.90x1077°%°, uo = 1.635x107(7/273)°73, and 3 =
1.380x1075(7/273)*33 kg m™! s!. The damping rate due to molecular diffusion 7! and the total damping rate
v! are expressed as

;' =uk?+m? +a?)p?, (7

1 8
T_1=T;1+E(1+pr)r,jl, ®)

where p, represents the Prandtl number. p- was set to 0.8 which is appropriate for the CO2 atmosphere
(Eckermann et al., 2011). Wave-induced shear and convective instabilities are not included because these
processes depend on the absolute value of the amplitude which is not calculated in the model. Though these
processes can suppress the wave amplitude, the wave is not totally destroyed unless it encounters a critical
level. Critical level absorption may prevent vertical propagation on the dusk side where the background wind
at upper levels is close to the superrotational wind at the cloud level; this effect does not influence the
conclusion on the dawn-dusk contrast (Section 3.3.2).
The vertical profile of the momentum flux is calculated as
‘ )
F(z) = F(zp) exp [—2 mei(z’)dz’],

where z is the altitude and z, is the bottom of the model where the momentum flux is specified as the
boundary condition. The model extends from 70 km to 150 km altitude with a grid interval of 0.1 km. The
profiles of the atmospheric temperature and the densities of CO2, CO and O are taken from the Venus
International Reference Atmosphere (VIRA) (Seiff et al. 1985; Keating et al. 1985). Two types of the zonal
wind profile uo which lead to different intrinsic frequency " are adopted; one is for the dawn side where the
wind direction changes at high altitude and the other is for the dusk side where a westward wind extends to

the thermosphere (Alexander, 1992; Clancy et al., 2015). The adopted wind profiles (Figure 10) are much

simpler than the observed ones because the difference in the intrinsic phase velocity between dawn and dusk
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side is the most important and detailed structures do not influence the conclusions. These profiles are shown

in Figure 10.

(a) (b) (c)

150

140

130

120

b T,

Z [km]
H
H
o

100

90

80

70 - - - - - - -
150 200 250 1p-10 10-% 10-2 -100 0 100
T[K] p[kg m_3] g [m S_l]
Figure 10. Vertical profiles of (a) the temperature, (b) the total density, and (c) the zonal velocity used
in the model. The temperature and the density are taken from VIRA (Keating et al., 1985; Seiff et al.,
1985). The red solid line of the zonal velocity represents the velocity on the dawn side and the blue

dashed line represents that on the dusk side.

3.3.2. Results

I modeled a gravity wave with a zonal wavenumber of unity and a period of 3.6 Earth days. The wave
corresponds to the Kelvin wave observed at the cloud top and has a horizontal phase velocity of 124 m s,
which is slightly faster than the background zonal velocity at 70 km altitude.

Figure 11 shows vertical profiles of the damping time 7 for the two uo profiles given in Figure 10c, the
corresponding momentum fluxes and the amplitudes normalized by their bottom values. Radiative damping
is the dominant damping process below 110 km altitude, while molecular diffusion becomes predominant
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above. The result shows that the Kelvin wave is efficiently attenuated in the first scale height by radiative
damping and cannot propagate to the thermosphere in both of the uo profiles. This is because the wave’s
vertical group velocity of ~2 km day™' is too slow for the wave to propagate through the altitude region with
a damping time of ~1 day.

Next, I calculated the vertical structure of a gravity wave with a horizontal wavelength of 1000 km and a
phase velocity of 115 m s, which is also slightly faster than the background zonal wind at 70 km altitude.
Though waves with phase velocity less than the background wind should also be generated in the cloud,
such waves encounter critical levels just above the cloud top, and thus they are not considered in this study.
The result (Figure 12) shows that the wave reaches the bottom of the thermosphere (~110 km altitude) in
both of the u profiles. This is because the wave’s vertical group velocity of ~30 km day™' is fast enough for
the wave to propagate through the altitude region with a damping time of ~1 day. Above this height the wave
propagates further upward on the dawn side (negative uo at high altitudes), while it is rapidly attenuated on
the dusk side (positive uo at high altitudes). This is because the intrinsic frequency " becomes large at high
altitudes on the dawn side, thereby reducing m and increasing 7 and cg-. The results are qualitatively the same
for horizontal wavelengths of 500-2000 km and phase velocities of 112-120 m s as shown in Figure 13; 1

set the phase velocity at >110 m s™! so that critical levels do not exist near the lower boundary.
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Figure 11. Vertical profiles of (a) the damping time, (b) the wave momentum flux relative to those at
70 km altitude, and (c) the wave amplitudes relative to those at 70 km altitude for a Kelvin wave in the
presence of the background wind representing the dawn side (red solid lines) and the dusk side (blue
dashed lines). The wavelength and the phase velocity of the wave are 3.8 x 10* km and 124 m s,

respectively.
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Figure 12. same as Figure 11 but for the small-scale gravity wave. The wavelength and the phase

velocity of the wave are 1.0 x 103 km and 115 m s™!, respectively.
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velocities of 112-120 m s on (a) dawn and (b) dusk sides.

According to the results above, the periodical variation of the airglow intensity cannot be explained by a
direct influence of the Kelvin wave. A possible mechanism is the modulation of small-scale gravity wave
fluxes by the Kelvin wave. For example, periodical variations of the static stability or the vertical shear
caused by the Kelvin wave will change the efficiency of the convective generation of the gravity waves. It
is also possible that changes in the zonal velocity induced by the Kelvin wave influence the existence of
critical levels for gravity waves. Through these processes, gravity wave fluxes can be modulated at the period
of the Kelvin wave. The gravity waves that reach the thermosphere will break to produce turbulence or
induce large-scale circulation via momentum deposition. The turbulence or the induced circulation transports

O downward, thereby reducing the O density via three-body recombination (eq. 11) as suggested by
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Masunaga et al. (2017). Such a change in the O density may be responsible for the variation of airglow
intensity. The dawn-dusk difference in the gravity wave propagation shown in Figure 12 is consistent with
the observation that the periodicities of several days in the airglow intensity were detected only on the dawn

side (Masunaga et al., 2017).

3.4. Modeling of the perturbation of atomic oxygen density

3.4.1. Model description

The O dayglow intensity is expected to be roughly proportional to the column O density above ~130 km
altitude, above which the 136 nm radiation can escape to space (Von Zahn et al., 1983). The predominant
production and loss processes of O are the photodissociation of CO> (eq. 10) and three-body-recombination
of O (eq. 11), respectively (Fox & Bougher, 1991). The column density of O is affected by the downward
transport of O by turbulence and large-scale circulation, both of which can be driven by gravity waves. To
model the response of the O density to vertical transport, I developed a simple one-dimensional
photochemical model that extends from 50 km to 200 km altitudes. I consider a binary atmosphere which
consists of CO2 and O. The profiles of the temperature, pressure and CO: density are assumed to be invariable.
The production and loss processes of O included in the model are

CO, + hv - CO + 0, (10)
0+ 0+ CO, = 0, + CO,. (11)
The continuity equation to be solved is

dny do (12)

a P az

where no is the O density, P is the production rate, L is the loss rate, and @ is the vertical flux expressed as

® = (D I()dno [D(l 1dT) K(l 1dT)] (13)
=W P\t T ) TR, e/ e

where D = u/p is the binary diffusion coefficient of O against CO, with u being the molecular viscous
coefficient given by eq. (5) and p being the atmospheric density, K is the eddy diffusion coefficient, H, =
RoT/g is the scale height of O with Ro being a gas constant of O, g the acceleration of gravity and 7 the
temperature, and H, = R.T/g is the atmospheric scale height with R, being the gas constant of air (Chaffin et

al., 2017). K represents various transport processes including turbulent diffusion and large-scale transport.
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The vertical eddy diffusion in a one-dimensional model can represent horizontally-averaged vertical
transport including both small-scale turbulence and large-scale circulation because both of them can induce
vertical mixing. Gravity waves can induce mean-wind acceleration/deceleration via momentum deposition,

thereby driving large-scale vertical transport (e.g., Holton et al., 1995). P and L are expressed as

1 ® 14
P(z) = ngo, f da {O’(/D@O (A1) exp [— ma(l)fz Nco, dz]}, (14)

L = 2kndnco,, (15)
where ngg, is the CO> density, A is the wavelength of the incoming solar radiation, o(1) is the
absorption cross-section of CO, (Von Zahn et al., 1983), ®,(A) is the solar spectrum, 6 = 45° is the
approximate solar zenith angle at the sub-Earth point, and & = 5.4 x 103 (300/7)*%’ is the rate coefficient
for the recombination of O (Chaffin et al., 2017). The solar spectrum was taken from the American Society

for Testing and Materials (ASTM) (https://www.nrel.gov/grid/solar-resource/spectra-astm-e490.html).

To model the periodical variation of the vertical transport at the period of the Kelvin wave, the eddy diffusion
coefficient K is changed as:

1—cos% (16)
K

K=K, +K —
where 7 is the time, K, is the background diffusivity, K isthe amplitude of the oscillating component, and
Tk = 3.6 days is the period of the Kelvin wave. K, is assumed to be 100 m? s so that the basic state with
K =0m? s~ yields a O profile roughly consistent with VIRA (Keating et al., 1985). I solved the time
evolution of the O density profile by integrating (12) with K = 200,300,and 400 m? s~1. The solution for

K = 0m? s~ isobtained first by running the model until a quasi-equilibrium state is reached, and this state

is used as the initial condition for other K cases. The vertical grid interval is 5 km.

3.4.2. Results

Figure 14 shows the equilibrium profile with K = 0 m? s~ The production of O is mainly balanced by
the downward diffusion of O above ~110 km altitude, while O atoms transported from the upper atmosphere
are lost by recombination below ~110 km. A neutral mass spectrometer on board Pioneer Venus orbiter

conducted in-situ measurements of the atmospheric composition including O atoms above ~150 km
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(Niemann et al., 1980). The O atom density calculated by the photochemical model is roughly consistent

with the measured O atom density; at 160 km altitude, the observed O atom density ranged from 1 x 10% cm®
3 t02 x 10° cm™ while the model yields 9.4 x 10® cm™ in the equilibrium state. The profile at the phase of

the maximum diffusion coefficient with K =300 m?s™~! is also plotted; this phase corresponds to the
phase of the minimum column density. The decrease of the O density occurs mostly below ~120 km because
of the enhanced downward diffusion and the subsequent loss.

The time development of the column O density above 130 km is shown in Figure 15. The amplitude of

1 yields a peak-to-peak amplitude

the O density variation increases with K. The run with K = 300 m? s~
of the fractional column density variation of ~9%, which is close to the amplitude of the airglow intensity

(Figure 3). Thisresult implies that ~300% change in the diffusion coefficient can cause the observed dayglow

variation. Verification of this amount of variation in vertical transport is left for future research.
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Figure 14. The O density profile (black solid curve) in the background state and that at the phase of the

maximum diffusion coefficient (blue dashed curve).
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Figure 15. Temporal variations of the column O density above 130 km altitude. Solid black line shows
the equilibrium value for the background eddy diffusion coefficient of 100 m? s'. Solid, dashed, and

dot-dashed curves show the results of the eddy diffusion coefficient amplitudes of K = 200, 300 and

400 m? s’!, respectively.

3.5. Time scale of vertical coupling

A common periodicity of ~3.6 days was detected in the thermospheric O atom intensity, the UV brightness,
and the equatorial zonal velocity at the cloud level. The wave propagation (Section 3.3) showed that the
Kelvin wave cannot reach the thermosphere because of radiative damping while small-scale gravity waves.
This result suggests that gravity waves are responsible for the vertical coupling and the Kelvin wave
modulates the efficiency of gravity wave generation or propagation. The group velocity of the small-scale
gravity wave in the model increases from 0 m s™! at 70 km altitude to 6 m s™' at 130 km, and thus it takes (60
km)/(3 ms!) ~ 5.6 hours to propagate this altitude range. This suggests that the vertical coupling can occur
in a short timescale as compared to the Kelvin wave period, although the typical gravity wave parameter in
the Venusian atmosphere is uncertain.

The photochemical model (Section 3.4) showed the amplitude of the eddy diffusion coefficient of ~300
m? s! explains the observed variation of the airglow intensity. The comparison between the timeseries of the
column O density and the eddy diffusion coefficient shows that the minimum (maximum) of the O density
lags behind the maximum (minimum) of the eddy diffusion coefficient by 2.9 hours, suggesting that the

airglow intensity responds quickly to the change of vertical transport. The sum of the propagation time (5.6
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hours) and the diffusion time (2.9 hours) exceeds the phase difference (4 hours); this is attributed to the
uncertainties in the estimates or suggests that wave filtering occurs at altitudes higher than the cloud top.
Given the estimates above, the observed small phase difference between the maximum (minimum)
westward velocity at the cloud top and the maximum (minimum) airglow intensity seems to be consistent
with a scenario that an increase of the westward velocity blocks transmission of gravity waves generated
below the cloud top if the amplitude of the Kelvin wave peaks at the cloud top. Further studies on wave

excitation and filtering would constrain the mechanism of vertical coupling.

3.6. Summary

I investigated the vertical coupling between the cloud level and the thermosphere using 365 nm images
obtained by UVI on Akatsuki and the O 135.6 nm dayglow intensities obtained by EXCEED on Hisaki. The
simultaneous observation revealed a common periodicity of ~3.6 days, and the oscillation at the cloud-level
was attributed to a Kelvin wave because the phase speed is faster than the background zonal wind, the
amplitude is large in the low latitude, and the velocity oscillation is predominantly zonal.

A one-dimensional model revealed that the Kelvin wave cannot propagate from the cloud level to the
thermosphere because of radiative damping. The modeling also revealed that a small-scale gravity waves
having wavelengths of ~1000 km can propagate to the thermosphere on the dawn side and that the waves
are strongly attenuated on the dusk side. The dawn-to-dusk asymmetry of gravity wave propagation is
consistent with the previous observations by Hisaki (Masunaga et al., 2017) that oscillations in the
thermosphere were seen on the dawn side only. According to the results above, the periodical variation of
the airglow intensity might be explained by the influence of the Kelvin wave on the generation or
transmission of small-scale gravity waves. The gravity waves that reach the thermosphere will break to

produce turbulence or induce large-scale circulation via momentum deposition (Figure 16).
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Schematic view of the vertical coupling via a Kelvin wave and small-scale gravity waves.

cloud top level (the amplitude is exaggerated). Upward arrows indicate the vertical
of small-scale gravity waves that are generated below the cloud top. The gravity waves are

filtered by the oscillation of the background zonal wind associated with the Kelvin wave.

atoms (downward arrow).

I further developed a one-dimensional photochemical model to investigate the response of the O density
profile to the change of vertical transport caused by gravity waves. The model showed the amplitude of the
diffusion coefficient of ~300 m? s explains the observed airglow intensity. It would also be valuable to
analyze additional data from simultaneous observations conducted after the measurements used in this study;

Hisaki observed the dusk side of Venus in October 2017, and the dawn side in April-May 2018, and May

2019.
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Gravity waves generated in the lower atmosphere and propagate to the thermosphere should affect the
planetary-scale circulation via deposition of momentum. The present study suggests that such momentum
deposition can change periodically in the course of the propagation of planetary-scale waves. The

evaluation of the momentum transport and its variability is left for future study.
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Chapter 4: A new cloud tracking method

tolerant to streaky regions

4.1. Introduction

Cloud tracking has widely been used to estimate motions of clouds. By calculating cross-correlations
between small areas in a pair of images obtained at a short time interval, the displacements within the time
interval are estimated. In the studies of Venus’ atmosphere, ultraviolet (UV) images which reflect the
spatial distributions of unidentified absorbers (e.g. Rossow et al., 1980) have been mainly used for cloud
tracking. UV cloud tracking is thought to be sensitive to atmospheric motions at the cloud top altitude of
~70 km. In this altitude region, the atmosphere is rotating ~60 times faster than the solid body. The
generation and maintenance mechanism of the superrotation is still unknown.

The accuracy and the reliability of cloud tracking method have been improved over the decades.
Kouyama et al. (2012) implemented the relaxation labeling method which allows selection of a reliable
peak from multiple candidates on each cross-correlation surface assuming that wind velocities change
smoothly in space. Ikegawa & Horinouchi (2016) developed a method to suppress false peaks on cross-
correlation surfaces by the superposition of cross-correlation surfaces separated for image pairs with
different time intervals.

Momentum transport associated with atmospheric waves is thought to be crucial for the maintenance of
the superrotation (Read & Lebonnois, 2018). Rossow et al. (1990) investigated the momentum transport by
the mean and eddy components using cloud-tracked velocities and showed that poleward transport of the
superrotational angular momentum dominates, although the eddy component is variable. Limaye (2007)

reproduced a structure of a thermal tide from dayside cloud-tracked wind velocities using UV images
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obtained by Pioneer Venus Orbiter and showed that the equatorward transport of the superrotational
momentum by the thermal tide.

Despite a number of studies on atmospheric waves with cloud tracking, they have been limited to low
latitudes and thus the momentum transports by planetary-scale waves in the high latitudes has not been
well-studied. This is because, in the high latitudes of Venus’ cloud top, streaky features are predominant
and the movements of clouds in the direction of streaks cannot be identified. Ikegawa & Horinouchi (2016)
indicated the errors in the cloud-tracked wind velocities become large in the high latitude and reach 20 m s
1. Inthe high latitudes of Venus cloud top, a large meridional shear exists associated with mid-latitude jets.
Because such jets are dynamically unstable, the instabilities glow and atmospheric waves can be excited. It
is thought that such atmospheric waves transport momentum equatorward and contribute to the
acceleration of the atmosphere, forming the superrotation (e.g., Gierasch, 1975). However, this kind of
instabilities and the atmospheric waves that transport momentum equatorward are yet to be observed. To
solve this problem, | developed a new cloud-tracking method which can be applied to cloud images
dominated by streaky features like UV images of the high latitudes of Venus. The proposed method
enables investigation of the horizontal velocity field over a wide latitudinal range. Section 4.2 presents the
details of the dataset and the new cloud-tracking method, Section 4.3 gives the results, Section 4.4
discusses the horizontal structure of a planetary-scale wave using cloud-tracked velocities, and Section 4.5

gives the conclusions.

4.2. Dataset and newly-developed method

4.2.1. Dataset

I used 365-nm channel images of UVI (Yamazaki et al. 2018) onboard Akatsuki (Nakamura et al. 2016),
which are sensitive to the absorption by unidentified materials that absorb solar radiation at wavelengths
from ultraviolet to violet (Moroz et al., 1985). Akatsuki is orbiting around Venus with the apocenter
altitude of 370,000 km, and the pericenter altitude of ~7,000-18,000 km. UVI has the field of view is 12° x
12° and takes images of 1024 x 1024 pixels. The pixel resolution of UVI at the sub-spacecraft point is ~80
km at the pericenter. The images that are projected onto longitude-latitude maps with a grid interval of

0.125° both in latitude and longitude (Ogoharaet al., 2017). The data analyzed were taken the period from
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June 1, 2017 to August 31, 2017. In the cloud tracking, pairs of 3 images with a time interval of 2 hours

were used.

4.2.2. Elimination of streak features

I developed a method to determine the orientation of streaks in a template region and eliminate the
streak feature having the determined orientation from the template and a search region. The template is a
small area in the first image where the velocity is estimated. The search region is an area in the second
image where displacements of the template is searched. The idea is that the spatial differentiation of an
image along the streak orientation eliminates streak features because the spatial variation associated with
the streaks is small along this direction. The differentiation of the brightness | along a certain direction | is
expressed as VI - 1. The direction | can be determined by finding the minimum of the variance of VI -1.
Figure 1 shows an example of the procedure of the proposed method. The red line in Figure 1a represents
the streak orientation determined by the proposed method. Figures 1d and 1e show the differentiated
template and search region along the determined orientation; streak features were successfully eliminated
from these images and small-scale patchy features became predominant. Figures 1c and 1f show the cross-
correlation surfaces without and with elimination of streak features, respectively, and distinct peaks

appeared in Figure 1f.
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Figure 1. An example of the calculation of cross-correlation surfaces with and without elimination of

streak features. Ultraviolet (365 nm) images of Venus taken by UVI on July 29, 2017 were used. A

red line in panel (a) shows the orientation of streaks determined by the proposed method. Panels (d)

and (e) were derived from (a) and (b), respectively, by differentiating along the determined

orientation. Cross-correlation surface (c) is calculated using the template (a) and the search region (b).

Cross-correlation surface (f) is calculated using the template (d) and the search region (e).

I applied this method to 365-nm images, combined with superposition of cross-correlation surfaces from

different time intervals (Ikegawa & Horinouchi, 2016) and relaxation labeling (Kouyama et al, 2012) that

suppress the effect of false peaks. The size of the template was set to 8° x 8° and the search region was

determined assuming that the westward velocity is between 50 and 150 m s and the meridional velocity is

between -50 and 50 m s*. Velocities were obtained every 4° in both longitude and latitude. To obtain one

velocity field, I used three images with a time interval of 2 hours: the cross-correlation surface between the

first and the second images and that between the first and the third images were superposed. Figure 2

shows a snapshot of the velocity field superimposed on the high-pass filtered image. In this velocity field,

the solid body rotation rate of 3 degrees per hour corresponding to the typical background superrotation

speed was subtracted from each vector. Mid-latitude jets are clearly seen in the high latitudes. The wind
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velocities whose errors are smaller than 5 m s were used and the method of the error estimation is

presented in Appendix Al.
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Figure 2. An example of the velocity field obtained from images taken on July 29, 2017 superimposed

on the UV image. The zonal velocity in solid body rotation of 3 deg hr-* was subtracted from each

vector.

4.3. Results

Figure 3 shows the velocity field averaged in the local solar time and latitude coordinate. The analysis
period was June to August 2017. The local solar time dependence is consistent with previous studies
(Newman & Leovy, 1992): the zonal velocity is weak around noon and a poleward flow exist around the
local solar time of ~14:00. The dayside-averaged zonal velocity corresponds to the atmospheric rotation

period of 4.2 days on the equator.
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Figure 3. (a) Zonal and (b) meridional velocities averaged in the local solar time and latitude

coordinate. Velocity fields are the averages in the period from June 1, 2017 to August 31, 2017.

By subtracting these solar-fixed components from all velocity vectors, the eddy components were
extracted. Then | apply periodicity analysis to the time series of the eddy components at the local solar
time of 12:00. Similar to Naraet al. (2019), I utilize all velocity measurements including those at local
solar times other than 12:00; the time when the atmospheric region corresponding to each velocity vector
has passed 12:00 was calculated on the assumption that the velocity field is advected at the dayside-mean
zonal velocity. Figure 4 shows the obtained time series of the zonal velocity on the equator and the
meridional velocity in the mid-latitude in July 2017. Periodical variations with periods of several days are
seen in both of them. Figure 5 shows the latitudinal variations of the Lomb-Scargle periodograms (Scargle,
1982) of the eddy zonal and meridional components. Periodicities of ~4.9 days are predominant in the
equatorial zonal velocity the and mid-latitude meridional velocity. Assuming that the zonal wavenumber is
unity based on the previous studies on the global-scale brightness oscillation with a period of ~5 days (Del
Genio & Rossow, 1990), this periodicity can be attributed to a Rossby wave assuming wavenumber of
unity because the phase velocity is slower than the mean zonal velocity whose recurrence period is ~4.2

days on the equator and the meridional velocity has a notable amplitude in the mid-latitude.
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4.4. Horizontal structure of the Rossby wave

Period [days]

Here | focus on the 4.9-day period component identified in the periodogram. By fitting a sinusoidal

curve with a period of 4.9 days to the velocity time series at each latitude, the velocity field of the 4.9-day

component was reproduced (Figure 6). The equatorially symmetric vortex patterns are highly consistent
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with an equatorially-symmetric Rossby wave. Del Genio & Rossow (1990) also detected equatorially-
symmetric periodicity in the UV brightness which is slower than the mean zonal velocity using images
obtained by Pioneer Venus Orbiter. The meridional transport of the zonal momentum associated with the
4.9-day wave u’v’, where u”and v’ are the eastward and northward perturbation velocities, respectively,
and the overbar denotes zonal average, is shown in Figure 7a. The positive (negative) momentum transport
in the northern (southern) mid-latitude indicates convergence of superrotational momentum in the low
latitude that can contribute to the maintenance of the superrotation, although the maximum momentum
fluxes of ~5 m? s are ~10 times smaller than the total eddy momentum flux in the opposite direction
shown in Figure 7b. It should be noted that the total eddy momentum flux does not include the contribution
of thermal tides that were subtracted as the local-time dependent component.

Imai et al. (2019) analyzed the same dataset to obtain velocities without eliminating streak features. The
velocity fields they obtained are basically consistent with mine in terms of the mean zonal velocity and the
periodicities in the eddy zonal and meridional components in the low and middle latitudes. In the spectral
analysis, however, noise-like background component dominates in the zonal wind poleward of ~40°
probably because of the difficulty in cloud tracking at high latitudes where streaky features dominate; my
method extended the latitudinal coverage to ~60°, thereby revealing the wave structure and the momentum
flux including the high latitudes

In the general circulation model by Sugimoto et al. (2014), Rossby waves appear around the cloud top
level and transport superrotational momentum poleward, i.e. in the direction opposite to my analysis. On
the other hand, Mitchell & Vallis (2010) showed, using idealized Earth-like general circulation models
with slow planetary rotation (large Rossby number), that a global hemispherically-symmetric mode of
zonal wavenumber one appears in the slow rotation case and transports superrotational momentum

equatorward.
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Figure 7. Momentum fluxes associated with (a) the 4.9-day wave and (b) the total eddy component
except the solar-fixed (thermal tide) component.
4.5. Summary

I developed a new cloud tracking method which can be applied to cloud images dominated by streaky

features such as the high latitudes of VVenus. Differentiation of images along the streak orientation

successfully removed the streak features and enhanced patchy features. As a result, distinct peaks appeared

in the cross-correlation surfaces between image pairs, and velocity vectors were obtained also in the high

latitude of Venus where the previous cloud-tracking studies did not cover reliably. Cloud tracking with the

elimination of streak features is applicable not only to Venus but also to other planets such as Jupiter and

Saturn, whose cloud images exhibit strip features.
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The spectral analysis of the obtained velocity time series revealed the existence of a prominent
periodicity of 4.9 days which can be attributed to a Rossby wave because the phase speed is slower than
the mean zonal velocity and the meridional velocity has a notable amplitude in the mid-latitude. The vortex
pattern reproduced by fitting a sinusoidal curve having a period of 4.9 days to the time series at each
latitude is consistent with the spatial structure of a hemispherically-symmetric Rossby wave. This is the
first time to obtain the entire structure of the planetary-scale Rosshy wave.

The positive (negative) momentum transport by the 4.9-day wave in the northern (southern) mid-latitude
indicates convergence of superrotational (westward) momentum in the low latitude that can contribute to
the maintenance of the superrotation was detected. The opposite results are obtained by a general

circulation model (Sugimoto et al., 2014).

Appendix

Al. Error estimation of the velocity vectors

In this section, an error estimation improved from that by Ikegawa & Horinouchi (2016) is presented. To
estimate the error in the velocity vector, Ikegawa & Horinouchi (2016) considered the 90% confidence
bounds of the correlation coefficient for each peak and determined the range of the displacement where the
correlation is within the confidence bounds of the peak correlation; the width of this range is considered as
the error in the peak position, which corresponds to the velocity error. In this section, the peak position is
determined by fitting a Gaussian function to the cross-correlation. The errors in peak position, which
corresponds to the errors in the velocity,

It is known that the inverse hyperbolic tangent of the correlation coefficient follows the normal standard

distribution (Fisher, 1915; Thomson & Emery, 2014):

(A1)
Z = arctanhr ~N (n,M — 3),
e

where r is the correlation coefficient, 1 = arctanhp, M. is the effective degree of freedom of the template
used for the calculation of », and p is the population correlation coefficient (Thomson & Emery, 2014). The
effective degree of freedom would be the number of pixels in the template if the brightness distribution is
completely random and unity if the brightness is homogeneous. I used the same method of estimation of the
effective degree of freedom same as lkegawa & Horinouchi (2016). Figure Al shows an example of the

arctanh » with 1-¢ errors.
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Figure A1l. An example of the inverse hyperbolic tangent of the cross-correlation surface (black curve)

along meridional displacement. The gray filled area indicates the 1-o error.

Then, I approximate the converted cross-correlation surface arctanh[7(x)], where x is the longitudinal or
latitudinal displacement. by a Gaussian function plus a linear function as:

1(x — b)?

(Ad)
Z(x) = aexp<—§T>+ dx + e,

where a, b, ¢, d, and e are the fitting parameters to be determined by non-linear least squares fitting. Because
the non-linear least square method optimizes the parameters by linearizing the model function at each
iteration, the errors of the optimal parameters can be determined in the same way as the linear least square
fitting. I can estimate the peak position of the cross-correlation surface » with its error o,. Figure A2 shows
an example of the fitting of eq. (A2) to the cross-correlation surface. The fitting was conducted at the points
in the vicinity of the peak (within 30 grids away from the peak position). The model function seems to be
well fitted to the cross-correlation surface. The parameter representing the peak position, b, was estimated
to be 0.58+0.09 degree hr™!, which corresponds to a northward velocity of 17+3 ms™.

In the implementation of the error estimation, the error is assumed to be constant along the displacement
and is set to the value at the peak position to reduce the calculation cost. This corresponds to the
approximation that the effective degree of freedom of the template does not change with the displacement

around the peak position. Actually, Figure A1 shows that the errors almost constant around the peak.
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arctanh r

Figure A3 shows examples of the velocity error map. The estimated errors are relatively small (a few m s
1 and almost independent of the latitude up to ~60°, implying a successful removal of streak features. The
large errors near the eastern and southern edge of the velocity field are attributed to the low resolution of the

images; around the edge, images are extended in the course of the projection onto the longitude-latitude

coordinate.
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Figure A3. Estimated errors in (a) the zonal velocity filed and (b) the meridional velocity field. Data

taken on July 29, 2017 were used.

69



70



Chapter 5: Summary

The properties of planetary-scale atmospheric waves at the cloud top of Venus were investigated with
cloud tracking in this thesis.

In Chapter 2, by comparing the spatial and temporal variations of the UV brightness and cloud-tracked
velocity obtained by VMC on board Venus Express, the formation mechanism of the planetary-scale cloud
feature is discussed. It was suggested that the planetary-scale UV contrast is formed by the transport of UV
absorbing materials by horizontally-propagating planetary-scale waves. Spectral analyses revealed a
coherent periodicity of ~4 Earth days independent of the latitude in the UV brightness and ~4 and ~5 Earth
day periodicities in the cloud-tracked velocities. The 4-day oscillation was attributed to a Kelvin wave
because the phase speed is faster than the background zonal wind, the amplitude is large in the low
latitude, and the velocity oscillation is predominantly zonal. The 5-day oscillation was attributed to a
Rosshy wave because the phase speed is slower than the background zonal wind and the amplitude of the
meridional velocity is large in the middle latitude. Based on the observations above and a numerical
experiment, it is suggested that the planetary-scale cloud feature called the horizontal “Y feature” is
formed by the transport of the UV absorber by horizontally-propagating planetary-scale waves and the
mean meridional circulation.

The UV-dark pattern studied here is related to the planetary albedo. Lee et al. (2019) revealed that the
anti-correlation between the westward zonal wind and the planetary albedo at the ultraviolet wavelength by
the analysis of the long-term data; when the planetary albedo is low, the equatorial zonal wind is fast. They
pointed out that the increased solar heating may cause the acceleration of the zonal wind through
cyclostrophic balance, enhanced thermal tide, or enhanced meridional circulation. It is also possible that
such a variation of planetary-scale circulation is related to planetary-scale waves, which control the

planetary albedo through the formation of planetary-scale Y feature. The long-term variations of the
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planetary albedo and the activities of planetary-scale waves should be compared to investigate the coupling
between dynamics and solar heating.

In Chapter 3, the vertical coupling between the cloud-level atmosphere and the thermosphere was
investigated using the spectral data obtained by EXCEED on board an Earth-orbiting satellite Hisaki and
the UV images obtained by UVI on board the Venus orbiter Akatsuki. The former probes airglow emission
from the Venusian thermosphere and the latter probes the cloud top. By simultaneous observations of the
dawn side of Venus by these instruments, a periodicity of 3.6 days was detected in the thermospheric O
atom airglow intensity, the cloud-top UV brightness, and the cloud-top zonal velocity. A one-dimensional
model revealed that the Kelvin wave cannot propagate from the cloud level to the thermosphere because of
radiative damping. The modeling also revealed that small-scale gravity waves having wavelengths of
~1000 km can propagate to the thermosphere on the dawn side because of the fast vertical group velocity
and that the waves are strongly attenuated on the dusk side. It is suggested that the periodical variation of
the airglow intensity with a period of ~3.6 days might be caused by the periodical variation of the gravity
wave flux that is driven by the influence of the Kelvin wave on the generation or transmission of the
gravity waves. The gravity waves that reach the thermosphere will break to produce turbulence or induce
large-scale circulation via momentum deposition. | further developed a one-dimensional photochemical
model to investigate the response of the airglow intensity to the change of the vertical transport caused by
gravity waves. The model showed that the variation of the diffusion coefficient with an amplitude of ~300
m? s explains the observed amplitude of the airglow intensity.

The momentum deposition by gravity waves in the thermosphere is expected to play crucial roles in the
thermospheric circulation. Since the wave momentum deposition is related to the eddy diffusion induced
by breaking of gravity waves (Holton, 1982), the analysis of O atom airglow, which is sensitive to the
vertical diffusion, combined with a numerical modeling of a vertical wave propagation would confirm the
scenario.

Radio occultation measurements can obtain vertical temperature profiles and detect wavy temperature
fluctuation associated with gravity waves (Science et al., 2015; Tellmann et al., 2012). The frequencies and
phase velocities should also be constrained by such observations and a numerical modeling with high

resolution.
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In Chapter 4, a new cloud tracking method which is applicable to cloud regions dominated by streaky
features was developed and applied to images obtained by UVI on board Akatsuki. Using this method,
reliable wind velocities were obtained including the high latitude of Venus where is dominated by streaky
features. The spectral analysis of the cloud-tracked velocities obtained by the new method detected the
periodicity of 4.9 days in both zonal and meridional components. The vortex pattern in the horizontal
structure of the 4.9-day component is consistent with a Rossby wave. The equatorward transport of
superrotational momentum by the Rossby wave was detected in the mid-latitude for the first time. The
observation of the wind field over the entire cloud top of Venus including the high latitudes enables
investigations of various topics, such as the development and decay of the instability of the mid-latitude
jets, the excitation of waves by the instability and the associated momentum transport, and the material
transport across the jets.

Anti-correlation between mean zonal wind and the planetary albedo was reported by Lee et al., (2019).
There is a possibility that planetary-scale waves which control the planetary albedo would also control the
mean wind variation. Propagation of small-scale gravity waves from the cloud-level atmosphere and the
thermosphere implies the momentum transport between these two altitudes. A newly developed cloud
tracking method enabled the estimation of wind velocity in the high latitude of Venus’ cloud top. The
atmospheric waves excited by shear instability, which have been thought to exist and transport
superrotational momentum equatorward, are expected to be detected by the developed method. Combining
the studies of spatial variation of solar heating and both horizontal and vertical momentum transports, the

acceleration mechanism of the Venus’ superrotation will be comprehensively discussed.
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