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Abstract Among the techniques for atmospheric sounding, radio occultation enables an in depth
investigation of vertical profiles from the ionosphere to the troposphere by measuring the radio frequency
signal associated to the propagation medium. A precise characterization of the atmospheric layers requires
a thorough processing of the raw radio tracking data to estimate the thermodynamic properties of the
atmosphere and their related uncertainties. In this work, we present a method to retrieve refractivity,
density, pressure, and temperature profiles with the associated uncertainties by analyzing a set of raw
radio tracking data occulted by the atmosphere. This technique is also well suited to process two-way
Doppler measurements that are not acquired during dedicated occultation campaigns. The NASA mission
Mars Reconnaissance Orbiter (MRO) provided a significant amount of radio occultation data that were
not planned for atmospheric sounding, but were caused by the spacecraft orbit geometry. Our analysis

of one of these occultation profiles with the proposed method allows indicating that MRO occultation
datasets provide crucial information regarding Mars’ troposphere that can be used as input of general
circulation models.

Plain Language Summary A solid technique to investigate the structure of a celestial

body atmosphere is based on the analysis of the signals induced by the properties of this medium on

the spacecraft radio links that pass through the atmosphere during communications with the Earth. A
thorough study of these measurements, that is, radio occultation, allows estimating the vertical profiles of
atmospheric density, pressure, and temperature. We present here a method to retrieve these fundamental
properties of the atmosphere with their related uncertainties. Radio occultation campaigns are usually
planned scientific investigations with dedicated spacecraft operations and requirements. Our method
allows processing radio tracking data occulted by the atmosphere that were not accounted for atmospheric
studies. The NASA mission Mars Reconnaissance Orbiter (MRO) provided a significant amount of radio
data occulted by the Martian atmosphere because of the spacecraft orbit geometry. We processed one of
these radio occultation profiles to validate our approach, and to demonstrate that an accurate analysis of
this MRO data set helps to enhance our understanding of Mars’ troposphere.

1. Introduction

A radio occultation experiment consists in the analysis of the perturbations induced by the atmosphere on
an electromagnetic signal propagating through it. The most relevant phenomena that affect a radio signal
passing through a medium are refraction and absorption. The bending effects on the signal associated with
refraction are related to the refractive index of the atmosphere (i.e., its real part), which in turn is linked to
the atmospheric mass density, pressure, and temperature. Refraction causes a Doppler frequency shift of
the signal traversing the atmosphere. A time series of frequency Doppler shifts is processed to identify the
bending effects and, therefore, the atmospheric thermodynamic profiles, that is, a series of values obtained
as a function of the radial distance from the center of the planet.

Several methodologies have been developed to process radio occultation data. An approach is based on
ray-tracing algorithms, and it is well suited for oblate refractive environments, such as Jupiter (Lindal
et al., 1981), Saturn (Schinder et al., 2015), and Neptune (Lindal, 1992). Radio occultations of terrestrial
planets and icy moons of the Solar System have been processed under the assumption of spherical symme-
try of their atmospheres. Fjeldbo et al. (1971) proposed this method to obtain a simplified geometry of the
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problem with the transmitter, receiver, and target body center of mass in the same plane. This technique
has then been expanded by several independent studies. Lipa and Tyler (1979) developed an approach to
compute the attainable uncertainty of the atmospheric profiles. Jenkins et al. (1994) suggested different
strategies to enable the processing of two-way Doppler data. Withers et al. (2014) introduced relativistic cor-
rections in the expression of the Doppler frequency shift. This second class of methods has been successful-
ly applied to celestial bodies in the Solar System with a negligible oblateness: the Earth (Jensen et al., 2003),
Mars (Hinson et al., 1999), Venus (Fjeldbo & Eshleman, 1969; Fjeldbo et al., 1971), Io (Hinson et al., 1998),
Titan (Schinder et al., 2012), Europa (Kliore et al., 1997), and Callisto (Kliore et al., 2002).

By using the comprehensive formulation of Withers et al. (2014), we developed a software to process radio
occultations. Our method enables the analysis of one-way and two-way Doppler open-loop and closed-loop
data through the integration of the radio occultation processing into a precise orbit determination (POD)
software. The trajectory of the spacecraft is first retrieved in a POD solution, excluding the data occulted
by the atmosphere. The converged trajectory is then used to process the open-loop data through a digi-
tal phase-locked loop (PLL) to generate closed-loop data. A POD pass through of this reconstructed data
set allows focusing on the atmospheric signal in the Doppler measurements that are processed to retrieve
estimates and formal uncertainties of atmospheric density, temperature, and pressure.

This technique enables the analysis of radio occultations to study the atmosphere of terrestrial planets and
icy moons. To validate our integrated software, we processed the radio tracking data of the NASA mission
Mars Reconnaissance Orbiter (MRO). Because of the spacecraft orbit geometry, the MRO radio tracking
are often occulted by the Martian atmosphere before the pericenter (Cascioli et al., 2020). An accurate
processing of these data yields fundamental constraints on the Martian tropospheric properties. We present
here an MRO radio occultation profile processed through our software, by comparing our results with ex-
isting models of the atmosphere of Mars, that is, Mars Global Reference Atmospheric model (GRAM; Justh
et al., 2011) and Mars Climate Database (MCD; Forget et al., 1999; Millour et al., 2018).

This study is structured as follows: Section 2 illustrates the theoretical background of the radio occultation
investigations; Section 3 provides details on the method developed in this work with a focus on the uncer-
tainty propagation technique adopted; Section 4 shows the results of the application of our method to the
MRO radio occultation data.

2. Atmospheric Radio Occultation Investigations
2.1. Geometrical Optics

The refractive and absorptive effects on a radio link passing through a medium with varying optical proper-
ties are related to its refractive index real and imaginary parts, respectively (Eshleman, 1973). By observing
time-varying radio signal frequency induced by the refraction, a vertical profile of the refractive index real
part is retrieved to infer the atmospheric properties.

The theoretical formulation of the radio occulation problem adopted in this work is based on geometrical
optics. Radio waves transmitted and received by spacecraft pass through media (i.e., neutral atmosphere
and ionosphere), characterized by electrical properties that vary at spatial scales much larger than the elec-
tromagnetic wavelength. Therefore, geometrical optics represents in radio occultation a good approxima-
tion for the classical electromagnetic theory. The short wavelength assumption allows neglecting diffractive
effects and considering the electromagnetic signals as geometric rays (Born & Wolf, 1959). Atmospheric
profiles retrieved through the geometrical optics approximations are characterized by vertical resolutions
that are limited by diffraction phenomena to the diameter of first Fresnel zone (see Section 4.1). To over-
come this limitation and investigate atmospheric structure with small spatial scales, several other theoret-
ical formulations have been proposed. Karayel and Hinson (1997) developed an algorithm based on the
scalar diffraction theory that is capable to take into account the diffraction of radio waves. Other procedures
based on the radio-holographic method have been developed and applied to radio occultations processing
(Jensen et al., 2003).
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Figure 1. Geometry of a spacecraft radio occultation (adapted from Fjeldbo et al., 1971), where « is the bending angle
and a is the impact parameter.

The evolution of a ray propagating through a medium relies on the following (Born & Wolf, 1959):

d dr
— (u j =Vu 1)
ds ds

where u is the refractive index of the medium, r is the position vector of a point on the ray, and s is the direc-
tion of propagation of the ray. If the ray travels in free space, its path is a straight line. However, in a medium
characterized by a varying refractive index the ray bends, leading to a curved path. A further assumption of
this work consists in a spherically symmetric atmosphere, so that the atmospheric refractive index distribution
only depends on the radial distance from the center of the planet. Since the refractive index of an atmosphere
increases with decreasing altitudes above the planetary surface, a ray traversing a spherically symmetric at-
mosphere increasingly bends as it propagates through, according to Equation 1. The amount by which the ray
is bent is called bending angle, it is typically denoted by « (illustrated in Figure 1) and its knowledge can be
used to compute the refractive index. The bending angle cannot be directly measured. However, it may be in-
ferred from the frequency shift of the radio signal that is caused by the refraction occurring in the atmosphere.

The geometry of the radio occultation is shown in Figure 1. This representation of the problem geometry
with a plane containing the spacecraft, the center of the target body, and the receiver is possible in the as-
sumption of spherically symmetric atmosphere that yields the absence of horizontal refractivity gradients.
The bidimensional coordinate frame is (f,é) with its origin in the center of mass of the target body. The
component of the receiver position vector is zero and its z component is negative, and both components of
the spacecraft position vector are positive. This definition of the problem geometry is fully consistent with
the work by Withers et al. (2014).

The ray asymptotes in Figure 1 are defined as the straight lines that the ray follows before traversing the
atmosphere (i.e., the direction of the ray as it leaves the transmitter) and after emerging from it (i.e., the
direction of the ray entering the receiver). The bending angle « is the angle between the two asymptotes. To
determine the relevant properties of the atmosphere, the first step of any radio occultation algorithm is the
computation of the bending angle.

Another geometrical quantity introduced in Figure 1 is the impact parameter of the ray, g, that is, the min-
imum distance between the center of mass of the central body and the asymptote. An important remark is
that the impact parameter does not define the point of the ray closest approach to the body, which is named
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occultation point and denoted with O in Figure 1. The assumption of spherical symmetry results in the
equality between the impact parameters related to the two asymptotes.

2.2. Bending Angles From Radio Frequency Residuals

The first step in the processing of a radio occultation data set consists in the determination of a time series
of the bending angle and the associated impact parameter, starting from the knowledge of radio frequency
residuals. In this context, the residuals are the differences between the measured radio observable and the
radio observable computed by assuming no atmospheric refraction. Previous occultation studies were based
on the computation of the predicted observable through preconverged spacecraft trajectory provided by the
navigation team. The integration of our radio occultation and POD software results in an accurate compu-
tation of the predicted observables because of a refined spacecraft trajectory and the calibration of Earth’s
troposphere and ionosphere. This method requires highly accurate spacecraft dynamics and measurement
modeling to retrieve Doppler residuals converging to the measurement noise (e.g., Additive White Gaussian
Noise). During radio link occultation by the central body atmosphere, a clear signature shows an uncom-
pensated Doppler shift caused by the refractive medium. This signal is the data that preserve information
regarding the properties of the atmosphere.

In this work, we assume an opposite convention for the sign of the frequency residuals with respect to
Withers et al. (2014). The residuals here are positive in the neutral atmosphere and negative in the iono-
sphere. By definition of relativistic Doppler shift, the ratio between the received (fzy) and transmitted ( f7x)
frequencies is (Soffel, 1989);

A 2
_ Vex ey . Urx | Vax

1 ot

fRX _ 4 c c

- A 3 @)
Jrx _vixonx | Uy vy
1 5+

c c c

where the subscripts RX is used for the receiver and TX for the transmitter. y and U are the velocity and the
gravitational potential at the location of the transmitter or receiver. The unit vectors 71, and n, define the
directions of the signal entering the receiver and leaving the transmitter, respectively.

As shown in the work by Withers et al. (2014), Equation 2 is evaluated in two opposite cases that accounts
for the signal propagating through the atmosphere and in vacuum, respectively. By differencing these two
equations, an explicit expression of the frequency residual is obtained as function of the transmitter and
receiver positions and velocities in the considered reference frame, and of the bending angle (see Equation
13 in the work by Withers et al., 2014). The equality of the impact parameter for each asymptote allows
obtaining a unique solution for the bending angle and for the impact parameter (see Equations 13 and 17 in
the work by Withers et al., 2014).

2.3. Atmospheric Profiles

The determination of the time series of the bending angle and impact parameter is fundamental for de-
riving a vertical profile of the refractive index u. Each pair of bending angle and impact parameter values
corresponds to a pair of refractive index and radial distance values. The refractive index and the other ther-
modynamic properties of the atmosphere derived here are computed at the occultation point, where the
radial distance is equal to the ray closest distance to the planet, denoted as R,,. From now on we refer to the
radial distance of the occultation point simply as radial distance.

As reported in the work by Fjeldbo et al. (1971), the expression that relates the bending angle and impact
parameter time series to the refractive index is a special case of the Abel transform;
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,u(RO) = exp 1 OTO In M + [a(a)}z -1 da 3)

7[ a=a, do

where ¢, = « (RO) and a, = a(Ro ) The minus sign in the exponential term is due to the convention adopt-
ed in our formulation for the sign of the frequency residuals.

To obtain a vertical profile of the refractive index, the radial distance time series is determined by using the
Bouguer’s law (Born & Wolf, 1959);

__ 4
Fo = (ko) @

which is valid for a spherical symmetric refractive environment. In presence of oblate atmospheres, the
results show substantial divergence from this law (Hubbard, 1975). Note that for thin atmospheres, the
refractive index is close to 1 and the impact parameter is approximately equal to the radial distance.

Radio occultation results are usually provided as refractivity profiles, which is typically defined as
V= ( M- 1) x 10, In this work, we adopt the alternative definition v = ( H— 1) (Withers, 2010). The refrac-
tivity is positive in the neutral atmosphere and negative in the ionosphere. The two contributions can be
analyzed separately, yielding the neutral number density profile (i.e., the number of molecules per cubic
meter) in the neutral atmosphere case, and the electron number density profile (i.e., number of electrons
per cubic meter) in the ionosphere case.

The ionospheric refractivity profile v, (r) where r denotes the radial distance from the body center of mass,
is related to the electron number density profile n, (r) (Eshleman, 1973);

2

Ve(r) = —xune(r) = ————n.(r) )

T2 2%
8" m,ef

where x, is the refractive volume of one electron, e and m, are charge and mass of the electron, respectively,
&, is the vacuum permittivity, and [ is the frequency of the signal. The ionosphere is a dispersive medium
and its refractivity depends on the radio frequency. Therefore, the higher is the frequency band in the radio
occultation investigation the weaker is the ionosphere contribution to the Doppler shift.

The neutral atmosphere refractivity v, (r) is related to the neutral number density n, (r) (Eshleman, 1973)
as follows:

Vll (r) = Kllnll (r) (6)

where «, is the mean refractive volume of the neutral atmosphere, obtained as an average of the refractive
volume of each constituent of the atmosphere. The mean refractive volume can be easily computed for the
atmospheres of celestial bodies in the Solar System with a well-known atmospheric composition.

Being the neutral atmosphere refractivity frequency independant, this medium is nondispersive. Its con-
tribution to the Doppler shift is typically 2 or 3 orders of magnitude larger with respect to the ionosphere
(Withers et al., 2014).

The mass density profile p(r) can be obtained from the neutral number density profile through the mean
molecular mass m.

p(r) = mn, (r) (7

This equation is based on the assumption that the atmospheric composition is well known, enabling a
straightforward computation of the mean molecular mass.
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By assuming the atmosphere in hydrostatic equilibrium, the pressure profile can be retrieved through
the equality between the gravitational force exerted by the central body and the pressure gradient of the
atmosphere.

op(r)
or

- -(r)elr) ®

The gravitational acceleration g(r) may be simply computed by accounting for the gravitational potential

monopole term only or higher degrees of the spherical harmonic expansion. The integration of Equation 7
yields the pressure profile as follows:

p(r) = o + [p(r)g(r)dr ©)

where P and 5, denote the pressure and radial distance at the boundary condition, respectively. This limit
is reached when the Doppler shift induced by the atmospheric contribution is below the measurement noise
(Hinson et al., 1999). Two independent strategies are adopted to yield the boundary condition. By following
the approach by Hinson et al. (1999), Ppc may be expressed through the ideal gas law:

Poe = MpckT)e (10)

where k is Boltzmann’s constant, n is the value of the neutral number density at the boundary condition,
which is known since n(r) has already been computed, and 7, must be assumed. An independent approach
is to obtain the boundary condition from the scale height H of the atmosphere, which can be extracted from
the neutral number density profile (Withers & Moore, 2020; Withers et al., 2003, 2014).

Poc = pbcgbcH' (11)

The temperature profile in this second technique is computed through the ideal gas law.

7(r) = m2L) (12

3. Methods

The method that we present here is based on the theoretical formulation outlined in Section 2. The final
output of our radio occultation algorithm is a set of profiles for the relevant atmospheric properties with the
associated uncertainty bounds. The processing scheme is conceptually represented by the pipeline shown in
Figure 2. It consists of two main blocks: the POD and the radio occultation processing (ROP).

The POD software enables a very accurate processing of the radio tracking data, including a digital PLL
used to generate closed-loop data from open-loop recording. By analyzing the radio tracking data that are
not occulted by the atmosphere, the least-squares filter as part of the POD algorithm provides an updated
spacecraft trajectory. Therefore, the radio occultation are fed back in a pass-through solution to determine
the frequency residuals and the covariance matrix of the spacecraft state (i.e., position and velocity of the
spacecraft), which are fundamental for determining the atmospheric profiles and their uncertainties.

The ROP includes the routines devoted to the retrieval of the atmospheric profiles and the associated un-
certainties. Our method accounts for an uncertainty determination procedure that is different from those
formulated in independent studies (e.g., Lipa & Tyler, 1979; Withers, 2010). In fact, the propagation of the
uncertainty here is carried out without the simplification by Withers (2010) and it does not require the
linearization of the mathematical model, which was assumed in previous works (e.g., Lipa & Tyler, 1979).
Our approach is based on well-established techniques of uncertainty quantification for nonlinear models
to account for the measurement accuracy and the spacecraft state uncertainties, which are provided by the
POD output covariance matrix.
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Figure 2. Flow chart of the method developed in this paper. The precise orbit determination (POD) provides the frequency residuals and the state covariance

matrix needed in the radio occultation processing (ROP) to derive the atmospheric profiles and the related uncertainties.

3.1. Precise Orbit Determination

An accurate computation of the radio frequency residuals and the spacecraft state covariance matrix is
obtained through the POD. The orbit determination processing consists in the minimization of the dis-
crepancy between the actual range rate (i.e., relative velocity between an observing ground station and the
spacecraft) measurements collected from the ground station and the predicted observables that are com-
puted by assuming a priori dynamical and measurement modeling. The difference between the observed
and computed measurements are the residuals. This minimization process enables the adjustment of the
relevant parameters in the dynamical model.

A first POD solution is obtained by ruling out the radio tracking data during atmospheric occultations.
This step is required to avoid aliasing in the dynamical model refinement, and to better characterize the
atmospheric signal. This approach allows mitigating significant errors in the orbit reconstruction due to
the uncompensated atmospheric signal (e.g., Cascioli et al., 2020). The consequent POD solution carried
out with the pass through of the entire data set enables the detection of the radio signal associated to the
atmospheric refraction.

The radio tracking measurements that are the POD input to determine the frequency residuals for the ROP
are collected in two modes: closed-loop ready to be used in the POD being processed through the PLL of the
station receiver, and open-loop with the received spectrum down converted and recorded in a preselected
bandwidth for post processing by the user (Paik & Asmar, 2011). In the closed-loop mode, the receiver of the
ground station makes real-time decisions on determining the signal frequency and power level, while in the
open-loop mode, since the entire bandwidth is recorded as raw data, the user process the data to determine
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the signal carrier’s properties. For occultation investigations, the open-loop mode is typically used because
this method provides more flexibility in the processing of the entire data set. The closed-loop recording may
present a significant lack of data since the ground receiver PLL is not always able to lock the signal phase
for the entire pass, especially at low signal-to-noise ratios (Thomas, 1989). Therefore, a digital PLL is used
here to extract the Doppler shift from the open-loop data records.

The post processed Doppler shift observations are then analyzed through the POD least squares filter to
adjust the spacecraft trajectory (Tapley et al., 2004). To refine our knowledge of the spacecraft position and
velocity, the dynamical equations are precisely modeled accounting for the central body gravitational field
and atmosphere, solar, albedo and infrared radiation pressure, third body interaction with other celestial
bodies (i.e., planets and the Sun), and general relativity. To precisely retrieve the effects of nonconservative
forces, the spacecraft is opportunely modeled including cross sectional areas and reflectivities of its struc-
ture. This modeling is based on previous data analyses for gravity investigation (Genova et al., 2016) and for
preliminary atmospheric calibration of Doppler data (Cascioli et al., 2020).

These dynamical models used in this work account for the central body gravitational field by expressing it
in spherical harmonics expanded to degree and order 120 as estimated by Genova et al. (2016) and for the
atmospheric drag by using the Mars GRAM global circulation model (Justh et al., 2011). The estimation
methodology used consists in the processing of the tracking data in continuous time span of 1-2 days,
called arc. The parameters adjusted in the least-squares fit are called local, if they affect the measurements
within a single arc or global and if they affect all the measurements. In this work, the local parameters set
contains the state of the spacecraft, the drag coefficient of the spacecraft, and the spacecraft center of mass
parameters (Cascioli & Genova, 2020). The global set contains the central body gravitational parameters
GM, where G is the gravitational constant and M the mass of the central body. The higher order harmonics
are treated as consider parameters, that is their uncertainty is taken into account in the least squares fit, but
they are not estimated.

The POD output is a set of Doppler residuals consisting in the atmospheric contribution only, and the space-
craft state covariance matrix that is computed through the least squares solution. The covariance matrix of
the spacecraft state is computed in the first POD solution that is retrieved by excluding the radio tracking
data occulted by Mars’ atmosphere. It is then propagated through the entire POD arc by using the state tran-
sition matrix computed with standard techniques for linear dynamical systems theory (Tapley et al., 2004).
The exclusion of data collected during the atmospheric occultation has no influence on the state covariance.

3.2. Frequency Residuals Processing

The resulting frequency residuals are then processed through the algorithm described in Section 2. A pre-
liminary calibration of the frequency residuals is applied to average out the Doppler data noise since the
Abel transform (Equation 3) requires a monotonic time series of the impact parameter. The data noise may
cause indeed deviations of the impact parameter from its natural monotonic behavior, leading to instabili-
ties in the mathematical procedure. The calibration function used to fit the frequency residuals is an expo-
nential function defined by two fitting parameters a, b;

Af(t) = ae” (14)

where Af is the frequency residual and 7 represents the time interval from a reference epoch. The result of
this calibration is the black line shown in Figure 3, obtained for a radio occultation of the MRO mission
which occurred on June 23, 2007 at 06:35:47 UTC. The exponential trend of the residuals is due to the re-
fraction in the neutral atmosphere, reaching a positive peak of 0.528 Hz. The ionospheric contribution to
the frequency residuals and to the atmospheric profiles derived is not detected, as it is within the frequency
data noise. The calibrated data set is then processed as outlined in Section 2.
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Figure 3. Frequency residuals related to the Mars Reconnaissance Orbiter (MRO) radio occultation occurred on June
23,2007 at 06:35:47 UTC. The positive peak (0.528 Hz) due to the neutral atmosphere stands out from the Doppler
noise, while the ionospheric negative peak is not detectable. The red dots represent the residuals set as generated in the
precise orbit determination (POD) process, while the black line is obtained by calibrating this set to prevent undesired
effects in the numerical procedure.

3.3. Profiles’ Uncertainty Quantification

Several techniques have been developed in radio occultation experiments to provide the uncertainties as-
sociated with the derived atmospheric profiles. Withers (2010) introduced the assumption of exponentially
decaying refractivity to relate the frequency residuals uncertainty to the refractivity uncertainty. However,
this method can only provide simplified analytical expressions for the uncertainties on refractivity, neutral
number density, and electron density profiles.

Since the radio occultation problem described in Section 2 is heavily nonlinear, the linear propagation of
uncertainty theory cannot be straightforwardly adopted. Lipa and Tyler (1979) proposed a method based on
the linearization of the mathematical model that allows involving linear techniques. This method can also
be found in recent works on radio occultation experiments (Bocanegra-Bahamon et al., 2019). However,
this kind of approach enables the propagation of the uncertainty related to the frequency residuals only,
neglecting the effects due to the spacecraft trajectory mismodeling.

Our method is based on the Monte Carlo class of uncertainty quantification algorithms. This statistical
approach for uncertainty quantification allows to propagate the uncertainty on the input variables through
nonlinear models. In the context of radio occultation processing, the input variables of the model, which
appear in Equation 2, are the position and velocity of the spacecraft (the state) and the frequency residuals.
By assuming that these variables are parametrized by a specific probability distribution, N samples are
drawn from the distributions for each variable, with N depending on the sampling scheme adopted. If N is
large enough, the set of samples provide a statistically significant coverage of the input space. The nonlinear
model is then run independently on each sample of the set. Finally, the results are aggregated to obtain a
representation of the output variables space, which enables the evaluation of the uncertainties on the out-
put variables, namely the atmospheric profiles. To provide a meaningful statistical description of the output
variables, the input space must be well represented, therefore the choice of the sampling scheme and the
number of samples N is fundamental.

The setup of this method requires the parametrization of the input variables. These are the components
of the position and velocity of the spacecraft projected onto the bidimensional occultation reference
frame (see Section 2.1) and the frequency residual. From now on, by “state of the spacecraft” we mean the
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four-components vector containing the bidimensional position and velocity of the spacecraft in the occul-
tation frame. Both the state and the frequency residuals are assumed to be normally distributed random
variables, with mean given by the values computed in the POD process (i.e., the trajectory and the frequency
residuals obtained in the least squares fit of the tracking data). The covariance of the Gaussian probability
function (PDF) is given by the covariance matrix of the state of the spacecraft computed in the POD process
and by the variance of the frequency measurement. Assuming that the spacecraft state and the frequency
residuals are fully uncorrelated, the 5 X 5 covariance matrix of the PDF is:

2 2 2 2
o, Oy o IV o rvy
o

2 2

[}

S z vy EA
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_| 2 2 2 2
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2 2 2
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where 6,, 0, and o, , o,_are the standard deviation of the position and velocity of the spacecraft in the
(f,%) occultation frame, respectively, and o, is the standard deviation of the frequency measurement. The
off-diagonal elements represent the covariance terms. The mean of the PDF is given by:

IR

|
[

(16)

=

where 7, 7, and v,, v, are the position and velocity of the spacecraft computed in the POD process, respec-
tively, and Af is the calibrated frequency residual. Therefore, the multivariate Gaussian PDF is:

el )

The first step of the algorithm is the generation of a multivariate Gaussian PDF (Equation 17) for each
observation (PDF generator and sampler block in Figure 2). The frequency observation is aggregated with
the corresponding state of the spacecraft into the mean vector X and the covariance matrix ¥ is propagated

N(x) =

forward (Section 3.1). A PDF is generated by using Equation 17 and N samples are drawn from it. This is
repeated for each observation to obtain a representation of the input variables space for the entire occulta-
tion data set.

The generation of the frequency residuals samples requires a previous step. The frequency residual in the
mean vector X is obtained by prefitting the residual obtained in POD as outlined in Section 3.2. The Monte
Carlo sampling introduces different representations of Gaussian white noise with the RMS of the original
data set to the prefitted function, generating N perturbed residuals sets. These N profiles are then individ-
ually recalibrated to eliminate any instability that arises in the computation of the Abel transform. This
approach provides a fair statistical representation of the uncertainty that accounts possible aliasing due to
the calibration.

A random sampling scheme is adopted in Monte Carlo methods to provide statistically solid solutions.
However, this scheme requires a remarkable computational effort with a significant amount of samples
(i.e., N ~ 10°) to provide a comprehensive sampling of the input five-dimensional PDF. To reduce the com-
putational cost in our method, a Latin hypercube sampling (LHS) scheme was implemented by partitioning
the range of each input variable into intervals of equal probability by drawing a single random value for
each interval (McKay et al., 1979). Consequently, LHS allows covering the input space in a much more effi-
cient way with a lower number of samples (i.e., N =10%).
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Figure 4. Temperature probability distribution. Each bin of the histogram corresponds to a sample of the temperature.
The black line is the temperature probability function (PDF) estimated through the Kernel density estimation (KDE).
The estimated PDF has a neat Gaussian shape for every altitude and for each atmospheric property. Consequently, the
mean and standard deviation for each value of the profile can be determined straightforwardly.

The resulting set of observables is then processed through the ROP routines to carry out a set of N profiles
for the bending angle, the refractivity and the other thermodynamic properties. The output samples are
used to estimating the output PDFs through the Kernel density estimation (KDE) (Parzen, 1962).

An example of the output PDF for the atmospheric temperature is reported in Figure 4. The histogram
represents the ensemble of samples of the temperature profile determined by using the lowest altitude
radio tracking measurement of the MRO occultation profile analyzed. Each output sample is obtained by
computing the temperature (as illustrated in Section 2) for each input sample of the model. Therefore, N
samples of the output temperature are aggregated and used to estimate the temperature PDF.

The PDF obtained through the KDE can be used to compute the uncertainty of the atmospheric properties
at each data point. As shown in Figure 4, the output PDFs are approximately Gaussian distributions leading
to a statistically solid computation of their mean and standard deviation.

4. MRO Radio Occultation

The NASA spacecraft MRO has been in a sun-synchronous near-polar orbit about Mars for ~14 years.
This orbit geometry was selected to accomplish the outstanding scientific objectives of the mission (Graf
et al., 2005; Zurek & Smrekar, 2007). The spacecraft is equipped with a radio science subsystem to establish
telecommunication with ground that enables the acquisition of X-band radio tracking data. This data set
has been used to navigate the spacecraft and for geophysical investigations devoted to the determination
of the static and time-varying gravity field of Mars (Genova et al., 2016; Konopliv et al., 2016). Although
neither the instrumentation nor the orbital configuration were designed to conduct radio occultation cam-
paigns, a significant amount of MRO radio data provides fundamental information on the Martian tropo-
sphere, being occulted by the atmosphere during tracking periods before the spacecraft pericenter. For this
reason, radio occultation measurements have been frequently performed since 2008, but only two limited
sets of observations have been analyzed so far (Hinson et al., 2014).

The radio tracking data of the MRO mission include one-way and two-way Doppler measurements. Ra-
dio occultation experiments are commonly conducted through the processing of one-way data because of
the two-way data ambiguity induced by uplink and downlink signal paths. The occultation point is then
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determined uniquely for one-way data. However, this data type relies on the stability of the onboard ul-
tra-stable oscillator (USO) that is a key instrument of radio occultation investigation (Asmar et al., 2019;
Shapira et al., 2016). The MRO USO is characterized by a poor frequency stability with respect to the fre-
quency standards used by the Deep Space Network ground stations, and to other USOs (e.g., Mars Global
Surveyor; Tyler et al., 2001). The MRO one-way data show a noise level that is ~5 times larger than two-way
data (Genova, 2015). Therefore, our analysis is strictly focused on the MRO two-way range-rate data that
include two atmospheric signals detected through uplink and downlink. Since the two links cross region of
the Martian atmosphere with a relative distance of few hundred meters only (e.g., Cascioli et al., 2020), we
assume that uplink and downlink contributions to the radio signal are equal.

Two-way range-rate data enables the detection of ingress occultations only (i.e., spacecraft approaches the
occultation) since the coherent two-way link cannot be established quickly enough for egress occultations
(i.e., spacecraft emerges from the planet’s limb).

4.1. Retrieval of Atmospheric Profiles

The integration time of the radio tracking data plays a key role in the ROP. A tradeoff between the atmos-
pheric sounding resolution and the Doppler data noise is necessary in the selection of the data temporal
sampling to enhance the accuracy of the atmospheric profiles retrieved through the ROP. A shorter inte-
gration time leads to a better vertical resolution of the profiles but, on the other hand, causes higher data
noise. Furthermore, as shown in the work by Karayel and Hinson (1997), the vertical resolution is limited
by diffraction phenomena to the first Fresnel zone diameter, which is equal to 2\/5 , Where / is the wave-
length of the tracking signal and D is the distance of the spacecraft from the center of mass of the body. For
the MRO case, the Fresnel zone diameter is ~740 m throughout its orbit.

By using a 1 s integration time, MRO radio occultations yield a vertical resolution between 800 m and 1 km,
which is greater than the Fresnel zone diameter. Therefore, we used the MRO radio tracking data at 1 s by
applying our combined POD and ROP method to a single radio occultation pass of MRO occurred on June
23, 2007. The red dots in Figure 3 represent the frequency residuals as generated in the POD process for this
occultation.

The lowest altitude radio tracking data of this pass were occulted by the atmosphere at an altitude above the
surface of ~21 km. This represents a reference point for the profiles and the associated uncertainty.

Figure 5 shows the time-series of the bending angle « that is close to zero in the upper layers of the atmos-
phere since the ionospheric signal is averaged out by the range-rate noise. MRO data provide a detectable
signature at radial distances below ~3,440 km reaching a maximum value of 0.0143 mrad at a radial dis-
tance of 3,401.5 km from the center of the planet. The estimated uncertainty on the bending angle ranges

from 3.23 x 10~® mrad to 1.67 x 10™* mrad.

The impact parameter time series is associated with the bending angle time series. Since Mars’ atmosphere
is thin, its refractive index value is very close to unity and the ray bending is minimal. Therefore, Equation 4
states that the impact parameter is approximately equal to the radial distance.

The combined retrieval of the time series of bending angle and impact parameter allows obtaining the
refractivity profile through Equation 3. Figure 6 shows the resulting profiles for the refractivity and the
neutral number density. The only contribution to the refractivity profile is indeed given by the neutral
atmosphere, which is dominant for Mars at radial distances below ~3,450 km. The maximum value of the
refractivity recorded in this occultation is 2.723 x 10”7, with a corresponding uncertainty of 0.027 x 10,
and the maximum neutral number density is (1.509 + 0.015) x 1022 m~. The neutral number density profile
is obtained by simply multiplying the refractivity by the refractive volume (Equation 6), which here is as-
sumed x, =1.804x 10>’ m* (Hinson et al., 1999).

The density vertical profile is carried out through Equation 7 by using the neutral number density profile
shown in Figure 6 and the mean molecular mass m = 7.221 x 10726 kg (Hinson et al., 1999).
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Figure 5. Bending angle vertical profile. The contribution of the neutral atmosphere to the bending angle is positive,
while the ionosphere causes negative . However, the ionospheric signal is within the data noise and not detectable.
The bending effects here shown can be entirely attributed to the neutral atmosphere. Above ~65 km, no refraction
affects the signal, while a rapid onset is observed at lower altitudes.

To test and validate our results, the density, pressure, and temperature values are reported with the atmos-
pheric predictions based on semi-empirical models. The general circulation models Mars GRAM 2010 and
MCD are adopted in this work to compare our profiles with those solutions obtained through Monte Carlo
simulations with a combination of theoritical modeling and experimental data.
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Figure 6. Refractivity and neutral number density profile. As for the bending angle, the only contribution to the
refractivity profile is related to the neutral atmosphere. The gray shaded area represents the 1-sigma uncertainty bound
for the refractivity profile.
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Figure 7. Mass density profile. The profile measured in this work is represented by the black line, while the green
and red lines are the numerical predictions of the Mars climate database (MCD) and the Mars Mars global reference
atmospheric model (GRAM) 2010, respectively. The uncertainty bound is computed as 1 standard deviation.

The mass density curves shown in Figure 7 indicate consistency between our profile and predictions from
the general circulation models, suggesting that our method enables a precise characterization of the atmos-
pheric properties from the data processing. A lower slope in our density trend compared to the semi-em-
pirical models denotes that our estimate of the scale height is slightly lower than predictions. For this
occultation, the scale height at ~21 km results to be 7.81 + 0.18 km. The estimated value of the density at

this altitude is (1.090 +0.01 1) x107 kg m~>. These informations represent important constraints that can
be provided as input to general circulation models enabling significant improvements of model predictions

at altitude ranges, poorly explored by other scientific investigations.

The pressure profiles are reported in Figure 8. The boundary condition needed to integrate the hydrostatic
equilibrium equation is computed according to Equation 11, which requires the knowledge of the scale
height. The pressure value at the lowest altitude is 31.56 + 0.77 Pa. The temperature profile (Figure 9) can

be simply retrieved from the pressure values by adopting the ideal gas law.

The temperature at the closest distance to the Martian surface (i.e., ~21 km) is 151.4 £ 2.9 K. By observing

the temperature gradient, we are also able to estimate the location of the tropopause. This threshold is the
atmospheric layer characterized by an inversion of the temperature gradient, which turns negative in the
troposphere. The profile reported here shows that this occurs at an altitude of ~40-41 km that is in agree-
ment with the vertical structure of Mars’ atmosphere (e.g., Sanchez-Lavega, 2011).

The uncertainty in the temperature profile is very sensitive to the data noise reaching a maximum value of
~7K.

4.2. Derived Uncertainty Analysis

To better understand the importance of our uncertainty quantification approach, we investigated the im-
pact of the spacecraft trajectory errors on the atmospheric properties uncertainties. Previous methods of
radio occultation processing took into account the propagated uncertainty of the frequency measurement
only. Figure 10 shows the uncertainty of the temperature profile by not including the spacecraft state co-
variance matrix (right panel), by accounting for the uncertainty of the spacecraft state (left panel). At low
altitudes, the temperature uncertainty is very close to ~3 K in both cases. However, increasing altitudes
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Figure 8. Pressure profile. The estimated profile is consistent with model predictions, represented by the green and the
red lines. The uncertainty bound is reported as 1 standard deviation.
lead to larger uncertainties in the case with the full covariance matrix. These results suggest that neglecting
the uncertainty associated to the reconstructed spacecraft state affects significantly the uncertainty of the
atmospheric profiles. Our method enables, therefore, an accurate estimate of the errors leading to a thor-
ough characterization of the atmospheric profiles. Furthermore, this procedure does not require any further
assumption to the model.
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Figure 9. Temperature profile. Our estimated profile is in agreement with the values computed through Mars Mars
global reference atmospheric model (GRAM) 2010, while the profile predicted by MCD shows large differences with the
other two. The uncertainty grows with altitude as it is very sensitive to the noise in the frequency data. The inversion of
the temperature gradient at ~40 km from the ground, locates the tropopause at that altitude consistently with previous
estimates (Sanchez-Lavega, 2011).
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Figure 10. Temperature uncertainty profile computed in two different cases: (a) by using the full precise orbit
determination (POD) covariance matrix that stores the uncertainty of the reconstructed spacecraft state; (b) by
including only the uncertainty of the Doppler shift measurement.

5. Conclusions

Atmospheric radio occultation represents a powerful scientific investigation to achieve a comprehensive in-
sight into celestial bodies neutral atmospheres and ionospheres. The method presented in this work enables
obtaining atmospheric profiles and associated uncertainties by processing raw radio tracking data. Our ap-
proach enables the analysis of radio occultations to yield precise information on profiles of the atmospheric
properties that are valuable input to general circulation models.

By processing an MRO radio occultation, we presented atmospheric profiles in line with model predictions,
based on the Mars GRAM 2010 and MCD. Discrepancies in our pressure and temperature estimates with
the values retrieved through both semi-empirical models suggest that MRO radio occultation preserve fun-
damental information regarding the Martian troposphere.

The technique described in this work is based on the combination of precise orbit determination and radio
occultation processing and is well suited to process the amount of MRO occultation data collected during
the entire mission. Furthermore, our method provides an accurate characterization of the atmospheric
uncertainties by accounting for the standard deviation of the spacecraft position and velocity, which have a
significant impact on the determination of the occultation point.

Data Availability Statement

The raw data used in this study are available at https://pds-geosciences.wustl.edu/mro/mro-m-rss-1-
magr-vl/mrors_0xxx/. The trajectory and the attitude kernels of the Mars Reconnaissance Orbiter are avail-
able at: https://naif jpl.nasa.gov/pub/naif/MRO/kernels/.
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