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Abstract

The most striking features on Venus are the cloud deck, which cover the entire planet
at altitudes between about 50 and 70 km and its superrotating atmosphere. With
highest zonal wind velocities in excess of 100 m/s at altitudes of about 65 to 70 km the
atmosphere circles the planet in about four Earth-days. Until today, the mechanism
that supports the superrotation is not understood. It is assumed that atmospheric
waves, e.g. thermal tides, as well as meridional circulation may provide the required
angular momentum. However, the knowledge about the meridional wind pattern is
poor. The latter can be studied by means of their influence on the abundance and
spatial distribution of trace gases like sulfuric acid and sulfur dioxide. The influence of
atmospheric waves, on the other hand, can be seen for example in temporal temperature
and density variations of the trace gases.

While increased abundances of SO, exist at altitudes below about 60 km altitude,
significant amounts of HySO4(g) can be found in the altitude region below about 50 km
altitude. HySO, is produced in the upper clouds (60 - 70 km) where it predominantly
exists in the liquid phase. It is transported to lower altitudes where it evaporates due to
increasing temperatures so that a haze layer consisting of HoSOy(g) is formed between
about 35 and 50 km altitude.

Gaseous sulfuric acid and sulfur dioxide are responsible for the absorption of radio
waves. The absorption can be used to derive the abundances of SO, and HySO4(g).
The radio science experiment VeRa on board the Venus Express spacecraft was used
to sound the atmosphere of Venus with X- and S-band radio waves between the years
2006 and 2014. In the present work, X- and S-band absorptivity profiles were derived
from these radio soundings. Those were used to derive mean SO, values between 51
and 54 km altitude as well as H,SO4(g) abundance profiles between about 40 and 55
km altitude. More than 800 profiles could be derived which, thanks to the orbit of
Venus Express, cover a large number of latitudes and local times.

Distinct latitudinal variations of SO, and HySOy4(g) were found. Mean SO, values
of 90 ppm and 150 - 160 ppm were derived at the equatorial and the polar regions,
respectively, while a relatively low mean abundance value of 50 ppm was found at the
mid-latitudes. Increased HoSO4(g) accumulations with mean values of 13 ppm and 9
- 14 ppm were observed at low and high latitudes, respectively, while lower values of
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5 - 7 ppm were derived at the mid-latitudes. Furthermore, a decrease of the topside
of the HySO4(g) haze layer was observed at higher latitudes. Long-term variations of
SOy were found at both polar regions with SO, low abundant periods in the years
2006/2007 and 2013 as well as with an SO, high abundant period between the years
2008 and 2011. A similar long-term trend was observed in the HoSO4(g) abundance
at the northern polar latitudes. Lowest values were observed in 2007, while distinctly
enhanced values were found between the end of 2008 and middle of 2012. Moreover,
a local time dependence was found in the equatorial HySO,(g) abundance, which is
likely caused by a semidiurnal tide.

A 2D mass transport model was developed in the present work in order to study
the meridional wind pattern in Venus’ atmosphere which caused the observed spatial
distribution of HySOy4(g). It turned out that the HySO4(g) accumulation observed at
high latitudes was mainly caused by precipitation of H,SO,4 droplets at these latitudes.
The latter evaporated into gaseous sulfuric acid at lower altitudes and formed the
observed gas accumulation. The influence of wind transport on this formation process
was minor. The HySO,(g) accumulation observed at equatorial latitudes is the result
of opposite directed mass transport by upward winds and sedimentation as well as
evaporation and condensation processes. The low HySO4(g) abundance observed at
mid-latitudes was reproduced by downward winds in the model calculations. The
general assumption on Venus’ wind pattern made in the present model is confirmed by
the successful reproduction of the observed global HySO,(g) distribution. The assumed
wind pattern is also supported by the latitudinal SO, distribution observed between
51 and 54 km altitude.



Kurzzusammenfassung

Zu den auffiligsten Merkmalen des Planeten Venus gehoren die Wolkendecke, die in
einer Hohe von 50 und 70 km den gesamten Planeten iiberdeckt sowie die super-
rotierende Atmosphére. Mit Geschwindigkeiten von mehr als 100 m/s umrundet die
Atmosphére in ungefihr vier Erdtagen den Planeten. Bis heute ist der Mechanismus,
der die Superrotation aufrechterhilt, nicht verstanden. Es wird davon ausgegangen,
dass atmosphérische Wellen wie z.B. thermische Gezeiten, sowie die meridionale Zirku-
lation den notigen Impuls liefern. Die Kenntnis iiber die meridionale Windstruktur ist
jedoch gering. Letztere kann anhand des Einflusses der Zirkulation auf die Konzen-
tration und auf die rdumliche Verteilung von Spurengasen wie z.B. Schwefelsdure und
Schwefeldioxid untersucht werden. Der Einfluss von atmosphérischen Wellen hingegen,
kann z.B. in zeitlichen Variationen der Temperatur und der Dichte der Spurengase
beobachtet werden.

Wiéhrend sich grofere SO, Konzentrationen unterhalb von ungefidhr 60 km Hohe
befinden, konnen erhohte Konzentrationen von HySOy4(g) unterhalb von ungefihr 50
km Hohe beobachtet werden. H2SO4(g) wird in der oberen Wolkenschicht (60 - 70
km) produziert, wo es sich iiberwiegend in fliissiger Form befindet. Es nach unten
transportiert, wo es aufgrund der steigenden Temperaturen verdampft, so dass sich
zwischen ungeféhr 35 und 50 km Hohe eine Dunstschicht aus HySO,4(g) bildet.

Gasformige Schwefelsdure und Schwefeldioxid sind verantwortlich fiir die Absorp-
tion von Radio Wellen. Die Absorption kann genutzt werden um die Konzentrationen
von HySO4(g) und SO, zu bestimmen. Das Radiosondierungsexperiment VeRa an Bord
der Raumsonde Venus Express wurde verwendet, um die Atmosphére der Venus mit X-
und S-Band Radio Signalen zwischen 2006 und 2014 zu sondieren. In der vorliegenden
Arbeit wurden X- und S-Band Absorptionsprofile aus diesen Messungen berechnet.
Diese wurden verwendet, um mittlere SOy Werte zwischen 51 und 54 km Hdohe zu bes-
timmen sowie HySO,4(g) Konzentrationsprofile zwischen ungeféhr 40 und 55 km Ho6he
zu berechnen. Mehr als 800 Profile konnten berechnet werden, die dank des Orbits von
Venus Express eine groke Anzahl von planetaren Breiten und lokalen Zeiten abdecken.

Es wurden deutliche latitudinale Variationen von HySO,4(g) und SOs gefunden. In
dquatorialen und polaren Breiten wurden mittlere SOy Werte von 90 ppm und 150
- 160 ppm berechnet, wihrend in mittleren Breiten relativ geringe Konzentrationen
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von 50 ppm gefunden wurden. In dquatorialen und polaren Breiten wurden erhoéhte
H,S04(g) Ansammlungen beobachtet, mit mittleren Werten von 13 ppm und 9 - 14
ppm. In mittleren Breiten hingegen, wurden kleinere Werte von 5 - 7 ppm bestimmt.
Dariiber hinaus wurde bei hohen Breiten eine Absenkung der Oberseite der HySO4(g)
Dunstschicht beobachtet. In beiden polaren Regionen wurde eine Langzeitvariation
von SO, gefunden, mit Perioden geringer SOy Konzentration in den Jahren 2006 /2007
und 2013 sowie hoher Konzentration zwischen 2008 und 2011. Eine dhnliche Variation
der H,SO,(g) Konzentration wurde in der nordlichen Polarregion festgestellt. Niedrige
Werte wurden im Jahr 2007 beobachtet, wihrend im Zeitraum zwischen Ende 2008
und Mitte 2012 deutlich erhohte Werte gefunden wurden. Auferdem wurde in der
dquatorialen Region eine Abhéngigkeit der HySO,4(g) Konzentration von der lokalen
Zeit festgestellt, welche wahrscheinlich durch thermische Gezeiten verursacht wurde.

Ein 2D Transportmodell wurde in der vorliegenden Arbeit entwickelt um die merid-
ionale Windstruktur in der Venusatmosphére zu untersuchen, welche die beobachtete
rdumliche Verteilung von HySOy4(g) gebildet hat. Es hat sich herausgestellt, dass die
beobachtete HySO,4(g) Ansammlung in den hohen Breiten durch den Niederschlag von
HySO, Tropfen verursacht wurde. Letztere verdampften in niedrigeren Hohen zu gas-
formiger Schwefelsdure und bildeten die beobachtete Ansammlung von HySOy4(g). Der
Einfluss von Winden war gering bei diesem Bildungsprozess. Die HySO,4(g) Ansamm-
lung in der dquatorialen Region ist das Resultat von entgegengestztem Massentrans-
port, bestehend aus Aufwinden und Sedimentation sowie von Verdampfungs- und Kon-
densationsprozessen. Die niedrige HySO4(g) Konzentration, welche in den mittleren
Breiten beobachtet wurde, konnte in den Modellrechnungen durch abwérts gerichtete
Winde rekonstruiert werden. Die im vorliegendem Modell getroffenen Annahmen {iber
die Windstruktur in der Venusatmosphére werden sowohl durch die erfolgreiche Repro-
duktion der beobachteten globalen HoSO,4(g) Konzentration bestitigt, als auch durch
die beobachtete globale SO, Konzentration bekraftigt.



Contents

1 Introduction 1
2 The atmosphere of Venus below 80 km altitude 5
2.1 Thermal structure . . . . . . . . . ... 5
2.2 Chemical composition . . . . . .. .. L0000 7
2.3 Wind dynamics . . . . ... 17
3 The Venus Express spacecraft, payload and data acquisition 25
3.1 The Venus Express spacecraft and payload . . . . . ... .. ... ... 25
3.1.1 Venus Express Radio Science Experiment VeRa . . . . . . . .. 28
3.1.2 Radio occultation . . . . . . .. ... oL 30
3.2 Data acquisition . . . . . . . . ... Lo e 32
3.2.1 Signal power and the atmospheric Doppler shift . . . . ... .. 33
3.2.2 Radio ray parameters as well as temperature, pressure and num-

ber density . . . . ... 36
3.2.3 Spatial resolution . . . . . ... ... o 40
4 Radio signal attenuation in the Venus atmosphere 43
4.1 Radio signal attenuation . . . . . . .. .. ... .. 43
4.1.1 Refractive defocussing . . . . . . .. ... 45
4.1.2 Mispointing . . . . . ... 47
4.1.3 Absorption . . . . ... 49
4.2 Previous observations . . . . . ... ... 53

5 Two-dimensional mass transport model of the lower and middle Venus
atmosphere 61
5.1 Transport, condensation and evaporation . . . . . . . ... .. .. ... 61
5.2 Numerical solution . . . . . . . .. .. ... ... . 71

ix



CONTENTS

Attenuation of Venus Express radio signals and comparison of closed-

loop with open loop data 75
6.1 Comparison of closed-loop with open loop data . . . . .. . ... ... 75
6.2 Refractive defocussing . . . . . .. ... Lo Lo 78
6.3 Mispointing . . . . . . ... Lo 80
Absorptivity, SO, abundance and H»SOy4(g) profiles derived from

VeRa’s open loop data 87
7.1 Comparison of results derived from S-and X-band radio signals . . . . . 88

7.2 Upper limits of the SO5 abundance derived from VeRa’s X-band data . 95
7.3 HySO4(g) profiles derived from VeRa’s X-band data from the entire

Venus Express mission . . . . . . . .. .. .00 107
7.3.1 Global HySO4(g) distribution . . . . .. .. ... ... ... .. 107
7.3.2  HySO4(g) abundance variations . . . . . ... ... ... .... 110
Model results and comparison with observations and previous simu-
lations 121
8.1 Model results and comparison with VeRa . . . . . . .. ... ... ... 122
8.1.1 Modeled HySO4(g) distribution . . . .. . ... ... ... ... 122
8.1.2 Comparison with VeRa . . . . . ... .. .. ... ... ..... 129
8.2 Modeled distributions of the clouds and water vapor . . . . . . . .. .. 135
8.3 Comparison with other model results and previous observations . . . . 140
Summary and future prospects 151
9.1 Observation . . . . . . . . . . . . e 151
9.2 Modeling . . . . . . .. 156
9.3 Outlook . . . . . . . . e 160
Radio signal attenuation in the Earth atmosphere 163

Multipath propagation effects occurring in Venus Express radio oc-
cultation experiments 171

Coefficients for the mass transport equation 175

The effect of the antenna mispointing on the Venus Express S-band
radio signal 179

H,SO,(g) profiles derived from VeRa’s X- and S-band radio absorp-
tivity in the year 2006. 181

Bibliography 183



List of Figures

2.1

2.2

2.3

Panel a): Zonal and temporal averaged temperature distribution in
Venus’ atmosphere between 40 and 80 km altitude derived from Venus
Express radio occultation data. The southern and northern hemispheres
were subdivided into equal latitudinal bins of 5 deg each. Vertical tem-
perature profiles from the years 2006 to 2014 located within each bins
were averaged to one profile. The lack of data in the latitude range
between about 0°N and 65°N is a consequence of the spacecrafts orbit
geometry; Panel b): Static stability in Venus’ atmosphere derived by
Ando et al. (2015) from Venus Express radio occultation data. . . . . .

Vertical distribution of the number density (panel a)) and mass loading
(panel b)) of mode 2 and 3 particles in Venus’ atmosphere as observed
by the PVO particle size spectrometer. Data were adopted from Knol-
lenberg and Hunten (1980). The contribution of the mode 1 particles to
the overall mass loading of the Venus clouds is small and is therefore
neglected. . . . . ..

Water vapor in Venus’ middle and lower atmosphere obtained from air-
borne, ground based and spacecraft observations as well as from model
results (Fink et al., 1972; Bézard et al., 1990; Bell et al., 1991; Crisp
et al., 1991; Bjoraker et al., 1992; Donahue and Hodges, 1992; Pollack
et al., 1993; Bergh et al., 1995; Meadows and Crisp, 1996; Ignatiev et al.,
1997, 1999; Fedorova et al., 2008; Marcq et al., 2008; Cottini et al., 2012;
Fedorova et al., 2016). . . . . . . ...

x1



xii

LIST OF FIGURES

2.4

2.5

2.6

2.7

2.8

3.1

3.2

Panel a): Sulfur dioxide in Venus’ middle and lower atmosphere obtained
from ground based and spacecraft observations as well as from model
results (Barker, 1979; Hoffman et al., 1980; Oyama et al., 1980; Zasova
et al., 1993; Bézard et al., 1993; Pollack et al., 1993; Parisot et al., 1986;
Bertaux et al., 1996; Jenkins et al., 2002; Marcq et al., 2008; Belyaev
et al., 2012; Krasnopolsky, 2007, 2012; Zhang et al., 2012). Arrows placed
on data samples represent either ’less than’ or ’greater than’. Panel
b): Temporal evolution of the equatorial SO, abundance at cloud top
altitudes observed by Marcq et al. (2020) in SPICAV-UV measurements
from the years 2006 to 2015. The red line represents the moving median
value. The Figure was adopted from Marcq et al. (2020). . . . . .. ..
The abundance of a) carbon monoxide around 36 km altitude and b)
carbonyl sulfide around 33 km altitude in Venus’ atmosphere as derived

by Marcq et al. (2008) from VEX/VIRTIS measurements (section (3.1)).

a): Zonal wind velocity profiles as measured by the Venera and Pioneer
Venus entry probes (Schubert et al., 1980); b): Latitudinal distribution
of the zonal wind at three altitude regions, ~ 66 km (blue), ~ 61 km
(violet), ~ 47 km (red), derived from Venus Express measurements be-
tween the years 2006 and 2007 (Sdnchez-Lavega et al., 2008). . . . . . .
Observed meridional wind directions in Venus’ atmosphere between 40
and 70 km altitude. Red arrows represent poleward wind, blue arrows
represent equator-ward wind. The following observations from the years
1972 to 2017 from the day- and nightside southern and northern hemi-
spheres are presented: a) Kerzhanovich et al. (1972), b) Counselman
et al. (1980), ¢) Rossow et al. (1980), d) Rossow et al. (1989), e) Carlson
et al. (1991), f) Peralta et al. (2007), g) Sdanchez-Lavega et al. (2008), h)
Moissl et al. (2009), i) Hueso et al. (2012), j) Khatuntsev et al. (2013),
k) Khatuntsev et al. (2017), 1) Gongalves et al. (2020). . . . .. .. ..
Vertical and latitudinal structure of the mean meridional circulation in
Venus’ atmosphere proposed by a) Schubert et al. (1980), b) Yamamoto
and Tanaka (1997) and ¢) Imamura and Hashimoto (1998). . . . . . ..

Artistic image of the Venus Express spacecraft and its seven scientific
instruments (ESA). . . . .. ..
Radio occultation geometry during VEX radio science measurements.
Due to the refraction of the emitted radio signal in Venus’ atmosphere
the geometrical signal path (R; + Rs) is longer compared to the direct
line of sight (R3). The scenario is presented for signal refraction in the
neutral atmosphere. In the ionosphere the value of refractive index is
less than 1 (see section (3.2.2)) and refraction occurs away from the
planet (Figure adopted from Lipa and Tyler (1979)) . . . . . .. .. ..

14

16

18

20

21

26



LIST OF FIGURES

xiii

3.3

4.1

4.2

4.3

4.4

First three Fresnel zones (Fy, Fy and F3) centered around the direct
signal path between the spacecraft (S/C) and ground station (G/S).
Both, the S/C and G/S are located at the focal points of the ellipsoidal
cones. F7 is defined so that the path length difference between the direct
and the reflected signal is half the signal period. The first Fresnel zone
contains the most signal energy. The diameter dp of the first Fresnel zone
is a measure for the spatial resolution in radio occultation measurements.
The distance between the S/C and the atmospheric reference point as
well as between the S/C and G/S is given by and by, respectively.

Radiation pattern of the Venus Express HGA1 (a) X-band; b) S-band)
and HGA2 (c¢) X-band) for the azimuth angle of € =0°. . . . . . .. ..

Observed signal attenuation as well as absorptivity and HoSO4(g) abun-
dance on the equatorial nightside (upper panels; ingress) and dayside
(lower panels; egress) Venus atmosphere derived from Mariner V radio
occultation data. Absorptivity profiles on the nightside were derived
from the S-band radio signal attenuation using i) the S-band Doppler
data and ii) the 423.3 MHz amplitude data for removal of the defo-
cussing loss. On the dayside the S-band Doppler data were used, only.
The black profiles shows the saturation abundance (cf. equation (5.13)).
Signal level, absorptivity, temperature and pressure data for the creation
of the figures were extracted from Mariner Stanford Group (1967) and
Fjeldbo et al. (1971). No information on the uncertainty of the derived
values was provided. . . . . . ... ...

S-band radio absorptivity and HySO4(g) abundance in Venus’ equatorial
atmosphere (red) derived by Lipa and Tyler (1979) as well as Kolodner
and Steffes (1998) from Mariner 10 radio occultation data. The black
profile shows the saturation abundance (cf. equation (5.13)). Data were
extracted from the corresponding publications. Absorptivity data were
interpolated at altitudes from Kolodner and Steffes (1998). . . . . . ..

S-band radio signal absorptivity profiles in the Venus atmosphere derived
by Cimino (1982) as well as Jenkins and Steffes (1991) from Pioneer
Venus radio occultation measurements from the years 1978/1979 (a)
- d)) and 1986/1987 (d)) at different latitudinal regions. Note that:
aldBkm ] = 101log,o(e)alkm™] (see equation (4.22)). The dashed line
in e) represents the approximate location of the 1 bar pressure level. . .

41

%)

56



xiv

LIST OF FIGURES

4.5

4.6

5.1

5.2

5.3

5.4

6.1

Panels a) and b): X-and S-band radio signal absorptivity profiles in
Venus’ nightside atmosphere (~ 67°N) derived by Jenkins et al. (1994)
from Magellan radio occultation measurements conducted in October
1991 (Orbit 3214). Panel c¢): Sulfuric acid vapor abundance profiles
computed by Kolodner and Steffes (1998) from the absorptivity profiles
visible in the panels a) and b). The saturation abundance was com-
puted by using equation (5.13). The dashed lines in the panels a) to c)
represent the approximate location of the 1 bar pressure level. . . . . .

Residual attenuation of the 5 cm radio signal derived by Gubenko et al.
(2001) from the Venera 15/16 radio occultation measurements carried
out at two different latitudes. The defocussing loss was removed by
using the 32 cm radio signal amplitude. Data were extracted from the
corresponding publication and the absorption coefficient was transferred
into units of dB/km by using equation (4.22). The value of the mean
Venus radius was corrected from 6051 to 6051.8 km. The dashed line
represent the approximate location of the 1 bar pressure level. . . . . .
Mass stream function v in units of kg-m~!-s~! in the northern hemi-
sphere used in the simulation run Test I (cf. Table 8.1). In the southern
hemisphere the same parameters are used. . . . . . ... ... ... ..

a) Meridional and b) vertical wind velocities in the circulation cells
shown in Figure 5.1. Positive values represent poleward/upward flow
while equatorward /downward wind is represented by negative values.
While meridional wind velocity values are in units of m/s, vertical ve-
locity values are in units of mm/s. . . . . . ... ...

Profiles of vertical and horizontal eddy diffusion coefficients used in the
present model. No latitudinal variations were considered in the model.
In order to simulate the convection layer located between about 50 and
60 km altitude, the values of K., were increased in this region. . . . . .

Mean sedimentation velocity at equatorial and polar latitudes used in
themodel. . . . . . . . . . . .

Observed decrease of VeRa’s X-band radio signal obtained from Closed-
Loop (CL) recordings (green) as well as determined from Open-Loop
(OL) recordings (blue) as a function of time. Please note the break
between 900 and 2500 seconds. Radio ray parameters and atmospheric
profiles were derived from the ingress and egress part of the measurement
when a clear carrier signal (CS) could be detected, either by the CL
receiver at the G/S on Earth or by the FFT based algorithm applied to
the OL recordings. . . . . . . . . . .. . . ..



LIST OF FIGURES

Xv

6.2

6.3

6.4

6.5

6.6

Deepest altitudes in Venus atmospheric profiles achieved from VeRa’s
X-band CL data (panel a) and OL data (panel b) as a function of the
latitude. The red profiles show the mean altitude in latitudinal bins of
5%each. . . . . .

Attenuation of the X-band radio signal observed in two radio occultation
measurements. Left: Ingress measurement conducted on 2006-08-11 at
the southern mid-latitudes (52.70°S) (distance of VEX to center of Venus
approx. 18535 km); Right: Ingress measurement conducted on 2007-01-
03 at the northern polar latitudes (83.27°N) (distance of VEX to center
of Venus approx. 8647 km). The green profile shows the contribution
of refractive defocussing to the total signal attenuation (black). The
blue profile presents the absorption of the signal in Venus’ atmosphere.
The horizontal dashed line shows the approximate altitude of the 1 bar
pressure level. . . . . ...

Upper panel: Distance of Venus Express to the center of Venus while
sounding the altitude region between 40 and 80 km at the southern and
northern hemisphere. Lower panel: Contribution of the refractive loss to
the observed attenuation of the X-Band radio signal between 40 and 80
km altitude at the southern and northern hemisphere. The hemispheres
were subdivided into equal latitudinal bins of 5° each. Measurements
located within each bin were averaged to one profile. No measurements
are available in the northern mid-latitudinal region between about 20
and 60°N below 50 km altitude due to the orbit geometry of Venus
Express. . . . . .

The effect of pointing inaccuracies on Venus Express’ X-Band radio sig-
nals occurred during the occultation measurements between the years
2006 and 2013 as a function of sounded altitude (left panel: HGAT;
right panel: HGA2). The horizontal axes were subdivided into equal
bins of 0.015 dB each and measurements located within each bin were
counted. The color code gives the number of measurements located
within each bin. The white profiles represent maximal pointing inaccu-
racies occurred between 2006 and 2014. The smaller image section in
the right panel shows the zoomed area of the HGA2 pointing errors in
the range from 0 to 2 dB between 40 and 100 km altitude. . . . . . ..

Impact of pointing errors of the HGA1 (panel a) and b)) and HGA2
(panel d) and e)) on the derived HoSO4(g) abundance visible in the
panels ¢) and f), respectively. The saturation vapor abundance was
computed by using equation (5.13). . . . . ... .o

80

83



xvi

LIST OF FIGURES

6.7

7.1

7.2

7.3

7.4

Sulfuric acid vapor abundance derived from Venera’s 5 cm (6 GHz) ra-
dio absorptivity data visible in panel b) of Figure 4.6 by using equation
(4.20d). Temperature and pressure data were adopted from VeRa’s ra-
dio occultation measurements between the years 2006 and 2014 from the
corresponding latitudes. Error bars, which were calculated by applying
the standard error propagation, represent the variation of the temper-
ature and pressure between the years 2006 and 2014. No information
on the uncertainty of the absorptivity is included. The black profile
represent the saturation vapor abundance (cf. equation (5.13)).

Absorptivity of VeRa’s X- and S-band radio signals derived from egress
measurements carried out in the year 2006 at northern cold collar lat-
itudes (panels a) and b)) and polar region (panels d) and e)). The
absorptivity profiles contain contributions mainly from CQO,y, N, and
H5S04(g). The corresponding sulfuric acid vapor profiles are presented
in the panels ¢) and f) for the collar and polar latitudes, respectively.
The saturation abundance (black profiles in the panels ¢) and f )) was
computed by using equation (5.13). . . . .. ...

Mean absorptivity profiles from the Venus northern hemisphere derived
from VeRa’s X-Band (blue) and S-Band (red) radio signals from the
year 2006. The profiles contain contributions mainly from CO,, Ny and
HySO4(g). The upper panel shows the latitudinal region between 60°
and 74°, the lower panel shows the polar region between 78° and 90°.
Narrow figures attached to the absorptivity profiles represent the number
of data samples used for averaging. . . . ... ... .. ... ... ...

Mean sulfuric acid vapor profiles from the Venus northern hemisphere
derived from VeRa’s S-and X-band radio signal absorption observed in
2006 (see Figure 7.2). The saturation abundance was computed by using
equation (5.13). . . . . .. L

Sulfur dioxide in Venus’ middle and lower atmosphere obtained from
ground based and spacecraft observations as well as from model results
(cf. Figure 2.4.a)). The black square represent the SO, abundance de-
rived from Magellan radio occultation S-and X-band data obtained from
the orbit 3212. The blue square shows the SO, abundance calculated
from Magellan data from the orbit 3214. The error bars represent the
SO, abundance range derived from the uncertainty of the HySO4(g) pro-
files. . . . . o

85

89



LIST OF FIGURES

xvii

7.5

7.6

7.7

7.8

7.9

7.10

Sulfuric acid vapor profiles derived from VeRa’s X-band data calculated
without (green) and with (blue) the SO, contribution to the total X-
band radio signal absorption (cf. equation (4.21)). For the blue profile
an SO, mixing ratio of 200 4+ 80 ppm was used to correct for the contri-
bution of sulfur dioxide to the total signal absorption. The black profile
shows the HySOy4(g) saturation abundance calculated using the satura-
tion vapor pressure over a H,SO4-H50 solution of about 98% by weight
(cf. equation (5.13)). . . . . .. L

Upper limits of the sulfur dioxide abundance in the altitude region be-
tween 51 and 54 km derived from VeRa’s X-band data between the years
2006 and 2015. The measurement uncertainties vary between 30 and 80
ppm. The red line represent the average abundance. The hemispheres
were subdivided into equal latitudinal bins of 5° each. SO, values lo-
cated within each bin were averaged to one mean value. Due to the
low number of measurements, SO, values located in the latitude region
between 25°N and 60°N were not considered for averaging. . . . . . ..

Upper limits of the sulfur dioxide abundance in the altitude region be-
tween 51 and 54 km derived from VeRa’s X-band absorptivity data be-
tween the years 2006 and 2015. Panel a) shows the abundance at south-
ern and northern polar latitudes (> 75°), panel b) shows the abundance
at the equatorial region (25°S - 25°N). The measurement uncertainties
vary between 30 and 70 ppm. The red and blue data represent averaged
abundances computed from measurements, which were obtained from
different occultation seasons. . . . . . . . .. ...

Mean atmospheric temperature as a function of the year at altitudes
levels between 55 and 42 km at the northern polar region (> 75°) (panel
a) to e)) as well as its annual difference (panel f)) derived from VeRa’s
X-band radio occultation data. . . . . ... ..o

Averaged abundance of SO, at the equatorial and polar region derived
from VeRa’s X-band absorptivity /H2SO4(g) data (cf. Figure 7.7) incor-
porated into Figure 2.4. . . . . . . ... oL

Panel a): Latitudinal distribution of SOy at 70 km altitude as observed
by Mareq et al. (2020) using SPICAV-UV data. Panel b): The mean SO,
abundance adopted from panel a) (blue) along with that between 51 and
54 km altitude derived from radio occultation measurements (red) (cf.
Figure 7.6). . . . . . . .

96



xviii

LIST OF FIGURES

7.11

7.12

7.13

7.14

7.15

Long-term evolution of SO, in the equatorial region at 70 km altitude
(panel a)) extracted from Figure 2.4.b) as well as between 51 and 54
km altitude (panel b)) extracted from Figure 7.7.b). Panel c¢) shows the
long-term trend in Venus’ 365 nm albedo observed by Lee et al. (2019)
at equatorial and mid-latitudes. Panel d) represents the temporal SO,
evolution between 51 and 54 km altitude at both polar regions extracted
from Figure 7.7.a). Error bars in the panels b) and d) represent the
variability of the SO, abundance values observed in the corresponding

Zonally and time-averaged HoSO,(g) distribution in Venus’ lower atmo-
sphere at the southern and northern hemispheres derived from VeRa’s
radio occultation data from the years 2006 to 2014 (lower panel). The

hemispheres were subdivided into equal latitudinal bins of 5° each. H,SO4(g)

profiles located within each bin were averaged to one sulfuric acid va-
por profile. The number of data samples used for averaging is shown in
the upper panel. The white dashed line in the lower panel shows the
isotherm of T = 340 K derived from VeRa’s X-band radio occultation
data from the same period of time. . . . . . . . ... ... ... ....

Upper panel: HySO4(g) column density computed between 42 and 47
km altitude in the northern polar region (75° - 90°) between 2006 and
2013. Red data represent averaged values computed from measurements
obtained from different occultation seasons. Error bars (0.01 - 0.2-10%
km2) were calculated using the standard error propagation; Lower panel:
Temporal evolution of the mean temperature at 44 km altitude in the
northern polar region (75° - 90°) between 2006 and 2014. The lower
panel was adopted from Figure 7.8.d). . . . ... ... ... ... ...

Mean H2SO,(g) profiles (blue straight line) and observed variation (blue
dashed lines) at the northern polar latitudes between the years 2006 and
2007 (panel a)) as well as between end of 2008 and 2013 (panel b)). Error
bars were calculated using the standard error propagation. The mean
saturation abundance (black straight line) was computed using equation
(5.13). Narrow figures attached to the mean HySO,(g) profiles represent
the number of data used for averaging. . . . .. .. .. ... ... ...

Upper panel: HySO4(g) column density computed between 46 and 50 km
altitude in the equatorial region (25°S - 25°N) between the years 2006
and 2014. Error bars, in the order of 0.01 - 0.1-10%° km2, were calculated
using the standard error propagation; Lower panel: Temperature at 47
km altitude in the same latitudinal region derived from VeRa’s radio
occultation data from the years 2006 to 2014. Red data represent mean
values resulting from averaging over a time period of 6 hours. . . . . . .



LIST OF FIGURES

Xix

7.16

7.17

8.1

8.2

8.3

8.4

8.5

8.6

Mean HySO4(g) profiles (blue straight line) and observed variation (blue
dashed lines) between 0 and 3 h local time (panel a)) as well as between
6 and 10 h local time (panel b)). Error bars were calculated using the
standard error propagation. The mean saturation abundance (black
straight line) was computed using equation (5.13). Narrow figures at-
tached to the mean HySO,(g) profiles represent the number of data used
for averaging. . . . . . .. Lo

Sulfuric acid vapor abundance profiles obtained from Mariner, Magellan
and Venus Express radio occultation measurements at different latitu-
dinal regions: a) equatorial latitudes, b) 65 - 70°S/N, ¢) polar region.
Profiles from the Mariner observations were adopted from Figure 4.2
and Figure 4.3. While the Magellan profile in panel b) was adopted
from Figure 4.5, that in panel ¢) was adopted from Kolodner and Steffes

H,S04(g) distribution in Venus’ northern hemisphere obtained from the
simulation runs Test 0a), Test 0b) and Test 1a). The white dashed
lines mark the altitude of the highest HySO4(g) abundance. . . . . . . .

Vertical profiles of HySO4(g) in Venus’ equatorial and polar atmosphere
(panel a) and b), respectively) obtained from the simulation run Test
1a) performed with different circulation velocities of the Hadley and
polar cells. The horizontal dashed lines show the approximate altitude
of the 1 bar pressure level. . . . . . . . .. ... .. ... ... .....

H,SO4(g) distribution in Venus’ northern hemisphere obtained from the
simulation runs Test 2a) and b) as well as from Test 3a) and b). The
white dashed lines in Test 2b) and Test 8b) mark the altitude of the
highest HySO4(g) abundance. . . . . . .. ... .. ... ... ..

H,SO4(g) distribution in Venus’ atmosphere obtained from the simula-
tion runs Test 1a) (upper panel), Test 2a) (middle panel) as well as de-
rived from VeRa’s radio occultation observations (lower panel) adopted
from Figure 7.12. . . . . . . . .

Vertical profiles of HoSO,4(g) at equatorial latitudes obtained from VeRa’s
observations as well as from the simulation runs Test 1a) and Test 2a).
For the run Test 1a)* the global temperature was decreased by 10 K.
Test The horizontal dashed lines show the approximate altitude of the
1 bar pressure level. . . . . . . ... Lo L

Vertical profiles of HySO4(g) in Venus’ northern polar atmosphere ob-
tained from the simulation runs Test 1a) and Test 2a) as well as ob-
tained from VeRa’s observations. The horizontal dashed line show the
approximate altitude of the 1 bar pressure level. . . . . . . . . . . ...

126



XX

LIST OF FIGURES

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

Mean SO, abundance in the altitude region between 51 and 54 km de-
rived from VeRa’s X-band data between the years 2006 and 2015 (data
from the southern and northern hemisphere were adopted from Figure
7.6) superimposed on the mass stream function ¢ in the northern hemi-
sphere used in the simulation run Test I (adopted from Figure 5.1). . .

Bulk density of the Venus clouds consisting of HySO4-H5O droplets ob-
tained from the simulation run Test Ia) in the northern hemisphere. . .

Vertical profiles of HySO4(g) and HySO4-H0O cloud droplets at equato-
rial (panel a)), mid- (panel b)), and polar (panel c)) latitudes obtained
from the simulation run Test 1a). The horizontal dashed line shows the
approximate altitude of the 1 bar pressure level. . . . . . . . . ... ..

Spatial distribution of water vapor obtained from the simulation run
Test 1a) in the northern hemisphere. . . . . . . .. ... .. ... ...

Spatial distribution of sulfuric acid vapor obtained from the simulation
run Test 1a) (panel a)) as well as obtained by Imamura and Hashimoto
(1998) from a 2D model (panel b)) and by Ando et al. (2020) from a 3D
model (panel ¢)). . . . . ...

Sulfuric acid vapor profiles in the equatorial region obtained from the
simulation run Test 1a) (panel a) as well as calculated by Imamura and
Hashimoto (2001) (panel b) and by Parkinson et al. (2015) (panel c)
using 1D models. Explanation of the legend in panel b) can be found
in Imamura and Hashimoto (2001). Black dots in panel c¢) represent
HySO4(g) values derived by Kolodner and Steffes (1998) from Mariner
10 radio occultation data. . . . . ... ... Lo

Vertical profiles of the Venus clouds bulk density observed by Knollen-
berg and Hunten (1980) (cf. Figure 2.2b)) as well as obtained from the
simulation run Test fa). . . . . . .. ..o

Spatial distribution of the cloud density obtained from the simulation
run Test 1a) (panel a)) as well as obtained by Imamura and Hashimoto
(1998) from a 2D model (panel b)) and by Ando et al. (2020) from a 3D
model (panel ¢)). . . . . ...

Profiles of the cloud density at different latitudinal regions obtained
from the simulation run Test 1a) (panel a)) as well as obtained by Me-
Gouldrick (2017) from a 1D model (panel b)). LCPS data in panel b)
represent measurements from the Pioneer Venus Large probe Cloud Par-
ticle size Spectrometer. The legend in panel b) was adjusted according
to the caption in McGouldrick (2017). . . . . . . .. .. .. .. ... ..

135

137



LIST OF FIGURES

xxi

8.16

8.17

Al

A2

A3

B.1

B.2

Water vapor concentration in Venus’ middle and lower atmosphere ob-
tained from observations and model calculations adopted from Figure
2.3 along with HyO(g) profiles at the equatorial and polar latitudes ob-
tained from the simulation run Test 1a). . . . . . . . . ... ... ...

Spatial distribution of water vapor obtained from the simulation run 7Test
la) (panel a)) as well as obtained by Imamura and Hashimoto (1998)
from a 2D model (panel b)) and by Ando et al. (2020) from a 3D model

Receiving antenna pointing angle distribution. The elevation angle is
represented by ¥. . . ... Lo

Path attenuation in the Earth atmosphere due to oxygen and water
vapor for the elevation angles ¥ = 5° and v =90°. . . . .. ... .. ..

Path attenuation in the Earth atmosphere due to clouds/fog and rain for
the elevation angles ¥ = 5° and ¥ = 90°. For the cloud/fog attenuation
it was set: L. = 2 kg/m?; exceedance probability: 0.1%. For the rain
attenuation it was set: R = 25 mm/h; exceedance probability: 0.01%;
rain height: 3.9 km. . . . .. .. .. o

Sketch of multipath propagation in the atmosphere. Radio rays, emit-
ted by the transmitter, traverse the atmospheric region where inhomo-
geneities of the refractive index occur. The refractive index doesn’t in-
crease monotonically with depth and causes therefore a variation of the
radio ray refraction in a narrow altitude range. This implies that several
different radio rays arrive at the receiver at the same time. The sketch
of the multipath geometry was adopted from Lauritsen and Lohmann
(2004) who depicted the occurrence of multipath propagation in radio
occultation measurements conducted on the Earth atmosphere. . . . . .

Power spectra of VeRa’s X-band radio signals computed when the mul-
tipath region in Venus’ atmosphere was sounded. The signals were down
converted to base-band. The Doppler shift induced by the relative mo-
tion between the S/C and G/S was removed. Additionally a predicted
atmospheric Doppler shift was removed. The down mixing of the base-
band signal by using the predicted Doppler shift results either in positive
or in negative frequencies of the residual signal. The black dots show
the residual frequency f,..s computed by using the standard FFT-based
algorithm outlined in section 3.2.1. Panel a) shows the latitudinal region
around 73°S, panel b) shows the region around 65°S. The white dashed
lines represent the sounded altitude corresponding to the ground station
received time visible on the abscissa. . . . . ... ... ... ... ...



xxii

LIST OF FIGURES

B.3

D.1

E.1

E.2

Panel a): Power spectra of VeRa’s X-band radio signal adopted from
Figure B.2.a). Panel b): Power spectra of VeRa’s S-band radio signal
from the same measurement as presented in panel a). . . . . .. .. ..

The effect of pointing inaccuracies on Venus Express’ S-Band radio sig-
nals occurred during the occultation measurements in the year 2006 as
a function of the sounded altitude. The horizontal axes were subdivided
into equal bins of 0.0015 dB each and measurements located within each
bin were counted. The color code gives the number of measurements lo-
cated within each bin. The white profile represents maximal pointing
inaccuracies occurred in 2006. . . . . . ..o

Sulfuric acid vapor profiles at the northern cold collar latitudes in Venus
atmosphere derived from VeRa’s X- and S-band radio signal absorption
in the year 2006. . . . . .. .. ..
Sulfuric acid vapor profiles at the northern polar region in Venus atmo-
sphere derived from VeRa’s X- and S-band radio signal absorption in
the year 2006. . . . . . . . . Lo



Acronyms

AGC Automatic Gain Control

ASPERA Analyzer of Space Plasmas and Energetic Atoms
CHAMP Challenging Minisatellite Payload

CL Closed-Loop

D/L downlink

EIRP Equivalent Isotropically Radiated Power

ESA European Space Agency

FORMOSAT-3/COSMIC Constellation Observing System for Meteorology, Iono-
sphere and Climate

FFT Fast Fourier Transform
GCM General Circulation Model

GPS Global Positioning System

xxiii



xXXiv

LIST OF FIGURES

GRACE Gravity Recovery And Climate Experiment

G/S ground station

HGA1 high gain antenna 1

HGAZ2 high gain antenna 2

JAXA Japan Aerospace Exploration Agency

LCP Left Hand Circular Polarization

LO Local Oscillator

LOS line-of-sight

MAG Magnetometer

NASA National Aeronautics and Space Administration

OL Open-Loop

ONED one-way dual frequency

PVO Pioneer Venus Orbiter

PFS Planetary Fourier Spectrometer

PLL Phase-Locked Loop



LIST OF FIGURES XXV

RF Radio Frequency

RCP Right Hand Circular Polarization

RSS Radio Science Simulator

ROMAP Rosetta Magnetometer and Plasmamonitor

S/C spacecraft

SPICAV Spectrometer for Investigation of Characteristics of the Atmosphere of Venus

TWOD two-way dual frequency

TDB Barycentric Dynamical Time

U/L uplink

USO Ultra Stable Oscillator

UTC Coordinated Universal Time

VeRa Venus Express Radio Science Experiment

VEX Venus Express spacecraft

VIRTIS Visible and Infrared Thermal Imaging Spectrometer

VMC Venus Monitoring Camera

VME2000 Venus Mean Equator of Date J2000 frame



xxvi LIST OF FIGURES




List of Symbols

foL
fres

fsky
d
Soky

G

Impact parameter

Speed of light in vacuum

Antenna diameter

Diameter of the first Fresnel zone

Elementary charge

Unity vector along the line of sight between S/C and G/S

Unity vector of the radio ray asymptote Ry in Figure (3.2)

Unity vector of the radio ray asymptote R in Figure (3.2)

Down Link Frequency

Residual frequency after correcting for straight-line and atmospheric
Doppler shift

Sky Frequency

Predicted Sky Frequency

Antenna gain

Gravitational acceleration

Focussing of a radio beam perpendicular to the plane of refraction
Eddy diffusion tensor

Boltzmann constant

Refractive defocussing

Defocussing of a radio beam in the plane of refraction

Mean molecular mass in the atmosphere of Venus below 100 km
altitude

Mass of an electron

Refractivity

Loschmidt’s number

Number density

Pressure

Number mixing ratio

Venus radius

Closest approach of the refracted ray to the planetary center of mass
Particle radius

XXVl



xxviii LIST OF FIGURES
T Temperature
U Wind and sedimentation velocity vector
Vas Velocity vector of the G/S
vsC Velocity vector of the S/C
Ts Size Parameter for scattering
Q@ Absorption
vy Elevation angle of the antenna radiation pattern
A fatm Atmospheric Doppler shift
AfES Atmospheric Doppler shift computed by the RSS
Afg Earth ionospheric/atmospheric influence on the radio signals
A fsir Straight-Line Doppler shift
AfLO Straight-Line Doppler shift generated by Local Oscillator
1) Bending angle of a radio ray
€0 Vacuum permittivity
n Dynamical viscosity of CO,
V.48 Half power beam width
3 Refractive volume
A Wavelength of a radio signal
1 Index of refraction
w Chemical potential in the H,SO4-H5O solution
'3 Azimuth angle of the antenna radiation pattern
Pp Particle density
o Cross section of a spherical particle
T Path absorption
Dres Residual Signal Phase
(0 Mass stream function
w Angular frequency of an electromagnetic wave
wo Resonant frequency (angular) of an electron bound in an atom

Plasma frequency (angular)



Chapter 1

Introduction

Despite the proximity of Venus to Earth as well as its similar physical character, Earth’s
sister planet has evolved differently. Venus’ atmosphere consists to a large extent of
carbon dioxide (~ 96.5%) with a surface temperature exceeding 730 K and a pressure
of 92 bar. The extreme conditions are most probably the result of a large runaway
greenhouse effect which was triggered in Venus’ early evolution by the smaller distance
to the Sun compared to the Earth-Sun distance (e.g. Ingersoll, 1969; Kasting and Pol-
lack, 1983; Kasting, 1988; Goldblatt and Watson, 2012). It is believed that oceans,
which were probably present on the early Venus, evaporated as a result of the high
solar flux. The resulting water vapor condensed at higher altitudes and formed a cloud
deck which, along with water vapor and carbon dioxide, increased the greenhouse effect.

Today, among the depth of the atmosphere, CO, and the cloud deck are the main
reasons for the high surface temperatures (e.g. Bengtsson et al., 2013). Venus’ present
atmosphere is dry and water vapor is a trace gas with mixing ratios of approx. 30 ppm
below about 40 km altitude and less than 15 ppm above 60 km (e.g. Marcq et al., 2008;
Fedorova et al., 2016). Liquid HyO exists mainly in the cloud deck which is located
between about 50 and 70 km altitude. Along with sulfuric acid, it forms HySO4-H,O
aerosols whose HySO,4 concentration is believed to increase from more than 75% around
70 km altitude to about 98% around 50 km altitude (e.g. Hashimoto and Abe, 2001).
Observations of the vertical distribution of the clouds obtained by Knollenberg and
Hunten (1980) revealed mainly a three layered structure at the equatorial region. Sim-
ilar observations from the higher latitudes are missing so that information about the
latitudinal distribution of the clouds are mainly based on model calculations (e.g. Ima-
mura and Hashimoto, 1998; Parkinson et al., 2015; McGouldrick, 2017; Ando et al.,
2020).

Sulfuric acid is produced in the altitude region between 60 and 70 km altitude (upper
clouds). Here, sulfur dioxide reacts with oxygen and forms sulfur trioxide which then
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2 CHAPTER 1. INTRODUCTION

reacts with HyO(g) to form sulfuric acid vapor. Due to the low temperatures, HoSO,(g)
condensates into liquid sulfuric acid and forms with water the above mentioned HySO4-
H,O aerosols (e.g. Krasnopolsky, 2012). It is likely that volcanic eruptions were the
source for SO, (e.g. Bengtsson et al., 2013) which today is the most abundant trace
gas in Venus’ atmosphere. Mixing ratios of more than 100 ppm were observed below
the clouds (e.g. Marcq et al., 2008). In contrast to this, SOy abundances of a few tens
of parts per billion were observed at cloud deck altitudes (e.g. Marcq et al., 2020). The
process causing the decrease of SO, between the lower and upper cloud region is not
well understood due to the low number of SO, observations at these altitudes.

It is assumed that SO, is transported from lower to higher altitudes by diffusion
and upward directed winds (e.g. Marcq et al., 2012; Vandaele et al., 2017). The latter
may be part of circulation cells (e.g. Hadley cell, polar cell) which, among atmospheric
waves, are thought to play a crucial role in the maintenance of the superrotation ob-
served in Venus atmosphere (e.g. Yamamoto and Takahashi, 2006). This zonal wind
flow is a well known fact. Wind velocities in excess of 100 m/s were observed between
60 and 70 km altitude in the latitudinal region between 0° and 50° in both hemispheres
(e.g. Schubert et al., 1980; Sdnchez-Lavega et al., 2008). Although it is assumed that
meridional circulation plays an important role in the evolution and maintenance of
Venus’ atmospheric superrotation, the knowledge about the meridional wind pattern
is poor. The latter can be studied by means of its influence on the abundances and the
global distributions of SOs, HoO(g) and HySOy4(g). Particularly, spatial and temporal
variations of these species may result from the predominant wind dynamics as well as
from its variations.

The abundances of SO, and H,O(g) were acquired from spectroscopic measure-
ments. While no clear meridional variations could be observed below the clouds, a
latitudinal trend was found at cloud top altitudes (e.g. Marcq et al., 2008; Cottini
et al., 2012; Fedorova et al., 2016; Marcq et al., 2020). Spectroscopic measurements
were also used by Jenkins et al. (2002) who observed a latitudinal variation in the sulfu-
ric acid vapor abundance below the clouds. They detected increased H,SO4(g) amounts
at mid- and polar latitudes and no significant H,SO4(g) content at the equatorial re-
gion. In general, the vertical resolution of spectroscopic measurements, however, is
limited to values of the order of 2 - 12 km (e.g. Jenkins et al., 2002; Grassi et al., 2008;
Limaye et al., 2018). A much better vertical resolution is achieved by radio occulta-
tion measurements. Those provide atmospheric profiles with a vertical resolution of
a few hundred meters. Radio occultation studies at Venus were carried out with the
Mariner V (Fjeldbo et al., 1971), Mariner 10 (Lipa and Tyler, 1979), Venera ( Gubenko
et al., 2001), Pioneer Venus (Cimino, 1982; Jenkins and Steffes, 1991) and the Mag-
ellan (Jenkins et al., 1994) spacecraft. As HySO,4(g) is the most opaque constituent



in Venus’ atmosphere at radio wavelengths (Steffes and Eshleman, 1981), a strong ab-
sorption of radio signals was observed in these measurements. The absorption can be
used to derive the abundance of sulfuric acid vapor. First reliable HySOy4(g) profiles
were provided by Kolodner and Steffes (1998), who transferred the absorptivity data
acquired from the Mariner 10 and the Magellan radio occultation measurements into
H,S04(g) profiles. These measurements, however, were locally constrained so that lat-
itudinal and temporal variations couldn’t be studied. Indications for those variations
were found by Cimino (1982) as well as by Jenkins and Steffes (1991) in the absorptivity
data derived from the Pioneer Venus radio occultation measurements. They observed a
distinct latitudinal dependance of the S-band absorption below 50 km altitude as well
as a decrease of the latter between 70° and 80°N between the years 1978 and 1987.

The Venus Express spacecraft (VEX) probed the atmosphere of Venus’ between
the years 2006 and 2014 with radio signals at 13 ¢cm (S-band) and 3.6 cm (X-band)
wavelengths. The orbit of VEX allowed to sound the atmosphere over a wide range
of latitudes and local times. This way, latitudinal and temporal variations of the SOy
and HySO4(g) abundances below about 55 km altitude could be studied. Latitudinal
variations of HoSO4(g) were observed by Oschlisniok et al. (2012) around 50 km al-
titude using Closed-Loop (CL) data acquired from the Venus Express Radio Science
Experiment (VeRa). Cl-data are not suited to study Venus’ deep atmosphere below
about 50 km altitude, where the signal exhibits strong attenuation effects. In the
present work, VeRa’s Open-Loop (OL) data are used. In contrast to the CL-receiving
system, in the OL-system the incoming radio signals are heterodyned to base band
and recorded for later processing. This way, a signal which was lost in the CL-receiver
may be recovered using OL-data so that the atmospheric region below 50 km altitude
can be studied. More than 800 radio occultation measurements obtained from VeRa
are used in the present work to study the radio signal absorption which occurred in
Venus’ atmosphere. The latter is used to derive the global distributions of the SOy and
H,S04(g) abundances as well as their variations below 55 km altitude. Additionally, a
two-dimensional mass transport model is developed in order to study the influence of
wind transport on the derived HoSO4(g) abundance.

Chapter 2 provides an overview of the thermal structure and chemical composition
of the Venusian atmosphere below 80 km altitude. Moreover, a summary of wind ob-
servations is presented.

Chapter 3 contains a brief description of the Venus Express spacecraft and its
payload. Furthermore, a description of the data acquisition and data processing is
presented.
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Chapter 4 describes attenuation effects which may occur in radio occultation mea-
surements. Additionally, a presentation of absorption and HySO,(g) observations de-
rived from previous radio occultation measurements is given.

Chapter 5 presents the two-dimensional mass transport model which is developed
in the present work to study wind transport mechanisms in Venus’ atmosphere.

Chapter 6 presents attenuation effects which occurred in VeRa’s X- and S-band
radio signals during the radio occultation measurements.

Chapter 7 shows the computed absorption of VeRa’s X- and S-band radio signals in
Venus’ atmosphere. Subsequently, the spatial distributions and variations of the SO,
and HySO,4(g) abundances below 55 km altitude derived from the X-band radio signal
absorption are presented.

Chapter 8 presents the modeled spatial distributions of the HySO4(g) and HoO(g)
abundances as well as that of the Venus clouds. The results are compared with the
results derived from VeRa’s measurements as well as with previous results.

Chapter 9 summarizes the observations derived from VeRa’s measurements as well
as the modeled results obtained from the 2D transport model. Furthermore, suggestions
for future observation and modeling studies are given.



Chapter 2

The atmosphere of Venus below 80 km
altitude

The following chapter provides an overview about Venus’ neutral atmosphere below
80 km altitude. The presented results were obtained from previous measurements and
other experiments on board VEX. Section 2.1 outlines the structure of the atmosphere
based on the vertical temperature distribution. In section 2.2 the chemical composition
is presented by means of the most abundant trace gases. Their global distributions as
well as their temporal variations are thought to be the result of the wind system and its
variation in the atmosphere. Observations and simulations of Venus’ wind dynamics
are presented in section 2.3.

2.1 Thermal structure

Measurements of the temperature in the atmosphere of Venus were conducted by
ground based, in situ and spacecraft observations (e.g. Sagan, 1962; Avduevsky et al.,
1971; Kliore and Patel, 1982). They revealed a temperature of about 735 K at the
planets surface with small spatial and diurnal variations (e.g. Seiff et al., 1985). While
the latter remain small in the deep atmosphere (< 30 km), they increase significantly
with altitude. The planets exosphere (> 100 km), for example, shows the highest
temperature variations. Here, values of approx. 300 K were observed on the dayside
(thermosphere), while on the nightside 100 K were measured (cryosphere) (e.g. Keating
et al., 1980).

The knowledge about the spatial temperature distribution in the altitude range
between about 35 and 90 km was mainly achieved from radio occultation measure-
ments. Those were conducted with the Mariner, Pioneer Venus, Venera, Magellan and
Venus Express spacecraft (sections 3.1.2 and 3.2.2). Panel a) in Figure 2.1 shows the
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Figure 2.1: Panel a): Zonal and temporal averaged temperature distribution in Venus’ at-
mosphere between 40 and 80 km altitude derived from Venus FExpress radio occultation data.
The southern and northern hemispheres were subdivided into equal latitudinal bins of 5 deg
each. Vertical temperature profiles from the years 2006 to 2014 located within each bins were
averaged to one profile. The lack of data in the latitude range between about 0°N and 65° N
is a consequence of the spacecrafts orbit geometry; Panel b): Static stability in Venus’ atmo-
sphere derived by Ando et al. (2015) from Venus Express radio occultation data.

zonal and temporal averaged temperature distribution in Venus’ southern and northern
hemispheres between 40 and 80 km altitude. The temperature map was derived from
Venus Express radio occultation data achieved between the years 2006 and 2014.

It shows a monotonically decreasing temperature from almost 400 K at 40 km to
less than 200 K at 80 km altitude. An exception to this is the altitude region between
60 and 70 km around the planetary latitude of 60° on both hemispheres. Here, a clear
depression of the temperature is visible, the so-called cold collar. It surrounds the polar
regions at both hemispheres.

Based on the vertical temperature distribution, the Venusian atmosphere is divided
into two altitude regions, i.e., the troposphere (lower atmosphere) and the mesosphere
(middle atmosphere).

The troposphere extends from the surface to an altitude of about 60 km. Within
this altitude range an almost constant temperature lapse rate of about 10 K/km was
found (e.g. Pdtzold et al., 2007). The latitudinal temperature distribution reveals a
clear trend. The almost constant temperature at each altitude between about 40°S
and 40°N decreases rapidly poleward of approx. 50° latitude. The upper boundary,
i.e., the tropopause, shows a distinct latitudinal variation (e.g. Tellmann et al., 2009).
While the altitude of the tropopause is lowest at the equatorial (~ 59 km) and highest
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at the cold collar region (~ 62 km), its temperature shows the opposite behavior (270
K at low latitudes; 215 K at cold collar latitudes). Superimposed on the latter values
are local time variations. The mesosphere is located above the tropopause and extends
to altitudes of up to 100 km. In contrast to the troposphere, the temperature lapse
rate in the mesosphere reveals a series of sign changes between about 60 and 75 km
altitude (e.g. Pdtzold et al., 2007; Tellmann et al., 2009). This altitude range depends
strongly on the planetary latitude with the largest extension at cold collar and polar
regions.

The vertical temperature distribution is used to study the static stability of the
atmosphere (e.g. Tellmann et al., 2009). While increased stability values support en-
hanced wave activity, low values may indicate convective mixing. The panels b) and
¢) in Figure 2.1 show the derived static stability in the lower and middle Venus at-
mosphere at two latitudinal regions derived by Ando et al. (2015) from Venus Express
radio occultation measurements.

The highest values can be found at altitudes above 60 km indicating high atmo-
spheric static stability. At these altitudes, an increased level of atmospheric wave
activity was reported by various authors (e.g Seiff et al., 1985; Hinson and Jenkins,
1995; Tellmann et al., 2009; Ando et al., 2015). Tellmann et al. (2012) have found a
clear latitudinal and local time variation of gravity waves in this region based on Venus
Express radio occultation measurements. They observed the highest values at the cold
collar and polar regions as well as during daytime at equatorial latitudes.

Below that altitude range the lowest values can be found indicating instability of
the atmosphere against convective overturning. According to Baker et al. (20000,a) this
convection layer may serve as a source mechanism for the atmospheric waves observed
above 60 km altitude. By comparing the panels b) and ¢) in Figure 2.1 it can be seen
that the vertical extension of the convection layer shows a clear latitudinal variation.
It has the largest extension at high latitudes. According to Imamura et al. (2014),
enhanced convective mixing at high latitudes may lead to increased wave activity at
these regions as observed by Tellmann et al. (2012).

2.2 Chemical composition

Since carbon dioxide was first detected by Adams and Dunham (1932) in the IR spec-
trum of Venus, the knowledge of the CO, abundance and that of other gases in Venus’
atmosphere was increased by further observations (e.g. Adel, 1937; Herzberg, 1951;
Reese and Swan, 1968; Prinn, 1978). Today CO, is known to be the main constituent
in Venus’ atmosphere (96.5%) followed by nitrogen (Ny) (3.5%). Less abundant species
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are carbon monoxide (CO), water vapor (H,O) and the sulfur gases sulfur dioxide
(SO,), sulfuric acid (HySO4) and carbonyl sulfide (OCS). These trace gases, with
mixing ratios in the order of parts per million (ppm), are among the most important
constituents in the middle and lower Venus’ atmosphere. Their global distribution
as well as vertical and temporal variation is a consequence of the predominant atmo-
spheric conditions as well as chemical and dynamical processes. In the following the
occurrence of the trace gases in Venus’ atmosphere is briefly described based on ground
based and spacecraft observations as well as one-dimensional chemical model results.

H.SO4

Sulfuric acid is the main constituent of Venus’s main cloud deck between approx.
50 and 70 km altitude (e.g. Young, 1973; Hansen and Hovenier, 1974; Palmer and
Williams, 1975). Due to the low temperatures within this altitude range (350 - 230
K) it predominantly exists in the liquid state and forms along with water HySO4-H,O
aerosols. A low concentration of the latter can also be found in the upper haze located
above the main clouds between 70 and 90 km altitude (Kawabata et al., 1980). Due
to the higher temperatures below the main clouds H,SO, exists in the gaseous state
between about 30 and 50 km altitude. Here, it is part of a haze layer which most prob-
ably extends to altitudes as deep as 30 km (Knollenberg and Hunten, 1980; Esposito
et al., 1983).

On the basis of PVO particle size spectrometer and photopolarimeter measure-
ments Knollenberg and Hunten (1980) as well as Kawabata et al. (1980) and Lane and
Opstbaum (1983) have deduced a bimodal/trimodal size distribution of the particles
in the altitude range between about 30 and 90 km. Table 2.1 summarizes the vertical
occurrence of these particles along with their mean diameter between 30 and 90 km
altitude.

The smallest particles, mode 1, could be detected within the entire altitude range
between 30 and 90 km. They are thought to consist mainly of elemental sulfur (e.g.
James et al., 1997). Only a small number of mode 1 sized HySO4-H5O aerosols may
exist above about 50 km altitude whose concentration is believed to be 75% H,SO, by
weight in the upper haze region (Kawabata et al., 1980). Due to the small mass of the
mode 1 particles, however, the contribution of the latter to the overall bulk density of
the cloud can be neglected.

The larger mode 2 particles, located in the main clouds between about 48 and 70
km altitude, are most likely HySO4-H,O aerosols (Knollenberg and Hunten, 1980). In
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Mean Diameter (um)

Altitude Range (km) Mode 1 Mode 2 Mode 3

Upper Haze 70 - 90 0.4
Upper Clouds 56.5 - 70 0.4 2.0
Middle Clouds 50.5 - 56.5 0.3 2.5 7.0
Lower Clouds 47.5 - 50.5 0.4 2.0 8.0
Lower Haze 31-475 0.2

Table 2.1: The occurrence of the mode 1, 2 and 8 particles in the altitude range between
30 and 90 km in Venus’ atmosphere as measured by the PVO particle size spectrometer and
photopolarimeter (Knollenberg and Hunten, 1980; Kawabata et al., 1980; Lane and Opst-
baum, 1983).

contrast to the mode 1 aerosols, however, the concentration of the mode 2 particles is
believed to be higher, ranging from 75% to 85% (Esposito et al., 1983). Here, Cottini
et al. (2012) found indications for a latitudinal variation after which the concentration
reveals a more narrow range in the polar latitudes (80-83%).

The composition of the large mode 3 particles, located mainly in the lower and
middle clouds, is still a highly controversial issue. While Knollenberg and Hunten
(1980) argued that those are crystalline particles, Cimino (1982) proposed a solid
dielectric core coated by a thin highly concentrated HySO4-H5O solution (> 95% of
HySOy). Esposito et al. (1983) suggested that the particles could be a mis-identified
tail of the mode 2 particles. Re-examining PVO particle size spectrometer data, Toon
et al. (1984) concluded that the mode 3 particles may be composed of liquid sulfuric
acid, which was confirmed by Grinspoon (1993) using Galileo Near-Infrared Mapping
Spectrometer (NIMS) data.

Knollenberg and Hunten (1980) derived the vertical distribution of the number den-
sities of the mode 1, 2 and 3 particles from PVO particle size spectrometer measure-
ments. The results are shown in panel a) of Figure 2.2 for the mode 2 and 3 particles.
Assuming a density of 2-10° gm™3, panel b) in Figure 2.2 shows the corresponding
mass loading (Knollenberg and Hunten, 1980).

It is clearly visible, that although the number density of the mode 2 particles exceeds
that of mode 3 particles, the bulk mass in the lower and middle clouds is dominated
by the mode 3 particles. This is a consequence of their larger size compared to the
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mode 2 particles (cf. table 2.1). The latter make up the bulk mass in the upper clouds
between about 57 and 70 km altitude.

The different sizes and vertical distributions of the mode 1, 2 and 3 particles may be
explained by their different phases, growth history as well as the impact of dynamical
transport processes on the particles (Knollenberg and Hunten, 1980). At least the mode
2 particles are produced in a narrow altitude range around 66 km altitude (Knollenberg
and Hunten, 1980; Krasnopolsky, 2012; Zhang et al., 2012). Here, SO is oxidized into
SOj3, which in turn rapidly reacts with water and this way produces sulfuric acid vapor

SO, +0+M — SO3+ M

2.1
SOg + HQO -+ HQO — HQSO4 —+ H2O ( )

According to one-dimensional photochemical models the column integrated produc-
tion rate of HySOy is in the order of 10™ - 10" cm™2s™! (Yung and Demore, 1982;
Krasnopolsky and Pollack, 1994; Krasnopolsky, 2012). The oxygen atoms, O, are pro-
duced photochemically above the main clouds (> 70 km) and are transported to lower
altitudes (Krasnopolsky, 2012). James et al. (1997) have shown that gaseous HySO,
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Figure 2.2: Vertical distribution of the number density (panel a)) and mass loading (panel
b)) of mode 2 and 3 particles in Venus’ atmosphere as observed by the PVO particle size
spectrometer. Data were adopted from Knollenberg and Hunten (1980). The contribution of
the mode 1 particles to the overall mass loading of the Venus clouds is small and is therefore
neglected.
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produced by the net reaction (2.1) may condensate onto mode 1 particles at cloud
temperatures and pressures and this way produce H,SO,4 droplets. The absorption of
H,S0,(g) in those droplets leads to a growth of the aerosols, i.e., mode 2 particles.

The mode 2 aerosols are transported downward by wind dynamics (section 2.3) as
well as by sedimentation. Evaporation of the aerosols at higher temperatures produces
gaseous sulfuric acid below about 50 km altitude. In contrast to the upper clouds,
where the abundance of HySOy4(g) is small due to rapid absorption in droplets, the
HySO,4(g) abundance below the main clouds is found to be in the order of parts per
million (Jenkins et al., 1994; Kolodner and Steffes, 1998; Jenkins et al., 2002; Oschlis-
niok et al., 2012). A presentation of sulfuric acid vapor profiles from the lower Venus
atmosphere derived from previous radio occultation measurements is given in section
4.2.

Due to the high temperatures below about 40 km altitude gaseous sulfuric acid is
thermally decomposed into SOz and H,0O

HQSO4 + HQO — SOg + HQO + HQO (22)

and subsequently, sulfur trioxide reacts with carbon monoxide and carbonyl sulfide
producing sulfur oxides and carbon dioxide

SO3 + CO —— SO4 + COq

2.3
SO5 + 0CS — (S0), + CO,. (2:3)

The rapid reaction of sulfur trioxide with carbon monoxide represents a production of
sulfur dioxide and loss of CO in Venus’ lower atmosphere (Krasnopolsky and Pollack,
1994; Krasnopolsky, 2007).

H-.0O

Water exists in the liquid and gaseous states in Venus’ middle and lower atmo-
sphere. Along with liquid sulfuric acid, liquid water forms H,SO4-H,O aerosols which
were identified as mode 2 and probably mode 3 particles in Venus’ main clouds (e.g.
Knollenberg and Hunten, 1980; Toon et al., 1984; Grinspoon, 1993). Their vertical dis-
tributions are presented in the table 2.1 and Figure 2.2.

Water vapor was detected within the entire middle and lower atmosphere by air-
borne, ground based and spacecraft observations. Examples of results are shown in
Figure 2.3 along with model results.



CHAPTER 2. THE ATMOSPHERE OF VENUS BELOW 80 KM

12 ALTITUDE
100 A—+—————————————
: e Airborne / Ground based / VEX
\ PVO /Venera / VEX
80 - - = 1D-Models T
T 60+ I~ +
X S o ~
~ \\ \
g
2 40+ =< +
— \
< 1
\
204 | 1
[}
]
|
0 t f t f t H—t f t f f f f 1

0 10 20 30 40 50 60 70
Water Vapor (ppm)

Figure 2.3: Water vapor in Venus’ middle and lower atmosphere obtained from airborne,
ground based and spacecraft observations as well as from model results (Fink et al., 1972;
Bézard et al., 1990; Bell et al., 1991; Crisp et al., 1991; Bjoraker et al., 1992; Donahue and
Hodges, 1992; Pollack et al., 1993; Bergh et al., 1995; Meadows and Crisp, 1996; Ignatiev
et al., 1997, 1999; Fedorova et al., 2008; Marcq et al., 2008; Cottini et al., 2012; Fedorova
et al., 2016).

Obviously the amount of water vapor was found to be highest below the main
clouds. Maximal H,O(g) mixing ratio values ranging between 50 and 70 ppm near
Venus’ surface were derived by Ignatiev et al. (1997) from optical sunlight spectra
measured by the Venera 11, 13 and 14 entry probes. They also derived an almost
constant water vapor content of 30 + 10 ppm between 5 and 60 km altitude, which is
consistent with H,O(g) mixing ratio values observed by Marcq et al. (2008) who used
Venus Express/VIRTIS-H (section 3.1) measurements. The increase of the HoO con-
tent in the lowest 5 km would imply a source for water near the surface, which could
be provided by volcanic outgassing as proposed for example by Grinspoon (1993).

The consumption of HyO(g) in the upper clouds, described by equation (2.1), leads
to a decrease of the water vapor content at cloud altitudes. Above the main clouds
only small values of less than 10 ppm were measured by airborne, ground based and
spacecraft observations.

In contrast to the lower atmosphere, where no latitudinal variations could be mea-
sured (Marcq et al., 2008), Cottini et al. (2012) found indications for a latitudinal
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trend at cloud top altitudes. In Venus Express/VIRTIS (section 3.1) dayside data they
observed minimal HoO(g) mixing ratio values of 31 ppm at 40° latitude at both hemi-
spheres and maximal values of 5 ppm at the polar regions around £80°. Fedorova et al.
(2016) confirmed the observed latitudinal variation by using Venus Express/SPICAV
(section 3.1) measurements. They observed highest HyO(g) values of 7.2 £ 1.4 ppm
between 70° and 80° at both hemispheres and minimal abundances of 5.4 + 1.0 ppm
between 30° and 50°. The authors also reported on indications for a topographical
influence at the equatorial region where the Aphrodite Terra highlands may influence
the vertical transport of HoO(g).

SO,

Sulfur dioxide is the most abundant trace gas in Venus’ middle and lower atmo-
sphere. It’s mixing ratio ranges from a few tens of parts per billion (ppb) above about
60 km altitude to several hundreds of ppm below 55 km. It is believed that the SO,
high abundant region below 55 km altitude serves as a source for the sulfur dioxide
observed at higher atmospheric regions. It is transported from lower to higher altitudes
by means of the upward directed branch of the global Hadley circulation (section 2.3).
Panel a) in Figure 2.4 summarizes SO, abundance values achieved from ground based
and spacecraft observations as well as model results of SO, between 0 and 100 km
altitude.

The low SO, abundance values above about 60 km altitude were obtained from
ground based as well as from spacecraft observations. Highest values of 0.1 - 1 ppm
were derived by Zasova et al. (1993) at altitudes around 69 km from Venera-15 IR spec-
trometer measurements. They also observed a clear latitudinal variation with lowest
SO, abundance values at equatorial and highest values at polar latitudes. A similar
trend was observed by Marcq et al. (2012) on the basis of Venus Express SPICAV
measurements (section (3.1)). They also detected the opposite trend which emphasizes
the high variability of the SO, abundance at the cloud tops. The latter trend was also
reported by Mareq et al. (2020). Based on ground based and spacecraft observations
FEsposito et al. (1988) have reported a long-term trend in the equatorial SO, abundance
at cloud top altitudes with highest values around the year 1978 and a smooth decrease
in the following years. A long-term variation in the equatorial cloud top SO5 abundance
was also observed by Marcq et al. (2012, 2020) in SPICAV-UV measurements (section
3.1). The results are presented in panel b) of Figure 2.4 along with Hubble Space Tele-
scope and ground based observation carried out by Jessup et al. (2015) and Encrenaz
et al. (2016), respectively. Distinctly increased values are visible in the years 2007 and
2009. Additionally, a general decrease of SOy accompanied by oscillations on shorter
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Figure 2.4: Panel a): Sulfur diozide in Venus’ middle and lower atmosphere obtained
from ground based and spacecraft observations as well as from model results (Barker, 1979;
Hoffman et al., 1980; Oyama et al., 1980; Zasova et al., 1993; Bézard et al., 1993; Pollack
et al., 1993; Parisot et al., 1986; Bertaux et al., 1996; Jenkins et al., 2002; Marcq et al.,
2008; Belyaev et al., 2012; Krasnopolsky, 2007, 2012; Zhang et al., 2012). Arrows placed

on data samples represent either less than’ or ‘greater than’. Panel b): Temporal evolution
of the equatorial SOz abundance at cloud top altitudes observed by Marcq et al. (2020) in
SPICAV-UV measurements from the years 2006 to 2015. The red line represents the moving
median value. The Figure was adopted from Marcq et al. (2020).

time scales is visible during this period of time. Enhanced SO, abundances may result
from injections from the deep atmosphere which are a consequence of upward transport
variations of the global Hadley circulation (Esposito, 1984; Jessup et al., 2015; Marcq
et al., 2012, 2020). Vandaele et al. (2017) as well as Marcq et al. (2020) have detected
a distinct local time variation of the SOy abundance between 70 and 80 km altitude
using SPICAV-UV observations (section (3.1)). While increased values were observed
at the morning and evening terminator, lowest SO, values were measured at the local
noon. Vandaele et al. (2017) also reported short-term SO, variations (in the order of
a few Earth days) ranging over several orders of magnitude.

It can be seen from Figure 2.4.a) that below about 60 km the SO, abundance in-
creases with decreasing altitude. Maximal values are visible between 30 and 55 km.
Enhanced values of > 176 ppm around 42 km altitude were obtained by Oyama et al.
(1980) from in situ measurements of the gas chromatograph mounted on the PVO large
probe. Similar SOy values (180 & 70 ppm) at 42 km altitude on the nightside of Venus
were achieved by Pollack et al. (1993) from ground based spectroscopic measurements.
Ground based observations were also conducted by Bézard et al. (1993) as well as by
Jenkins et al. (2002). They derived SO, abundance values of 130 + 70 ppm between
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35 and 45 km altitude as well as < 100 ppm (equatorial latitudes) and < 50 ppm
(polar latitudes) between 37 and 45 km altitude, respectively. Mareq et al. (2008) have
derived SOs abundance values of 130 + 50 ppm between 30 and 40 km altitude from
VIRTIS-H measurements (section (3.1)) from a wide range of southern and northern
latitudes. Due to the large error bars, however, a latitudinal variation, similar to that
observed at the cloud tops, couldn’t be observed. The largest SOy abundance values
were obtained by Oyama et al. (1980) as well as by Hoffman et al. (1980) from early
Pioneer Venus observations. They detected enhanced values of < 600 ppm around the
cloud base and < 300 ppm at 24 km altitude at equatorial latitudes. The only SOy
abundance profiles were derived in the equatorial region by the spectrometers on board
the VEGA 1 and 2 entry probes in 1985 (Bertauz et al., 1996). The probes entered
Venus’ atmosphere separated by four days and reached the surface at similar geolo-
cations. The obtained profiles show increased values between 30 and 60 km altitude
with highest values of more than 200 ppm between 40 and 45 km. Both profiles show a
clear disagreement between 40 and 60 km altitude emphasizing the high SO, variation
below the main clouds within this period of time. Below 40 km altitude, both profiles
monotonically decrease with decreasing altitude reaching minimal values of less than
25 ppm below 10 km.

Krasnopolsky (2012) as well as Zhang et al. (2012) have successfully reproduced the
SO, abundance observations above about 60 km altitude using one-dimensional photo-
chemical models. The highly variable SO, abundance in the altitude range between 30
and 60 km, however, is difficult to reproduce. Especially the transition from the SOy
high abundant altitude region below the main clouds to SO; low abundant altitudes
above about 60 km is not fully understood. The latter altitude region is thought to
be steadily supplied with SO, from the lower atmosphere (e.g. Marcq et al., 2012).
Processes which deplete the SO5 abundance in the transition region between about 50
and 60 km altitude, however, are missing in current chemical one-dimensional models.
This leads to unreliable SO, abundance values at these altitudes (Krasnopolsky, 2012;
Zhang et al., 2012). Observations of SOy between 50 and 60 km altitude would help to
constrain the model parameter and this way help to understand the unresolved chem-
ical processes in this altitude region.

CO and OCS

Carbon monoxide is mainly produced by photodissociation of carbon dioxide at
altitudes above 80 km (e.g. Krasnopolsky, 2012). The CO abundance exhibits a high
variability at these altitudes ranging between 4 and 1000 ppm (e.g. Clancy et al., 2003;
Svedhem et al., 2007). Using microwave spectra Clancy and Muhleman (1985) have
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Figure 2.5: The abundance of a) carbon monoxide around 36 km altitude and b) carbonyl
sulfide around 33 km altitude in Venus’ atmosphere as derived by Marcq et al. (2008) from
VEX/VIRTIS measurements (section (3.1)).

observed a diurnal variation of the CO values with highest abundances on the night
side of Venus. The latter variation was confirmed by Clancy et al. (2003) using ground
based measurements. Irwin et al. (2008) have found indications for a weak latitudinal
gradient of CO in VIRTIS observations (section (3.1)) with a slight CO enhancement
toward the poles. At lower regions, the abundance of CO decreases with decreasing
altitude reaching values in the order of tens of ppm within and below the main clouds
(e.g. Young, 1972; Oyama et al., 1980).

Mareq et al. (2005, 2006, 2008) have observed a clear latitudinal variation of the
CO abundance below the main clouds using ground based and VIRTIS measurements
(section (3.1)). The left panel in Figure 2.5 shows the zonally averaged mixing ratio of
carbon monoxide as a function of the planetary latitude. It shows a clear CO increase
toward the polar regions.

Although there are no reliable measurements of OCS near Venus’ surface, one-
dimensional chemical models indicate that carbonyl sulfide is formed in the lowest
altitudes of Venus’ atmosphere (e.g. Hong and Fegley, 1997; Krasnopolsky, 2007; Zhang
et al., 2010). In the range between 25 and 40 km altitude the OCS abundance values
vary between 5 and 20 ppm (e.g. Marcq et al., 2006). The chemical consumption of
carbonyl sulfide at higher altitudes lets the OCS abundance decrease to values less
than 1 ppm (e.g. Krasnopolsky, 2007).

Among the latitudinal CO trend observed by Marcq et al. (2005, 2006, 2008) (Figure
2.5.a)), they also measured a latitudinal variation of the OCS abundance. Panel b)
in Figure 2.5 shows the zonally averaged latitudinal distribution of OCS around 33
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km altitude. In contrast to the poleward increase of the CO abundance, however, the
highest OCS values can be found at equatorial latitudes.

2.3 Wind dynamics

The global wind system in the atmosphere of Venus below 80 km altitude consists
mainly of large-scale zonal and meridional winds as well as vortices at both polar
regions. The first mentioned form a retrograde wind flow which was first detected
in Earth based observations of Venus (e.g. Boyer and Camichel, 1961; Smith, 1967).
Maximal wind velocities of around 100 m/s in the upper cloud region (60 - 70 km)
(e.g Schubert et al., 1980) lead to an atmospheric rotation that is about 60 times faster
than the planetary body - a phenomenon called superrotation. The second mentioned
belong to a system of global scale circulation cells. Highest wind velocities were ob-
served at cloud top altitudes (65 - 70 km) and are one order of magnitude smaller than
those of the zonal winds (e.g. Sdnchez-Lavega et al., 2008; Gongalves et al., 2020). The
meridional circulation cells are thought to be one of the key mechanisms which main-
tain the zonal superrotation. The third mentioned are permanent features in Venus’
atmosphere and were observed at both, the southern and northern polar regions (e.g.
Taylor et al., 1980; Luz et al., 2011). The polar vortices have an irregular structure
and change their shape from a single pole over a S-shaped structure to a dipole on
timescales of one to several days (e.g. Garate-Lopez et al., 2013). In the following the
zonal and meridional winds as well as the polar vortices are discussed with respect to
spatial and temporal variations.

Zonal winds

Earth based observations of Venus’ atmospheric retrograde rotation in the 1960s
provided indications about the zonal wind velocities at cloud top altitudes (e.g. Boyer
and Camichel, 1961; Smith, 1967). A measured atmospheric rotation period of 4 - 5
days implied values of around 100 m/s. Later measurements of the Venera and Pioneer
Venus entry probes confirmed the high wind velocity. Additionally, they allow to mea-
sure the wind velocities at deeper atmospheric regions (e.g. Keldysh, 1977; Counselman
et al., 1980). Panel a) in Figure 2.6 shows the vertical distribution of the zonal wind
velocity below 70 km altitude as measured by the Venera and Pioneer Venus entry
probes (Schubert et al., 1980). The highest variation can be found within the main
clouds (> 50 km) with maximal values between 60 and 70 km altitude. Above that
altitude range the wind speed decreases due to the smaller pressure gradient at this
region (Taylor, 2006). Below the main clouds (< 50 km) all profiles show a gradual
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Figure 2.6: a): Zonal wind velocity profiles as measured by the Venera and Pioneer Venus
entry probes (Schubert et al., 1980); b): Latitudinal distribution of the zonal wind at three
altitude regions, ~ 66 km (blue), ~ 61 km (violet), ~ 47 km (red), derived from Venus
Exzpress measurements between the years 2006 and 2007 (Sdnchez-Lavega et al., 2008).

decrease of the wind velocity. The high density of the atmosphere decelerates the wind
to minimal velocities of less than 10 m/s around 10 km altitude.

Among the wind measurements conducted by the entry probes, the tracking of
cloud features, which are observed in UV and IR images of Venus’ clouds, is used to
derive the wind velocity . For UV images the solar radiation is used, which is re-
flected by the upper clouds. Those images show mostly the upper cloud region (60 -
70 km) on the dayside of the planets. For IR images the thermal radiation is used,
which originates at deeper atmospheric regions. Those images show mostly the night-
side of the planet. By applying cloud tracking methods to UV and IR images obtained
from Pioneer Venus and Venus Express Rossow et al. (1980) as well as Sdnchez-Lavega
et al. (2008) observed a clear latitudinal dependance of the zonal wind. Panel b) in
Figure 2.6 shows the latitudinal distribution of the zonal wind at three altitude regions
in Venus’ southern hemisphere derived by Sdnchez-Lavega et al. (2008) from VIRTIS
measurements (section (3.1)). An almost constant wind speed of about 100 m/s is
visible around 66 km altitude at low and mid-latitudes (< 50°S). It may be one of

DThe determination of the altitude of the IR cloud features requires the usage of a radiative
transfer model. The assigned altitude depends therefore strongly on the spatial structure of the
model (Khatuntsev et al., 2013).
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the driving mechanisms which form the Y-feature observed in UV images of the Venus
upper clouds (e.g. Rossow et al., 1980). At higher latitudes a quasi-linearly decrease
of the velocity can be seen with minimal values of less than 10 m/s at polar latitudes.
Such a velocity distribution is similar to a solid body rotation and is consistent with
the structure of a Rankine vortex (e.g. Limaye and Rengel, 2013).

Further observations of the zonal wind velocity revealed small-scale spatial varia-
tions as well as local time and long-term variations (e.g. Kouyama et al., 2013; Hori-
nouchi et al., 2018). Additionally, a superposition of the zonal wind by jet streams
was found. They accelerate the zonal wind to velocities of more than 110 m/s at the
mid-latitudes (e.g. Rossow et al., 1980; Limaye and Suomi, 1981) and more than 80
m/s at the equatorial region below 60 km altitude (Horinouchi et al., 2017).

Meridional winds

Similar to the zonal wind, the meridional wind was also studied using the Venera
and Pioneer Venus entry probes as well as cloud tracking methods. Depending on
the observed altitude region in Venus’ atmosphere the measurements revealed both,
equator-ward and poleward directed winds. Figure 2.7 represents the wind directions
observed between the years 1972 and 2017 in the altitude range between 40 and 70 km.

A poleward directed wind was found in the upper clouds (60 - 70 km) by various
authors using Pioneer Venus, Galileo, Venus Express and Akatsuki data. Highest wind
velocities of more than 10 m/s were observed at latitudes between 30° and 60° (e.g.
Sdnchez-Lavega et al., 2008; Hueso et al., 2012; Gongalves et al., 2020). Below the
upper clouds, an equator-ward wind flow was detected between about 50 and 55 km
altitude. Counselman et al. (1980) as well as Khatuntsev et al. (2017) have observed
wind velocities ranging between 5 and 10 m/s. The wind directions in the main clouds
(50 - 70 km) are interpreted as the poleward and equator-ward paths of a Hadley cell.

As can be seen from Figure 2.7, the observed wind directions below the main clouds
indicate the presence of a second smaller convection cell located between about 40 and
50 km altitude. Counselman et al. (1980) as well as Carlson et al. (1991) have ob-
served poleward winds with velocities of 5 to 10 m/s between 45 and 50 km altitude.
At lower altitudes, Counselman et al. (1980) and Sdnchez-Lavega et al. (2008) detected
equator-ward directed winds with maximal velocities of about 5 m/s.

The observed wind velocities between 50 and 70 km altitude obviously reveal local-
time and spatial variations. In the poleward branch of the upper Hadley cell Hueso
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Figure 2.7: Observed meridional wind directions in Venus’ atmosphere between 40 and 70
km altitude. Red arrows represent poleward wind, blue arrows represent equator-ward wind.
The following observations from the years 1972 to 2017 from the day- and nightside south-
ern and northern hemispheres are presented: a) Kerzhanovich et al. (1972), b) Counselman
et al. (1980), ¢) Rossow et al. (1980), d) Rossow et al. (1989), e) Carlson et al. (1991),

f) Peralta et al. (2007), g) Sdanchez-Lavega et al. (2008), h) Moissl et al. (2009), i) Hueso
et al. (2012), j) Khatuntsev et al. (2013), k) Khatuntsev et al. (2017), 1) Gongalves et al.
(2020).

et al. (2012) have observed the highest wind velocities on the dayside of the planet
after 12 h. In the equator-ward branch of the Hadley cell Khatuntsev et al. (2017)
have found indications for a topographic influence on the wind speed with maximal
velocities above the Aphrodite Terra highlands. The latter represents an elevated region
at the equatorial latitudes between about 50°E and 150°E (Rappaport et al., 1999). The
observed wind directions in the upper and lower branches of the upper level Hadley cell
were constantly poleward and equator-ward, respectively. In contrast to this, in the
lower branch of the lower level convection cell Hueso et al. (2012) found equator-ward
winds between 18 and 24 h and indications for poleward winds between 0 and 6 h.

Vertical wind velocities of the upward and downward branches of the convection
cells were not measured. The latitudinal extension of the cells is therefore unknown.
Lowest values of the meridional wind velocities found at equatorial and cold collar lat-
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Figure 2.8: Vertical and latitudinal structure of the mean meridional circulation in Venus’
atmosphere proposed by a) Schubert et al. (1980), b) Yamamoto and Tanaka (1997) and c)
Imamura and Hashimoto (1998).

itudes (e.g. Sdanchez-Lavega et al., 2008; Gongalves et al., 2020) indicate, however, that
the meridional circulation may occur between these latitudes.

Based on the observed meridional wind, various authors proposed a spatial structure
of the convection cells. Figure 2.8 shows three examples.

Schubert et al. (1980) assumed a system of thermally direct and indirect cells in
the altitude range between the surface and 120 km altitude (panel a)). In accordance
with observations, they consider poleward directed transport in the upper clouds (60
- 70 km). The return path of the cell is located below 60 km altitude, while the 1 bar
pressure level (~ 50 km) marks the bottom of the Hadley cell. The upward and down-
ward branches of the cell are located at the equatorial and polar latitudes, respectively.
Below the cloud level convection a narrower indirect cell is located between 40 and 50
km altitude. The cell transports cloud material from polar to equatorial latitudes, so
that at equatorial latitudes the material is transported downward. The upward branch
is located at the polar regions.
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In their circulation model Yamamoto and Tanaka (1997) have assumed a Hadley
cell that is generated by cloud heating at equatorial latitudes (panel b)). In agreement
with observations there is poleward transport in the upper clouds (60 - 70 km) and
equator-ward transport around the cloud bottom. This is similar to the Hadley cell
proposed by Schubert et al. (1980) in the main clouds (50 - 70 km). In contrast to
Schubert et al. (1980), however, Yamamoto and Tanaka (1997) have proposed a single
direct cell in the lower atmosphere instead of stacked direct and indirect cells. The
highest meridional wind velocity of about 1 m/s was obtained in the upper clouds be-
tween 30° and 60° latitude. Maximal vertical velocities of more than 2 mm/s and more
than 4 mm/s were achieved above 60 km altitude at equatorial and polar latitudes,
respectively.

Imamura and Hashimoto (1998) have waived the multiple-cell structure in their 2D-
transport model and assumed a single convection cell between 35 and 70 km altitude
(panel ¢)). Poleward directed wind was considered above 45 km altitude and the return
flow below 45 km. Similar to the meridional circulation presented by Yamamoto and
Tanaka (1997), the upward and downward transport is located at equatorial and polar
latitudes, respectively. A maximal meridional velocity of 2 m/s and vertical velocity
of more than 1.6 mm/s at low and more than 4 mm/s at high latitudes were used.

Polar vortices

The polar vortices, which are located poleward of about 70° latitude at both hemi-
spheres, are believed to be located in an altitude range between about 42 and 65 km
(e.g. Titov et al., 2008; Ignatiev et al., 2009; Garate-Lopez et al., 2013). Consequently
the upper boundary of the vortices is located approx. 5 km deeper than that of the
main clouds at equatorial and mid-latitudes. UV images of the upper clouds indicate
that the polar vortices are tied to the retrograde zonal wind flow (e.g. Limaye and
Rengel, 2013). Zonal wind velocities range between 20 and 30 m/s between 70 and 85°
in the upper cloud layer, while decreasing rapidly beyond that region (e.g. Luz et al.,
2011). The meridional wind component was found to be nearly zero between 70 and 90°.

UV and IR measurements revealed that the polar vortices represent highly irregular
features (e.g. Schofield and Diner, 1983; Titov et al., 2008; Garate-Lopez et al., 2013).
A clear displacement from the geographic pole by about 2 to 4° as well as a dipole
structure was discovered from Pioneer Venus observations (e.g. Taylor et al., 1980;
Taylor, 1992). Luz et al. (2011) as well as Garate-Lopez et al. (2013) have observed
the evolution of the vortex shape from a single pole over an S-form to a dipole on
time scales ranging from one to several days. Garate-Lopez et al. (2013) observed the
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mass flow during this period of time using VIRTIS IR (section 3.1) measurements.
Among a clear closed circulation around the pole they also observed divergent (mass
outflow) and convergent (mass inflow) motions with vertical velocities of 0.16 £ 0.01
and 0.05 £ 0.01 m/s, respectively.
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Chapter 3

The Venus Express spacecraft,
payload and data acquisition

The following chapter describes the Venus Express spacecraft, measurement technique
and derivation of atmospheric profiles. While section 3.1 provides information about
Venus Express, scientific instruments on-board the S/C and the radio occultation mea-
surement technique, section 3.2 is dedicated to the used signal recording techniques as
well as to the derivation of radio ray parameters and atmospheric profiles of tempera-
ture, pressure and neutral number density.

3.1 The Venus Express spacecraft and payload

After numerous US and Russian spacecraft missions to Venus (Venera, Mariner, Pio-
neer Venus, Vega, Magellan) on 9 November 2005 the European Space Agency (ESA)
launched its first orbiter on a Soyuz-Fregat rocket from the Baikonur Cosmodrome in
Kazakhstan to our neighbor planet. After a flight period of 153 days Venus Express
was put into an elliptical 24h orbit on 7 Mai 2006. Between May 2006 and December
2014 the spacecraft delivered insights into the thick Venus atmosphere, circumplane-
tary plasma and surface of the planet ( Titov et al., 2006).

Figure 3.1 shows the Venus Express S/C and the payload on board consisting of
seven scientific instruments. The design of Venus Express was based on the European
Mars orbiter Mars Express, which was launched almost 2.5 years before Venus Ex-
press. Because of the harsher Venus environment and configuration of planets, however,
some modifications mainly related to the thermal control system and communication
system had to be made. One of them was an additional smaller high gain antenna
2 (HGA2) mounted on the top floor of the spacecraft behind the larger high gain an-
tenna 1 (HGA1). From Figure 3.1 it can be seen that both antennas were pointing
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Figure 3.1: Artistic image of the Venus Express spacecraft and its seven scientific instru-

ments (ESA).

in opposite directions. While the HGA1 was the main antenna used for Earth com-
munication the HGA2 was used for communication during quadrature (time periods
during which the Sun-spacecraft-Earth angle is between 75 and 95 degrees). During
this period sensitive cooling components of the spacecraft would be exposed to a strong
illumination if the HGA1 would be used. Table 3.1 summarizes the basic parameters of
both antennas which were operated by a 65-W X-band and a 5-W S-band transmitter.
More information on the design of Venus Express as well as differences between Venus
Express and Mars Express can be found in Sivac and Schirmann (2007).

Both antennas were used for the Venus Express Radio Science Experiment (VeRa),
which will be described later in the text and in section (3.1.1). In addition to the ra-
dio science experiment, six further scientific instruments belonged to the payload of
VEX. The Analyzer of Space Plasmas and Energetic Atoms (ASPERA) studied the
interaction of the solar wind with the ionosphere/atmosphere of Venus, the near planet
space and the composition of the matter escaping the planet (e.g. Barabash et al., 2007,
Whittaker et al., 2010). Using a wavelength interval between 0.9 and 45um the Plane-
tary Fourier Spectrometer (PFS) was supposed to investigate the abundance of HyO,
SO,, CO and COy in the upper part of the clouds and the mesosphere. Observations of
thermal emission and reflected solar radiation were planned to study the radiation bal-
ance of the planet as well as to map thermal winds in the mesosphere. Due to a defect,
however, the instrument couldn’t be used during the entire Venus Express mission (e.g.
Formisano et al., 2006; Svedhem et al., 2009). The composition of the mesosphere was
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Parameter Unit Frequency HGAXIen;IZ N

Diameter m 1.3 0.3
Minimum B X-band 37.0 26.0
Gain ! S-band 95.7
3dB d X-band 1.6 8
beamwidth ©8 S-band 6
X-band 55 44
EIRP dBW S band 39

Table 3.1: Parameter of the Venus Express antennas HGA1 and HGA2. The antenna gain
is given for the downlink.

investigated by the Spectrometer for Investigation of Characteristics of the Atmosphere
of Venus (SPICAV). The instrument, consisting of three spectrometers, was designed
to study the mesosphere and upper part of the thermosphere of Venus. Operating in
three wavelength ranges (110 - 320nm; 0.7 - 1.7um; 2.2 - 4.4pm) it provided informa-
tion about the temperature between 70 and 180 km altitude and studied the abundance
of HDO, SO,, SO, OCS, CO, HCI and HF in the upper atmosphere. Further goals
of SPICAV were the search for new molecules, like hydrocarbonates, nitrogen oxides
or chlorine-bearing gases as well as the study of the composition of the lower atmo-
sphere and surface temperature on the night side of the planet (e.g. Bertauz et al., 2007,
Belyaev et al., 2012; Mahieuz et al., 2012; Piccialli et al., 2015). The task of the Visible
and Infrared Thermal Imaging Spectrometer (VIRTIS), observing in the wavelengths
of 0.25 to 5um and 2 to Hum, was to investigate the abundance of HyO, SO,, CO and
OCS in the lower atmosphere between 30 and 40 km altitude on the night side of the
planet as well as to study the composition of the atmosphere and aerosols at cloud top
altitudes on the dayside. Additionally, ultraviolet and infrared images of cloud layer
details provided information on wind velocities between 50 and 70 km altitude (e.g.
Drossart et al., 2007; Mareq et al., 2008; Grassi et al., 2010; Gilli et al., 2015). Wind
field measurements at cloud top altitudes were also performed by the Venus Moni-
toring Camera (VMC). It was a wide angle camera with 17.5° field of view, taking
images of Venus in narrow band filters of 365, 513, 965 and 1000nm. Furthermore,
observation of the unknown UV absorber as well as thermal mapping of the surface on
the night side of the planet were performed (e.g. Markiewicz et al., 2007; Titov et al.,
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2008, 2012; Molaverdikhani et al., 2012). Magnetic field measurements of the plasma
environment of Venus were carried out by the Magnetometer (ML AG), which was a fur-
ther development of the Rosetta Magnetometer and Plasmamonitor (ROMAP) (e.g.
Zhang et al., 2006; Dubinin et al., 2013). The Venus Express Radio Science Experiment,
(VeRa) provided ionospheric/atmospheric parameter measurements (number density,
temperature, pressure, sulfuric acid vapor) with higher vertical resolution compared to
the spectrometers on board. Furthermore, it was designed to investigate gravity field
anomalies and surface properties of Venus as well as to sound the solar corona. Since
the data from VeRa’s atmospheric measurements build the basis for this study it shall
be discussed in more detail below.

3.1.1 Venus Express Radio Science Experiment VeRa

VeRa used the radio communication subsystem of the spacecraft to investigate the
atmosphere, surface and gravity field of Venus as well as the solar corona (Hdusler et al.,
2006). For this purpose the spacecraft (S/C) emitted radio signals (X-band; 3.6¢m and
S-band; 13cm) toward the ground station (G/S) on Earth while the investigated object
was on the radio ray path between the S/C and the G/S Y. Since the influence of the
objects on the signals was observed as a phase/frequency shift (Doppler shift) and
amplitude variation of the Radio Frequency (RF) carrier signals the desired information
about the objects were derived from the variations of the radio signal along the radio
ray path. Therefore it was necessary to guarantee a high amplitude stability as well
as a phase stability /coherency of the radio signals. While the signal amplitude was
stabilized internally, the phase stability /coherency was ensured either by an coherent
transponder on board which received an uplink (U/L) signal or by an on board Ultra
Stable Oscillator (USO). The X-band U/L radio signal, which was generated at the G/S
by a Hyo-Maser, was part of the two-way dual frequency (TWOD) transmission mode,
which was applied for solar corona and gravity field measurements. On board the U/L
signal was used by the transponder to generate coherent X- and S-band downlink (D/L)
signals at a frequency ratio of 11/3 ). For investigations of the Venus atmosphere and
surface the one-way dual frequency (ONED) transmission mode was applied, in which
the USO provided the reference frequency for the X- and S-band D/L signals ( Hiusler
et al., 2006).

The usage of the dual-frequency D/L allowed to separate influences caused by the
investigated objects from those caused by indeterminable S/C movements. It turned

DDuring gravity field measurements the investigated object was not directly located between the
S/C and the G/S. Here, gravitational forces affected the S/C. In contrast to this, the investigated
objects affected the propagation of the radio signals in case of Venus atmosphere and surface as well
as solar corona measurements.

2 The U/L signal was multiplied by the ratios 880/749 and 240/749 to generate the X-band and
S-band D /L signal, respectively.
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out that those S/C movements caused Doppler shifts in the order of mHz. Solar coronal
and planetary ionospheric plasma as well as anomalies in Venus’ gravity field caused
Doppler shifts in the order of mHz to Hz. Both frequency shifts are comparable. In
order to avoid misinterpretations in these measurements a dual-frequency D/L was
therefore advantageous (Hdusler et al., 2003; Peter et al., 2014). Additionally, the in-
fluence of the interplanetary plasma on the D/L signals could be determined by using
two frequencies. A further advantage of the dual-frequency D /L. was the possibility of
comparison of results simultaneously derived from both signals, which increased their
reliability (Hausler et al., 2006).

Each of VeRa’s investigation targets required a particular geometrical constellation
between the S/C, target and G/S.

e Gravity field measurements were carried out around the pericenter of VEX’s orbit,
mostly above the northern polar region Atalanta Planitia, which was already
observed by the Magellan spacecraft (Hausler et al., 2006; Leftwich et al., 1999).
For these observations the radio ray path between the S/C and G/S was not
occulted by Venus’ atmosphere, ionosphere or planetary disc. The S/C moved
over the target and emitted constantly radio signals toward the G/S. Anomalies
in the gravity field disturbed the orbit of VEX, which was observed as a phase
shift in the D /L signals. These Doppler shifts were used to calculate the line-of-
sight (LOS) velocity disturbances, which then could be used to derive information
on the lithospheric and crustal density. More information on the measurement
technique can be found in (e.g. Remus, 2004; Hdiusler et al., 2006; Mattei and
Hiusler, 2011).

e Solar corona measurements were conducted during superior solar conjunction
when the elongation angle between the Sun and the S/C was equal or less 10 deg
as seen from the G/S. In this constellation the solar coronal plasma was sounded.
Its influence on the radio signals was observed as a phase shift and time delay,
which was used to derive information on the electron density and the solar wind
speed. More information on the measurement technique can be found in (e.g.
Tyler et al., 1977; Bird et al., 1994; Hahn, 2008).

e For measurements of the surface characteristics (Bistatic Radar experiment) the
HGA1 was pointing toward a selected target on Venus’ surface. The reflected
radio signals from the specular point were received at the G/S on Earth. The
reflection process converts the right hand circular polarized (RCP) X- and S-
band signals to echoes containing RCP and left hand circular polarized (LCP)
components. The power of the echoes was used to derive values of surface dielec-
tric constants at the Mazwell Montes region, a mountain massif in the northern
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Venus hemisphere which was also investigated by the Magellan spacecraft. Fur-
ther targets were the highlands of Beta Regio and Atla Regio at lower latitudes
(e.g. Pettengill et al., 1996; Hausler et al., 2006; Simpson et al., 2009).

e Atmospheric/Ionospheric parameter were obtained by sounding the atmosphere
with radio waves. The orbit of Venus Express allowed to study the atmo-
sphere /ionosphere over a wide range of latitudes and local times. This way a
global picture of the temperature, pressure and sulfuric acid vapor in the lower
and middle atmosphere as well as of the electron density in the ionosphere could
be obtained. For this purpose the radio occultation method was applied. Since
the data from this experiment are the basis for this work, section 3.1.2 is dedicated
to the explanation of the measurement technique, following by the description of
the data acquisition and analysis in section 3.2.

3.1.2 Radio occultation

For radio occultation measurements the S/C moves behind the planet as seen from
the Earth. Prior to the start of the occultation of the S/C by the planet the space-
craft emits continuously radio waves through the planets atmosphere and ionosphere
toward the G/S on Earth. In addition to these ingress measurements, egress measure-
ments can be performed, in which the planets atmosphere is sounded while the S/C
emerges from behind the planet 3. While traversing through the planets atmosphere
the signals are refracted leading to an increased geometrical signal path length (Figure
3.2). At the ground station this can be observed as a signal phase/frequency shift
(A fatm)- In addition to this Doppler shift, a decrease of the X- and S-band signal
power was observed when Venus Express sounded Venus’ atmosphere below approx.
100 km altitude. The attenuation was caused by absorption, refractive defocussing
effects and pointing inaccuracies of the spacecraft antenna (see chapters 4 and 6). Ad-
ditional intensity scintillations and multipath effects were observed especially when
Venus’ cloud region was sounded. The signal amplitude and phase/frequency are the
observables of a radio occultation measurement. While the signal amplitude may pro-
vide insights on the absorbing gases, the Doppler shift computed using the observed
signal phase/frequency, the so-called sky-frequency ( fsky), contains information about
the refractivity field of the atmosphere/ionosphere. The refractivity of the atmosphere
depends on the predominant atmospheric composition, density, temperature and pres-

sure and can therefore be used to determine these atmospheric parameters (see section
3.2).

3)For egress measurements the phase stability can’t be ensured fast enough by an U/L signal. An
USO was used on VEX to ensure a high signal phase stability making ingress and egress measurements
possible. In contrast to VEX the oscillator used on the Mariner V and 10 provided a poor signal
stability increasing the uncertainty of the egress measurements.
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Figure 3.2: Radio occultation geometry during VEX radio science measurements. Due to
the refraction of the emitted radio signal in Venus’ atmosphere the geometrical signal path
(R1 + Ry) is longer compared to the direct line of sight (R3). The scenario is presented for
signal refraction in the neutral atmosphere. In the ionosphere the value of refractive index is
less than 1 (see section (8.2.2)) and refraction occurs away from the planet (Figure adopted
from Lipa and Tyler (1979))

The radio occultation technique was first applied during the Mariner IV flyby at
Mars in 1965 ( Kliore et al., 1965) using a single-frequency S-band D/L. A reference sig-
nal phase was provided by an U/L. On Venus the first radio occultation measurements
were performed with the Mariner V spacecraft in 1967. A one-way dual frequency U/L
(49.8 and 423.3 MHz) was chosen to sound Venus’ neutral atmosphere and ionosphere.
The signal characteristics were stored on board the spacecraft for later transmission
to Earth (Mariner Stanford Group, 1967). In addition to the uplink experiment, a
single-frequency S-band D /L experiment was performed providing improved results of
the neutral Venus atmosphere (Kliore et al., 1967). A coherent transponder receiving
an S-band U/L as well as an auxiliary oscillator on board ensured the phase coherency
of the D/L signals of the Mariner 10 radio occultation experiment in 1974 on its Venus
flyby. The D/L comprised S-band and for the first time X-band radio signals (Howard
et al., 1974). The measurements of the Russian spacecraft Venera 9 and 10 (1975)
present the first extensive radio occultation studies at Venus. An U/L signal in the
decimeter range and a dual-frequency D/L (centimeter and decimeter bands) were ap-
plied (Keldysh, 1977; Savich, 1981; Gringauz et al., 1979). The Pioneer Venus orbiter
sounded the atmosphere of Venus with radio waves at S- and X-band between the years
1978 and 1992 (e.g. Kliore and Patel, 1980). Phase coherency was achieved by an co-
herent transponder operating at S-band in the U/L and an on board oscillator for the
cases when coherency was not available (egress) (Colin and Hall, 1977). During the
Pioneer Venus mission the Venera 15 and 16 spacecrafts performed radio occultation
measurements at Venus between 1983 and 1984. Similar to Venera 9 and 10 a centime-
ter band U/L and dual-frequency D/L (centimeter and decimeter bands) was applied
(Yakovlev et al., 1991; Gubenko et al., 2008). The Magellan spacecraft (1990 - 1994), so
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far the most recent US mission to Venus, conducted radio occultation measurements
in the TWOD transmission mode with an S-band U/L. and S/X-band D/L (Steffes
et al., 1994). During the Venus Express mission (2006 - 2014), the Japan Aerospace
Exploration Agency (JAXA) launched in 2010 its first orbiter to explore Venus. Since
2016 the Akatsuki spacecraft conducts radio occultation measurements using an X-
band D/L signal 4). Phase stability is ensured by an USO on board (Imamura et al.,
2011).

Radio occultation measurements have also been conducted at the outer planets
Jupiter (e.g. Lindal et al., 1981), Saturn (e.g. Lindal et al., 1985), Uranus (e.g. Lindal
et al., 1987) and Neptune (e.g. Lindal, 1992) with the Voyager 1 and 2 spacecraft be-
tween the years 1979 and 1989. An oscillator on board guaranteed phase coherency of
the dual-frequency S/X-band D/L.

The radio occultation technique, which was originally developed to study the at-
mosphere of planets was adopted to investigate also the atmosphere of the Earth. For
this purpose at least two satellites in Earth’s orbit are required (transmitter and re-
ceiver). This can be achieved by using Global Positioning System (GPS) and geoscience
satellites like the Challenging Minisatellite Payload (CHAMP), Gravity Recovery And
Climate Experiment (GRACE) and Constellation Observing System for Meteorology,
Ionosphere and Climate (FORMOSAT-3/COSMIC) (e.g. Wickert et al., 2001; Schmidt
et al., 2008; Wickert et al., 2009).

3.2 Data acquisition

The radio signals transmitted by the spacecraft through the planets atmosphere are
recorded at different ground stations on Earth ®, where the data are digitized and
provided for signal power, Doppler shift, radio ray parameter and atmospheric profile
calculations. While the Coordinated Universal Time (UTC) was used in the ground
stations, the Venus Mean Equator of Date J2000 frame (VME2000) was used for radio
ray parameter and atmospheric profile calculations, where J2000 stands for 12h 1 Jan-
uary 2000 Barycentric Dynamical Time (TDB). Descriptions about reference systems
and time basis can be found in NAIF (2020). In the following sections the calculations
for Venus Express radio occultation measurements are presented.

4)The first attempt of orbit insertion in 2010 failed.
5)For Earth radio occultation measurements, one of the satellites in Earth’s orbit serves as a receiver
instead of a ground station on Earth.
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3.2.1 Signal power and the atmospheric Doppler shift

Considering the Doppler shift induced by the Venus atmosphere A f,;,, and by the rel-
ative motion between the S/C and G/S A fy, as well as Earth ionospheric/atmospheric
influences on the radio signals Afg, the observed frequency of the D/L radio signals
at G/S receiving time (sky-frequency) can be described as

fsky:fDL+Afstr+Afatm+AfE7 (31)

where fpr, represents the frequency of the D/L radio signals at emitting time by the
S/C. The X- and S-band signals were recorded at ESA ¢ and NASA 7 ground stations.
Both ground segments used the Closed-Loop (CL) and Open-Loop (OL) receiving tech-
nique.

In the CL-system the signal phase was determined by using a Phase-Locked
Loop (PLL) scheme, in which an incoming radio signal was compared with a refer-
ence signal. The latter was generated by the Hy-Maser in the G/S feeding a local
oscillator with the carrier frequency of the incoming signal. Additionally, the oscillator
was provided with the expected Doppler shift AfL? to reduce the signal dynamics.
From the difference signal a residual phase ¢,.s was extracted which contained also
the contribution from the atmospheric Doppler shift and influences of the Earth iono-
sphere/atmosphere. The phase ¢,.s was subsequently stored for later processing. It
was also used to adjust the local oscillator frequency and this way to track the in-
coming radio signal. Detailed information on the operation of PLL circuits can be
found in (e.g. Best, 2011). The signal power was determined by using an Automatic
Gain Control (AGC) circuit. It maintained the signal amplitude at a constant level
by increasing it when the signal power decreased. The amplification corresponded to
the signal attenuation in Venus’ atmosphere and served also as a feedback for the gain
amplifier of the AGC. Detailed information on the operation of AGC circuits can be
found in (e.g. Alegre Pérez et al., 2011). The derived parameters were recorded with
a sampling frequency of 10 Hz throughout the occultation measurement providing a
time series of phase and signal power. Using the feedback loops PLL and AGC the
CL receiving system provides a fast way to extract parameters from incoming radio
signals. However, both circuits cannot adopt to rapid phase and amplitude changes.
In the lower Venus atmosphere increased signal attenuation and atmospheric dynamics
caused Doppler shift and amplitude variations in the order of tens of Hz/s and tens of
dB/s. Those increased variations caused the PLL and AGC to lose lock to the incoming
signal. The sensibility of the circuits against high signal dynamics makes therefore the
CL receiving technique unsuitable for radio soundings of the lower Venus atmosphere.

6)New Norcia, Australia, diameter: 35 m.
") Canberra, Australia, diameter: 34 m and 70 m.
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In general, the CL receiver lost the lock to the signal when altitudes below 44 km
were sounded (cf. Figure 6.2). The CL receiving technique also failed when Venus’
cloud region was sounded where increased phase variations and intensity scintillations
caused the CL receiver to lose lock. Furthermore, it was not possible for the receiver
to cope with multipath effects which occur when sounding Venus’ cloud region.

In the OL-system the incoming RF signals are heterodyned to base band by feeding
the Local Oscillator (LLO) in the G/S with the nominal carrier frequency and prediction
of the expected motion-induced frequency shift AfL9. This way the bandwidth of the
signals was reduced to values lower than 50 kHz. According to the Nyquist-Shannon
sampling theorem, the base band signal could then be sampled with a rate of 100 kHz
8). Subsequently, the real and imaginary part I(t) and Q(t) ¥ of the signals were stored
for determination of the atmospheric Doppler shift A f,,,, and signal amplitude (e.g.
Abello, 2003; Mattei and Hausler, 2011; Mattei, 2011). This way the OL technique al-
lowed to apply digital signal processing tools to the recorded voltage samples I(¢) and
Q(t) in later processing steps. Therefore, in contrast to CL, using the OL technique the
atmospheric Doppler shift and amplitude of the received signals could be determined
even at high signal dynamics and increased noise. At northern polar latitudes the sig-
nal parameters were derived to altitudes as deep as 38 km (sometimes deeper). Due to
the orbit geometry and increased HoSO,(g) accumulation at equatorial latitudes, (e.g.
Figure 7.12), these altitudes could only be reached in a small number of measurements
at this region. In general the signal parameters were derived to altitudes as deep as 45
km. A discussion about VeRa’s deepest sounded altitudes with respect to the signal
frequency, signal strength and attenuation in Venus’ atmosphere can be found in the
sections 4.1, 6.1 and 7.3.1. In contrast to CL, the OL receiving technique also provides
the opportunity to analyze multipath effects occurring in Venus’ atmosphere (Imamura
et al., 2018). The analysis will support the intensity scintillation study as well as
provide more reliable atmospheric profiles in Venus’ cloud region compared to those
derived from CL data.

The AGC circuit provided the signal strength of the CL recordings. From OL
recordings the amplitude was determined by applying digital signal processing tools.
The process of derivation of the atmospheric Doppler shift A f,,,., however, was based
on the same principle for both, the CL and OL recordings: 1) Recovery of the sky

8) At NASA OL-receivers an additional expected atmospheric Doppler shift was removed. This
process reduced the sample rate applied to the signal and reduced therefore the size of the provided
data files.

9)The base band signal can be presented in the complex form consisting of the analogue components
I(t) (in-phase) and Q(t) (quadrature) of the signal at the time ¢.
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Jrequency fory 10) and 2) subtraction of a predicted sky frequency Sky ¢ hased on the
assumption that the induced Doppler shift is caused by the relative motion between

the S/C and G/S Afs, only.

Afatm = fsky prd

3.2
:(fDL+Afstr+Afatm+AfE>_(fDL+Afstr+AfE)- ( )

The predicted sky frequency f ry Was computed by using the Radio Science Simu-
lator (RSS). It is a software package developed at the Institute of Space Technology
at the German Armed Force University in Neubiberg (Munich). Based on orbit data
of VEX and those of celestial bodies, both provided by ESA, it is possible to compute
the straight-line Doppler shift A fq, (Hdusler et al., 2003; Selle, 2005).

The recovery of the sky frequency from CL recordings Sk was achieved by com-
puting the sum of (i) the D/L frequency fpr and (ii) the time derivative of the residual
phase ¢T68

quTES
pr (3.3)
For the recovery of the sky frequency from OL recordings fQF iy, the removal of
the expected Doppler shift AfL? applied in the G/S receiver was corrected by the
improved Doppler shift A f,;,. Additionally, a coarse atmospheric Doppler shift A fZ5
was removed from the I(t) and Q(t) voltage samples in order to further reduce the
signal dynamics. AfFS was also computed by using the RSS, which uses a model
atmosphere to predict the bending of a radio ray traversing the medium. Subsequently,
a Fast Fourier Transform (FFT) was applied to the residual signal providing the signal
strength and a residual frequency f..;. The sky frequency Sky was computed as the
sum of (i) the D/L frequency value fp, (11) the straight-line Doppler shift A fg,., (iii)

the coarse atmospheric Doppler shift A £ and (iv) the residual frequency fes

sky fDL +

atm
sky fDL + Afstr + A atm + fres (34)
The predicted sky frequency sky as well as the achieved sky frequencies 56,25 and Sky

were then used to compute the atmospheric Doppler shift A fy;, following equation
(3.2).

While at ionospheric regions maximal A fq,, values don’t exceeded 2 Hz, a strong
increase was detected when the middle and lower atmosphere was sounded. Doppler
shift values of more than 4 and 10 kHz were observed in the S-and X-band radio signals
below 40 km altitude. In addition, an attenuation of more than 20 dB in the S-band

10) The necessity to recover the sky frequency was the correction for Afg and Afy, — AfL9 which

among the desired Doppler shift A f,;,, were still contained in the the CL and OL receiver outputs.
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signal and more than 40 dB in the X-band signal could be seen in this altitude region.
A more detailed discussion on the signal attenuation can be found in chapter 4 and 7.

3.2.2 Radio ray parameters as well as temperature, pressure
and number density

The atmospheric Doppler shift A f.,, was used to compute radio ray parameters like the
bending angle ¢ and the impact parameter a (Figure 3.2). Both parameters uniquely
define the refracted radio ray path Ry + R, in Figure 3.2. By using the velocity vectors
vscas of the S/C and G/S, respectively, as well as the unity vectors eg,, , of the ray
asymptotes R; and Ry and of the line of side Rj3, respectively, the atmospheric Doppler
shift can be written as (Ahmad, 1998)

A fotm = %L[(vs?o R, +VGs - €ry) — (V5C - €Ry — UGS - €7y, (3.5)

where ¢ is the speed of light in vacuum. The velocity vectors of the S/C and G/S as well
as the unity vector er, were computed using ephemeris data for the VEX spacecraft
and celestial bodies provided by ESA. The unity vectors eg, and eg,, however, were
unknown and must be approached by making a geometrical simplification. A spherical
symmetric Venus atmosphere was assumed constraining the radio ray path to remain
in the so-called occultation plane, which is defined by the S/C, planet and G/S. In this
frame eg, and eg, could be expressed by trigonometric functions. Additionally, Snell’s
low was used which provided along with equation (3.5) a system of linear equations
for the derivation of the bending angle 6 and impact parameter a. The calculation
was performed iteratively beginning at the top of the highest measured altitudes and
proceeding to lower altitudes (Fjeldbo et al., 1971; Schaa, 2005).

The computed bending angles reveal values in the order of 0.0001° — 0.001° in the
ionospheric region with higher refraction of the S-band signal compared to the X-band
signal. In contrast to the ionosphere, in the neutral atmosphere the refraction is identi-
cal for X-and S-band radio signals (see equations (3.9) and (3.11)). Here, the bending
angles increase from § < 0.1° at cloud top altitudes (65 - 70 km) to § > 6° below 40 km
altitude. At lower altitudes the dense Venus atmosphere leads to a critical refraction of
the radio rays ™). This limits the sounding of the deep Venus atmosphere to altitudes
around 33 km (e.g. Fjeldbo et al., 1971; Steffes et al., 1994).

The calculated bending angles § were used to compute the corresponding index
of refraction p and refractivity N which were then used to derive the atmospheric

1) Critical refraction occurs when the radius of the curvature of a horizontal ray is equal to the
distance to the planetary center of mass (Fjeldbo et al., 1971).
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parameters temperature (1), pressure (p) and number density (n). The assumption
of a spherical symmetric atmosphere simplifies the relation between 6 and . In this
case it can be shown that ¢ is related to p via an Abel transform, which provides the

projection of the spherical symmetric index of refraction along the line of sight between
the S/C and G/S at the sounded altitude

< 1du dr
6(a) = —2a/ —_— .
(a) Wdr o (3.6)

where 19 = a(rg)/u(ry) is the closest approach of the refracted ray to the planetary
center of mass (Figure 3.2). Inverting the Abel transform yields the index of refraction
(Fjeldbo et al., 1971; Schaa, 2005)

n(utro) = = [ T _Olajda (3.7

T Ja(ro) v/ a* — a(ro)?

It should be emphasized that u represents the real part of the complex refractive index
it = i+ ic. The imaginary part of g refers to the signal attenuation. Atmospheric
attenuation is mainly caused by absorption in VeRa’s radio occultation measurements
and is discussed in chapter 4.1.3.

The contribution of the ionosphere to p can be distinguished from the contribution
of the neutral atmosphere, so that the total refractive index can be written as the sum
of both contributions

f= pia+ pr, (3.8)

with the refractive index of the neutral atmosphere 14 and ionosphere p;. It is possi-
ble to determine both from a single radio occultation measurement by considering the
dominant part only. The ionospheric term dominates above 100 km, the atmospheric
below 100 km (e.g. Pdtzold et al., 2007; Tellmann et al., 2009). In the case of two
coherent frequencies, both effects can also be separated even more effectivelly.

For radio waves traversing an ionospheric/atmospheric gas it can be shown that the
refractive index p can be related to the number density n via the refractive volume &
(e.g. Feynman et al., 1964; Eshleman, 1973; Hinson et al., 1999; Schaa, 2005; Feynman
et al., 2011).

For the neutral atmosphere is

pa=1+mns-Ka
e? 1 (3.9)

:1+nA .
2eom, w3 — w?’
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where e represents the charge of an bounded electron in an atom with the mass m,
and the natural frequency wy. The frequency of the incident wave is given by w. ¢
is the permittivity in vacuum. The values of the natural frequency for the most gases
in Venus’ atmosphere are much larger than the used signal frequency for the radio
occultation experiment (X-and S-band). The term (w3 — w?) in the denominator of
equation (3.9) is therefore similar for both, the X-and S-band radio signals. Conse-
quently, the refractive index computed for the X-and S-band signal show similar values.
The derived radio ray parameters, bending angle 6 and impact parameter a which are
related to the refractive index via the Abel transform (equation (3.6)), reveal therefore
identical values in the neutral atmosphere.

In practice, the refractive volume B4 = ). ¢q; - k; can be computed for non-polar
gases using the Loschmidt’s number N;, = 2.6867811-10% m~3 and the number mixing
ratios ¢; of the ¢ components of the gas mixture

pi — 1

N (3.10)

KR; =

Adopting measurements of the refractive index of carbon dioxide and nitrogen made by

L Essen and K D Froome (1951) the values koo, ~ 1.84-107% m? and ky, ~ 1.10-1072°

m? were obtained assuming gas concentrations of COy = 96.5% and Ny = 3.5%.

In the ionosphere the free electrons have no restoring forces (wy = 0). The derived
refractive index reduces therefore to (cf. equation (3.9))

pr =1+mn; Ky

:1+n1-<— ¢ 1)’ (3.11)

2€0mMe W2

revealing negative values of uy. It can be seen from equation (3.11) that the refractive
index of the ionosphere is frequency-dependent, which is in contrast to the neutral
atmosphere (for X- and S-band radio signals). The dispersive effect leads to a stronger
refraction of the S-band signals compared to the X-band signals. Using the plasma

frequency 2
2

wy = 1 (3.12)
€E9MMe
the refractive index of the ionosphere can be written as
40.31 - n
5y

12)The plasma frequency is a fundamental quantity in plasma physics. Plasma gas reflects electro-
magnetic waves with w < wj,, while for w > w), it is transparent.
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Since the values of p4 and p; are close to unity in the atmosphere/ionosphere, the
refractivity
N=(1-p)-10° (3.14)

was introduced (e.g. Fjeldbo and Eshleman, 1968), providing the equations for the
refractivity in the atmosphere N, and ionosphere N;

Np=mny-Fy-10° (3.15)
40.31 - 10°
Ny=-n; - ——(4——. (3.16)
for

Equations (3.15) and (3.16) were used to derive the number density of the neutral gas
in the atmosphere n4 and electron density in the ionosphere n; of Venus.

From the number density of the neutral atmosphere n4 the temperature 7' and
pressure p were derived assuming the atmosphere to be in hydrostatic equilibrium.
This assumption is valid for a well-mixed atmosphere, the homosphere. The boundary
of the homosphere, the homopause, was located between 120 and 132 km altitude (e.g.
Mahieux et al., 2010). Atmospheric profiles of temperature and pressure were derived
for the region below 100 km altitude by applying the equations of an ideal gas and
hydrostatic equilibrium (e.g. Fjeldbo and Eshleman, 1968; Jakovlev, 2002; Tellmann
et al., 2009)

p(ro) = kg -na(ro) - T'(ro) (3.17)
P nalr) g0, (3.18)

where kp is the Boltzmann constant. The mean molecular mass m was computed
for an atmospheric composition of COy = 96.5% and Ny = 3.5%. The gravitational
acceleration g was calculated using a gravity field model. Substituting the number
density in equation (3.15) into expression (3.17) provides

R 6 p<7"0)
T(ro) = ﬁ .10 S (3.19)

Integrating equation (3.18) and substituting the number density by equation (3.15)
provides the expression for the pressure

p(r0) = plruy) — 2 105 / NG ) g () (3.20)

KA 0

with p(ryy) = kpna(rup) T (ryp), where T'(r,) is the temperature at the upper boundary
of the detectable atmosphere (e.g. Jenkins et al., 1994; Pdtzold et al., 2007; Tellmann
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et al., 2009). Substituting equation (3.20) into equation (3.19) provides the expression
used to calculate temperature and pressure profiles

T(ro) = 1]\@(&%&(%) - Z—NAl(To) / O Na(r)g(r)dr (3.21)
p(ro) = kg - N%Z"O) 1075 T(r). (3.22)

Values of T'(ry,) = 170,200 and 230K were applied for the temperature at the up-
per boundary. The three retrieved profiles reveal a convergence to the same vertical
temperature distribution below 90 km altitude (Pdtzold et al., 2007; Tellmann et al.,
2009).

3.2.3 Spatial resolution

The spatial resolution of atmospheric profiles derived from radio occultation measure-
ments is limited by diffraction effects which are ignored when methods of geometrical
optics are applied. Because of the antenna beam width, radio rays are emitted at
different angles from the S/C and reach the G/S receiver on Earth through different
paths. Among the direct signal, further radio rays, which travel along different ways,
are captured by the receiver. Those signals arrive at the G/S either 'out of phase’ or ’in
phase’ with the direct signal. Depending on the phase difference, the interference of the
signals may either decrease or increase the signal power. Destructive and constructive
interference depends on the difference in path length. Based on this quantity, the area
between the S/C and G/S can be divided into so-called Fresnel zones (e.g. Born et al.,
2000). These are ellipsoidal shaped regions centered around the direct signal path
with the S/C and G/S located at the focal points. Figure 3.3 shows the first three
Fresnel zones. The first zone F) contains signals with path length differences to the
direct signal ranging between 0° and 180°. The largest value would be achieved by a
reflected signal. Signals from F} are 'in phase’ with the direct signal and may increase
the signal power. The second zone F) contains signals with path length differences
between 180° and 360°. Those signals are ’out of phase’ with the direct signal and may
decrease the signal power. In general, signals from odd-numbered zones potentially in-
crease the signal power, while signals from even-numbered zones potentially decrease it.

The signal power of a radio beam decreases with increasing distance from the an-
tenna boresight (cf. Figure 4.1). Therefore, higher numbered Fresnel zones can be
neglected in radio occultation measurements. In practice, the first Fresnel zone con-
tains the most signal energy and all captured radio signals from Fj contribute to the
observed values of the atmospheric profiles. The diameter of the cross section of F; at
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b, Direct Signal b,

Reflecteq Signaj

Figure 8.3: First three Fresnel zones (F1, Fy and F3) centered around the direct signal
path between the S/C and G/S. Both, the S/C and G/S are located at the focal points of
the ellipsoidal cones. Fy is defined so that the path length difference between the direct and
the reflected signal is half the signal period. The first Fresnel zone contains the most signal
energy. The diameter dr of the first Fresnel zone is a measure for the spatial resolution in
radio occultation measurements. The distance between the S/C and the atmospheric refer-
ence point as well as between the S/C and G/S is given by and b, respectively.

the atmospheric reference point is therefore a measure for the spatial resolution of the

profiles. It can be calculated with
Abyby
dp =2 , 3.23
PN by by (323)

where A is the signal wavelength, b; is the S/C-limb distance and by is the distance
between the S/C and G/S (e.g. Hausler et al., 2006). Due to the vertical refractivity
gradient, which causes a defocussing of the radio beam (section 4.1.1), the Fresnel zones
are compressed in the vertical direction and elongated in the horizontal direction. The
shape of the cross section of F changes from circular to elliptic (e.g. Fjeldbo and
Eshleman, 1969; E. T. Karayel and D. P. Hinson, 1997). The minor axis of the ellipse

dY¥. decreases to
df = 2y/Abs - /1,
Aby (3.24)

dé
I —Ryg;

=2

which increases the vertical resolution of the atmospheric profiles (Eshleman et al.,
1979). [, is the defocussing of the radio beam that occurs in the plane of refraction
caused by the vertical refractivity gradient (section 4.1.1). Additionally it was assumed
that by >> b.

The vertical resolution of atmospheric profiles derived from VeRa measurements is
in the order of 10> m. The values of d}%. decrease with decreasing altitude.
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Chapter 4

Radio signal attenuation in the Venus
atmosphere

The refraction of radio signals in Venus’ atmosphere was used to derive the temperature,
pressure and number density of the atmospheric gas. The absorption was used to derive
the abundance of sulfuric acid vapor. The latter is the main absorber of radio waves
in the Venus lower atmosphere, so that the amount of absorption can be transferred
into HySO,4(g) abundance. For this purpose the contributions of antenna mispointing
as well as refractive defocussing to the observed total signal attenuation must be re-
moved. Section 4.1 describes important parameters defining VeRa’s radio downlink
and introduces attenuation factors which affected the occultation measurements. Sec-
tion 4.2 presents results from previous missions, which are used for comparison with
VeRa observations in the section 6 and 7.

4.1 Radio signal attenuation

Influences on the radio signal power during occultation measurements result from un-
known and known factors. The first mentioned are pointing inaccuracies (section 4.1.2)
of the S/C antenna and mainly the effects of refractive defocussing (section 4.1.1) and
absorption (section 4.1.3) in Venus’ atmosphere. The latter is used to derive infor-
mation about the absorber. Known factors result from the transmitter and receiver
designs as well as from the distance between them. They must be calculated prior to
the start of the observations and are used to define the link-budget. The latter is an
appropriate measure for the quality of the transmission. The calculations shall guar-
antee a measurable amplitude of the carrier signal at the tracking station on Earth.
The link-budget is used to calculate the expected signal-to-noise ratio (SNR). Using
the power of the transmitted signal Pr as well as the gains of the transmitting and

43
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receiving antennas G and G, respectively, the SNR can be written as

PrGrGr

NR = LHTHR
SNR =7 NoB

(4.1)

The quantity Ny = kpTyys is called the noise power spectral density, with the Boltzmann
constant kp and the system temperature of the receiving system 75,s. B represents the
received frequency bandwidth. For equation (4.1) it was assumed that the receiving
antenna is oriented for maximum response without any ohmic losses.

The product Pr-Gr in equation (4.1) is called the Equivalent Isotropically Radiated
Power (EIRP). It is the transmit power of a hypothetical antenna radiating equally
in all directions (isotropic radiator) so as to have the same power flux density over
the coverage area as the actual antenna (Maral and Bousquet, 2011). Since the value
of G is a function of the elevation angle v and azimuth angle & (cf. Figure 4.1), the
EIRP value strongly depends on v and &. It decreases with increasing elevation angle.
An inaccuracy of the HGA pointing direction reduces therefore the EIRP, which is
observed as a signal decrease at the G/S. High EIRP values were required to with-
stand the absorbing effects in Venus’ lower atmosphere below approx. 50 km altitude.
Values of EIRP for the HGA1 and HGA2 of VEX are given in table 3.1 for the antenna
boresight, i.e., the axis of the maximum gain (7 = £ = 0°). High X-band EIRP values
as well as limb tracking maneuvers (section 4.1.2) allowed to maintain a measurable
carrier signal at the G/S even when Venus’ deep absorbing atmosphere was probed. In
most cases, altitudes as deep as 40 to 42 km at the northern polar region and 45 km
at the equatorial latitudes could be achieved with the X-band downlink. The S-band
soundings reached similar altitudes in the first occultation season (2006-07-11 to 2006-
08-30). A decrease of the S-band EIRP by approx. 14 dB after the first occultation
season, however, increased the lowest sounded altitude to the vicinity of Venus’ main
cloud deck (65 - 70 km).

The quantity Lrs = ((4mRs/c—g/s)/A)? in equation (4.1) represents the free-space
path loss with the S/C to G/S distance Rg/c—q/s and the signal wavelength A. Due
to the enormous distances between the S/C and the G/S, Lprg was the main attenu-
ation factor of radio signals in VeRa’s occultation measurements. Table 4.1 presents
values of Lgg for the X-and S-band downlink signals for minimal and maximal values
of Rg/c_q/s during VeRa’s occultation measurements. The high Lpg values indicate
that only a small fraction of the transmitted signal power was captured by the G/S.
Sufficient high SNR values could still be obtained by choosing appropriate large S/C

and Gi/S antennas for the measurements. Since Grr ~ d2, where d, is the antenna

DHere, the SNR is considered for the carrier signal, only. If a data signal modulates the carrier
signal, Bessel’s functions must be considered for the calculations of the SNR.
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Rs/c—ays
(km)-10°

40 254

Lpg® (dB) 263 279

L3 (dB) 252 268

Table 4.1: Values of free space path loss Lpg for minimal and mazimal S/C - G/S dis-
tances for VeRa’s X-and S-band downlink signals.

diameter, large antennas increase the SNR. On the other hand, they decrease the half
power beam width, which may be of disadvantage in case of pointing inaccuracies (sec-
tion 4.1.2). For Venus Express mainly a 35-m diameter G/S antenna at New Norcia,
Australia, was used providing a gain of 55.8 dBi at S-band and 68.2 dBi at X-band
(Hdausler et al., 2006). In addition to the ESA G/S, NASA tracking stations with di-
ameters ranging between 34 and 70 m could be used. The diameter and gain values of
the S/C antennas are given in table 3.1.

Without any atmospheric influences, SNR values of 50 - 65 dB/Hz could be achieved
for VeRa’s X-band radio signals. For the S-band signals SNR values around 35 dB/Hz
were achieved, dropping to 20 dB/Hz after the first occultation season due to a degra-
dation of the S-band antenna feeder system. The SNR of both radio signals decreased,
however, when Venus’ dense middle and lower atmosphere was sounded. Pointing in-
accuracies of the S/C antenna as well as Refractive defocussing and absorption effects
decreased the received signal power and therefore the SNR value to

PrGrGgr

NR = — TR
SNR = T TN B

(4.2)

L = L+ AGr+ « represents the attenuation due to refractive defocussing L, antenna
mispointing AG7 and atmospheric absorption «. Attenuation in the Earth atmosphere
could be neglected for the X-and S-band radio signals (see appendix A).

4.1.1 Refractive defocussing

When radio waves penetrate Venus’ atmosphere, the latter’s vertical refractivity gra-
dient leads to a differential refraction of the radio rays and therefore to a widening of
the spherical surface of the radio beam. Consequently, the signals power flux density
over the surface of the G/S receiving antenna is decreased when the radio waves reach
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the G/S. The effect increases with decreasing altitude probed in Venus’ atmosphere.
This can be observed as a decrease/increase of the time series of the signal amplitude
in ingress/egress occultation measurements. According to equation (3.9), the effect is
identical for a large range of radio waves. The amount of the refractive signal decrease
can be determined in two ways:

i) Using radio ray parameters a and d, derived from Doppler data.

ii) Using amplitude data of a second radio signal which is not affected by any fre-
quency dependent influences.

VeRa has used X-and S-band radio signals to sound Venus’ atmosphere. Since both
signals are differently affected by absorption effects in lower atmospheric regions (see
section 4.1.3), Doppler data were used to determine the refractive loss (method i)).
FEshleman et al. (1979) have provided a simplified procedure to compute the refractive
signal decrease using a and 0. It must be mentioned that the effect of defocussing loss is
independent of the signal propagation direction. It is equal for both, from G/S to S/C,
and vise versa. The following derivation is depicted for the case of an uplink signal from
the G/S to the S/C. Referring to Figure 3.2, in this scenario two parallel radio rays,
separated by a vertical distance da before refraction, penetrate Venus’ atmosphere.
After refraction the energy contained between these two rays is spread out to a width
of cosd - dr. The reciprocal value of the received signal energy at the G/S normalized
by the signal energy without refractive influences provides the amount of refractive

loss. It is
dr\
l, = |cosd - — : (4.3)
da
With
r=asecd — Dtand (4.4)
it follows
do\ !
l, = 1—(Dsec§—atan5)% : (4.5)

For two adjacent radio rays, the time-variable distance of the S/C behind the planet
D (see Figure 3.2) was treated as constant. For S/C to planet distances much smaller
than S/C to G/S distances and small bending angles 0, equation (4.5) reduces to

-1
l, = <1 - Rlﬁ) . (4.6)
da

(Lipa and Tyler, 1979; Eshleman et al., 1980). Additional to the defocussing effect
described by equation (4.3), the curved limb of the atmosphere has a focussing effect
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on the radio signal amplitude occurring normal to the plane of refraction depicted in
Figure 3.2. It is described by
-1
g, = (_) (4.7)

a
and is a multiplicative factor in the net effect, called refractive defocussing

L= E (1 - le—g)] B (4.8)

(e.g. Eshleman et al., 1979; Lipa and Tyler, 1979; Eshleman et al., 1980). In decibels is
L[dB] = —101log,,(L). (4.9)

4.1.2 Mispointing

Radio occultation measurements performed with the Venus Express spacecraft were
mainly carried out by using the HGA1, with a diameter of 1.3 m and a half power
beam width value of 95524 &~ 1.6° at X-Band and J5%"¢ ~ 6° at S-band (cf. Table
3.1). The half power beam width represents the width of the antennas main lobe at
which the signal power is half the maximum power, i.e., the antennas boresight. It can

be estimated by
A

193(1]3 ~ 588—, (410)
dq

with the antenna diameter d, and the signals wavelength A. It was known from previous
measurements that the ray bending in the atmosphere of Venus would exceed the 3-
dB beam width of the signals. In order to avoid significant degradation of the signal
amplitude due to mispointing, predetermined spacecraft slews were performed during
the measurements 2. This way, the antenna boresight was oriented toward the refracted
ray path from the spacecraft to the tracking station on Earth (R; and Rj in Figure 3.2).
The adjustments of the spacecraft attitude ensured an optimal antenna pointing so that
signal power variations could be linked to atmospheric effects rather than pointing
inaccuracies. These limb tracking maneuvers were based on a model atmosphere and
predicted orbital trajectory of VEX. Deviations of the model atmosphere from the real
Venus’ refractivity field as well as uncertainties in the S/C position vectors, however,
led to pointing inaccuracies.

Pointing errors are described by the elevation angle v and azimuth angle £&. Both
describe the deviation of the ray asymptote Ry (cf. Figure 3.2) from the antenna bore-
sight, i.e., the S/C pointing direction. Both angles were computed using the radio

2)Without limb tracking maneuvers of the HGA1 a X-band signal power degradation of 3 dB would
occur when Venus’ atmospheric region between 55 - 60 km altitude was sounded. In this region is
5~ 0.5 9hend.
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Figure 4.1: Radiation pattern of the Venus Ezpress HGA1 (a) X-band; b) S-band) and
HGA2 (¢) X-band) for the azimuth angle of & = 0°.

ray parameters 0 and a derived from VeRa’s Doppler data. Additionally, ephemeris
data for the VEX spacecraft and celestial bodies as well as reconstructed S/C attitude
information were used. The latter were derived from the star trackers on board Venus
Express (Geiger, 2011). For the calculation of v and £ the unity vector of R; and that
of the antenna boresight were transferred from the occultation plane into spherical co-
ordinates. The antenna gain value at the corresponding angles v and £ was obtained
from the antenna radiation pattern. The panels a) and b) in Figure 4.1 show the ra-
diation pattern of the HGAT1 for the X-and S-band radio signals, respectively. Both
radiation patterns are presented for the azimuth angle & = 0°.

The smaller high gain antenna (HGA2) was used during quadrature (time periods
during which the Sun - S/C - G/S angle is between 75 and 95 degrees) in the years
2007, 2012, 2013 and 2014. The parabolic antenna with a diameter of 0.3 m was capa-
ble of transmitting at X-band with a half power beam width value of V33524 a2 8° (cf.
Table 3.1). In contrast to measurements carried out with the HGA1, no limb tracking
maneuvers were performed during quadrature soundings. The antenna boresight was
constantly oriented toward the Earth line of sight (Rs in Figure 3.2). It can easily
be seen from Figure 3.2 that in this case the expected angle v is in the order of the
bending angle §. The corresponding radiation pattern (for £ = 0°) can be seen in panel
¢) of Figure 4.1.

With the antenna gain values at the computed elevation and azimuth angles, the
HGA pointing errors were simply achieved from

AGr = G — Gt (4.11)
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4.1.3 Absorption

As mentioned in section 3.2.2, the imaginary part of the complex refractive index
i = p + i refers to the signal attenuation. The latter is used in Beer-Lambert’s law
to describe the power decrease of a radiation which traverses an attenuating medium

dP = —aPdzx. (4.12)

P represents the power and dP the incremental power reduction of the radiation and
dx the traversed distance. When applying to radio occultation measurements, the
integration over the radio ray path leads to

P
7=1In ﬂ = —/ ada’, (4.13)
PO Ray path

where Py is the undisturbed signal power. 7 = 7y + 7g is the integrated attenuation
along the radio radio path, the so-called path absorption, with contributions from the
Venus 7y and Earth 75 atmospheres, respectively. In general, 7 is caused by the atmo-
spheric gas, clouds and precipitation resulting from absorption and scattering (Battan,
1973), so that

(4.14)

a=(ag+oc+ap), + (ag+ac+ap)

abs scat *

A typical Venus Express radio occultation measurement, ingress or egress, took
several minutes. The weather conditions on Earth can be considered as constant dur-
ing this period of time. Earth atmospheric influences on the signal amplitude were
therefore not considered in the present study. Those are outlined in appendix A.

In order to attribute the specific attenuation « to the atmosphere of Venus as a
function of altitude, Snell’s low is applied. The path absorption in equation (4.13) can
then be expressed as an integral over radius and rewritten in form of the inverse Abel
transform (Jenkins and Steffes, 1991)

2y — M) d ( /°° T<a>_ada> (415)

ma (ro) da a(ro) \/a* — a (1o)

Here, it was used that da =~ p - dr. The inverse Abel integral was calculated by using
the Gaussian quadrature, which ensures an exact integration (Brzeziriski and Ostal-
czyk, 2014; Kriger, 2008; Oschlisniok, 2010). When extremely noisy data are used,
however, the exact integration as well as the derivation of the integral in equation
(4.15) can have an adverse effect. A resultant amplification of the noise may lead to
misinterpretations of the obtained absorptivity and HySO,4(g) results. In order to de-
crease the effect of noise amplification, downsampling methods and filtering tools were
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applied in the process of absorptivity and sulfuric acid vapor calculations. Residual
noise, however, may still affect the results.

In the following, the contribution factors to the attenuation coeflicient « (see equa-
tion (4.14)) shall be discussed. Since the radio signal attenuation is only attributed to
the atmosphere of Venus, the attenuation factors due to precipitation can be removed
(0, abs = @p scat = 0). Furthermore, scattering effects of radio waves caused by at-
mospheric gases can be neglected (o, scat = 0). The size of the molecules is too small
compared to radio wavelengths, so that no significant power reduction is expected.
Signal attenuation caused by particles of the Venus clouds can be estimated by apply-
ing the theory of scattering and absorption of electromagnetic waves by colloids. Lord
Rayleigh (1842 - 1919) provided a formalism, which describes the scattering of elec-
tromagnetic waves by spherical non-absorbing particles with diameters smaller than
the wavelength. A generalized theory, without limitations to the size of the particles
(non-absorbing and absorbing), was given by Gustav Mie (1868 - 1957) (Mie, 1908).
Mie theory is therefore used for most scattering systems and includes the theory pro-
vided by Rayleigh. Both theories make use of the extinction cross section ey, the
area which, when multiplied by the incident radiation, provides the total signal power
abstracted from the incident wave. Since the attenuation is caused by scattering and
absorption effects, the extinction cross section can be written as

Oext = Oabs T Oscat- (416)

When the particles are small with respect to the wavelength, both theories provide
similar results (e.g. Gunn and Fast, 1954). In this case the absorption and scattering
cross sections can be written as

2

22 6le—1
abs — 5 4.1
7ab 37 et 2 (4.172)
A2 —1
Oscat — —l’ﬁ:’ -Im (_6 n 2) ) (417b)
T €

with the dimensionless size parameter x4 = 2mwa,/\, particle radius a, and permittivity
(or dielectric constant) € = € —i€” (e.g. Gunn and East, 1954). The so-called Rayleigh
approximation for o, and oy, presented by the equations 4.17a and 4.17b can be
applied for sufficient small size parameter values (z, << 1 or a, << \) (e.g. Gunn
and East, 1954; Battan, 1973). Values in the order of 1073 are obtained for X-and
S-band radio signals, so that equations (4.17a) and (4.17b) can be used for scattering
and absorption calculations at theses wavelengths. Here, particle size results derived
by Knollenberg and Hunten (1980) from the cloud particle size spectrometer (LCPS)
on board Pioneer Venus were used with a maximal particle diameter of 25 pm. Along
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with permittivity measurements for different H,SO4-H5O solutions, provided by Cimino
(1982), maximal values of the ratio oy /0aps of 8.8+ 1077 for the X-band and 5.3-107%
for the S-band are obtained. The small values indicate that signal attenuation due to
scattering in the Venus clouds can be neglected at these wavelengths (o, scat = 0).

Equation (4.17a) can be used to find an expression for the absorption caused by
the cloud particles. Since all particles located in the ray path contribute to the signal
absorption, their cross sections must be summed up. An estimation of the drop size
distribution along the radio ray path, however, is not possible. Instead, the bulk density
M is introduced, leading to an expression for the absorption of radio waves by cloud
particles (Battan, 1973)

Q¢ abs = K-M
_ 246 ¢ Ty (4.18)
pA (€ + 2)2 + €2

For X- and S-band radio signals maximal values of 2.7 - 1073 dB/km and 2.6 - 1074
dB/km, respectively, are achieved. Mass loading measurements were obtained from
Knollenberg and Hunten (1980) and permittivity values of the HoSO4-H,O solution are
provided by Cimino (1982). Additionally, a particle density of p = 1.8 - 10 kg/m? was
used. Since the obtained values are much lower than the expected absorptivity values
caused by the atmospheric gas (see section 4.2), absorption due to the Venus clouds
can be neglected at these wavelengths (a., ans = 0).

The attenuation coefficient a for radio waves at X- and S-band presented in equation
(4.14) can finally be reduced to the absorption by the atmospheric gas

QO = Qg abs- (4.19)

Here, energy is abstracted from the incident wave by molecules having a permanent
or induced electric or magnetic dipole moment. Those molecules are exited to vibrate
or rotate as the wave passes over the particles, extracting this way energy from the
radio signal. A formalism to describe pressure induced absorption by molecules was
provided, for example, by Hendrik Antoon Lorentz (1853 - 1928) for electromagnetic
waves in the optical range (Lorentz, 2011). It was modified by van Vieck and Weisskopf
(1945) for the application to the microwave region and used by wvan Vieck (1947) to
describe the absorption of microwaves by oxygen.

Microwave absorbing gases in Venus’ atmosphere are sulfuric acid (H2SO4), sulfur
dioxide (SO,), carbon dioxide (CO,) and nitrogen (Ns). Small absorption effects are
caused by argon (Ar) and water vapor (HO). Ho et al. (1966) have used the Van
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Vleck-Weisskopf theory to calculate the microwave absorption caused by H,O under
simulated Venus’ lower atmospheric conditions. The absorption coefficient, however,
was found to provide too low values when fitted to the absorptivity data. Instead, a
power low expression was used. The latter was also applied to derive an expression
for the microwave absorptivity of COq, Ny and Ar. Steffes and Eshleman (1982) as
well as Steffes (1985) have identified sulfuric acid vapor to be the main absorber of
microwaves in Venus’ atmosphere. Absorption coefficients were obtained by Kolodner
and Steffes (1998) by fitting power low expressions to experimental absorptivity data.
Centimeter wave opacity measurements of sulfur dioxide under simulated Venus atmo-
spheric conditions were performed by Steffes and Eshleman (1981). New measurements
were conducted by Fahd and Steffes (1992) as well as by Suleiman et al. (1996). The
following equations present the absorption coefficient as a function of temperature and
pressure derived by Ho et al. (1966) for CO, and Ny (equation (4.20a)) as well as by
Kolodner and Steffes (1998) for HySO4(g) (equations (4.20b) and (4.20c)). Addition-
ally, Kolodner and Steffes (1998) have provided a model for the absorption coefficient
in the frequency range between S- and K-band (equation (4.20d)). Equation (4.20e)
presents the SO, absorption coefficient adjusted by Oschlisniok et al. (2012) based on
results provided by Fahd and Steffes (1992) as well as by Suleiman et al. (1996).

Qc0,N, [dB/km] = 1.15 - 10° (g2, + 0.25¢c0,qx, + 0.005443,) - f2p*T°

(4.20a)

) 553 3.0
aip,e0s [AB/km] = 443.570p" (7) (1,504 (4.20D)

553 >
04%1_2}?83 [dB/km] = 103.587p" %% (T) qH>S0,4 (4.20¢)

S,X,Ku,K-band 553 22£02

apgor P B /km] = 53.601p" ! - f115 (7> Q11,504 (4.20d)
a0, [dB/km] = 4.3 - 10° - f2 - ggo, - p** - T2, (4.20e)

The number mixing ratio is denoted by ¢, the pressure and temperature by platm.]
and T[K], respectively, and f is the wave frequency in GHz. Contributions by H,O
and Ar to the absorption of VeRa’s X- and S-band radio signals are small and could
be neglected. Considering the absorption contribution of CO, Ny, SO, and HySO4(g),
equation (4.19) can be written as

O = QCO,,N, T OH,804 T Q50,- (4.21)

The above expression was used to derive the sulfuric acid vapor abundance from VeRa’s
radio occultation measurements after removing the contribution by CO,, Ny and SOs.
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It should be noted, that the discussed absorption coefficient « is given in units of
dB/km. The conversion between dB/km and 1/km is

a[dB/km] = 101log,, (€) a[1/km], (4.22)

where e is the Euler’s number.

4.2 Previous observations

First analysis of radio signal attenuation effects were performed on the basis of the
Mariner V radio occultation measurements (e.g. Mariner Stanford Group, 1967,
Kliore et al., 1967; Fjeldbo and Eshleman, 1969; Fjeldbo et al., 1971). The two ra-
dio sounding measurements, performed on 19 October 1967 during the ingress and
egress part of the occultation, consisted of a one-way dual-frequency U/L (49.8 and
423.3 MHz) and a one-way single-frequency D /L (S-band) experiment. While the up-
link signals were recorded by a phase-locked receiver on board, CL. and OL receivers
were used at the 63-m diameter G/S antenna for recordings of the S-band downlink.
Using the HGA of the spacecraft (the reflector was a paraboloid with an elliptic aper-
ture; major axis 1.17 m; minor axis 0.53 m; (Imbriale, 2006)), the atmosphere was
sounded to altitudes as deep as 35 km at the southern and northern equatorial regions.
Figure 4.2 shows the observed decrease of the radio signal power as well as the derived
absorptivity and HySO4(g) abundance profiles. The shown signal power was already
corrected for signal degradation effects due to pointing inaccuracies, which occurred
since no limb tracking maneuvers were performed with Mariner V. The decrease of the
signal power, visible in both experiments, reveals clear frequency dependent effects.
While ionospheric contributions to the attenuation are barely visible in the S-band
signal, the uplink signals show distinct defocussing, scintillations and multipath influ-
ences when the ionospheric region was sounded (Mariner Stanford Group, 1967; Fjeldbo
and Eshleman, 1969). In the neutral atmosphere the total attenuation of the downlink
signal shows clear absorption contributions, while the attenuation of the uplink signals
was caused by defocussing effects, only. Defocussing contributions to the attenuation
of the S-band radio signal could therefore be removed by using i) the S-band Doppler
data and ii) the 423.3 MHz radio signal attenuation * (see section 4.1.1). The absorp-
tivity profiles computed this way show distinct disagreements (Figure 4.2.b)), which
most probably result from the combination of uplink and downlink signals (method
ii)). Both signals traversed Venus’ atmosphere separated by approx. 9 minutes at
slightly different atmospheric regions, which led to a different attenuation. The almost
constant absorptivity values of 4 — 5 - 1072 dB/km below 47 - 48 km altitude were

3)The amplitude of the 49.8 MHz radio signal revealed increased oscillations in the neutral atmo-
sphere and was therefore not used for defocussing correction of the S-band downlink signal.
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Figure 4.2: Observed signal attenuation as well as absorptivity and HpSOy(g) abundance
on the equatorial nightside (upper panels; ingress) and dayside (lower panels; egress) Venus
atmosphere derived from Mariner V radio occultation data. Absorptivity profiles on the
nightside were derived from the S-band radio signal attenuation using i) the S-band Doppler
data and i1) the 423.3 MHz amplitude data for removal of the defocussing loss. On the day-
side the S-band Doppler data were used, only. The black profiles shows the saturation abun-
dance (cf. equation (5.13)). Signal level, absorptivity, temperature and pressure data for the
creation of the figures were extracted from Mariner Stanford Group (1967) and Fjeldbo et al.
(1971). No information on the uncertainty of the derived values was provided.

used to compute the HySO4(g) abundance, which reveals maximal values of 4 - 6 ppm
around 47 km altitude when using equation (4.20c). Below this altitude the sulfuric
acid vapor abundance decreases to values of 2 - 3 ppm between 35 and 43 km altitude.

Increased sulfuric acid vapor values right below the main cloud deck at equatorial
latitudes were also observed by Kolodner and Steffes (1998). They used S-band radio
absorptivity data derived by Lipa and Tyler (1979) from the Mariner 10 radio occul-
tation measurement. The measurement was conducted during the Venus flyby on the
way to Mercury on 5 February 1974. In contrast to Mariner V, the 1.37-m diameter
HGA of Mariner 10 continuously pointed toward the virtual image of the Earth when
Venus’ atmosphere was sounded. Thanks to the S/C attitude adjustments as well as a



4.2. PREVIOUS OBSERVATIONS 55

54 +—F—r—F—+—F+—+—F+—+— —t

Altitude (km)

36 L F— ! — I —t——t—
-0.005 0.000 0.005 0.010 0 4 8 12 16 20
Absorptivity (dB/km) H,SO, Abundance (ppm)

Figure 4.3: S-band radio absorptivity and HpSO;(g) abundance in Venus’ equatorial atmo-
sphere (red) derived by Lipa and Tyler (1979) as well as Kolodner and Steffes (1998) from
Mariner 10 radio occultation data. The black profile shows the saturation abundance (cf.
equation (5.13)). Data were extracted from the corresponding publications. Absorptivity data
were interpolated at altitudes from Kolodner and Steffes (1998).

large half power beam width value (9554 ~ 6°) the S-band signal amplitude was only

marginal influenced by pointing inaccuracies. A constant pointing error of 0.25 dB
was included in the error analysis. While the deepest sounded altitude by the S-band
radio signal was located around 42 km, the weaker X-band signal (EIRPx pang =~ 32
dBW; EIRPspana ~ 41 dBW (Imbriale, 2006)) was much more rapidly attenuated.
The atmospheric region above 51 km was sounded before no measurable X-band signal
could be detected by the G/S receiving system. The latter consisted of a 70-m diam-
eter antenna as well as CL. and OL receivers. It turned out that results derived from
CL data, which were used as a cross check, agree quite well with those derived from
OL data (Howard et al., 1974; Nicholson and Muhleman, 1978; Lipa and Tyler, 1979).
The contribution of the defocussing of the radio beam was removed from the observed
total signal attenuation by using the Doppler data before the absorptivity could be
calculated. Both, the S-band OL absorptivity and sulfuric acid vapor profiles acquired
from the ingress ¥ measurement are given in Figure 4.3. The HySO4(g) abundance
was computed by using equation (4.20c). The increased absorptivity and HySO4(g)
values right below the main cloud deck derived from Mariner 10 data are distinctly

4)Mariner 10 radio occultation measurements were mainly performed in the two-way dual-frequency
transmission mode during ingress measurements. An auxiliary oscillator on board was switched
on when deeper altitudes were sounded. For egress measurements the oscillator didn’t provide the
required phase stability.
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higher than those observed by Mariner V (Figure 4.2). Maximal absorptivity and
H,S04(g) values of around 0.005 - 0.01 dB/km and 8 - 14 ppm, respectively, are visi-
ble between 44 and 46 km altitude, before sharply decreasing below this altitude range.

Radio signal attenuation studies extended to a wide range of planetary latitudes
were performed by Cimino (1982) as well as by Jenkins and Steffes (1991). They used
radio occultation measurements conducted by the Pioneer Venus Orbiter (PVO)
between the years 1978 and 1992. PVO used X-and S-band radio signals and a 1.09-m
diameter HGA to sound Venus’ atmosphere during so-called occultation seasons. Simi-
lar to Mariner 10, limb tracking maneuvers were performed in the earlier PVO seasons.
Due to the applied S/C attitude adjustments and a large half power beam width value
(U5 pmd ~~ 7.6°) the S-band signal amplitude was barely affected by pointing inac-
curacies. Additionally, an EIRP of about 36 dBW allowed to detect a measurable
S-band carrier signal at the 70-m diameter G/S even when Venus’ lower atmosphere
was sounded. Deepest probed altitudes were located around 37 km. The weaker X-
band transmitter (750 mW) allowed to sound altitudes above approx. 45 km, before
the carrier signal wasn’t detectable anymore (Colin and Hall, 1977; Cimino, 1982). In
later occultation seasons, the attitude of the S/C was only adjusted once per orbit so
that it pointed towards the G/S at the orbit periapsis (Jenkins and Steffes, 1991). The
mispointing caused a significant decrease of the S-band signal amplitude. Additionally,
a severe continuous degradation of the solar panel power output caused a decrease of
the EIRP to a value of about 33 dBW (e.g. Goldhammer et al., 1987; Steffes et al.,
1994). As a consequence, the deepest sounded altitudes by the S-band radio signal were
located above 40 km. The contributions of the mispointing and defocussing loss to the
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Figure 4.4: S-band radio signal absorptivity profiles in the Venus atmosphere derived by
Cimino (1982) as well as Jenkins and Steffes (1991) from Pioneer Venus radio occultation
measurements from the years 1978/1979 (a) - d)) and 1986/1987 (d)) at different latitudi-
nal regions. Note that: a[dBkm™'] = 10logyy(e)a[km ™ (see equation (4.22)). The dashed
line in e) represents the approximate location of the 1 bar pressure level.
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total signal decrease were removed by using Doppler data before deriving absorptivity
profiles. Figure 4.4 shows the absorptivity of the S-band radio signal derived from the
first two occultation seasons (1978/1979) (panels a) to d)) as well as from occultation
season 10 (1986,/1987) (panel e)) ). Both, the earlier and later radio soundings show
a distinct latitudinal variation. Increased absorption at polar latitudes is located at
lower altitudes when compared to the equatorial region. Furthermore, an indication
for a long-term variation can be observed between 70 and 80°N when comparing the
measurements from the seasons 1 and 2 with those from season 10. Increased absorp-
tivity values can be observed in the earlier observations implying a decrease of sulfuric
acid vapor from 1978 to 1987 at this latitudinal region.

Radio absorptivity profiles from the deep Venus atmosphere simultaneously achieved
from S-and X-band radio signals were derived by Jenkins et al. (1994). They used ra-
dio occultation ingress measurements conducted by the Magellan spacecraft during
three consecutive orbits on 5 - 6 October 1991. Similar to Mariner 10 and PVO, limb
tracking maneuvers were performed during Magellan’s occultation measurements. The
adjustments of the S/C attitude inhibited any significant mispointing effects on the
S-band radio signal amplitude. Due to a small value of the half power beam width
(9X;hand ~~ (.6°), however, the X-band radio signal was severely affected by pointing
inaccuracies (maximal pointing error ~ 0.4° resulted in a signal degradation of up to
7 dB; (Steffes et al., 1994)). In contrast to previous missions, a large 3.7-m diameter
HGA fed by 5-W and 20-W S-and X-band transmitters, respectively, radiated an EIRP
with values of 44 dBW (S-band) and 61.4 dBW (X-band). This way, the carrier sig-
nals could be detected at the 70-m diameter G/S receiving system even when Venus’
atmosphere was probed to altitudes as deep as 33 - 35 km. The signal decrease due
to mispointing (in case of X-band) and defocussing loss was removed from the total
attenuation by using the OL Doppler data. Subsequently, X-and S-band absorptivity
and HySO,4(g) abundance profiles could be derived. The panels a) and b) in Figure
4.5 show the absorptivity profiles in Venus’ nightside atmosphere (~ 67°N) derived by
Jenkins et al. (1994) from Magellan’s orbit 3214. Panel c¢) shows the corresponding sul-
furic acid vapor abundance profiles computed using the equations (4.20c) and (4.20b).
It is clearly visible that above about 50 km altitude no absorption/HySO4(g) was de-
tected. Maximal sulfuric acid vapor values of 4 - 6 ppm are located around 46 km
altitude. Those values are comparable to the HySO4(g) abundance values derived from
the Mariner V radio soundings at equatorial latitudes (cf. Figure 4.2). The HySO4(g)
abundance profiles derived from Magellan soundings, however, show a supersaturation
at the topside of the sulfuric acid haze layer, which is more pronounced at the S- than
at the X-band data. This is not visible in the profiles derived from the Mariner V and

5)Since the temperature and pressure values were not provided in the corresponding publications,
the absorptivity profiles could not be transferred into HoSO4(g) abundance values.
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Figure 4.5: Panels a) and b): X-and S-band radio signal absorptivity profiles in Venus’
nightside atmosphere (~ 67°N) derived by Jenkins et al. (1994) from Magellan radio occul-
tation measurements conducted in October 1991 (Orbit 3214). Panel ¢): Sulfuric acid vapor
abundance profiles computed by Kolodner and Steffes (1998) from the absorptivity profiles
visible in the panels a) and b). The saturation abundance was computed by using equation
(5.13). The dashed lines in the panels a) to c) represent the approximate location of the 1
bar pressure level.

Mariner 10 measurements. In general, the HySOy(g) profiles derived from the Mag-
ellan S-and X-band soundings show a clear agreement within the presented altitude
range. The only significant difference appears right below 40 km altitude. Here, the
HySO,4(g) profile derived from the X-band data shows distinctly increased abundance
values. According to Kolodner and Steffes (1998), the disagreement might be caused
by an increased abundance of sulfur dioxide at these altitudes. The contribution of
SO, to the total absorption of the signals was not removed when transferring the ab-
sorptivity into HySOy4(g) profiles. As can be seen from equation (4.20e), the SO4 radio
signal absorptivity at these wavelengths shows a frequency-squared dependance. The
absorption effect is therefore stronger at X-band than at S-band.

The absorptivity and sulfuric acid vapor values retrieved from the Mariner, Pioneer
Venus and Magellan missions generally agree with each other. No significant absorp-
tion of the radio signals was observed above about 50 km altitude. Increased HySO4(g)
values were detected between 33 and 50 km altitude with indications for latitudinal
and temporal variations.

Distinctly increased absorption values, however, have been observed by Gubenko
et al. (2001) at the mid-latitudinal (around 50°N) and cold collar (71 - 76°N) regions.
They analyzed the attenuation of 5 and 32 c¢m radio waves used in radio occultation
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Figure 4.6: Residual attenuation of the 5 cm radio signal derived by Gubenko et al. (2001)
from the Venera 15/16 radio occultation measurements carried out at two different latitudes.
The defocussing loss was removed by using the 32 c¢cm radio signal amplitude. Data were ex-
tracted from the corresponding publication and the absorption coefficient was transferred into
units of dB/km by using equation (4.22). The value of the mean Venus radius was corrected
from 6051 to 6051.8 km. The dashed line represent the approximate location of the 1 bar
pressure level.

measurements carried out with the Venera 15/16 spacecrafts in 1983/1984. The
spacecrafts used 2.6-m diameter high gain antennas to sound Venus’ atmosphere. On
Earth, the centimeter and decimeter radio waves were recorded at 64-m and 70-m
diameter G/S receiving systems. Similar to Mariner V, no adjustments of the S/C
attitude were performed during the measurements. Considering the small value of the
half power beam width (95 ~ 1.2°), at least the 5 ¢m radio signal was significantly
affected by resulting pointing inaccuracies. Those were corrected by using the bending
angles 0 of the radio rays (cf. Figure 3.2). According to Gubenko et al. (2001), the
amplitude of the decimeter radio signal was not affected by any absorption effects in
Venus’ atmosphere. It was therefore used to remove the defocussing loss contribution
from the observed total attenuation of the 5 cm radio signal. The residual attenuation is
presented in panel a) of Figure 4.6. It shows a layer of increased attenuation with values
ranging between 2 and 3 dB around 60 km altitude at the cold collar region. Near the
1 bar pressure level a strong increase is visible to maximal attenuation values of more
than 6 dB around 47 km altitude. A comparable strong increase can be observed at the
mid-latitudes. Here, the attenuation increases from 0.5 dB at 57 km to maximal values
of almost 10 dB around 50 km altitude. Panel b) shows the corresponding absorptivity
in the altitude range between 45 and 60 km altitude. Equation (4.22) was used in order
to transfer the absorption coefficient from units of 1/km into dB/km.
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Chapter 5

Two-dimensional mass transport
model of the lower and middle Venus
atmosphere

The global distribution of HySO4(g) in Venus’ lower atmosphere computed from the
observed absorption of VeRa’s X-band radio signals will be used to derive information
about the wind dynamics in this altitude region. For this purpose a two-dimensional
zonally averaged mass transport model was developed in the present work, which is
used to reproduce the observations. Conclusions about the global wind transport can
be drawn from the comparison of the observed with the modeled HySO,4(g) distribution.
Section 5.1 presents the included transport mechanisms as well as the condensation and
evaporation processes while the implementation of the numerical solution is described
in section 5.2.

5.1 Transport, condensation and evaporation

Since sulfuric acid exists in the liquid and in the gaseous phases within the considered
altitude range, both parts must be considered in the model calculations. The latter
part consists of a HySO4-HoO solution (cf. section 2.2), so that in addition to sul-
furic acid, the abundance of water must be simulated. The H,SO, concentration in
the solution is believed to be 75 - 85% by weight in the upper cloud region increasing
to values of more than 90% in the lower clouds (Young, 1973; Krasnopolsky, 2012).
For the present work a modeled concentration profile presented by Hashimoto and Abe
(2001) was adopted showing the lowest value of 79% at 70 km altitude and more than
99 % around 47 km altitude. The abundances of H,SO, and H,O shall be modeled
in the altitude region between 35 and 80 km at both hemispheres. Therefore, the
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concentration profile was linearly extrapolated to higher and lower altitudes resulting
in a concentration of approx. 75% at 80 km altitude and almost 100 % at 30 km. A
background atmosphere consisting of temperature 7', pressure p and number density
no was available from VeRa’s radio occultation observations (cf. section 3.2.2). Addi-
tionally, data from the Venus International Reference Atmosphere (VIRA) were used
for atmospheric regions which were not covered by the VeRa measurements.

The present model shall mainly simulate the meridional and vertical transport of
the number density n; = nlgas+n}1q of sulfuric acid { = H,SO, and water [ = HyO in the
above mentioned spatial region. Besides the chemical production and loss processes of
H>SOy4 in the upper and lower atmosphere, respectively, which are presented in section
2.2, the transport of gaseous and liquid H,SO, and that of HyO is realized by wind,
eddy diffusion (turbulent diffusion) and sedimentation.

Wind transport

The temporal variation of the number density in a particular volume caused by
the change of the mass flux Fi; = n; - ¥ through that volume is described by the
continuity equation

an — — — -

=) = Ve, = -V(d), (5.1)

at circ. 7
where ¢ is the wind velocity vector. The wind field in each hemisphere is realized
on the basis of the observations presented in section 2.3. They indicate the presence
of a number of circulations cells located in different altitude ranges. The number of
circulation cells as well as their spatial extension can be varied in the model in order

to particularly match the observed HoSO4(g) distribution. This allows to draw conclu-
sions about the geometry of the cells.

The transport of the gas and liquid species by the circulation cells shall be treated
as mass conservative, so that

=

V=0 (5.2)

In this case the wind stream may be depicted by a mass stream function ¢ [kg-m='-s71,
whose streamlines ¢ = const. represent the trajectories of the particles (e.g. Batchelor,
2012; White, 2016). At any given instant, the tangent of a streamline i) = const.
is parallel to the wind velocity vector U (e.g. Etling, 2013; Hantel, 2013), which is
perpendicular to the gradient of the streamfunction . In the (y, z)-plane the required
meridional and vertical wind velocity components v, and v, can be derived by using



5.1. TRANSPORT, CONDENSATION AND EVAPORATION 63

the unit vector k, which is orthogonal to the (y, z)-plane
7=k x Vi (5.3)

or in components
T
0z oy’
In the present model, the zonally averaged transport shall be simulated in geofluid
coordinates (Hantel and Mayer, 2006), so that equation (5.1) can be written as

(5.4)

Uy:

ony _ _ Ofcospnvg)  O(vpm) (5.5)
ot ) .. r cos pO¢ oh '
with the meridional and vertical wind velocities
B 1 oy 1 oy (5.6)

%__pcosgé% Uh:prcosgb@_gzﬁ’

where ¢ and r represent the planetary latitude and radius, respectively, h is the altitude
and p is the atmospheric density. It can easily be seen that the velocities in equation
(5.6) satisfy the incompressibility condition described by equation (5.2).

The circulation cells were created using the drawing software Corel DRAW. The
color code of the images was turned into values which correspond to the mass stream
function 1. A two-dimensional fit to those values ensured that neighboring values of ¢
differ from each other so that vy # 0 and v, # 0. A variety of those cells were created
and tested in the model. The configuration that best matched the observed HoSO,4(g)
values is presented below.

In order to simulate meridional wind transport in Venus’ atmosphere, it is common
to use circulation cells whose poleward and equatorward branches are simply vertically
layered. As can be seen from Figure 2.8 those circulation cells extend from the equa-
torial to the polar latitudes. As for the upper clouds (60 - 70 km), this assumption is
consistent with a large number of wind velocity observations which continuously show
a poleward wind direction in this altitude region (cf. Figure 2.7). In the deeper at-
mosphere, only a small number of wind measurements exists. Those indicate a more
complicated wind structure.

In the present model, a system of two cells, i.e. a Hadley and a polar cell, is
implemented in the altitude range between 35 and 80 km altitude. Figure 5.1 shows
the mass stream function v of those circulation cells in the northern hemisphere. In the
southern hemisphere the same circulation cells are present. While the flow direction
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Figure 5.1: Mass stream function 1 in units of kg - m~" - s~' in the northern hemisphere

used in the simulation run Test 1 (cf. Table 8.1). In the southern hemisphere the same pa-
rameters are used.

is depicted by the black arrows, the numbers visible on the streamlines represent the
values of 1. In order keep the poleward flow in the upper cloud region consistent
with observations, the upper branch of the Hadley cell extends in the model from
the equatorial to the polar latitudes. A continuous poleward flow at these altitudes
was confirmed by a large number of measurements (cf. Figure 2.7) and is therefore
present in the model calculations. This is also in agreement with previous atmospheric
simulations (cf. Figure 2.8). In contrast to previous transport models, however, the
downward directed branch of the Hadley cell is tilted. The tilted branch transports gas
constituents and cloud material from the upper mid- and high latitudes to the lower
equatorial region. Additionally, a polar cell is implemented at the high latitudes which
is tilted towards the mid-latitudes. The rotation direction of the latter is reversed
compared to the Hadley cell. The meridional and vertical wind velocities in both
circulation cells were calculated by using the equations (5.6). Panel a) in Figure 5.2
shows the meridional component, while panel b) represents the vertical velocity.
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Figure 5.2: a) Meridional and b) vertical wind velocities in the circulation cells shown in
Figure 5.1. Positive values represent poleward/upward flow while equatorward/downward
wind is represented by negative values. While meridional wind velocity values are in units of
m/s, vertical velocity values are in units of mm/s.

Highest meridional wind speeds of more than 14 m/s are visible around 75 km alti-
tude at latitudes between 30° and 40°. This is in general agreement with observations.
Poleward wind velocities at cloud top altitudes (65 - 75 km) were observed to vary
between 10 and more than 30 m/s in the latitude range between 30° and 60° (e.g.
Sdnchez-Lavega et al., 2008; Hueso et al., 2012; Gongalves et al., 2020). In the present
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model the characteristic time scale of the horizontal winds at these altitudes are in the
order of 13 to 5 days. The meridional wind speed decreases with decreasing altitude
which is a consequence of the increased atmospheric density. Values of less than 1 m/s
can be found below about 60 km altitude with time scales in the order of 90 to 200
days. Meridional wind speeds associated with the polar cell don’t exceed 1 m/s due to
lower values of 1) compared to those of the Hadley cell.

In contrast to meridional wind velocities, the vertical wind speeds are in the order
of mm/s. Highest values are visible at cloud top altitudes with upward and down-
ward wind velocities of about 20 mm/s between 10° and 20° and between 50° and 60°,
respectively. As previously stated for example by Imamura and Hashimoto (1998),
vertical transport may play a crucial role in the formation process of the enhanced
H,S0,(g) accumulation in the equatorial region below about 50 km altitude. Figure
5.2b) shows here upward wind velocities of 0.5 - 3.0 mm/s between 40 and 50 km al-
titude and values between 0.8 and 4 mm/s at polar latitudes. Observations of vertical
winds at equatorial latitudes are missing. At the southern polar region, Garate-Lopez
et al. (2013) derived upward wind speeds of 50 £ 10 mm/s around 63 km altitude from
VIRTIS (section 3.1) measurements.

Diffusion

In addition to the mass transport by the Hadley and polar cells, the transport
by diffusion is implemented in the model. In general, the diffusive transport can be
divided into eddy and molecular diffusion. While eddy diffusion dominates below the
homopause, molecular diffusion dominates above that altitude level (e.g. Pater and Lis-
sauer, 2015). Mahieuz et al. (2012) found that the homopause in Venus’ atmosphere
is located above 120 km altitude. This is far above the upper boundary of the present
model, so that molecular diffusion can be neglected.

The diffusive mass flux per surface area is given by Fyig; = —KnoV (Z—é), where

K represents the tensor of the eddy diffusion and ng is the total number density of
the atmosphere (e.g. Prdlss, 2001). The temporal variation of the number density in a
particular volume caused by the alteration of the diffusive flux is given by

8nl - = = = n;
1) = VB, =VI[K — .
(51) =P =9 (507 (7)) 67

and in zonally averaged geofluid coordinates as

8nl . 1 8 8 ny 6 8 ny
(E)diﬂ. ~ r2cos ¢ 0o (COS ¢Kyyn00¢ (no)) * oh (Kzznoah (no)) - (58)
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Figure 5.3: Profiles of vertical and horizontal eddy diffusion coefficients used in the
present model. No latitudinal variations were considered in the model. In order to simu-
late the convection layer located between about 50 and 60 km altitude, the values of K., were
increased in this region.

Only the diagonal elements K, and K. of the eddy diffusion tensor K are considered
in the present model. Values of the vertical eddy diffusion K, were derived by Woo
and Ishimaru (1981) as well as by Woo et al. (1982) from Pioneer Venus radio occul-
tation measurements. Based on the assumption that observed intensity scintillations
of radio waves were caused by turbulence which was generated by wind shear in thin
atmospheric layers, they computed eddy diffusion values ranging between 0.2 and 4
m?/s. Hinson and Jenkins (1995) as well as Leroy and Ingersoll (1996) showed, how-
ever, that intensity scintillations are most probably generated by freely propagating
gravity waves, so that the eddy diffusion values derived by Woo and Ishimaru (1981)
as well as by Woo et al. (1982) remain highly debatable. Krasnopolsky (2012) pre-
sented an altitude dependent eddy diffusion which ranges between 1 m?/s at cloud
base altitudes (~ 50 km) and about 10 m?/s around 80 km. Ando et al. (2015) have
estimated turbulent diffusion coefficient values (2.7 - 31 m?/s) on the assumption that
saturation of gravity waves occurs between 65 and 80 km altitude. In terrestrial atmo-
spheres the horizontal eddy diffusion coefficient K,, is expected to be larger than K,
by several orders of magnitude (e.g. Moore et al., 1954; Shia et al., 1989; Zellner, 2011).
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In the present model, profiles of K., and K, are chosen so as to agree with those
used in previous models (e.g. Imamura and Hashimoto, 1998; Krasnopolsky, 2007, 2012).
Figure 5.3 represents the corresponding eddy diffusion coefficient profiles used in all
simulation runs. The increased values of K, in the altitude region between about 50
and 60 km simulate the convection layer located in this spatial region (cf. Imamura and
Hashimoto (1998, 2001)). No latitudinal variation is implemented. The characteristic
time of vertical (horizontal) diffusion increases from 90 - 60 (90 - 80) days between
65 and 75 km altitude to 3000 - 350 (560 - 300) days between 45 and 50 km altitude,
respectively.

Sedimentation

Similar to the mass flux associated with the Hadley and polar circulation, that

associated with sedimentation can be described by Fs;i.,l = Ny Ugeq.. Since sedimentation
occurs only in the vertical direction, the continuity equation reduces to
871[ = = 0 (vsed nl)
- = —VFE =———" 5.9
( ot )Sed. sed.,l oh ( )

The sedimentation velocity vsq. can be obtained from Stokes’ law

272 —
Vsed. = _Tpg (pP pCO2)> (510)

9 n

where
rp : Radius of the spherical particle in m (cf. table 2.1)

g : Gravitational acceleration in —
S

k
pp : Density of the particle in _gg
m

k
pco, : Density of the background gas COs in _g3
m
. . . . kg
71 : Dynamical viscosity of COy in —.
ms

The gravitational acceleration g is adopted from VIRA, while the particle density of
HyS0y4 is set to p, = 2-103 III‘—]% The density of the background gas COs is derived from
the ideal gas law

p
PCOy = m, (5.11)

where Rg = 191'81@%1( is the averaged specific gas constant adopted from VIRA. The
dynamical viscosity 7 of the background gas CO, is computed by using Sutherland’s
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Figure 5.4: Mean sedimentation velocity at equatorial and polar latitudes used in the
model.

model

3
T,+C [(T\?
S I 12
g 77°T+C<T0)’ (5.12)

with 7o = 14.80 - 107X& 7, = 293.15 K and C = 240 K, where

Mo : Reference viscosity at a reference temperature 7j
T, : Reference temperature
C': Sutherland constant.

The dynamical viscosity 7 may be considered as independent of the atmospheric pres-
sure below values of approx. 10 bar, which corresponds to an altitude of approx. 30
km. Below this altitude the influence of the pressure on the viscosity can not be ne-
glected and the uncertainty in equation (5.12) increases.

In the present model a mean sedimentation velocity shall be applied. The diameter
of the particles is adopted from table 2.1. Here, the presence of Mode 2 and Mode 3
particles will be extended to altitudes below the lower cloud boundary (< 47.5 km).
Figure 5.4 shows the mean sedimentation velocity at equatorial and polar latitudes.
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The lowest velocities can be found in the upper cloud region, which is a consequence of
missing Mode 3 particles at these altitudes. The characteristic time of sedimentation
at these altitudes is in the order of 150 to 300 days. This is in contrast to the altitude
region below about 60 km, where the sedimentation velocity is dominated by the Mode
3 particles. Here, the sedimentation time is in the order of 40 to 70 days. The small
difference in the velocity values below 60 km altitude is a consequence of the latitu-
dinal temperature variation, which mainly affects the viscosity of the background gas
(cf. equation 5.12).

Condensation and evaporation

Sulfuric acid is believed to be produced in a thin layer around 66 km altitude
(e.g. Krasnopolsky, 2012). The corresponding main chemical reaction is described by
equation (2.1). Due to the low saturation vapor pressures of H,SO, and H,O at these
altitudes, both gas species condensate into HySO,-H50 droplets. The saturation vapor
pressure of HySO,4 and that of HyO can be determined from the ambient temperature
T and the concentration of the HySO4-HyO solution (Ayers et al., 1980; Kulmala and
Laaksonen, 1990; Krasnopolsky and Pollack, 1994)

ca 10156 Ty Ty
In piitso, (T, z) = 16.259 — 7 +7.42 (1 +1n T T)
’LLI)’iIZSOAL (T7 .T) - /’I’EQSO4 (T? 1)
RT ’ (5.13)
hlpilagto (T7 lC) = hlp?—;li;no (T7 O)
+ II’LEQO(T7 ZIZ’) - /’LEQO(T7 O)
RT '
where T = 385 K, u* represents the chemical potential in the HySO4-H50O solution, R
= 8.31441 J/mol-K is the gas constant and z is the mole fraction of HySO,. Values of
the ratio p*/RT are provided by Zeleznik (1991) for the temperature range between
200 and 350 K. Those were linearly extrapolated to lower and higher temperatures
which are present in the upper and lower atmosphere, respectively. The approximation
sat

of the saturation vapor pressure of pure water piiio (7,0) was adopted from Wagner
and Pruf$ (2002) as well as from Smithsonian (2015).

+

The decreasing temperature with increasing altitude reduces the saturation vapor
pressure of both species, so that only small amounts of the gaseous part can be found at
higher altitudes (cf section 2.2) while the bulk of the species condensate into droplets.
It is assumed that mode 1 particles (cf. table 2.1), which are believed to consist of
elemental sulfur, may serve as condensation nuclei (e.g. James et al., 1997). The above
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presented dynamical processes transport the HySO4-HyO droplets to lower altitudes
where they evaporate due to higher temperatures. The abundance of gaseous sulfuric
acid and that of water vapor increases therefore below about 50 km altitude (cf. Figure
2.3; Figures 4.2 - 4.5). In particular sulfuric acid vapor forms a haze layer below the

main cloud deck whose topside is often saturated/supersaturated (cf. Figures 4.2.c)
and 4.5.c)).

Mass balance equation

Along with the production P and loss L processes of H,SO,4 and HyO (cf. equations
(2.1), (2.2), (2.3)), the above presented transport processes in Venus’ atmosphere can
be summarized into the following mass balance equation

8711 o 8%[ E)nl 8nl
<W) B Pl Ll " < at )circ. - ( at >diff. " ( at )sed. . (514)

5.2 Numerical solution

For each time step of the numerical simulation procedure, the calculations of the mass
transport are decoupled from the production and loss calculations. Similarly, the cal-
culation of saturation and condensation of the gas species are calculated separately.

Mass transport

A various number of methods exists for the numerical solution of the transport
term of the mass balance equation. The following one is mainly based on the methods
provided by Rausch et al. (2002), Haufer and Luchko (2011) as well as by Gerya (2019).

The transport term of equation (5.14) is solved by discretizing the equation on an
equidistant grid consisting of latitudes ¢; and altitudes h; using the time discretization
tk, with
pi=10¢ ;i=0,...,my+1 ;myAp=1L
hj =j7Ah ;5=0,...,m,+1 ;mAh=27 (5.15)
ty, = kAt k=0,..,my sy At =T,

Here, A¢p, Ah and At are the horizontal, vertical and temporal resolutions, respec-

tively, with the latitudinal and vertical ranges L = [0°,90°] and Z = [35 km, 80 km].
The temporal range is [0,T].
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The transport term of equation (5.14) shall be solved by using the implicit Euler
method, where the spatial derivatives are computed at the times ¢ = t;,1. This is in
contrast to the explicit method, where the spatial derivatives are computed at the times
t = tx. The computational effort of the implicit method is therefore higher than that
of the explicit method. However, the first mentioned method is stable for any temporal
resolutions, so that At can be arbitrary increased without affecting the stability.

The derivatives in equation (5.14) are approximated by difference quotients (finite-
difference method). According to the direction of the mass flow, either the left or the
right difference quotient is used to approximate the spatial derivatives. Arising numer-
ical uncertainties are corrected by using the method presented by Smolarkiewicz (1983,
1984); Smolarkiewicz and Clark (1986); Smolarkiewicz and Grabowski (1990).

Substituting the temporal and spatial derivatives in equation (5.14) by difference
quotients leads to the following linear equation

= C nkH -+ anf+11] -+ C3nf:11] + C’4nk+11 + C%nfﬁl, (516)
with ¢ = 1,...,m¢, j=1,..my, and k = 1,....m;. The coefficient C| represents

the meridional and vertical mass outflow from the cell (i,5). The meridional and
vertical mass inflow is described by the coefficients Cs and C3 as well as by C4 and
(s, respectively. It must be mentioned that the transport parameters of the cell (i, )
are used for the mass outflow calculations while those of the neighboring cells are
used for the mass inflow calculations. Analytical expressions for Ci,...,C5 can be
found in Appendix C for different cases of the wind direction. The number density
n = n(¢;, hj, ty) is represented by

nfj =n (¢, hy, tr) . (5.17)
Rewriting equation (5.16) into matrix notation yields
ANM = Bk (5.18)

where vector B contains the known number densities n Whlle vector N contains the
unknowns nkH The coefficients C', ..., C5 form the sparse matrix A.

The system of linear equations presented in equation (5.18) is solved for k = 1, ..., m;
with the initial and boundary conditions

=n <¢Z7 h]7 tO)
nOJ = n(¢o, hy, tx)
nm¢+1,j =n (¢m¢+17 h]7 tk) (519)

¢ h07 tk)

iy mh+17 tk) .

n(
n(

[ mh+
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While the initial conditions for sulfuric acid and those for liquid water are set to
n?yj =0, Vi € L,V) € Z, those for water vapor are given by its saturation vapor
abundance between 30 and 80 km altitude. The boundary conditions are set to

onf onf

An exception is the lower boundary for water vapor. Here is qgfj = 30 ppm, Vi €
L.Vj e Z ¥k € |0,T], owing to a possible source of HoO in the deep atmosphere and
the observed constant number mixing ratio g (cf. section 2.2).

Chemical kinetics

The implementation of the HySO,4 production and H,O loss processes in Venus’
upper clouds is adopted from Imamura and Hashimoto (1998). They used an analytical
expression of the form

PH2504(¢7 Z) = Pnys04 (¢)f(2) Cos ¢, (5'21)

where ®p,50,(¢) represents the column integrated production rate of HoSO4(g). Here,
it is set to 10*® m~2s~! which is in accordance with one-dimensional photochemical
models (cf. section 2.2). The production rate is weighted by a Gaussian probability
function f(z). In the present model the latter is centered at 66 km altitude, which is
believed to be the altitude of the highest HySO4(g) production (cf. section 2.2). This
is different to the model presented by Imamura and Hashimoto (1998) who centered
f(z) at 62 km altitude. The influence of the solar zenith angle on the production
Py,s0,(¢, z) is approximated by the cosine of the planetary latitude ¢. The produc-
tion rate of HySOy4(g) is assumed to be the loss rate of HoO(g) at these altitudes

(P804 (9, 2) = Luyo(o, 2)).

The loss of HoSO4(g) is calculated using the chemical reaction equation (2.2), which
describes the decomposition of HaSO4(g) into HoO(g) and SO3. This process is re-
versible, leading to a loss of HyO(g) and production of HySO4(g). Obviously, the pro-
duction of sulfuric acid vapor via the reversed reaction (2.2) depends on the HyO and
SO3 abundances. A decay of the abundances would therefore reduce the production
of HySO4(g). While loss processes of water other than that via the reversed reaction
(2.2) are neglected, the decomposition of SO3 can be significant and may therefore
reduce the production of HySO4(g). In order to take this into account, Imamura and
Hashimoto (1998) calculated the number density of SO; from that of HySO4(g) and
H>O(g) using the equilibrium constant provided by Barin and Sauert (1989) as well as
by Krasnopolsky and Pollack (1994). In contrast to this, in the present model Venus
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Express observations of CO and OCS (cf. section 2.2) as well as their latitudinal vari-
ations are used to calculate the decomposition of SO; via the reaction equations (2.3).

The kinetic equations (2.2) and (2.3) form the following system of ordinary differ-
ential equations

% = —F1 - N804 M,0 T+ B2 - NS0 * MH,0 * H,0
dnCZzO — —kz “NS03 * MHL0 * NMHL0 T+ ]{;1 “ MH,80, * TH,0 (5.22)
% = —k3 - g0, - Nco — ka - Ngo, - Nocs + ki - NH,s04 - M0
with the reaction rate coefficients k1 = 7 - 1077 ky = 2.3 . 10T "7,

ks = 107 Me """ ky = 107He™""YT. Those are adopted from Krasnopolsky (2007)
and Zhang et al. (2012).

The system of equations (5.22) is solved by using the ordinary differential equations
(ODE) toolbox of the MATLAB software. MATLAB solvers for ODE’s are provided
for stiff and non-stiff problems. While various mathematical definitions for stiffness of
ODE’s can be found for example in Lambert (1997) as well as in Hairer and Wanner
(2010), a presentation of the MATLAB ODE solvers is given for example by Shampine
and Reichelt (1997). It turned out, that for the system of equations (5.22) most of
the solvers provide similar results, however, differing in computational time. Solvers
for stiff problems revealed a faster performance than those for non-stiff problems. The
first mentioned solvers are therefore used in the present model.

Condensation/Evaporation

Similar to the implementation of the HySO,4(g) production in the upper cloud region,
the implementation of the condensation and evaporation processes into the model is
adopted from Imamura and Hashimoto (1998). While in the upper cloud region sulfuric
acid and water vapor condensate into HySO4-H5O droplets, they evaporate at lower
altitudes due to the high temperatures. Assuming thermochemical equilibrium between

nF* and n?q, the fraction of gaseous and liquid components is computed from the

saturation vapor pressure of both gases pilso, (T, x) and pils (T, ) (cf. equation
(5.13)) as well as from the ideal gas law p* (T, z) = nf**kgT. Here, kg = 1.381 -
107*J/K is the Boltzmann constant. Condensation occurs for the fraction of the
number density with nfot = n8* 4 n}'d > p*(T.2) /7. Consequently, the fraction of the

number density with nj°* < »*(T.2)/k,7 remains in the gaseous phase.



Chapter 6

Attenuation of Venus Express radio
signals and comparison of closed-loop
with open loop data

The following chapter presents the observed attenuation of VeRa’s radio signals during
the occultation measurements. A short comparison between CL and OL data is given
in section 6.1. Section 6.2 shows the contribution of refractive defocussing to the total
signal decrease while section 6.3 presents the effect of mispointing of the spacecraft
antenna on the signal level. The results shown in the sections 6.2 and 6.3 are based on
OL data.

6.1 Comparison of closed-loop with open loop data

As described in section 3.2.1, the advantage of the OL recording technique over the CL
technique lies in the possibility of post-recording analysis of the radio signals. By ap-
plying digital signal processing tools, this possibility allows to determine the frequency
and amplitude of the signals even when Venus’ deep atmosphere was sounded. Due to
attenuation effects at these altitudes, the SNR values (cf. equation 4.2) were too low
and the signal dynamics (dB/sec; Hz/sec) were too high for the CL receiver to track
the incoming RF carrier signals.

As an example Figure 6.1 shows the signal power of VeRa’s X-band radio signal
obtained from CL recordings (green) as well as determined from OL recordings (blue).
The decrease of the signal power is visible in both data beginning approx. 180 sec-
onds after the start of the measurement. The CL receiver, which was able to track
the incoming signal for the next 230 seconds, lost lock to the signal about 410 seconds
after beginning of the measurement (ingress). This corresponds to a sounded altitude
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Figure 6.1: Observed decrease of VeRa’s X-band radio signal obtained from CL recordings
(green) as well as determined from OL recordings (blue) as a function of time. Please note
the break between 900 and 2500 seconds. Radio ray parameters and atmospheric profiles
were dertved from the ingress and egress part of the measurement when a clear carrier signal

(CS) could be detected, either by the CL receiver at the G/S on Earth or by the FFT based
algorithm applied to the OL recordings.

of about 50.1 km. In contrast to this, by applying the FFT based algorithm to the
OL recordings as outlined in section 3.2 it was possible to detect a clear carrier signal
(CS) when Venus’ atmosphere was sounded to altitudes as deep as 41.8 km. In the
following time interval the spacecraft was completely behind Venus so that no carrier
signal reached the G/S on Earth. A clear carrier signal could be detected in the OL
recordings around 2750 seconds after the start of the measurement. The radio signal
traversed Venus’ atmosphere at an altitude of 37.6 km. The CL receiver was able to
lock to the incoming radio signal only approx. 490 seconds later when the altitude of
45.9 km was sounded.

The measurement presented in Figure 6.1 is a typical example that illustrates the
advantage of OL over CL data. The lower altitudes of Venus’ atmosphere can only be
analyzed when OL recordings are used. Figure 6.2 shows the deepest resolved altitudes
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Figure 6.2: Deepest altitudes in Venus atmospheric profiles achieved from VeRa’s X-band
CL data (panel a) and OL data (panel b) as a function of the latitude. The red profiles show
the mean altitude in latitudinal bins of 5° each.

in atmospheric profiles derived from VeRa’s X-band CL (panel a)) and OL data (panel
b)) as a function of the planetary latitude.

The deepest altitudes obtained from the CL recordings are obviously located in the
altitude range between about 44 and 52 km with a mean altitude around 49 km. An
exception to this is the northern polar region, where most of the values can be found
in a narrower range between 44 and 48 km altitude. Here, the mean values are located
around 45 km altitude. Due to the orbit geometry of Venus Express the northern mid
latitudes reveal a poor coverage. Only a small number of atmospheric profiles are ob-
tained from this region whose deepest altitudes are located mainly above 49 km.

In contrast to this, the range of the deepest altitudes in OL atmospheric profiles
is much larger. The deepest altitudes can be found right above 36 km, which are
achieved at southern mid and northern polar latitudes. Mean altitude values of about
44 km are obtained at the southern hemisphere and 43 km at the northern polar region.

The upper boundary of the altitude distribution is located around 52 km in both,
CL and OL profiles. Those short atmospheric profiles result from the orbit geometry
of Venus Express rather than attenuation effects in Venus’ atmosphere. The lowered
altitude values at the northern polar region must also be attributed to the spacecrafts
orbit geometry. The spacecraft to Venus distance was smallest when these latitudes
were sounded (see section 6.2). Therefore, the resulting signal decrease due to refractive
defocussing was small compared to that at the southern latitudes (cf. Figure 6.4)
leading to enhanced SNR values of the received radio signals.
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Figure 6.2 shows that VeRa’s OL data are well suited to study latitudinal variations
of atmospheric parameters in the lower Venus atmosphere to altitudes as deep as 40
km. For the present study VeRa’s OL data were used. CL recordings were only used
in case no OL data were available.

6.2 Refractive defocussing

Due to the radial gradient of the refractivity in the atmosphere of Venus the radio beam
was spread in the plane of refraction (defocussing) and compressed in the perpendicular
plane (focussing). For Venus Express measurements, both effects are described by the
equations (4.6) and (4.7), respectively. The effect of defocussing is much larger than
the focussing effect and the net effect is called refractive defocussing. According to
equation (3.9), it is identical for both, the S- and X-band radio signals.

The green profiles in the left and right panels of Figure 6.3 show the contribution
of refractive defocussing to the total observed attenuation of the X-band radio signal
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Figure 6.3: Attenuation of the X-band radio signal observed in two radio occultation
measurements. Left: Ingress measurement conducted on 2006-08-11 ot the southern mid-
latitudes (52.70°S) (distance of VEX to center of Venus approx. 18535 km); Right: Ingress
measurement conducted on 2007-01-03 at the northern polar latitudes (83.27°N) (distance
of VEX to center of Venus approx. 8647 km). The green profile shows the contribution of
refractive defocussing to the total signal attenuation (black). The blue profile presents the
absorption of the signal in Venus’ atmosphere. The horizontal dashed line shows the approx-
imate altitude of the 1 bar pressure level.
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(black) as a function of the sounded altitude. While Figure 6.3.a) shows the south-
ern mid-latitudinal region (52.70°S), Figure 6.3.b) presents the northern polar region
(83.27°N). It is clearly visible that significant attenuation of the radio signals begins
below approximately 100 km altitude. Refractive defocussing is the main attenuation
factor. Values of more than 20 dB at the mid-latitudes and more than 15 dB at the
polar latitudes are reached around 40 km altitude.

The difference of about 5 dB between the signal loss at the southern mid- and
northern polar latitudes is a consequence of the distance between Venus Express and
Venus. Due to the orbit geometry of VEX, the southern hemisphere was sounded from
a further distance compared to the northern latitudes leading to a larger amount of
refractive defocussing (cf. equation 4.8). The geometry was kept for the entire Venus
Express mission so that the observed signal strength at the ground station was con-
stantly weaker when Venus’ southern polar latitudes were sounded.

The upper panel of Figure 6.4 shows the distance of VEX to the center of Venus as a
function of the planetary latitude during the radio occultation measurements between
the years 2006 and 2014. It is clearly visible that the VEX-Venus distance was largest
at the southern collar/polar latitudes varying between 13000 and 22000 km. Highest
values are reached around 70°S. The distance decreased northward reaching smallest
values of less than 10000 km at the northern polar latitudes. The lower panel of Figure
6.4 shows the resulting contribution of refractive defocussing to the total signal loss
between 40 and 80 km altitude as a function of the latitude. Here, the southern and
northern hemispheres were subdivided into equal latitudinal bins of 5°. Measurements
located within each bin were averaged to one refractive defocussing profile. No mea-
surements are available in the northern mid-latitudinal region between about 20°N and
60°N below approx. 50 km altitude due to the orbit geometry of Venus Express.

It is obvious, that the contribution of refractive defocussing to the total signal loss
was highest at the southern hemisphere. Maximal values of almost 25 dB are visi-
ble poleward of 40°S around 40 km altitude. The values decreased constantly as the
sounded altitude moved to the northern latitudes. Maximal values of about 18 dB were
reached at the northern polar region. In contrast to the southern polar region, the re-
fractive defocussing contribution northward of 60 °N remained almost constant below
about 45 km altitude. Here, lowest VEX-Venus distances of sometimes less than 6250
km were reached. The difference of refractive defocussing values between the southern
and northern polar latitudes decreases with increasing altitude. While a difference of
almost 7 dB is visible around 40 km altitude, values of less than 4 dB can be seen at
cloud top altitudes.
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Figure 6.4: Upper panel: Distance of Venus Ezpress to the center of Venus while sounding
the altitude region between 40 and 80 km at the southern and northern hemisphere. Lower
panel: Contribution of the refractive loss to the observed attenuation of the X-Band radio
signal between 40 and 80 km altitude at the southern and northern hemisphere. The hemi-
spheres were subdivided into equal latitudinal bins of 5° each. Measurements located within
each bin were averaged to one profile. No measurements are available in the northern mid-
latitudinal region between about 20 and 60°N below 50 km altitude due to the orbit geometry

of Venus Ezxpress.

The decreased values of refractive defocussing at the northern polar latitudes, sup-
ported by the small VEX-Venus distances, led to enhanced SNR values of the received
radio signals compared to those obtained from the southern polar region. This explains
why the deepest altitudes of CL and OL atmospheric profiles, presented in Figure 6.2,
can be found in northern polar measurements.

6.3 Mispointing

Venus Express used the main High Gain Antenna 1 (HGA1) for the majority of the ra-
dio occultation measurements. It had a half power beam width value of V3524 ~ 1.6°
at X-Band and 952" ~ 6° at S-band (cf. Table 3.1). The bending angle of the ra-
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Figure 6.5: The effect of pointing inaccuracies on Venus Fxpress’ X-Band radio signals
occurred during the occultation measurements between the years 2006 and 2018 as a func-
tion of sounded altitude (left panel: HGA1; right panel: HGA2). The horizontal azes were
subdivided into equal bins of 0.015 dB each and measurements located within each bin were
counted. The color code gives the number of measurements located within each bin. The
white profiles represent maximal pointing inaccuracies occurred between 2006 and 2014. The
smaller image section in the right panel shows the zoomed area of the HGAZ2 pointing errors
in the range from 0 to 2 dB between 40 and 100 km altitude.

dio signals in Venus’ deep atmosphere exceeds the values of ¥3q5/2. A severe signal
decrease would be caused by refraction if the measurements were carried out in the
Earth pointing mode. In order to counteract the refraction of the radio rays, predeter-
mined limb tracking maneuvers were performed during the measurements. This way,
the antenna boresight was oriented toward the refracted ray path from the spacecraft
to the tracking station on earth (R1 and R2 in Figure 3.2). Uncertainties in the slew
maneuvers caused a degradation of the signal amplitude which, however, turned out
to be small in most measurements.

The left panel in Figure 6.5 shows the effect of mispointing on the X-band radio
signals during measurements carried out with the HGA1 between the years 2006 and
2013. The horizontal axes were subdivided into equal bins of 0.015 dB each and mea-
surements located within each bin were counted. The color code gives the number of
measurements located within each bin. The white profile represents maximal pointing
inaccuracy values observed during the entire Venus Express mission.
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It can be clearly seen that most of the measurements reveal a pointing error of 0.1
to 0.2 dB between about 75 and 100 km altitude. The range increases to values located
between less than 0.1 and 0.4 dB below 75 km altitude. Pointing inaccuracies exceeding
0.4 dB were found for a small number of measurements, only, showing maximal values
of almost 0.9 dB below 50 km altitude (white line). The moderately increased pointing
errors within the cloud and sub-cloud region are most probably a consequence of un-
certainties in the model atmosphere at these altitudes. Although uncertainties in the
performance of the spacecraft slew maneuvers can not be excluded, their contributions
are expected to be insignificant.

The effect of pointing inaccuracies on the S-Band radio signals during measure-
ments in the year 2006 are one order of magnitude smaller than those on the X-band
signals. The pointing errors didn’t exceed 0.1 dB. A graphical representation can be
found in the appendix D.

In contrast to the HGA1, no limb tracking maneuvers were performed when the
smaller High Gain Antenna 2 (HGA2) was used during quadrature (time periods dur-
ing which the Sun-spacecraft-Earth angle is between 75 and 95 degrees). It was used
in the years 2007, 2012, 2013 and 2014 providing a total number of 250 measurements.
The antenna boresight was constantly oriented toward the Earth line of sight (R3 in
Figure 3.2). As a consequence, the pointing error is almost identical to the bending
angle. The right panel in Figure 6.5 shows the effect of the HGA2 pointing errors on
the X-Band radio signals as a function of the sounded altitude between 35 and 100 km.
As was expected the effect of the pointing errors increases with decreasing altitude
reaching approx. 1 dB around 50 km and more than 2 dB around 45 km altitude. For
a few deep occultation measurements the pointing error exceeded 8 dB below 40 km
altitude (white line). Although the half power beam width value of ¥3;52"d & 8° was
large compared to that of the HGA1, an enhanced degradation of the signal power due
to the mispointing could not be avoided. The bending of the radio ray exceeded the
value of ¥3qp/2 =~ 4° between 40 and 45 km altitude so that the power of the received
radio signal was reduced by more than 3 dB when these altitudes were sounded.

Measurements carried out with the HGA2 needed to be corrected for the arose
pointing errors. This way the observed residual signal decrease could be unambiguously
attributed to atmospheric absorption and an overestimation of the derived HySO,4(g)
abundance could be avoided. Figure 6.6 illustrates the impact of pointing errors on
the derived sulfuric acid vapor abundance.

While the upper panels show a measurement carried out with the HGA1, the lower
panels represent a measurement with the HGA2. The pointing errors are depicted in
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Figure 6.6: Impact of pointing errors of the HGA1 (panel a) and b)) and HGA2 (panel d)
and e)) on the derived HySO(g) abundance visible in the panels ¢) and f), respectively. The
saturation vapor abundance was computed by using equation (5.13).

the panels a) and b) as well as d) and e) for the HGA1 and HGA2, respectively. The
HGAT1 shows the largest mispointing values of more than 0.2 dB between 55 and 60
km decreasing with altitude. The overall small pointing inaccuracy barely affects the
derived HySO4(g) profiles visible in panel ¢). In contrast to this, the increasing point-
ing error of the HGA2 from less than 1 dB above 48 km altitude to maximal values
of approx. 4.5 dB around 42 km altitude would lead to a significant overestimation of
the derived HySO4(g) abundance if a correction wouldn’t be made. While the overes-
timation remains constant with a value of less than 1 ppm above 49 km altitude, it
monotonically increases from 1 ppm at 49 km altitude to approx. 4 ppm around 42
km.
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The example visible in the lower panels of Figure 6.6 shows that the contribu-
tion of the antenna mispointing may have a large influence on the HySO4(g) profiles.
All HySO,(g) profiles derived from VeRa’s CL and OL data between the years 2006
and 2014 were therefore corrected for pointing inaccuracies independent of the used an-
tenna. The correction calculations were based on derived radio ray parameters (section
3.2.2) a well as on spacecraft attitude information and ephemeris data for the celestial
bodies provided by the ESA. Uncertainties in the spacecraft attitude and ephemeris
data are believed to be small so that errors in the calculated pointing correction are
neglected.

Previous measurements

Severe signal degradation due to antenna mispointing may also be responsible for
the enhanced attenuation of Venera’s 5 cm radio signal at the mid-latitudes represented
in Figure 4.6 (orange curve). The observed path attenuation increases from 0.5 dB at
57 km altitude to almost 10 dB around 50 km. The corresponding absorptivity « visible
in panel b) was transferred into sulfuric acid vapor abundance gu,s0, by using equation
(4.20d). Since no information on the temperature 7" and pressure p was provided by
Gubenko et al. (2001), data from VeRa’s observations between the years 2006 and 2014
at these latitudes were adopted. Figure 6.7 shows the calculated sulfuric acid vapor
abundance profile. The error bars on the HoSOy4(g) values reflect the variation of 7'
and p between the years 2006 and 2014.

Obviously the calculated HoSO4(g) abundance profile reveals distinctly higher val-
ues when compared to those presented in the Figures 4.2, 4.3 and 4.5 as well as pre-
sented by Oschlisniok et al. (2012) in the considered altitude range. Additionally, a
large degree of supersaturation can be observed above the 1 bar pressure level. Both
aspects indicate that the absorptivity and HoSO4(g) values derived from Venera’s radio
occultation data are overestimated. Increased uncontrollable antenna pointing inaccu-
racies may serve as an alternative explanation for the enhanced radio signal attenuation
visible in Figure 4.6.a) and the resultant absorptivity and sulfuric acid vapor values
presented in the Figures 4.6.b) and 6.7, respectively.
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Figure 6.7: Sulfuric acid vapor abundance derived from Venera’s 5 cm (6 GHz) radio ab-
sorptivity data visible in panel b) of Figure 4.6 by using equation (4.20d). Temperature and
pressure data were adopted from VeRa’s radio occultation measurements between the years
2006 and 2014 from the corresponding latitudes. Error bars, which were calculated by apply-
ing the standard error propagation, represent the variation of the temperature and pressure
between the years 2006 and 2014. No information on the uncertainty of the absorptivity is
included. The black profile represent the saturation vapor abundance (cf. equation (5.18)).
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Chapter 7

Absorptivity, SO9 abundance and
H2S04(g) profiles derived from VeRa’s
open loop data

The derivation of absorptivity profiles as well as SO, and H5SO4(g) abundances from
VeRa’s S- and X-band radio science data is described in the sections 3.2 and 4.1. As
can be seen from Figure 6.3, significant absorption of VeRa’s X-band radio signal be-
gins below about 55 km altitude. Therefore, only this altitude region is considered for
the absorptivity, sulfur dioxide and sulfuric acid vapor calculations which are based on
VeRa’s OL data.

Previous measurements have shown that the SOy abundance below 55 km altitude
varies between 50 and 200 ppm (cf. Figure 2.4.a)). Distintcly higher SO, amounts
(> 200 ppm) would absorb VeRa’s X-band signal significantly stronger than its S-
band signal (cf. equation (4.20e)). The comparison of HySO,4(g) profiles derived from
the absorption of VeRa’s S- and X-band radio signals may therefore reveal weather
or not enhanced SO, abundances were present in Venus’s atmosphere during VeRa’s
measurements. The comparison is shown in section 7.1. The contribution of HySO,(g)
to the total signal absorption above about 51 km altitude is small (e.g. Oschlisniok
et al., 2012). Here, VeRa’s X-band radio signals are used to derive upper limits of
the SO, abundance at these altitudes. This analysis presented in section 7.2. Section
7.3 presents the global distribution of HoSO4(g) (section 7.3.1) and it’s variation (sec-
tion 7.3.2) as observed by VeRa during the entire Venus Express mission. All sections
contain comparisons with results derived from ground based observations, previous
missions and other experiments on board Venus Express.

Small scale fluctuations with a vertical extension of few hundred meters randomly
distributed around a mean value were treated as noise in the data. Those fluctu-
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ations, increasing with decreasing altitude, could introduce unwanted noise into the
absorptivity and sulfuric acid vapor profiles. In order to decrease the effect of noise
amplification, downsampling and filtering tools were applied in the process of absorp-
tivity and HySO4(g) calculations. A residual noise, which may still affect the results,
dominates the calculated error bars placed on the atmospheric profiles. Those were
calculated using the standard error propagation (e.g. Jenkins and Steffes, 1991).

7.1 Comparison of results derived from S-and X-band
radio signals

The comparison of sulfuric acid vapor profiles derived simultaneously from S- and X-
band radio signals increases the reliability of the HySO4(g) values on the one hand, on
the other hand significant differences may give indications for enhanced SO, amounts.
In order to emphasize a possible contribution of sulfur dioxide to the total absorptivity
(cf. equations (4.20e) and (4.21)) the SOq contribution was not removed when trans-
ferring absorptivity into S-and X-band HySO,(g) profiles.

While VeRa’s X-band radio signal was available during the entire Venus Express
mission, VeRa’s S-band signal could only be used during the first occultation sea-
son (2006-07-11 to 2006-08-30) to study Venus’ neutral atmosphere. A total number
of 30 atmospheric profiles derived from the S-band signals were obtained from the
southern (13 profiles) and northern (17 profiles) hemisphere in 2006. A measurable
S-band carrier signal could be maintained to altitudes as deep as 45 km when sound-
ing Venus’ southern hemisphere. At the northern hemisphere the deepest sounded
altitudes reached almost 40 km. The main reason for the difference was the higher
signal decrease due to refractive defocussing when sounding the southern hemisphere
(cf. Figure 6.4). The latter contribution to the total signal attenuation is identical
for both, the X- and S-band radio signals (cf. equation 3.9). As the expected sulfuric
acid vapor abundance above 45 km altitude is low, particularly at higher latitudes
(Kolodner and Steffes, 1998; Oschlisniok et al., 2012), the here presented comparison is
reduced to profiles obtained from the northern hemisphere. A total number of 10 out of
17 absorptivity and sulfuric acid vapor profiles obtained from the northern hemisphere
could be used for a X-/S-band comparison (in three measurements no X-band signal
was recorded; in four cases the occultation geometry at the end of the occultation
season didn’t allow to sound Venus’ deeper atmosphere). The available measurements
cover the latitudinal regions located between 60° and 74° as well as between 78° and
90°. While the first mentioned latitudes correspond to the cold collar region, at the
last mentioned the northern polar vortex can be found.
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Figure 7.1: Absorptivity of VeRa’s X- and S-band radio signals derived from egress mea-

surements carried out in the year 2006 at northern cold collar latitudes (panels a) and b))

and polar region (panels d) and e)). The absorptivity profiles contain contributions mainly
from COg, Ny and HpS0y(g). The corresponding sulfuric acid vapor profiles are presented
in the panels ¢) and f) for the collar and polar latitudes, respectively. The saturation abun-
dance (black profiles in the panels ¢) and f )) was computed by using equation (5.13).

The upper panels in Figure 7.1 show an example of the X- and S-band radio signal
absorptivity as well as the corresponding sulfuric acid vapor abundance derived from
the egress measurement at cold collar latitudes. Both absorptivity profiles reveal rel-
atively low values above 48 km and enhanced values between 44 and 48 km altitude.
In the latter altitude region the highest sulfuric acid vapor abundance can be observed
with maximal values ranging between 6 and 10 ppm. Additionally, both profiles reveal
an enhanced degree of supersaturation between 44 and 48 km altitude. Although both
H,SO0,(g) profiles in general agree with each other, the increased error bars on the
S-band data prevents to draw any conclusions about additional absorbers like SO,.
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The enhanced error bars form a striking difference between both absorptivity pro-
files. Those result from the aforementioned small scale fluctuations, which are in most
measurements larger in the S-Band signal amplitude data than in the X-band data.
Particularly in the deep atmosphere the S-Band signal power fluctuations exceed the
X-Band fluctuations by more than 1 dB. Those enhanced fluctuations lead to enlarged
uncertainties of the S-Band HySO4(g) values (Agiiés? = 1.0 — 4.0 ppm, sometimes

more than 6.0 ppm; Aqf{(;%%nf = (0.5 — 2.0 ppm, sometimes more than 5.0 ppm).

The lower panels in Figure 7.1 represent an example of the X- and S-band radio
absorptivity along with the corresponding HySO,(g) abundance achieved from the po-
lar region. In contrast to the cold collar latitudes, deeper altitudes are resolved at
the polar region. This is a consequence of high SNR values when the higher northern
latitudes were sounded (section 6.2). Enhanced absorptivity values are visible below
approx. 47 km altitude increasing with decreasing altitude in both profiles. Similar
to the upper panel, oscillations visible in both profiles are the consequence of several
factors, i.e., HySO4(g) accumulations on small vertical scales, influence of atmospheric
dynamics and residual noise on the used data.

Similar to the cold collar latitudes, the HoSO4(g) abundances derived from the X-
and S-band absorptivity profiles show a good agreement in the altitude range between
40 and 52 km. Enhanced values are visible only below approx. 46 km altitude with
a stable abundance of 4 to 6 ppm between 40 and 46 km altitude. Significant dif-
ferences, indicating enhanced accumulations of additional absorbers, are not visible.
Consequently, CO, and HySO4(g) must be considered as the main absorbing gases at
these wavelengths whose influence could be detected by VeRa measurements. The con-
tribution by SO, is obviously negligible.

Figure 7.2 shows averaged absorptivity profiles derived from VeRa’s X-band (blue)
and S-band (red) radio signals from the year 2006. While the upper row presents the
latitudinal region between 60° and 74° the lower row shows the polar region between
78° and 90°. The number of data samples used for averaging is presented in the right
figures attached to the absorptivity profiles revealing that the deepest absorptivity pro-
files can be found at the polar region (cf. Figure 6.2). It is also visible that the number
of data samples used for averaging decreases with decreasing altitude which influences
the calculated error bars. The smaller the number of data samples the higher the un-
certainty of the mean profiles. It can be clearly seen that above the altitude range from
about 50 km to 52 km no absorption was observed, neither of the S-band nor of the X-
band radio signals. Below that altitude range the absorption of both signals increases
with decreasing altitude. Maximal X-band absorptivity values ranging between 0.03
dB/km and 0.09 dB/km below 42 km altitude can be observed in Figure 7.2.a). These
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Figure 7.2: Mean absorptivity profiles from the Venus northern hemisphere derived from
VeRa’s X-Band (blue) and S-Band (red) radio signals from the year 2006. The profiles con-
tain contributions mainly from COg, Np and HpS50(g). The upper panel shows the latitu-
dinal region between 60° and 74°, the lower panel shows the polar region between 78° and
90°. Narrow figures attached to the absorptivity profiles represent the number of data sam-
ples used for averaging.

high values, however, are accompanied by large error bars and could not be confirmed
in 2006 by further X-band absorptivity profiles from this latitudinal region. The cor-
responding S-band absorptivity profiles (Figure 7.2.b)) don’t cover the altitude region
below 42 km altitude. A comparison of the sulfuric acid vapor abundance derived from
the S-and X-band absorptivity profiles is therefore not possible in this altitude range.

After removing the COy and Ny contribution from the total absorptivity the re-
maining sulfuric acid vapor absorptivity was used to compute the mean HySO,(g)
abundance. The results are presented in Figure 7.3. The corresponding individual
H,SO,(g) profiles can be found in appendix E.
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Figure 7.3: Mean sulfuric acid vapor profiles from the Venus northern hemisphere derived
from VeRa’s S-and X-band radio signal absorption observed in 2006 (see Figure 7.2). The
saturation abundance was computed by using equation (5.13).

Within the error bars a general agreement between the sulfuric acid vapor profiles
derived from VeRa’s S-and X-band radio signal absorption can be seen at both latitu-
dinal regions. No enhanced SO, contribution is visible. No HySO4(g) can be observed
above about 51 km at the cold collar region and above about 49 km altitude at the
polar latitudes. In the deeper atmosphere the H,SO,(g) abundance increases to maxi-
mal values ranging from 4 to 8 ppm between 42 and 48 km at the cold collar region as
well as from 3 to 6 ppm between 39 and 46 km at the polar latitudes. The increased
oscillation of the X-band radio signal absorptivity below 42 km altitude at cold collar
latitudes lead to an oscillation of the HySO4(g) abundance which ranges between 4
ppm and 13 ppm. The corresponding error bars range from about 2 ppm around 42
km altitude to almost 6 ppm around 38 km altitude. In contrast to this, the altitude
range below 42 km at the polar latitudes is resolved by a higher number of X- and
S-band profiles. Here, the sulfuric acid vapor abundance ranges between 3 and 7 ppm
with maximal error bars of 2 ppm on the X-band profiles and less than 4 ppm on the
S-band data.

It is clearly visible that the region between about 45 and 50 km altitude reveals a
saturation of H,SO, at both latitudinal regions. Even small vertical sections of super-
saturation at the topside of the HySO,(g) layer can be observed. Saturation plays an
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important role in one-dimensional numerical microphysical models (e.g. James et al.,
1997; Krasnopolsky, 2015). Tt’s degree and altitude range, however, is debatable. Al-
though HySO, saturation and even supersaturation at the topside of the haze layer is
possible, at least the pronounced supersaturation at the cold collar latitudes, which is
visible in the S-band data, may be overestimated. Possible explanations for enhanced
supersaturation values in the derived sulfuric acid vapor profiles are discussed in the
sections 7.2 and 7.3.2.

Comparison with previous measurements

A comparison of sulfuric acid vapor profiles derived simultaneously from radio sig-
nals at different frequencies was only possible with Magellan radio occultation measure-
ments (see section 4.2). S-and X-band radio absorptivity profiles, derived by Jenkins
et al. (1994), were transferred by Kolodner and Steffes (1998) into sulfuric acid vapor
abundance profiles (cf. equations (4.20b) and (4.20c¢)). Figure 4.5.c) shows the acquired
HySO,4(g) profiles from the orbit 3214. Both profiles agree within the entire altitude
range except for the altitudes between 38 and 41 km. Here, the X-band profile shows
significant higher values, indicating that an additional frequency dependent absorber
contributed much stronger to the absorption of the X-band radio signal. Such a striking
difference could not been observed in the VEX radio occultation measurements in the
year 2006. The absorption of VeRa’s radio signals can be therefore mainly addressed
to HySO4(g) and CO, during this period of time. The abundance of sulfur dioxide was
too small to contribute significantly to the absorption of VeRa’s S-and X-band radio
signals, so that no clear differences in the corresponding HySO4(g) profiles are visible.

According to Kolodner and Steffes (1998), SO, is the most likely candidate which
is responsible for the aforementioned difference in the H5SO4(g) abundance profiles
derived from the Magellan data. Using the equations (4.20b) and (4.20e), an upper
limit of the SO, abundance of 390 4+ 100 ppm is calculated for the region around
40 km altitude. Figure 7.4 shows the calculated SOy abundance value (blue square)
incorporated into Figure 2.4.a). The error bar placed on the Magellan measurement

represents the possible range of the SO, abundance calculated from the uncertainty of
the S-and X-band HsSO4(g) profiles provided by Kolodner and Steffes (1998).

Obviously the achieved sulfur dioxide value is significantly larger than most of the
measured SO, values. The enhanced abundance is a consequence of the large differ-
ence between the S-and X-band HySO,(g) values around 40 km altitude (> 2.5 ppm).
According to the equations (4.20b), (4.20c) and (4.20e), the sensitivity of S-and X-
band radio signals to SO, is small compared to their HySO4(g) sensitivity. Enlarged
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Figure 7.4: Sulfur diozide in Venus’ middle and lower atmosphere obtained from ground
based and spacecraft observations as well as from model results (cf. Figure 2.4.a)). The
black square represent the SOz abundance derived from Magellan radio occultation S-and
X-band data obtained from the orbit 3212. The blue square shows the SOz abundance calcu-
lated from Magellan data from the orbit 3214. The error bars represent the SOz abundance
range derived from the uncertainty of the HySO,(g) profiles.

amounts of sulfur dioxide are needed to absorb the radio signals, while small SO,
abundances wouldn’t cause a detectable absorption at these wavelengths. Ignoring the
SO, contribution to the total absorption in the latter case wouldn’t produce large dif-
ferences in the derived S-and X-band HySO,4(g) profiles. As an example for this, the
black square in Figure 7.4 shows the SO, abundance derived from Magellan’s S-and
X-band HySO4(g) data from the orbit 3212. In general the profiles are identical to
each other. The largest difference of the profiles is smaller than 1 ppm and is located
around 37 km altitude (Jenkins et al., 1994; Kolodner and Steffes, 1998). Here, an SO,
abundance of about 1204100 ppm was derived using the equations (4.20b) and (4.20e).

The weak sensitivity of the S-and X-band radio signals to SO, is also responsible
for the enhanced error bars placed on the Magellan measurements from the orbits 3212
and 3214. A variation of the S-and X-band HySO,(g) abundance profiles within their
error bars leads to a maximal SO, variation of around 100 ppm in both measurements.
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Similar to VeRa’s HySO,4(g) abundance profiles, those derived from the Magellan
data also reveal saturated and supersaturated altitude regions at the topside of the
H,S0O, haze layer. The degree of supersaturation, however, is smaller than that pre-
sented in the left panel of Figure 7.3. This is most probably a consequence of the
atmospheric dynamics at this atmospheric region.

7.2 Upper limits of the SO, abundance derived from
VeRa’s X-band data

In this section HySO4(g) profiles derived from VeRa’s X-band radio signals as well as
the corresponding saturation abundance profiles are used to compute upper limits of
the SO, mixing ratio. The derivation of SO4 by using a single radio frequency is limited
to a narrow altitude range above the HySO,4 haze layer, i.e., 51 - 54 km. Here, low or
no absorption of VeRa’s X-band radio signals due to HySO4(g) is expected (e.g. Os-
chlisniok et al., 2012), so that enhanced absorption/HsSO4(g) values can be addressed
to SOy. The upper boundary was set to 54 km because multipath effects (Appendix
B) may affect the results negatively above that altitude. Below the lower boundary of
51 km, the dependance of the HySO, saturation vapor pressure on the concentration of
the HySO4-H50 solution increases, which would significantly enhance the uncertainty
of the computed SO, values. In the present analysis a saturation vapor pressure of
about 98% by weight was used to compute the HySO, saturation abundance (cf. equa-
tion (5.13)).

It is assumed that the concentration of the solution increases from about 90%
around 55 km altitude to about 98% near the cloud base (e.g. Hashimoto and Abe,
2001; Imamura and Hashimoto, 2001; Krasnopolsky, 2012). Using the data of the ratio
w*/RT provided by Zeleznik (1991) (u* : chemical potential in the HySO4-HoO solu-
tion; R = 8.31441 J/mol-K gas constant) it can easily be shown that a solution of 90%
by weight would lead to an HySO,(g) saturation abundance which differs only by 0.2
ppm from that calculated from a 98% solution in the altitude range between 51 and 54
km. The contribution of this difference to the total uncertainty of the computed SO,
values in this section is less than 30 ppm.

Similar to the analysis conducted in section 7.1, the SOy contribution was not
removed from the total absorption when transferring absorptivity data into HoSO,4(g)
data (cf. equations (4.20b) and (4.21)). Increased HySO,4(g) values between 51 and
54 km altitude indicate an enhanced SO, content within this altitude range. A mean
abundance of SO, was calculated by minimizing the difference between the HySO,4(g)
and saturation vapor abundance values. Figure 7.5 shows a typical example.
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Figure 7.5: Sulfuric acid vapor profiles derived from VeRa’s X-band data calculated with-
out (green) and with (blue) the SOy contribution to the total X-band radio signal absorption
(cf. equation (4.21)). For the blue profile an SOy mizing ratio of 200 £ 80 ppm was used to
correct for the contribution of sulfur diozide to the total signal absorption. The black pro-
file shows the HaSO,(g) saturation abundance calculated using the saturation vapor pressure
over a HpSO;-HyO solution of about 98% by weight (cf. equation (5.13)).

The green profile shows the calculated HySO4(g) abundance computed using the
equations (4.20b) and (4.21) without considering the contribution of SO, to the total
signal absorption. The black profile shows the H,SO, saturation abundance. A clear
difference between both profiles of about 1 ppm can be seen above 49 km altitude (hor-
izontal dashed line). It was used to determine the mean SO, abundance in this altitude
range. For this purpose the difference between both profiles was decreased by applying
an iterative process in which the HySO,4(g) profile was repeatedly computed. Here, the
SO, contribution to the total absorption was removed by gradually increasing the SOq
abundance. The difference between both profiles turned out to be smallest when an
SO, value of 200 ppm was used. The corresponding vertical HySOy4(g) distribution is
represented by the blue profile.

The uncertainty of the HySO,4(g) profile was used to compute that of the derived
sulfur dioxide abundance value. For this purpose, the "error profile’ qu,so, + Aqu,so,
was used to compute the SOy abundance, leading to a value of 200 ppm. Considering
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the error contribution of the saturation abundance of 30 ppm, the resulting uncertainty
of the derived SO, abundance is 80 ppm.

It has to be mentioned that the above presented method applied to derive the SO,
mixing ratio yields upper limits of the gas. It is assumed that after removing the
contributions of COy and N, sulfur dioxide is the only gas that is responsible for a
residual absorption of VeRa’s X-band radio signal above the topside of the H,SO,4 haze
layer.

The procedure described above was applied to VeRa’s X-band absorptivity and
H,S04(g) data from the entire Venus Express mission. About 600 atmospheric profiles
were used to derive the mean SOy abundance between 51 and 54 km altitude at the
southern and northern hemispheres. No dependence on local time was found at any
latitudinal region. Figure 7.6 shows the latitudinal distribution of the derived mean
SO values (black) along with a 5°-averaged SOy abundance (red).

Obviously the derived SO, values show an increased level of dispersion, which rep-
resents the high variability of sulfur dioxide below the clouds. The latter was also
observed in previous measurements as well as by other experiments on board Venus
Express (cf. Figure 2.4). The enhanced error bars on the derived SO, values are a con-
sequence of the weak sensitivity of X-band radio waves to sulfur dioxide (cf. equation
(4.20e)). While enlarged amounts of SO, contribute significantly to the signal absorp-
tion, small amounts are barely detectable. The latter may therefore lead to unreliable
SO, values with uncertainties of more than 100%.

Despite the increased dispersion and enlarged error bars, a clear latitudinal depen-
dance of sulfur dioxide is visible in Figure 7.6. Highest SO, abundances can be found
at both polar regions (> 75°) with mean values of 150 + 50 ppm at the south pole
and 160 & 50 ppm at the north pole. In contrast to this, the mid-latitudinal region
around 40°S reveals the lowest values of 50440 ppm, before they increase at equatorial
latitudes (25°S - 25°N) to mean values of 90 + 60 ppm. Though at the latter region,
the southern latitudes show lower values than the northern latitudes.

The enhanced sulfur dioxide abundance at the equatorial region is most probably
a consequence of the upward transport of SO, from the deeper atmosphere by the up-
welling branch of the Hadley cell. Small intensity variations of the latter may lead to
the increased dispersion of the SO, values. Upward directed winds are most probably
missing at the mid-latitudes, which may be the reason for the low SO, abundance
values. Similar to the equatorial region, upward transport of SO, may be responsible
for the increased abundance values at the polar latitudes. Here, updrafts in the polar
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Figure 7.6: Upper limits of the sulfur dioxide abundance in the altitude region between 51
and 54 km derived from VeRa’s X-band data between the years 2006 and 2015. The mea-
surement uncertainties vary between 30 and 80 ppm. The red line represent the average
abundance. The hemispheres were subdivided into equal latitudinal bins of 5° each. SOq
values located within each bin were averaged to one mean value. Due to the low number of
measurements, SOg values located in the latitude region between 25°N and 60° N were not

considered for averaging.

vortices ensure most probably a steady supply of SO, from the deeper atmosphere,
while their intensity variations cause the observed dispersion of the SO, abundance

values.

Long-term variations

In the following, the long-term evolution of the computed sulfur dioxide abundance
is presented. Since most of the southern mid-latitudinal SO, values are accompanied
by enlarged relative errors, observations from this spatial region were not considered
for the analysis. Furthermore, the low number of measurements at the northern mid-
latitudes precludes an analysis in this region. More than 350 observations from the
equatorial (25°S - 25°N) and the polar regions (> 75°) were left. Figure 7.7 shows the
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Figure 7.7: Upper limits of the sulfur dioxide abundance in the altitude region between 51
and 54 km derived from VeRa’s X-band absorptivity data between the years 2006 and 2015.
Panel a) shows the abundance at southern and northern polar latitudes (> 75°), panel b)
shows the abundance at the equatorial region (25°S - 25°N). The measurement uncertainties
vary between 30 and 70 ppm. The red and blue data represent averaged abundances com-
puted from measurements, which were obtained from different occultation seasons.

annual variation of the SO, abundance at the southern and northern (panel a)) as well
as at the equatorial region (panel b)).

A clear long-term trend of SO, at the polar latitudes is visible in panel a) with
relatively low SO, abundance values in the year 2006. Those are consistent with the
low SO, abundance concluded from the comparison of the S-and X-band HySO,(g)
profiles presented in section 7.1. After the year 2006, the abundance increases rapidly
to a mean value of 180 £ 50 ppm at the north pole between the years 2008 and 2011.
A similar increase of SOy at the southern pole seems to be delayed compared to that
at the north pole. An enhanced mean abundance value of 140 + 30 ppm is visible
from the year 2009 onwards. The low number of measurements before 2009, however,
prevents from drawing any conclusions on the SOy abundance at the south pole during
this period of time. After the years 2011/2012, a gradual decrease is visible with lowest
mixing ratios in the year 2013. Here, mean abundances of 130450 ppm at the southern
pole and 100 + 30 ppm at the northern polar region can be observed.

The long-term trend is most probably a consequence of temperature variations
at the polar region. Those may influence the transport mechanisms as well as the
sulfur chemistry at these latitudes and this way affect the mixing ratio of SO,. Figure
7.8 shows the long-term evolution of the temperature at the northern polar region

DOnly a small number of profiles from the southern polar latitudes show the atmospheric region at
altitudes below 44 km (c.f. Figure 6.2). Therefore, the temperature at these latitudes is not shown

here.
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Figure 7.8: Mean atmospheric temperature as a function of the year at altitudes levels
between 55 and 42 km at the northern polar region (> 75°) (panel a) to €)) as well as its
annual difference (panel f)) derived from VeRa’s X-band radio occultation data.

between the years 2006 and 2015. While the panels a) to e) show the mean temperature
at altitude levels between 55 and 42 km, panel f) shows its annual difference. Two
distinct periods can be distinguished:

i) 2006 - 2009. A heating of the atmosphere is visible during this period of time.
The comparison of the temperature evolution at different altitude levels (panels
a) to e)) indicates, however, that the heating of the lower atmospheric region was
delayed. This delay most probably affected the vertical temperature gradient
and this way influenced the vertical SO5 transport. This process could be mainly
responsible for the rapid SO, enhancement which is visible in Figure 7.7.a).

The rapid increase of the temperature at 52 km altitude (panel b)) between the
years 2006 and 2008 coincides with the enhancement of sulfur dioxide during
this time period. It is also conceivable that the temperature increase may have
affected the kinetics of the chemical sulfur cycle in this spatial region leading
to the increased SO, abundance. The temperature dependence of the chemical
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kinetics of sulfur gases in Venus’ lower and middle atmosphere is discussed in
detail for example by Krasnopolsky (2007) and Zhang et al. (2012).

ii) 2010 - 2014. In contrast to the time-shifted temperature increase at different
altitudes between the years 2006 and 2009, a simultaneous oscillation of the mean
temperature at all considered altitude levels can be observed between 2010 and
2014. Atmospheric heating and cooling periods are visible around the years 2011
and 2013, respectively. An increase of the temperature is additionally visible
around 2014 between 44 and 55 km altitude. Due to the simultaneous heating
and cooling at all altitude levels, vertical temperature gradient variations were
small between the years 2010 and 2014. As a consequence, variations of the
vertical SOy transport were less intense, so that rapid abundance changes didn’t
occur.

Panel b) in Figure 7.7 reveals that an SOy long-term trend, similar to that observed at
the polar latitudes, doesn’t exist at the equatorial region. Here, sulfur dioxide values
ranges between 0 and more than 200 ppm revealing an almost constant mean abun-
dance of 90 + 60 ppm. The latter is consistent with the mean sulfur dioxide values
observed during the SO, low abundant periods at the polar region in the years 2006
and 2013. The missing long-term trend of SO, at equatorial latitudes indicates the
absence of intense vertical transport variations near the cloud base.

Comparison with previous observations and other VEX mea-
surements

The abundance of sulfur dioxide in the altitude range between 51 and 54 km is
poorly known from previous measurements (section 2.2). Reliable results, ranging be-
tween 50 and 200 ppm, were particularly provided by the VEGA entry probes in the
equatorial region. The Pioneer Venus large probe observed an increased value of less
than 600 ppm. The SO, abundance values derived from VeRa’s X-band absorptivity
and HySOy4(g) data are comparable to those derived from the VEGA entry probe ob-
servations. Figure 7.9 shows the mean SO, values derived from VeRa’s X-band data
incorporated into Figure 2.4.a).

Obviously both, the equatorial and polar SO, values obtained from VeRa’s observa-
tions matches that obtained by the VEGA landers in the corresponding altitude region.
The distinct disagreement of both VEGA profiles at these altitudes is consistent with
the measurement-to-measurement variability of the SOy values derived from VeRa’s
data (cf. Figure 7.7). Both observations emphasize the high variability of SO5 near the
cloud base. The high number of measurements obtained with VeRa, however, constrain
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Figure 7.9: Averaged abundance of SOg at the equatorial and polar region derived from
VeRa’s X-band absorptivity/H»SO,(g) data (cf. Figure 7.7) incorporated into Figure 2.4.

the mean equatorial abundance to 90 = 60 ppm. The latter is obviously higher than
that predicted by one-dimensional photochemical models at these altitudes (dashed
line in Figure 7.9). The mean SO, values derived from VeRa’s data show that the
vertical SO, gradient in the transition region between 50 and 60 km altitude is not as
strong as suggested by the models.

Various observations of SO, within the upper clouds revealed a clear dependence on
the local time (e.g. Encrenaz et al., 2019; Marcq et al., 2020). High photodissociation
rates decrease the SO, abundance, so that lowest SO, values can be found between
10 h and 14 h local time. At higher solar zenith angles, the photochemical loss is
lower. Significant photochemical dissociation of SOy occurs at wavelengths < 350 nm
(Kumar, 1982; Manatt and Lane, 1993; Prahlad and Kumar, 1997). The solar flux at
these wavelengths strongly decreases in the main Venus clouds (e.g. Tomasko et al.,
1980; Zhang et al., 2012). Photochemical loss of SO, plays therefore an important role
at cloud top altitudes but is almost non existent near the cloud base. A local time
dependance was therefore not found in the SO, abundance at the latter altitudes.

Among a clear dependence on the local time, a number of authors reported about
distinct latitudinal and long-term variations of sulfur dioxide in the upper clouds (e.g.
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Fsposito et al., 1988; Marcq et al., 2012, 2020). In the following these variations are
compared with those near the cloud base derived from VeRa’s radio occultation data.

Latitudinal variations

Figure 7.10.a) shows the latitudinal distribution of SO, at 70 km altitude derived
by Marcq et al. (2020) from SPICAV-UV measurements. The comparison with the SO,
abundance between 51 and 54 km altitude presented in Figure 7.6 reveals that similar
to the latter values, those derived at cloud top altitudes also show an increased level
of dispersion. Obviously the abundance of sulfur dioxide is highly variable at both
altitude levels. The highest dispersions are located at the equatorial region which are
most probably caused by short-term variations of the vertical SO, transport at these
latitudes (Mareq et al., 2020).

Panel b) in Figure 7.10 shows the latitudinal mean SO, distribution adopted from
panel a) (blue) along with that adopted from Figure 7.6 between 51 and 54 km al-
titude. Both altitude regions reveal enhanced SO, abundance values at equatorial
latitudes. The latter are likely caused by the upward directed transport at these lati-
tudes. Around the equator, the upwelling branch of the Hadley circulation transports
SO, from lower to higher altitudes leading to enhanced SO, values at both altitude
levels. As upward transport is most probably missing at mid-latitudes (35° - 60°), the
sulfur dioxide abundance in this spatial region is lower compared to that at the equa-
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Figure 7.10: Panel a): Latitudinal distribution of SOz at 70 km altitude as observed by
Mareq et al. (2020) using SPICAV-UV data. Panel b): The mean SOz abundance adopted
from panel a) (blue) along with that between 51 and 54 km altitude derived from radio occul-
tation measurements (red) (cf. Figure 7.6).
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tor leading to a latitudinal SO, gradient. Furthermore, photodissociation at the upper
region causes a significant decomposition of SO, while it is advected toward the polar
latitudes. As a consequence, the SO, abundance distinctly decreases in the poleward
direction (e.g. Mareq et al., 2020). Since photochemical loss plays a minor role near the
cloud bottom, the latitudinal SOy decrease between the equatorial and mid-latitudes
is more pronounced at cloud top altitudes compared to that near the cloud base.

The most striking difference in the cloud top and the cloud bottom SO, abundance
is visible at the polar regions. At these latitudes, a clear decrease of SO, can be seen at
70 km altitude, while the region near the cloud bottom reveals SO, values comparable
to those found near the equator. The disagreement may be explained by considering
the predominant transport mechanisms at the corresponding altitude regions. The
altitude range between 51 and 54 km is steadily supplied with SOy from the deeper
atmosphere by the polar vortices. The latter are most probably located below 65 km
altitude (section 2.3), so that only small fractions of SO, reach the higher altitude
levels. In contrast to the lower altitude range, the missing SO, transport toward the
polar 70 km altitude region is most probably responsible for the low SO, abundance
at this spatial region.

Long-term variations

The panels a) and b) in Figure 7.11 present the temporal evolution of the equatorial
SO, abundance. Panel a) shows the mean abundance at 70 km altitude as observed by
Mareq et al. (2020) in SPICAV-UV measurements (cf. Figure 2.4.b)). For comparison,
panel b) shows the averaged abundance in the altitude range between 51 and 54 km
altitude derived from VeRa’s radio occultation data (cf. Figure 7.7.b)). The error bars
represent the variability of the SO, abundance values observed in the corresponding
years.

Distinctly increased SOs values at 70 km altitude are visible in the years 2007
and 2009. According to Marcq et al. (2020), those are caused by enhanced sulfur
dioxide injections from lower altitudes. It is clearly visible from panel b), however,
that significant enhancements of the equatorial SO, abundance near the cloud base are
not present during these years. This disagreement may have various reasons, which are
not mutually exclusive:

- Variations of the vertical transport which led to SOy injections from deeper to
higher altitudes could be too weak to cause detectable SOy enhancements near the
cloud base. According to Encrenaz et al. (2012) and references therein, injections
of a small excess (~ 1%) would increase the SO, abundance at the upper cloud
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Figure 7.11: Long-term evolution of SOg in the equatorial region at 70 km altitude (panel
a)) extracted from Figure 2.4.b) as well as between 51 and 54 km altitude (panel b)) ex-
tracted from Figure 7.7.b). Panel c) shows the long-term trend in Venus’ 365 nm albedo
observed by Lee et al. (2019) at equatorial and mid-latitudes. Panel d) represents the tempo-
ral SOz evolution between 51 and 54 km altitude at both polar regions extracted from Figure
7.7.a). Error bars in the panels b) and d) represent the variability of the SOz abundance
values observed in the corresponding years.

region by a few tens ppb. The enhanced dispersion of the SO, values visible in
panel b) may therefore superimpose those variations near the cloud bottom.

- Enhanced vertical transport variations were probably limited to the upper cloud
region (> 55 km). Furthermore, dynamical processes at these altitudes may be
decoupled from those at the lower clouds as schematically indicated in Figure 2.7.
As already discussed in the context of the polar SO, long-term trend, transport
variations represent a dynamical response to temperature gradient variations.
The latter can be studied by means of VeRa’s radio occultation data as was done
for the polar region between 42 and 55 km altitude (cf. Figure 7.8). In contrast
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to the polar latitudes, however, a similar study at the equatorial upper cloud
region is complicated. VeRa’s radio occultation data from this spatial region
must be corrected for multipath effects before any conclusions can be drawn (see
Appendix B). Additionally, an extended study on thermal tides in the upper
cloud region is necessary to separate those from a possible long-term variation
(e.g. Walterscheid et al., 1985; Tellmann et al., 2009; Takagi et al., 2018).

- SO, variations observed at the cloud top level may be additionally influenced by
variations of the solar flux. As already mentioned, the latter strongly decreases
in the main Venus clouds, so that its influence could be visible at cloud top alti-
tudes rather than near the cloud base. Lee et al. (2019) found indications for a
correlation between the neutron cosmic rays/Ly-a flux and the long-term trend
in Venus’ 365 nm albedo between the years 2006 and 2018. While the neutron
cosmic ray flux increased / Ly-a flux decreased, the observed albedo revealed a
gradual decrease between the years 2006 and 2012. The latter can be seen in
panel ¢) of Figure 7.11 for the equatorial and mid-latitudes. The gas species
responsible for the enhanced absorption of the incident solar flux is not identified
so far. Sulfur dioxide is thought to be a promising candidate as a precursor for
this unknown UV absorber (Mills et al., 2018), which is believed to be located
mainly in the upper cloud region. The enhancement of SO, observed by Marcq
et al. (2020) would therefore increase the abundance of the UV absorber, leading
to a decrease of the 365 nm albedo observed by Lee et al. (2019). Whether or
not solar flux variations can cause significant SO abundance variations at upper
cloud levels can not be clarified in this context and must therefore be analyzed
in further studies based on observations and photochemical models.

In addition to the aforementioned equatorial and mid-latitudinal long-term trend
in Venus’ 365 nm albedo, Lee et al. (2015) reported about a similar trend at the polar
latitudes. According to Lee et al. (2019), a decrease of the albedo should cause a
considerable heating of the atmosphere. It is likely that the increased absorption of
solar radiation in Venus’ polar atmosphere, which was observed as a long-term decrease
of the albedo, caused the observed variations of the temperature presented in Figure
7.8. The resulting variations of the vertical transport most probably led to the long-
term trend in the SO, abundance presented in panel d) of Figure 7.11.
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7.3 HSOy4(g) profiles derived from VeRa’s X-band
data from the entire Venus Express mission

In addition to the correction of VeRa’s X-band absorptivity data for the CO, and Ny
contributions (cf. equation (4.20a)), the sulfur dioxide abundance values derived in
the previous section were used to remove the SO, contribution (cf. equations (4.20e)
and (4.21)). A constant sulfur dioxide content was assumed for the altitude region
below 55 km. It can be assumed that the residual absorption was caused by HySO4(g),
only, which was used to determine its abundance. In the following, sulfuric acid vapor
profiles in the altitude range below 55 km as well as their variation derived from VeRa’s
X-band radio absorptivity data are presented.

7.3.1 Global H,SO4(g) distribution

About 800 radio occultation measurements from the years 2006 to 2014 were used in
this section to compute the absorptivity and HySO,(g) abundance profiles. The num-
ber of profiles used here is higher than that used to derive the SOy abundance in the
previous section. Only profiles whose deepest altitudes are located at least at 51 km
were considered for the SO, calculations. In contrast to this, the shorter profiles were
also used for the present analysis of the global HySO,(g) distribution.

The lower panel in Figure 7.12 shows the zonally and time-averaged HySO,(g) dis-
tribution in Venus’ atmosphere between 40 and 55 km altitude at the southern and
northern hemispheres between the years 2006 and 2014. Both hemispheres were sub-
divided into equal latitudinal bins of 5° each. H2SO4(g) profiles located within each
bin were averaged to one profile. The number of data samples used for averaging is
presented in the upper panel of Figure 7.12. It shows that the majority of available
measurements is located at the northern polar latitudes. In contrast to this a lack of
measurements is visible at the northern mid-latitudes between 20° and 60°, which is
a consequence of the orbit geometry of Venus Express. Southward of the latitude of
20°N the number of HySO,(g) profiles used for averaging ranges between 10 and 30.

As was mentioned in section 7.1 the number of profiles used for averaging influences
the error bars of the mean HySOy4(g) profiles (cf. Figures 7.2 and 7.3). The higher the
number of profiles the lower the uncertainty. The lowest uncertainties in the global
H,S0,(g) distribution presented in Figure 7.12 can therefore be found at the northern
polar latitudes. The error bars don’t exceed 0.5 ppm. The other latitudinal regions
show uncertainties ranging between 0.2 and 1.0 ppm, sometimes increasing to more
than 2.0 ppm.
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Figure 7.12: Zonally and time-averaged HpSOy(g) distribution in Venus’ lower atmosphere
at the southern and northern hemispheres derived from VeRa’s radio occultation data from
the years 2006 to 2014 (lower panel). The hemispheres were subdivided into equal latitudinal
bins of 5° each. HyS0,(g) profiles located within each bin were averaged to one sulfuric acid
vapor profile. The number of data samples used for averaging is shown in the upper panel.
The white dashed line in the lower panel shows the isotherm of T = 340 K derived from
VeRa’s X-band radio occultation data from the same period of time.

Two prominent features can be clearly seen in the lower panel of Figure 7.12:

1. A latitudinal HpSO,(g) gradient visible in the altitude region between about
47 and 51 km at both hemispheres. It is clearly visible that the topside of the
H,S04(g) layer is located distinctly above 50 km altitude in the latitudinal region
between about 40°S and 40°N. Poleward of this latitudinal region the topside
decreases to altitudes between 46 and 48 km at polar latitudes. This latitudinal
gradient is caused by the global temperature distribution within this altitude
region, which is visible in panel a) of Figure 2.1. As an example, the isotherm
of T = 340 K was plotted over the HySO4(g) contour map (white dashed line).
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It can be clearly seen that the isotherm almost perfectly matches the latitudinal
distribution of the topside of the HySO,4 haze layer. At lower temperatures (higher
altitudes) the abundance of gaseous sulfuric acid was not high enough to be
detected by VeRa. Liquid sulfuric acid existing in this altitude region is almost
transparent for radio waves at S-and X-band (section 4.1.3) and was therefore not
detected by VeRa as well. At lower altitudes the temperature was high enough to
evaporate enough liquid sulfuric acid to be detected by VeRa. The evaporation
depends strongly on the environmental temperature. The observed latitudinal
temperature gradient presented in Figure 7.12 is therefore the reason for the
observed latitudinal gradient of the topside of the H,SO,(g) haze layer.

2. An accumulation of sulfuric acid vapor between about 44 and 49 km altitude
at equatorial latitudes (25°S - 25°N) as well as below 45 km altitude at polar
latitudes (> 60°S/N). Increased values of more than 12 ppm can be observed in
the first mentioned region, while highest values of 8 to 10 ppm are visible at both
polar latitudes. The enhanced accumulations are most probably a consequence
of the predominant atmospheric dynamics at these spatial regions. The study of
the wind dynamics at these regions along with the comparison of the here derived
global HySO,(g) distribution is presented in chapter 8.

The comparison of the upper with the lower panel of Figure 7.12 shows the influence
of the global HySO4(g) distribution on the depth of the achieved profiles. For example,
the increased accumulation of HoSO4(g) at the equatorial latitudes is obviously a strong
barrier for radio waves at X-band. The radio waves passed this barrier once when the
altitude region between 44 and 49 km was sounded. Due to the spherical shape of Venus,
however, the waves passed the barrier twice when the region below 44 km altitude was
sounded leading to a stronger absorption. In many measurements a carrier signal could
therefore not be detected anymore at the tracking station when the lower altitude region
was sounded. The deepest altitude of the most HySO,4(g) profiles achieved from these
latitudes is therefore located between 44 and 46 km (see upper panel in Figure 7.12).
In contrast to this, such a barrier is not present in the latitudinal region between 20°S
and 40°S. The number of HySO4(g) profiles showing the altitude region below 44 km
is therefore distinctly higher compared to the equatorial region. At the southern polar
latitudes, the increased HySO4(g) abundance at the lower altitudes limits the depth of
the HySOy4(g) profiles. Due to the lower refractive loss at the northern polar latitudes
(cf. Figure 6.4) the power of the X-band radio signal was strong enough to withstand
the absorption caused by the increased HySO,4(g) abundance at the lower altitudes.
The number of profiles showing altitudes around 40 km is therefore highest at these
latitudes.
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7.3.2 H,SOy4(g) abundance variations

The global distribution of HySO4(g) shown in Figure 7.12 is in general the same on
both, the dayside and the nightside of the planet. However, significant abundance vari-
ations of the HySOy4(g) accumulated regions at the equatorial and polar latitudes could
be observed. Similar to the SO, long-term variation observed at both polar regions
(cf. Figure 7.7.a)), the HySO4(g) mixing ratio reveals a clear long-term trend at the
northern polar latitudes in the same period of time. The equatorial HySOy4(g) content
shows no such variation, which is in agreement with the observed SO, abundance in
this latitudinal region. In contrast to the SO, abundance, however, the equatorial
H,S04(g) values show indications for a local time dependance. In the following, the
variations of the enhanced H,SO4(g) accumulations at both latitudinal regions are dis-
cussed. For this purpose, the column density of HySO,(g) was computed between 42
and 47 km altitude at the northern polar region (> 75°) and between 46 and 50 km at
the equatorial latitudes (25°S - 25°N). It is visible from the upper panel of Figure 7.12
that the number of available HySO4(g) data decreases with decreasing altitude. The
number of HySO4(g) profiles covering the above mentioned altitudes is lower than that
covering the altitude range from 51 to 54 km in which SO, variations were analyzed.
Therefore, the analysis of the SO, variations presented in section 7.2 comprises a larger
number of profiles than the analysis of the HySO,4(g) variations.

Long-term variation at northern polar latitudes

In contrast to the study of the SO, long-term variation between 51 and 54 km alti-
tude which was carried out at both polar regions (cf. Figure 7.7.a)), that of HySO,(g)
is limited to the north pole. It can be seen from the lower panel of Figure 7.12 that
enhanced HySO,(g) values at the polar regions are located below 47 km altitude. From
the upper panel it can be seen that the number of HySO4(g) profiles reaching these
altitudes at the southern polar region is small compared to that at the north pole. The
study of abundance variations at the southern polar latitudes would therefore be of
limited informative value.

The upper panel in Figure 7.13 shows the temporal evolution of the HySO,4(g)
column density between the years 2006 and 2013 in the altitude range from 42 to 47
km at the northern polar latitudes. While the lowest column densities can be found in
the year 2007 with a mean value of 0.51 - 10%° km~2, a clear increase is visible between
2007 and 2008. From the end of 2008 onwards, distinctly enhanced values can be seen
compared to those in 2006 and 2007. A mean value of 1.38 - 103Y km~2 was calculated
for this HySO4(g) high abundant period.
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Figure 7.13: Upper panel: HySO;(g) column density computed between 42 and 47 km alti-
tude in the northern polar region (75° - 90°) between 2006 and 2015. Red data represent av-
eraged values computed from measurements obtained from different occultation seasons. Er-
ror bars (0.01 - 0.2-10%° km™?) were calculated using the standard error propagation; Lower
panel: Temporal evolution of the mean temperature at 44 km altitude in the northern polar
region (75° - 90°) between 2006 and 2014. The lower panel was adopted from Figure 7.8.d).

Figure 7.14 shows the corresponding mean sulfuric acid vapor abundance profiles
from the HySO4(g) low (panel a)) and high (panel b)) abundant periods. The profile
from the earlier years show an almost constant mean HySO, abundance of about 4
ppm in the altitude range between 40 and 46 km. The dispersion of the observed
values, which emphasizes the variability of the Hy,SO4(g) abundance, is in the order
of 2 ppm, increasing to 4 ppm around 41 km altitude. In contrast to this, the profile
from the high abundant period shows increased HoSO,4(g) values below 46 km altitude
with the highest abundance of 10 ppm around 43 km. Here, the variability reaches
values of up to 12 ppm. Obviously, the enhanced abundance is accompanied by an
increased level of dispersion. However, the higher dispersion during the HySO,(g) high
abundant period may be a consequence of the larger number of profiles available from
the later years compared to the number of profiles from the earlier years. Below 43
km altitude, a gradual decrease of the mean HySO,(g) abundance is visible to lowest
values ranging between 6 and 8 ppm around 38 km altitude. Here, the profiles from
both, the HySO,4(g) low and high abundant periods show similar values.
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Figure 7.14: Mean HySO,(g) profiles (blue straight line) and observed variation (blue
dashed lines) at the northern polar latitudes between the years 2006 and 2007 (panel a)) as
well as between end of 2008 and 2018 (panel b)). Error bars were calculated using the stan-
dard error propagation. The mean saturation abundance (black straight line) was computed
using equation (5.18). Narrow figures attached to the mean HpSO,(g) profiles represent the
number of data used for averaging.

Similar to the long-term trend of the polar SOy abundance visible in Figure 7.7.a),
that of HySO,(g) is probably caused by the temperature variations presented in Figure
7.8. It is likely that the latter particularly affected the vertical transport in this spatial
region and this way increased the abundance of HySO,(g) as well as that of SO, in the
earlier years of VeRa’s observations.

A second reason for the increase of the HySO4(g) abundance before 2010 may be an
enhanced production rate of sulfuric acid in the upper cloud region (section 2.2). This
can be a consequence of the increased SO, content observed at cloud top altitudes in
the earlier years (cf. Figure 7.11.a)). The increased production rate may consequently
led to enhanced amounts of H,SO, which were transported from higher to lower atmo-
spheric regions by means of downward directed winds at latitudes poleward of 60°.

Additionally, the increase of the temperature in these years may had an direct in-
fluence on the HySO,4(g) abundance. As an example, the lower panel of Figure 7.13
shows the temporal evolution of the one-year averaged temperature at 44 km altitude
adopted from Figure 7.8.d). It is clearly visible that the increase of the HySOy4(g) col-
umn density around the year 2008 coincides with that of the temperature. The latter
led to an increase of the HySO, saturation vapor pressure (cf. Figure 7.14) so that
consequently an enhanced amount of HoSO,(g) existed at these altitudes.
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The comparison of the long-term trend of HoSO,4(g) with that of SO, reveals that
the enhancement of both species between 2006 and 2009 is time-shifted. This is a
consequence of the time-shifted temperature increase at different altitudes during this
period of time (cf. Figure 7.8).

Local time dependance at equatorial latitudes

The upper panel in Figure 7.15 shows the column density of HySO4(g) in the alti-
tude range between 46 and 50 km at equatorial latitudes as a function of the local time.
It can be seen that the values on the nightside of the planet, between 0 h and 3 h, are
lower compared to those on the dayside. A mean value of 0.69 &= 0.02 - 10°° km~2 was
derived for the nightside values. In contrast to this, a mean value of 1.03 & 0.04 - 103°
km~2 was computed for the dayside column density between 6 h and 10 h local time.
The column densities between 18 h and 24 h show a large dispersion, with values sim-
ilar to those derived for the previous time periods.

Figure 7.16 shows the corresponding mean sulfuric acid vapor abundance profiles.
While panel a) represents that obtained from the nightside (0 h - 3 h), panel b) shows
the profile from the dayside of the planet between 6 h and 10 h local time. In general,
both profiles agree with each other above about 49 km altitude as well as between about
40 and 43 km. A mean value of 4 ppm can be observed around the 1 bar pressure level.
Values between 4 and 6 ppm can be seen between 40 and 43 km altitude. Below 40 km
altitude, a clear divergence of both profiles is visible with a minimal value of 2 ppm on
the dayside and a maximal value of more than 7 ppm on the nightside. In this altitude
region, however, the number of HySO4(g) profiles is small so that the divergence may
be a consequence of the measurement-to-measurement variability. As can be already
seen in Figure 7.12, the highest HySO,(g) abundance can be found in the altitude range
between 44 and 49 km. In this altitude region, the largest difference in both profiles
can be observed, which leads to the different column density values on the day-and
nightside of the planet. Here, maximal values of 8 ppm are visible on the nightside of
the planet, while on the dayside about 12 ppm can be seen. Further it is visible that
similar to the polar region, the enhanced HySO,4(g) values at the equatorial latitudes,
are accompanied by an increased level of dispersion. A variation of up to 6 ppm on the
nightside and up to 12 ppm on the dayside can be observed. The smaller dispersion on
the nightside, however, may be a consequence of the smaller number of profiles from
this period of time compared to the number of profiles from the dayside. Similar to
the HySO4(g) variation at the northern polar region, that at the equatorial latitudes is
most probably caused by variations of the vertical transport which is a consequence of
temperature variations in this spatial region.
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Figure 7.15: Upper panel: HpSOy(g) column density computed between 46 and 50 km al-
titude in the equatorial region (25°S - 25°N) between the years 2006 and 201/. Error bars,
in the order of 0.01 - 0.1-10°Y km™?, were calculated using the standard error propagation;
Lower panel: Temperature at 47 km altitude in the same latitudinal region derived from
VeRa’s radio occultation data from the years 2006 to 2014. Red data represent mean val-
ues resulting from averaging over a time period of 6 hours.

The lower panel in Figure 7.15 shows the temperature in the equatorial region at 47
km altitude as a function of the local time?. A weak wavelike structure is visible with
maximums located between 8 h and 10 h local time and between 20 h and 22 h. The
minimums are located between 2 h and 4 h local time and between 14 h and 16 h. The
oscillation is emphasized by the red data points which represent mean temperatures
resulting from averaging of values located in bins of 6 hours each. It is likely that this
oscillation is a global-scale atmospheric wave excited by solar heating, i.e., a thermal
tide. The observed period of 12 hours indicates a semidiurnal tide whose influence is
strongest at low latitudes (e.g. Kouyama et al., 2019). A clear oscillation with a period
of about 12 hours is also visible in the HySO4(g) column density values visible in the

2)The temperature at 47 km altitude is shown here representatively for the region between 44 and
49 km, as the largest difference in the day and night HoSO4(g) profiles can be observed at this altitude
(cf. Figure 7.16).
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Figure 7.16: Mean HyS0O,(g) profiles (blue straight line) and observed variation (blue
dashed lines) between 0 and 3 h local time (panel a)) as well as between 6 and 10 h local
time (panel b)). Error bars were calculated using the standard error propagation. The mean
saturation abundance (black straight line) was computed using equation (5.13). Narrow fig-
ures attached to the mean HpSO,(g) profiles represent the number of data used for averag-
ing.

upper panel of Figure 7.15. Similar to the lower panel, it is emphasized by the red
data points which represent mean column densities resulting from averaging of values
located in bins of 6 hours each.

The oscillations of both, the HySO4(g) column density and that of the temperature
are in-phase. The wavelike structure in the HoSO4(g) column density values is therefore
most probably a manifestation of a tidal influence. The heating of the atmosphere on
the dayside of the planet causes an expansion of the air. This process may enhance the
vertical transport in the upward directed branch of the Hadley cell at equatorial lati-
tudes. The amount of upward transported HySO,4(g) is therefore higher on the dayside
than on the nightside of the planet.

In contrast to the polar latitudes, the temperature variation at equatorial latitudes
visible in the lower panel of Figure 7.15 was too small to influence the H,SO, satu-
ration vapor pressure (cf. Figure 7.16). It is therefore likely that the variation of the
H,S04(g) abundance presented in the upper panel of Figure 7.15 is caused by transport
variations, only.

In contrast to HySO4(g), a tidal influence could not be observed in the equatorial
SO, abundance presented in section 7.2. This is most probably a consequence of the
small sensitivity of the X-band radio signals to sulfur dioxide. The increased error bars
of the SOy values (cf. Figure 7.7.b)) may superimpose any tidal variations.
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Comparison with previous observations

Absorptivity and sulfuric acid vapor profiles were previously obtained from Mariner,
PVO and Magellan radio occultation measurements (see section 4.2). In the following
those are compared with the HySO4(g) abundance derived from VeRa’s observations
between the years 2006 and 2014.

The red and black profiles in Figure 7.17.a) show the H,SO,(g) abundance at equa-
torial latitudes derived from Mariner V observations at the planet’s nightside and
dayside, respectively, adopted from Figure 4.2. Equation (4.20c) was used to transfer
S-band absorptivity profiles published by the Mariner Stanford Group (1967) as well as
by Fjeldbo et al. (1971) into HySO4(g) profiles. The green profile in Figure 7.17.a) show
the equatorial sulfuric acid vapor abundance derived by Kolodner and Steffes (1998)
from Mariner 10 radio occultation data. For comparison, the mean HySO4(g) profiles
derived from VeRa’s measurements between the years 2006 and 2014 at the equatorial
day- and nightside shown in Figure 7.16 were averaged to one profile. While the latter
is presented by the straight blue profile in Figure 7.17.a), the dashed blue profiles show
its observed variation.

Although with a few minor exceptions the mean HySO4(g) profile derived from
VeRa’s observations show higher abundance values than the Mariner profiles, a gen-
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Figure 7.17: Suvlfuric acid vapor abundance profiles obtained from Mariner, Magellan and
Venus Ezpress radio occultation measurements at different latitudinal regions: a) equato-
rial latitudes, b) 65 - 70°S/N, c) polar region. Profiles from the Mariner observations were
adopted from Figure 4.2 and Figure 4.3. While the Magellan profile in panel b) was adopted
from Figure 4.5, that in panel ¢) was adopted from Kolodner and Steffes (1998).
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eral agreement is visible within the observed variation of the VeRa profiles (dashed
blue lines). All profiles show the highest HySO,(g) abundance values in the altitude
range between 44 and 50 km as well as a gradual decrease below that altitude region.
Below 42 km altitude, the profile derived from the Mariner 10 measurement show the
lowest HySO4(g) values which barely exceed 2 ppm. Such low values at these altitudes
were neither observed by the Mariner V nor by the Venus Express spacecraft. This
shows that the variation of the HySO,4(g) abundance exceeds that observed by VeRa
between the years 2006 and 2014. The enhanced oscillations visible in the Mariner
V and Mariner 10 HySO,4(g) profiles above about 50 km altitude are most probably
caused by noise and/or atmospheric turbulence rather than by variation in the sulfuric
acid vapor abundance.

In the panels b) and c) of Figure 7.17 mean H,SO,(g) abundance profiles obtained
from VeRa’s measurements are compared with those obtained from the Magellan space-
craft. The red profile in panel b) shows the HySO4(g) abundance derived from Mag-
ellan’s X-band absorptivity data at the cold collar latitudes adopted from Figure 4.5.
Equation (4.20b) was used to transfer Magellan’s absorptivity data into sulfuric acid
vapor abundance profiles. The straight blue profile shows the mean HySO,4(g) abun-
dance derived from VeRa’s measurements, while the dashed lines represent its variation.
Data obtained from the years between 2006 and 2014 from the latitudes between 65 -
70°S/N were used. Panel ¢) shows the mean HySO4(g) abundance and its variation at
the northern polar latitudes derived from VeRa’s measurements from the years 2006 to
2014 (blue profiles) along with a southern polar HySO4(g) profile derived by Kolodner
and Steffes (1998) from Magellan’s S-band absorptivity data. The blue profile repre-
sents the mean HySO,4(g) abundance computed from the profiles shown in Figure 7.14.

It is clearly visible that the Hy,SO4(g) profiles derived from Magellan’s and VeRa’s
absorptivity data are consistent with each other within VeRa’s HySO,4(g) variation
range (dashed blue lines) at both latitudinal regions. Both profiles show enhanced
abundance values below about 48 km altitude as well as relatively low values above
that region.

The comparison of abundance profiles derived from Mariner’s occultation measure-
ments with those derived from Magellan’s data indicates a latitudinal dependance of
HySO,(g) similar to that found in VeRa’s observations (cf. Figure 7.12). A clear latitu-
dinal variation was observed by Cimino (1982) as well as by Jenkins and Steffes (1991)
in the S-band radio absorptivity derived from Pioneer Venus radio occultation mea-
surements. Those are presented in Figure 4.4. They detected an increased absorption
of the S-band radio signal just below the cloud bottom (~ 50 km) at equatorial lati-
tudes indicating enhanced HySO,4(g) abundance values in this spatial region. Cimino
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(1982) additionally observed a decrease of the absorption with decreasing altitude, so
that in general the vertical distribution of the S-band absorption at the lower latitudes
is similar to the equatorial HySO4(g) abundance presented in the Figures 7.12, 7.16
and 7.17.a).

Increased S-band absorption at latitudes > 70° was detected at lower altitudes
compared to the equatorial region. This is consistent with the polar vertical HySO,(g)
distribution derived from VeRa’s data (cf. Figures 7.12, 7.14 and 7.17.c)). Jenkins
and Steffes (1991) additionally observed that the S-band absorption between about 43
and 48 km altitude at northern latitudes between 72° - 80° is higher compared to that
at latitudes > 85°N in the same altitude region (cf. Figure 4.4.e)). This is consistent
with the polar HySO4(g) distribution derived from VeRa’s measurements presented in
Figure 7.12. It is clearly visible that the highest HoSO4(g) abundance at the northern
polar latitudes is located between about 70° and 80°. This distribution of HySO,4(g)
may be a consequence of the transport mechanisms within the polar region.

The comparison of the S-band absorptivity profiles obtained by Cimino (1982) from
the cold collar latitudes (panel ¢) in Figure 4.4) with those achieved by Jenkins and
Steffes (1991) (panel e) in Figure 4.4) from the same latitudinal region reveals a clear
difference. The first mentioned profiles, obtained during the years 1978/1979, show
distinctly higher absorptivity values than the second mentioned profiles which were
achieved in the years 1986,/1987. The distinct lower absorption values observed during
the latter period indicates a decrease of HoSO4(g) between the years 1978/1979 and
1986,/1987 in this spatial region as previously mentioned by Jenkins and Steffes (1991).

This long-term variation at higher latitudes is similar to that in the HySO,4(g)
abundance observed at the northern polar latitudes (> 75°) between the years 2006
and 2013 (cf. Figures 7.13 and 7.14). The latter was most probably caused by an
increased production rate of HoSO,4 at higher altitudes and/or long-term variations of
the temperature shown in Figure 7.8. As mentioned in the context of the SO, long
term variation in section 7.2 (Figure 7.11), the significant temperature increase ob-
served before the year 2010 may be a consequence of the decrease of Venus’ 365 nm
albedo. The latter was observed by Lee et al. (2015) as well as by Lee et al. (2019)
at all latitudinal regions. The albedo decrease was preceded by an increase of the un-
known UV absorbing gas species, whose precursor is thought to be sulfur dioxide (e.g.
Mills et al., 2018). Enhanced values of the latter were observed by Marcq et al. (2020)
between the years 2006 and 2010 (cf. Figures 2.4.b) and 7.11.a)).

Similarly high SO, abundance values were reported by Esposito et al. (1988) at
cloud top altitudes. They observed distinctly enhanced SO, values around the year
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1978 and a gradual decrease in the later years. The increased SO, abundance could
have increased the content of the unknown UV absorber so that a resultant increased
absorption of the solar flux led to a heating of the atmosphere® . The latter may have
increased the amount of HySO,4(g) by affecting the vertical transport and the satu-
ration vapor pressure of HySO,4. Additionally, as already mentioned in the context
of the HySO4(g) long-term variations observed in VeRa’s data (cf. Figure 7.13), the
enhanced SO, content in the upper clouds may have increased the production rate of
sulfuric acid in this altitude region. This way an increased amount of H,SO, may have
been transported to lower altitudes. Consequently, an enhanced absorption of PVQO’s
S-band radio signal was observed when the latitudinal region between 70° and 80° was
sounded during this period of time.

The occurrence of enhanced SO, abundance values at cloud top altitudes and in-
creased absorption/HySOy4(g) values in the lower atmosphere observed in the years
1978/1979 is similar to that observed between the years 2007 and 2009 (cf. Figure
7.11.a) and 7.13). It is therefore likely that the events occurred at both time periods
are triggered by similar mechanisms. Volcanic forcing as well as periodic changes in
atmospheric dynamics were proposed by various authors as reasons for the observed
rapid increase in SO, at cloud top altitudes (e.g. Esposito et al., 1988; Marcq et al.,
2012).

3)Neither Cimino (1982), nor Jenkins and Steffes (1991) provided any corresponding temperature
profiles. A study of its temporal evolution, similar to that presented in Figure 7.8, is therefore not
possible on the basis of PVQO’s data.
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Chapter 8

Model results and comparison with
observations and previous simulations

The zonally averaged HySOy4(g) distribution presented in Figure 7.12 shall be repro-
duced by using the transport model described in chapter 5. This way conclusions about
the formation processes of the H,SO4(g) high abundant regions can be drawn. For this
purpose, a total number of seven main simulation runs are conducted, each with dif-
ferent model settings. At each run the model is checked for its ability to reproduce the
H,S04(g) accumulated regions at equatorial and high latitudes.

In Test 0, the influence of the global temperature distribution in combination with
sedimentation and diffusion is studied. For this purpose, the wind transport in equation
(5.14) is neglected and two model runs are performed: a) The observed temperature
distribution shown in Figure 2.1a) is used in the background atmosphere of the model;
b) The latitudinal temperature gradient is removed so that the background atmosphere
of the model consists of the equatorial vertical temperature distribution, only. In Test 1,
wind transport is considered by including the two convection cells presented in section
5.1 into the model and the simulation is performed using the observed temperature
gradient. The significance of the individual Hadley and polar convection cells is studied
in Test 2 and Test 3. Similar to the simulation run Test 0, two simulation runs, i.e., a)
and b), shall be performed. Table 8.1 summarizes the model settings for all executed
simulation runs.

Section 8.1 presents the global HySO4(g) distributions obtained from the simulation
runs Test 0 to Test 3 (section 8.1.1) as well as the comparison with VeRa’s observations
(section 8.1.2). The global distribution of the Venus clouds and that of water vapor
obtained from the simulations are presented in section 8.2. A comparison with previous
observations as well as with other model results is given in section 8.3.

121
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Simulation Convection Temperature
cells L .
run distribution

Hadley Polar

a) observed

Test 0 No No b) dT/dé — 0
Test 1 Yes  Yes  a) observed
a) observed
Test 2 Yes No b) dT/dg — 0
Test 3 No Yes a) observed

b) dT/d¢ = 0

Table 8.1: Summary of conducted simulation runs. A total number of 7 runs are per-
formed (Test 0 a), b),..., Test 8 a), b)) in order to study the influence of the transport
mechanisms and that of the latitudinal temperature distribution on the computed zonally
averaged HyS0,(g) abundance. The expressions 'Yes’ and 'No’ stand for ’implemented’ and
not implemented’, respectively. The latitudinal temperature distribution used in the back-
ground atmosphere of the model is presented by a) and b). Test 1b) is not necessary, since
this case is included in Test 2b) and Test 3b).

8.1 Model results and comparison with VeRa

All simulation runs are performed until a steady state is achieved for the global distri-

butions of n* and n,%. The following settings are used in all simulation runs:

dz = 0.5 km
dp =1°
dt = 6 hours.

8.1.1 Modeled H,SOy(g) distribution

Comparison of results obtained from Test 0 and Test 1

Three simulation runs are performed here. The influence of the latitudinal tem-
perature gradient on the global HySOy4(g) distribution is studied in Test 0a) and in
Test 0b). The mass transport is controlled solely by sedimentation and eddy diffusion.
Wind transport is neglected. The influence of the latter is additionally considered in
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Test 1, where the observed temperature distribution is used (Test 1a) in Table 8.1).
Figure 8.1 shows the results.

The upper and middle panels in Figure 8.1 show the HySO4(g) distributions ob-
tained from the simulation runs Test 0a) and Test 0b). A clear difference in the
abundances and distributions can be seen. In general, the upper panel shows distinctly
higher sulfuric acid vapor values compared to those in the middle panel. Additionally,
the HySO4(g) distribution obtained from Test 0a) reveals an enhanced accumulation
located at polar latitudes which is missing in Test 0b). Both features are consequences
of the respective global temperature distributions (cf. Figure 2.1a)).

Gaseous sulfuric acid is produced in the upper cloud region around 66 km altitude
where it rapidly condensates into droplets due to the low temperatures. In the model
run Test 0a), the condensation rate increased with latitude as a consequence of the lat-
itudinal temperature gradient. The increased condensation rate enhanced the amount
of HySO4-H50 droplets at high latitudes. The latter was constantly higher than the
equatorial droplet amount, despite the fact that the HoSO4(g) production was highest
at lower latitudes (cf. equation (5.21)). Consequently, the downward transport by sed-
imentation and diffusion as well as the subsequent evaporation at lower altitudes led
to the enhanced HySO,4(g) accumulation at high latitudes visible in the upper panel.
Values of up to 20 ppm can be found poleward of 75° around 41 km altitude. In the
deeper atmosphere, thermal decomposition (cf. equations (2.2), (2.3), (5.22)) led to a
loss of HySOy4(g) so that a decrease of the gas abundance is visible below that altitude.
In the equatorward direction, the gas abundance decreases gradually as a consequence
of the weaker H,SO, supply from higher altitudes. Maximal values of 8 to 11 ppm can
be found at low and mid-latitudes. Those are located at higher altitudes compared to
the highest values in the polar region as indicated by the white dashed line in Figure
8.1. Obviously, the altitude of the maximal HySO,4(g) abundance follows the latitudinal
temperature gradient. The latter caused a latitudinal variation of the evaporation rate
of the downward transported droplets. This is also the reason for the latitudinal trend
of the HySO4(g) haze layer’s topside.

As the latitudinal temperature gradient was removed in Test 0b), the condensation
rate in the clouds was constantly highest at the equatorial latitudes. This is a conse-
quence of the solar zenith angle dependance of the HySO4(g) production. Therefore, in
contrast to the increased amount of HySO4-H5O cloud droplets at high latitudes in Test
0a), the droplet amount in Test 0b) was highest in the equatorial region. The general
supply of liquid HSOy, from the upper clouds, however, was lower compared to that
at high latitudes in Test 0a). Additionally, eddy diffusion distributed the gaseous and
liquid particles in the vertical direction so that only small HySO4(g) amounts are visible
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Figure 8.1: HyS0,(g) distribution in Venus’ northern hemisphere obtained from the simu-
lation runs Test Oa), Test 0b) and Test 1a). The white dashed lines mark the altitude of the
highest HpSO,(g) abundance.

in the haze layer below about 50 km altitude. Maximal values of less than 3 ppm can
be found around 46 km at the equatorial latitudes. The gas content barely decreases
towards the polar region and maximal HySO4(g) values are constantly located around
46 km altitude (white dashed line) which is a consequence of the missing temperature
gradient. The latter is also responsible for the absence of the latitudinal trend of the
topside of the haze layer.
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The lower panel in Figure 8.1 shows the HySOy4(g) distribution obtained from the
simulation run Test 1a). In addition to sedimentation and eddy diffusion, the mass
transport by wind was considered here and the background atmosphere contained the
observed global temperature distribution visible in Figure 2.1a). In the following, the
H,SO4(g) distributions obtained from Test 1a) and Test 0a) are compared. The influ-
ence of wind transport is obvious so that distinct differences are visible.

The global HySO4(g) abundance obtained from Test a) is lower compared to that
obtained from Test 0a). This is mainly a consequence of the additional vertical trans-
port by wind: 1) The descending branches of the Hadley and polar cells transported
increased contents of HySO,(g) into the altitude region between 35 and 40 km where
it was horizontally distributed and thermally decomposed. A bulge has formed at the
bottom of the HySO4(g) haze layer as a result of the enhanced supply. 2) The as-
cending branches of both circulation cells transported HySOy4(g) from the haze layer to
upper altitudes. Here, the gas condensed into droplets due to lower temperatures and
this way decreased the haze abundance and increased the content of the clouds. The
obtained global distribution of the latter is discussed in section 8.2.

The Hy504(g) distribution obtained from Test 1a) reveals a clear accumulation at
the equatorial region instead of an almost uniform haze layer at low and mid-latitudes as
was obtained from Test 0a). The associated formation process was previously described
for example by Knollenberg and Hunten (1980) as well as by Imamura and Hashimoto
(1998). HySO4(g) was transported within the upwelling branch of the Hadley cell from
lower to higher altitudes. Due to the low temperatures in this region, the gas condensed
into droplets and fell back to lower altitudes. This opposite directed mass transport
is therefore responsible for the HySO,(g) accumulation visible at equatorial latitudes
in the lower panel. Here peak values of about 12 ppm were reached around 47 km
altitude. An additional simulation run with a circulation velocity decreased by 50%
led to a lowering of that altitude by about 2 km. Moreover, the maximal HySO,(g)
abundance increased to more than 20 ppm due to the higher saturation vapor pressure
at lower altitudes. Panel a) in Figure 8.2 shows the corresponding vertical HySO4(g)
profiles. It is obvious that the altitude of the maximum HySO,(g) abundance depends
on the velocity of the vertical wind.

The descending branches of the circulation cells located at mid-latitudes, trans-
ported increased HySO4(g) amounts into the lower region. As a consequence, the
highest HySO4(g) values at mid-latitudes are located deeper when compared to those
in the upper panel (cf. white dashed lines in Figure 8.1). Abundances of 7 to 8 ppm
can be seen between 30° and 40° around 41 km altitude. From here, a gradual increase
of the values towards the polar region is visible with highest abundances of about 16
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Figure 8.2: Vertical profiles of HySO;(g) in Venus’ equatorial and polar atmosphere (panel
a) and b), respectively) obtained from the simulation run Test 1a) performed with different
circulation velocities of the Hadley and polar cells. The horizontal dashed lines show the
approximate altitude of the 1 bar pressure level.

ppm located between 70° and 75° at 42.5 km altitude.

The ascending branch of the polar cell, located poleward of 75°, transported sul-
furic acid vapor to higher altitudes, where it condensed into droplets. This way, the
enhanced content of the haze was reduced at these latitudes, while the density of the
clouds increased. The process is similar to that caused by the Hadley cell at equatorial
latitudes. The altitude of the peak HoSO4(g) abundance also depends on the strength
of the upward directed wind of the circulation cell. It was lowered to 42 km in an
additional simulation run where the circulation velocity was reduced by 50%. The
maximum HySO4(g) abundance increased to more than 18 ppm due to the higher satu-
ration vapor pressure at lower altitudes. The corresponding vertical HySO4(g) profiles
can be seen in panel b) of Figure 8.2.

The comparison of both panels in Figure 8.2 reveals that the influence of the circu-
lation cells is more pronounced at the equatorial latitudes. Their impact on the global
H,SO,(g) distribution is studied in the simulation runs Test 2 and Test 5.
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Comparison of results obtained from Test 2 and Test 3

Four simulation runs are performed to study the individual influences of the respec-
tive cells. In each run, one circulation cell is removed and the simulation is performed
twice, a) with and b) without the observed latitudinal temperature gradient in the
background atmosphere. Test 2 was performed using the Hadley cell and in Test 3 the
polar cell was present (cf. Table 8.1). Figure 8.3 shows the results.

Obviously, the enhanced HoSO4(g) accumulation at equatorial latitudes has only
formed when the Hadley cell was present. As it can be seen from the simulation runs

Test 2b)

Altitude (km)

Test 3a) Test 3b)

C—

Altitude (km)

0 20 40 60 80 0 20 40 60 80
Latitude (deg) Latitude (deg)
Figure 8.3: HyS0,(g) distribution in Venus’ northern hemisphere obtained from the simu-

lation runs Test 2a) and b) as well as from Test 3a) and b). The white dashed lines in Test
2b) and Test 3b) mark the altitude of the highest HySO;(g) abundance.



CHAPTER 8. MODEL RESULTS AND COMPARISON WITH
128 OBSERVATIONS AND PREVIOUS SIMULATIONS

Test 2a) and Test 2b), the occurrence of the increased values obviously did not depend
on the global temperature distribution. Rather the interaction of upward directed
winds and sedimentation was the driving mechanism for its formation.

The low temperatures at higher latitudes in Test 2a), however, increased the den-
sity of the cloud droplets in this spatial region compared to Test 2b). The downward
transport and evaporation of the latter led to the formation of the enhanced HySO4(g)
accumulation below about 45 km altitude located at the mid- and high latitudes. This
effect was already demonstrated in the simulation run Test 0a) (Figure 8.1). The
influence of the polar cell on this formation process was obviously small. For this
reason, the global distribution of HySO,4(g) obtained from Test 2a) (polar cell not in-
cluded) is similar to that obtained from Test 1a) (polar cell included). Upward winds
located poleward of 75°, however, may constantly remove haze into higher altitudes so
that highest HySO,4(g) values are located at lower latitudes when a polar cell is present.

The small impact of the polar cell was confirmed by the simulation run Test 3a).
Here, the Hadley cell was removed and the polar cell was responsible for the wind trans-
port. As expected, its influence is visible at the highest latitudes, where the upward
winds lifted the bottom of the HySO,(g) haze layer to higher altitudes and reduced the
H,S04(g) content by constantly removing the gas into the clouds.

As the latitudinal temperature gradient was removed in Test 3b), a region of en-
hanced H,SO4 vapor has formed between 45 and 48 km altitude. This is the conse-
quence of the interaction of upward directed winds of the polar cell and sedimentation.
The formation process is identical to that caused by the Hadley cell at equatorial lat-
itudes. The polar cell in Test 3b) was not capable of forming an enhanced HySO,(g)
accumulation below about 45 km altitude.

The influence of the Hadley and polar cells was not limited to the corresponding
latitudinal regions. This becomes most clear when the HySOy4(g) distributions obtained
from Test 2b) and Test 3b) are compared with that obtained from Test 0b) (Figure
8.1). Obviously, the HySO4(g) abundance increased globally when at least one circula-
tion cell was present. Apart from the regions of enhanced accumulations, the highest
values increased from less than 3 ppm in Test 0b) to 7 - 10 ppm in Test 2b) and Test
3b). The altitude of the maximal HySO4(g) abundance is marked by the white dashed
lines in the corresponding figures.

The results of the simulation runs Test 0a) to Test 3b) are summarized in table
8.2. The region of enhanced HySO,4(g) accumulation at equatorial latitudes has only
formed when the Hadley cell was present. No influence of the global temperature
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Simulation Convection Temperature HQSO4(g.)
. cells distribution accumulation
Hadley Polar Equatorial Polar

a) observed 4 v

Test 0 No No b) dT/dg — 0 5 %
Test 1 Yes Yes  a) observed v 4
a) observed v v

Test 2 Yes No b) dT/dg — 0 v/ %
a) observed )4 v

Test 3 No Yes b) dT/dé — 0 5 %

Table 8.2: Summary of the results derived from the conducted simulation runs (cf. table
8.1).

distribution was found. The increased H,SO4(g) content below about 45 km at mid-
and polar latitudes was formed by the downward transport of an increased number of
cloud droplets at these latitudes. The enhanced droplet densities were favored by the
low temperatures at high latitudes. The influence of the polar cell was small.

8.1.2 Comparison with VeRa

The global distribution of HySO4(g) as observed by VeRa could be successfully repro-
duced by the simulation runs Test 1a) and Test 2a). While the Hadley circulation was
included in both runs, the polar cell was only present in Test 1a). Due to the small
influence of the latter on the formation process of the HySO4(g) accumulation at mid-
and high latitudes, both simulation runs provided similar results.

In the following, those are compared with observations obtained from VeRa’s radio
occultation experiment. The focus is put on small differences between the observed
and the modeled results.

The upper and middle panels of Figure 8.4 show the global HySO,4(g) distributions
obtained from both successful simulations runs Test 1a) and Test 2a). The zonally and
temporal averaged HySOy(g) distribution obtained from VeRa is presented in the lower
panel for comparison. It is clearly visible that the regions of enhanced HySOy4(g) ob-
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Figure 8.4: HyS0,(g) distribution in Venus’ atmosphere obtained from the simulation
runs Test 1a) (upper panel), Test 2a) (middle panel) as well as derived from VeRa’s radio
occultation observations (lower panel) adopted from Figure 7.12.

tained from observations and simulations are in excellent global agreement. However,
small differences in the abundances can be seen at the equatorial and the mid-/polar

latitudes.
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FEquatorial latitudes

The HySO4(g) accumulated region at the equatorial latitudes has formed in both
simulation runs as a consequence of the interaction of sedimentation and upward di-
rected winds within the ascending branch of the Hadley cell. It is clearly visible from
Figure 8.4 that the location of the modeled HySO4(g) accumulation at these latitudes
in general agree with that observed by VeRa. Moreover, the HySO,(g) abundances of
the modeled regions (peak values of 12 - 15 ppm) agree well with the observed ones
(~ 13).

However, small differences can be seen below the locations of the highest HySO,4(g)
abundances in the altitude range between about 44 and 47 km. Here, the decrease of
HySO,(g) is more pronounced in the model results compared to the observed decrease.
This can be clearly seen in Figure 8.5a). In contrast to the mean HySO4(g) profile
observed by VEX, the profiles obtained from Test 1a) and Test 2a) show a rapid
decline of the haze between about 44 and 47 km altitude. The difference may have
several reasons:
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Figure 8.5: Vertical profiles of HoSO,(g) at equatorial latitudes obtained from VeRa’s ob-
servations as well as from the simulation runs Test 1a) and Test 2a). For the run Test 1a)*
the global temperature was decreased by 10 K. Test The horizontal dashed lines show the ap-
prozimate altitude of the 1 bar pressure level.
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i) The comparison of the profile obtained from Test fa) with that obtained from
Test 2a) shows that variations of the polar cell may affect the HySO,(g) abun-
dance at the equatorial latitudes. Obviously, the absence of the polar cell in Test
2a) led to higher haze contents at equatorial latitudes. Moreover, the location
of the HySO4(g) peak value moved to lower altitudes. The influence of both
circulation cells on the global HySO4(g) distribution can also be seen in Figure
8.3.

ii) The difference may also be associated with vertical wind velocity variations in
this spatial region. Their occurrence is most likely in Venus’ atmosphere but they
were not included in the simulation runs. Instead, constant upward winds were
applied in the model, whose vertical velocities are presented in Figure 5.2. Figure
8.2a) shows that the altitude of the peak abundance can move to lower altitudes
when the wind velocity is reduced by 50%.

iii) Wind velocity variations can be caused by temperature variations. The latter
may also impact the cloud density and this way influence the amount of down-
ward transported HySO4-H5O droplets into the deeper atmosphere where liquid
H,SO, evaporates into gas. This may affect the altitude of the maximal HoSO4(g)
abundance. In an additional simulation run, a decrease of the global tempera-
ture by 10 K lowered the location of the peak abundance by about 2 km. The
corresponding profile is presented in panel b) of Figure 8.5.

iv) Temperature variations can also have a significant influence on the saturation va-
por pressure of sulfuric acid and may therefore affect the abundance of HoSO4(g)
as well as the location of the maximal value.

The above mentioned factors may contribute to a significant variation of the abundance
and location of the HoSO4(g) peak values at equatorial latitudes. They are not mu-
tually exclusive. Rather they act interdependently and this way most probably affect
the vertical extension of the HySO4(g) accumulation in this spatial region.

Mid- and high latitudes

The HySO4(g) accumulated region at mid- and high latitudes below about 45 km
altitude has formed in both simulation runs as a consequence of the increased evapora-
tion of an enlarged number of cloud droplets. The presence of the latter was the result
of the low temperatures in this spatial region. The contribution of the polar cell to
the formation process of the HySO4(g) accumulation was minor. Its influence is most
visible at the highest latitudes, >70°, where upward directed winds transported the gas
into the clouds. This way the HySO,4(g) abundance below about 42 km altitude was
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Figure 8.6: Vertical profiles of HoSO(g) in Venus’ northern polar atmosphere obtained
from the simulation runs Test 1a) and Test 2a) as well as obtained from VeRa’s observa-
tions. The horizontal dashed line show the approximate altitude of the 1 bar pressure level.

reduced at these latitudes. A reduction of the gas content can also be seen in VeRa’s
observation at the northern polar latitudes indicating the presence of upward winds in
this spatial region.

It is visible from Figure 8.4 that the modeled location of the HySOy4(g) high ac-
cumulated regions in general matches the location observed by VeRa. This indicates
that the formation process in the model may serve as a possible explanation for the
observed gas accumulation in Venus’ atmosphere at these latitudes.

Modeled and observed abundances reveal similar values of 7 to 9 ppm at mid-
latitudes. Differences can be seen at higher regions. Here, the modeled HySO,4(g)
accumulations reveal peak abundances of 16 ppm (Test 1a)) to 18 ppm (Test 2a))
at latitudes >70°. The observation shows maximal mean values of almost 10 ppm
around 75°N and about 14 ppm around 80°S. The southern abundance, however, is
only confirmed by a small number of measurements (cf. upper panel in Figure 7.12)
while the northern values contain the influence of the long-term trend of HySO4(g) in
this spatial region (cf. upper panel in Figure 7.13).
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Figure 8.6 shows the modeled and observed vertical profiles of HySO,(g) around
75°N. The latter was corrected for the above mentioned long-term trend. Obviously,
the modeled profile agrees with the observed values within their variation range. How-
ever, the vertical extension of the observed HySO,(g) accumulation, with peak values
around 43 km altitude, is larger compared to the vertical extension of the modeled
region. The disagreement is similar to that visible at the equatorial latitudes and the
factors i) to iv) may also serve as possible explanations for the disagreement at the
polar latitudes.

The HySO,4(g) high abundant regions at the equatorial and high latitudes observed
by VeRa are clearly separated by a region of less gas content. Due to the orbit geometry
of Venus Express, this spatial region could only be observed in the southern hemisphere.
The separation is also visible in the modeled results. Values of 5 ppm to more than 7
ppm can be found in both, the observed and the modeled HySO4(g) distributions. In
the model calculations the separation was caused by the descending branches of the
circulation cells (cf. Figure 5.1). The latter constantly transported HoSO4(g) to lowest
altitudes where the gas was thermally decomposed. The downward transport at mid-
latitudes consequently reduced the HySO,4(g) abundance between about 40 and 50 km
altitude. The similarity of the modeled and the observed gas distributions indicates
that such a downward transport may indeed exist in Venus’ atmosphere where it is
responsible for the clear separation of the HySO4(g) high abundant regions observed
by VeRa.

The presence of downward directed winds in Venus’ mid-latitudinal region is sup-
ported by the observed latitudinal distribution of SO between 51 and 54 km altitude.
The latter was derived from VeRa’s X-band data. Figure 8.7 shows the mass stream
function ¢ adopted from Figure 5.1 with superimposed mean SO, values adopted from
Figure 7.6. Values from the southern hemisphere were transferred to the corresponding
northern latitudes.

It is visible that regions of increased SO, values coincide with the upwelling branches
of the circulation cells. Upward directed winds at equatorial and polar latitudes may
have transported sulfur dioxide from lower to higher altitudes. Lowest SO, values
were observed at mid-latitudes. Their location coincides with that of the downwelling
branches of the circulation cells. The latter may have transported sulfur dioxide from
higher to lower altitudes and this way reduced the amount of SO, at mid-latitudes
around the cloud base level.
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Figure 8.7: Mean SOy abundance in the altitude region between 51 and 54 km derived
from VeRa’s X-band data between the years 2006 and 2015 (data from the southern and
northern hemisphere were adopted from Figure 7.6) superimposed on the mass stream func-
tion 1 in the northern hemisphere used in the simulation run Test 1 (adopted from Figure

5.1).

8.2 Modeled distributions of the clouds and water va-
por

In the previous section the influence of both circulation cells on the HySOy4(g) distri-
bution in the lower atmosphere was studied. The comparison of modeled results with
those obtained from VeRa’s HySO,4(g) and SO, observations supports the presence of
upward directed winds at equatorial and polar latitudes as well as downward directed
winds at mid-latitudes. In the present section their impact on the clouds, consisting of
H>S04-H50O droplets, as well as on water vapor is discussed.
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H,50,-H,0 droplets

Figure 8.8 shows the spatial distribution of the Venus clouds bulk density obtained
from the simulation run Test 1a) in the northern hemisphere. It is clearly visible from
the upper panel that the bulk of the cloud material is located between about 45 and
65 km altitude. Herein, distinct latitudinal differences can be seen.

At altitudes above about 55 km, highest cloud density values of more than 16
mg/m? are visible at high latitudes. This is a consequence of the poleward directed
mass transport in the upper branch of the Hadley cell and the upward directed mass
transport by the polar cell towards this spatial region. The sum of both processes led
to the accumulation of cloud material visible in Figure 8.8. The cloud density at these
altitudes is additionally influenced by the lower temperatures compared to those at
the equatorial region. The low temperature increased the condensation rate so that
enhanced number densities of HySO,4-H,0O droplets can be found in this region.

Below about 55 km altitude, increased cloud densities are visible at the equatorial
and polar latitudes. Values of more than 45 mg/m? can be found at the equatorial
region between 48 and 49 km altitude. The enhanced density at the clouds bottom is
a consequence of opposite directed mass transport in this altitude region, i.e., upward
winds, diffusion and sedimentation. Condensation of upward transported gas increased
the number density of cloud droplets while the downward transport of these particles
and the subsequent evaporation led to the enhanced HySO4(g) accumulation below
48 km altitude (cf. Figure 8.1). The formation process was previously suggested for
example by Knollenberg and Hunten (1980) as well as by Imamura and Hashimoto
(1998). The same process is responsible for the enhanced cloud density and increased
H,S04(g) abundance at polar latitudes. Here, cloud density values of more than 85
mg/m? can be found at 45 km altitude. Due to the latitudinal temperature gradient,
the region of enhanced cloud density at polar latitudes is located at deeper altitudes
compared to the corresponding equatorial region.

In the simulation runs Test 0a) to Test 3a), the maximal cloud density values at
the equatorial and polar regions varied as a consequence of vertical wind variations.
For example, the absence of the polar cell in Test 2a) caused a decrease of the cloud
density at high latitudes to values of about 37 mg/m? at 43 km altitude. At the same
time, the cloud density at the equatorial region increased to values of more than 65
mg,/m3.

As in the model calculations downward transport has dominated at mid-latitudes,
no accumulation of cloud droplets has formed in this region. Additionally, it can be
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Figure 8.8: Bulk density of the Venus clouds consisting of HySO,-HO droplets obtained
from the simulation run Test 1a) in the northern hemisphere.

seen from Figure 8.8 that the cloud base is located at higher altitudes compared to
its location at equatorial and polar latitudes. This shows that predominating vertical
winds may influence the location of the cloud base which in general is controlled by
the vertical temperature distribution at the corresponding latitudinal regions.

In the deeper atmosphere, the highest HySO,4(g) values can be found below 43 km
altitude in this latitudinal region as can be seen in the lower panel of Figure 8.1. A
comparison of vertical profiles of HySO,(g) with those of cloud droplet density can be
seen in Figure 8.9. Here, panel a) shows the vertical profiles obtained in the equato-
rial region while the panels b) and ¢) present those obtained from the mid- and polar
latitudes, respectively. The influence of the predominant vertical wind direction at the
corresponding regions is obvious.

It is clearly visible from panel b) that the decrease of the clouds density below
about 57 km altitude at mid-latitudes is accompanied by an increase of the HySO,(g)
abundance. As mentioned above, droplets were mainly transported downwards at these
latitudes. As a consequence of the high temperatures and the resulting increased evap-



CHAPTER 8. MODEL RESULTS AND COMPARISON WITH

138 OBSERVATIONS AND PREVIOUS SIMULATIONS
80 +++H—+—+—+++H——+—+— e
T —H,S0,(9) T —H,SO,(9) 1 —H,SO,(9)
75 T —H,S0,-H,0 droplets " — H,S0,-H,0 droplets| T — H,S0,-H,0 droplets| T
70- - -

a) Latitude: 0° 7] b) Latitude: 40° | c) Latitude: 89° |

Altitude (km)

1bar |

35-::::: R -+ -
1 10 1 10 1 10 100

H,SO,-H,0 Bulk Density (mg/m®)
H,SO,(g) Abundance (ppm)

Figure 8.9: Vertical profiles of HySO;(g) and HpSO,-H,0 cloud droplets at equatorial
(panel a)), mid- (panel b)), and polar (panel c)) latitudes obtained from the simulation run
Test 1a). The horizontal dashed line shows the approzimate altitude of the 1 bar pressure
level.

oration rate at lower altitudes, the number density of droplets decreased while the gas
amount increased. Highest cloud density values can be found around 57 km altitude
and maximal HySOy4(g) abundance values are located about 15 km deeper.

In contrast to this, the regions of increased cloud density at equatorial and polar
latitudes are accompanied by regions of enhanced H,SO4(g) accumulation (panels a)
and c)). Due to the opposite directed mass transport as well as condensation and
evaporation processes, the vertical locations of the corresponding peak values are only
about 2 km apart.

Water vapor

Figure 8.10 presents the global distribution of water vapor in Venus’ northern hemi-
sphere obtained from the simulation run Test 1a). Values between 1 and 30 ppm can
be seen in the considered altitude range between 35 and 80 km, where the abundance
increases with decreasing altitude. Influences of the global temperature distribution as
well as of the vertical wind transport are clearly visible.
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Figure 8.10: Spatial distribution of water vapor obtained from the simulation run Test 1a)
in the northern hemisphere.

At the highest altitude levels (>70 km), the influence of the global temperature
distribution on the latitudinal distribution of water vapor is obvious. While HyO(g)
abundances of 1 to 2 ppm can be found at the equatorial region, enhanced amounts of
more than 6 ppm are located at high latitudes. This is a consequence of the increased
temperature and the resulting enhanced saturation vapor pressure at high latitudes
compared to that at the equatorial region (cf. Figure 2.1a)).

An exception to this is the cold collar region, located around 65 km altitude be-
tween 60° and 70°. The cold temperatures in this spatial region reduce the saturation
vapor pressure of water so that an increased number density of cloud droplets can be
found here. The abundance of water vapor is lower than 2 ppm.

At lower altitudes, the influence of vertical winds becomes increasingly obvious.
Upward winds at the equatorial and polar latitudes transport water vapor from lower
to higher altitudes, while downward winds at mid-latitudes transport the gas from
higher to lower altitudes. The impact of the predominant vertical wind direction is
mostly visible in the altitude range between about 45 and 50 km. Here, the highest
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values can be found at the low and high latitudes. Mean values of about 25 ppm and
22 ppm were obtained at the equatorial (0° - 20°) and the polar (70° - 89°) regions,
respectively. At mid-latitudes (35° - 55°), a mean value of about 18 ppm was obtained.
In the lowest altitude region (<40 km), the influence of the vertical winds was small.

8.3 Comparison with other model results and previ-
ous observations

In the following section the global distributions of HySO4(g), the cloud density and
H,0O(g) obtained from the simulation run Test Ia) are compared with previous simu-
lations. Especially, results achieved from two- and three-dimensional mass transport
models (Imamura and Hashimoto, 1998; Ando et al., 2020) are considered for a com-
parison of the latitudinal distributions. Moreover, results obtained from microphysi-
cal, chemical kinetic and photochemical models (e.g. Imamura and Hashimoto, 2001,
Krasnopolsky, 2007, 2012; Parkinson et al., 2015; McGouldrick, 2017) which were used
to compute equatorial and polar profiles of HoSO4(g), the clouds and H,O(g) are con-
sidered. Additionally, the cloud density and water vapor distributions are compared
with results obtained from previous observations.

Sulfuric acid vapor

The global distribution of HySO4(g) was previously modeled by Imamura and
Hashimoto (1998) as well as by Ando et al. (2020) using 2D and 3D mass transport
models, respectively. Their results are presented in Figure 8.11 along with that ob-
tained from the simulation run Test 1a) for comparison.

It is clearly visible that the spatial distribution of the haze layer obtained by Ima-
mura and Hashimoto (1998) (panel b)) reveals an enhancement of HySO,4(g) at latitudes
<40°. Peak values of about 8 ppm can be found in the altitude range between 46 and
48 km around 30°. The formation of the accumulation is attributed to opposite di-
rected mass transport as well as condensation and evaporation processes in this spatial
region. It is similar to the process that formed the HySO4(g) accumulation at equato-
rial latitudes in the simulation run Test 1a) visible in panel a).

The spatial distribution of HySO4(g) at equatorial latitudes as well as its abundance
obtained from the present model calculations (Test 1a) & Test 2a)) in general agree
with the distribution and abundance obtained by Imamura and Hashimoto (1998) in
this spatial region. This is a consequence of similar transport mechanisms present at
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Figure 8.11: Spatial distribution of sulfuric acid vapor obtained from the simulation run
Test 1a) (panel a)) as well as obtained by Imamura and Hashimoto (1998) from a 2D model
(panel b)) and by Ando et al. (2020) from a 3D model (panel c)).

these latitudes in both models. Small differences in the structure and abundances must
be attributed to differences in the model input parameters (vertical/meridional wind
velocities, vertical /horizontal eddy diffusion).

However, both models provide different results at mid- and polar latitudes. Here,
distinctly increased HoSO4(g) values were obtained from the simulation run Test 1a)
(panel a)), while no accumulation of sulfuric acid vapor is visible in Figure 8.11b).
As described in section 8.1.1, the enhanced HySO4(g) content in this spatial region is
mainly formed by the evaporation of an increased number of downward transported
HyS04-H,0O droplets. The latter is a consequence of the low temperatures at high lat-
itudes. An additional simulation run has revealed that HySO,4(g) does not accumulate
at mid- and polar latitudes when one single circulation cell is present in the model,
similar to that used by Imamura and Hashimoto (1998) in their simulation (cf. Figure
2.8¢)). The sinking branch of the Hadley cell along with equatorward gas transport
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at polar latitudes prevent the accumulation of sulfuric acid in this spatial region. Tt
is likely that for this reason no enhancement of HySO4(g) is visible at mid- and polar
latitudes in the results provided by Imamura and Hashimoto (1998).

Increased HySO4(g) abundances in this spatial region can be seen in the results
provided by Ando et al. (2020). Highest values of 10 - 11 ppm are visible around 43
km altitude poleward of 70°. While the location of the HySO4(g) accumulation agrees
with that obtained from the simulation run Test 1a), the spatial distribution of the
gas at lower latitudes disagrees in both models. Rather, the latitudinal distribution of
H,S04(g) provided by Ando et al. (2020) is similar to that obtained from the simulation
run Test Oa) (cf. Figure 8.1). Here, the mass transport by the Hadley and polar cell
was removed so that mass transport was solely associated with sedimentation and eddy
diffusion. Ando et al. (2020) used a General Circulation Model (GCM) to calculate the
H,SO4(g) distribution in Venus’ lower atmosphere, whose meridional wind structure
revealed a diurnal variation (e.g. Takagi et al., 2018; Ando et al., 2020). The similarity
of their results and the HySOy4(g) distribution obtained from Test 0a) indicates that
the wind transport at equatorial and mid- latitudes used by Ando et al. (2020) was
probably underestimated.

While two- and three-dimensional models are used to investigate the global wind
circulation in Venus’ atmosphere, the main focus of one-dimensional microphysical and
photochemical models is on the study of chemical kinetics, evaporation and condensa-
tion processes. Most of those models provide vertical distributions of gaseous species as
well as of the cloud density in the equatorial and polar region. Meridional wind plays
a minor role at these latitudes so that only the vertical mass flux must be considered.
Most of the HySO4(g) profiles provided by 1D models agree with those obtained from
the simulation runs Test fa) and Test 2a) at the topside of the HySO4(g) haze layer.
This is because the sulfuric acid vapor abundance in this altitude region is controlled
by its saturation vapor pressure that is similar in both, the present two-dimensional
model and the one-dimensional models. Panel a) in Figure 8.12 shows the HySO,(g)
profile obtained from the simulation run Test fa) at the equatorial region (cf. Fig-
ure 8.2). For comparison, the panels b) and c) present two examples of equatorial
H,S04(g) profiles calculated by Imamura and Hashimoto (2001) (panel b)) as well as
by Parkinson et al. (2015) (panel ¢)) using 1D models. It can be clearly seen that in all
three cases the HySO4(g) amount at the topside of the haze layer follows the saturation
vapor abundance.

Differences between HySO4(g) profiles obtained from multidimensional models and
those obtained from one-dimensional models occur at lower altitudes. Here, the gas
amount is controlled by the vertical transport as well as by chemical kinetics at the
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Figure 8.12: Sulfuric acid vapor profiles in the equatorial region obtained from the simula-
tion run Test 1a) (panel a) as well as calculated by Imamura and Hashimoto (2001) (panel
b) and by Parkinson et al. (2015) (panel c) using 1D models. Ezplanation of the legend in
panel b) can be found in Imamura and Hashimoto (2001). Black dots in panel ¢) represent
H350,(g) values derived by Kolodner and Steffes (1998) from Mariner 10 radio occultation
data.
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lowest altitudes. Moreover, boundary conditions for HySO4(g) may have a strong in-
fluence on the gas abundance in 1D models. While upward winds were incorporated
in the present simulation Test 1a) (panel a) and in the 1D model of Imamura and
Hashimoto (2001) (panel b), those were not considered in the 1D model of Parkinson
et al. (2015) (panel ¢). The effect is obvious below the locations of the peak values of
the corresponding HySOy4(g) profiles. While the profiles presented in the panels a) and
b) (except for Test 2 in panel b)) in general agree at these altitudes, both disagree with
that presented in panel c¢). The latter reveals a distinctly low peak value of less than
5 ppm around 47 km altitude as well as an almost constant HySO,(g) abundance in
the lower region. The disagreement is most probably a consequence of underestimated
upward transport in panel c¢). This is supported by the similarity of the profile to that
obtained by Imamura and Hashimoto (2001) in "Test 2’. Here, wind transport was
neglected which led to maximal values of less than 6 ppm around 48 km altitude and
an almost constant abundance in the lower region.

H»,50,-Hy0 droplets

Measurements of the Venus cloud density have been reported by Knollenberg and
Hunten (1980). Figure 8.13 shows the vertical distribution of the clouds bulk density
derived from PVO’s particle size spectrometer measurements along with that obtained
from the simulation run Test Ia).

It is clearly visible that the latter roughly agrees with PVO’s observations below
about 55 km altitude. Although the bottom of the modeled cloud deck is located at
lower altitudes compared to that observed by PVO, the observed enhanced cloud den-
sity between about 47 and 50 km altitude was in general successfully reproduced by the
present model. Both profiles show a decrease of the cloud density above that altitude
range with distinct structures visible in the observed profile. Those are most probably
a consequence of microphysical processes which is a subject to one-dimensional mod-
els (e.g. Imamura and Hashimoto, 2001; Parkinson et al., 2015; McGouldrick, 2017).
As those processes are not considered in the present transport model, the simulated
profile shows a smooth, gradual decrease. Above about 57 km, both profiles reveal a
clear disagreement that increases with altitude. This might indicate an overestimated
vertical transport at these altitudes in the present model.

Similar to the spatial distribution of HySO4(g) (cf. Figure 8.11), that of the cloud
density calculated by Imamura and Hashimoto (1998) as well as by Ando et al. (2020)
is compared with the cloud density obtained from the present model. Figure 8.14 shows
the corresponding results. While panel a) presents the cloud density obtained from the
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Figure 8.13: Vertical profiles of the Venus clouds bulk density observed by Knollenberg and
Hunten (1980) (cf. Figure 2.2b)) as well as obtained from the simulation run Test 1a).

simulation run Test 1a), the panels b) and c¢) show that calculated by Imamura and
Hashimoto (1998) as well as by Ando et al. (2020), respectively.

The panels a) and b) show increased cloud densities between about 55 and 65 km
altitude poleward of 40°. The formation process in the present model was discussed
in section 8.2 and is similar to that in Imamura and Hashimoto (1998). In panel b),
a clear decrease of the cloud top is visible at latitudes > 60°, which is consistent with
observations (e.g. Ignatiev et al., 2009; Titov et al., 2012) and inconsistent with the
cloud density obtained from Test 1a). The decrease of the cloud top in panel b) was
caused by downward winds in the sinking branch of the Hadley cell located at polar
latitudes. In contrast to this, in Test 1a) a polar cell was incorporated in this spatial
region with upward winds poleward of about 75°. It is therefore likely that the upward
transport in Test 1a) was overestimated at altitudes > 60 km in the polar region.

Panel ¢) shows a clear depletion of the cloud top at about 65 km altitude around
60°. Tt was probably caused by intense downdrafts in this spatial region. Poleward of
60°, panel c¢) reveals a clear increase of the cloud density in the altitude range between
about 40 and 65 km. The highest accumulation of droplets is located around 45 km
altitude. The location is consistent with the region of increased cloud density values
obtained from Test 1a) (panel a)).
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Figure 8.14: Spatial distribution of the cloud density obtained from the simulation run
Test 1a) (panel a)) as well as obtained by Imamura and Hashimoto (1998) from a 2D model
(panel b)) and by Ando et al. (2020) from a 3D model (panel c)).

In the equatorward direction, the spatial distribution of the cloud density in panel
a) is similar to that in panel b). A clear accumulation of droplets can be seen near
the cloud base at equatorial latitudes, which is consistent with observations (cf. Figure
2.2). In contrast to this, panel ¢) shows just a moderate droplet accumulation between
45 and 50 km altitude. Similar to the missing HoSO4(g) accumulation in this spatial
region (cf. Figure 8.11), this might be a consequence of underestimated vertical trans-
port at these latitudes.

The mid-latitudinal region in the panels a) and b) is characterized by a higher
located cloud bottom compared to its location at the equatorial and polar latitudes.
As explained in section 8.2, downward directed winds in the sinking branches of the
Hadley and polar cells dominated the vertical mass transport at theses latitudes in
the present model (panel a)). Therefore, cloud droplets could not accumulate near the
cloud base. Although in panel ¢) the cloud bottom is located slightly higher compared
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Figure 8.15: Profiles of the cloud density ot different latitudinal regions obtained from the
simulation run Test 1a) (panel a)) as well as obtained by McGouldrick (2017) from a 1D
model (panel b)). LCPS data in panel b) represent measurements from the Pioneer Venus
Large probe Cloud Particle size Spectrometer. The legend in panel b) was adjusted according
to the caption in McGouldrick (2017).

to its location at low and high latitudes, the latitudinal variation of the cloud bottom
is more pronounced in the panels a) and b). The difference can be most probably
attributed to differences in the transport mechanisms in this spatial region as well as
their intensities in the corresponding models.

A latitudinal trend in the cloud bottom location was also observed in 1D model
calculations conducted for example by Hashimoto and Abe (2001), Parkinson et al.
(2015) and MeGouldrick (2017). It was caused by the latitudinal temperature gradient
in this spatial region. As an example, panel b) of Figure 8.15 shows vertical profiles
of the cloud density at different latitudes calculated by McGouldrick (2017) using a
one-dimensional microphysical model. For comparison, panel a) shows averaged cloud
density profiles from the same latitudinal regions obtained from the present model Test
1a).

It can be clearly seen that the location of the cloud bottom in panel b) decreases
with increasing latitude. A distinct layer of enhanced cloud density is visible at all
latitudinal regions. It is the so-called lower cloud layer that is believed to form the
lowest part of the main clouds (cf. Table 2.1). No such layer is visible at mid-latitudes
(30° - 60°) in panel a). The formation is prevented in the present model by the intense
downward winds in this spatial region. Instead, the highest cloud density values can
be found above 55 km altitude.
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Water vapor

As mentioned in section 2.2, water vapor could be observed in the entire middle
and lower atmosphere of Venus. A summary of selected measurements along with
results obtained from one-dimensional model calculations is presented in Figure 2.3.
The figure is adopted here for a comparison with water vapor profiles obtained from
the present model calculations at the equatorial and polar regions. This is presented
in Figure 8.16.

It can be clearly seen that both profiles obtained from Test 1a) in general agree
with observations and 1D model calculations. A mixing ratio of 30 ppm was set at the
models lower boundary. No latitudinal variations were considered which is consistent
with previous observations (e.g. Marcq et al., 2008). The decrease of HoO(g) above
35 km altitude matches the decrease provided by one-dimensional model calculations
in this spatial region. In this altitude range, the water vapor mixing ratio obtained
from Test 1a) at equatorial latitudes is constantly higher than that obtained from
the polar latitudes. This is mainly a consequence of the vertical transport which was
more efficient at lower latitudes compared to that at the polar region. Above about
65 km altitude this latitudinal trend is reversed. Owing to increased temperatures at
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Figure 8.16: Water vapor concentration in Venus’ middle and lower atmosphere obtained
from observations and model calculations adopted from Figure 2.3 along with HaO(g) pro-
files at the equatorial and polar latitudes obtained from the simulation run Test 1a).
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Figure 8.17: Spatial distribution of water vapor obtained from the simulation run Test 1a)
(panel a)) as well as obtained by Imamura and Hashimoto (1998) from a 2D model (panel
b)) and by Ando et al. (2020) from a 3D model (panel c)).

the polar latitudes (cf. Figure 2.1), highest HyO(g) values of more than 6 ppm can
be found in this spatial region, while mixing ratios of less than 2 ppm are visible at
low latitudes. A similar latitudinal variation was observed by Cottini et al. (2012)
and Fedorova et al. (2016). They found HyO(g) values of about 5 - 7 ppm at the
polar region and 3 - 5 ppm at the equatorial and mid-latitudes. Here too, increased
temperatures at polar latitudes may be responsible for the observed latitudinal trend.
Another explanation is provided by enhanced upward winds, which transport HoO(g)
from the lower atmospheric region to cloud altitudes.

Those were responsible for enhanced HyO(g) values above 60 km altitude at high
latitudes obtained by Ando et al. (2020) from their 3D model calculations. Their re-
sults are presented in Figure 8.17. Here, for comparison panel a) shows the spatial
distribution of HyO(g) obtained from the present model. The panels b) and ¢) present
the latitude-height distributions of water vapor obtained from Imamura and Hashimoto
(1998) as well as from Ando et al. (2020).
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A clear increase in the HoO(g) abundance is visible above about 50 km altitude in
the polar region in panel ¢). Values of 12 ppm can be seen at 63 km altitude. This
altitude region marks the location of the cloud top at polar latitudes. Its location
increases equatorward to altitudes of about 71 - 75 km (e.g. Titov et al., 2008; Ignatiev
et al., 2009). Here, values of about 6 ppm can be seen in panel ¢). This latitudinal
trend in the HoO(g) abundance at cloud top altitudes seems to be missing in panel b).
It is possible that the intense downward transport of water in the sinking branch of
the Hadley cell located at high latitudes led to decreased HoO(g) values in the polar
region. Additionally, the influence of the cold collar (60° - 70°, 60 - 70 km) decreased
the HyO(g) abundance. The low temperatures in this spatial region enhanced the con-
densation rate and decreased this way the water vapor abundance. While the influence
of the cold collar is also visible in panel a), it is missing in the results provided by
Ando et al. (2020) (panel c)).

In the altitude region below about 50 km, the panels a) and b) reveal influences
of the corresponding descending branches of the circulation cells. Those are visible
at mid- and polar latitudes. In contrast to this, the water vapor abundance in panel
¢) reveals an almost constant distribution between the equatorial and polar latitudes.
This is most probably a result of less intense wind transport compared to that in the
panels a) and b) in this spatial region.



Chapter 9

Summary and future prospects

Radio occultation measurements conducted by the Radio Science experiment VeRa on
board Venus Express were used to derive the global distributions of H,SO4(g) and SO,
as well as their variations between 40 and 55 km altitude in Venus’ atmosphere. The
global distributions of these trace gases provide information on Venus’ meridional wind
pattern which plays a crucial role in the evolution and maintenance of the Venusian
atmospheric superrotation. A two-dimensional mass transport model was developed
in the present work in order to interpret VeRa’s observations and to draw conclusions
about the meridional wind dynamics in Venus’ atmosphere. In the following chapter,
the spatial distributions of HySO4(g) and SO, derived from VeRa as well as the global
distribution of HySO,(g) obtained from the model calculations presented in the chapters
6 to 8 are summarized. Section 9.1 repeats the key statements about the sulfuric acid
vapor and sulfur dioxide observations. Section 9.2 summarizes the results of the model
calculations. Section 9.3 presents implications for future studies.

9.1 Observation

Data base

A total number of 805 data sets obtained in the years 2006 to 2014 from the ra-
dio science experiment VeRa on board Venus Express were used for the present work.
VeRa’s X- and S-band radio signals were recorded at ESA and NASA ground stations
in the CL and OL receiving mode (cf. section 3.2.1). For the present analysis, OL
data were used. The advantage of the latter over CL data lies in the possibility of
post-recording analysis of the radio signals so that the signals amplitude and frequency
could be retrieved even when Venus’ deep atmosphere was sounded (cf. Figure 6.1).
Moreover, the orbit geometry of Venus Express allowed to sound Venus’ atmosphere
over a wide range of latitudes, longitudes and local times. As a result, for the first
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time a global picture of the Venusian HySO,4(g) haze layer was obtained in the altitude
range between 40 and 55 km altitude.

Uncertainties

The main error source in the derived SO, and HySO,(g) abundances are small scale
fluctuations in the derived amplitude and frequency of the X- and S-band radio signals.
The frequency was used to derive radio ray parameters, like the bending angle and the
impact parameter (cf. section 3.2.2), so that fluctuations were also present in these
parameters. These small scale fluctuations have been eliminated to a large extent from
the data by applying downsampling and filtering tools in the process of absorptivity
and HySO4(g) calculations. However, a residual noise remained. It increased with de-
creasing altitude leading to higher error bars of the HySO4(g) profiles at lower altitudes
(cf. Figures 7.1 and 7.2). Those are larger on the S-band profiles as a consequence of
the weaker S-band signal compared to the X-band signal (5-W S-band; 65-W X-band)
(S-band: 1.0 - 4.0 ppm, sometimes increasing to more than 6.0 ppm; X-band: 0.5 - 2.0
ppm, sometimes increasing to more than 5.0 ppm).

The large number of available X-band profiles, however, decreased the mean er-
ror of the zonally and and time-averaged HySO,(g) distribution presented in Figure
7.12. Here, the highest uncertainties don’t exceed 2.5 ppm. Those can be found in the
southern polar region as a consequence of the relatively low number of measurements
at these latitudes (cf. upper panel in Figure 7.12).

The error bars of the HySO4(g) profiles were used to estimate the uncertainty of
the SO, values derived in the altitude range between 51 and 54 km altitude. Due to
the weak sensitivity of X-band radio waves to sulfur dioxide (cf. equation (4.20e)), the
error bars of the latter values are quite large (cf. Figure 7.6).

Results
Signal attenuation

The abundance of HySO4(g) was derived from the determined absorption of the X-
and S-band radio signals in Venus’ atmosphere. In addition to absorption, pointing
inaccuracies of the S/C antenna as well as refractive defocussing of the radio beam
were responsible for the attenuation of the radio signals. The latter two factors had to
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be removed from the total signal attenuation so that signal absorption remains which
was mainly caused by HySOy4(g), SOy and COs,.

Thanks to predetermined slew maneuvers of the S/C, significant degradations of
the signal amplitude due to mispointing could be avoided when the HGA1 was used
for measurements (cf. Figure 6.5a)). However, no slew maneuvers were performed
when the smaller second HGA2 was used. In this case a severe signal degradation oc-
curred (cf. Figure 6.5b)) so that correction calculations must have been applied based
on derived radio ray parameters (cf. section 3.2.2) as well as on spacecraft attitude
information and ephemeris data for the celestial bodies provided by ESA. This way
an overestimation of the radio signal absorption and the derived HoSO4(g) abundance
could be avoided.

As can be seen from Figure 6.3, refractive defocussing was the main reason for
the observed signal attenuation below about 100 km altitude. Additionally, Figure 6.4
shows that the contribution of refractive defocussing to the total signal attenuation
increases with the S/C to Venus distance. The latter was largest when Venus’ south-
ern hemisphere was sounded leading to highest attenuation values of about 25 dB at
the south pole. Due to the strong attenuation, a smaller number of usable measure-
ments was obtained from the southern polar region compared to that obtained from
the northern polar latitudes. Here, the attenuation due to refractive defocussing was
about 10 dB less than at the south pole.

After removing the contributions of antenna mispointing and that of refractive defo-
cussing from the total signal attenuation, the remaining attenuation could be attributed
to signal absorption. Figure 6.3 shows that significant absorption of the X-band ra-
dio signals occurred when the altitude region below about 55 km was sounded. The
observed S-band radio signal absorption in this altitude region was weaker (cf. Figure
7.2). The absorption of both, the X- and S-band radio signals was mainly caused by
COs, SOy and HyS04(g) in Venus’ atmosphere. The contribution of CO, was removed
by using equation (4.20a) and the remained absorption by SO, and HsSO4(g) was used
to derive the corresponding abundances.

SOy and HpS0,(g) abundances

Thanks to the frequency-squared dependency of the SO, radio signal absorptivity
(cf. equation (4.20e)), a comparison of the HySO,4(g) profiles derived from the X-band
radio signals with those derived from the S-band radio signals allows to infer increased
abundances of SOy (> 200 ppm). As VeRa’s S-band radio signal was only available
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in the year 2006, the comparison could be made for a small number of measurements,
only. No significant differences in the derived HySO4(g) profiles were observed (cf. Fig-
ures 7.1 and 7.3). This indicates that no enhanced SO, abundances occurred at the
time of the measurements.

According to the saturation vapor pressure of HySO, (cf. equation 5.13), significant
abundances of sulfuric acid vapor are located below about 51 km altitude. Increased
signal absorption observed above that altitude level is therefore attributed to SO,. The
absorption at theses altitudes was therefore used to determine the abundance of SO,
between 51 and 55 km using the X-band radio signals. The inferred abundance was also
used to remove the absorption contribution of SO, at lower altitudes. The remaining
absorption could then be attributed solely to HoSO4(g) so that its abundance could be
determined.

The derived SO, and HySO4(g) abundance values agree well with those derived
from previous observations (cf. Figures 7.9 and 7.17, respectively). Mean SO, mix-
ing ratios of 90 - 170 ppm were estimated in the altitude region between 51 and 54
km, while the derived HySO,4(g) abundance reached maximal values of about 12 ppm.
Both, the derived abundance of SOy and that of HySO4(g) revealed clear latitudinal
and long-term variations. Moreover the HoSO4(g) content at equatorial latitudes shows
indications for a local time variation.

SOy and HpS0,(g) abundances - latitudinal variations

It was shown for the first time that the SO, abundance near the cloud base exhibits
a clear latitudinal variation. Highest values were found at both polar regions as well as
at the equatorial latitudes. The lowest SO, content was observed at the mid- southern
latitudes (cf. Figure 7.6). It is possible that the latitudinal variation is a consequence
of the predominant vertical wind transport (upward / downward) in the corresponding
regions as indicated in Figure 8.7. Upward winds at low and high latitudes transport
SOy rich air from lower to higher altitudes, while downward winds at mid-latitudes
push the gas to lower altitudes.

A similar latitudinal variation was observed by Marcg et al. (2020) in the SO,
abundance around 70 km altitude using SPICAV-UV measurements. However, a clear
difference exists in the polar regions. As can be seen in Figure 7.10, they observed a
clear decrease of SO5 at these latitudes while the SOy content between 51 and 54 km
altitude increases at both polar regions. As indicated in Figure 8.7, the decrease around
70 km altitude might be a consequence of missing SO, supply from lower altitudes as
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well as from lower latitudes. In contrast to this, the altitude region between 51 and 54
km is steadily supplied with SO, from the lower atmospheric regions.

A latitudinal variation of HySO4(g) below 55 km altitude was indicated in the S-
band radio absorptivity data derived by Cimino (1982) as well as by Jenkins and Steffes
(1991) from Pioneer Venus radio occultation measurements. Oschlisniok et al. (2012)
have observed a clear latitudinal variation of HySOy4(g) around 50 km altitude using
VeRa’s CL data. In the context of the present work, for the first time a global picture
of the zonally and time-averaged HoSO4(g) content between 40 and 55 km altitude was
obtained. The latter is presented in Figure 7.12. It shows a clear latitudinal variation
of the topside of the HySO4(g) haze layer. The latter was caused by the latitudinal
temperature gradient in this spatial region (cf. Figure 2.1). Additionally, regions of
distinctly enhanced HoSO4(g) abundance exist in the equatorial as well as at mid- and
polar latitudes. As was shown in model calculations made for example by Imamura and
Hashimoto (1998), Ando et al. (2020) and in the present work, those are a consequence
of wind transport and the global temperature distribution.

SO, and HpS0,(g) abundances - long-term variations

Long-term variations of SOy were observed for example by Esposito (1984), Marcq
et al. (2013) and Marcq et al. (2020) at equatorial cloud top altitudes. In the present
work, for the first time a distinct variation of SO in the lower cloud region could be
derived (cf. Figure 7.7). The variation was observed at both polar regions with highest
SO, values around the year 2010 and lowest abundances around 2006 and 2013. It
is possible that at least the variation at the northern polar region was caused by the
long-term variation of the temperature observed at these latitudes (Figure 7.8). The
temperature variation may have influenced the vertical transport mechanisms as well
as the sulfur chemistry in this region and could have affected the mixing ratio of SOs.

It is possible that the long-term trend in the temperature is a consequence of the
long-term trend in Venus’ 365 nm albedo. The latter was observed by Lee et al. (2015)
at the polar region and by Lee et al. (2019) at equatorial and mid-latitudes. A decrease
(increase) of the albedo would lead to a heating (cooling) of the atmosphere so that
significant temperature variations were conceivable. The observed long-term trend in
Venus’ 365 nm albedo is attributed to a yet unidentified gas. SO, is believed to be a
promising candidate as a precursor for this unknown absorber (e.g. Mills et al., 2018).
Therefore, the above mentioned long-term trend in SO, observed at the equatorial
cloud top altitudes could have caused a variation in the abundance of the unknown gas
which then led to the long-term trend in Venus’ 365 nm albedo.
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Indications for a long-term variation of HySO,4(g) were observed by Cimino (1982) as
well as by Jenkins and Steffes (1991) in Pioneer Venus radio occultation measurements
(cf. Figure 4.4). They have detected a decrease of the S-band radio signal absorption
at the cold collar latitudes between the years 1978,/1979 and 1986/1987 which indicates
a decrease of HoSO4(g). In the context of the present work, for the first time a distinct
appearance of a long-term trend in the H,SO4(g) abundance at northern polar latitudes
could be derived (cf. Figure 7.13). The lowest H,SO,(g) amount was observed in the
year 2007 which increased between 2007 and 2008. From the end of 2008 onwards,
distinctly increased values were detected. Similar to the long-term trend of SO, that
of HySO4(g) is most probably a result of the long-term variation of the temperature
observed at these latitudes. As mentioned above, the latter may have influenced the
vertical transport mechanisms as well as the sulfur chemistry in this region.

H,50,(g) abundance - local time variation

In contrast to the HySOy4(g) long-term trend observed at polar latitudes, the equa-
torial HySO4(g) abundance shows no such variation. Instead, a weak tidal influence
could be found in the latter region. The calculated HySO4(g) column density at these
latitudes shows an oscillation with a period of 12 hours indicating the influence of a
semidiurnal tide (cf. Figure 7.15). Among wind circulation cells, thermal tides are
thought to play a crucial role in the maintenance of Venus’ superrotating atmosphere
(e.g. Newman and Leovy, 1992). The influence of thermal tides was previously detected
in temperature measurements and wind velocity observations at cloud top altitudes
(e.g. Taylor et al., 1980; Horinouchi et al., 2018). In the present study, for the first
time the influence of thermal tides was observed in the HySO4(g) abundance below 50
km altitude.

9.2 Modeling

In order to study the main processes which formed the observed global HoSO4(g) dis-
tribution presented in Figure 7.12, a two-dimensional transport model was developed.
Among simplified chemical, condensation and evaporation processes, the mass trans-
port by eddy diffusion, sedimentation and wind was incorporated (cf. section 5.1). The
latter transport consisted of two circulation cells, i.e., a Hadley and a polar cell. A
background atmosphere consisting of temperature, pressure and number density was
incorporated. Those values were available from VeRa’s measurements (cf. section
3.2.2) as well as from the Venus International Reference Atmosphere (VIRA). In a
total number of seven simulation runs the number densities of HoSO4(g), HoO(g) and
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that of the main clouds consisting entirely of HoSO4-H,O droplets were calculated until
a steady state distribution was reached.

Limits of the model

The vertical and horizontal eddy diffusion coefficients were chosen according to pre-
vious atmospheric models. Those were kept constant in all simulation runs (cf. Figure
5.3). Increased vertical and horizontal variations of both, K., and K, can affect the
spatial distribution of the gases and that of the cloud density. A similar influence is
conceivable by the convection layer located between about 50 and 60 km altitude in
Venus’ atmosphere (cf. Figure 2.1b)). It was simulated in the present model calcula-
tions by increasing K, in this altitude region (cf. Figure 5.3a)). A variation of K, in
this altitude range may affect the number densities of HySO4(g), HoO(g) and that of
the droplets (e.g. Imamura and Hashimoto, 1998).

The wind pattern in Venus’ atmosphere was in the present model simulated by the
circulation cells presented in Figure 5.1. Their geometry and circulation velocity was
not changed in the simulation runs. Observations in Venus’ atmosphere have indicated
that the meridional wind pattern below about 100 km altitude is more complicated
than that assumed in the present model (cf. Figure 2.7). The circulation cells used in
the present model provide therefore the dominating large scale wind structure. It can
not be excluded, that additional smaller circulation cells exist in Venus’ atmosphere.
Furthermore, observations revealed that particularly the polar vortices are highly irreg-
ular features which continuously change their shapes from a single pole over an S-form
to a dipole (e.g. Luz et al., 2011; Garate-Lopez et al., 2013). Consequently, upward as
well as downward winds were observed at polar latitudes.

In the present model, the assumed cloud particles consist entirely of HySO4-H50O
droplets whose concentration varies vertically and is constant in the horizontal direc-
tion. A latitudinal variation is possible (e.g. Krasnopolsky, 2015). It was assumed that
the size of the droplets varies with height while a latitudinal variation was not consid-
ered. Such a variation is conceivable for the Venus’ atmosphere (e.g. Parkinson et al.,
2015; McGouldrick, 2017).

Results

The various simulation runs were used to study the role of the circulation cells and
that of the global temperature distribution in the formation process of both HySO4(g)
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accumulated regions, i.e., that at low latitudes above 45 km altitude and that at mid-
and polar latitudes below 45 km (cf. Figure 7.12).

Both regions could be successfully reproduced by two simulation runs (cf. Figure
8.4). The locations of the HySO4(g) accumulated regions at low and mid-/high lati-
tudes obtained from the model calculations agree generally with those obtained from
VeRa. Moreover, the modeled abundances agree well with the VeRa measurements
within the observed variation range (cf. Figures 8.5 and 8.6). Differences between
the modeled and observed values can be most probably attributed to wind velocity
variations which likely occur in Venus’ atmosphere. Those may significantly influence
the global distribution of HySO4(g). Additionally, temperature variations may largely
affect the sulfuric acid vapor content. Both effects were shown in the simulation runs.

The present simulation calculations have shown that the enhanced HySO4(g) con-
tent at equatorial latitudes was formed by opposite directed mass transport. Conden-
sation of upward transported HoSO4(g) and HoO(g) increased the number density of
the cloud droplets while the downward transport of these particles and the subsequent
evaporation enhanced the HySO4(g) accumulation at lower altitudes. This way, a re-
gion of enhanced HySO,4(g) was formed around 47 km altitude and a region of increased
cloud density was created between 48 and 49 km altitude (cf. Figure 8.9). It turned
out that the Hadley cell plays a crucial role in this formation process. These findings
agree with those presented for example by Knollenberg and Hunten (1980) as well as
by Imamura and Hashimoto (1998).

The HySO4(g) accumulation at mid- and polar latitudes, however, could not be
reproduced by these authors. An additional simulation run performed in the context
of the present work has revealed that HySO4(g) does not accumulate at mid- and polar
latitudes when one single circulation cell is used, which is similar to that applied by
Imamura and Hashimoto (1998) (cf. Figure 2.8¢)). In contrast to this, this region
of increased HySO,4(g) content was successfully reproduced in various simulation runs
of the present model (cf. table 8.2). It was mainly formed by sedimentation and
subsequent evaporation of sulfuric acid droplets. The number density of the latter was
constantly highest at high latitudes which was a consequence of the low temperatures
in this region. The polar cell played a minor role in this formation process. As the
upper and lower panels in Figure 8.1 show, polar winds, however, may significantly
affect the abundance and structure of the HySO4(g) accumulated region. Upward
winds transported haze into higher altitudes where the gas condensed into droplets
due to the lower temperatures. This way, the haze content was decreased and the
cloud density was increased in this region. Highest values of HySO,(g) were formed
around 43 km altitude, while the maximum cloud densities are located around 45 km.
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The formation process of the HoSO4(g) accumulated region at mid- and high lat-
itudes is similar to that described by Ando et al. (2020). The global HySO4(g) dis-
tribution presented by these authors, however, is comparable to that obtained from
the simulation run Test Oa) (cf. Figure 8.1). In this simulation run, the wind circu-
lation was deactivated and the mass transport was solely calculated by sedimentation
and eddy diffusion. As a result, the distribution of the HySO4(g) accumulation at the
mid- and polar region follows the latitudinal temperature gradient and no HySOy4(g)
accumulation was formed at equatorial latitudes. This was not observed by VeRa
(cf. Figure 7.12). The similarity of the HySO4(g) distribution obtained from Test Oa)
and that presented by Ando et al. (2020) indicates that the transport mechanisms be-
low about 50 km altitude were underestimated in the model used by Ando et al. (2020).

VeRa measurements revealed that both HoSO4(g) accumulated regions (equatorial
and mid-/polar) are distinctly separated (cf. Figure 7.12). In the present model,
this separation was successfully reproduced by the descending branches of the circu-
lation cells at mid-latitudes (cf. Figure 5.1). The latter transported HySOy4(g) to low
altitudes so that the simulated gas distribution at mid-latitudes is similar to that ob-
served by VeRa (cf. Figure 8.4). The similarity is a strong indication for the existence
of downward winds in this spatial region of Venus’ atmosphere. Downward winds at
mid-latitudes may also serve as an explanation for the low SO, abundance between 51
and 54 km altitude at these latitudes (cf. Figure 8.7). The amount of SO, is distinctly
higher at the equatorial and polar latitudes which is most probably a result of upward
winds in these regions. A further consequence of the dominating downward transport
at mid-latitudes in the present model is the absence of a cloud droplet accumulation
at these latitudes so that the cloud bottom is located at higher altitudes compared to
that at the equatorial and polar regions (cf. Figure 8.8). The absence of a lower cloud
layer (cf. Table 2.1) at mid-latitudes is inconsistent with previous 1D model calcula-
tions (e.g. McGouldrick, 2017) and consistent with the 2D transport model presented
by Imamura and Hashimoto (1998) (cf. Figure 8.14).

The global distribution of water vapor obtained from the present model shows
a gradual decrease from lower to higher altitudes (30 ppm to < 10 ppm), which is
consistent with observations (cf. Figure 8.16). The influence of vertical wind transport
in the model is mainly visible between about 45 and 50 km altitude as can be seen from
Figure 8.10. Here, the equatorial and the polar regions reveal higher HyO(g) contents
compared to that at mid-latitudes. At the cold collar region, the low temperatures
decreased the amount of water vapor and increased that of the cloud droplets. An
increased cloud density in this spatial region is also visible in the model of Imamura
and Hashimoto (1998) (cf. Figure 8.17). Above about 70 km altitude, a clear latitudinal
dependance has been formed in the present model with increased HoO(g) values at polar



160 CHAPTER 9. SUMMARY AND FUTURE PROSPECTS

latitudes and lower mixing ratios at the equatorial region. This is a consequence of the
latitudinal temperature distribution at these altitudes (cf. Figure 2.1a)). A latitudinal
trend in the HoO(g) abundance at the higher altitudes is consistent with observations
(e.g. Cottini et al., 2012; Fedorova et al., 2016).

9.3 Outlook

The global distributions of HySO4(g) and SO, derived from VeRa’s radio occultation
measurements presented in chapter 7 as well as the two-dimensional transport model
developed and applied in the present work (chapters 5 and 8) provide approaches
for further radio science measurements on Venus as well as for additional simulation
studies. The following requirements and scientific goals should be aimed in future ob-
servations and model calculations:

Observation

e In order to withstand the strong signal absorption in Venus deep atmosphere, the
operating spacecraft used for radio occultation measurements at Venus should be
equipped with an EIRP value which exceeds that of Venus Express (cf. table
3.1). It can be seen from Figure 7.12 that the number of data samples decreased
rapidly as VeRa’s radio rays traversed Venus’s atmosphere below about 50 km
altitude. A high EIRP value ensures a measurable carrier signal at the ground
station on Earth even when Venus’ deep atmosphere is sounded. This way the
number of data samples retrieved from this atmospheric region can be increased
which enhances the reliability of the derived HySO4(g) abundance in this altitude
region.

e A strong carrier signal can also be ensured by reducing the S/C to Venus distance
during the radio occultation measurements. The contribution of refractive defo-
cussing to the total signal attenuation increases with the S/C to Venus distance.
As can be seen from Figure 6.4, the large distance of VEX at the southern polar
and sub-polar region was responsible for a relatively high signal attenuation at
these latitudes so that only a few data samples were retrieved from the deeper
atmosphere. A reduction of the S/C to Venus distance would reduce the signal
attenuation and increase the number of data samples from the lower altitudes.

e The usage of three frequencies in radio occultation measurements would allow to
distinguish between the absorptivity contributions of SOs, HoSO,(g) and that of
the cloud droplets. S- and X-band measurements can be used to derive a global
picture of the SOy and HySO,4(g) abundance in Venus’ atmosphere below about
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55 km altitude (cf. section 7.1). The additional usage of a higher frequency (Ka-
band) would provide the density of the cloud droplets at cloud bottom altitudes
(cf. Figure 8.8) which is not feasible with S- and X-band radio signals.

e VeRa’s radio occultation measurements for the first time allowed to derive a
global picture of the HySO,(g) abundance between 40 and 55 km altitude. Due
to the orbit geometry, however, a coverage of the northern mid-latitudinal region
was not possible (cf. Figure 7.12). The orbit of future spacecrafts should ensure a
uniform coverage of all spatial regions. Those measurements would either confirm
or disprove the atmospheric symmetry of both hemispheres.

e In order to extend/complement the study of long-term variations of trace gases
in Venus’ atmosphere (cf. Figures 7.7 and 7.13), the duration of future missions
should not be shorter than the period of Venus Express. Those measurements
would help to investigate the connection of the observed long-term variations of
H,S04(g), SO,, 365-nm albedo, temperature and the unknown UV absorbing gas
(cf. Figures 7.11 and 7.13).

e The study of short-term variations and that of local time dependencies as ob-
served with VeRa at equatorial latitudes (cf. Figure 7.15) provide insights into
atmospheric changes on short time scales. The latter contain key information
about maintenance mechanisms of the superrotating atmosphere. The study can
be supported by an increased number of occultation measurements per Earth day.

Modeling

e The profiles of the vertical and horizontal eddy diffusion coefficients K., and
K,,, respectively, were chosen in accordance with previous models (c¢f. Figure
5.3). The variation of these parameters may influence the calculated number
densities of HySO4(g), HoO(g) and that of the cloud droplets (e.g. Hashimoto
and Abe, 2001). The variation of the convection layer located between about 50
and 60 km altitude, which was simulated by increased values of K., may also
affect the calculated spatial distributions of the number densities (e.g. Imamura
and Hashimoto, 1998). The study of the influence of K., and K, on HySO4 and
H,0(g) should therefore be considered in future simulation runs.

e The saturation vapor pressures of HoSO4(g) and HyO(g) depend on the concen-
tration of the HySO4-H,O solution (e.g. Zeleznik, 1991). A latitudinal variation
of the latter is likely in Venus’ atmosphere (e.g. Krasnopolsky, 2015). It may
affect the condensation and evaporation processes and therefore affect the spatial
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distributions of the calculated number densities. The condensation and evapo-
ration processes should therefore be calculated with a higher grade of detail in
future modeling work.

As can be seen from Figure 8.13, the number density of the cloud droplets ob-
tained from the present model calculations disagrees with the observations above
about 57 km altitude. This is most probably a consequence of overestimated
vertical transport mechanisms at higher altitudes. The latter should be adjusted
for future simulation runs.

The developed mass transport model can be easily connected to a one-dimensional
photochemical model. This way, in addition to the number densities of HySOy(g),
H,0(g) and of the cloud droplets, the global distribution of SO, can be simulated.
The simulation of SO, requires additionally the calculation of the photochemical
reactions of SOs which are responsible for the depletion of the gas at upper cloud
altitudes (cf. section 2.2).

Furthermore, the long-term variations as well as the local time dependencies of
SO, and HySO4(g) presented in the Figures 7.7 and 7.13 can be studied by using
the developed mass transport model. The investigations can help to understand
the nature of these variations and this way provide information about the sig-
nificance of the transport mechanisms. The latter is of high importance for the
study of the maintenance of the superrotating atmosphere.

Moreover, the developed mass transport model provides an excellent tool which
allows to extend the study of the global wind pattern in Venus’ atmosphere. In the
present work, a system of two circulation cells was applied, i.e. Hadley and polar
cell. The number of circulation cells, their geometry and their circulation velocity
can easily be varied. The variation may provide information on the existence of
small scale circulation cells and this way provide possible explanations for the
wind velocity observations presented in Figure 2.7.



Appendix A

Radio signal attenuation in the Earth
atmosphere

Attenuation of radio waves in the Earth atmosphere is mainly caused by oxygen, water
vapor, rain as well as clouds and fog. In the following, the attenuation due to these
factors is shortly discussed.

Oxygen and water vapor attenuation

The mixing ratio of oxygen is stable in the atmosphere, so that global variations of
radio attenuation caused by O, are small. In contrast, the water vapor mixing ratio
shows a large global variation. Radio signal attenuation due to water vapor depends
therefore strongly on the location of the G/S. Attenuation calculations for oxygen and
water vapor based on empirical modelling can be found in e.g. Ho et al. (2004) or
ITU-R Recommendation (2013). The specific attenuation due to oxygen in units of
dB/km is

7.2r28 0.62&3 5 o 5
= . . -1077, Al
o (f2 + 0.347“1%7}1'6 * (54 — f)116& 4+ 0.83¢&, / "p (A1)
with
& = ¢ (1, 1,0.0717, —1.8132,0.0156, —1.6515) (A.1la)
&= (Tp, r¢,0.5146, —4.6368, —0.1921, —5.7416) (A.lb)
& = ¢ (1, 1,0.3414, —6.5851, 0.2130, —8.5854) (A.1c)
where
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Figure A.1: Receiving antenna pointing angle distribution. The elevation angle is repre-
sented by V.
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The units of the frequency f (for f < 54 GHz), pressure p and temperature 7" are GHz,
hPa and °C, respectively.

(A.le)

The specific attenuation due to water vapor in units of dB/km is
aH,0 = AHzO . f2 P 1074, (A2)

where

3 9 4.3
Ago = (0. A2
120 <O 0T (22373 T (1833716 | (J — 32387 ¢ 10) (A.22)

and p in g/m? is the water vapor density. In order to compute the path attenuation
7 in units of dB, the specific attenuation « along the radio ray path within Earth’s
atmosphere must be considered. The attenuation increases with increasing path length.
As can be seen in Figure A.1, the latter increases with decreasing elevation angle 1.
The path attenuation for elevation angles between 5° and 90° can be computed by

hy (o, + am,0)
sin

, (A.3)

TOQ,HQO =

where the path length is denoted by h,. As an example, Figure A.2 shows the path
attenuation 7o, and Ty,0 in the frequency range between 1 and 40 GHz for the elevation
angles 5° and 90°.  Here, the vertical distribution of the pressure and water vapor
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Figure A.2: Path attenuation in the Earth atmosphere due to oxygen and water vapor for
the elevation angles 9 = 5° and 9 = 90°.

density between 0 and 15 km altitude were modeled by means of the barometric formula

(—20)

p(z) = poe i (A.4)
(2—20)

plz) = poe 20 (A.5)

The pressure and water vapor density at sea level were set to pg = 980 hPa and pg = 15
g/m3. The pressure and water vapor scale heights were chosen to be constant, with
H, = 8 km and Hy,0 = 2.5 km. The temperature at sea level was chosen to be
T = 23°C, decreasing monotonically to T" = —55°C between 12 and 15 km altitude.
The altitude range between 0 and 15 km was subdivided into equal 0.5 km thick layers.
Mean temperature, pressure and water vapor density values were computed within each
layer. Subsequently, the path attenuation in each layer was calculated using equation
(A.3). The sum gives the total path attenuation visible in Figure A.2.

It is clearly visible, that the radio attenuation increases with decreasing elevation
angle. The absorption at 5° is approx. ten times greater than that at 90° for both,
oxygen and water vapor. While below approx. 10 GHz the absorption is dominated
by oxygen, above approx. 10 GHz the absorption due to water vapor is stronger. It
reaches maximal values around 22.235 GHz due to the rotational absorption of H,O
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at this frequency. Maximal attenuation values of almost 1 dB can occur for a zenith
radio ray path and increase to values around 10 dB for an elevation angle of 5°. The
strong increase of the oxygen absorption visible at f > 30 GHz is attributed to the Oy
absorption line at 60 GHz. In contrast to the higher frequencies, the attenuation of
X- and S-band radio signals due to oxygen and water vapor in Earth’s atmosphere is
negligible small. Highest values of 1072 — 10! dB for the X-band and 1073 — 102 dB
for the S-band are visible.

It turned out that the attenuation of radio waves in Earth’s atmosphere occurs
mainly below the altitude of about 10 - 15 km. An increase of the upper boundary to
altitudes above 15 km has no significant effect on the attenuation values presented in
Figure (A.2).

Cloud and fog attenuation

Earth’s cloud particles reveal sizes smaller than 100 pm. Therefore, similar to the
case of Venus, the attenuation of radio waves (with f < 100 GHz) due to Earth’s cloud
particles can be calculated by applying the Rayleigh approzimation (cf. section 4.1.3).
The specific absorption in units of dB/km can be written as (cf. equation (4.18))

a.=K - M, (A.6)

where M is the liquid water density in the cloud or fog in units of g/m?. Based on
empirical modelling, the coefficient K can be calculated by (ITU-R Recommendation,
2017a)

= %, (A.6a)
with
n=22 (A.6b)
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where T' is the liquid water temperature in units of K. The principal and secondary
relaxation frequencies in units of GHz are

fp =202 — 146(c — 1) + 316(s — 1) (A.6i)

fs =398 f,. (A.6j)

The path attenuation 7. is obtained by multiplying the specific attenuation o, by the

traversed path of the radio wave within the cloud or fog. It can be easily seen from
equation (A.6) that 7. can then be written as

KL,

Te =

ng (A7)
where L. is the columnar content of the cloud liquid water in units of kg/m? or, equiv-
alently, mm. Values of L. are available at the website of the International Telecommu-
nication Union V). Path attenuation due to clouds/fog in the frequency range between
1 and 40 GHz for the elevation angles ¥ = 5° and v = 90° is presented in Figure
A.3. Here, a columnar content of 2 kg/m? was used for an exceedance probability of
0.1%. The attenuation increases from lower to higher frequencies, reaching maximal
values of approx. 2 dB and 20 dB for elevation angles of 90° and 5°, respectively. The

attenuation of VeRa’s radio signals reaches maximal values of more than 2 dB for the
X-band for ¥ = 5°.

Rain attenuation

The size of rain drops may be of the order of a few millimeters. In this case,
Rayleigh approximation is not applicable for radio frequencies greater than approx.
3 GHz. Attenuation must then be calculated from the complete Mie theory. It was
found that the specific radio signal attenuation due to rain «, in units of dB/km can
be expressed as a function of the precipitation rate R in units of mm/h (Battan, 1973)

a, =K, - R"". (A.8)

Dhttps://www.itw.int /rec/R-REC-P.840-7-201712-1
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Figure A.3: Path attenuation in the Earth atmosphere due to clouds/fog and rain for the
elevation angles ¥ = 5° and 9 = 90°. For the cloud/fog atlenuation it was set: L, = 2
kg/m?; exceedance probability: 0.1%. For the rain attenuation it was set: R = 25 mm/h;
exceedance probability: 0.01%; rain height: 3.9 km.

Values for the coefficients K, and w, can be calculated using equations provided in
ITU-R Recommendation (2005)

Koy + K.y + (K.g — K,.v) cos? ¥ cos 2
2
K pwe g + K.yw,.v + (K, gw,. g — K, yw,.y) cos? Y cos 2
2K, '

K, = (A.8a)

Here, x represents the polarization tilt angle relative to the horizontal polarization. It
is x = 45° for circular and xy = 90° for linear polarization. Values for the coefficients
K, gy and w, gy can be obtained from ITU-R Recommendation (2005), either for
horizontal or vertical polarizations.

Similar to water vapor, the precipitation rate R shows a high global variation. The
radio attenuation in the Earth atmosphere due to rainfall depends therefore strongly
on the location of the G/S receiver. Figure A.3 shows the path attenuation 7z due to
rain in the frequency range between 1 and 40 GHz for the location of the New Norcia
G/S. Following the algorithm presented in ITU-R Recommendation (2017c), Tr was
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computed for the elevation angles 5° and 90°. The precipitation rate R, here 25 mm/h
for an exceedance probability of 0.01%, was obtained from ITU-R Recommendation
(2017b). The rain height value was set to 3.9 km.

It is clearly visible that the attenuation due to rainfall can be quite strong, particu-
larly at high frequencies. Values between approx. 1 and 10 dB can be observed for the
X-band radio signal, increasing with increasing frequency. In contrast, the attenuation
of the S-band signal ranges between 1072 and 10~! dB. It is obvious, that rain atten-
uation is weaker than the attenuation due to clouds/fog below approx. 5 GHz. For
f > 5 GHz, however, rain attenuation shows the highest values when compared with
cloud/fog as well as with Oy and HoO attenuation (cf. Figure A.2).
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Appendix B

Multipath propagation effects
occurring in Venus Express radio
occultation experiments

For the analysis of radio occultation data the Fast Fourier Transform (FFT) is applied
to the received radio signals in order to determine the sky frequency and amplitude
(section 3.2). Enhanced temperature inversions, however, manifested in variations of
the refractive index, may lead to a complicated structure of the received radio signals.
Several different radio rays may arrive at the receiver simultaneously when sounding
those atmospheric regions. Figure B.1 shows the geometry for the case of multipath
propagation.

CL-receivers, which track the incoming radio signals by using phase-locked loops
(cf. section 3.2), provide incorrect phase/frequency and amplitude information. In the
OL-technique, used for Venus Express radio occultation measurements, the incoming
radio signals were down-converted to base band and its complex form was stored for
later processing. The Fast Fourier Transform was then applied to determine the sky
frequency and amplitude of the signals. In Venus’ multipath region, however, the FFT-
based analysis sometimes provided incorrect results. The simultaneous occurrence of
three radio rays at the receiver, as depicted in Figure B.1, made an unambiguous de-
tection of the carrier signal difficult.

Figure B.2 shows the power spectra of VeRa’s X-band radio signals when Venus’
multipath region was sounded during two ingress measurements in the year 2006. The
radio signals were down converted to base-band and corrected for the Doppler shift
induced by the relative motion between the S/C and G/S. Additionally, a predicted
atmospheric Doppler shift was removed. The band width of the residual signals was
less than 50 Hz. While panel a) shows the latitudinal region around 73°S, panel b)
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1 ray
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Figure B.1: Sketch of multipath propagation in the atmosphere. Radio rays, emitted by the
transmitter, traverse the atmospheric region where inhomogeneities of the refractive index
occur. The refractive index doesn’t increase monotonically with depth and causes therefore

a variation of the radio ray refraction in a narrow altitude range. This implies that sev-

eral different radio rays arrive at the receiver at the same time. The sketch of the multi-
path geometry was adopted from Lauritsen and Lohmann (2004) who depicted the occurrence
of multipath propagation in radio occultation measurements conducted on the Earth atmo-
sphere.

shows the region around 65°S. Both latitudes are located in the cold collar region (60°
- 75°).

The structure of the power spectra represented as a function of time shows the typ-
ical frequency behavior in the multipath region. Three carrier signals are visible at the
same time separated by frequency values ranging from a few Hertz to several tens of
Hertz. The FFT-based algorithm, which was developed for the analysis of VeRa’s OL
data, extracts the frequency and amplitude of the strongest carrier signal. The result
is presented by the black dots. In the presence of multiple radio rays an unambiguous
detection of the correct carrier signal is difficult. It can be seen that in the time range
between 219 seconds and 233 seconds after beginning of the measurement, the almost
linear decreasing part of the power spectra is ’ignored’. Consequently, the standard
FFT-based algorithm provides an incorrect time series of the frequency and amplitude
accompanied by jumps in the data.

It is clearly visible from Figure B.2 that the affected time range is variable. While
the latter has a length of approx. 14 seconds in panel a), only 2 seconds of the time
series are affected in panel b). The corresponding altitude ranges are 3.7 km in panel
a) and 1.2 km in panel b). It should be noted that the altitudes depicted in both



173

i 5
58.2 km !
' 0
¥ : ¥ 5.
g g 10
S ] g
8 - g -15
[ ; w
e 20 Alt. > 62.7 km
Alt. > 58.2 km ! '™
[ _25 [} /1 .
210 220 230 240 472 474 476 478 480 @ 482

Time since beginning of the measurement (sec)

Figure B.2: Power spectra of VeRa’s X-band radio signals computed when the multipath
region in Venus’ atmosphere was sounded. The signals were down converted to base-band.
The Doppler shift induced by the relative motion between the S/C and G/S was removed.
Additionally o predicted atmospheric Doppler shift was removed. The down mizing of the
base-band signal by using the predicted Doppler shift results either in positive or in negative
frequencies of the residual signal. The black dots show the residual frequency fres computed
by using the standard FFT-based algorithm outlined in section 3.2.1. Panel a) shows the
latitudinal region around 73°S, panel b) shows the region around 65°S. The white dashed
lines represent the sounded altitude corresponding to the ground station received time visible
on the abscissa.

panels are derived from the Doppler shift computed using the FFT-based algorithm
(black dots). The lowest frequency values of the ’'ignored’ parts of the power spectra in
both panels correspond therefore to altitudes above 58.2 km and 62.7 km, respectively.
Atmospheric profiles derived in later processing steps (section 3.2.2) contain therefore
incorrect values between 61.9 km and 58.2 km (panel a)) as well as between 63.9 km
and 62.7 km altitude (panel b)).

The shape of the multipath structure (length of the time range and frequency differ-
ence of multiple carrier signals) visible in the power spectra is mainly controlled by the
depth and thickness of the inversion layer in Venus’ atmosphere. The strongest multi-
path effects can be observed in measurements performed at the cold collar regions (S.
Tellmann, personal communication). Hinson et al. (1998) have shown that the shape
of the multipath structure also depends on the spacecrafts velocity, the signal frequency
and the distance D (see Figure 3.2). Figure B.3.a) shows the X-band measurement,
adopted from Figure B.2.a), along with the corresponding S-band measurement (panel
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Figure B.3: Panel a): Power spectra of VeRa’s X-band radio signal adopted from Figure
B.2.a). Panel b): Power spectra of VeRa’s S-band radio signal from the same measurement
as presented in panel a).

b). Similar to the X-band measurement, the time series of the frequency of the S-band
radio signal is not correct computed by the standard FFT-based algorithm (black dots)
within the multipath region. However, the affected time range is shorter compared to
the X-band signal. Tt is approx. 10 seconds at S-band versus 14 seconds at X-band.
The corresponding altitude range is 2.8 km for the S-band radio signal. Atmospheric
profiles derived from the S-band data contain incorrect values between 61.9 km and
59.1 km altitude.

In order to correct for multipath effects in radio occultation experiments, high res-
olution methods must be applied for the detection of the correct carrier signal. Only
this way a correct time series of the frequency and amplitude can be obtained, so that
an unambiguous assignment of the frequency and radio ray parameters (section 3.2.2)
can be made.

A large number of methods (e.g. back-propagation (e.g. Ao et al., 2003), canonical
transform (e.g. Gorbunov, 2002), full spectrum inversion (e.g. Jensen et al., 2003)) have
been developed inspired by the occurrence of multipath effects in planetary radio oc-
cultation measurements and GPS supported radio occultation experiments performed
at the Earth atmosphere.



Appendix C

Coeflicients for the mass transport
equation

For the substitution of the first order spatial derivatives in equation (5.14) with differ-
ence quotients it is important to distinguish between various mass flow directions. If
the flow direction is from left to right (vs > 0), the left-handed difference quotient must
be used, otherwise (vg < 0) the right-handed difference quotient is used. This must
also be considered for upward (v, > 0) and downward (v, < 0) directed mass flows. In
the following, the coefficients for the equation (5.16) are presented by considering the
mass flow direction.

vy > 05 v, >0

At K,
Cl = Tgb (v¢+tan¢—+2TA¢>

At 2 B
Ah Ah — Used Up,

—tan 2 AL+ 1
T

Cy = _Ti_tgb (% + tan gb% + :X:b) (C.1)
e
Cs = % (Used + Up — %)
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Appendix D

The effect of the antenna mispointing
on the Venus Express S-band radio

signal
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Figure D.1: The effect of pointing inaccuracies on Venus FExpress’ S-Band radio signals
occurred during the occultation measurements in the year 2006 as o function of the sounded
altitude. The horizontal azes were subdivided into equal bins of 0.0015 dB each and mea-
surements located within each bin were counted. The color code gives the number of mea-
surements located within each bin. The white profile represents maximal pointing tnaccura-

cies occurred in 20006.
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180 ON THE VENUS EXPRESS S-BAND RADIO SIGNAL

Due to a large half power beam width value of 95324 ~ 6° for the HGA1 the effect
of mispointing on VeRa’ S-band radio signals was smaller than that on the X-band
signals. Figure D.1 shows the effect of mispointing on the S-band radio signals during
measurements carried out with the HGA1 in the year 2006. The horizontal axes were
subdivided into equal bins of 0.0015 dB each and measurements located within each
bin were counted. The color code gives the number of measurements located within
each bin. The white profile represents maximal observed pointing inaccuracy values.



Appendix E

H2SO4(g) profiles derived from VeRa’s
X- and S-band radio absorptivity in
the year 2006.

The Figures E.1 and E.2 show vertical profiles of the HySO4(g) abundance in Venus
atmosphere at the northern cold collar and polar latitudes, respectively. The profiles
were derived from VeRa’s X- and S-band radio absorption measurements carried out
between 2006-07-19 and 2006-08-21 in the year 2006. The profiles along with those

—a— S-band
—e— X-band

Altitude (km)

401

O—4-----=--=---

Sulfuric Acid Vapor (ppm)

Figure E.1: Sulfuric acid vapor profiles at the northern cold collar latitudes in Venus at-
mosphere derived from VeRa’s X- and S-band radio signal absorption in the year 2006.
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APPENDIX E. H,S04(G) PROFILES DERIVED FROM VERA'’S X-
AND S-BAND RADIO ABSORPTIVITY IN THE YEAR 2006.
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Figure E.2: Sulfuric acid vapor profiles at the northern polar region in Venus atmosphere
derived from VeRa’s X- and S-band radio signal absorption in the year 2006.

visible in the Figure 7.1 were used to calculate the mean sulfuric acid vapor abundance
presented in Figure 7.3.
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