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Abstract: The Cassini spacecraft performed several flybys of Saturn’s largest moon, Titan, collecting
valuable data. During several passes, altimetric data were acquired. Here, we focus on altimetric
measurements collected by Cassini’s radar when flying over the same region at different epochs in
order to correlate such measurements (crossovers) and investigate differences in altimetry. In our
study, we assess altimetric errors associated with three distinct methods for extracting topography
from Cassini’s radar data: the maximum likelihood estimator (MLE), the threshold method, and
the first moment technique. Focusing on crossover events, during which Cassini revisited specific
areas of Titan’s surface, we conduct a detailed examination of the consistency and accuracy of these
three topography extraction methods. The proposed analysis involves closely examining altimetric
data collected at different epochs over identical geographical regions, allowing us to investigate
potential errors due to the variations in off-nadir angle, relative impact, uncertainties, and systematic
errors inherent in the application of these methodologies. Our findings reveal that the correction
applied for the off-nadir angle to the threshold and first moment methods significantly reduces the
dispersion in the delta difference at the crossover, resulting in a dispersion of the order of 60 m, even
lower than what is achieved with the MLE (~70 m). Additionally, an effort is made to assess the
potential of Cassini for estimating the tidal signal on Titan. Considering the altimetric errors identified
in our study and the relatively low number of crossovers performed by Cassini, our assessment
indicates that it is not feasible to accurately measure the tidal signal on Titan using the currently
available standard altimetry data from Cassini. Our assessment regarding the accuracy of the Cassini
altimeter provides valuable insights for future planetary exploration endeavors. Our study advances
the understanding of Titan’s complex landscape and contributes to refining topographical models
derived from Cassini’s altimetry observations. These insights not only enhance our knowledge
of Saturn’s largest moon but also open prospects for Titan surface and interior exploration using
radar systems.
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1. Introduction

The NASA /ESA / ASI Cassini-Huygens mission spanned nearly 20 years in deep space,
with 13 years dedicated to exploring the Saturnian system and the planet Saturn, including
its rings and natural satellites. Throughout its journey within the system, the Cassini
spacecraft performed multiple flybys of Saturn’s largest moon, Titan, collecting valuable
scientific data. During several passes, altimetric data were acquired with the Cassini
RADAR instrument [1]. Hidden by an optically thick nitrogen atmosphere, the RADAR
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instrument successfully revealed Titan’s surface, characterized by a rich and diverse set of
morphologies [2]. These included dune fields at equatorial latitudes [3-5], mountains [6],
and hydrocarbon lakes and seas at the poles [7,8], which sometimes appeared desiccated as
empty basins [9,10]. In the polar regions, Titan’s methane-based hydrologic system [11,12]
produced precipitations that fed channels and canyons [13], where liquids flowed into the
seas, creating series of familiar coastal sedimentary deposits [14].

The striking Ku-band microwave transparency of liquid hydrocarbons was exploited
during several altimetric and radiometric observations to provide some insight into seas’
depth and composition [15-20].

Here, we focus on altimetric measurements by analyzing those collected by Cassini
when flying in the same region of the moon but at a different epoch (therefore, a different
Titan flyby) in order to correlate such measurements (crossover) and investigate differences
in altimetry.

Figure 1 shows altimetry tracks where crossovers can be identified (see Section 4),
and Table 1 provides a summary of information about these flybys. Note that these are a
subset of Cassini altimetry tracks over Titan. We found a total of 11 pairs of tracks where
crossover points can be identified. Our analysis of altimetric crossovers aims to characterize
the performance of Cassini’s radar in altimetry mode and investigate potential physical
displacement of the surface due to tides. Cassini’s determination of the time varying
component of Titan’s gravity field [21,22], forced by Saturn’s tidal perturbation on Titan’s
eccentric orbit, proved to be a valuable measurement to infer the presence of an internal
ocean. Indeed, Titan’s gravitational shape is largely deformed by an amount so large that
only an elastic interior can provide. The latest determination of the Love number k; [22]
is compatible with that of a water mantle (consisting of various solid and liquid phases)
that is substantially more dense than pure water. However, the large variability of Titan’s
gravitational shape due to eccentricity tides does not guarantee a large variability of Titan’s
shape (i.e., if the crust is rigid).
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Figure 1. Altimetry tracks of Cassini over Titan’s surface where a crossover can be identified. The
background image is a global mosaic from Cassini ISS instrument (from NASA PSD).
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Table 1. Summary of Cassini altimetry tracks over Titan used in the analysis.

Flyby Date (UTC) Minimum Altitude Mean Anomaly, M
26 October 2004 15:31:27 1174 km —59°
T08 28 October 2005 04:15:24 1353 km —66°
30 April 2006 20:58:14 1856 km 145°
T19 9 October 2006 17:30:07 980 km —163°
T28 10 April 2007 22:58:00 991 km 14°
26 April 2007 21:32:58 981 km 14°
T30 12 May 2007 20:09:58 959 km 14°
22 February 2008 17:32:07 1000 km —12°
12 May 2008 10:01:58 1001 km —13°
21 May 2009 21:26:30 965 km 161°
6 June 2009 19:59:36 965 km 161°
To6l 25 August 2009 12:51:37 970 km 160°
27 December 2009 00:16:59 955 km 90°
T84 6 June 2012 00:07:21 959 km 67°

2. Titan Shape

Being tidally locked, along its revolution around Saturn every almost 16 days, Titan
experiences a strong tidal perturbation from the planet, which stretches the moon, pro-
ducing a triaxial ellipsoidal shape, with the long axis pointed toward the planet. Titan’s
ellipsoidal shape at colatitude 6 and longitude ¢ is given by:

R(6, ¢) = Rr[1+ HaoPr(cos0) + HypPry(cos ) cos(2¢)]

where Rt is Titan’s mean radius (2575 km), Pyo(cos 0) and P»;(cos 0) are associated Legen-
dre polynomials of degree 2 and order, respectively, 0 and 2, while Hyy and Hy; are spherical
harmonic coefficients. Assuming only the effect of tides and rotation, these coefficients are

given by:
{ Hyo = —(§ + %)h

§= gk
Hy = 15q¢ hf qr h

N"h

1
1

where hg is the fluid Love number of degree 2 associated with the radial displacement of
the solid tide, while g; and g, are, respectively, the tidal and rotational parameters, given by:

o M; Rt >
=30 =35, ()

where M; is Saturn’s Mass, Mr is Titan’s mass, and a is the semi-major axis of Titan’s orbit
around Saturn. For a hydrostatic body, the ratio Hpg/Hp, is equal to —10/3. Different shape
models obtained with Cassini’s imaging and radar systems determined that Titan’s shape
slightly deviates from the hydrostatic expectation [23,24].

Eccentricity Tides

Since Titan’s orbit has a small eccentricity (about 0.0288), its distance from Saturn
slightly changes, thus letting Titan experience a time variable tidal perturbation. The time
variable tidal attraction causes a time variable deformation of its gravitational shape, which
is largely affected due to the presence of an internal ocean. This phenomenon is controlled
by the tidal Love number k;, which has been determined very accurately through analysis
of Cassini gravity data (k, = 0.616 = 0.067 [22]). At the same time, the physical surface of
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the moon may also be displaced (i.e., solid tide). This is controlled by the Love number
hy (at tidal frequency), which governs the amplitude of the response as Titan moves along
its orbit about Saturn and depends on the interior structure properties. At first order in
inclination and eccentricity, Titan’s shape harmonic coefficients are time variable:

AHyy = %qt hy ecos M
AH22 = %qt I’lz ecos M

That is, the solid tide signal is controlled over the orbit by the mean anomaly, M.
Assuming a Love number h; = 2.5, the maximum tidal signal at the sub-Saturnian point
is about 22 m when Titan is at the pericenter or apocenter (with opposite signs). Several
theoretical studies have evaluated the effects of tides on Titan’s surface, both solid and
liquid [25], and the possibility of detecting them using radar techniques [26]. In our work,
we make use of altimetric data to investigate the possibility of estimating Titan’s tidal signal.

Since Cassini’s radar in altimetry mode is always looking towards the center of the
moon (neglecting off-nadir angles, which are generally small), the correction of altimetric
measurements due to the tidal signal is, to first order:

Ar = RT [AHZOPZO (COS 9) + AH22P22 (COS 9) COS(Z@)]

3. Radar Altimetry

The Cassini radar was designed as a versatile instrument capable of operating in multi-
ple modes, including synthetic aperture radar (SAR) for surface imaging, radar altimeter for
topography measurements, scatterometer for surface composition, and, in passive mode,
as a radiometer for brightness temperature [27]. During each Titan flyby, the instrument
modes were sequentially activated, starting from an altitude of 100,000 km and descending
to 1000 km at the closest approach. The antenna was strategically positioned to conduct
the targeted measurements. Detailed descriptions of sequence planning and instrument
performance can be found in [28]. Through 53 dedicated flybys for radar observations,
Cassini managed to map approximately 50% of Titan’s surface with a resolution of less
than 1 km in SAR mode and acquired 40 topographic profiles in altimetry mode [1].

During the Cassini mission, the altimetry dataset played an important role in unravel-
ing Titan’s diverse landscape. Altimetric data were systematically collected by pointing
the antenna toward Titan’s center of mass, allowing for the transmission and reception of
15 pulses during each data acquisition. These observations were performed using bursts of
frequency-modulated signals with a bandwidth of 4.25 MHz, achieving a nominal radar
resolution § of 35 m in a vacuum (see [1], for more details). This capability, combined with
Cassini spacecraft geometry, furnished a horizontal resolution ranging from 55 to 6 km,
offering detailed insights into the moon’s varied topography.

Altitude variations, spanning from 1000 to 9000 km, significantly influenced the
achieved resolution, underscoring the dataset’s adaptability to different altitudinal contexts.
The spacecraft’s precision was evident in maintaining off-nadir angles typically less than a
fraction of the antenna beamwidth (0.35°), ensuring the accuracy of the altimetric measurements.

The radar footprint on the surface depended on the operative conditions, which were
determined by the spacecraft altitude. In a beam-limited configuration, Cassini’s radar
aperture (0 = 0.35 degrees) determined the geometrical footprint. The radius is given by:

H¢6
V2.8

where H is the altitude over Titan’s surface. At an altitude of 4000 km, the footprint
radius was about 15 km. At a higher altitude, Cassini radar operated in a pulse-limited
configuration, where the radar resolution determined the footprint (i.e., the area that can

ry, =
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be resolved). In this scenario, the radius of the footprint, r», was smaller than that of the
geometrical footprint. It can be computed by:

rp = V2Hs

The transition between the two modes occurred at an altitude of about 7500 km [29].
At that altitude, the beam-limited footprint radius was 27 km, whereas the pulse-limited
radius was only about 23 km at the surface.

Altimetry Datasets

The altimetric data recorded by the Cassini RADAR instrument underwent various
processing methods, resulting in distinct datasets that captured different aspects of Titan’s
surface. Thus, different datasets exist:

- Maximum likelihood estimator (MLE). This dataset was developed based on a sta-
tistical model [29,30], particularly the Brown model initially utilized to measure sea
roughness. MLE optimally estimates parameters by maximizing the likelihood func-
tion, showcasing its asymptotically unbiased and efficient characteristics;

- Threshold. This dataset was acquired through a tracking algorithm employed as
a thresholding mechanism [31]. This method is particularly sensitive to the higher
portions of the surface, capturing portions of the echoes above a specified threshold.
It serves as an effective means of tracking prominent features on Titan’s surface;

- First moment. This dataset was generated by computing the first moment from the
returned waveform. This involves estimating the centroid of the power distribution,
providing a mean value for the surface. This method, rooted in centroid estimation of
the pulse width, contributes valuable insights into surface characteristics.

Additionally, for the last two datasets, off-nadir angle corrections can be applied using
specific models. Note that the model used in the MLE technique already accounts for
off-nadir angles. These datasets are available on the NASA Planetary Data System (PDS)
system (see the Data Availability Section). The left panel of Figure 2 shows the different
altimetry profiles obtained for a given pass.

12 0.06
3001 ::e hold
resho

& corr. threshold € 104 _0.051
200 -~ first moment b o

= « W corr. first moment o 8- Z 0.04
= o ! w
~ 100 9« g s 5
2 o o c

5 S 6 & 0.03
£ o
£ s ¢

< € 44 3 0.02
] ©
~100 1 @ £

© 2 0.01

—200 A
T T 0 T T T 0.00 T T
30 Apr. 2006 30 Apr. 2006 30 Apr. 2006
21:20 21:30 21:35 21:20 21:25 21:30 21:35 21:20 21:25 21:30 21:35

Figure 2. Left panel: altimetry profile obtained with different algorithms; middle panel: Cassini
altitude over Titan (range to ellipsoid)’s profile; right panel: off-nadir radar angle, for a selected
pass (T13).

Complementing traditional altimetry processing, an advanced processing chain was
applied to raw altimetry Cassini data (LBDR, long burst data record). This involved
coherent Doppler processing, which substantially improved along-track resolution and
signal-to-noise ratio (SNR) compared with existing altimeter burst data record (ABDR)
data [32]. This advanced processing elevated the quality of the altimetry dataset, not only
providing a comprehensive view of Titan’s global topography but also offering detailed
insights into features such as dunes and bathymetry of seas and lakes. This dataset can, in
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principle, improve the quality of the Cassini altimetry dataset, but, for now, we prefer to
focus our work on the standard dataset currently available on the NASA PDS node and
leave the analysis of the delay-Doppler altimetry data for future work.

Due to the large superimposition between adjacent footprints and in order to reduce
the altimetry noise, we averaged the data points to obtain a smoother profile. In our
analysis, we used a Savitzky—Golay filter with a linear fit over a window length, which was
selected for each pass in order to have, on average, an overlap between adjacent footprints
of about 50% on the along-track direction. Such a choice resulted in a number of points
ranging from 5 to 15, according to altitude and tangential velocity of each altimetry pass.
This allowed us to follow as close as possible the underlaying topography, while removing
high-frequency noise. The same procedure has been proven successful in previous analysis,
e.g., in Titan dune height retrieval [33].

4. Crossover Identification

A crossover is typically defined when two tracks intersect; in this case, the crossover
is the intersection point. In such a configuration, we can suppose to observe the same
topography. If the tidal signal is the same (i.e., the difference in the mean anomaly is equal
to zero, or the mean anomalies have opposite signs), then we can directly measure the
altimetry errors from the difference of the topography retrieved from the two observations.
We extend the crossover definition to also account for configurations in which the two
ground tracks do not intersect but the radar footprints overlap. We can expect a large
degree of correlation between the recovered topography if the two footprints largely
overlap. Therefore, for a given pair of tracks, we look for the footprint overlap. When more
than one point can be identified, we select the crossover as the pair of points at which the
distance between the tracks over Titan’s surface is minimum.

A summary of the flyby pairs found are reported in Table 2, for a total of 11 crossover
(or footprint overlaps) identified by an uppercase letter. The altimetry tracks and corre-
sponding radar footprints are reported in Figure 3. Note that six crossovers have a null or
very small difference in the mean anomaly, meaning that the solid tidal signal is expected
to be the same. These observations are used to test the accuracy of the crossover points,
without the effect of solid tides.

(i) (ii) (iii)
50°N

40°N

30°N

150°W  140°W  130°W  120°W
(iv)

20°S

30°S
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Figure 3. Zoom on altimetry tracks of Cassini over Titan’s surface, with radar footprints. Top panels
contain, in order, crossovers A, B (i), C (ii), and D (iii); bottom panels contain crossovers E, F (iv), G,
H (v), L], and K (vi).



Remote Sens. 2024, 16, 2209

7 of 15

Table 2. Summary of crossover identified. For each, the first row of the spacecraft altitude and
incidence angle refers to the first flyby of the pair, the second row to the second flyby. The difference
in mean anomaly AM has been computed, accounting for the effective difference in absolute tidal
signal (the sign would only depend on the order of the flyby pair).

Spacecraft Incidence am  ATidal Signal

#  Flyby Pair Lat. and Long. Altitude Angle for hy = 2.5

14,643 km 0.43°

A + 34.8°N, 144.1°W 1° Om
6955 km 0.31°
7930 km 0.03°

B T30+ 34.9°N, 145.7°W 1° Om
6448 km 0.23°
5853 km 0.05°

C + 9.4°N, 154.3°W 78° 15m
8197 km 0.21°
7654 km 0.89°

D + T84 24.7°N, 3.4°E 12° 2m
5878 km 0.12°
7626 km 0.46°

E T28+ 12-20°S, 27-29°E 0° Om
13,315 km 0.88°
7408 km 0.39°

F + T30 5-12°S, 26-28°E 0° 0m
12,843 km 0.62°
. 8592 km 0.33°

G T19+ 38-39°N, 138-139°E 2° Om
7063 km 0.46°
14,873 km 0.28°

H TI9+ 32.8°N, 140.8°E 2° Om
8043 km 0.12°
6253 km 0.15°

I TO8+ 0°N, 172-180°E 79° 27 m
10,580 km 0.03°
8958 km 0.15°

] TO08+T6l 0°N, 172.7°E 94° 29 m
5126 km 0.48°
7106 km 0.03°

K +Tel 0.3°N, 171.7°E 15° 3m
5416 km 0.52°

There are a few more tracks that are close to overlap one with the other but that are
not included in the list:

- T28 and T29 (outbound);
- T29 and T30 (outbound);
- T08 and T19;

- T77 and T113.

In these cases, the footprints do not overlap, or the intersection area is very small
compared with the footprint’s area, thus the probed region is different.

Note that altimetry data acquired during Ta, the first Titan flyby of the Cassini mission,
might be affected by systematic error (mainly due to pointing inaccuracies) due to the poor
knowledge of Titan ephemeris at the time of operation. Still, we decided to use its crossover
with the T84 ground track (crossover D) since results show altimetry discrepancy at the
crossover point consistent with other observations.

5. Trajectory Reconstruction of Cassini

To quantify the uncertainty associated with a crossover point associated with the
orbital reconstruction, we reanalyzed the range and Doppler radiometric data collected
from NASA’s Deep Space Network (DSN) ground antennas during the selected flybys in
order to reconstruct Cassini’s trajectories around Titan. Note that altimetric data have not
been used to update Cassini’s orbits. We used JPL software MONTE (version 1.64, [34])
to analyze such data, following the classical orbit determination procedure performed
by the Cassini NAV team (e.g., [35]). We followed the usual approach of reconstructing
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a REV (a chunk of Cassini’s orbit around Saturn, from “revolution”), with two flybys at
most, which proved to be an optimal solution for reconstructing Cassini flybys with high
accuracy and confidence. We tested whether reconstructing longer arcs (i.e., including
three flybys) provided better accuracy, but we confirmed that orbital maneuvers between
flybys essentially destroyed the coherence of the orbit to the level that a classical REV
approach would be preferred due to its lower complexity and negligible increase in state
uncertainty. For a given flyby, there are two possible orbital reconstructions (REVs) which
can be used (i.e., T28 + T29 or T29 + T30, for T29). We selected, for each flyby, the REV
that provided better accuracy for the flyby we were interested in. The same approach has
also been followed by [36] for the analysis of Cassini range data in the context of planetary
ephemeris generation.

In the Cassini dynamical model, we accounted for the gravitational acceleration
coming from Saturnian main satellites and solar system planets (respectively, from satellite
ephemerides sat389xl and planetary ephemeris de440, see NASA /NAIF website) in a
relativistic 1-PN context, Titan’s gravity field expansion up to degree and order 5 [22],
and Saturn’s zonal gravity field harmonic expansion up to degree 12 [37]. We did not
account for Saturn’s normal modes [37,38] due to the negligible effect they would have at
Titan’s distance. Since we used the latest available satellite ephemeris, Titan’s state was not
updated (contrary to the NAV team approach, e.g., [39]). Concerning the non-gravitational
accelerations, we accounted for the solar radiation pressure acting on the Cassini spacecraft,
the drag caused by Titan’s atmosphere, and the anisotropic acceleration caused by the
onboard RTGs. Additionally, we accounted for main engine and RCS thrust events, and for
repointing maneuvers performed with the thruster.

To estimate the trajectory, we used a least-square estimation filter to adjust model
parameters. For each arc, we estimated the Cassini state at the beginning of the observation
arc, a drag and SRP coefficients, the three components of the RTG accelerations, large thrust
firing and small burns, and empirical accelerations with constrained amplitude (following
the procedure of the Cassini NAV team, e.g., [35]). In addition to our reconstruction of
Cassini’s flyby, we obtained the covariance matrix of model parameters, which allowed
us to determine the evolution of position uncertainty over the flyby of our interest (see
Figure 4). For a crossover, the largest contribution came from the radial component of the
trajectory (for small off-nadir look angles).
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Figure 4. Uncertainty evolution (1-0) of radial, transverse, and normal components of Cassini’s
position with respect to Titan, in selected passes (left panel: T08; right panel: T56). The vertical black
line marks the epoch of the pericenter passage.

Correction to Crossover Points

The new orbits were used to update the ephemerides of Cassini and the relative
altimetry tracks and thus the crossover points. The reconstructed spacecraft positions
with respect to Titan can be compared with the one used to generate the altimetry data
(contained in the SBDR data file). In the altimetry estimators, the spacecraft position x,. at
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each altimetry burst was updated to obtain the position at the center of the two-way light
time window (after transmission of the burst at time #; and reception after a At) with the
velocity vs:

fsc(%gtive) = xsc(ti> + Usc(ti) - Ot getive

where 0t 4y, is the active geometry time offset, the delay after which the reception window is
opened onboard the spacecraft, which is approximately equal to half the reception delay At.

The orbital corrections to each track of a crossover are reported in Table 3 for all the
crossover points.

Table 3. Orbital correction and error budget for the crossover points. The sign of the orbital correction
follows the altimetry: a positive correction means that the altimetry is larger, i.e., a smaller Cassini-
surface distance. Each pass has a contribution from the orbital uncertainty and from the altimetry
scatter (the column reports that of the corrected threshold estimator only). The error associated to
a crossover is given by the RSS of the four different contributions. * Orbital uncertainty set to an
average value, not computed for given pass.

. Orbital Orbital Altimetry
# Flyby Pair Correction Uncertainty Scatter RSS

39.6 m 394 m 264 m

A + 60.1 m
—245m 25.8 m 26.3 m
53.1m 25.7 m 22.6 m

B T30 + 50.1 m
—245m 255 m 26.3m
53 m 13.1m 155 m

C + 26.2 m
119 m 49 m 159 m
- 40.0m* 9.4 m

D + T84 61.1m
- 40.0 m * 21.2m
30.2m 123 m 175 m

E T28 + 41.6 m
0.5m 20.3 m 29.3 m
73 m 164 m 29.3m

F + T30 425 m
—79m 13.0 m 22.6m
45.7 m 11.2m 19.0 m

G T19 + 299 m
145 m 13.6 m 15.0m
48.8 m 109 m 19.0 m

H T19 + 36.8 m
63.8 m 12.0m 27.0m
64.6 m 13.7m 10.4 m

I TO8 + 242 m
—114m 5.7m 16.0 m
64.2 m 125 m 104 m

J TO8 + T61 223 m
21.6 m 5.6 m 142 m
—9.6m 4.7m 16.0 m

K + T61 22.6 m
21.1m 54m 142 m

6. Crossover Error Budget
The difference in the recovered altimetry measured at the crossover can be related to:

- Errors in the reconstruction of Cassini’s ephemerides with respect to Titan (radial
direction);

- Instrumental errors of the altimeter (e.g., pointing angle);

- Errors in the processing of the collected waveforms;

- Physical displacement of Titan’s surface due to tides.
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The contribution from the accuracy of Cassini’s orbits can be easily estimated from the
covariance matrix of the passes we processed (see previous Section). We accounted only
for the accuracy of the reconstructed ephemerides in the radial direction, as uncertainties
in the non-radial directions were on the order of a few tens of meters, to be compared with
the footprint size, which was of the order of tens of kilometers. Consequently, non-radial
orbital uncertainties had a very limited effect on the footprint position and consequently
on the reconstructed altimetric profile.

Residual errors from the waveform modeling of off-nadir contribution can also affect
the measurement of interest and were challenging to quantify. An estimate of the random
contribution from the altimeter can be obtained by measuring the scatter of the altimetry
data. Since adjacent footprints had a large area overlap, the observed topography was
highly correlated, thus the scatter from one point to the next was mostly representative of
noise and should not be associated with an actual variation in topography. Therefore, for
each estimator, a smoothing profile with the Savitzky—Golay algorithm was computed to
retain the altimetric profile (see Section 3) and then compared with the altimetry value in
order to single out the high-frequency scatter, whose standard deviation was associated
with the accuracy of the altimetry measurements, per track. See Figure 5 for an example
with the T13 pass, in the case of a corrected threshold estimator.
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Figure 5. Left panel: altimetry from corrected threshold estimator for T13 and its smoothing; right
panel: altimetry scatter, computed as the difference between altimetry and the smoothing curve.

The summary of the two contributions for each crossover is given in Table 3. Assuming
that the altimetry scatter does not depend on the accuracy on the orbit, we can compute the
squared sum of these four contributions to have an estimate of the variance of the crossover
point d7;; (composed by the i-th and j-th passes):

2 _ 2 2 2 2
‘Tij - (Torb, i + Uorb,j + Ualt, i + Ualt,j

Note that, for a given pass, the orbital accuracy and altimetry accuracy can change

from crossover to crossover, depending, respectively, on the actual time of observation and

altimetry track during a pass. Results given in Table 3 show accuracies on the crossover
points ranging from 22 to 60 m.

7. Results

The results of the analysis are reported in Figure 6, not accounting (top panels) or
accounting (bottom panels) for the correction from our new reprocessed orbits, for the
different altimetry estimators. Each crossover point has an uncertainty associated, given
by the error budget previously presented (see Section 6). We can define both the root-
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mean-square (RMS) and the weighted RMS (WRMS) of the crossover points dr;; for a

given estimator:
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They both give us indications about the quality of the altimetry measurements. The
altimetry estimator with the smaller RMS indicates the best processing algorithm for
altimetry data (assuming negligible contribution from the orbits and tides). Note that the
WRMS should approach unity if (1) the crossovers are zero-mean randomly distributed
and (2) the uncertainties are correctly associated. The results indicate that the smallest RMS
is achieved with the corrected threshold and corrected first moment estimators, followed
by the MLE and uncorrected threshold estimators. However, the uncorrected first moment
estimator has the largest RMS, thus is expected to have the worst performance.

By looking at results without and with our orbital correction from Figure 6 it is possible
to notice that the RMS of all estimators decreases when using the updated orbits. Except for
the uncorrected first moment estimator, for which the improvement is limited, the decrease
in the RMS of crossover points ranges from 8 to 15%. This clearly indicates that the updated
orbits have higher quality since the discrepancy at crossover points decreases no matter
the estimator used for the altimetry. This gives us confidence that the results shown in the
bottom panels of Figure 6 are largely indicative of the accuracy of the altimetry processing.
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Figure 6. Crossover values for the different estimators. Top panels use orbits delivered to the radar
team by Cassini NAV team, while bottom panels use updated orbits from our new orbital solutions.
Solid tides are not accounted for.

7.1. Looking for Solid Tides

As anticipated, the solid tides can change the picture and provide an additional
contribution to the crossover values. However, such a contribution is expected to be smaller
than the intrinsic scatter we see in the crossover points, thus the tidal displacement signal
is likely not recoverable from this dataset. If we assume a fully elastic response for Titan’s
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surface (i.e., hp = 2.5, see Section 2), the expected maximum tidal signal would be 22 m,
corresponding to a maximum of 44 m peak-to-peak in a crossover with optimal observation
conditions to be compared with crossover uncertainties ranging from 22 to 60 m (see
Section 6). Although we cannot expect an accurate determination for the Love number /5,
from the crossover dataset, it is possible to provide an estimate via a least-square estimation
filter, where each crossover is weighted based on error budget considerations. The RMS
and WRMS of the different dataset, along with the estimated Love number, are reported
in Table 4, in the case orbital corrections are accounted for (that is, related to the bottom
panels of Figure 6). The RMS and WRMS only marginally decrease after fitting for the Love
number /1, indicating that the tidal signal is much smaller than the crossover errors. Note
that, since the WRMS is larger than 1 for all the estimators (i.e., the uncertainties are likely
underestimated or the crossover values still contain unmodeled effects), the 1-0 formal
uncertainty of /i, obtained from the least-square fit has been multiplied by the WRMS of
the dataset in order to provide a more realistic evaluation of the uncertainty associated
with the Love number.

Table 4. RMS and WRMS values for the different estimators, with the orbits updated from our new
orbital solutions. Crossovers with tides refer to C, D, I, ], and K, whereas all the others are grouped in
crossover without tides. The values in parenthesis refer to the crossover points obtained after fitting for
hy. Last row of the table reports estimates of the Love number h; for the different altimetry estimators,
in the case the orbits are updated. Note that the fit for the Love number only marginally improves
the RMS and WRMS of crossover values.

Corrected First Corrected
MLE Threshold Threshold Moment  First Moment

All crossovers 71.3m 71.6 m 58.6 m 1184 m 60.2 m
. (after fit) (70.3 m) (71.5m) (58.6 m) (116.2 m) (59.8 m)
E Crossovers w/o tide 80.1m 782 m 66.4 m 131.2m 68.5m
Crossovers w/ tide 59.0 m 629 m 475 m 100.9 m 484 m
(after fit) (56.4 m) (62.6 m) (47.5 m) (95.3 m) (47.2 m)
All crossovers 1.20 1.75 1.39 2.57 1.27
" (after fit) (1.16) (1.75) (1.39) (2.45) (1.26)
E Crossovers w/o tide 1.14 1.63 1.38 2.31 1.19
= Crossovers w/ tide 1.27 1.89 1.39 2.85 1.37
(after fit) (1.17) (1.87) (1.39) (2.61) (1.34)
Love number hy 25+28 0.7 £2.6 02+19 4.1+42 1.1+21

As expected, the uncertainty for the Love number #; is large and comparable to its
estimated values, thus inconclusive for drawing new conclusions on Titan’s interior. Note
that only a few crossovers contribute to the determination of the Love number (i.e., mostly
crossovers C, I, and ], see Table 2).

7.2. Influence of Observation Geometry

With the crossovers, we also identify the dependance upon key parameters of the
radar observations, to understand whether the data have possible uncalibrated effects.
The crossover values for the different estimators (the orbits are updated) as a function
of the difference in the range from the surface at the time of the two observations are
reported in the top panels of Figure 7. The idea is that observations of the same region
of the moon made at different altitudes may provide different values due to instrumental
effect. However, the results do not show a clear dependance of the crossover values with
the difference in range for all the estimators.
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Figure 7. Crossover values for the different estimators, with the orbits updated from our new
orbital solutions, as a function of the difference in the range from the surface at the time of the two
observations (top panels) and as a function of the difference in the maximum incidence angle between
the two observations (bottom panels).

The bottom panels of Figure 7 report the crossover values for the different estimators
(with updated orbits) as a function of the difference in the incidence angle between the two
observations. The results show that there is no evident correlation between the crossover
values and this quantity, meaning that instrumental effects should be negligible.

8. Conclusions

In this work, we analyzed Cassini altimetric measurements and examined differences
at altimetric crossovers. The altimetry measured at the crossover points shall be the same, if
not for orbital errors, altimetry accuracy, and solid tides, which have never been measured
on Titan. In order to reduce the contribution from orbital errors, new orbital solutions have
been produced for the associated Cassini flybys by reanalyzing the navigation Doppler data.
The results show that these new orbital solutions reduce the RMS of altimetry difference at
crossover points, thus improving the associated systematic error. The analysis of altimetric
data have shown that best altimetry performance can be associated with the corrected
threshold and corrected first moment estimators, with an RMS value at crossover points of
about 60 m for both the algorithms, compatible with error budget expectations.

Finally, the crossover values can hide the contribution coming from solid tides in
the case the two passes flew over Titan when it was at different distances from Saturn,
thus when the moon experienced a different tidal force. Fitting for the Love number h,
(indicative of a surface displacement at orbital frequency) did not considerably improve
the RMS at crossover points, indicating little to no contribution. The estimated values for
the Love number /1, had large uncertainty, which did not allow us to further constrain
Titan’s interior.

Future works incorporating delay-Doppler processing could potentially enhance our
results by increasing the number of data points and improving the along-track resolution
of the altimetric profiles. However, although the accuracy of radar measurements could
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potentially increase, the error related to the spacecraft ephemerides position would not
change, thus we do not expect a large improvement on the crossover points.
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