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Abstract The tropospheric propagation effect is one of several sources of error in radio science
measurements. Systematically calibrated for the Earth troposphere disturbances, the ranging and Doppler
data provided by the Martian landers have not been corrected so far for Mars troposphere effects. These
effects were considered negligible because the Mars atmosphere is a hundred times less dense than that of
the Earth. The constantly improving lander data accuracy and the challenging science objectives of the
InSight-Rotation and Interior Structure Experiment (RISE) and ExoMars-2022-LaRa radio science
experiments motivated this work. We propose here a simple model to compute the Mars troposphere errors
affecting a radio wave transponded from the surface of Mars. The troposphere zenithal delay is first derived
from the surface pressure at the lander location. We use a mapping function to infer the slant delay (range
errors) induced by the troposphere of Mars. Being proportional to range rates, the contribution of Mars
troposphere to the Doppler measurements is derived from the slant delays. Using our model, an elevation
threshold of 15° above the lander is identified, below which the Doppler data should be calibrated for Mars
troposphere. When applied to the X-band Doppler data from Mars surface missions, the model predicts
significant Mars troposphere contribution for less than 1% of RISE data, 2% of Opportunity data, and 2.5%
of Pathfinder data. Among these tracking passes, some are strongly affected by the troposphere of Mars,
with Doppler errors reaching sometimes more than 3 times the nominal noise level (>10 mHz at 60 s
integration time).

1. Introduction

Since a few decades radio science exhibits a rich and varied evolution leading to knowledge of interior, atmo-
sphere, and surface parameters. Radio science data rely on radio links between two spacecraft or between
a spacecraft and an Earth ground station. For deep space missions like the ones involving a lander on
Mars, National Aeronautics and Space Administration (NASA) uses its Deep-Space-Network (DSN) anten-
nas and European Space Agency (ESA) uses its ESTRACK network of stations to track the probe directly
from Earth. The radio-tracking data so obtained mainly consist of Doppler and range measurements. These
measurements are affected by noises of various sources (see Asmar et al., 2005, for more details) such as
the instrumental noises (related to ground and spacecraft electronics, mechanical parts, and radio link finite
signal-to-noise ratio), systematic errors (e.g., antenna focusing errors), and propagation noises. The propaga-
tion noises are random frequency/phase fluctuations caused by refractive index fluctuations along the line
of sight (LOS). The refractive index characterizes the media through which the radio wave passes, such as
the solar wind or the Earth troposphere and ionosphere. For Mars surface observations (or for orbiter radio
occultation measurements), the planet's troposphere and ionosphere also induce phase/frequency fluctu-
ations. Those Mars atmospheric disturbances have been ignored so far in the analysis of Martian landers
radio science data (e.g., Folkner et al., 1997; Kuchynka et al., 2014; Le Maistre, 2013). However, radio sci-
ence instrument performances are constantly improving (e.g., S-band Viking data were about 3 times less
accurate than the X-band Opportunity data) and the forthcoming data are expected to be more and more
accurate. The Rotation and Interior Structure Experiment (RISE) (Folkner et al., 2018), payload of the NASA
InSight mission operating from the surface of Mars since 26 November 2018, provides Doppler data more
accurate (Kahan et al., 2021) than considered in the simulation studies (Péters et al., 2020) and that should
be comparable to those of the future Lander Radio science (LaRa) experiment. LaRa is a scientific payload of
the Russian surface platform to be delivered on the surface of Mars in June-July 2023 by the ESA-Roscosmos
ExoMars 2022 mission (Dehant et al., 2020). The measurements of RISE and LaRa provide the Doppler
shift with a couple of mHz of precision when integrated over 60s. Moreover, RISE nominal range of LOS
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Figure 1. MCD-computed surface pressure (P,) as a function of Mars solar longitude (Ls) for different sites
corresponding to the lander locations (left) and the solar local time at Insight location (right). The thickness of the
colored areas in the left panel is the range of pressure within the day between 9 a.m. and 3 p.m., typical tracking time of
InSight's RISE.

elevation during tracking is 10-30°. This is quite low, making the wave traveling through a thicker layer
of Mars atmosphere and consequently more affected by the Mars atmospheric noise than if it was coming
from the lander’s zenith. LaRa is designed to nominally operate at 35-45° elevation (Le Maistre et al., 2020;
Péters et al., 2020), which should avoid significant Mars atmospheric noise. Nevertheless, for programmatic
reasons or in case of an unfortunate large tilt of the ExoMars' surface platform, it is likely that LaRa observa-
tions will also be carried out sometimes at low elevations, as it has been the case for the previous lander and
rover missions (Le Maistre, 2013). All this, along with the challenging objectives of those lander missions,
namely, the determination of tiny (approximately cm level) variations in the planet's orientation, motivated
us to take a closer look at Mars atmospheric disturbances on the Martian lander radio-tracking data. Mars
ionosphere has recently been studied by Bergeot et al. (2019), who provided an empirical model based on
Mars Express's MARSIS radar data, from which they predicted a contribution (i.e., a Mars ionosphere noise)
to the X-band Doppler measurements to be lower than 0.05mHz and a contribution to the X-band range
measurements to be below 2 cm. Not studied in details so far, the Mars tropospheric noise is quantified in
the present work.

We first succinctly present the characteristics of the Mars troposphere (section 2). We then recall the basic
equations of the radio wave propagation delay (section 3), and we describe a simple model to compute the
Mars troposphere zenithal delay (section 4). After a brief discussion on the mapping functions allowing to
compute the slant delay (section 5), we provide a method to correct lander's Doppler and range data from
Mars tropospheric noise (section 6). These model and method are finally applied to X-band Doppler data of
the Martian landers and rover (section 7). Section 8 gathers the conclusions of the paper.

2. Mars Troposphere

Planetary atmosphere layers are concentric layers characterized by features like temperature or ionization.
The characteristics of propagation of a wave through the atmosphere are a criterium that can also be used to
subdivide the atmosphere of a planet. In such a case, the upper part is the ionosphere and the lower part is
an electrically neutral and non-dispersive medium, perturbing the propagation of an electromagnetic wave
independently from its frequency. As it is commonly the case in radio science, troposphere refers in this
study to the neutral layer of the atmosphere.

Mars atmosphere is much thinner than that of Earth, with a mean temperature of same order of magnitude,
and a pressure at the surface averaging 1/100 that at the surface of the Earth. The barometric pressure signif-
icantly varies on a semiannual basis, with an amplitude of about 15% of the 6-9 mbar of mean pressure, and
in a minor extent on a diurnal basis (e.g., Haberle et al., 2017). This behavior is shown in Figure 1, obtained
using the Mars Climate Database (MCD) (Forget et al., 1999; Millour et al., 2018).

Mars atmospheric composition is very different from that of the Earth, with 95.32% of CO,, 2.7% of N,,, 1.6%
of Ar, and less than 0.4% of other constituents (Owen et al., 1977). Unlike the Earth, Mars atmosphere is
really dry and the water vapor mixing ratio hardly reaches a peak value of 3E—03 at the North Pole around
Mars longitude Ls = 90°. This corresponds to a maximum in the partial pressure of water vapor P,, of
~2-3 Pa, that is, 0.3% of the total pressure of Mars atmosphere (see Montmessin et al., 2017, and reference
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therein). The mean value of P, is about 1 order of magnitude lower than that, as can be concluded given
that H,0 is 100-200 ppm of Mars atmosphere volume (see, for instance, Figure 5 of Rodin et al., 1997).

Because Mars atmosphere is so dry, its gas constituents nearly behave as perfect gas, which makes the prop-
agation delay model simpler and more accurate. The fact that Mars atmosphere is so tenuous led to expect
low level of propagation perturbations in Mars troposphere. Nevertheless, as shown below, this level is
sometimes higher than the current measurement accuracy level and needs to be examined.

3. Radio Wave Propagation Delay

The propagation delay induced by the electrically neutral atmosphere, recognized as the main source of
error for radiometric space geodetic techniques on Earth, have been deeply studied over the past decades.
This led to a clear understanding and accurate modelings of the propagation delay experienced by a radio
wave in the Earth troposphere (e.g., Mendes, 1999). We here use similar models as those used for the Earth
but simple enough to be applied to the less monitored Mars troposphere.

The distance traveled by a radio wave passing through the troposphere layer is (e.g., Kleijer, 2004)

LT=/ cdt:/ n(s)ds, 1)
path path

where c is the speed of light in vacuum, n(s) = c/v(s) is the refraction index of Mars troposphere, v(s) is the
signal propagation speed in the troposphere, and ds is an increment of distance along the electromagnetic
path. We denote the geometric distance by
L, = / dl, )
vac

where dl is an increment of distance along the geometrical path that would be used by the ray if propagating
in vacuum. The excess path length due to Mars troposphere, d,, inappropriately named “delay” in the rest
of the paper, can be obtained by subtracting these two distances:

d,:LT—ng/ (n(s)—l)ds+< ds—/dl). 3)
path path vac

The first term in the right-hand side is the excess path length caused by the propagation delay, whereas the
second term (in parenthesis) is the excess path length caused by ray bending. The second term is several
orders of magnitude smaller than the first one with an exponentially decreasing-with-elevation delay as
small as ~1 mm at 15° elevation in the Earth troposphere (Mendes, 1999). Therefore, this term is neglected
when computing the radio signal extra distance due to propagation speed reduction (i.e., n, N increase) in
the planet troposphere, which reads

d, =10"% / Nds. 4)
path

All along the paper we use subscript or superscript = to specify that the considered quantity (here the excess
path length, d) is induced by the troposphere of Mars.

As is customary (e.g., Smith & Weintraub, 1953), because 7 is close to one, we made in the above equation
the change of variable N = 10%(n — 1), where N is the dimensionless refractivity. N is used to describe the
spatial and temporal variation of the planet's air refractive index.

The Earth troposphere contains both dry air and water vapor in a significant amount, such that the Earth
troposphere refractivity is usually split into a dry and a wet part: N = Ny, +N,,,. Assuming dry air and water
vapor to be ideal gases with unit compressibility factors, the refractivities can be expressed as a function of
temperature T (in kelvins) and partial pressures P (in millibars) (Smith & Weintraub, 1953):

Py

Ndr =k1Tr’ (5)
P

Ny = kot ©
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Table 1

Mars Parameters and Constants

Parameter Symbol Value Unit Reference
Universal gas constant R, 8.31446261815324 J/K/mol —

Gravitational parameter GM 42,828.374 km?3/s? Konopliv et al. (2011)
Equatorial radius R, 3,396.19 km Archinal et al. (2018)
Mean surface gravity 2 3.71 m/s? GM /R?

Mean surface temperature Ty 210 K Ho et al. (2002)

Mean surface pressure P, 650 Pa MCD (Millour et al., 2018)
Mean partial pressure of water vapor P, 0.3 Pa MCD (Millour et al., 2018)
Refractivity constant kq 130.6 K/mbar Ho et al. (2002)
Refractivity constant k, 3.73E-05 K2/mbar Ho et al. (2002)
Troposphere scale height H 11.1 km Ho et al. (2002)

Mean surface dry refractivity Ny, 4 — Equation 5

Mean surface wet refractivity N 10710 — Equation 6

CO, molar mass Mco, 44.01 g/mol —

N, molar mass My, 28.02 g/mol —

Ar molar mass M, 39.95 g/mol —

Total molar mass M 43.34 g/mol Equation 8

Subscripts dr and wt stand for dry and wet components, respectively. k; and k, are empirical constants
reported in Table 1 for Mars. They have been computed from refractivity at standard temperature and pres-
sure of each constituent gas of the atmosphere and its fractional abundance by volume in the atmosphere.
More details about the computation of these constants can be found in Withers (2010), for instance, as well
as the values of k; for most of the solar system atmospheres.

As said before, the Martian neutral atmosphere is mostly free of water vapor, with P, ~0.3 Pa in average.
According to the numerical values (Table 1) of the quantities used to compute the refractivities (Equations 5
and 6), one can show that the wet refractivity is in average 10 orders of magnitude smaller than the dry
refractivity. This leads us to ignore the wet component and reduce N to N = Ny,.

The dry refractivity at the lander location can be accurately computed based on reliable surface pressure
and temperature data since the laws of temperature and pressure decreasing with altitude are well known
(assuming perfect gas). Because such pressure and temperature data characterize the column of atmosphere
above the lander location, the so-obtained refractivity is denoted N*_(superscript z for zenithal). Substituting
N for N in Equation 4, the zenithal dry (or hydrostatic) delay (d?,) experienced by a signal arriving from
the lander's zenith can be computed.

4. Zenithal Delay Model

On combining the equation describing hydrostatic balance with the ideal gas law, one can show that, in an
isothermal atmosphere, the pressure and density fall exponentially with altitude.

Gravity thus tends to produce a density stratification in the atmosphere and N, which is proportional to
the neutral number density, also decreases exponentially with increasing altitude z (e.g., Andrews, 2010).
Assuming an isothermal Mars troposphere (i.e., dry troposphere of constant temperature) in hydrostatic
equilibrium, the vertical pressure profile can simply be modeled as

Z

_ &M
P(z) =Pe %57, @)

where P(z)is the pressure at height z above the surface, P is the local surface pressure (or pressure at adjacent
level), T is the local surface temperature, g is the local surface gravity acceleration, R, is the universal
gas constant, and M is the molar mass of the dry atmosphere (see numerical values for Mars in Table 1).
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Figure 2. Mars atmosphere vertical pressure profiles computed at InSight

location.

M is equal to the sum of the molar mass M; of the ith constituents of Mars
atmosphere times f;, its number density (i.e., its fractional abundance by
volume):

M=) fiM; = 0.9532Mc, +0.027My, +0.016M,,. ®)
i

The pressure model of Equation 7 is well representing the behavior of
real non-isothermal Mars atmosphere as suggested by Figure 2 where
the model is superimposed with pressure profile provided by the MCD
(Millour et al., 2018), with a discrepancy maximized to ~50 Pa (0.5 mbar)
at about 15 km altitude and totally negligible above 100 km altitude.

By replacing P, by P(z) in Equation 5 and then injecting N;r in place of
N in Equation 4, the zenithal tropospheric (dry) delay (d%) can be com-

puted. The integration of N, over the height z is straightforward when
one assumes that Vz, T(z) = T, and the result is

PR, o Z] =k, Ry

& =k,

¢ oM 1—e R A (P, - P()). ©)

S

According to Equations 7 and 9, the (pressure) scale height H, which corresponds to the height over which
the pressure falls by a factor of e, is H = R,T,/(g;M). Considering the average values of Mars surface tem-
perature (i.e., T, = T,) and surface gravity (i.e., g, = g, = GM /Rg, with R, the Mars equatorial radius, see
Table 1), we get H ~ 11 km. This means that the pressure, and subsequently the refractivity and the zenithal
delay decrease by 95% of their surface value at z = 6H ~ 66 km. For a receiver that would be at a very low alti-
tude (i.e., around 5-30 km), d® would be influenced by the surface temperature via P(z), while above 50 km
the temperature effect would be very small, as shown in bottom panels of Figure 3. In practical, the radio sig-
nal is propagating from/to the surface to/from the outside of the Mars atmosphere (i.e., 7> H), which makes
P(z) = 0 at altitude z of the receiver (being the Earth in case of direct-to-Earth data, or an orbiter at altitude
z>150km). In such case, the isothermal assumption is fully justified and the above equation simplifies to
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Figure 3. Zenithal delay as a function of Mars longitude (Ls), surface pressure (P;), receiver altitude (z), and surface
temperature (T). In bottom panels, d¢ has been computed at InSight location, assuming P, = 714 Pa.
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This model of the zenith hydrostatic delay of Mars troposphere is directly proportional to the refractivity
constant and the surface pressure at the lander location (see Figure 3) and inversely proportional to the
surface gravity acceleration, g,. g, depends on the distance to Mars center, d.. It can easily be computed
from the equatorial acceleration, g, according to g, = g,R2/d?. For Mars landers, all located at low latitude
(60°N-latitude Phoenix lander is not considered in the present study because there is no radio science exper-
iment onboard this lander) (see Folkner et al., 1997, and Table 3), the surface gravity at their location departs
from g, by up to 0.02 m/s? for the northern Viking Lander 2. This induces a negligible variation in d? of less
than 0.5% of its equatorial value. In Figure 3 and in the rest of the paper, d° is computed from Equation 10
with g, =g,.

Surface pressure, decreasing with latitude, is the main driver of the Mars troposphere zenithal delay. Closest
to the equator, Opportunity has the lowest surface pressure of all landed spacecraft and is therefore less
affected by Mars troposphere than the others, with d? equalling 4.3 cm in average (see Figure 3 top panels).
For InSight, d? is 4.8 cm in average and varies by +0.7 cm due to variations in P (reaching a minimum of
about 600 Pa at Ls = 150° and a maximum of about 800 Pa at Ls = 270°, see Figure 1). As the highest lander
in latitude, Viking Lander 2 experiences the largest troposphere disturbances with d? reaching 6.8 cm at
Ls = 270°.

5. Mars Mapping Functions

The propagation delay in the atmosphere of a planet depends on the thickness of the atmosphere crossed by
the electromagnetic signal. Thinner when propagating perpendicularly to the ground (when coming from
the zenith), this thickness is maximum for grazing raypaths. The delay at the zenith, d?, therefore corre-
sponds to the minimum delay induced by the troposphere of Mars. The slant delays, systematically larger,
are usually computed by multiplying d* (Equation 10) by a so-called mapping function (m), which models
the elevation angle dependence of the propagation delay.

Most of the mapping functions assume an azimuthal symmetry for the atmosphere. In the earlier attempts
by Saastamoinen (1972), a simple expression for the mapping function, consistent with a flat atmosphere of
the Earth, was examined:

me) = —, 11

where e is the raypath elevation angle (between raypath direction and its projection on the local horizon).
The subsequent models for Earth troposphere assumed an atmosphere composed of concentric spheri-
cal layers. Most of them have been derived from the continued fraction expansion first introduced by
Marini (1972):

me) = — . (12)

The coefficients a, b, c, and so forth are estimated from numerical weather models, which makes their
determination difficult in the case of Mars. To circumvent this problem, we choose to use the “geometric”
mapping function proposed by Foelsche and Kirchengast (2002), which is simple and account for the
atmosphere curvature, but does not depend on meteorological data, and/or from weather models:

m(e) = <Ife + 1> (cos(arcsin(y cose) — y sine). (13)

atm

The only free parameter in the above function is an “effective height” of the atmosphere, H,,,,,, which could
in practice be estimated along the other target parameters in the least squares procedure used to analyze the
Doppler and range data (partial derivatives of these observables with respect to H,,,, being easy to derive

from the equations of the following section). Together with R,, the Mars equatorial radius, H,,, allows to
compute the dimensionless ratio y defined as
R
y=—t (14)
Re + Hatm
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;&SE((&))M with H, =2H || sponds to about the first two scale heights (H) above the surface, so we set
F&K(2002) with H, =1.7H this parameter to H,,,,, = 2H = 22.2km (see Table 1). We test the validity
Chapman grazing function || of this setting for Mars by using the following Chapman function derived

by Smith III and Smith (1972) specifically for grazing incidence signal:

1 m(e) = %eyzerfc(yx (15)

where erfc is the complementary error function, y =
VR, +2)/(2H)sine, and z is the altitude of the observer/target. The

mapping function of Foelsche and Kirchengast (2002) best fits the

Chapman grazing function at 5° elevation when H,,,, is set to ~1.7H,
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Radio path elevation (°) H,,, = 1.9H, proving the setting suitable. This can be seen in Figure 4

Figure 4. Mapping functions. F&K(2002) stands for Foelsche and where the mapping functions described by Equations 11, 13, and 15

Kirchengast (2002).

are represented as a function the elevation angle of the raypath, as seen

from a surface probe. Because the cosecant law (Equation 11) assumes a
parallel-plane atmosphere, it overestimates the slant straight-line raypath length, which thus can be seen
as the upper limit of Mars troposphere effect in Figure 4 and in the derived quantities presented in the
following section and figures. Foelsche and Kirchengast (2002) mapping function shall provide more accu-
rate values at low elevations. For the Earth, Foelsche and Kirchengast (2002) showed that their geometric
mapping function generally exhibits a performance comparable to or better than other mapping functions
(typically based on equations similar to Equation 12). This statement is valid down to 6° of elevation for the
Earth. Below that, the authors observed a marked decrease in the model performance. For Mars, at such an
angle, the free parameter H,,,, makes m(e = 6°) vary by +5% of its nominal value when set to 1H = 11.1km
or 3H = 33.3km instead of 2H = 22.2km (see the impact of that on the radio observables in the following
section). Above that threshold, the dependency of m(e) to H,,,, rapidly decreases, already being at about
1% for € = 10°.

6. Mars Troposphere Corrections of Radio Science Data

Spacecraft radio science direct-to-Earth observations mainly consist of range (r) and Doppler (Af) measure-
ments, which are of three configurations:

« “one-way”: when a stable oscillator is present onboard, the spacecraft generates and transmits the radio
signal which is recorded by a ground station on Earth.

» “two-way”: the radio signal is transmitted by an Earth ground station equipped with high-precision
hydrogen maser clock. The spacecraft transponds the signal back to this specific ground station, which
generated the uplink frequency used as the reference for the precision Doppler and range measurements.

« “three-way”: the ground station receives a signal transponded by the spacecraft, but the uplink is from a
different ground station.

In the context of the present study, two- and three-way data are completely identical. Therefore, we do not
refer to three-way anymore in the rest of the paper.

6.1. One-Way Measurements

In navigation software, the Doppler observables are modeled using range rates. Range rates (i) are variations
of the transmitter-receiver distance over time, which makes them consistent with measurements of their
relative velocity (V). For one-way cases, this is expressed as i = V, = (r, —r,) /t,, where ¢, is the time
used to measure the variation in the range (r). r equals r, at the start of the time count, and equals r, at
the end of the time count (i.e., after t,). In order to fit the model to the ground station measurements, the
range rate data are converted in frequency measurements (then consistent with Doppler measurements) by
multiplying the range rate by the signal carrier frequency (f,) divided by the speed of light (c):

Loy Lo (

Afcz _Vr=

). 16
c ct, Te rs) (16)
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Figure 5. Mars troposphere impact on one-way radio science data as predicted at InSight location by the model

(see Equations 17-20), using two mapping functions (see Equations 11-13). The difference in predicted effects by these
mapping functions is also plotted. The zenithal delay used for the computation is based on Equation 10 with

P, = 800 Pa.

Equation 16 is the mathematical model of a one-way Doppler measurement (Moyer, 2000). According to
Equation 16 and the previous sections, the Mars troposphere contributions (pointed out with superscripts
7 in the following expressions) to the range, radial velocity, and Doppler measurements are

r* = dém(e), 17)
Ve =(r: =r7) /t., (18)
Aff = %V,,. (19)

To clear the radiometric data from the Mars troposphere disturbances, the above quantities have to be
removed from the corresponding one-way range, radial velocity, and Doppler observations. All these three
observables are functions of the Earth LOS elevation e, which varies with time by an average of ~15° per
hour, that is, one fourth of a degree per minute. Since the nominal time count used for lander radio science
data analysis is f, = 60 s (Kuchynka et al., 2014; Le Maistre, 2013), one have |e, — €,|~0°.25, where ¢, and €,
are LOS elevation at the start and the end of the time count, respectively. Expressing the one-way Doppler
corrections as a function of the model parameters, Equation 19 becomes
dZ
AfI= fccT (m(e,) — mey)) . (20)

c

Figure 5 shows the Mars troposphere impact on one-way radio science data as predicted by the zenithal
delay model of section 4, combined with the mapping functions discussed in section 5. The figure exhibits
the predicted Mars tropospheric contribution to the range (Equation 17), the radial velocity (Equation 18),
and the Doppler shift (Equation 20) observables as a function of the signal elevation. The typical noise level
of each quantity is also plotted in Figure 5. For one-way measurements, this corresponds to 1 m for the
range, 0.05 mm/s for the radial velocity, and 1.4 mHz for the X-band Doppler shift, assuming V, and Doppler
measurements compressed at ¢, = 60s (e.g., Folkner et al., 1997).

As shown in Figure 3, d* depends on time as it is a function of the surface pressure varying daily and season-
ally (see Figure 1). To produce Figure 5, we considered the date when the surface pressure is maximum at
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Figure 6. Troposphere-induced radial velocity as a function of the raypath elevation for two end-member surface
pressures at InSight (left) and for different effective heights of the atmosphere, H,,,, (right). Dashed curves are
differences between the reference and the case (solid curve) of same color.

InSight location, that is, when Ls = 270° (see Figure 1). Setting P, to the corresponding 800 Pa, the zenithal
delay is calculated to be d* = 5.4 cm and the slant delay (i.e., 7*) reaches the meter level at grazing elevations.
Because uncertainties in the mapping function, m, propagate in a one-to-one way into r?, the tropospheric
range corrections predicted by Foelsche and Kirchengast (2002) should be better than 2 cm accuracyate = 6°
(i.e., 5% level) and should be ~0.3 cm accurate at € = 10° (i.e., ~1% level, see section 5).

Figure 5 also reveals that Mars troposphere range rate (velocity and the inferred Doppler) data compressed
at 60s, shall be corrected if acquired below 15° elevation, since then they rise above the noise floor. Here
again, the choice of the mapping function induces uncertainties in the computed velocity and Doppler cor-
rections. Considering the difference, traced in Figure 5, between the simple mapping function (1/sine¢)
and the one proposed by Foelsche and Kirchengast (2002), we can conclude that the choice of the mapping
function significantly affects the correction to apply to lower-than-8°-elevation radio signals. Above that
threshold, corrections predicted by both mapping functions are statistically equivalent. The more sophis-
ticated mapping function of Foelsche and Kirchengast (2002) is nevertheless recommended for real data
analysis, especially for low elevation measurements, and is systematically used in the rest of the paper.

Because the troposphere is a non-dispersive medium, the range and radial velocity (or range rate) pertur-
bations are not depending on the radio wave frequency, as clearly understood from Equations 17 and 18.
Contrary to this, the magnitude of the Mars troposphere contribution to the Doppler shift is directly propor-
tional to the signal frequency f, (Equation 20). A f of Figure 5 has been obtained with f, = 8.4 GHz. For a
different signal's carrier frequency f, the Mars troposphere contribution to the one-way Doppler would scale
directly with f/f .. Spacecraft radio telecommunication systems commonly uses ultrahigh frequency (UHF),
S, X, or Ka frequency bands. For typical frequencies of each of these bands, for instance, f = 400 MHz for
UHF, f = 2.1 GHz for S-band, and f = 32 GHz for Ka-band, the X-band signal of Figure 5 would have to
be rescaled by 1/21, 1/4, and 3.8, respectively, to reflect the level of contribution of Mars troposphere in
each signal. As an example, the 1.4 mHz contribution reached at 15° elevation in X-band would rescale to
0.066 mHz in UHF, 0.35 mHz in S-band and 5.3 mHz in Ka-band still for a 15° elevation raypath.

Figure 6 left panel shows the effect on the radial velocity of the surface pressure variations at InSight location.
The minimum pressure leads to 20% lower values for V,. than the maximum pressure (used in other figures).
This difference is detectable only at elevations smaller than 5°, which would justify using a constant average
surface pressure in the computation of d? for correcting the Doppler data of every Martian landers (see LOS
elevation ranges reported in Table 3). This 5° elevation threshold is also the reliability limit of the mapping
function as discussed in section 5 and shown on the right panel of Figure 6, where we see that uncertainty

of 100% in H,,,, (which is very conservative) raises above the noise floor at elevation lower than 5-6°.

6.2. Two-Way Measurements

Since most of the radio science instruments onboard landers and rovers do not hold Ultra-Stable-Oscillator
(USO), these instruments are not suitable for science operations in one-way mode and the available
landers data are thus mostly two-way Doppler data. As said before, the two-way Doppler data involve
an uplink (superscripts u), from Earth to Mars, and a downlink (superscripts d), from Mars to Earth.
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Table 2
Spacecraft Turnaround Ratio My,; (Moyer, 2000)

Uplink Downlink band

band S X Ka

S 240/221 880/221 3,344/221
X 240/749 880/749 3,344/749
Ka 240/3,599 880/3,599 3,344/3,599

The mathematical expression for modeling this kind of measurements is derived from one-way Equation 16
(Moyer, 2000):

Afzw — i [(ru + Vd) _ (ru + rd)] , (21)
c ct, e e 5o

and the Mars troposphere corrections must be applied on all four radio leg lengths (two r* and two ¢ in
Equation 21). Ifimplemented directly in the navigation software used to process the radio-tracking data (like
GINS, DPDOP, MONTE, and GEODYN), the tropospheric corrections are range corrections (Equation 17)
computed at the correct elevations for each leg. This method is certainly the more precise one but requires
implementing the model within the source code of the navigation software, which is not possible for all users.
Another way to proceed is by correcting the Doppler data during a preprocessing phase and then analyze
the corrected Doppler data with the navigation software. In such a case, the troposphere corrections applies
on the frequencies. The one-way correction (Equation 20) must then be extended for two-way observations.

In two-way mode, landed spacecraft transpond the received uplink frequency (f,) coherently (i.e., with-
out phase shift) but also they generate the downlink frequency (f,;) by multiplying f,, by a constant factor,
called transponder ratio (M,,). Assuming that no noise is introduced by the transponder on the signal, this
means that f; = M,,f,. M,; only depends on the frequency bands of the uplink and downlink signals.
All spacecraft working in a given frequency band must use the same transponder ratio as imposed by the
International Telecommunication Union (ITU) and reported in Table 2.

The observed sky frequency f 3;”; is recorded at the Earth ground station at a given time £, which occurs t;
seconds after £, the time of the signal transmission by the spacecraft (i.e., &' = £ + ). The exact value
of £ is unknown but can be estimated from 2 and a precise estimate of the downlink propagation time at
light speed, ;, based on a priori knowledge of the planets ephemeris and rotation, and the antennas location
on their surface. The Mars troposphere corrected two-way Doppler measurement can thus be expressed as
follows:

AF2E) = ARV — AFIES) — AFI(ES), (22)
where £ is the time of reception of the uplink signal by the spacecraft and A £ (£)°) and A f(£)°) are one-way
Doppler tropospheric corrections computed according to Equation 20, with f, = f,(£) and f. = f4(£°),
respectively. Since the transponding time is of a few ps only (Bertone et al., 2018) (i.e., «t.), one can consider
that £° = £, simply denoted ¢ from now on. The sum of the last two terms in Equation 22 corresponds to
the total Mars troposphere contribution to the two-way Doppler measurement recorded at 2 at the Earth
ground station. As a function of the model parameters, this tropospheric correction term reads

Z

fudT
Ay = - [m(e) — m(e") + My (m(e?) — m(e%))] . (23)

c

f, and d% are computed at £*, while elevations are computed at £ +£./2, depending on the leg: —t./2 for the
€, that is, the starting leg elevations, and +¢,./2 for the ¢,, that is, ending leg elevations. For both uplink and
downlink, e* and e¢ must be computed by considering the signal propagation times, tf and tg, respectively.
This means that eg and esd, the Earth LOS elevations of the downlink legs, shall be computed considering that
the photons departed from the Mars lander's location at the light-time corrected epoch (i.e., £ = &’ — tg) and
arrived at the observer's location at . Similarly, e and e, the Earth LOS elevations of the uplink legs, shall
be computed such that the photons departed from the Earth transmitting station's location at the light-time
corrected epoch (i.e., £ = £ —# = £ — ¢ — ) and arrived at the lander's location at £. Note that the +t,/2

LE MAISTRE

10 of 16



A7
ra\* 1%
ADVANCING EARTH
AND SPACE SCIENCE

Radio Science 10.1029/2020RS007155

~ @ ©
o o o

1

Radio path elevation (°)
N w B 0 D
o o o O o

N
o

0 I

8
20 e
! | - InSight e
1" . L ..
"||'-'| ': l““ || '“ " Sﬁ.i?iﬁﬁlfy 4
16 |'|| |ﬁ‘li| |'
I Julill
| l- ||'lﬂlhl

e,

o
InSight M\'- o """""’

N g [ insight | w
“6 ttrnn, - Opportunity e
- Pathfinder

=

100 150 200 250 300 350 400 450 500

Solar local time (h)
S

o,

n
i g__._,, ]
.M\-T_-...nv"" "

m——, RN
4{ e,
3.5

50 100 150 200 250 300 350 400 450 500
Earth days from start

‘;

30 60 90 120 150 180 210 240 270 300 330 360
Mars Solar longitude, Ls (°)

o

Figure 7. Mars solar longitude versus solar local time (left panel) and surface pressure (top) and zenithal delay
(bottom) versus time (right panels) for each X-band Doppler data point of the InSight-RISE, Opportunity, and
Pathfinder missions.

terms do not appear in these into-brackets relationships between transmitting and receiving times, because,
being in both side of the equal symbol, they cancel out. Such a simplification assumes that ¢, the difference
between starting and ending times, is constant. In fact, because the propagation time is not exactly the same
at the start and the end of the time count ¢,, one should distinguish between t, = £}’ — ¢ at Earth receiving
station (this is the exact f, by construction) and ¢ = £ — £ at Mars or t/ = tgs tgs at Earth transmitting
station. We nevertheless neglect this distinction Wthh would modify our results in z; transparent way since
the variations in ¢, due to up and down propagation time differences is several orders of magnitude smaller
than f..

7. Application to the Martian Landers Data

We compute the Mars troposphere contribution to the available two-way Doppler data from Mars landers.
Viking Lander 2 Doppler data are not available and Viking Lander 1 Doppler data are discarded because
they are in S-band, that is, with a thermal noise about 3 times larger than for the X-band data and with a
Mars tropospheric noise 4 times smaller than for the X-band data (see section 6), which make the Mars tro-
posphere calibration of such data totally useless. We therefore focus on the Mars Pathfinder (MPF) 95-day
mission, the Mars Exploration Rover (MER) Opportunity 123-day radio science campaign (Between January
and May 2012, the DSN conducted Doppler tracking of Opportunity in the framework of the MER Radio
Science Tracking Experiment, maintaining the rover was stationary to allow Mars rotation parameters deter-
mination; Kuchynka et al., 2014.), and the InSight-RISE mission operating on Mars for more than 500 days
now. For each X-band data point of those three missions, we compute the Mars solar longitude (Ls) and solar
local time (SLT) at Mars to get the surface pressure from the Global Circulation Model (GCM) (Note that
one could use InSight pressure data instead of GCM predictions to cal-

ibrate RISE Doppler data. However, model predictions are in very good

agreements with InSight observations, with discrepancies between the

o aniy two having negligible effects on the tropospheric noise.), and we com-

Pathfinder pute the LOS elevation at Mars to infer the troposphere contribution in

their Doppler measurements thanks to Equations 10 and 23. Ls and SLT

are plotted in Figure 7 left panel, while surface pressure and zenithal

delay are shown in Figure 7 right panel. Despite the expected larger

zenithal delay for MPF than for the other two (see Figure 3 top panels),

|| |||| Figure 7 right panel shows a larger Mars tropospheric disturbance on
| | | . RISE data than MPF, which is explained by the fact that MPF operated
I ‘ around Ls = 150°, when the surface pressure, directly proportional to d?,

M l, Il | I I is minimum (see Figure 1 left panel).

Radio path elevations are plotted as a function of time from the beginning
of the mission in Figure 8. Thanks to their steerable high-gain antennas,

0 50

250 300 350 400 450 500 Pathfinder and Opportunity cover a wide range of LOS elevations, espe-
Earth days past sol1 cially MPF, which sometimes was tracked at very high elevation, up to

Figure 8. Radio path elevation for each X-band Doppler data point of the 88° (see Table 3). Both MPF and MER have been tracked at very low ele-

InSight-RISE, Opportunity, and Pathfinder missions.

vations, down to 7° and 5°, respectively. Unlike the other two missions,
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Table 3

Mars Landed Mission Location and X-Band Doppler Geometry

Rover/lander Time span, Latitude  Longitude Distance (d.)to  LOSelevationat LOS elevation
mission mm/yyyy (deg) (deg) center (km) lander (deg) <15° (%)
Pathfinder 07/1997-10/1997 19°N 33°W 3,389.815 7-88 4.2
Opportunity 01/2012-05/2012 2.2°S 354°E 3,394.056 5-62 2.2
InSight 11/2018, ongoing 4.5°N 136°E 3,393.061 10-50 2.5

InSight has on its main deck two fixed-pointing horn-shape medium-gain antennas (MGAs) (Folkner
et al., 2018). One antenna points 5.06° northward from due west, and the other points 16.8° southward from
due east, both with the central gain axis at about 30° in elevation above the lander. This allows operating
RISE within a limited range of elevations and azimuths (RISE fixed horn antennas aperture is ~25° from
bore sight, Folkner et al., 2018). As a consequence, tracking is sometimes not possible from one of the two
MGAs because the Earth does not appear in the antenna field of view every day. RISE is thus sometimes
operated from east antenna only, sometimes from west antenna only and sometimes from both antennas,
depending on the Martian season, as shown in Figure 7 right panels and Figure 9 right panel, where three
branches for RISE can be distinguished.

In Figure 9, one can also notice that the Mars tropospheric Doppler is sometimes positive and sometimes
negative. Since Doppler measurements correspond to range rates obtained by integration over a time count
(see Equations 16 and 21), if the range at the end of the integration time is less affected by the troposphere
than the range at the beginning of the integration time, then the (r] —r{) difference is negative. This is the case
for morning/east tracking sessions with time increasing elevations, since low elevation range measurements
have higher Mars troposphere noise than high elevation range measurements. Reciprocally, evening/west
tracking sessions result in a positive range difference and Doppler shift because observations are then carried
out when LOS elevations are decreasing with time.

For the three missions, the number of data points acquired below the previously identified threshold of 15°
of elevation is below 5% (see Table 3 last column). Actually, as shown in Figure 9, the Mars tropospheric
Doppler affecting the data raises above the noise floor for less than 1% of RISE data, for barely 2% of MER
data and 2.5% of MPF data, which is very low. Nevertheless, for a couple of tracking passes of MER and MPF,
the Mars troposphere strongly afflicts the 60 s compressed Doppler data, reaching more than 10 mHz, that
is, more than 3 times the nominal noise level (Figure 9).

8. Conclusion

Given the challenging Doppler accuracy required to observe the Mars liquid core contribution in the mea-
surements of RISE or LaRa, it makes sense to endeavor in best calibrating the data. The tropospheric
propagation noise is one of several sources of error in radio science measurements. Systematically calibrated
for the Earth troposphere disturbances, the ranging and Doppler data have not been corrected so far for Mars
troposphere effects, which were assumed negligible with respect to other sources of errors. This assump-
tion has been tested in the present study, where the Mars troposphere effects on the radio-tracking data of

. - InSight . - InSight
10 . - Opportunity 10 . - Opportunity
. Pathfinder ) Pathfinder
— Noisefloor : — Noisefloor

A" (mHz)
AP (mHz)

z A j‘.;. ‘.M:"-I I .-iimn -“. nll.lﬂjm"mulnlni
N iiial TR
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Radio path elevation (°) Earth days past sol1
Figure 9. Mars troposphere Doppler contribution for each 60 s compressed X-band Doppler data point of the
InSight-RISE, Opportunity, and Pathfinder missions as a function of the LOS elevation (left panel) and time from the

beginning of the missions (right panel).
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landed probes have been quantified. We proposed a simple model to compute the Mars troposphere propa-
gation zenithal delay, directly proportional to the refractivity constant and the surface pressure at the lander
location (deduced from a Mars GCM) and inversely proportional to the surface gravity acceleration. As cus-
tomary for the Earth, we used a mapping function to project the zenithal delay along the LOS direction to
obtain the slant delay. The latter is nothing but the errors in range measurements induced by the troposphere
of Mars. Since most of the mapping functions used for the Earth are based on coefficients estimated from
numerical weather models, their value for Mars is not straightforward to get. To circumvent this problem,
we chose to use the “geometric” mapping function proposed by Foelsche and Kirchengast (2002). This sim-
ple model has only one free parameter, which could be estimated along the other target parameters in the
least squares procedure used to analyze the Doppler and range data. The function accounts for the Mars
atmosphere curvature but does not depend on meteorological data and weather models. Being proportional
to range rates, the contribution of Mars troposphere to the Doppler measurements integrated over a typical
time of 60 s is obtained from differences in the slant delays at the start and the end of the integration time.
Using our model, an elevation threshold of 15° above the lander is identified, below which the 60s com-
pressed Doppler data should be calibrated for Mars troposphere. When applied to the real X-band Doppler
data from Mars surface missions (Pathfinder, Opportunity, and InSight), the model and atmospheric condi-
tions during operations predict significant Mars troposphere contribution for less than 1% of RISE data, for
barely 2% of Opportunity data and 2.5% of Pathfinder data. A few tracking passes are strongly afflicted by the
troposphere of Mars though, with Doppler errors reaching sometimes more than 10 mHz for Opportunity
and Pathfinder, that is, more than 3 times the nominal noise level.

Appendix A: Approximative Two-Way Doppler Models

We provide here two simplified models to correct the two-way Doppler data from Mars troposphere and
we assess their respective accuracy with respect to the nominal model proposed and used in this paper
(see Equation 23).

Al. Instantaneous Doppler

The relative motion of a transmitter and a receiver causes the received frequency f, to differ from that of the
transmitter, f,. This difference,

Af =fr= 1o (AD)

characterizes the Doppler effect between any pair of antennas. Accordingly, the uplink (Af,) and the
downlink Doppler shift (Af;) are

Afuzfsc_ft7 (AZ)
Afg=fr— fe (A3)
=f—(fi +AfD. (Ad)

Given Equation 16 for a one-way link, the above induces

Afy, =Af, +Afy, (A5)
v, V.

=f[ . +fsc_' (A6)
C C

Considering instantaneous Doppler shift, we have V, =V, =V, leading to

1% 1%
Awa = ft?r +(Afu +f[)?r7 (A7)
v V. \*
=2ft_r+ft<_r> . (A8)
C C
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Figure Al. Difference in the Mars troposphere two-way Doppler contributions as computed from Equations A10 and
A11 with respect to the reference model of Equation 23.

At first-order approximation in the small quantity (V,/c)?, Equation A8 simplifies to
Vf
Afow =207 (A9)
which is the expression of an instantaneous two-way Doppler shift, simply equal to twice the one-way

Doppler shift of Equation 16. Under this assumption of instantaneity of the Doppler, the Mars troposphere
contribution in two-way Doppler data reads

dZ
o Jade
Ci

c

Af2 = (m(eh) — m(e?)), (A10)
instead of the more correct and complex model of Equation 23. The approximation made with Equation A10
instead of Equation 23 is quantified in Figure Al, where the difference between the Mars troposphere
two-way Doppler corrections computed with Equations A10 and 23 is displayed. The ~15% difference
between both models predictions is mostly due to the difference in the uplink and downlink frequencies (i.e.,
fqa = My, f,). The correction error induced by such a simple model reaches 0.35 mHz at most, for grazing
raypaths. This is one order of magnitude below the typical noise level of X-band measurements.

A2. Uplink and Downlink Elevation Differences

The differences between elevations of the uplink (¢*) and the downlink (%) raypaths of RISE is shown in
Figure A2 to be always lower than 0.02° in absolute. This leads to a departure from the A /2 reference value
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Figure A2. Difference in radio path elevation between uplink and downlink of RISE measurements.
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(computed with Equation 23) of about 1% at 10° elevation and 0.5% at 15° elevation. Assuming therefore
that e* = ¢, Equation 23 becomes

(14 M, )d?
A= fde (m(e") — m(e")) . (A11)
(o
and the induced difference in A f2" is of a few tens of pHz, which is negligible in front of the mHz total
noise level.
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