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A B S T R A C T

The ESA mission EnVision will address its main scientific questions through a detailed mapping of the surface
and interior properties of Venus. A precise reconstruction of the spacecraft trajectory is a key requirement
for the EnVision scientific investigations, including radio science. To precisely constrain the orbit evolution,
refined models of the dynamical forces are included in the Precise Orbit Determination (POD) process. We
developed a methodology based on a batch-sequential filter that enables a joint estimation of Venus gravity and
atmospheric density. Our approach yields an accurate compensation of atmospheric mismodeling, simulated
through semi-empirical predictions of the atmospheric density provided by general circulation models (GCM),
e.g., Venus Climate Database (VCD). Numerical simulations of the EnVision radio science investigation were
carried out by using a perturbative analysis of the dynamical forces, which accounts for atmospheric density
errors ≥ 200%. By adjusting a set of atmospheric scale factors, our proposed strategy enables an estimation of
the atmospheric density at the spacecraft altitudes with an accuracy of 25%. The improved dynamical model
yields accuracies in the orbit reconstruction of 1–2 m, 30–40 m and 20–30 m in the radial, transverse and
normal directions.
1. Introduction

A new phase of Venus’ exploration is approaching with three space
missions selected to unveil the secrets of the planet, the NASA Deep
Atmosphere Venus Investigation of Noble gases, Chemistry and Imaging
(DAVINCI) [1] and Venus Emissivity, Radio Science, InSAR, Topogra-
phy, and Spectroscopy (VERITAS) [2] missions, and the ESA EnVision
mission [3,4]. This unprecedented multidisciplinary dataset will en-
hance our knowledge of the mechanisms that led to the different
evolution of Venus and Earth in spite of similar size, bulk compo-
sition and distance from the Sun [5]. Previous space missions, e.g.,
Pioneer Venus Orbiter (PVO) and Magellan, revealed a relatively young
surface [6–8] providing evidence of abundant volcanic and tectonic
features, including coronae (i.e., quasi-circular volcano-tectonic struc-
tures) and tesserae (i.e., sets of curved, parallel linear features) [9], and
randomly distributed craters. Whether Venus is still active today is an
open question, recent support for this hypothesis was provided by the
results of the re-analysis of Magellan Synthetic Aperture Radar (SAR)
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mapping [10] and by the surface thermal emissivity data collected
by the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS)
onboard Venus Express [11]. Additional evidence is provided by the
high content of sulphure dioxide [12] in the Venus’ atmosphere and
the surface’s mineralogy and composition derived from visible to near-
infrared (VNIR) reflectance spectra [13] observed by the Venus Express
probe. EnVision will significantly contribute to better understand the
level and nature of current geological activity through a SAR system
that supports imaging with a spatial resolution an order of magnitude
higher than Magellan, a Subsurface Radar Sounder (SRS) that provides
direct measurements of subsurface features (e.g., magma deposits), and
an advanced instrument suite [3].

Furthermore, the determination of Venus’ gravity field and tidal
response is among the primary objectives of EnVision science inves-
tigation. To date, the most updated solution of Venus’ gravity field is
based on the radio science data collected by the PVO and Magellan
missions [14,15]. However, these measurements were not sufficiently
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accurate to constrain Venus’ internal structure, including the state
of the planet’s core, and the properties of the mantle. Based on the
analysis carried out by Dumoulin et al. [16] and Margot et al. [17],
the estimated value of Venus’ moment of inertia (MOI) is in the
range 0.327–0.342 and 0.313–0.361, respectively, providing rough
constraints on the radius of the core in a range of 2900–3450 km and
∼ 3500 ± 500 km. Our current knowledge of the Love number 𝑘2 (𝜎𝑘2
= 0.066 [15]) prevents a thorough characterization of Venus’ core. The
estimated gravity tidal response is consistent with a fully solid and
a liquid/partially melted core [16,18]. An enhanced measurement of
the Love number 𝑘2 is then fundamental to improve our knowledge of
the planet’s deep interior. A first observation of the tidal phase would
also inform on the composition, viscosity and rheology of the mantle.
EnVision radio science investigation is expected to provide these mea-
surements enabling key constraints on the properties of Venus’ core and
mantle [19,20].

To accomplish these scientific objectives, an accurate reconstruc-
tion of the spacecraft trajectory is a key requirement that can be
fulfilled through a precise modeling of the dynamical forces included
in the Precise Orbit Determination (POD) process. Spacecraft in orbit
around Venus have to face the challenging conditions imposed by
the harsh Venus’ environment, with the atmospheric drag due to the
planet’s thick atmosphere being among the main non-conservative
forces. Therefore, accurate predictions of Venus’ atmospheric density
will be essential to evaluate the atmospheric drag acceleration acting
on the EnVision spacecraft and improve its orbit determination.

General circulation models (GCM) have been developed to model
Venus’ atmosphere and provide predictions of the properties and dy-
namics of its lower layers (i.e., 48–70 km altitudes) that are dense,
hot and characterized by thick clouds. These models account for the
fast rotational state of the atmosphere with zonal winds up to 100 m
s−1 near the cloud top (i.e., super-rotation) and the vortex structures
centered around the poles at latitudes ≥ 60◦.

The Venus Global Reference Atmospheric Model (Venus-GRAM)
[21] and the Venus Climate Database (VCD) [22] are two well con-
solidated models that predict the properties of Venus’ atmosphere.
These two models, however, are based on different methods and as-
sumptions, including topography, accuracy of the model of diurnal
cycle, variation of Venus density with solar activity, dependence on
cloud albedo variability, and on the analysis of different data collected
by previous missions. These discrepancies are mainly associated with
unpredicted mismodeling of Venus’ atmospheric parameters due to
the lack of accurate measurements and limitations in the theoretical
models. These uncertainties may affect the trajectory reconstruction of
Venus’ orbiters, leading to undesired errors in the estimation of the
planet’s gravity field and geophysical parameters (e.g., Love number
𝑘2) through radio science investigation.

In this paper, we present a method that enables the precise orbit
determination (POD) of the ESA EnVision mission and the joint de-
termination of Venus’ gravity and atmospheric density. The EnVision
spacecraft will be inserted in a 220 × 520 km quasi-polar (with inclina-
tion between 87◦ and 89◦) orbit about Venus during its science phase. A
mismodeling of the atmospheric drag acceleration at the periapsis may
have a significant impact on the orbit reconstruction, and, consequently
on the determination of Venus’ gravity field. The altitude region above
∼180 km and the thermosphere above 250 km represent regions of
Venus’ atmosphere that have not been extensively probed by dedicated
instruments, resulting in limited information on the atmospheric den-
sity and other thermodynamical properties [23]. Venus’ atmospheric
models yield density profiles at those altitudes through upward in-
tegration of the properties related to the lower atmospheric layers
where temperature profiles and species concentration were obtained
through in situ campaigns. Measurements acquired through infrared
spectrometry from Venera-15 orbiter and Venus Express observations
in the ultraviolet (UV) and infrared (IR) range probed the middle
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atmosphere of Venus and enabled the characterization of CO2, SO2,
SO clouds and aerosol temperature vertical evolution in the range of
60–160 km altitudes [24,25]. Complementary information was pro-
vided by radio occultation experiments, e.g, the density profiles from
40 to 90 km obtained by Venus Express Radio Science experiment
(VeRa) [26] or inferred from spacecraft’s orbital decay [27–29]. Further
constraints will be determined by EnVision’s radio occultations and
direct measurements of EnVision’s spectrometers suite VenSpec.

A comparison of the predicted atmospheric densities at the space-
craft orbital altitudes based on the Venus-GRAM and VCD atmospheric
models indicates strong differences that need to be accounted for in a
realistic assessment of the EnVision orbit reconstruction requirements.
Similar discrepancies may be expected between the real values and
the predictions from the models. We thus carried out a perturbative
analysis by assuming a different modeling of the atmospheric drag
forces between the simulation of the synthetic data and the POD
process. An estimation method that was named batch-sequential and
conceived by Genova et al. [30] for the data analysis with uncertain
dynamical models is then used to process the EnVision radio science
data and to compensate atmospheric mismodeling.

This paper is organized as follows. In Section 2, we introduce the
EnVision mission configuration and radio tracking system (Section 2.1),
and the theoretical background of the work, including the implemen-
tation of the classical batch filtering and the batch-sequential filtering
(Sections 2.2.1 and 2.2.2). In Section 3, we present the force models
implemented in our POD process, with a focus on the atmospheric
drag. Two Venus’ atmospheric models are described, i.e., the Venus-
GRAM and the VCD (Section 3.2.1), and a preliminary analysis of the
discrepancies in terms of induced impulsive 𝛥𝑉 𝑠 during the spacecraft
orbit associated with the two different atmospheric models is reported
in Section 3.2.2. The results of our numerical simulations of the En-
Vision radio science investigation are shown in Section 4. The steps
that we adopted to carry out the perturbative analysis are described in
Section 4.1, and the estimation strategies are discussed in Section 4.2.
Finally, the discussion and summary of the results are provided in
Sections 5 and 6, respectively.

2. Data and methods

2.1. EnVision radio tracking system

The entire science phase of the EnVision mission is expected to
cover 6 Venus’ sidereal days (i.e., six cycles, 243 Earth days each).
In this study we considered the orbital configuration EnVision_ESC
_T4_2032_North VOI_v02 that foresees Venus Orbit Insertion over the
northern hemisphere accordingly to the EnVision SPICE kernels [31].
The nominal mission baseline is scheduled from 15 June 2035 to 14
June 2039.

The spacecraft is equipped with a fixed High Gain Antenna (HGA)
to establish X-band uplink and a dual X-Ka band frequency downlink
with the ground stations of the ESA ESTRACK network. Doppler data
are acquired during daily scheduled tracking passages of ∼3.5 h. To
explain the benefits of the dual-link configuration, we describe below
the noise sources of the radio tracking data.

The total noise budget of the Doppler data is obtained by in-
cluding thermal, tropospheric and solar plasma contributions (Fig. 1
based on [32]). EnVision communication to ground will be established
through the HGA enabling a high signal-to-noise ratio that will limit
the effects of the thermal noise. Troposphere and interplanetary plasma
are then the dominant noise sources. The propagation delay in the
troposphere is mainly affected by the seasonal variability at the ground
station site. The wet component of the troposphere also affects the
Doppler measurements depending on the weather conditions. To ac-
count for this unpredicted variation of the wet troposphere, we use a
conservative value for the Doppler noise in our numerical simulations.

GNSS-based calibration techniques at the ESTRACK ground stations are
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Fig. 1. Noise budget of the two-way Doppler measurements with X-band only (black) and X/X-Ka dual link configuration (green). The solar plasma contribution (red) varies with
the SPE angle (black curve). The contribution due to the troposphere (blue) shows a periodic pattern associated with seasonal variations at the ground station site. We present
this noise source associated with a ground station in the Earth’s northern hemisphere (day 0 corresponds to 15 June 2035). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
expected to partially correct the tropospheric effects. The blue curve in
Fig. 1 is obtained for a ground station in the northern hemisphere.

The primary source of noise that affects X-band Doppler measure-
ments is the fluctuations in the electron content of interplanetary
plasma. Solar plasma effects depend on the Sun-probe and probe-Earth
(SPE) relative positions. This noise source has a significant impact
on the total budget in proximity of superior solar conjunctions (i.e.,
SPE < 15◦). During EnVision science phase that will last six Venus’
cycles, three solar conjunctions will strongly affect the noise budget
of the radio science data. Doppler data acquired with a SPE angle less
than 15◦ are then excluded from the POD process. The coherent dual
frequency transmission (X-Ka band) for the downlink carrier enables a
partial calibration of the plasma perturbation [33] for the remaining
science phase (i.e., SPE > 15◦).

The fractional frequency shift 𝑦 (i.e., Doppler measurement normal-
ized by the reference frequency) can be expressed as the sum of: (1)
a non-dispersive term (𝑦𝑛𝑑) affected by the projection of the velocities
difference along the line-of-sight and by the tropospheric noise; and (2)
a dispersive term that differs between uplink (𝑦𝑢𝑝) and downlink (𝑦𝑑𝑛)
depending on the frequency of the signal and on the fluctuations of the
Total Electron Content (TEC) along the path (i.e., the total number of
electrons between the radio transmitter and receiver). For a two-way
Doppler measurement the fractional frequency shift is then given by:

𝑦 = 𝑦𝑛𝑑 +
𝑃𝑢𝑝

𝑓 2
𝑢𝑝

+
𝑃𝑑𝑛

𝑓 2
𝑑𝑛

, (1)

here 𝑃𝑢𝑝 and 𝑃𝑑𝑛 represent the TEC, and 𝑓𝑢𝑝 and 𝑓𝑑𝑛 are the uplink
nd downlink carrier frequencies, respectively. By solving Eq. (1) for
he dispersive term in downlink 𝑦𝑑𝑛, the calibrated fractional frequency
hift 𝑦∗ can be evaluated as follows,

𝑦𝑥𝑥 = 𝑦𝑛𝑑 + 𝑃𝑢𝑝
𝑓2
𝑢𝑝,𝑥

+ 𝑃𝑑𝑛
𝑓2
𝑑𝑛,𝑥

= 𝑦𝑛𝑑 + 𝑦𝑢𝑝 +
𝑦𝑑𝑛
𝛼2𝑥𝑥

𝑦𝑥𝑘 = 𝑦𝑛𝑑 + 𝑃𝑢𝑝
𝑓2
𝑢𝑝,𝑥

+ 𝑃𝑑𝑛
𝑓2
𝑑𝑛,𝑘

= 𝑦𝑛𝑑 + 𝑦𝑢𝑝 +
𝑦𝑑𝑛
𝛼2𝑥𝑘

,

(2)

∗
𝑥𝑥 = 𝑦∗𝑥𝑘 = 𝑦𝑛𝑑 + 𝑦𝑢𝑝 =

𝛼2𝑥𝑥𝑦𝑥𝑥 − 𝛼2𝑥𝑘𝑦𝑥𝑘
𝛼2𝑥𝑥 − 𝛼2𝑥𝑘

(3)

here 𝛼 = 𝑓𝑑𝑛 is the turn-around ratio and 𝑦 = 𝑃𝑑𝑛 .
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𝑓𝑢𝑝 𝑑𝑛 𝑓2
𝑢𝑝,𝑥
As shown in Fig. 1, the dual-link configuration (green curve) leads to
enhancements of up to 50% with respect to a X-band radio system when
the interplanetary plasma noise is dominant. However, in our analysis
we consider a conservative level of noise (black curve) that accounts
for uncalibrated troposphere and solar plasma with an average noise
root-mean-square (RMS) of ∼0.07 mm/s at 10 s integration time (that
corresponds roughly to ∼0.028 mm/s at 60 s integration time). This
assumption is consistent with a single X/X link configuration. Gravity
investigations will benefit from the partial plasma calibration to im-
prove the estimates of Venus’ gravity field and geophysical parameters,
however, for the purpose of this paper, which is the assessment of the
atmospheric drag effect on the orbit evolution, we preferred to use a
conservative level of noise.

2.2. Precise orbit determination

2.2.1. Least-squares filter
Techniques for orbit determination problems are commonly based

on least-squares filtering that is used to estimate a set of param-
eters that leads to a minimization of a cost function that depends
on the observation residuals (i.e., difference between the computed
and observed measurements) [34]. This method applied to real data
analysis is affected by instability issues that may be caused by mis-
modeling in the dynamical equations (e.g., unpredicted variations of
the non-conservative forces). Inconsistent predictions of the forces
that act on the spacecraft motion lead to error accumulation on the
reconstructed trajectory. Therefore, to prevent inaccurate least-squares
solution, the total time span of the mission is divided in intervals (arcs)
and additional adjusted parameters are introduced (e.g., stochastic
accelerations). This strategy then entails an over-parameterization of
the problem through the adjustment of quantities that vary arc by arc
(e.g., spacecraft state vectors, 𝛥𝑉 maneuvers, set of accelerations), and,
for this reason, are named local. The estimation of these additional pa-
rameters mitigates the errors caused by unmodeled dynamical effects,
leading to significant enhancement in the retrieval of time-independent
parameters, named global, that affect all the measurements.

After a single-arc processing of each arc that enables the adjustment
of local parameters only, the final solution is recovered with a global

inversion that accounts for both local and global parameters.
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2.2.2. Batch-sequential filter
Following the approach proposed by Genova et al. [30], we de-

veloped a batch-sequential filter that copes with the mismodeling that
affects the predictions of the properties of Venus’ atmosphere. Possible
errors in the drag modeling require the adjustment of a significant
number of local parameters in the least-squares method. Different
techniques have been used for Venus and Mars missions, including the
estimation of a drag coefficient per orbit or periodical accelerations [29,
35].

We present an implementation of the batch-sequential filter (shown
in Fig. 2) based on the definition of a set of global parameters that
are adjusted in the intermediate batch inversion. These parameters are
scale factors that are applied to the atmospheric density predictions
based on Venus’ atmospheric model (i.e., Venus GRAM 2005) embed-
ded in the POD software. Each coefficient is associated with a specific
altitude range of the atmosphere. The atmospheric model is thus refined
as new data are included in the estimate through the adjustment of the
global atmospheric parameters (see Section 4.2). A sequential update
of these scale factors is included to refine the dynamical model in the
intermediate batches of data. The convergence of the solution is very
sensitive to the choice of the number of estimated global parameters
and to the number of arcs included in a single batch. A dedicated
testing and validation test campaign was carried out to establish the
properties of the batch-sequential filter. We note that the adjustment
of a significant number of atmospheric scale factors associated with
different altitude regions prevents the convergence of the solution since
the radio tracking data are poorly sensitive to those parameters. On the
other hand, the adjustment of a single scale factor is not well-suited to
fully compensate Venus’ atmosphere mismodeling. We then account for
3 parameters that scale the atmospheric density predictions at altitude
ranges of 220–320 km, 320–420 km and 420–520 km, respectively. A
similar trade-off results from a test campaign devoted to determine the
number of arcs included in each batch. We use 20 arcs to account for
the seasonal variability of Venus’ atmosphere.

As shown in Fig. 2, the entire dataset of observed Doppler mea-
surements is divided in 𝑁 arcs, which are organized in 𝑁𝐵 batches.
Each batch 𝑗, with 𝑗 = 1,… , 𝑁𝐵 , is composed of 𝑛 arcs (𝑁𝐵 =
𝑁∕𝑛) and it is processed accordingly to the following steps. First, a
single arc estimation of the 𝑛 arcs of the first batch is carried out
and local parameters only are adjusted with an iterative process until
convergence of the solution. A combined analysis of the data of the
first batch is then carried out to jointly estimate the local parameters
and the atmospheric scale factors. The initialization of the first batch
consists in assuming as a priori uncertainties and values of the local
parameters their a priori uncertainties and estimates from the single-
arc estimation, respectively. Since the atmospheric scale factors are
adjusted for the first time in this batch, no a priori uncertainty is
assumed enabling an unconstrained solution. The global inversion of
the intermediate batch is iterated until convergence. The scale factors
adjustment retrieved after the batch inversion is then used to update
the atmospheric modeling for the processing of the following arcs that
are included in the next intermediate batch. From the second batch,
the a priori uncertainties of the atmospheric parameters are obtained
by multiplying their formal uncertainty resulting from the previous
batch by a scale factor equal to 10. To prevent the filter from losing
sensitivity to the new measurements, we re-initialize the filter after a
certain number of batches. This process consists in setting the nominal
values of the atmospheric scale factors equal to the estimated values
retrieved from the previous batch, while their a priori uncertainties are
re-initialized, meaning that they are set equal to a very high value, i.e.,
10. In our numerical simulations we enforce the filter re-initialization
after 5 batches. This allows us to sequentially update atmospheric
densities by using about two entire Venusian cycles.

After convergence of the last batch, we carry out an iterated single-
arc estimation that assumes as a priori values the updated local param-
728

ters resulting from each batch and the final adjustment of the Venus’
atmospheric profile from the last batch. This further process enhances
the consistency amongst the trajectory of all the arcs that are now
integrated with the same dynamical model (i.e., no adjustment of the
global parameters). By analyzing the measurement residuals, we are
able to assess the accuracy of the POD solution.

A final step is a combined analysis of the radio tracking data of
the entire dataset through a joint adjustment of the local parameters
and the global atmospheric scale factors, whose nominal values result
from the batch-sequential processing, and Venus’ gravity and tides. This
final global inversion allows us to determine the converged spacecraft
trajectories, gravity field and atmospheric model parameters.

The proposed method represents an enhancement with respect to
the alternative techniques since the sequential update of the dynamical
model through the analysis of intermediate batches of data enhances
the accuracy and the stability of the solution. A single global in-
version after the single-arc processing of the entire datasets requires
the adjustment of additional parameters, as, for example, stochastic
accelerations, leading to higher formal uncertainties of the parameters
of interest (e.g., gravity field coefficients). Testing and validation of
this batch-sequential filter are carried out with EnVision numerical
simulations as reported in Section 4.

3. Dynamical force models

The trajectory integration of a spacecraft in orbit about Venus
requires an accurate modeling of the dynamical forces and the phys-
ical properties of both the central body and the probe (e.g., shape,
thermo-optical coefficients, gravity field). Our numerical simulations
are carried out through the JPL software MONTE Project Edition [36].
The main dynamical models in the POD software are the gravitational
field of Venus and the non-conservative forces acting on the space-
craft, including the atmospheric drag, the solar radiation pressure, the
albedo and the wheel off-loading maneuvers. A precise modeling of
the spacecraft’s shape is also fundamental for the computation of those
perturbations. In our numerical simulations, we account for a simplified
spacecraft model that is a cannon-ball shape based on EnVision’s cross-
section, with a ballistic coefficient close to 25 kg/m2 [4]. In this
section, we describe the main force models that significantly impact
the spacecraft orbit evolution.

3.1. Gravitational field

The gravitational field of Venus is modeled through a spherical
harmonic expansion [37],

𝑈 = 𝐺𝑀
𝑟

{

1 +
𝑚
∑

𝑙=2
(
𝑎𝑒
𝑟
)𝑙

𝑙
∑

𝑚=0
[�̄�𝑙𝑚 cos𝑚𝜆 + �̄�𝑙𝑚 sin𝑚𝜆]𝑃𝑙𝑚(sin𝜙)

}

, (4)

where 𝐺𝑀 = 324858.59 km3/s2 is Venus gravitational parameter,
𝑎𝑒 = 6051.0 km is Venus’ reference radius [14], 𝑃𝑙𝑚 are the normalized
associated Legendre polynomials of degree 𝑙 and order 𝑚, and �̄�𝑙𝑚
and �̄�𝑙𝑚 are the normalized spherical harmonic coefficients [38]. The
spherical harmonic expansion is expressed in the Venus’ body-fixed
frame that accounts for the planet’s rotational parameters [39], with
the spherical coordinates 𝑟, 𝜆 and 𝜙 that are radial distance, longitude
and latitude, respectively.

The a priori gravity field used in our simulations is the MGNP180U
model expanded to degree and order 180 [14]. This field is based on
the gravity solution derived from the radio tracking data of NASA PVO
and Magellan [14,15]. We also include the effect of the tides exerted by
the Sun on the planet by assuming 𝑘20 = 𝑘21 = 𝑘22 = 0.295 for the real
part and zero for the imaginary part [15]. Our simulations are based
on the JPL planetary ephemerides DE432s [40].
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Fig. 2. Block diagram of the batch-sequential filter adopted for the POD of the EnVision mission. The set of 𝑁 arcs is divided into 𝑁𝐵 batches of 𝑛 arcs, which are processed
ollowing the steps 1–3 summarized in the diagram. The estimates of each batch are used to sequentially update the atmospheric model used as a priori in the next batch. A
e-initialization of the a priori uncertainties associated with the atmospheric scale factors is performed after a number 𝑍 of batches is analyzed (𝑍 is among the parameters of

the method that have to be set through test campaigns). The last batch provides the a priori atmospheric model that is implemented in the global inversion. The local parameters
estimated at the end of each batch are used to initialize the spacecraft’s state, WoL and 𝐶𝐷 coefficients of the global inversion.
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.2. Non-conservative forces

An accurate modeling of the non-conservative forces is crucial to
ulfill orbit reconstruction requirements. An important contribution is
rovided by the radiation pressure associated with the solar irradiance
nd Venus’ albedo and thermal emission. Our models include a solar
rradiance that varies with the spacecraft relative distance to the Sun,
nd constant and uniform albedo and infrared thermal emissivity for
enus [41,42].

Because of EnVision mission configuration, an additional pertur-
ation is related to the wheel-off-loading (WoL) maneuvers that are
equired for the desaturation of the reaction wheels. A preliminary
cheduling of the maneuvers assumes one per day events ∼1 h before

tracking window. Because of misalignment of the thrusters, each
ire leads to uncompensated residual velocities. Impulsive burns are
hen included at the epoch of the planned maneuver constraining the
omponents of the residual velocity 𝛥𝑉 in the along-track, cross-track
nd radial directions to a maximum value of 1 mm/s, which is based
n the system expectations.

The atmospheric drag significantly affects the evolution of the
pacecraft’s orbit. Its contribution is strongly dependent on the atmo-
pheric conditions, the spacecraft’s orbital configuration and shape. The
tmospheric drag acceleration is

𝑑𝑟𝑎𝑔 = −1
2
𝜌𝐶𝐷𝐴𝑉 2

𝑚
̂𝑛𝑉 , (5)

where 𝜌 is the atmospheric density, 𝐶𝐷 is the drag coefficient, 𝑚 is the
spacecraft mass, 𝐴 is the spacecraft’s effective area and 𝑉 and ̂𝑛𝑉 are
he spacecraft velocity module and direction. This simplified expression
s based on the cannon-ball shape assumption, while in a general case,
729
he contribution due to any panel of the spacecraft’s shape should
e included in the computation of the atmospheric drag acceleration.
his formulation is suitable to model the along-track effects, while

t does not account for the lateral wind and aerodynamic lift. Errors
n the atmospheric drag modeling have a strong impact on the orbit
econstruction, and, consequently, on the estimation of the geophysical
arameters based on the analysis of the radio science data.

A first source of model uncertainty is related to the assumed value
f the spacecraft’s 𝐶𝐷 [43], which depends on the shape and the flow

regime. Possible values of the drag coefficient 𝐶𝐷 range from 1.7 to
2.3 for existing spacecraft. The main issue for the drag accelerations is
associated with the predictions of the atmospheric densities that strictly
depend on local time and solar activity variabilities [44]. Atmospheric
models are strongly affected by the lack of in-situ and remote sensing
data preventing a highly accurate modeling of short- and long-term
temporal and spatial variations. For our numerical simulations, we
compared the two main models that are publicly available for Venus’
atmosphere, i.e., the Venus-GRAM [21] and the VCD [22]. The dis-
crepancies between these two models may be indicative of the level of
accuracies expected for the current knowledge of the atmospheric prop-
erties at the altitude of spacecraft orbits. In Section 3.2.1, we briefly
discuss the main differences between Venus-GRAM and VCD at the
altitude range of interest, and we then present the induced impulsive
𝛥𝑉 s discrepancies associated with the two models (Section 3.2.2).

3.2.1. Atmospheric modeling
The Venus-GRAM is an engineering oriented model of Venus’ atmo-

sphere developed at the Marshall Space Flight Center’s (MSFC) Natural
Environment Branch for the planet Venus [45]. The lower atmosphere
model included in Venus-GRAM (heights ≤ 250 km) is based on the
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Committee on Space Research (COSPAR) Venus International Reference
Atmosphere (VIRA) [21]. The VIRA model was built by using Venera
entry probes data and Pioneer Venus orbiter and probe data, but it lacks
a solid planet model and a high resolution gravity field. The model is
divided into three altitude regions: (1) the low atmosphere VIRA data,
xtending from 0 km to 100 km, which depends on height and latitude;
2) the middle atmosphere VIRA data (height between 100 km and
50 km), which has dependence on height and local solar time; (3) the

high atmosphere VIRA data (height ranging from 150 km and 250 km)
that depends on height and solar zenith data.

At heights ≥ 250 km and ≤ 1000 km the Venus-GRAM is based
n a thermosphere model developed at the MSFC [45]. This model as-
umes as lower boundary conditions VIRA conditions and constituents
t 250 km and uses constant temperature values above 250 km set
qual to the local VIRA temperature at 250 km. The model assumes
hat particles are in diffusive equilibrium and the total pressure and
he mass density are evaluated from constituent partial pressures and
onstituent number densities, respectively.

Venus-GRAM is designed to guarantee smooth transitions of the
tmospheric variables by taking into account seasonal, geographic, and
ltitude variations, and it is, therefore, considered to be suitable for
ngineering applications at all altitude regions of the Venus’ atmo-
phere. The model requires time, longitude, latitude and height in input
nd estimates mean values and statistical variations of the atmospheric
roperties, i.e., pressure, density, temperature and number densities for
O2, N2, O, CO, He, N and H, zonal and meridional winds.

The model lacks a high resolution topography model of the planet,
ccounting for Venus reference ellipsoid. Furthermore, it does not
ncorporate the dependence of atmospheric parameters on solar ac-
ivity, thus, variations that should affect altitudes ≥ 100 km are not
ncluded. Changes in heating rate due to cloud albedo variability are
ot modeled. The POD software MONTE includes the Venus-GRAM to
etrieve prediction of the atmospheric densities for the computation of
he drag.

The VCD model is a database of meteorological fields derived from
enus General Circulation Model (VGCM) numerical simulations of
enus’ atmosphere, aimed at supporting engineering applications and
cientific studies requiring accurate knowledge of the state of the
enusian atmosphere. The VGCM is developed at the LMD (Paris,
rance) laboratories of the Institute Pierre Simon Laplace (IPSL) [22,
6] and has been validated by analyzing the Pioneer-Venus, Magellan
nd Venus Express data. This model computes the 3D atmospheric
irculation and climate accounting for radiative transfer through the
aseous atmosphere, non-local thermodynamical equilibrium (NLTE)
rocesses, EUV heating, conduction and molecular diffusion in the ther-
osphere. Furthermore, the model simulates sub-grid processes (e.g.,

onvection in the boundary layer, non-orographic and orographic grav-
ty waves) and implements photochemistry to control the atmospheric
omposition.

The VCD includes ground-to-thermosphere atmospheric variables
nd high resolution topography (23 pixel/deg), alternatively it uses a
ower resolution grid (96 × 96 in longitude × latitude). Variability in
he radiative output of the Sun, which occurs with different timescales
ue to solar flares, solar rotation and magnetic cycle of the Sun, is
ignificant in the UV region of the solar spectrum that is the main
esponsible for the heating of Venus upper atmosphere (above 100 km).
t the same time, the solar heating rate is directly dependent on the
loud albedo by means of a radiative transfer model. The VCD allows
o account for various conditions of EUV input and cloud albedo. Three
ixed levels of EUV flux can be selected, i.e., standard, maximum and
inimum, corresponding to a value of E10.7 factor of 140, 300 and
0 solar flux unit (1 sfu = 10−22 Wm−2 Hz−1) at 1AU. Alternatively,
ustomized level of EUV input or realistic EUV deduced from Earth
ate, taken from available E10.7 measurements, can be selected.

Three cloud albedo scenarios are also available. The standard cloud
730

lbedo is computed by using standard heating profiles based on [47]
nd it is provided with three EUV conditions, e.g., standard, minimum
nd maximum. The low cloud albedo scenario is calculated using the
aximum heating rate profile presented in [48] with a maximum

atio of 50%, for the standard EUV conditions. The high cloud albedo
cenario is evaluated by decreasing the standard rate profile by 30%
ased on the standard EUV conditions.

Venus-GRAM and VCD were then derived from different obser-
ations and assumptions, leading to significant discrepancies in the
redicted evolution of the atmospheric properties at the spacecraft
ltitudes. By focusing on the atmospheric density, which is the most
elevant parameter to drag force modeling, Fig. 3 compares the values
redicted by the two models for the same Venusian hour at several
ltitudes. The five heights approximately correspond to the periapsis of
agellan (Cycle 1–4 and Cycle 5), Venus Express, Akatsuki (the Venus
limate Orbiter), and EnVision, where the effect of the atmospheric
rag perturbation mostly affects the orbital dynamics. The relative
ifferences between the two models were computed by selecting the
tandard EUV condition and standard cloud albedo scenario as VCD
nput, and represent an intermediate case; higher discrepancies are
bserved in the case of standard cloud albedo and minimum EUV
onditions, while high cloud albedo and standard EUV conditions and
tandard cloud albedo and maximum EUV conditions represent the
ost optimistic scenarios (we provide comparisons of the two models

ccording to the various scenarios in the Supplementary Material S1–
4). As shown in Fig. 3, the VCD yields significantly higher densities
ompared to the Venus-GRAM at around noon Local True Solar Time
LTST) for altitudes lower than 200 km. At the same LTST but higher
ltitudes, the Venus-GRAM suggests larger values than the VCD. Strong
iscrepancies between Venus-GRAM and VCD are also observed at the
oles for altitudes ≥ 180 km. Different predictions of the latitude and
TST variations from the two models are observed at high altitudes.
he Venus-GRAM, for example, predicts a significant increase in the
tmospheric density at night LTST for altitudes larger than 250 km.
hese inconsistencies thus pose fundamental questions on the reliability
f atmospheric models for precise orbit determination and navigation
asks.

.2.2. Impact of Venus atmospheric drag mismodeling on spacecraft orbit
volution

To better understand the impact of atmospheric mismodeling on
he orbit evolution, we carried out dedicated numerical simulations
o determine the energy dissipated along the spacecraft orbit by using
he two independent models of Venus’ atmosphere, Venus-GRAM and
CD. By integrating the drag acceleration with respect to time along

he arc of the spacecraft trajectory affected by the atmosphere, we can
etermine the equivalent 𝛥𝑉 that results from the atmospheric density
redictions. Given the spacecraft trajectory extracted from the SPICE
ernels, the spacecraft’s orbit was discretized into 𝑛𝑆 segments that
over an altitude range 𝛥ℎ of 10 km in the altitude band 0–520 km. The
esulting 𝛥𝑉 (associated with a single orbit) was computed according
o:

𝑉 =
𝑛𝑠
∑

𝑖=1

1
2
𝜌𝑖𝐶𝐷𝑉𝑖

2

𝑚
𝐴𝛥𝑡𝑖, (6)

where 𝑚, 𝐶𝐷 and 𝐴 represent the spacecraft’s mass, drag coefficient and
effective area, respectively. The ballistic coefficient is assumed to be
25 kg/m2. The mean density 𝜌𝑖 and velocity 𝑉𝑖 are computed for each
𝑖th segment of the orbit and 𝛥𝑡𝑖 is the duration of the segment. We
applied this methodology to compute the induced 𝛥𝑉 s for each orbit
for an entire Venusian day by assuming EnVision, Magellan (Cycle 5),
and Venus Express missions. We include in our analysis the aerobraking
phase of Venus Express that took place in June–July 2014 to gradually
reduce the pericenter altitude from 200 km to 130 km. We show the
discrepancies between the 𝛥𝑉 s computed by using the Venus-GRAM
and VCD for the three orbiters in Fig. 4 (panels A, B and C). The
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Fig. 3. Latitudinal and LTST maps of the discrepancies between the density profiles predicted by the VCD (left) and the Venus-GRAM (central) computed at different altitudes
above Venus’ reference sphere (radius 6051.8 km). Rows (a–e) show the results obtained at 130 km, 180 km, 220 km, 250 km, and 290 km, which represent approximately the
minimum altitude reached by Venus Express, Magellan (Cycle 5), EnVision, Akatsuki, and Magellan (Cycle 1–4), respectively. The VCD predictions are based on the standard EUV
and cloud albedo scenario. The right panels show the percentage error computed as the absolute value of the difference between the two models normalized by the maximum
density predicted by the VCD.
histograms report the frequency of the |𝛥𝑉𝑉 𝐺𝑅𝐴𝑀 − 𝛥𝑉𝑉 𝐶𝐷| values eval-
uated for each orbit during an entire Venusian day. The discrepancies
between the two models lead to differences in the equivalent 𝛥𝑉 per
orbit highlighting its dependency on the spacecraft orbit altitude. For
Magellan and Venus Express that had minimum orbital altitudes of
∼160 km and ∼130 km, respectively, we observe equivalent 𝛥𝑉 𝑠 of
a few mm s−1. The difference |𝛥𝑉𝑉 𝐺𝑅𝐴𝑀 − 𝛥𝑉𝑉 𝐶𝐷| for the EnVision
mission reaches 0.16 mm s−1 with a uniform distribution in the range
of 0.06 and 0.13 mm s−1. This differential velocity is accumulated
every orbit leading to significant effects on the orbit integration of the
4-days arc. The uniform distribution observed for the 𝛥𝑉 differences
resulting from the two independent atmospheric models suggests that a
single scale factor would not be well-suited to fully mitigate the effects
associated with atmospheric mismodeling. This effect, however, can be
absorbed or mitigated through an over-parameterization that could be
731
the adjustment of multiple 𝐶𝐷 per arc, or stochastic accelerations. This
approach would inflate the uncertainties of the geophysical parameters
estimation and the spacecraft’s orbit (see Section 5).

4. Numerical simulations of the EnVision radio science investiga-
tion

4.1. Perturbative analysis

We performed a comprehensive set of numerical simulations of
the entire mission science phase of six Venusian days. This dataset
is analyzed by accounting for 300 arcs that are 4 days long. To
investigate the impact of the current uncertainties in the knowledge
of Venus’ atmosphere on the determination of the spacecraft orbit and
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enus’ geophysical parameters, we carried out a perturbative analysis
hat accounts for the differences between the two atmospheric models
enus-GRAM and VCD. The POD software adopted in this study, the
PL MONTE Project Edition, includes the 2005 version of the Venus-
RAM. We also used the VCD to compute the atmospheric densities,
nd, consequently, the different prediction of the atmospheric drag
cting on the spacecraft. These values can be provided to MONTE
s tabular data by turning off the internal atmospheric model. This
pproach allows us to simulate possible discrepancies between pre-
ictions based on the semi-empirical model and the real value of
he atmospheric properties. The discrepancies between the two atmo-
pheric models are consistent with the level of uncertainties of those
redictions, leading to a realistic test and validation of the proposed
ethod.

A perturbative analysis consists in using different dynamical models
etween the numerical simulations for the generation of the synthetic
ata and for the POD analysis. This approach significantly differs from
covariance analysis that does not account for any perturbation in the
ynamical model, leading to assess formal uncertainties only. Because
f the short- and long-term variations of the atmospheric properties, a
erturbative analysis is well-suited to better understand the effects of
tmospheric mismodeling on the spacecraft trajectory reconstruction
y studying the systematic errors. In our numerical simulations, we
omputed the synthetic Doppler measurements by using the tabular
ata with a 1-s sampling time for the atmospheric drag accelerations
ased on the VCD density predictions.

To compute the drag accelerations with the atmospheric densities
based on the VCD model, we provide as input the precise epoch,

ongitude and latitude coordinates, the distance to the planet center,
he desired combination of cloud albedo and solar EUV scenarios and
flag to set additional perturbations, e.g. small scale (gravity waves)

nd large scale perturbations. The estimated 𝜌 is then used to compute
he drag acceleration accordingly to Eq. (5). Since the drag acceleration
trongly perturbs the spacecraft trajectory leading to different values of
tmospheric density, the use of tabular data to model the atmospheric
rag accelerations requires an iterative approach. The convergence of
he method is declared when the discrepancies between the trajectory
dopted for the computation of the drag accelerations and the trajec-
ory obtained applying the updated perturbations are negligible (i.e., ≤

1 mm).
For the analysis of the synthetic data to reconstruct the spacecraft

orbit, we use the hard-coded atmospheric model Venus-GRAM 2005
available in MONTE to mimic the future POD process with real data.
The other force models are identical between simulation and estimation
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process to only study the effects of atmospheric drag mismodeling. d
4.2. Estimation strategies

The perturbations associated with non-conservative forces are com-
pensated by using different approaches, including the estimation of
additional local parameters. Previous radio science investigations on
Venus and Mars [29,35,49] have estimated a set of local parameters
(e.g, periodic accelerations, drag scale factors) through a single-arc
batch least-squares solution. This approach, however, leads to a signifi-
cant over-parameterization that may affect the adjustment of the global
parameters, including the gravitational field and tides.

We then propose a method that enables the estimation of a limited
number of local parameters by including the retrieval of atmospheric
model scale factors (e.g., [49]), which may provide unprecedented
measurements of the Venus’ atmosphere at the spacecraft altitude. The
coefficients that have been considered in our analysis to cope with
atmospheric drag mismodeling include spacecraft’s drag coefficient
𝐶𝑒𝑠𝑡
𝐷 , which is modeled by using a constant term and a linear term

(𝐶𝑒𝑠𝑡
𝐷 = 𝐶𝑒𝑠𝑡

𝐷0
+ �̇�𝑒𝑠𝑡

𝐷 𝛥𝑡); furthermore, we adjust scaling factors 𝑎𝑖 that
re associated with different altitude bands of Venus’ atmosphere and
ultiply the nominal density provided by theoretical models 𝜌𝑒𝑠𝑡 =

𝐶𝑒𝑠𝑡
𝐷 ∕𝐶∗

𝐷)𝑎𝑖𝜌𝑉 𝐺𝑅𝐴𝑀 , (𝐶∗
𝐷 is the a priori value of the spacecraft’s 𝐶𝐷).

his technique is based on the batch-sequential filtering presented in
ection 2.2.2.

To study the benefits of the proposed method, we carried out numer-
cal simulations based on the combined processing of the arcs through
batch filter that includes the adjustment of periodic accelerations or
rag scale factors (Section 4.2.1) and the batch-sequential filter that
nables the estimation of atmospheric scale factors (Section 4.2.2).

Tables 1 and 2 show the local and global parameters estimated
hrough the two techniques with the associated a priori uncertainties.
ocal parameters include the spacecraft’s state vector (i.e., position and
elocity) and an impulsive 𝛥𝑉 per day uniformly distributed along
he three spacecraft body axes to account for WoL maneuvers. The
dditional local parameters that are adjusted with the two methods
re periodic accelerations, and the scale factor and linear term for the
𝐷. In the global iterations, we estimate the gravity field in spherical
armonics to degree and order 50, the real part of the Love number
2 and the tidal phase lag 𝛷. For the batch-sequential filter, the global
arameters also include atmospheric scale factors at different altitudes
nabling the characterization of the atmospheric density profiles.

.2.1. Batch filter with local over-parameterization
To compensate for errors in the modeling of the spacecraft’s dynam-

cs, periodic accelerations are first included in the set of estimated local
arameters. These accelerations are modeled as the sum of sinusoidal
nd cosinusoidal terms acting in the Radial, Transverse and Normal

irections (R-T-N) with period equal to the orbital period. The periodic
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Table 1
Local and global parameters included in the least-squares filter.

Least-squares batch filter

Single Arc estimate Global inversion
a priori 1𝜎 a priori 1𝜎

Local parameters

Spacecraft position 300 m
Spacecraft velocity 10 cm/s
Impulse burns 1 mm/s
Periodic accelerations or spacecraft 𝐶𝐷 10−6 m∕s2 or unconstrained

Global parameters

Gravity field
Love number 𝑘2 N/A Unconstrained
Tidal phase lag 𝜙
Table 2
Local and global parameters included in the batch-sequential filter.

Batch-sequential filter

Single arc estimate Intermediate global inversion Final global inversion
a priori 1𝜎 a priori 1𝜎 a priori 1𝜎

Local parameters

Spacecraft position 300 m
Spacecraft velocity 10 cm/s
Impulse burns 1 mm/s
Spacecraft 𝐶𝐷 scale factor Unconstrained
Spacecraft 𝐶𝐷 linear term Unconstrained

Global parameters

Atmospheric scale factor 220–320 km
Atmospheric scale factor 320–420 km N/A Unconstrained Unconstrained
Atmospheric scale factor 420–520 km
Gravity field
Love number 𝑘2 N/A N/A Unconstrained
Tidal phase lag 𝜙
accelerations are included in the POD process by re-initializing the coef-
ficients of the sinusoidal and cosinusoidal terms with an update time of
1 day and a priori uncertainty 𝜎 = 10−6 m/s2, corresponding to a 2 − 𝜎
of the maximum error observed between the VCD and Venus-GRAM
models. This method leads to the estimation of 24 additional local
parameters, adding then ∼7200 parameters in the global inversion.

After a single-arc estimation, a global iteration enables the inversion
of the global parameters. Our results show that the additional set
of periodic accelerations is not sufficient to precisely reconstruct the
spacecraft orbit (Figure S8). This approach would also prevent an
accurate characterization of the atmospheric density variability.

To extend the scientific return of the radio science investigation,
a consolidated strategy in POD solutions consists in the adjustment of
parameters that directly affect the computation of the drag accelera-
tion. We then estimate one drag scale factor 𝐶𝐷 per each orbit that is
∼1.5 h long. This approach then accounts for an additional set of 64
local parameters per arc with an unconstrained a priori uncertainties.

This extreme over-parameterization that includes ∼19000 addi-
tional parameters in the global inversion enables an accurate estimation
of the gravity field, as shown in Fig. 5. The estimation errors, which
are computed as the absolute value of the differences between the esti-
mated and a priori field, are within the 3 − 𝜎 boundary. The drag scale
factors (Figure S9) included in the estimation process allow us then
to correct the dynamical errors that would affect the determination of
the geophysical parameters. As expected, the filter yields 𝐶𝐷 values
that are lower than the nominal value (𝐶∗

𝐷 = 1.8) to compensate the
Venus-GRAM larger atmospheric density predictions at the spacecraft
periapsis compared to the VCD. Fig. 6 shows that with this estimation
strategy the RMS of the Doppler residuals is in agreement with the
simulated measurement noise.

4.2.2. Batch-sequential filter with adjustment of the atmospheric model
The batch-sequential filter developed in this work is adopted to
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sequentially update a set of global parameters that characterize Venus’
atmosphere. We adjust three scale factors associated with three altitude
regions that are 220–320 km, 320–420 km and 420–520 km to cope
with long-term variation of the atmospheric mismodeling. This method
allows us to obtain a good fit of the simulated data by including a
limited number (i.e., 8 per arc) of additional local parameters that are
one scale factor and linear rate of the drag coefficient (𝐶𝐷) per day
(Table 2).

Different tests have been carried out to determine the number of
arcs to include in each batch. By starting with a number of arcs between
10 and 15, unstable solutions were retrieved in the global inversion
because the radio tracking data were not enough to constrain the
atmospheric properties. We note that the atmospheric scale factors can
be preliminary estimated through the analysis of radio science data
after one third of a Venus’ cycle that corresponds to a batch length
of ∼ 20 arcs. This time span is well-suited to sample the range of
altitudes crossed by the spacecraft. An intermediate global estimate of
the atmospheric parameters is then carried out to refine and improve
the dynamical models adopted for the following batches. However, a
thorough characterization of the spatial and temporal variability of
the upper atmosphere’s density is only obtained through a sequen-
tial update of the adjusted parameters after 12 batches. At the end
of the batch-sequential filter, we reprocess each single arc with the
updated atmospheric model, and a final global estimate is carried
out to retrieve the gravity field coefficients, Love number 𝑘2 and its
phase lag 𝛷. This approach leads to an accurate fit of the Doppler
measurements as shown by their residuals that are fully consistent with
the expected level of noise (orange dots in Fig. 6). The estimate of
the gravity field parameters is accurately determined with estimated
errors within three-standard-deviation (3− 𝜎) uncertainty level (Fig. 5,
orange). An improvement is also observed for the formal uncertainty
of the gravity field thanks to the lower number of adjusted parameters
compared to the batch filter with one adjusted 𝐶𝐷 per orbit. A further

improvement is also observed on the estimation of Venus’ tidal response
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Fig. 5. Power spectrum of the Venus’ gravity field MGNP180U used as a priori model in this study (black), of the formal uncertainties of the estimated gravity field (dashed blue
line) and the errors (dotted blue line) obtained by estimating an atmospheric drag coefficient per orbit, and of the formal uncertainties and the errors obtained by adjusting the
atmospheric model (orange). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Doppler measurement noise (black circles) and residuals for the simulated science phase of the EnVision mission. The numerical simulations are based on the adjustment
of one 𝐶𝐷 per orbit in a batch filter (blue) and of the atmospheric model through the batch-sequential filtering (orange). The gray shaded areas correspond to superior solar
conjunctions that corresponds to 𝑆𝑃𝐸 ≤ 15◦ (black line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
(see Section 5). The approach presented in this study is tailored to
process real data in the Venusian environment since mismodeling of
the dynamical perturbations is accounted for and adjusted to enhance
the estimation of both local and global parameters with respect to a
standard technique based on single global inversion.

5. Discussion

The batch-sequential processing of the radio tracking data of the En-
Vision mission provides a solid strategy to deal with mismodeling in the
spacecraft dynamics, including the atmospheric drag accelerations. Our
results show that an adequate over-parameterization is also well-suited
to fully mitigate the dynamical errors. However, the batch-sequential
filter based on intermediate adjustments of the atmospheric model,
which is the source of the dynamical errors, enables comparable results
by accounting for a limited set of estimated local parameters. The
reduced number of adjusted parameters leads to better constrain the
gravity field and tides and to refined modeling of Venus’ atmospheric
density. The batch filter based on the adjustment of one 𝐶𝐷 per orbit
leads to a 3 − 𝜎 uncertainty of 3.0 ⋅ 10−3 and 2.6 ⋅ 10−1 deg for the Love
734
number 𝑘2 and its phase lag 𝛷, respectively. An improvement of a factor
of 2 and of ∼30% is obtained with the batch-sequential estimator for
the tidal amplitude (1.5 ⋅ 10−3) and phase (1.9 ⋅ 10−1 deg), respectively.
These simulations enable a relative comparison between the different
estimation strategies. We note that the reported uncertainties are based
on the global inversion of Venus’ gravity field to degree and order 50.
Therefore, larger uncertainties are expected if the global estimation in-
cludes the gravitational harmonics to degree and order 180 consistently
with our previous numerical simulations [20].

A major strength of the proposed method is the characterization of
Venus’ atmospheric density 𝜌 through the analysis of the radio tracking
data. To better understand the quality of our reconstructed atmospheric
properties, we compare the atmospheric densities predicted by the VCD
(𝜌𝑉 𝐶𝐷 in Fig. 7A), which is our ground truth model for the generation of
the synthetic measurements, with the reconstructed densities obtained
through a batch least-squares filter with one 𝐶𝐷 per orbit and the batch-
sequential filter with the adjustment of atmospheric scale factors. In
both estimation strategies, we estimate the drag scale coefficient that is
assumed constant (𝐶∗

𝐷 = 1.8) in the ground truth model. The compensa-

tion of atmospheric mismodeling is obtained through the combination
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Fig. 7. Reconstructed evolution of the density 𝜌 during the mission timespan (days after 15 June 2035). Panel A shows the simulated 𝜌, obtained by using the VCD. Panel B shows
the values of 𝜌 estimated by using the Venus GRAM and adjusting a 𝐶𝐷 scale factor per orbit through the least-squares filter. Panel C reports the values of 𝜌 estimated by using
the Venus GRAM and updating a 𝐶𝐷 scale factor and linear term per day and scale factors for three altitude regions of Venus’ atmosphere through the batch-sequential filter.
of the drag scale factor 𝐶𝑒𝑠𝑡
𝐷 and, if included among the estimation

parameters, its linear rate �̇�𝑒𝑠𝑡
𝐷 and the atmospheric scale factors. The

estimated density 𝜌𝑒𝑠𝑡 for the two approaches (i.e., least-squares, LS, and
batch-sequential, BS) is thus given by

𝜌𝑒𝑠𝑡𝐿𝑆 (𝑡) =
𝐶𝑒𝑠𝑡
𝐷 (𝑡)
𝐶∗
𝐷

𝜌𝑉 𝐺𝑅𝐴𝑀 , 𝜌𝑒𝑠𝑡𝐵𝑆 =
𝐶𝑒𝑠𝑡
𝐷0
(𝑡) + �̇�𝑒𝑠𝑡

𝐷 (𝑡)𝛥𝑡

𝐶∗
𝐷

𝑎𝑖 𝜌𝑉 𝐺𝑅𝐴𝑀 𝑖 = 1, 2, 3,

(7)
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where 𝜌𝑉 𝐺𝑅𝐴𝑀 is the atmospheric density value predicted by the a
priori model in the MONTE software (i.e., Venus-GRAM 2005). The
scale and linear rate of the drag scale factor are step functions with
respect to time depending on the assumed discretization that is one
per orbit for the LS and one per day for the BS. The parameter 𝑎𝑖
is the atmospheric scale factor for each altitude range considered in
this study by accounting for three 100-km ranges from the spacecraft
periapsis altitude (i.e., 𝑎1 for 220–320 km, 𝑎2 for 320–420 km, and 𝑎3
for 420–520 km). Fig. 7B shows the estimated density profile through
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Fig. 8. Absolute values of the errors on the reconstructed trajectory projected in the Radial, Transverse and Normal directions (R-T-N) computed by adjusting a 𝐶𝐷 scale factor
per orbit through the LS filter (purple) and by updating the atmospheric parameters through the BS filter (green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
the significant over-parameterization of the drag scale factors per each
arc. A significant scattering of the measurements is observed for the
entire mission time span, leading to atmospheric measurements that
are covered by a strong noise. This estimation strategy is then well-
suited to compensate those mismodeling for the gravity field inversion
but it prevents us from gathering any information on the atmospheric
properties.
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The atmospheric densities estimated by using the batch-sequential
filter with the retrieval of the atmospheric scale factors provide ac-
curate results that are fully consistent with the ground truth model
(Fig. 7C). The global parameters included in the inversion of the 20-
arcs batches enable the compensation of long-term variabilities that
are poorly predicted by the prior modeling of the atmosphere. The
estimation of the local parameters 𝐶𝑒𝑠𝑡

𝐷 and �̇�𝑒𝑠𝑡
𝐷 in the single-arc
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analysis is important to mitigate short-term temporal variations of the
atmospheric density. A full calibration of the atmospheric mismodeling
is then obtained after the final inversion that accounts for the adjusted
local and global scale factors. The proposed approach yields an accurate
determination of the atmospheric density with formal uncertainties of
∼ 25%. We note that the a priori errors on the atmospheric densities,

hich result from the differences between VCD and Venus-GRAM, are
n average > 200%.

Our results thus suggest that the retrieved 𝜌𝑒𝑠𝑡𝐵𝑆 can be used to
enhance the semi-empirical model providing unprecedented measure-
ments of Venus’ atmosphere at the spacecraft orbit altitudes. Venus’
thermosphere region usually lacks in situ observations provided by
spectrometers and data derived from radio occultation experiments
or from the orbital decay of the probe. Thanks to EnVision orbital
configuration and the enhanced spectrometers suite (VenSpec) with
respect to Venus Express, an higher resolution and spatially uniform
characterization of Venus’ atmosphere in the altitude range 0–50 km
is expected. The lower atmosphere and cloud top layer (35–100 km)
will be investigated through the EnVision radio-occultation experiment.
The observed shift in the frequency of the Doppler signal received on
Earth, which results from the bending of the radio link due to the
neutral atmosphere, will infer the atmospheric density, temperature,
pressure absorption and composition in that altitude band. Thus, the
information retrieved through the Doppler tracking data analysis would
be complementary to the data measured by dedicated instrumentation
and extremely valuable for investigations of Venus’ atmosphere.

A better knowledge of the dynamical model leads to a more accurate
reconstruction of the spacecraft trajectory. By comparing the simulated
trajectory based on the ground truth model with the trajectory retrieved
with LS and BS, we observe significant improvements of the spacecraft
position estimation with the adjustment of the atmospheric parameters.
Fig. 8 shows that the LS with the estimation of one drag scale factor per
orbit leads to average errors of 4–5 m, 100 m and 30 m in the radial,
transverse and normal direction, respectively. During the final mission
science phase analyzed in this study, when the atmospheric density
significantly increases, the orbital errors are dramatically inflated. The
BS with the refinement of the atmospheric properties leads to a precise
estimation of the spacecraft position with radial, transverse and normal
errors of 1–2 m, 30–40 m and 20–30 m on average, respectively. No
differences are observed at the end of the mission phase. Our results
support that the proposed technique allows us to fulfill the spacecraft
trajectory requirements, which are also pivotal for the other EnVision
instruments.

6. Summary

Understanding how Venus has evolved and whether it is still ac-
tive today are the main objectives of the EnVision mission. To fulfill
the scientific requirements, the EnVision spacecraft will be inserted
in a low-altitude orbit and will investigate the geological and atmo-
spheric processes supporting the determination of Venus’ geophysical
parameters through the radio science investigation. The analysis of the
radiometric data is strongly dependent on our knowledge of the space-
craft’s dynamical modeling. A precise modeling of the conservative
(e.g., gravitational force) and non-conservative forces (e.g., atmospheric
drag, attitude control maneuvers, solar radiation pressure, albedo and
thermal emissivity) is fundamental to accurately reconstruct the space-
craft’s trajectory and consequently to estimate Venus’s geophysical
parameters.

In this work, we investigated the impact of the current uncertain-
ties in the knowledge of Venus’ atmosphere on the EnVision gravity
investigation. By introducing a mismodeling of the drag acceleration
consistent with the uncertainties in the prediction of the atmospheric
properties, we assessed the effects of expected dynamical errors on
the estimation of the spacecraft’s orbital evolution. The results of our
737

numerical simulations suggest that the effect of such mismodeling
is not negligible at the spacecraft periapsis altitude. The adoption
of a classical least-squares filter would require the estimation of a
large number of local parameters (64 additional parameters per arc,
i.e., a drag coefficient per orbit) to compensate for the atmospheric
mismodeling.

An alternative approach proposed in this work for the POD allows
the joint determination of Venus’ geophysical parameters and atmo-
spheric density profiles. This method consists in processing smaller
batches of data and to sequentially improve the dynamical model
through the estimation of global parameters that compensate the atmo-
spheric density mismodeling. A set of additional local parameters is also
adjusted in each arc to mitigate local variabilities of the atmospheric
properties. The batch-sequential filter allows us to accurately estimate
the gravity field parameters that are consistent with the 3−𝜎 uncertain-
ties. By accurately adjusting the atmospheric density in three altitude
ranges (i.e., between 220–320 km, 320–420 km and 420–520 km)
and the local 𝐶𝐷 daily scale and linear factors, this method enables
the reconstruction of Venus’ density profiles at the spacecraft’s orbital
altitudes, yielding significant improvements on the POD solution. The
information on the density variations in the thermosphere extends
the scientific return of the radio science investigation of the EnVision
mission. A better characterization of Venus’ thermosphere is a key
objective of the ESA mission to enhance our knowledge of the upper
atmosphere.
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