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Abstract

The Venus Express Radio Science Experiment (VeRa) was part of the scientific payload of the Venus Express (VEX) spacecraft and was
targeted at the investigation of Venus’ atmosphere, surface, and gravity field as well as the interplanetary medium. This paper describes the
methods and the required calibrations applied to VEX-VeRa raw radio occultation data used to retrieve vertical profiles of Venus’ ionosphere and
neutral atmosphere. In this work we perform an independent analysis of a set of 25 VEX, single-frequency (X-band), occultations carried out in
2014, recorded in open-loop at the NASA Deep Space Network. Our temperature, pressure and electron density vertical profiles are in agreement
with previous studies available in the literature. Furthermore, our analysis shows that Venus’ ionosphere is more influenced by the day/night
condition than the latitude variations, while the neutral atmosphere experiences the opposite. Our scientific interpretation of these results is based
on two major responsible effects: Venus’ high thermal inertia and the zonal winds. Their presence within Venus’ neutral atmosphere determine
why in these regions a latitude dependence is predominant on the day/night condition. On the contrary, at higher altitudes the two aforementioned
effects are less important or null, and Venus’ ionosphere shows higher electron density peaks in the probed day-time occultations, regardless of
the latitude.
© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction

Venus has been one of the prime targets in the early Solar System exploration, as the closest, and yet very different, planet.
Between the 1960s and the 1980s intensive space mission campaigns have been carried out by the Soviet Union and the United
States, which sent more than 30 spacecraft to study the so-called “Earth’s sister”. Venus revealed similarities in size, density,

mass, volume, orbital radius and bulk composition to Earth. However, the similarities ended there. The missions discovered an
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atmosphere characterized by extremely high temperatures, pressures, and composition which renders it uninhabitable, pointing out
two planets that had evolved very differently.

The first radio occultation experiment on Venus was performed in 1967 during a flyby of Mariner V (Fjeldbo & Eshleman, 1969;
Fjeldbo et al., 1971; Barth, 1967; Kliore et al., 1967), which discovered dayside and nightside ionization distributions in the upper
atmosphere, as well as temperature and pressure profiles of the lower atmosphere of Venus. Subsequent missions such as Mariner
X (Fjeldbo et al., 1975; Woo, 1975), Venera (Yakovlev et al., 1991; Gavrik et al., 2009; Kolosov et al., 1979), Pioneer Venus Orbiter
(Kliore et al., 1979; Kliore & Patel, 1980; Newman et al., 1984) and Magellan (Hinson & Jenkins, 1995; Jenkins & Hinson, 1997;
Jenkins et al., 1994) contributed to new radio occultation investigations, increasing the understanding of the planet’s atmosphere.
In addition, the latter in the 1990s mapped the entire gravity field of the planet, up to the degree and order 180 (Konopliv et al.,
1999). Since then, Venus remains unvisited for more than a decade as the priority for investigations of terrestrial planets shifted
toward Mars, characterized by a more habitable environment. Nevertheless, there are still a large number of fundamental questions
to be answered about the past, present and future of Venus. In 2005 the European Space Agency (ESA) launched the Venus Express
mission to unveil the unsolved mysteries regarding the atmosphere, the plasma environment and the surface temperatures of Venus
(Titov et al., 2006; Svedhem et al., 2007). One of the main objectives was studying the atmosphere, ionosphere and gravity of
Venus through the VeRa radio science instrument, by using S- and X-band (2.3 and 8.4 GHz, respectively) radio links between the
spacecraft and Earth-based Deep Space Antennas (Hiusler et al., 2006).

The first results from the VeRa occultation experiments have been presented by Pitzold et al. (2007), who showed vertical
profiles which revealed Venus’ ionospheric structure between 100-500 km altitude and neutral atmosphere between 40-90 km
altitude. Detailed studies have been carried out from the profiles retrieved in the following VeRa occultation seasons, which among
other things show temperature on Venus which are latitude-dependent and a day/night variability of the electron density in the
Venus’ ionosphere (Peter et al., 2014; Gérard et al., 2017). Tellmann et al. (2009) showed also studies on the static stability of the
atmosphere, which have been found to be latitude-dependent and nearly adiabatic in the middle cloud region. The static stability
of the neutral atmosphere is also linked to the height and temperature of the tropopause, which is latitude-dependent too. Several
studies from VeRa data have been conducted on the dynamics of the atmosphere of Venus, its thermal structure and its fluctuations
due to gravity waves (Piccialli et al., 2012; Tellmann et al., 2012; Lee et al., 2012; Ando et al., 2020).

Nowadays, the exploration of Venus is still ongoing through the Akatsuki mission from the Japanese Aerospace Exploration
Agency (JAXA), which reached the planet in 2015 (Imamura et al., 2011, 2017; Ando et al., 2020). The near future foresees Venus
as one of the main target for forthcoming space exploration missions. In particular, NASA Discovery Program has selected two
Venus space missions, namely VERITAS from NASA-Jet Propulsion Laboratory and DAVINCI+ from NASA Goddard Space Flight
Center, while the European Space Agency selected EnVision Venus orbiter as the next Medium-class mission.

In this work we present 25 vertical profiles from VeRa occultation season of 2014, acquired by the NASA Deep Space Network
(DSN) managed by Jet Propulsion Laboratory (JPL), in a collaboration between JPL and Alma Mater Studiorum - University
of Bologna (UNIBO). The retrieved vertical profiles are used to investigate the relations between the atmospheric parameters,
the latitude and the day/night variations on Venus. For this investigation, we used one-way, single frequency (X-band) signals
from VEX, recorded in open loop at the DSN stations. To our knowledge our work presents, for the first time singularly and
independently, the 2014 VEX-DSN open-loop profiles. Moreover, our results come from an independent analysis, obtained from
data received at a different ground station complex (NASA-DSN with respect to the ESA New Norcia (NNO), used as principal

ground station in the VEX mission) and with non-identical signal reception/processing hardware and methods (our DSN open-
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loop vs ESA NNO closed-loop data). Section 2 reports the concept of radio occultation experiments, the adopted method, the
developed algorithm, the data set, as well as the signal processing and the calibration of the observed frequencies. Section 3
presents the profiles obtained from VEX radio occultations in 2014, the results and our scientific interpretation. Section 4 presents
our conclusions and discussions, while the Appendix shows our error analysis, which estimates the temperatures and pressure

uncertainties of the retrieved profiles.

2. Methods

Atmospheric radio occultation investigations rely on the measurement of the frequency changes on a radio signal as it travels
through the atmosphere of a planetary body. This technique is a powerful tool that has been used to probe remotely the planetary
atmospheres since Mariner IV in 1965 (Kliore et al., 1965; Gunnar Fjeldbo & Eshleman, 1966).

The neutral atmosphere and ionospheric plasma around the planet have a refractive index different from 1, hence the radio
frequency beam experiences refraction. Refraction is mainly responsible for causing an excess path delay of the signal transmitted
by a radio antenna (on board a spacecraft for a one-way down-link experiment). The change in the excess path delay during the
occultation experiment generates a shift of the transmitted frequency that is interpreted as a bending of the light rays trajectory. The
signal is eventually recorded by another antenna (an Earth-based ground station for a one-way down-link) and is then analyzed in
order to extract the information about the crossed optical medium. The geometry of an occultation experiment is depicted in Figure
[

The general methods and procedures to analyse and process radio occultation data, in order to determine vertical profiles of
atmospheric properties from time series of frequency residuals have been presented by Phinney & Anderson (1968); Fjeldbo et al.
(1971); Eshleman (1973); Hausler et al. (2006); Withers (2010); Withers et al. (2014); Dalba & Withers (2019); Withers & Moore
(2020). Next sections present details of our atmosphere retrieval algorithm, which includes all relativistic effects of the order of
1/c?, where c is the speed of light in vacuum. The algorithm is developed in MATLAB environment. It first evaluates the radio
occultation geometry from NASA’s SPICE toolkit Navigation and Ancillary Information Facility (NAIF) (Acton, 1996), namely the
coordinate time of emission and reception, the relative positions and velocities of the transmitter, the receiver and the planets. These
are used together with the frequency residuals to obtain the impact parameter a and the bending angle « of the ray path during the
occultation, see Figure[I] From the evolution of the bending as a function of the impact parameter, the target’s atmosphere refractive

index is eventually reconstructed using an Abel inversion method.

2.1. Frequency residuals
Radio occultation experiments are based on the accurate computation of the frequency residuals (A f), which are defined as the

difference between the observed (measured) frequency (f,), and the expected (computed) frequency (f,), namely

Af=fo—fe (1)

The frequency residuals carry crucial information on the planet’s atmosphere and they represent the main input to the atmosphere

retrieval algorithm, which aims at deriving the vertical profiles of the atmospheric parameters. The frequency residuals are computed

from f,, the predicted received frequency, which is determined from the modeling of the received frequency. Within the framework

of general relativity, f, the frequency which is received by an observer B, is related to fj, the frequency which is transmitted by an
emitter A, according to the following expression (Schinder et al., 2015):

1 - vB/c) V1 =2U(rp)/c? = (va/c)?
I =fy - Vale) \T=20(rg)/ = (va/cP

@

S (fiy,ip) = fi (
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Fig. 1. Ray bending in the atmosphere of Venus. Ry is the ray path closest approach distance; « is the bending angle; a is the impact parameter; u is the index of
refraction. The unit vectors showing the radio ray path would follow in vacuum are labelled as direct, while the true path of the ray due to refraction at the target
body is described by the unit vectors Occ. Bx and dx represents the two unknowns of the occultation experiment to be solved for each individual ray path, they

are related to the geometry of the occultation and will yield the refractivity index of the target’s atmosphere as a function of the impact parameter. The radii of the
planet and the atmosphere are not to scale.

where v4 = ||v4]| and vg = ||vp||. r4 and v, are the position and velocity vectors of the emitter with respect to the occulting body’s
center-of-mass, respectively. rz and vg are the position and velocity vectors of the receiver with respect to the occulting body’s
center-of-mass, respectively. The position and velocity of the emitter are given at time of emission #4, namely ry = ra(f4) and
v = va(ta), respectively, while the position and velocity of the receiver are given at time of reception 7g, namely ry = rs(fg) and
va = va(tp), respectively. The unit-vectors fiy and fip represent the direction of the radio ray at the level of emitter and receiver,
respectively; they are both expressed in the occulting body’s center-of-mass frame. U(r) is the opposite of the total Newtonian
gravitational potential evaluated at the position r. The expression [2]is valid for a stationary spacetime and include all terms at first-
order in 1/c%. In the case of a down-link one-way radio occultation experiment at Venus, the emitter A is a spacecraft, the receiver
B is the Earth-based ground station, the occulting body is Venus (see Figure[I)), and U(r) contains the gravitational potentials of the
Earth, the Sun, Venus, Jupiter, Saturn and Mars.

Let us emphasize that the positions and velocities of planets, satellites, and spacecraft are usually integrated and then distributed
in the solar system barycentric frame (see e.g., Park et al. (2021) for a presentation of DE440/441 planetary ephemerides). There-
fore, in order to compute Eq. [2]in Venus’ center-of-mass frame, we apply appropriate Lorentz transformations on barycentric
positions, velocities, and directions of the radio rays. These corrections starts with terms oc 1/c and must be taken into account to
ensure that Eq. 2|is coherent up to first-order in 1/c?.

Hereafter, we use T to denote the barycentric coordinate time and ¢ to refer to the proper time at Venus’ center of mass. We use
the convention that a vector (e.g., a velocity or a direction tangent to the radio ray, etc.) expressed in Venus’ center-of-mass frame
is denoted by a “bold lowercase letter” (e.g., v and i, for previous examples), while in the barycentric frame the same vector is

denoted by a “bold capital letter” (e.g., V and N, again for previous examples). We denote a position vector expressed in Venus’
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center-of-mass frame by r, while the barycentric position vector pointing to the same point is denoted by R. For instance, the
barycentric position, velocity, and direction of the radio ray at the emission point A are denoted by Ry, V4, and Ny, respectively.
We denote by Ro = Ro(7) and Vo = Vo(T)) the barycentric positions and velocity vectors of Venus evaluated at the initial
coordinate time T for the Lorentz transformations. The magnitude of the barycentric velocity of Venus is denoted by VQ = ||V9||.
The relationships between quantities ¢, r, v, fi expressed in Venus’ center-of-frame and 7, R, V, N expressed in the barycentric

frame are given by

R-Ro)-V
t:F[T—T0—¥], (3a)
C
Vo - (R - Ro)[V
r:R—RQ—FVQ(T—T0)+(F—1)[ ? (V2 PIVe (3b)
2
(. V-Vo)! (Vo - V)Vo
V:Fl[l_ = ] [V—FV9+(F—1)—V92 ], (3c)
N -1 A
R-Vo)'[. TV Vo RV
ﬁ:rl[l— 9) [N——9+(r—1)M}, (3d)
c c Vo

where I is the Lorentz factor being defined such as ' = [1 — (VQ /¢)*17 2. We call VQ the parameter of the Lorentz transformation.

Inverse Lorentz transformations to go from the Venus’s center-of-mass frame to the barycentric frame are straightforwardly
obtained by switching “capital” quantities by their “lowercase” counterparts and by reversing the sign of the barycentric velocity
of Venus. For instance, the coordinate time at reception is given by T =Ty + ' (tg + rp - VQ /).

While using the transformations [3] let us emphasize that we make the approximation that the barycentric motion of Venus is
inertial during the time interval (T — Ty). Therefore, to keep (T'g — T) small, we can choose T4, the date of emission of the signal,
as the origin of the coordinate time for the Lorentz transformation, namely Ty = T4. To determine 74 we proceed as follows. The
reception time which is dated in Universal Coordinate Time (UTC) can directly be transformed into a barycentric coordinate time
(namely Tp) using planetary ephemerides. Therefore, Ty is known from the data and DE440/441. Then, the coordinate time at

emission is determined by solving iteratively the following light-time equation

_ IIRp(TB) = Ra(TA)l
- ;

T4y =Tg 4

assuming 74 = T'p at the first iteration. In Eq. 4] we do not consider relativistic corrections from the Shapiro time delay which are
o 1/c*. We also omit the atmospheric delay which could nevertheless be accounted for as described in Appendix A of Bourgoin
et al. (2021). Then, from T4, we can now determine the parameters of the Lorentz transformations, namely RQ = RQ(TA) and
Vo = Vo(Ty). Itis now straightforward to apply Egs. to transform all the barycentric positions and velocities of the problem into
positions and velocities expressed in Venus’ center-of-mass frame. After substituting these into Eq. 2] we get the expression of the
received frequency fp which we might see as a function of fiy and fi only.

The data processing can be divided into two parts: (i) the calibration of the observations and (ii) the inversion of the data. Both
parts are based on two different realizations of the frequency residuals[1| In the first part, the computed frequency is determined
assuming a radio signal propagating in vacuum, namely fiy = fig = fig.. In this picture, we define the computed frequency
(fedirect) by the following expression:

fc,direct = fB (ﬁdirecra ﬁdirecr)a (5)

where figiec; is the unit-vector being tangent to the straight-line segment joining A and B (see figure [I)). After substituting for f;
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from Eq. E] into|l} we eventually derive the frequency residuals A fy;,.. which are used for calibrating the data. This point is further
discussed in Sec. 2.4l

Once the data have been properly calibrated, we focus on the second part of the data processing, namely the inversion, which is
based on the accurate computation of the received frequency, too. The main difference with respect to the calibration part relies on
the fact that the radio signal does not propagate in vacuum anymore. As a matter of fact, the refraction effect is taken into account
through the bending of the radio ray trajectory, that is to say fis o.c # 0.occ (see Figure . In this picture, we define the computed
frequency (f:.occ) by

fc,Occ = fB (ﬁA,Occ» l’iB,Occ)' (6)

In order to emphasize the atmospheric contribution in the frequency computation, it is convenient to re-express the received fre-

quency fp in terms of f; girecr» and in term of the deviation of the radio ray with respect to its vacuum trajectory, such as

)

" A A A -1

~ ~ (nB,Occ - nB,direct) . VB/C (nA,Occ - nA,direct) : VA/C

fB (nA,Occ, nB,Occ) = fc,direct 1 - ~ 1- ~
1- DB direct * VB/C 1- DA direct VA/C

After substituting for f. from [f]into [I] we compute the frequency residuals Afo.. for the occultation. Using a Newton-Raphson

algorithm, we determine fis .. and fip .. by minimizing the residuals, that is to say Afp.. = 0. This allows us to eventually derive

the bending angle of the radio path according to
@ = arccos (ﬁA,OCC : ﬁB,OCC) . (8)

From the bending angle and the impact parameter of the radio ray trajectory (whose expression is easily deduced from the pointing
and positions vectors in Venus’ centre-of-mass frame), the inversion proceeds with the Abel transform. This is the subject of the

next section.

2.2. Abel Inversion method

The bending angle @ and the impact parameter a of each ray path represent the fundamental parameters of the occultation
measurement. They are transformed in vertical profiles of the planet’s atmosphere refractive index, y, at the ray closest approach

distance, through an Abel transform integral inversion formula (Fjeldbo et al., 1971), namely

—c0 2 1/2 d
xln u(Ro) = fﬂ 1n{ﬁ + {(i) - 1} } &2 da, 9)
a=ay ao ap da

where Ry is the closest approach distance, which is computed through the Bouguer’s rule (Born & Wolf, 1959; Fjeldbo et al., 1971;

Kursinski et al., 2000), namely
— o
Hu(Ro)

Hence, a vertical profile u(R) can be determined for any R = Ry using the derived values of @ and a.

Ry (10)

The vertical profiles of the atmospheric parameters as refractivity, mass density, neutral density, temperature and pressure are
easily and directly obtained directly from the refractive index, by making use of the hydrostatic equilibrium assumption together
with the ideal gas law. Regarding the electron density, we assumed a linear relationship between the refractivity, v,, and the electron
density, N,, see Section 3]

The main facts, assumptions and limitations of this method are summarized hereafter:

e One-Way Link: The radio signal is transmitted from the spacecraft and received at the ground station;
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o Single Frequency: only X-band signals are used in these experiments since they were performed using the Venus Express
High Gain Antenna 2. This particular antenna did not support the S-band link, so only X-band data is available for the
occultations we present in this work. This is a limitation for the ionosphere investigation, since a dual-frequency analysis
provides always more reliable results. On the other hand, a single-frequency analysis is not a limitation for the neutral

atmosphere since it is a non-dispersive medium;

e Stable Frequency Source: The source of the transmitted frequency must be stable (use of Ultra Stable Oscillators by the

transmitter is key to the success of One-Way link occultations);

e Spherically Symmetric atmosphere and ionosphere at the target: This assumption allows to assume that the radio signal will
travel within the r-z plane defined in Fig.1 of Withers et al. (2014). If the assumption is not satisfied (as for the oblate planets
Jupiter, Saturn, Uranus and Neptune), gradients of refractivity will exists perpendicular to the r-z plane and the radio signal
will travel outside it. As a result, the adopted method would not be valid for those instances. Nevertheless, in the context of
occultation analysis, this assumption is adequate for many atmospheres and ionospheres in the solar system, including those

of Venus, the Earth, Mars, the four Galilean satellites, Titan, Enceladus, and Triton;
e Well-mixed Atmosphere: Assumption used to convert the observed refractivity to the atmospheric density;
e Ideal Gas Behavior: The neutral atmosphere is assumed to behave as an ideal gas.

Our Abel inversion software has been tested and validated with respect to several radio occultation profiles presented in the

literature. Figure [2]shows a validation with respect to the VEX results published in Pitzold et al. (2007).

2.3. Data set

Our data-set comprises 25 occultations from the VeRa Venus Express radio science instrument, acquired between January and
March 2014 occultation season. The data have been recorded in open-loop by the NASA Deep Space Network, in particular by the
Deep Space Stations (DSS) 34 and 43 from the Canberra complex in Australia, all during local night-time. It is worth to mention,
however, that our data-set is not currently publicly available. The occultations are composed of 9 ingress points and 16 egress
points. The former are all constrained in the north polar region, while the latter are characterized by a wide latitudinal coverage
in the Southern hemisphere, see Figure 3| The data were recorded by the Radio Science Receiver (RSR), a computer-controlled
open-loop receiver that digitally recorded the VEX signal with a sampling rate of 2 kHz, by means of an analog to digital converter
(ADC) and multiple digital filter sub-channels. The RSR relies on frequency predicts to remain tuned to the incoming signal, so
it does not have a feedback loop with which to track and lock the received signal, as for the closed-loop ones. This is especially
advantageous in the occultations investigations, where is challenging to establish and/or maintain the signal lock. Furthermore, in
order to retrieve the frequency time series, the RSR data were processed through a spectral FFT algorithm (Fast Fourier Transform)
(Paik & Asmar, 2011) on consecutive intervals of 500 IQ samples, in order to obtain a sufficiently high number of frequency
measurements. This resulted in a count-time, or integration time-step, of the frequency time-series of 0.25 seconds.

Furthermore, the open-loop data allow to carefully address the potential presence of the multipath phenomenon at Venus’
tropopause, first discussed in Imamura et al. (2018). In particular, we carried out a signal processing analysis in the frequency
domain, at different integration times. Our conclusions are that our data set does not show multiple peaks (comparable in terms of

power), also called subsignals, at the tropopause. Multiple peaks would have been a clear indication of the multipath phenomenon,
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Fig. 2. Software validation. The data correspond to a radio occultation of VEX on August 22, 2006. The blue curve is obtained from our own Abel inversion
software, while the purple asterisks represent the temperature profile published in Pétzold et al. (2007). The authors acknowledge the Principal Investigator B.
Haeusler of the VRA instrument onboard the Venus Express mission for providing datasets in the archive. Dataset of the VRA instrument has been downloaded
from the ESA Planetary Science Archive http://archives.esac.esa.int/psa (Besse et al., 2018).

and their absence led us to the conclusions that (a) multipath is not affecting our results to a level where it would be significant (i.e.
its effect falls below our uncertainty level), and (b) a Full Spectrum Inversion (FSI) method (Imamura et al., 2018) is not required

within this investigation.

2.4. Calibrations

The accuracy of a one-way radio occultation experiment relies on the stability of the spacecraft’s transmitted frequency. Venus
Express was equipped with an Ultra Stable Oscillator (USO), an instrument which guarantees a highly precise control of the
transmitted radio frequency in terms of its Allan Standard Deviation over a wide range of integration times (H&usler et al., 2006).
However, several noise sources and errors affect the observed frequency (i.e. thermal noise, media propagation noise, Earth’s
ionosphere and troposphere, spacecraft clock and estimated trajectory), which result in fluctuations in the evaluated frequency
residuals. As a consequence, if not calibrated, these effects can jeopardize the accuracy of the retrieved atmospheric profiles.
The calibration process is crucial to compensate the observed frequency for the noises and errors present in the signal, providing
dependable results.

The first calibration is performed to correct the frequency residuals for the local Earth’s ionosphere and troposphere, which cause
a delay in the spacecraft signal propagation. This delay is translated into a phase delay of the recorded signal and then converted
into a frequency shift in the Doppler observables. These corrections are in the form of polynomials, whose coefficients are provided
by the Tracking System Analytic Calibration (TSAC) Group at JPL, based on Global Positioning Systems (GPS) data analysis. The
remaining noises can be evaluated from the baseline of the frequency residuals, the region where the signal is traveling outside

the atmosphere of the planet. In an ideal occultation experiment the baseline should be flat with low-noise, zero-mean frequency
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Fig. 3. Spatial distribution of VEX 2014 occultations data as a function of latitude and longitude. Points are related to the occultation point at 50 km altitude.

residuals. A zero-mean value indicates that the frequency residuals are fully calibrated for all non-atmospheric sources so that
only the signature of the atmospheric refraction would remain. For this reason, a second calibration is required to compensate
the spacecraft clock, the estimated trajectory, the plasma noise and thermal noise, with the goal to better estimate the transmitted
frequency from the unperturbed signal travelling outside the planet’s atmosphere. This second calibration is usually called baseline
fit: the polynomial coefficients of order n are calculated from the baseline (the region outside the atmosphere), which are used
to generate a new calibration polynomial for the entire observation time-span, which is then subtracted from the entire frequency
residuals time series. The adopted polynomial’s order for the baseline fit is between O and 2, depending on the quality of the
frequency residuals. Figure [4] shows the frequency residuals before and after the baseline fit, while Equation [IT] summarizes the

performed calibration process:

Afcalibrated = Af + Aﬁmpo - Aﬁono - [PO + pit + p2t2 +...t pntn] P (11)

where ¢ is the time at the receiver related to the frequency residuals [s], Afiropo and Afion, are the troposphere and ionosphere
calibration polynomials [Hz], while the polynomial of order n represents the baseline fit, it is characterized by the polynomial
coefficients p, [Hz - s7"], and it compensates spacecraft clock and estimated trajectory errors, in addition to thermal and plasma
noise.

To conclude, let us emphasize that even though the baseline fit is a subjective action, the profiles converge regardless of the

adopted baseline fit, as long as a proper low-order (between order 0-2) calibration is performed.

3. Data analysis results

The first parameter obtained from the Abel transform, as a function of the altitude, is the refractive index u, which is used to

evaluate the refractivity of the atmosphere:

v(h) = u(h) — 1. (12)
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The total refractivity v is the sum of the refractivity of the ionosphere v, and the refractivity of the neutral atmosphere v,

V=V, + V. (13)

The single-frequency occultation experiment assumes that if the derived value of v is negative, then v, is assumed to be identical
to the measured value of v while v, is assumed to be zero and vice versa. In other words, we assume that the ionosphere and
neutral atmosphere of Venus are characterized by a clear separation occurring at a certain altitude. In the intermediate region
where v is experimentally indistinguishable from zero both v, and v, are assumed to be zero (Withers, 2010). A refractivity profile
from the VEX egress occultation occurred on 1* February 2014 is shown in Figure|5| together with the related uncertainties. The
uncertainties are obtained from a Monte Carlo simulation (Schinder et al., 2011, 2012), a method which allows to propagate the
uncertainties in the frequency shift through the data processing pipeline. We performed 2000 runs of a representative NASA-DSN
2014 VEX occultation, by adding gaussian random noise time-series to the original frequency residuals, in order to obtain the
standard deviations of the profiles in terms of relevant atmospheric parameters. This error analysis considers the noise present in
the baseline of the frequency residuals, namely including the USO noise, plasma noise, and a variable thermal noise as a function
of altitude. The thermal noise evolves as the reciprocal of the signal-to-noise ratio: since the latter decreases across the atmospheric
profile, the thermal noise is not constant in general, and it increases as the rays probe lower regions of the target’s atmosphere. The

details of the error analysis are presented in the Appendix.

3.1. Ionosphere

The ionosphere is a thin plasma structure within the extended neutral atmosphere and it is sensitive to radio waves above 100

km. The interaction of the electrons with the radio wave leads to an advance of the phase of the carrier frequency. The electron
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density N, in the ionosphere is retrieved from the refractivity of the ionosphere v,:

N,(h)e?

hy = —C
velh) 8m2m, € f2

(14)

where e is the elementary charge, m, is the electron mass, € is the permittivity of free space and f is the transmitted frequency
(Withers, 2010).

Figure@ shows the electron density profile from the 1% February 2014 Venus Express egress occultation. As reported by Pitzold
et al. (2007), Venus’ ionosphere is characterized by two main electron density layers, identified as the secondary and main layers
V1 and V2 respectively, which are clearly visible in Figure[6] In addition, the ionopause, which is the boundary between the solar
wind flow and the planetary ionosphere, is placed at around 520 km altitude, where the electron density drops into the noise level.
The analysis of the various ionospheric profiles obtained from VEX data of Figure |/| suggests that the ionopause altitude varies
between 150 km and 590 km due to the variability of the balance between the solar wind dynamic pressure and the ionospheric
plasma pressure, as well as the solar zenith angle condition. Most of the profiles with lower SZA (DOY 020, 032, 036) experience
higher ionopause altitudes than the night-time ones (DOY 060, 062, 064, 066). However, it is worth mentioning that, as presented
by Gérard et al. (2017), some single-frequency profiles could deviate with respect to the related dual-frequency ones (which are not
available for this investigation due to the lack of S-band data for these occultations), due to ”small-scale spacecraft bus vibrations
or other vibrational disturbances at the ground station which produce an extra Doppler contribution along the line-of-sight and
perturb the derived electron density profile” (Gérard et al., 2017). For this reason, the ionopause altitudes could not be fully trusted.

The ionosphere is ionized by direct solar radiation which charges up the ionosphere’s particles, as a consequence a direct relation
between electron density and solar zenith angle (day/night condition) is predictable and has been first presented by Ivanov-Kholodny
et al. (1979), Bauer et al. (1985) and more recently by Gérard et al. (2017) and Hensley et al. (2020). Figure[§|depicts the electron
densities profiles for the analyzed 25 VEX occultations with additional information on the solar zenith angle and the results are in
line with previous studies (Patzold et al., 2007; Gérard et al., 2017). Our profiles confirm the relation between the ionosphere and

the day/night condition, highlighting the day-time occultations with a clearly defined electron density secondary and main layers



12 Edoardo Gramigna et al. / Advances in Space Research xx (2022) xxx-xxx

600 T

550 * o ot /Ionopause i

500 [-

450 -

B

o

o
T

Altitude [km]
w
3

w

(=3

o
T

250 -

*** v2
% * ¥ x K K K "
100 (- B

‘ ‘
108 10° 1010 10" 1012
Electron density [m3]

Fig. 6. Electron density profile of VEX DOY 032 2014 egress occultation. Latitude (at the 50 km altitude occultation point) = -77.300°; Longitude = 240.998°;
Solar Zenith Angle (SZA) = 74.5 deg. The mean noise level is 5.5 - 10%¢l/m> and it is evaluated from the baseline of the electron density profile.

V1 and V2, while the night-time occultations showing only the main layer V2, which is characterized by a lower electron density
value. Furthermore, the night-time profiles of Figure 8] which have comparable electron density values, are characterized both
by occultations occurred near the equator and in the polar regions. This suggests that Venus’ ionosphere electron density is not
influenced by the latitude and the dominant factor is the day/night condition.

To conclude, Figure Qreports the typical Chapman plot of V2 peak altitudes and peak electron densities of Figure([8as a function
of the solar zenith angle. Regarding the V2 peak electron densities, for Venus the Chapman theory predicts in an excellent way
the variation of the peak density and altitude with SZA, see Figure [0] In general, our results are in agreement with the more

comprehensive study carried out in Gérard et al. (2017).

3.2. Neutral atmosphere

Radio signals are sensitive to Venus’ neutral atmosphere approximately below 100 km altitude. Within this investigation the
results are limited to an altitude of 38 km due to the critical refraction of Venus’ atmosphere: the strong bending, refraction,
absorption and defocusing caused by the atmosphere affect the radio signal, which becomes extremely weak and detection is no
longer possible (Eshleman, 1973). As a result, at these altitudes radio occultation data are dominated by noise and the software is
not able to retrieve the correct value of the bending angle. The lower boundary of our profiles is determined by the last frequency
residual which yields a reliable bending angle parameter. The neutral number density n(h) is evaluated from the neutral atmosphere

refractivity v, through:

Va(h)
k 9’

where k is the refractive volume of Venus’ atmosphere (Withers, 2010; Tellmann et al., 2009).

n(h) =

15)

The mass density is evaluated by assuming a known mean molecular mass m,,,, of the atmosphere (NASA):
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P(h) = l”l(]’l) My (16)

Figure[I0] shows the mass density profile from the VEX DOY 032 2014 egress occultation and related uncertainties.
The temperature is obtained assuming hydrostatic equilibrium, through the method shown by Eshleman (1973) and Tellmann

et al. (2009), by imposing a boundary condition T, at the upper boundary of the detectable atmosphere h,, (100 km altitude):

h,
Hup My

wmy T am J,

where g(h) is the altitude-dependent acceleration of gravity.

T(h) = ) - g(d, a7

Different boundary conditions do not influence the retrieved profiles below a certain altitude. For Venus the profiles converge
below 85 km altitude regardless of the adopted boundary condition (Pétzold et al., 2007; Tellmann et al., 2009, 2012).

In Figure [T1] and Figure [I2] we show the temperature profiles and related uncertainties obtained for the ingress and egress
occultations, respectively. Our results are in agreement with previous studies by Pitzold et al. (2007); Tellmann et al. (2009, 2012);
Limaye et al. (2017), showing that Venus experiences the same general temperature trend through decades. The maximum observed
temperature is 420 K + 0.1 K at 40 km altitude. We observe the same mean lapse rate of = 10 K/km below the tropopause (around
60 km altitude) as presented in Figure 1 of Pitzold et al. (2007); Tellmann et al. (2009). Furthermore, the temperature profiles
of Figure [I2] show a latitude-dependence, with over 40 K higher temperatures near the equator than at the poles below 60 km
altitude (Tellmann et al., 2009, 2012). It is interesting also to note that the temperature difference between different latitudes tends

to decrease and level out below 40 km altitudes.
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In addition, the tropopause, which is the temperature inversion layer which separates the mesosphere and the troposphere at
around 60 km altitude, is quite clearly visible in the profiles. Since most of the temperature profiles retrieved in this work have
a clear defined and easily identifiable tropopause, the tropopause altitudes and temperatures are sampled by simply looking at the
different curves (a detailed study would consider also the analysis on the static stability of the atmosphere, which were not required
within this work). The tropopause is found at altitudes between 57-67 km with temperatures which vary between 210 and 251 K,
see Figure This analysis highlights also the “’cold collar” region at latitudes between 60-70°, which is characterized by higher
tropopause altitude and lower tropopause temperature as shown by Tellmann et al. (2009). In general, our results agree well with
Figures 6-7 of Tellmann et al. (2009). In particular, the maximum tropopause temperature is found at low latitudes, -32 deg, then it
decreases toward the cold collar region, and it increases again closer to the southern hemisphere pole (Tellmann et al., 2009; Kliore
& Patel, 1980). Our results at the southern pole is about 232.7 K and it matches Tellmann et al. (2009) with their presented value
of 233.6 +4.1 K. Regarding the northern pole, our result is about 220 K, slightly lower than Tellmann et al. (2009) but within their
uncertainty. Also, our results confirm what already noted in Tellmann et al. (2009), that is the VeRa tropopause temperatures at the
poles are sligtly lower than the ones reported by PV-ORO and Venera-15 -16 (Kliore & Patel, 1980; Yakovlev et al., 1991). However,
the data from these missions agree well in the cold collar region. The tropopause altitudes for the VEX 2014 occultations show, in
general, good agreement with the results in Tellmann et al. (2009); Kliore & Patel (1980); Yakovlev et al. (1991). It is interesting
to note that at the cold collar region and at the northern pole the tropopause altitude is found at 66 and 61 km, respectively, a few
km higher than Tellmann et al. (2009) who reported 63 km and ~ 58 km, respectively. To conclude, our 2014 results confirm that
Venus’ tropopause strongly depends on the latitude (Tellmann et al., 2009; Kliore & Patel, 1980; Yakovlev et al., 1991).

The pressure is the last evaluated atmospheric parameter, which is computed assuming an ideal gas behavior of the neutral

atmosphere:

k
p(h) = p(h)T(h)m—B, (18)

mm

where kg is the Boltzmann’s constant.

Figures [T4] and T3] depict the pressure results, and related uncertainties, for the Venus Express ingress and egress cases, respec-
tively.

As expected, since the profiles near the equator are characterized by higher temperatures they also show higher pressures than

the polar regions. The maximum observed pressure is 4 bar + 0.06 mbar.
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Fig. 16. 1-bar altitudes and temperatures with day/night and latitude information from VEX 2014 data.

To conclude, Figure [T6] shows the 1-bar altitudes and temperatures, as well as their dependences on latitude and day/night
condition. VEX 2014 data show 1-bar temperatures between 320-350 K, and they perfectly match what found by Tellmann et al.
(2009) in their Figure 11. Equatorial latitudes are characterized by higher temperatures and higher pressures than the polar regions,
so a higher 1-bar altitude confirms these findings. However, the near-equator occultations probed Venus’ atmosphere at local night-
time. This result highlights that the near-equator regions in night-time are characterized by higher temperatures, pressures (and,
therefore, 1 bar altitudes) than the day-time polar regions.

To summarize, the retrieved vertical profiles show that Venus’ neutral atmosphere is influenced by the latitude but it is not
affected by the day/night condition, in contrast with what observed in Venus’ ionosphere, which is day/night-dependent and not
latitude-dependent. These results are in agreement with previous studies presented in the literature (Patzold et al., 2007; Tellmann
et al., 2009, 2012; Limaye et al., 2017; Ivanov-Kholodny et al., 1979; Bauer et al., 1985; Hensley et al., 2020; Ando et al., 2020).

Our scientific interpretation of these results is related to two main factors, which take place within Venus’ neutral atmosphere:
Venus’ high thermal inertia and the presence of zonal winds (which determine Venus’ atmosphere super-rotation). At high altitudes,
Venus’ ionosphere is not affected by these effects and the day/night condition mainly determine a high or low electron density peak.
On the other hand, at altitudes below 90 km, Venus’ atmospheric rotational period is well known for being much faster than the
one of the planet itself (the atmosphere takes 3-5 Earth’s days to complete a rotation around Venus, while one Venusian day is
243 Earth’s days) and this super-rotation generates a strong and efficient heat transfer at mid-latitudes, all over the planet. The
zonal winds are characterized by extremely high speeds, with mean velocities around 90 m/s and peaks as high as 140-150 m/s,
especially at latitudes near the equator, which blow in the westward direction mainly. On the contrary, the meridional heat transfer
(North-South and vice-versa) is less efficient than the zonal one (Crisp, 1989; Hueso et al., 2012; Newman et al., 1984). The
second factor is the high thermal inertia of Venus, mostly due to the large amount of the atmosphere but also due to the greenhouse
effect of its thick clouds, which traps the heat in the neutral atmosphere. We believe that the combination of these two factors can
explain why the results show that the neutral atmosphere experiences mainly a latitude dependence rather than a day/night one. As
a matter of fact, the mid-latitude zonal winds transfer the heat in a fast and efficient way, while at the same time the large amount

of atmosphere, together with the greenhouse effect, trap the heat so that the equatorial regions at night-time do not suffer strong
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temperature differences with respect to the day-time ones. As a result, the occultation profiles acquired at night-time and at the

equator are still characterized by higher 1-bar altitudes than those acquired near the poles.

4. Conclusions

This paper described the radio occultation methods and the required calibrations on raw data we used to generate vertical
profiles of Venus’ ionosphere and neutral atmosphere, starting from one-way, single frequency (X-band) signals from VEX-VeRa
radio science instrument, recorded in open loop at the DSN stations. We described the data processing of our Abel inversion
software, which includes all relativistic effects of the order of 1/ ¢%. Moreover, we showed how the raw frequency residuals have
been calibrated: in particular a first calibration was required to remove the effects of the local Earth’s troposphere and ionosphere,
while a second one, the so called baseline fit, is needed to compensate for any bias or linear trend in the frequency residuals caused
by the spacecraft clock and estimated trajectory errors, in addition to plasma and thermal noise.

We analyzed 25 radio occultations carried out in 2014 with the goal to derive temperature and pressure vertical profiles, obtained
from data received at a different ground station complex and with non-identical signal reception/processing methods than the
principal VEX studies. The retrieved ionosphere vertical profiles are characterized by a ionopause found at altitudes between 150
and 590 km, which is a function of the balance between the solar wind dynamic pressure and the ionospheric plasma pressure but
also of the solar zenith angle condition. In addition, at lower altitudes, our analysis shows Venus’ tropopause between 57-67 km
altitude, characterized by temperatures between 210 and 251 K, and we highlighted also the cold collar region at latitudes between
60-70°, as already shown by Tellmann et al. (2009). In general, as expected, our results are in agreement with the ones already
available in the literature and they represent an additional validation of Venus’ atmosphere results, derived from an independent
analysis. In addition, the error analysis presents uncertainties which are comparable to the ones shown by Tellmann et al. (2012);
Jenkins et al. (1994); Bocanegra-Bahamon et al. (2019) and Limaye et al. (2017).

Furthermore, the analysis presented herein mainly focused on the influence of day/night condition and the latitude on Venus’
atmosphere. The ionospheric profiles clearly showed a strong electron density dependence on the solar zenith angle rather than
on the latitude, resulting in higher values of the electron density in the day-time regions than the night-time ones, regardless of
the probed latitude. On the contrary, at lower altitudes the analysis of the neutral atmosphere highlighted temperature differences
influenced mainly by the latitude of the occultation point, with the nigh-time equator regions characterized by higher temperatures
than the day-time polar ones. However, these temperature differences tend to level out below 40 km altitude.

Our scientific interpretation of these results suggests the high relevance of zonal winds and Venus’ high thermal inertia, within
Venus’ neutral atmosphere. They determine a latitude dependence, rather than a day/night one, in the neutral atmosphere. The latter

becomes dominant at high altitudes within Venus’ ionosphere, where the two aforementioned effects are less important.

Appendix. Error Analysis

In this appendix, we present the error analysis we performed in order to quantify the uncertainties of our retrieved profiles
of Figures El, The uncertainties in the frequency time-series, o sy, depend on several contributions, both random and
systematic, as the adopted integration-time, the receiver’ instrumentation noise, the transmitter frequency stability, the interplanetary
plasma noise and the S/C ephemeris errors. These noises and errors are reflected in uncertainties in the derived profiles. To this
end, Figures E} consider three major sources of random error: the noise introduced by the spacecraft USO, oysp, the

interplanetary plasma, 0 pjusmq, and the thermal noise introduced by the receiver at the DSN, o;(a). The thermal noise is evaluated
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from Eq. 23 of Withers (2010), with B = 2 Hz, Tyerma = 0.25 s and a variable C/Nj, since the signal-to-noise ratio decreases with
the altitude, the thermal noise increases at low altitudes. Let us emphasize that by o we refer to the Allan standard deviation of
the noise source (Allan, 1966). Since we are dealing with single-frequency data, the noise due to the interplanetary plasma was
estimated from the noise present in the baseline of the original data, after the baseline correction, by removing the expected thermal

noise and USO noise:

O ptasma = 0Ly = 050~ 0% = 1151072, (19)

where o, = 1.2 - 1072 is the Allan standard deviation of the noise present in the baseline of the VEX 032 2014 egress (used as a
representative case) frequency residuals after the baseline correction, oyso = 3 - 10713 (Hiusler et al., 2006), o, = 1.35- 10713 is
the Allan deviation of the thermal noise using the measured signal to noise ratio in the baseline.

Finally, our modeled oaz(a) is calculated following Bocanegra-Bahamoén et al. (2019) and it includes:

oaf(a) = \/cr%jso + o-ilasma + op(a)?, (20)

where o;(a) - f ranges from 1.13 mHz in the baseline to 226 mHz at the last ray-path, and f is the carrier frequency ( ~ 8.4 GHz
at X-band).

Our error analysis is based on a Monte Carlo estimation of the aforementioned errors in the atmospheric profiles, following
Schinder et al. (2011, 2012). We performed 2000 runs (adding more profiles does not significantly change the results) of a repre-
sentative NASA-DSN 2014 VEX occultation, by adding gaussian random noise time-series (whose Allan deviation is o sy(a)) to
the original frequency residuals Af(a), in order to obtain the standard deviations of the profiles in terms of relevant atmospheric
parameters. In addition, the Monte Carlo includes an assumed 20 K uncertainty in the boundary temperature.

Furthermore, it is worth mentioning that an error analysis is a function of the considered noise sources, so the resulting uncer-
tainties will be different depending on the selected errors. We performed four error analyses, with the goal to show how different
noise sources impact on the resulting uncertainties. The representative cases of these error analysis are summarized hereafter, and

Figure [AT|shows the temperature and pressure uncertainties:

1. USO noise, used as a comparison to Tellmann et al. (2012) to validate our error analysis;

2. USO noise and thermal noise;

3. USO noise, thermal noise, and plasma noise; this is the reference error analysis for the uncertainties presented in the
manuscript and described above, and it is used as a comparison to Jenkins et al. (1994); Bocanegra-Bahamon et al. (2019) to
validate our error analysis;

4. USO noise, thermal noise, plasma noise and a systematic error in the spacecraft’s position, to reproduce the spacecraft orbit
inaccuracies. As reported by Tellmann et al. (2009), the orbit inaccuracies of Venus Express are ~ 100 m, which lead to errors
in the altitude of the retrieved occultation profiles that are at the same level of 100 m, and so uncertainties in the temperatures
and pressure profiles. So, we considered an uncertainty 1-sigma of 100 m in the spacecraft position along the projected path
in the plane of the sky. This term has a strong effect especially in the last 20 km altitude, where the temperature gradient is
about 10 K/km. A first-order evaluation shows that an error of 100 m in the spacecraft reconstructed orbit when probing that
altitudes, results in an uncertainty of 10K/km - 0.1km = 1K, which is the value obtained in that region from our Monte Carlo

error analysis, too.
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Fig. Al. Temperature and pressure uncertainties for the four error analysis. The data is from VEX DOY032 2014, acquired by the Deep Space Station DSS-45.

The values of the adopted USO, thermal and plasma Allan deviation contributions are the ones presented in Equations [T9} 20] In
addition, all the aforementioned error analysis assume 20 K uncertainty in the boundary temperature, too.

In order to validate our error analysis we adopted similar noise sources to the ones considered by previous studies as Tellmann
et al. (2012), Jenkins et al. (1994), Bocanegra-Bahamén et al. (2019) and Limaye et al. (2017). Our ”USO” temperature uncertainty
curve in Figure is compared to the one in Tellmann et al. (2012), while our "USO, thermal, plasma” curve is compared to
Bocanegra-Bahamon et al. (2019) and Jenkins et al. (1994).

The agreement is very good in general: Tellmann et al. (2012) shows a temperature uncertainty of 10~* K at 50 km altitude, while
our error analysis shows 2- 1073 K at the same altitude. Regarding Bocanegra-Bahamén et al. (2019), their temperature and pressure
uncertainties at about 48 km altitude are 0.015 K and 4 Pa, respectively, while our results show 0.01 K and 2 Pa at the same altitude.
Moreover, the temperature uncertainty of Jenkins et al. (1994) is in the order of 0.1 K at 34 km altitude, and our result is 0.1 K at
43 km altitude. Regarding the pressures, Jenkins et al. (1994) shows 30 Pa at 44 km, while our analysis shows 5 Pa at the same
altitude. The small discrepancies with respect to Jenkins et al. (1994) temperature and pressure uncertainties are linked to the use
of different occultation data (VEX and Pioner Venus Orbiter) at different bands (VEX X-band and PVO S-band for Jenkins et al.
(1994)), so the corresponding thermal noise and error sources are slightly different. In any case, both temperature and pressure
curves shows the very same general trend, showing an increase of the uncertainties below 50 km altitude due to the thermal noise.
To conclude, Limaye et al. (2017) in their Table 1 present VEX temperature uncertainties in the order of 0.1-1 K. This allows us
to conclude that our error analysis, if considering similar noise sources, shows uncertainties in the same order of previous studies

available in the literature.
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