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a b s t r a c t

We model radar scattering by planetary surfaces using a ray-optics algorithm that includes Fresnelian

reflection and refraction, diffuse scattering, and coherent backscattering. We enhance the realism of the

ray-optics algorithm by using scattering particles that are geometrically representative of the surfaces and

interiors of planetary bodies. The shapes as well as the dielectric properties of the scattering particles

have been characterized in laboratory. The results demonstrate the effects of various physical parame-

ters on radar scattering with an emphasis on asteroids. We present the effects of number density, size

distribution, and dielectric and geometric properties of scattering particles on the radar reflectivity and

circular-polarization ratio of planetary surfaces. We also briefly discuss applications to the Galilean Moon

Europa and comets.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

During the last few decades, a vast literature describing the

radar scattering properties of various Solar System objects has

accumulated. Simultaneously, there is a shortage of work on what

the observations imply about the physical properties of the diverse

planetary surfaces. We simulate radar scattering using an algo-

rithm of ray optics and diffuse scattering. We enhance the realism

by using scattering particles that are geometrically representative

of the surfaces and interiors of planetary bodies. Thus, we can

simulate multiple scattering in planetary surfaces, including dust,

boulders, or broken rock or ice more accurately than has been

done before.

In the modern radar observations, the most common setup for

the transmitted signal is a fully circular polarization with a fre-

quency of 2380 MHz (S band, the wavelength λ = 12.6 cm) or

8560 MHz (X band, λ = 3.5 cm). The echo can be received simul-

taneously in the same (SC) and opposite circular (OC) polarization

states as compared to the state of the echo originally transmitted.

The echo power in the SC sense depends substantially on the

physical properties of the target. For example, in a simple reflec-

tion at normal incidence on an interface between two isotropic,

dielectric media that is either planar or has a radius that greatly

exceeds the wavelength of the incident radiation, the handedness
∗ Corresponding author. Tel.: +358 503185480.
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f the circular polarization turns fully. Craters, boulders, or any

avelength-scale irregularities, on the other hand, cause part of

he radiation to remain in the original helicity. Therefore, the ra-

io of the echo power in the SC sense to that in the OC sense,

.e., the circular-polarization ratio, has traditionally been used as

measure of the target’s near-surface, wavelength-scale geometric

omplexity, or ”roughness” (Ostro et al., 2002).

Currently, data for about 700 asteroids have been obtained us-

ng planetary radar. Fig. 1 illustrates observational data for 120 as-

eroids, for which both the circular polarization ratio and the (OC)

adar albedo have been published.

As Fig. 1 demonstrates, in some cases the circular-polarization

atio depends on the spectral taxonomy type of the asteroid, which

as been measured on optical and infrared wavelengths. As well,

he mean circular-polarization ratio of the near-Earth asteroids

NEAs) is higher than that of the main-belt asteroids (MBAs), as

hown by, e.g., Benner et al. (2008). The variation of the circular-

olarization ratios between the different spectral or population

ypes are explained by the dependence of the surface roughness

n the type, which is related to how the asteroid has formed

Benner et al., 2008; Shepard et al., 2008b). As well, the circular-

olarization ratio can vary substantially even locally, within some

pecific asteroids (Virkki et al., 2014) and inside and near craters

Campbell et al., 2010; 2009), which also implies that the variation

s caused in large part by geometric characteristics, i.e., the surface

oughness.

The circular-polarization ratio can vary only due to electric per-

ittivity (Mishchenko and Hovenier, 1995; Virkki et al., 2013).

http://dx.doi.org/10.1016/j.icarus.2016.01.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.01.011&domain=pdf
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http://dx.doi.org/10.1016/j.icarus.2016.01.011
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Fig. 1. The radar properties of asteroids of different spectral groups. The gray mark-

ers depict main-belt asteroids and the black markers near-Earth asteroids. The Q, D,

and T types, with only one representative asteroid in each, and two V types are

included with the S type. The types of two asteroids were unknown. For comets,

the OC radar albedo is typically less than 0.1 and circular-polarization ratio 0.1–

0.6 (Benner et al., 1999; 2002; Brozovic et al., 2009; Busch et al., 2006; de Pater

et al., 1994; Harmon et al., 1989; Hudson et al., 2000; 2003; Koyama et al., 2001;

Magri et al., 2007a; 1999; 2007b; Mitchell et al., 1996; 1995; Nolan et al., 2005; Os-

tro et al., 2005; 2004; 1983; 1985; 1999; 2001; 1991; 1989; Shepard et al., 2008a;

2008b; 2010; 2015; Spence et al., 1997; Zaitsev et al., 1997).
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owever, no robust evidence has been published to explain the

ariation of the circular-polarization ratio between the different

axonomic types of asteroids, comets, or the local variations in

erms of electric permittivity. Therefore, the effect of the elec-

ric permittivity on radar scattering plays a significant role in this

aper.

The radar albedo is shown to depend on the density of the scat-

ering medium. The near-surface density, which has been discussed

n several papers (Garvin et al., 1985; Magri et al., 2001; Ostro

t al., 1985; Shepard et al., 2008a; 2010) is thus related to the

lectromagnetic properties, as the dielectric constant has a posi-

ive correlation with density (Rayleigh, 1892). Shepard et al. (2010)

uggest that the large range of the values of radar albedo as well as

ircular-polarization ratio among the M and X type asteroids, and

lso within specific asteroids, is a result of exaggeration of the ir-

egularities in the shape by the radar reflectivity. Note also that the

- and P-type asteroids may differ in terms of composition sub-

tantially compared to the M- and X-type asteroids.

For the icy Galilean Moons Europa, Ganymede, and Callisto, the

C radar albedos are 1.0, 0.6, and 0.3, and the circular-polarization

atios 1.5, 1.4, and 1.2, respectively (Campbell et al., 1978; Ostro

t al., 1992). These peculiarly high values have been explained with

he coherent-backscattering mechanism (CBM), which can enhance

he circular-polarization ratio at backscattering (Black et al., 2001;

apke, 1990; Mishchenko, 1992; Peters, 1992). The CBM will be

reated in this paper as well (the definition of CBM is reviewed in

ection 2.4).

Questions, which the current knowledge on radar scattering do

ot comprehensively answer, are, e.g., what role do different elec-

ric permittivities and geometries of the planetary surfaces play

n the radar reflectivity and polarization? Is the CBM the only
xplanation for the high circular-polarization ratios and radar albe-

os for the icy Galilean Moons? In which cases is the CBM relevant

or the radar scattering by asteroid or comet surfaces?

To outline the paper, we give a brief overview of the relevant

cattering theory in Section 2. We present the model particles and

he selected values for the materials and sizes of the particles in

ection 3. We illustrate and discuss the differences in the radar

cattering due to different physical parameters in Section 4. And,

nally, we summarize and draw conclusions based on the essential

esults in Section 5.

. Scattering theory

.1. Scattering matrix

The intensity and the polarization of an electromagnetic wave

an be presented using the Stokes vector I = [I, Q,U,V ]
T
, where I

tands for the intensity, Q and U for the linear polarization, and

for the circular polarization. The ensemble-averaged 4 × 4 scat-

ering phase matrix P(θ ) relates the incident and scattered Stokes

ectors Iinc and Isca:

sca = σs

4πR2
P(θ ) · Iinc,

∫
4π

d�

4π
P11 = 1. (1)

ere, θ is the scattering angle, i.e., the angle between the incident

nd scattered wave vectors, R is the distance of the scatterer from

he observer, and σ s is the ensemble-averaged scattering cross sec-

ion, which describes the total power scattered by a particle in

erms of incident power falling on the area σ s (van de Hulst, 1981).

Similar to σ s, we can define the absorption cross section as the

ower incident on the area σ a that is equal to the power absorbed

y a particle, and the extinction cross section as the power inci-

ent on the area σ e that is equal to the power removed from the

riginal beam by scattering and absorption, i.e., σs + σa. The ex-

inction, scattering, or absorption cross section divided by the pro-

ected area, A, gives the extinction, scattering, or absorption effi-

iencies (qe, qs, or qa), respectively. The ratio of the scattering ef-

ciency to the extinction efficiency is called the single-scattering

lbedo (ω), which describes the remaining power at each

cattering.

.2. Radar properties

Considering simulations of radar scattering, mainly the

ackscattering direction (θ = 180◦) is relevant. Using radar,

he integrated echo power is described using the radar cross sec-

ion, σ back. The radar cross section is 4π times the backscattered

ower per steradian divided by the power incident on a unit area

Bohren and Huffman, 1983).

If the radar cross section is divided by the projected area of the

arget, the total radar albedo is obtained (i.e., σback/A = σ̂T ). As well

s the radar cross section, the radar albedo can be indicated using

specific polarization state, σ̂OC or σ̂SC. In terms of the scattering-

atrix elements, we can define:

back = σsP11(180◦),

σ̂T = qsP11(180◦),

σ̂SC = σ̂T

2

(
1 + P44(180◦)

P11(180◦)

)
,

σ̂OC = σ̂T

2

(
1 − P44(180◦)

P11(180◦)

)
, (2)

The relationship between the OC radar albedo and Fresnel re-

ectivity RF is given by Ostro (Ostro et al., 1985) as σ̂OC = gRF ,

here the ’gain factor’ g depends on the target’s angular scattering
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Fig. 2. The interference effect of the coherent-backscattering mechanism. The phase

angle α = 180◦ − θ . The numbers 1, 2, ...N depict the order of scattering.
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law, shape, and orientation for large, absorbing objects. The Fresnel

reflectivity for a normal incidence is

RF =
∣∣∣m − 1

m + 1

∣∣∣2

, (3)

where m is the complex refractive index.

The circular-polarization ratio μC is the ratio of the echo power

in the SC polarization state to that in the OC polarization state. In

terms of the elements of the scattering matrix (see, e.g., Bohren

and Huffman, 1983), μC can be presented in the backscattering di-

rection for ensembles of particles in random orientations:

μC(180◦) = σback,SC

σback,OC

= σ̂SC

σ̂OC

= P11(180◦) + P44(180◦)
P11(180◦) − P44(180◦)

. (4)

For a spherical particle or a semi-infinite half-space of optically

isotropic and homogeneous material bounded by a plane interface,

μC(180°) = 0.

2.3. Linear-polarization ratio

The linear-polarization ratio is theoretically related to the

circular-polarization ratio at backscattering for ensembles of parti-

cles and their mirror particles (van de Hulst, 1981). Using a linearly

polarized incident wave Iinc = (1,±1, 0, 0), the linear-polarization

ratio can be defined in the backscattering direction as

μL(180◦) = P11(180◦) − P22(180◦)
P11(180◦) + P22(180◦)

, (5)

which is related to the circular-polarization ratio so that

at backscattering μL = μC/(2 + μC ) (Mishchenko and Hovenier,

1995). For ground-based observations, circular polarization is a

safer choice for the signal than linear polarization, because the

charged small particles in the atmosphere may cause rotation of

the polarization.

2.4. The coherent-backscattering mechanism

Multiple scattering by a medium with numerous scatterers is

the sum of two parts: the incoherent and coherent scattering. The

incoherent part refers to the diffuse radiation by the first-order

scattering and the so-called ladder terms of the Bethe–Salpeter

equation (Tsang et al., 1985). The coherent part refers to the inter-

ference of conjugate pairs of waves scattered along two reversed

trajectories (see Fig. 2). In the exact backscattering direction, the

interference is always constructive, which causes a backscatter-

ing peak. Therefore, the enhancement mechanism is called the

coherent-backscattering mechanism (CBM). The coherent part is

the sum of the cyclical terms of the Bethe–Salpeter equation. The

CBM is more relevant for wavelength-scale scatterers than for scat-

terers in the geometric-optics regime.
The coherent backscattering term, or the cyclical component at

ackscattering (superscript C), can be theoretically derived from

he ladder components (superscript L) (Mishchenko, 1996):

PC
11 = σ L

s

2σC
s

(PL
11 + PL

22 − PL
33 + PL

44),

PC
22 = σ L

s

2σC
s

(PL
11 + PL

22 + PL
33 − PL

44),

(6)

PC
33 = σ L

s

2σC
s

(−PL
11 + PL

22 + PL
33 + PL

44),

C
44 = σ L

s

2σC
s

(PL
11 − PL

22 + PL
33 + PL

44).

f only the incoherent (radiative transfer, superscript ”RT”) part,

nd the first-order-scattering (superscript ”(1)”) part are available,

he ladder part is computed so that

L
s PL = σ RT

s PRT − σ (1)
s P(1) (7)

sing these equations, σ̂SC and σ̂OC including both the radiative-

ransfer and the cyclical parts are therefore

σ̂SC = qRT
s

2

(
PRT

11 + R11 + PRT
44 + R44

)
, and

ˆOC = qRT
s

2

(
PRT

11 + R11 − PRT
44 − R44

)
, where

R11 = 1

2

[
PRT

11 + PRT
22 − PRT

33 + PRT
44 −

(
P(1)

11
+ P(1)

22
− P(1)

33
+ P(1)

44

)σ (1)
s

σ RT
s

]
,

R44 = 1

2

[
PRT

11 − PRT
22 + PRT

33 + PRT
44 −

(
P(1)

11
− P(1)

22
+ P(1)

33
+ P(1)

44

)σ (1)
s

σ RT
s

]
.

(8)

. The computational methods

For the modeling, we use Siris, a code developed by Muinonen

t al. (2009) for simulating light scattering by Gaussian-random-

phere (GRS) particles (Muinonen et al., 1996) that are large com-

ared to the wavelength. The user is able to define the geometry,

ize, and material of the particles. The GRS particle is described in

pherical coordinates by the spherical-harmonics series as shown,

.g., in Muinonen et al. (1996, 2009); Peltoniemi et al. (1989);

irkki and Muinonen (2015b). We omit the mathematical formu-

ation here, as only relatively spherical GRS particles will be used.

he specific shape of the host particle plays here a minor role.

In addition to the ray-optics part, the algorithm includes diffuse

cattering. The diffuse medium can be considered as wavelength-

cale particles on the surface of a large host particle or inside it

a diffuse external or internal medium, respectively). Numerically,

he diffuse medium is treated as a user-defined scattering matrix,

hich is an average of numerous scattering matrices of single dif-

use scatterers (see Section 3.2 for the detailed description of the

veraging).

As the diffuse scatterers, we utilize three different irregu-

ar geometries (particles A, B, and C) that have been originally

aboratory-characterized to simulate light scattering by realistic at-

ospheric dust particles (Lindqvist et al., 2014). The surface to-

ography has been determined from a stereo pair of scanning-

lectron-microscope images acquired from different tilt angles. As

e can see in Fig. 3, which shows the dust particles, although the

hape characterization was carried out for micrometer-scale parti-

les, the shapes of decimeter-to-meter-scale boulders collected on

he Moon during the Apollo program closely resemble those of the

ust particles.

An orientation-averaged scattering matrix is computed for each

catterer, A, B, and C, using the discrete-dipole approximation algo-

ithm ADDA (Draine and Flatau, 1994; Yurkin and Hoekstra, 2011).
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Fig. 3. On the left: The scanning-electron-microscope images and the shape models of three dust particles (Lindqvist et al., 2014). In the text, the geometries of the dust

particles are referred to as particle A (on the top), B (in the middle), and C (on the bottom). On the right: Boulders of rock collected from the Moon (photo credit: NASA).

Table 1

The selected values of mean free path (l) and optical thickness (τ s)

for λ = 12.6 cm. The optical thickness corresponds to the mean free

paths and a mean layer thickness of 40 cm (see Eq. 9). The bottom

line lists the geometric, two-dimensionally projected surface density

of the layer of diffuse external medium for each optical thickness.

l (m) 0.13 0.38 0.63 1.26 2.52 5.04 10.08

l (λ) 1 3 5 10 20 40 80

τ s 3.08 1.05 0.63 0.32 0.16 0.08 0.04

κ s (%) 95 65 47 27 15 8 4
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n the discrete-dipole approximation, the scatterer is divided into

mall enough voxels that each can be treated as an electric dipole.

he number of dipoles per wavelength should be larger than 10

imes the refractive index (here, 15 is used as minimum). Also, we

sed filtered-coupled-dispersion mode for polarizability prescrip-

ion and interaction term instead of the default point dipoles and

attice dispersion relation when the real part of the refractive in-

ex exceeded 2.

The default orientation-averaging algorithm of the ADDA was

onsidered overly time-consuming for the largest particles. In or-

er to reduce the required CPU time, we used a cubature method

y Penttilä and Lumme (2011). This decreased the number of ori-

ntations from 7200 to 2592 and the CPU time by 70–80% without

ignificant loss in the accuracy.

The diffuse external medium on the host particle can be physi-

ally considered as regolith pebbles or boulders on a planetary sur-

ace, e.g., an asteroid or a Moon. The quantity of surface material

aries greatly depending on the object, but also locally, as images

f asteroids, e.g., (25143) Itokawa show (Saito et al., 2006).

The number density is described using the optical thickness

τ s) for the diffuse external medium, and using the mean free path

l) for the diffuse internal scatterers. Physically, the mean free path

escribes the mean distance between two scattering events. For

oth cases, the algorithm also requires the single-scattering albedo.

The scalar extinction coefficient, k0, can be used for describing

oth τ s and l:

s =
∫ s

0

k0ds = k0s = s/l, l = 1

k0

, (9)

here, using the number and volume densities n0 and v0, respec-

ively,

0 = n0qeπa2 = 3v0qe

4a
, n0 = 3v0

4πa3
. (10)

The selected values are listed in Table 1. Extinction is assumed

o be exponential. The geometric, two-dimensionally projected
urface density of the layer of diffuse external medium is

s = (1 − e−τs ) × 100% (11)

The values were selected considering that the mean free path

hould exceed the wavelength and also, substantially, the mean

ize of the scatterers as the near-field effects between the particles

re not accounted for in the algorithm based on the Monte Carlo

ay-tracing technique. According to Virkki and Muinonen (2015a),

he near-field effects can have a significant effect on the SC radar

lbedo. Therefore, the results, which were computed using the first

alues in the list (e.g., l = 0.13 m), are included as points of high

nterest but should be considered with caution. The mean layer

hickness (s = 0.4 m) was selected based on the scatterer sizes (see

ection 3.2).

By default, Siris computes the scattering matrix including only

he radiative transfer part, that is, the single scattering and ladder

erms. Therefore, in order to include the cyclical part described in

ection 2.4, we carry out additional corrective computations using

q. (6) when treating wavelength-scale scatterers. This gives an ap-

roximation of the maximum enhancement caused by the CBM.

It has been recently shown by Muinonen et al. (2012) that the

adiative-transfer coherent-backscattering modeling is capable of

eproducing exact electromagnetic results for loosely packed finite

ystems of scatterers. This speaks for the relevance of the present

odeling of diffusely scattering external and internal media.

In addition, the output always includes numerical noise as typ-

cal for a Monte Carlo ray-tracing method. Therefore, we opti-

ize the CPU time by using enough (6–10 million) rays to reach

n acceptable accuracy for the scattering matrix, and carry out a

moothing spline fit (Hastie and Tibshirani, 1990) to the required

cattering-matrix elements before computing the CBM corrections

nd the radar parameters.

For example, if we model the scattering-matrix elements by the

elation Yi = η(θi), where θ i is one scattering angle between 90°
nd 180° with a resolution of 1°, the smoothing spline estimate η̂
f the function η is defined to be the minimizer of

f (η̂, β̂ ) =
91∑

i=1

(Yi − η̂(θi))
2 + β̂

∫ 180◦

90◦
η̂′′(θ )2dθ . (12)

bove, β̂ is a smoothing parameter that controls the fidelity be-

ween the data and roughness of the function estimate. Here, we

se values of β̂ case-by-case from 0.05 to 0.1. The values have been

hosen empirically so that the fit does not excessively try to follow

he noise (too small a value) nor to smooth down the possible cur-

ature (too high a value).
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Table 2

The electric permittivities and refractive indices of the materials. The second col-

umn lists the electric permittivity of the diffuse scatterers, the third column lists

the refractive index of the host particle, and the fourth column lists the refractive

index of the scatterer relative to the medium, i.e., in the case of the internal scat-

terers (the last four lines), mr = ms/mp. The fifth column lists the average single-

scattering albedo for each material. The porosity of porous (or powdered) ice is

52%, estimated using the Rayleigh mixing formula (Rayleigh, 1892), and FGR refers

to fine-grained regolith (here, powder density c. 1 g/cm3, as given in Campbell and

Ulrichs, 1969).

Material εs mp mr ω

Solid ice 3.17 + 0.004i 1.78 + 0.001i 1.78 + 0.001i 0.99

Rock 1 4.67 + 0.022i 2.16 + 0.005i 2.16 + 0.005i 0.94

Rock 2 6.45 + 0.051i 2.54 + 0.01i 2.54 + 0.01i 0.90

Voids in solid ice 1.0 + 0i 1.78 + 0.001i 0.56 + 0i 1.0

Ice in porous ice 3.17 + 0.004i 1.36 + 0.001i 1.31 + 0.0007i 0.99

Rock 2 in solid ice 6.45 + 0.051i 1.78 + 0.001i 1.43 + 0.006i 0.93

Rock 2 in FGR 6.45 + 0.051i 1.375 + 0.001i 1.85 + 0.007i 0.92
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3.1. Materials

For asteroids, relevant materials to study are silicate-, carbon-,

and basalt-rich materials. We describe rocky materials referring to

common silicate-rich rock types such as anorthosite, olivine, and

basalt. Materials with high metal content are numerically prob-

lematic due to their magnetic properties that are unknown at mi-

crowave frequencies and their extremely high absorption. Also, ice

will be discussed as a relevant material especially for the Galilean

Moon Europa.

Table 2 lists the materials that were selected for the study as

well as their scattering properties. The first section includes val-

ues of electric permittivity of the scatterers (εr), refractive index of

the medium (mm), relative refractive index of the scatterers (mr),

and the single-scattering albedo (ω) selected for diffuse external

scatterers: Ice and two types of rocky material. The first type of

rock (”rock 1”) refers to fractured or porous silicates with negligi-

ble metal content. The second type (”rock 2”) refers to solid silicate

rock with minor metal content.

The values have been selected using the microwave electric

permittivities (at frequency of 450 MHz) reported by Campbell

and Ulrichs (1969) as guidelines. For example, for olivine and

anorthosite, refractive indices of 2.49 + 0.013i and 2.61 + 0.0096i

can be deduced from the reported electric permittivities. For

basalts, the refractive index varies from 2.37 + 0.012i to 3.10 +

0.145i. For nearly all of the powders that they measured, it was

concluded that with a density of 1.0 g/cm3, the electric permittiv-

ity can be approximated to 2.0 (±10%). Measurements of electric

properties of meteorites support the applicability of the values (E.

Heggy, personal communication).

For pure, solid water ice, the complex refractive index is from

1.76 + 0i to 1.77 + 0.0001i, slightly depending on the literature

source as Warren shows in Warren (2008). In space environment,

however, the ice is likely to host impurities that slightly increase

the real as well as the imaginary part of the refractive index. The

ice treated here (solid as well as porous) is not considered com-

pletely pure water ice but is assumed to include microscale im-

purities such as dust or other non-volatiles, which increases the

real and imaginary parts of the refractive index slightly. There-

fore, we use, by default, m = 1.78 + 0.001i for solid ice, and use

non-absorbing ice (m = 1.76 + 0i) only for demonstrative reasons

in Section 4.3.

In the second section, the selected values for the diffuse inter-

nal scatterers are listed: Macroporosity or void inclusions in solid

ice, solid ice in porous ice (porosity of 52%), rock 2 in ice, and rock

2 in dust-like, fine-grained regolith (abbreviated below as FGR).

The refractive indices for solid ice and rock 2 are the same as
or the diffuse external medium. In addition, FGR is introduced

ith, here, mp = 1.375 + 0.001i (powder density of approximately

g/cm3) and porous ice with mp = 1.36 + 0.001i. Note that the rel-

tive refractive index of rock 2 in FGR could also apply to rock in-

ide porous ice.

The radar observations can also be utilized to constrain the re-

listic range of refractive indices of certain types of planetary tar-

ets. Estimate of the refractive index is important not only with re-

ard to modeling, but can help to evaluate the chemical (e.g., the

ontent of metal) and structural composition (e.g., the density or

he porosity) of the surface, which are related to the refractive in-

ex. Consequently, implications of the formation of the planetary

ody can be acquired.

Assuming that Eq. (3) applies and Im(m) � Re(m), the mean OC

adar albedo for the C-complex asteroids, σ̂OC ≈ 0.12 ± 0.05, con-

trains the real part of the refractive indices to extend from 1.7 to

.4. For an average S-type asteroid σ̂OC ≈ 0.15 ± 0.04, which allows

range of Re(m) to extend from 2.0 to 2.6.

For comets, the observed OC radar albedos are relatively low,

hich suggests low refractive indices (Re(m) < 2). However, con-

idering the surface as ice is unrealistic: Spectral measurements by

osetta spacecraft of the comet 67P/Churyumov–Gerasimenko sug-

est crustal composition of polyaromatic organic solids mixed with

ulfides and iron-nickel alloys. No ice-rich patches were observed

Capaccioni et al., 2015).

For X-complex asteroids with high metal content, m = 2.9 +
.02i or higher values for both the real and the imaginary parts

ould be realistic. If the iron content is very high, also the mag-

etic permeability can become prominent (much greater than 1),

nd thus, affect the refractive index. However, as was evident in

ig. 1, the X complex shows the widest range of values in σ̂OC,

hich implies a wide spread in the composition as well. There-

ore, all X-complex asteroid are not likely to have a high metal

ontent, although their spectra measured on optical and infrared

avelengths may be similar.

.2. Sizes

The size relative to the wavelength is described using the size

arameter:

= 2πa

λ
, (13)

here a is the mean radius. For irregular particles, we use the

olume-equivalent-sphere size parameter.

The size-averaged scattering phase matrix P(θ ) is computed by

eighting each particle using the size distribution, n(x), and the

cattering cross section, σ s:

(θ ) = 〈P(θ, x)〉 =
∑max(x)

x=0.5
P(θ, x)n(x)σs(x)∑max(x)

x=0.5
n(x)σs(x)

. (14)

or the extinction and scattering efficiencies, the weighted aver-

ges are, respectively:

qe〉 =
∑max(x)

x=0.5
σe(x)n(x)∑max(x)

x=0.5
A(x)n(x)

, 〈qs〉 =
∑max(x)

x=0.5
σs(x)n(x)∑max(x)

x=0.5
A(x)n(x)

. (15)

he average single-scattering albedo is therefore 〈ω〉 = 〈qs〉/〈qe〉.

Based on the studies by Shoemaker and Morris (1968);

atsuhiro Michikami et al. (2008), the size distribution of regolith

articles can be approximated using the power-law size distribu-

ion n(a) ∝ a−3. The effect of the power-law index is not very sig-

ificant, i.e., a 10 % change in the power-law index causes less than

0 % change in the average scattering-matrix elements.

For wavelength-scale scatterers, we only compute the scatter-

ng for particles, for which the weight on the diffuse-medium-

cattering matrix is larger than 3 % of the maximum and x ≤ 20.



A. Virkki, K. Muinonen / Icarus 269 (2016) 38–49 43

Fig. 4. The normalized weight as a function of size using different refractive in-

dices. Using λ = 12.6 cm, the mean radius of a scatterer a ≈ 2x cm.
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he lower limit is held at x = 0.5 for all the scatterers, but due

o the limitation, the upper limit varies case-by-case. An exception

s made for the shortest mean free path (l = 0.13 m), for which

≤ 10.

The normalized weights of the utilized refractive indices are il-

ustrated in Fig. 4 using normalization:

ax(x)∑
x=0.5

n(x)σs(x) = 1

By default, we use 252 m as the mean diameter of a host par-

icle, that is, the asteroid, and λ = 12.6 cm (S band), in which case

he minimum absolute mean radius amin = 1 cm and the maxi-

um mean radius amax = 40 cm. From Fig. 4 we can therefore

educe that the most effective mean scatterer diameter in terms

f the S-band radar is only 5–8 cm when Re(m) > 1.5. When

e(m) < 1.5, the particles with a mean diameter of 16 cm are the

ost effective contributors.

If the wavelength were 3.5 cm, amin = 0.3 cm and amax = 11 cm

or the same range of size parameters, and the most effective mean

iameters were 1–4 cm. Or optionally, if the wavelength were

0 cm, we would have amin = 6 cm and amax = 222 cm and the

ost effective mean diameters were 20–90 cm.

For comparison, we also utilize another set of super-

avelength-scale scatterers, i.e., boulders, for which the scattering

roperties were computed by Virkki and Muinonen (2015b). Essen-

ially, for the present study, ensemble-averaged scattering phase

atrices are computed for GRS particles (see Section 3), which are

.8–3 meters in radius (using λ = 12.6 cm) and do not include dif-

use scattering in any form. The standard deviation of the radius is

.1 for 50% of the GRS particles and 0.2 for the second 50%. Simi-

ar to the wavelength-scale scatterers, power-law size distribution

ith a power-law index of −3 has been utilized for computing the

nsemble-averaged scattering matrix.

. Results and discussion

First, we discuss the geometric effects by comparing irregular

nd spherical scatterers. The differences due to the geometry are

emonstrated first in terms of single scattering and then in terms

f multiple scattering. Second, we discuss how the number density

f the irregular external or internal scatterers or the CBM affect

he radar observables (σ̂SC, σ̂OC, and μC) when different materi-

ls are used. Third, we compare the multiple scattering by peb-

les (wavelength-scale scatterers) to boulders (scatterer size much

arger than the wavelength) in order to discuss the effect of the

ize distribution and absorption. And last, we discuss the simula-

ion results in terms of planetary surfaces.
.1. Single scattering and the effect of the geometry

Figs. 5 and 6 illustrate the average scattering-phase-matrix ele-

ents, which are utilized as the input data for the diffuse external

nd internal media, respectively. Here, the scattering-phase-matrix

lements of irregular scatterers and their average are compared

o those of perfectly spherical scatterers, when only single scat-

ering is treated. As is well known, the polarization elements P22

nd P44 are the most sensitive to the scatterer shape at backscat-

ering. Especially for ice particles, the scattering-phase-matrix el-

ments reveal distinct differences in the backscattering direction

etween spherical and irregular scatterers, which could suggest a

trong enhancement in the backscattering direction when applied

o the multiple-scattering scenario.

Fig. 7 illustrates the radar observables (including the CBM cor-

ection) as a function of the number density of the scatterers (as

xplained in detail in Section 3). The computations carried out us-

ng spherical particles compared to irregular particles of ice and

ock reveal a remarkable difference. Indeed, while the values of μC

nd σ̂OC computed using rock 2 can double when using spheri-

al scatterers instead of irregular ones, for ice, they can triple. As

or σ̂SC, the geometry as well as the electric permittivity play a

maller role. In the case of internal scatterers (Fig. 8), the specific

hape plays a secondary role for the OC radar albedo as well.

What causes the dramatic difference between the geometries

n the external case, and between the external and internal cases?

he major part of σ̂OC arises from the first-order backscattering in-

ependent of the geometry of the scatterers (Virkki and Muinonen,

015a) (see Fig. 9). Therefore, what we see in the single-scattering

eatures is reflected in the multiple-scattering features: a backscat-

ering peak of a spherical scatterer causes extra enhancement com-

ared to an irregular scatterer. As for σ̂SC, already the first-order

ackscattering may contribute, but only if the scatterers are irreg-

lar. In the case of spherical scatterers, σ̂SC arises only from the

econd and higher orders of scattering.

In addition to the geometry, the path of the radiation and the

aterial affect the echo. As Figs. 5 and 6 show, the radiation tends

o scatter more forward than backward. As for the external scatter-

rs, the forward-scattered radiation in the first-order scattering is

ikely to be absorbed into the host particle. The most likely con-

ribution to the echo after the first-order backscattering is thus

wo scatterings in angles of approximately 90°, commonly known

s double bounce. In between the scatterings, a reflection from

he surface of the host particle is also possible. As for the inter-

al scatterers, more forward-scattering takes place, but the signal

s also more sensitive to the absorption of the material. Therefore,

.g., void inclusions enhance σ̂SC more than the rock inclusions in

ce. In addition, small part of the signal power is reduced on each

ass of the surface of the host particle in Fresnel reflections and

efractions.

.2. The number density of scatterers

Let us begin here with the diffuse external medium. Fig. 10 il-

ustrates the effect of the optical thickness on σ̂SC, σ̂OC, and μC

sing three different materials: solid ice, and two different rocks

see Section 3.1 for the details). As well, the effect of CBM is pre-

ented compared to the radiative transfer solution. Note that σ̂OC

or τs = 0 is not a result of simulations but computed using Eq. (3).

imilarly, σ̂SC and, consequently, μC for τs = 0 are assumed to be 0.

Fig. 11 shows the scattering properties for the diffuse internal

catterers, which mimic macroporosity or void inclusions in solid

ce, solid ice in porous/powdered ice (porosity of 52%), rock 2 in

ce, and rock 2 in dust-like, fine-grained regolith (FGR). The CBM

s included but not compared to the radiative-transfer solution for

llustration clarity. Similar to the diffuse external medium, the CBM
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Fig. 5. From the top: P11, −P12/P11, 1 − P22/P11, and P44/P11 as a function of the scattering angle when the scatterers are composed of ice (the first column), rock 1 (the

second column), or rock 2 (the third column). The dashed, dotted, and dash-dotted lines depict the three different irregular geometries and the black line the average of the

three. The gray solid line depicts spheres with the same size distribution.
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increases the SC and OC radar albedos. Therefore, these values can

be considered as upper bounds.

We can make several interesting interpretations from Figs. 10

and 11. First, a larger number density of surface scatterers in-

creases, and only increases σ̂OC, i.e., the radar reflectivity is not

only a function of metal content (here, the electric permittivity) or

the surface density but also the surface roughness. Therefore, both

σ̂OC as well as μC can be expected to be greater for asteroids with

wavelength-scale scatterers on the surface than for asteroids in the

same taxonomic class and comparable near-surface packing density

without wavelength-scale scatterers.

Second, the CBM increases all radar observables, as expected.

The enhancement depends on the number density of multiple scat-

tering but not the electric permittivity, and it is more substantial

for σ̂SC than for σ̂OC.

Third, for the internal scatterers, the echo power depends sub-

stantially on the mean free path, and also, the absorption of the

scatterers. If the mean free path is small enough, i.e., comparable

to one wavelength, solid ice inclusions in ice powder with poros-

ity of 52% reproduce μC as high as 2.0. Although short mean free

paths should be considered with caution in ray-tracing models,

the result is reasonable: for scatterers with low absorption in a

medium with low absorption as well, the circular-polarization can

be effectively enhanced by the multiple scattering as we discussed

in the previous section.
Rock scatterers in ice produce fainter SC and OC echoes than

oid inclusions in ice (or solid ice inclusions in ice powder), likely

ue to their higher absorption. The values of μC are comparable

o voids inside solid ice due to the single-scattering properties of

he void inclusions: although there is no absorption, there is also

o backscattering peak for the first-order-scattering contribution,

hich exists for the rock scatterers.

The strongest SC and OC echoes in our internal-scatterer model

s reproduced by rock 2 in FGR (or powdered/porous ice) with

ubstantial polarization ratios as well. This supports that also

ocks below the surface can produce prominent radar echoes and

ircular-polarization ratios even when there are no rocks on the

urface, however, depending on the absorption of the host mate-

ial. Note the fact that although the theoretical minimum of σ̂OC

s as low as 0.025, the mean free path of 10 m is enough to in-

rease it to 0.11. Similar to ice, the relative refractive index of rock

in FGR is such that a backscattering enhancement is prominent

n single scattering, which could partly explain the high values

f σ̂OC.

The results contradict, in part, the results by Black et al. (2001),

n which the SC and OC radar reflectivities, as well as μC, were

odeled using spherical solid-ice scatterers in porous/powdered

ce, void scatterers in solid ice, and rock scatterers in solid ice.

alues observed for the Galilean Moons were to be reproduced

y searching for the best fit for various physical parameters. The
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Fig. 6. From the top: P11, −P12/P11, 1 − P22/P11, and P44/P11 as a function of the scattering angle, when the scatterers are void inclusions in ice (the first column), solid rock

(2) in ice (the second column), and solid rock (2) in powdered rock (the third column). The dashed, dotted, and dash-dotted lines depict the three different stereogrammetric

geometries and the black line the average of the three. The gray solid line depicts spheres with the same size distribution.

Fig. 7. The SC and OC radar albedo and the circular-polarization ratio as a function of the optical thickness of the diffuse external medium, which is composed of the

irregular or spherical particles. Here, only ice (gray) and rock 2 (black) are compared for clarity. CBM is included.

Fig. 8. The SC and OC radar albedo and the circular-polarization ratio as a function of the mean free path in meters when using a diffuse internal medium that is composed

of irregular or spherical particles. Here, void inclusions (gray) and rock 2 (black) inside ice are compared. CBM is included.
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Fig. 9. The contributions of different orders of scattering to the radar echo in a dif-

fuse internal medium (on the left) or in a diffuse external medium (on the right).

The width of the arrow depicts the power of the signal and the number depicts

the order of scattering. Note that the Fresnel reflections and refractions are omit-

ted here for the clarity of the illustrations. Nevertheless, on each pass of the plane

interface, a small part of the remaining signal energy is lost.
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results suggested that only void inclusions in ice and solid ice scat-

terers in porous/powdered ice could reproduce the high SC and OC

radar reflectivities.

Their rock scatterer model, which was excluded from the possi-

ble solutions, had a relative refractive index 1.58 + 0.02i, i.e., very

high absorption, and the mean free paths in their model were as

small as 0.07 m, i.e., in or below wavelength-scale. Also, they did

not test rock scatterers inside porous/powdered ice, while in our

model, rock-2 scatterers in powdered rock, or ice, return system-

atically higher values of σ̂OC and μC than scatterers inside solid

ice. This implies that excluding rock scatterers from the explana-

tion for the high radar reflectivities and circular-polarization ratios

of the Galilean Moons should be considered with caution.

The rate of change in terms of the number density of scatter-

ers can be explained with the absorption of the materials. High

absorption of the scatterers and the host medium can have a de-

creasing effect on the radar observables as has been discussed also

in Virkki and Muinonen (2015b).
Fig. 10. The SC and OC radar albedo and the circular-polarization ratio as a function of t

the radiative transfer solution, and the black lines with corresponding line style that inclu

Fig. 11. The SC and OC radar albedo and the circular-polarization ratio as a function of the

CBM. The gray horizontal lines at 0.02 (porous/powdered ice or FGR, dark gray) and 0.08 (

only specular scattering, that is, no diffuse medium.
.3. Large boulders

The effect of absorption becomes even more prominent, when

he scatterers are large compared to the wavelength. In Fig. 12, the

imulated radar observables are illustrated for boulders, which are

.8–3 m in radius (see Section 3.2). Note that here, the CBM is not

elevant, as all scattering is ray optics. Instead, the absorption plays

ore significant part compared to the wavelength-scale scatterers

s a larger part of the incident radiation is absorbed by the dif-

use scatterers. For comparison, we also include ice boulders with-

ut absorption, using m = 1.76 + 0i (ω = 1.0), depicted ”ice 1”. For

ther materials, ω for ice (here, ”ice 2”), rock 1, and rock 2 are 0.61,

.27, and 0.25, respectively. The mean layer depth is 3 m.

We can see the same scattering features that we saw for the

avelength-scale scatterers: as the absorption increases, the rate

f change of the radar observables as a function of the number

ensity of scatterers decreases. In contrast to the wavelength-scale

catterers, for rock 1 and 2, the OC radar albedo even slightly

ecreases, as the number density of more absorbing boulders in-

reases. As was shown in Virkki and Muinonen (2015b), if Im(m) ≥
.005, diameter of 3 m is enough to absorb all energy, if Im(m) ≥
.01, diameter of 2 m is enough, and so on. Therefore the scattering

atrices of these materials are relatively similar on the selected

ize range and only small differences are visible due to different

ingle-scattering albedos.

.4. Interpretations in terms of planetary surfaces

Next, we compare the simulations to the observed values, be-

inning with the asteroid taxonomy discussed in Section 1. Fig. 13

epicts the modeled radar observables in the σ̂OC-μC space, which

nables more convenient comparison with the observed data in

ig. 1. Increasing the number density of scatterers moves the posi-

ion of the marker diagonally from lower left to upper right.

The range of modeled values is mainly comparable to the ob-

erved data, excluding the cases using the largest optical depths.

or wavelength-scale scatterers, the minimum modeled values

f σ̂OC are obtained using host particles (e.g., asteroids) with-

ut diffuse scatterers. The minimum observed values of σ̂OC are
he geometric, optical thickness of a diffuse external medium. The gray lines depict

ding the CBM.

mean free path in meters when using a diffuse internal medium and including the

solid ice, light gray) computed using Eq. (3) depict the OC radar albedo considering
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Fig. 12. The SC and OC radar albedo and the circular-polarization ratio as a function of the optical thickness when using large boulders on the surface of the host particle,

e.g., an asteroid or an icy satellite.

Fig. 13. The OC radar albedos and the circular-polarization ratio modeled using irregular wavelength-scale scatterers as a diffuse external (DEM) or internal medium (DIM)

or meter-scale GRS particles as DEM. From left to right, the squares and circles depict rock 2, rock 1, and ice, diamonds depict rock 2, rock 1, absorbing ice, and non-absorbing

ice, and triangles depict rock 2 in fine-grained regolith, rock 2 in solid ice, ice grains in porous ice, and voids in solid ice.
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pproximately 0.04, which corresponds to an effective Re(m) ≈ 1.5.

he maximum values of σ̂OC, as well as μC, are obtained using a

arge optical thickness, that is, in practice, a large number of sur-

ace scatterers.

NEAs have been observed to have higher mean circular-

olarization ratios than MBAs (Benner et al., 2008). This fact is not

vident in our sample because the number of NEAs with published

adar albedos is only 10% of those in the main-belt population;

herefore we will not discuss the difference here in further detail.

owever, the results support that, in average, the surfaces of the

EAs are likely more covered with wavelength-scale rubble than

hose of the MBAs.

For C-complex asteroids, the mean observed σ̂OC ≈ 0.12 ± 0.05

nd μC ≈ 0.19 ± 0.08 (using error of 1σ ). Our model suggests

ither very low number density of wavelength-scale scatterers on

he surface and/or mainly large boulders if any. For the S-complex

steroids, the mean observed σ̂OC ≈ 0.15 ± 0.04 and μC ≈ 0.25

0.09, which implies slightly more wavelength-scale scatterers

han for the C-complex asteroids. For (25143) Itokawa, observed

C varies between 0.26 ± 0.04 (Ostro et al., 2004) and 0.48 ±
.10 (Ostro et al., 2005). As images of Hayabusa show (Saito et al.,

006), the surface of Itokawa has plenty of variation in the size

istribution of boulders; therefore the observed values can depend

o great extent on the orientation of the asteroid during the

bservations.

Comets do not differ significantly from the C and S com-

lexes in terms of σ̂OC, but the observed values of μ vary
C
rom 0.105 ± 0.005 (C/IRAS-Araki-Alcock) (Harmon et al., 1989) to

.59 ± 0.04 (C/2004 Q2 Machholz) (Nolan et al., 2005). The im-

ges of Rosetta spacecraft of comet 67P/Churyumov–Gerasimenko

resent a very irregular surface where the size scales of the

eometric structures greatly vary: both very smooth and very

ough areas are present, which implies that the wide range of

bserved values of μC could be explained by differences in the

urface structure. However, further research concentrating specifi-

ally on cometary surfaces is required due to constantly growing

nowledge of the mineralogic differences between asteroids and

omets.

The X complex includes asteroids with high and low metal con-

ent. The M-type asteroids differ in terms of composition greatly

rom the P- and E-type asteroids. Those with high metal content,

e exclude from the model as explained in Section 3.1. The most

nteresting type of the X complex is the E type, for which only

elatively high values of σ̂OC and μC have been measured, i.e.,

ean values of 0.26 ± 0.11 and 0.74 ± 0.27, respectively. The best

t is in the case of internal scatterers rock 2 in FGR using l ≈
m, i.e., powdered regolith with inclusions of solid wavelength-

cale rock scatterers, possibly with moderate metal content but not

pecifically high. This conclusion is in a good agreement with the

ypothesis that the E-type asteroids are associated with the en-

tatite achondrites (Zellner et al., 1977), which have a brittle tenac-

ty (Sinkankas, 1966), and thus, easily fragment into smaller grains.

urthermore, the conclusion is in agreement with the observed

harp opposition effects and polarization surges in the visible
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regime of light, explained also by the CBM mechanism (Muinonen

et al., 2002).

The V-type asteroids have the second highest mean circular-

polarization ratio of all the asteroid taxonomic classes. The V-type

asteroids are also known as vestoids, because they are considered

to be fragments of (4) Vesta’s crust that were detached as a result

of a major impact (Binzel and Xu, 1993; Consolmagno and Drake,

1977). Radar observations would thus imply that as a result of the

impact, the vestoids are likely covered with impact ejecta including

rubble in centimeter-scale.

For any observed target, for which μC is high (>0.45), also σ̂OC

tends to be greater than the mean value for the S or C types which

supports the applicability of the model. We can interpret from the

model that the asteroid surfaces are mainly solid, or covered with

very fine-grained regolith. Extensive coverage of 10 cm-scale or

slightly smaller scatterers is a more local than systematic charac-

teristic of asteroid surfaces, especially for the MBAs.

5. Summary

We study the effect of the physical properties of a planetary

surface on radar scattering. We mimic a regolith using laboratory-

characterized scatterers, which constitute a diffuse medium on the

surface of a large host particle or inside it. This choice of geometry

is crucial especially for the diffuse external medium, i.e., the sur-

face roughness. We also investigate the roles of the scatterer size,

material, and the number density of the external or internal scat-

terers on radar scattering.

We find that the surface scatterers that enhance the S-band

radar echo most effectively are 5-8 cm in diameter. If the scatter-

ers are internal, particles that have diameter of 12–16 cm are the

most effective.

The radar reflectivity increases as a function of the number

density of the diffuse surface scatterers, or the surface roughness.

This applies to both σ̂SC and σ̂OC. The rate of increase depends

to some extent on the electric properties of the surface, and can

therefore be affected by the metal content as well as the near-

surface packing density. Also, the CBM enhances the radar observ-

ables. The enhancement depends on the number density of scatter-

ers, and it is more substantial for σ̂SC than for σ̂OC, which is why

the CBM increases μC.

For C-complex asteroids, our model suggests either very low

number density of wavelength-scale scatterers on the surface

and/or mainly large boulders if any. For S-complex asteroids, the

model implies slightly more wavelength-scale scatterers than for

the C-complex. For E-type asteroids, the abundance of metal has

been debated, but in our model, internal rock scatterers in fine-

grained regolith using a mean free path of approximately 2 m are

the best fit for the high circular-polarization ratio and OC radar

albedo.

The scatterer geometry is crucial especially for icy surface scat-

terers. This implies that extra caution should be taken when mod-

eling radar scattering using ice particles, as the surface geometry

may enhance the radar echo unexpectedly. The results support the

use of laboratory-characterized scatterers instead of simplified ge-

ometries. The radar scattering by the diffuse internal medium is

less dependent of the shape of the diffuse scatterers than radar

scattering by the diffuse external medium, because of the absorp-

tion of the host particle and the differences in the scattering tra-

jectories.

For the Galilean Moon Europa, the icy surface plays a prominent

part in the extraordinarily high radar reflectivity and circular polar-

ization ratio. We find that solid ice inclusions in porous/powdered

ice reproduce circular-polarization ratios, which are comparable to

the observed values. Rock inclusions inside porous/powdered ice

are capable of reproducing higher values of radar observables than
or example Black et al. (2001) suggest if the absorption of the

catterers is estimated lower. In addition, any surface scatterers can

nhance the radar echo.

To conclude, the results are a demonstration of the effects of

arious physical parameters on radar scattering, and thus, help to

xplain the variation of the circular-polarization ratios between the

ifferent taxonomic groups of asteroids as well as planetary sur-

aces in general. The greatest challenges of the model are the free

arameters, such as the size distributions and absorption, which

ave been shown to have major effects on the radar echo but can

e very diverse in different planetary surfaces. Albeit our model is

uantitatively well-established, the future is still open for improve-

ents and thus increasing our understanding of radar scattering.
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