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ABSTRACT

This work focuses on the retrieval of Titan's duiiedd characteristics addressing different radarde® The main
purpose of the proposed work is to exploit a pdssipnergy between SAR and altimeter acquisitionsles to provide
information about dune field. Cassini has perforrBédTitan flybys in which several observations ahd fields have
been collected in altimetry mode. There are seveaaés in which SAR and altimeter have been aafjuver same
areas covered by dune fields, such as during TAR)Snd T30 (altimeter) flybys. Altimetry togetheiith SAR data
have been used to derive the rms slopes of duasge(kcale) over Fensal area, this informationble@s employed to
calculate SAR incidence angle with respect to dutdés extracted backscattering coefficients of brigid dark areas
detected in the analyzed SAR image in order touatal the angular response of scattering. ThroughGometric
Optics model we retrieve roughness values (smalkstns slope) for both dune bright and dark areas.

Keywords. Synthetic aperture radar (SAR), Radar altimetassini, Dune field, Titan, electromagnetic models.

1. INTRODUCTION

The Cassini-Huygens mission has been collecting dabut the Saturn system since 2004. Its RADARLunN®ent is a
Ku-band (2.17 cm wavelength) linearly polarizedanathat alternatively operates in several modesait generate
topographic profiles working as an altimeter, measthe emissivity as a radiometer, map the surtee high-
resolution synthetic aperture radar (SAR) and nresthe real aperture backscatter reflectivity asaterometer [1].
Cassini RADAR provided a vast amount of data, sstjgg new scenarios for Titan’s evolution. Sevdedtures,
reflecting a complex morphology typical of an aeti\and-atmosphere interaction, have been deteitgzhict craters,
fluvial channels, “sand dunes” and lakes.

In the SAR operational mode Cassini obtains thédsg resolution images revealing many topographit geological
features on Titan's surface. In particular vasgituinal dune fields confined around the equataggion, between -30°
and 30° latitude, have been discovered and it Bas kstimated that they cover ~12.5% of the tatah'® surface [2].

Understanding the formation process of dunes, theiphology and distribution can reveal importaoes on Titan's
climatic and geological history. For instance, dushape could indicate the mean direction of winev fand sand
transport; their dimension could tell the quantfysand supply; topographic and local climate ctods favorable to
sand deposits can be predicted from a dune disitsibanalysis [3].

In section 2, the dataset used for this studyiesfligroutlined. In section 3 we retrieved infornmatiabout dunes height
from altimetry data. In the final section, by armihg the dataset acquired by the Cassini RADARumsént in SAR and
altimetry mode we have estimated dunes rms sld@escover, applying a suitable electromagnetic mdadehe SAR
data, we inferred the roughness characteristicrsupesed on a periodic surface which represents dunface.
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Table 1. Dataset main characteristics

SAR

Swath

Segment

Date

Longitude Range (deg E)

Latitude Range [deg)

Off-Nadir Angle* (deg)

Azimuth Angle* (deg}

Range Resolution* (km)

Azimuth Resolution* {km)

Diameter (km]

13 1 02/15/2005 | from -133.84 to -0.8125 | from -2.7813 to 22.5 20.2 275.8 0.485 0.494

T17 a" 09/07/2006| from -69.25 to -32.406 | from 2.4688 to 15.688 35.5 01,3 0.278 0.274

T25 1 02/22/2007| from -57.813 to 148.5 |from -35.375 to 85.688 23.7 155.5 0.495 0.393

T28 1 04/10/2007 | from -42.969 to 156.47 [from -20.625 to 80.938 20.9 155.4 0.623 0.447

T29 1 04/26/2007 | from -39.469 to 163.84 (from -4.2813 to 86.469 23.4 153.2 0.479 0.436
Altimeter| Track |Segment Date  [Longitude Range (deg E) | Latitude Range (deg) Off-Nadir Angle*(deg)| SC Altitude (km) Hib footpon MLE Heights {m)

T30

inbound

05/12/2007

from -28.265 to 6.267

from -11.011 to 70.929

5.24 x 10~4

from 16186 to 959

from 50.41 to 5.89

from -847 to 289

* mean value

2. DATASET DESCRIPTION

We considered the following datasets: T3, T17, TIZB and T29 acquired using SAR operative modeT@tdacquired
during altimetry mode over Fensal, a region locgted north of the equator and almost centeredbauta50° W
longitude. SAR images show that the dunes presethiis area tend to be more widely spaced withighter interdune
with respect to other Titan’s dune fields [2].

The dune field under investigation is located omararea that roughly extends from 15.0°S and 23&hN from
22.1°W-40.2°W. The dataset includes all the SARtksvand the altimetry tracks across this regioitit#n (Fig. 2a).
Its main characteristics are reported on Tableht T3 and T17 SAR swaths cross this low northetituties region in
an approximately E-W direction. In these swaths yrmdumes superimposed are observed on both inteateednd low
backscatter plains, along with the craters Ksa, iveeand Sinlap [22; 23].

T25, T28 and T29 swaths show wide overlaps oves#ledune field in an approximately S-N directios,veell as the
long T30 altimetry track. Part of the SAR imagesearoarge intermediate to dark plains including edields, streaks,
small hills, and circular to oval bright rim feagsrof unknown origin [24].

From the overlapping of the T30 altimetry tracktba T28 SAR image acquired over Fensal dune figédselected the
fully covered by dunes -3dB altimetry footprints.

3. DUNESHEIGHT ESTIMATION FROM ALTIMETRY DATA

The Cassini RADAR altimeter has operated for mbaestseven years generating topographic profildstaf’s surface.
Relative surface elevations are recorded along miatiks using Cassini and Titan ephemerides krag@ealong with the
obtained range from spacecraft to surface. On higlolution altimetry mode (between 4,000 km and®,8m of
altitude), Cassini uses its nadir-pointing 4 metamgnna to transmit and receive bursts of 15 ghilpe signals every
3.333 seconds at a system bandwidth of 4.25 MHZT[3¢ resulting altimetry measurements have a heggolution of
about 35 meters. The absolute ephemeris errort@ndricertainty in pointing knowledge are the magirces of error for
the derived elevations. However, when the poinigngell controlled both estimates are accuratesatta100m level [25].
A classical processing of Cassini burst, after eacgmpression and incoherent average of burst&epuéllows obtaining
a horizontal resolution ranging between 50 and 6depending on the spacecraft altitude.

Among the various regions observed by Cassini dh altimetry and SAR mode, we selected a study iaré¢iae Fensal
dune field, where the altimetry path went acrossnguthe T30 flyby (May 2007). Only fully covered lbunes 3-dB
beam altimetry footprints have been considere@AR images a number of dune-interdune cycles rgngom 8 to 12
in each selected altimetry footprint can be distisged.

Footprint selection performed over this dune figidludes every footprint between the #5and the 1160 burst
acquisition. In this case horizontal resolutiongesfrom 26 to 31 km.

Assuming a Gaussian heights distribution for theedfields, we estimated the dunes heights frormetty data via a
Maximum Likelihood Estimation (MLE) procedure amuli along with a non-coherent Cassini electromagrstjnal
model [18, 20]Because of the very high percentages of superiiposirea between subsequent footprints we applied
this procedure after an incoherent average of lilnetry echoes obtaining 20 significative dunesghts (Sdh =
4 - rms height) estimations in order of 55 - 110 meters (see FidgtEse values match with previously estimatedeslu
given by radarclinometry [12, 14] and SAR — stefiR).
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Figure 1. Significative dune height (Sdht=rms height) distribution on the Fensal dune field

4. DUNESANALYSISTHROUGH SAR IMAGESIN FENSAL REGION

Some areas covered by the SAR images acquiredripaFeegion are characterized by bright and daiipest that
correspond to longitudinal dunes (Fig. 2b).

The mean interdune spacing in a localized aredeagstimated through the analysis of the correspgmbrtion of the
SAR image in the Fourier domain. From the Fourransform image, it is possible to find the dominapatial
frequency and thus compute the wavelength of thieogie surface power spectrum, corresponding toitierdune
spacing. In particular, for each area of interémstse steps have been applied:

Median filter to reduce very high frequencies (s§peckle);
Fourier transform the image;

1.
2.
3. Gaussian-shape filter in order to remove the vewyfrequencies;
4.

Find the dominant frequency in the azimut}) @nd rangef{) directions;

5. Compute the wavelength (i.e. the interdune spacihgs \/;7
fa®+1?

This procedure has been applied to each portidgheoSAR image corresponding to areas where durghthestimation
has been performed from altimetry data (fig. 4)]{26

By taking into account all the available flybyg3( T17, T28, T25 and T2%nd dividing the dark from the bright areas it
was possible to identify an expected decreasingdtimtween backscattering and sensor nominal incelangle for
both areas (Fig.2c).

In general, the variability around a mean trendigahat is present in both the dark and brightsaceen be caused by
several factors, such as the different slopes &ights of dunes, the amount of sand supply, thd samposition and
the surface roughness.

The different values between backscattering of daudk bright areas (i.e. blue and red points regmdgtin Fig.2c) can
be generally explained by considering more thansingle factor. For instance, assuming the samenmaaproperties
and root mean square (rms) heightover the two areas, backscattering differenceesabtiould be caused by a variation
of the local incidence angle which depends on #ging topography of the dunes. In this case thé glathe dune
oriented to the radar should result the brightest o
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Figure 2: (a) map combining all the RADAR swaths @mgal dune fields shows the parallel axis SAR olagienvs to dunes (T3,
T17) as well as the perpendicular (T25, T28, TZB); close view of the same area from the T3 SARYiyz) backscattering
coefficients versus off-nadir angle; blue and rethfs refer to samples lying in dark and brighipsts respectively, as extracted from
T3, T17, T25 and T28 SAR swaths.
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Figure 3. Dune field areas extracted from the SARgenacquired during the T28 flyby. Original imag, lassification between
dark and bright stripes (b), ROIs selected for thik drea (c).

5. CHARACTERIZATION OF SUPERIMPOSED ROUGHNESS ON DUNES

To estimate a possible range of values for theasarfoughness of dunes, some hypothesis are needed:

» Only surface scattering generated at the air-satedface is relevant. Volume scattering is assunagigible;

» Dune field is approximated by a sinusoid,;

» Backscattering variability detected in the SAR imagxels is caused by different incidence anglheatsurface
and not by difference in the surface material.

We retrieved dunes slope by combining SAR and aliémdata. We have analyzed a perpendicular axtbeoSAR
observations with respect to dune directions fro28 Tn the Fourier domain and we found the dominspatial
frequency (Fig.4).
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Figure 4 (a) Through an analysis in the Fourier domain ARSmages on dunes it is possible to find their dwamt spatial
frequencyj(b) estimated interdune spacing.
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Figure 5. System geometry (a); rms incidence aalgleg T30 altimetry track on Fensal dune field (S#fRnadir anglef is 23°)(b).

This information was used, as described in Seetijdo compute the wavelength of the periodic sérfaawer spectrum,
corresponding to the white zones spacing on SARyém&onsidering the image scale equal to 175m p&i, pve
derived the dunes rms incidence angle along Femregpbn by means of Significative dune height (Sdi - o)
estimated from T30 altimetry data (Fig.1) and mdane spacing from T28 SAR image (Fig.4). The derived angles
range about 2°- 4° (see Fig.5b) and are given éitmple formula:

a = tan"1[Sdh/(5/2)]
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Figure 6: (a) Backscattering coefficients versus inaimincidence angle and GO model best fitting. Béunel red points

refer to samples lying in dark and bright stripespectively, as extracted from T25, T28 and T29 Siths; (b)

Distribution of values using T3 and T17 SAR swatlke@m values difference is equal to 4.4 dB); (c) Geaam®ptics model

curves for different rms slopes on dark area. Dolitees indicate the extreme incidence angles (26°) due to off-nadir

and dune slopes observed from T3 SAR image.

Electromagnetic models have been adopted in thetpastrieve information about the roughness dfire surfaces
[16].

The Integral Equation Model (IEM) is a model withvae range of variability which can be used fotthsurfaces with
small and large values of roughness.

Due to the high frequency of Cassini radar (13.F&5we can assume the standard deviation of reigithin the SAR
resolution (about 300m x 300 m) larger respecth® wavelength (2.17 cm). In this high frequencyiorghe IEM

reduces naturally to the Geometric Optics (GO)tamiu[21]. We can assume valid the Kirchhoff appnoation as well
[28]. Thus the backscattering coefficient is givgn

2
B L/
IR(0)[2e 207107 )

9) =
a(6) 202|p""(0)|cos*6

where 0 is the incidence angle; is the rms slope,|R(0)| is the Fresnel reflection coefficient evaluatechatmal
incidence,p is the correlation coefficient angh’’(0)| is the second derivative @f evaluated in the origin of the
function [16].

The last step is the extraction of backscatteriafpas from dark and bright areas on T25, T28 anél $2R
(perpendicular axis SAR observations to Fensal slungones reported in Fig.6a have been obtairad BAR pixels
acquired at different off-nadir angles over the tareas (dark and bright). By investigating the damgbackscattering
behavior over Fensal, we found a best fit with@@ model for values of rms slopes of around 0.2B@@8 rad for the
dark and the bright area respectively (Fig.6a).

However, these possible values of roughness dexmtin the total difference in the backscatteogfficient values
between bright and dark areas. GO model showsathtte incidence angle of 23°+3° the variation atliscattering
should be in order of 2.1 dB (Fig. 6c; for rmspsoof 0.23 rad). As indicated in Fig.6b, the tdtakckscattering



difference detected is around 4.4 dB. Differentignf Fig.6a, the dataset we used Fig.6b includeaBT17 SAR

swaths. This choice is based on the consideratianthe parallel axis SAR observations to dunestaenly swaths
that should include the backscattering dependewce dune slope.

One possible interpretation is that the total vaniaof backscattering coefficients could be caubgdan incorrect
modeling of the dune shape combined with a roughagrd dielectric properties variability as well.

Concerning dune’s shape modeling, because of thénear interaction at the interface between thdase and the
atmosphere, the wave crests could be more peakedtiie wave troughs. This effect should be evelyttaken into

account by giving to the surface height probabitiignsity function a non-symmetric behavior thatision- zero
skewness coefficient [27, 29].

Further investigation is therefore needed to evalaad eventually separate the different contrimgtigiven by these
factors.

6. CONCLUSION

SAR images together with altimetry data have bewlyaed to investigate the topographic and morgiiolproperties
of Fensal dunes on Titan.

Both datasets have been used to estimate dunes ahopto derive incidence angles values. GO battksicey model
applied to a multi-angular backscattering obseovetidataset allowed inferring about possible vafoesmall scale
roughness that should characterize dune field cesfa

We found that dunes slopes within superimposed lmoegs evaluated by mean of GO model simulations dog¢
completely justify the backscattering differencéviEen bright and dark areas on dunes.

Further investigation is needed to evaluate andteradly separate the contribution given by an inectr modeling of the
dune shape as well as a roughness and dieleotperires variability in the dune areas.
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