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We review progress in the photometric and polarimetric observations of asteroids, including
theoretical and experimental advances in interpreting scattering and absorption of light by aster-
oid surfaces. Photometric phase effects, such as the opposition effect, the overall phase function,
and the so-called amplitude-phase relationship, provide insight into local physical characteris-
tics of the surface, e.g., surface roughness and porosity, and single-particle geometrical and
optical properties. Polarimetric phase effects, the negative degree of linear polarization in par-
ticular, unveil single-particle properties beyond those derivable from photometry. In order to
make progress in the interpretation of the observations, it is obligatory to consider the full vector
nature of light, as dictated by Maxwell’s equations. We review the primary physical mechanisms
for the opposition effect and the negative linear polarization. The coherent backscattering
mechanism has been established to contribute to the observed opposition effects and negative
linear polarizations. The traditional shadowing mechanism explanation of the opposition effect
has been studied via extensive computer simulations. Laboratory photometric and polarimetric
experiments with regolith-simulating samples provide an invaluable test bench for theoretical
modeling. We review the progress in laboratory work, emphasizing the need for experiments with
well-documented samples. We show simultaneous heuristic coherent-backscattering modeling of
asteroid photometric and polarimetric phase effects for different asteroid classes. The recent findings
imply enhanced future utilization of the phase effects for the benefit of asteroid science.

1. INTRODUCTION

Photometric observations for large numbers of asteroids
indicate an opposition effect, a nonlinear increase of disk-
integrated brightness at small solar phase angles, the angle
between the Sun and the observer as seen from the aster-
oid (Fig. 1a). Vast sets of asteroid polarimetric observations
show negative polarization, a peculiar degree of linear polar-
ization (I⊥ – I||)/(I⊥ + I||) for unpolarized incident sunlight:
At small phase angles, the disk-integrated brightness com-
ponent I|| with the electric vector parallel to the scattering
plane defined by the Sun, the asteroid, and the observer pre-
dominates over the perpendicular component I⊥ (Fig. 1b).

The photometric and polarimetric phase effects of aster-
oids have a colorful history, with important observational ad-
vances in recent years. B. Lyot discovered the negative po-
larization of (1) Ceres and (4) Vesta in 1934 (Dollfus et al.,
1989), while Gehrels (1956) discovered the opposition ef-
fect for the S-class asteroid (20) Massalia. In the late 1980s,
Harris et al. (1989b) recorded narrow opposition effects for
the bright E-class asteroids (44) Nysa and (64) Angelina, a

discovery of paramount significance for the overall theoreti-
cal interpretation of opposition phenomena. In the 1990s,
Rosenbush et al. (2002) made polarimetric observations of
(64) Angelina, obtaining evidence for a sharp polarization
feature similar to that observed for Saturn’s rings by Lyot
(1929). In our terminology, we do not distinguish between
the opposition effect and “opposition spike” (narrow oppo-
sition effect) and the negative polarization surge and “polari-
zation opposition effect” (sharp negative polarization surge).

During the past two decades, we have seen a crucial
advance in theories for the physical causes of the opposi-
tion phenomena: The coherent backscattering mechanism
(CBM) has been established to contribute to the photometry
and polarimetry of asteroids at small solar phase angles
(Shkuratov, 1985; Muinonen, 1989; Hapke, 1990; Mish-
chenko and Dlugach, 1993), challenging the traditional sha-
dowing-mechanism (SM) interpretations. CBM is a multiple-
scattering mechanism for scattering orders higher than the
second (inclusive), whereas SM is a first-order multiple-scat-
tering mechanism. There are several reviews on the mech-
anisms for the backscattering phenomena of atmosphereless
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solar system bodies (e.g., Muinonen, 1994; Shkuratov et al.,
1994), and we refer the reader to these reviews for a more
detailed history of, e.g., CBM and SM.

There are no exact electromagnetic solutions for light
scattering by what asteroid surfaces are presumably com-
posed of, i.e., close-packed random media of inhomoge-
neous particles large compared to the wavelength. The
related direct problem of computing scattering character-
istics for media with well-specified physical properties con-
tinues to pose a major challenge. In the inverse problem of
deriving information about the physical properties of aster-
oid surfaces based on the observational data available, it is
mandatory to make use of simplified scattering models. For
example, the most popular photometric models (e.g., Hapke,
1986; Lumme and Bowell, 1981) for the inverse problem
account for the single-particle albedo and phase function,
the volume density (or fraction) of particles, and the rough-

ness of the interface between the scattering medium and the
free space. We note that Hapke’s model has continued to
be the subject of critical debate (e.g., Mishchenko, 1994;
Hapke, 1996), a debate that we cannot enter into in detail. It
is widely agreed that separate analyses of disk-integrated
photometric or polarimetric phase effects provide two ill-
posed inverse problems. However, analyzing the two data-
sets simultaneously may remove some of the ambiguities.

CBM for the opposition effect is described in Fig. 2a for
second-order scattering. An incident electromagnetic plane
wave (solid and dashed lines; wavelength λ and wavenumber
k = 2π/λ) interacts with two scatterers A and B, which are
of the order of the wavelength to hundreds of wavelengths
apart, and propagates to the observer to the left. The two
scattered wave components due to two opposite propagation
directions between the scatterers interfere constructively in
the conical directions defined by rotating the light source
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Fig. 1. (a) Opposition effect and (b) negative linear polarization observations for C-, M-, S-, V-, and E-class asteroids. For illustra-
tion, the opposition effects are presented on a relative magnitude scale, and the negative polarizations of M-, S-, V-, and E-class aster-
oids have been shifted upward by 2, 4, 6, and 8 vertical units respectively. The solid lines illustrate results from heuristic theoretical
modeling (section 4). The polarimetric observations are from the Small Bodies Node of the Planetary Data System (http://pdssbn.
astro.umd.edu/sbnhtml). The photometric observations are: (44) Nysa, Harris et al. (1989b); (4) Vesta, Gehrels (1967); (6) Hebe, Gehrels
and Taylor (1977); (20) Massalia, Gehrels (1956); (22) Kalliope, Scaltriti et al. (1978); (69) Hesperia, Poutanen et al. (1985); and
(24) Themis, Harris et al. (1989a) (see section 4 for further information on observations and theoretical modeling).
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direction S about the axis L joining the two end scatterers.
We illustrate a scattering direction on the cone precisely
opposite to the light source direction. Thus, the exact back-
ward direction (phase angle α = 0°) is on the constructive-
interference cone for arbitrary locations of the two scatter-
ers, whereas in other directions, interference varies from
constructive to destructive. Three-dimensional averaging
over scatterer locations results in a backscattering enhance-
ment with decreasing angular width for increasing order of
interactions, because the average distance between the end
scatterers is larger for higher orders of interactions. The
scattering processes can be caused by any disorder or irreg-
ularity in the medium.

CBM for the negative degree of linear polarization is
explained for second-order scattering in Fig. 2b. The inci-
dent radiation is unpolarized by definition, which requires
the derivation and proper averaging of the Stokes vectors
corresponding to the scattered electromagnetic fields (Es)
for two linear polarization states of an incident plane wave
(Ei). In Fig. 2b, incident polarizations parallel and perpen-
dicular to the scattering plane (here referred to as the yz-
plane) are treated in the two leftmost and two rightmost
panels respectively.

Consequently, in Fig. 2b, an incident electromagnetic
plane wave interacts with two scatterers A and B at a dis-
tance d from one another aligned either on the x-axis or the

y-axis, while the observer is in the yz-plane. For the present
geometries, the constructive interference cones of Fig. 2a
reduce to the yz- and xz-planes, depending on the alignment
of the scatterers. Since first-order scattering is typically
positively polarized (e.g., Rayleigh scattering and Fresnel
reflection), the scatterers sufficiently far away from each
other (kd = 2πd/λ >> 1) interact predominantly with the elec-
tric field vector perpendicular to the plane defined by the
source and the scatterers (two upper panels), while inter-
action with the electric field vector parallel to that plane is
suppressed (two lower panels). The observer in the yz-plane
will detect negative polarization from the geometry in the
upper left panel of Fig. 2, and positive polarization from
the geometry in the upper right panel. However, the posi-
tive polarization suffers from the phase difference kd sin α,
whereas the phase difference for the negative polarization
is zero for all phase angles. Averaging over scatterer loca-
tions will result in negative polarization near the backward
direction. Scattering orders higher than the second experi-
ence similar preferential interaction geometries, and con-
tribute to negative polarization. As above for the opposition
effect, the contributions from increasing orders of scattering
manifest themselves at decreasing phase angles.

In an asteroid’s surface, SM is relevant for essentially all
length scales much larger than the wavelength of incident
light, and is the most striking first-order multiple-scattering
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Fig. 2. (a) Coherent backscattering mechanism (CBM) for the opposition effect. The multiply scattering electromagnetic wave com-
ponents propagating in opposite directions between the scatterers (solid and dashed lines) interfere constructively in conical directions
about the axis L, always including the exact backscattering direction (phase angle α = 0°). In other directions, the interference is arbi-
trary depending on the wavelength, and the distance and orientation of the first and last scattering elements. (b) Illustration of CBM
for the negative linear polarization for unpolarized incident light. In the yz-plane in the scattering geometry leading to positive polar-
ization, the interference depends on the phase difference kd sin α (upper right panel; k is the wave number), whereas the interference
is always constructive in the geometry causing negative polarization (upper left panel). Interaction with the polarization vector parallel
to the line connecting the elements is typically suppressed (two lower panels) as compared to interaction with the perpendicular po-
larization vector. Averaging over scatterer locations will result in an opposition effect and net negative polarization (see text).
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effect. We can distinguish between shadowing by the rough
interface between the regolith and the free space and shad-
owing by the internal geometric structure of the regolith.
In practice, it can be difficult if not impossible to discrimi-
nate between the two shadowing contributions in disk-inte-
grated photometric data. In both cases, SM is due to the fact
that a ray of light penetrating into the scattering medium
and incident on a certain particle can always emerge back
along the path of incidence, whereas in other directions, the
emerging ray can be blocked by other particles. The internal
SM depends mainly on the volume density of the scattering
medium, whereas the interfacial SM depends mainly on sur-
face roughness (here standard deviation of the interfacial
slopes). Modern modelings of the internal SM and interfa-
cial SM are offered by, e.g., Peltoniemi and Lumme (1992)
and Lumme et al. (1990) respectively.

We summarize the central questions raised by the obser-
vations of photometric and polarimetric phase dependences
for asteroids as follows: (1) What are the physical mecha-
nisms responsible for the observed phenomena? (2) What
possible knowledge can be derived from the observations?
(3) What observations are needed to draw conclusions about
the physical mechanisms? (4) What future astronomical ob-
servations will serve to progress asteroid science? We note
the fact that photometric and polarimetric observations can
yield information on the physical characteristics of aster-
oid surfaces, but not necessarily on asteroid interiors.

The books Asteroids and Asteroids II include excellent
reviews of the photometric, polarimetric, spectroscopic,
mineralogical, and petrological advances through the late
1980s. Bowell et al. (1989) were already aware of CBM
(or interference). In this chapter, we concentrate on photo-
metric and polarimetric phase effects of asteroids. [A com-
panion chapter (M. Kaasalainen et al., 2002) focuses on
the derivation of spin state, global shape, and semiempirical
scattering parameters from photometric lightcurves of as-
teroids.] Section 2 summarizes the observational progress
in groundbased photometry and polarimetry and spacecraft
photometry (there is no spacecraft polarimetry on asteroids).
In section 3 we review recent advances in studies of CBM
and SM. Recent experimental findings are reviewed with
emphasis on joint photometric and polarimetric measure-
ments of samples relevant for asteroid research. In section 4,
we present and discuss some heuristic modeling of the pho-
tometric and polarimetric phase effects. We close with fu-
ture prospects in section 5.

2. OBSERVATIONAL PROGRESS

2.1. Groundbased Photometry

A vast number of asteroid photometric lightcurves valu-
able for phase curve studies have been published by Harris
and Young (1989), Harris et al. (1989a,b), and Wisniewski
et al. (1997). Among others, these observations are included
with references in the Asteroid Photometric Catalogue (APC)
by Lagerkvist et al. (2001), nearly 10,000 lightcurves are
included.

The H,G magnitude system of asteroids (Bowell et al.,
1989) has been quite successful in general, playing a major
role in asteroid science. However, it suffers from certain
known drawbacks (e.g., Lagerkvist and Magnusson, 1990).
The H,G system fails to fit the narrow opposition effects
of E-class asteroids (Harris et al., 1989b). Furthermore, it
shows poor fits to the phase curves of certain dark asteroids:
A linear fit sometimes yields smaller rms errors (e.g., Piiro-
nen et al., 1994; Shevchenko et al., 1996). Verbiscer and
Veverka (1995) also analyzed the H,G magnitude system
using Hapke’s photometric model, and obtained photomet-
ric fits that were as good as those of the H,G system. How-
ever, we note that Hapke’s photometric model has five
parameters, whereas there are only two parameters in the
H,G system.

Striking dependence of the photometric phase curve on
the asteroid illumination and observation geometry in dif-
ferent apparitions was detected for certain well-observed
asteroids by Piironen et al. (1994) and Shevchenko et al.
(1996), yielding apparition-dependent H,G values. For (64)
Angelina, such apparition dependence had already been
discovered by Poutanen (1983). For near-Earth objects, it
was observed by Pravec et al. (1997), and was observed for
(83) Beatrix by Krugly et al. (1994). The phenomenon de-
rives from variations in the physical characteristics of the sur-
face or from global slope effects of a very irregular shape.
These observations indicate that one has to be careful in
analyses of photometric phase curves pertaining to differ-
ent apparitions. M. Kaasalainen et al. (2001) suggest ways
to overcome the underlying ambiguities by reducing the
phase curves to so-called reference illumination and obser-
vation geometries. In addition, the empirical reduction tech-
niques by Muinonen et al. (2002a) allow one to concentrate
on the opposition-effect enhancement factor and angular
width that can be independent of the apparition geometry.

Some of the most extensive observational campaigns of
asteroids in recent years have been presented by Mottola et
al. (1997) and Magnusson et al. (1996). The near-Earth as-
teroid (6489) Golevka (1991 JX) was observed photometri-
cally, radiometrically, and with radar (Mottola et al., 1997).
Results showed that this strangely-shaped 300-m asteroid
is one of the brightest ever observed (geometric albedo near
0.6). A similar campaign compiled for the near-Earth aster-
oid (1620) Geographos showed that this asteroid shows little
variation in the physical characteristics of its surface; how-
ever, its strong lightcurve variations indicate global surface
shape variations (Magnusson et al., 1996). These two cam-
paigns showed unequivocally how valuable knowledge of
asteroids can be gathered via concerted efforts of several
observing sites operating at complementary wavelengths.

Lagerkvist and Magnusson (1990) studied phase curves
of asteroids with the help of the H,G magnitude system.
Their conclusion was that the S-, C-, and M-class asteroids
are well separated into different classes by their G values.
Since the early 1990s, the number of asteroids for which
phase curves were measured down to subdegree phase
angles has increased up to about 20 and thus more than
doubled, thanks to long-term observational programs by
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Shevchenko et al. (1996, 1997, 2002) and Piironen et al.
(1994). The main result from these studies is that the small-
phase-angle behavior of asteroids is found to depend pri-
marily on geometric albedo. The program by Shevchenko
et al. has been devoted to observations of asteroids of vari-
ous compositions at the smallest possible phase angles. As
a result, detailed phase curves down to phase angles of 0.3°
or less have been obtained in the V band for asteroids of P,
C, G, M, S, and E classes.

Particularly interesting is the analysis of the available ob-
servational data on asteroid opposition effects by Belskaya
and Shevchenko (2000). This survey shows unequivocally
that the opposition effect differs for different asteroid taxo-
nomic classes. This is an indication of the importance of
composition in determining scattering behavior. Belskaya
and Shevchenko (2000) found that a ratio of intensities at the
phase angles of 0.3° and 5° vs. asteroid geometric albedo
reveals a non-monotonic dependence of the opposition ef-
fect on albedo. The amplitude of the opposition effect de-
creases both for dark- and high-albedo asteroids. The largest
amplitude occurs with moderate-albedo asteroids of S and M
classes, which show pronounced opposition effects starting
at phase angles of 5°–7°. The phase angle of 0.3° was chosen
for the opposition effect estimation because, at smaller
phase angles, very few observations are available. High-al-
bedo E-class asteroids are characterized by steep and nar-
row opposition phenomena starting at phase angles of about
3° (Harris et al., 1989b). Asteroids with similar geometric
albedos show practically identical phase curves. The differ-
ences between individual phase curves for high- and mod-
erate-albedo asteroids are on the order of the observational
scatter (typically 0.02–0.03 mag).

Low-albedo asteroids show greater diversity in their
phase curves. G-class asteroids tend to exhibit wide oppo-
sition effects starting at about 6°. C-class asteroids tend to
show narrower and shallower effects. P- and F-class aster-
oids tend to show practically linear phase curves down to
phase angles of about 2° (Belskaya and Shevchenko, 2000).
Overall, results show that low-albedo asteroids with larger
U-B colors tend to have stronger opposition effects.

Zappalà et al. (1990) modeled the variation in the am-
plitude of rotational lightcurves with solar phase angle to
produce what is called the amplitude-phase relationship.
They applied their model to observations of C-, M-, E-, and
S-class asteroids and found that the dependence of the ro-
tational lightcurve amplitude with solar phase is similar for
C-, M-, and E-class asteroids, and is steeper for S-class as-
teroids. In both cases, the lightcurve amplitude increases
with increasing phase angle. They found evidence that, as
a first approximation, the amplitude-phase relationship was
linear within 0°–30° phase angle, challenging the nonlin-
ear dependences showing up in a similar study by Karttunen
and Bowell (1989). Furthermore, Karttunen and Bowell did
not report differences in the amplitude-phase relationships
for S- and C-class asteroids. Zappalà et al. (1990) acknowl-
edge that the discrepancies between the two studies may
be due to the small observation set to which they applied
their model. However, if it can be shown that the ampli-

tude-phase relationship does map taxonomic class, then this
has implications for the similarity of surface characteris-
tics (such as porosity and roughness) within asteroid classes.

In general, extrapolation of photometric phase curves to
zero phase angle (or any phase angle) depends on the as-
sumed approximating function, and may lead to inappro-
priate estimates of the amplitude of the opposition effect.
The very same problem is inherent in the estimation of
absolute H magnitudes for near-Earth objects from large-
phase-angle brightness estimates, and may thus affect the
estimated numbers of such objects (see Jedicke et al., 2002).

2.2. Groundbased Polarimetry

Polarimetric observations of asteroids have continued in
the years following the publication of Asteroids II, adding
significantly to the extensive campaign by Zellner et al.
(1974), Zellner and Gradie (1976), and Le Bertre and
Zellner (1980). Maximum positive polarizations have been
reached for (1685) Toro by Kiselev et al. (1990) and for
(4179) Toutatis by Mukai et al. (1997). The polarimetric
data are collected at the Small Bodies Node of the Plan-
etary Data System (http://pdssbn.astro.umd.edu/sbnhtml/)
(Lupishko and Vasilyev, 1997).

Rosenbush et al. (1997) have found evidence that Io, Eu-
ropa, and Ganymede — Galilean satellites of Jupiter — show
negative polarization surges with sharp features at very small
phase angles. They review some of the asteroid polarimetric
observations, pointing out disagreements in data obtained by
different research groups. Rosenbush et al. (2002) then pro-
vide evidence for the existence of a similar sharp feature in
the negative polarization surge of (64) Angelina.

Broglia and Manara (1990, 1992, 1994) and Broglia et al.
(1994) carried out a polarimetric study of a few large as-
teroids, searching for polarimetric changes with rotational
phase. Such variations were found for most of the objects
studied, in particular for (6) Hebe. Polarimetric observations
of (6) Hebe by Migliorini et al. (1997) confirmed the polari-
zation lightcurve. Because the same study found no changes
in spectra at different rotational phases, it is inferred that the
regolith structural variations cause the polarization light
curve in this case. Mukai et al. (1997) found a change of
polarization with rotational phase in their study of (4179)
Toutatis. They concluded that this S-class asteroid exhib-
ited substantial surface variegations.

Clark et al. (2001) provide a brief review of Earth-based
observations of asteroid (433) Eros. One of the intriguing
results is that although the surface of Eros exhibits globally
different types of terrains, polarimetric observations in the
published literature indicate no variations greater than 1 part
in 40 (Zellner and Gradie, 1976).

Based on the polarimetric observations accumulated
since late 1970s, Lupishko and Mohamed (1996) updated
the empirical correlation rules between first the geometric
albedo and the polarimetric slope at the inversion angle, and
second the geometric albedo and the minimum polarization.
They provided an example case where the polarimetrically
determined albedo appeared to be more realistic than the
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radiometrically determined one. Cellino et al. (1999) car-
ried out polarimetric observations of small asteroids to
obtain the polarimetric slopes and/or minimum polarizations
and thus the geometric albedos that allowed them to assess
the accuracy of IRAS geometric albedos for small asteroids.
They saw some indications for an overestimation of these
IRAS albedos.

The most considerable sets of asteroid polarimetric ob-
servations in recent years come from Lupishko (1999),
Lupishko and Kiselev (1995), Lupishko and Vasilyev (1997),
Lupishko and Di Martino (1998), and Lupishko et al. (1988,
1991, 1994, 1995, 1999), as well as Chernova et al. (1991,
1994). Kiselev et al. (1990, 1994, 1996, 1999) published
polarization observations of several asteroids, including the
near-Earth asteroids (1685) Toro, (1036) Ganymed, (1627)
Ivar, and (2100) Ra-Shalom. In the first place, the signifi-
cance of these observations lies in their quantity and rich
phase angle coverage.

It is well known that the main-belt asteroid (4) Vesta
shows variations of the negative-polarization degree over
its surface (Degewij et al., 1979; Lupishko et al., 1988).
New UBVRI polarimetric observations of Vesta (Lupishko
et al., 1999) during its rotation period confirmed the varia-
tions, showing a record high relative variation of 0.24% in
the V-band degree of polarization, inversely correlated with
the asteroid lightcurve. In addition, for the first time for
asteroids, the observations suggested a variation of polari-
zation-plane position angle with Vesta’s rotation, maximum
in the U band (8°) and minimum (2.5°) in the I band. Dur-
ing Vesta’s rotation period, the polarization degree and po-
sition angle vary along a closed cycle, indicating a periodic
change connected to Vesta’s rotation. The results may be
explained by the presence of orderly oriented linear fea-
tures on the asteroid surface (Lupishko et al., 1999), such
as grooves and slopes, related to the giant 460-km crater
on Vesta, recently detected by the Hubble Space Telescope
(Zellner et al., 1997).

The UBVRI-polarimetric observations of the Apollo as-
teroid (4179) Toutatis (Lupishko et al., 1995) in the phase
angle range of 15.8°–51.4° suggested that the Stokes pa-
rameter U (corresponding to the polarizations with the plane
of vibration oriented at an angle of 45° and 135° to the scat-
tering plane) differs from zero, when the Stokes parameter
Q (corresponding to the polarizations with the plane of
vibration parallel to the scattering plane and perpendicular
to it) is close to zero. The corresponding values of the po-
sition angle of the polarization plane in the proper coordi-
nate system, measured from the axis perpendicular to the
scattering plane, also differs from 0° or 90° and is equal to
about 45°. This would indicate an aspect of Toutatis’ po-
larization not connected with the scattering plane. Possible
causes could derive from the surface heterogeneity and
complex shape. However, these observations are not con-
firmed by the simultaneous observations by Mukai et al.
(1997). Furthermore, Rosenbush et al. (1997) emphasize
that there are controversies over whether or not the Stokes
U-parameter variations are real.

Kiselev et al. (1994) and Lupishko et al. (1995) noticed
that, for S-class asteroids, the absolute value of negative
polarization measured at the phase angle of 10° increases
with wavelength, while the positive polarization (at 40°–
90°) displays a clear decrease with wavelength. This indi-
cates an inversion of spectral dependence of S-class asteroid
polarization (Lupishko and Kiselev, 1995; Lupishko and Di
Martino, 1998). In contrast, the negative polarization degree
of low-albedo asteroids (1) Ceres, (704) Interamnia, and
others (Belskaya et al., 1987; Lupishko et al., 1994) de-
creases with wavelength. This raises the question of whether
the positive polarization degree of these asteroids increases
with wavelength in a way that is the reverse of that for S-
class asteroids. Measurements of polarization for Interamnia
at phase angles of 10.6° (negative polarization) and 22.1°
(positive, since the zero-crossing angle equals 15.7°) show
that the spectral dependence of its polarization is trans-
formed in accordance with the law described above. How-
ever, the spectral dependence of positive polarization of
C-asteroids (2100) Ra-Shalom at the phase angle of 60°
(Kiselev et al., 1999) and (1580) Betulia at 39° (Tedesco et al.,
1978) reveals a small reduction of polarization with increas-
ing wavelength.

2.3. Spacecraft Photometry

Since the time of Asteroids II, disk-resolved observations
by two spacecraft, Galileo and NEAR Shoemaker, have
dramatically increased our understanding of asteroid spec-
trophotometric properties. The Galileo spacecraft flew by
asteroids (951) Gaspra and (243) Ida in the early 1990s,
obtaining images and spectroscopy. Helfenstein et al. (1994,
1996) have performed extensive analyses of these obser-
vations based on Hapke’s photometric model. Generalized,
these analyses provide a detailed examination of the photo-
metric behavior of S-class asteroids. In addition, the Helfen-
stein et al. work on Gaspra and Ida provided the first quanti-
tative analyses of the distribution and magnitude of asteroid
surface color variations at broad-band wavelengths in the
visible. These analyses showed that asteroid surface color
variations occur on small and large spatial scales, and can
be linked with surface processes, such as cratering.

The first of the NEAR Shoemaker mission targets, C-
class asteroid (253) Mathilde, has been photometrically
analyzed by Clark et al. (1999). Looking at photometric
properties at a broadband wavelength of 0.7 µm, Clark et
al. showed that Mathilde is remarkably uniform in albedo
and other photometric properties on spatial scales of 1 km or
more. The main NEAR Shoemaker mission target, S aster-
oid (433) Eros, has also been analyzed in terms of its pho-
tometric and spectrophotometric properties across a wide
wavelength range of 0.55–2.4 µm, and a wide phase angle
range of 1.2° to 111° (Clark et al., 2002; Domingue et al.,
2002; Veverka et al., 1999, 2000).

While most spacecraft studies of asteroid photometric
properties have used broadband visible wavelengths, one
study in particular has examined narrow-band multiwave-
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length observations of (433) Eros. Such a multiwavelength
approach is useful in isolating model parameter effects
because some purely geometric scattering model parameters
should not be wavelength-dependent. Specifically, near-
infrared spectrometer observations (0.8–2.4 µm) of Eros
have been compared with the Hapke photometric model at
phase angles ranging from 1.2° to 111.0° and at spatial
resolutions of 1.25–5.5 km/spectrum (Clark et al., 2002).
A 15% increase in the 1-µm band depth was observed at
high phase angles. In contrast, only a 5% increase in con-
tinuum slope from 1.5 to 2.4 µm and essentially no differ-
ence in the 2-µm band depth were observed at higher phase
angles. These contrasting phase effects imply that phase-
dependent differences must be accounted for in the com-
putation of parametric measurements of 1- and 2-µm band
areas. Whole-disk phase curves derived from the models
indicate that Eros exhibits phase reddening of 8–12% across
the phase angle range of 0°–100° (Fig. 3). Phase reddening
is most severe for wavelengths inside the 1.0- and 2.0-µm
silicate absorption features. These results agree in both sense
and magnitude with the laboratory study of silicate materi-
als performed by Gradie et al. (1980). It is interesting that

the phase reddening effects are not accompanied by varia-
tions in the single-particle phase functions, implying that
single-scattering albedo, and hence multiple scattering, are
more important controls of phase reddening than is the
single particle phase function.

In the Clark et al. (2002) study, two of five Hapke model
parameters exhibited a notable wavelength dependence:
(1) The single-scattering albedo mimics the spectrum of
Eros, and (2) there is a decrease in angular width of the
opposition surge with increasing wavelength from 0.8 to
1.6 µm. Such opposition surge behavior is not adequately
modeled with the shadow-hiding Hapke model, consistent
with coherent backscattering phenomena near zero phase.

3. THEORETICAL AND
EXPERIMENTAL ADVANCES

Theoretical advances in asteroid photometry and pola-
rimetry concern the fundamental physical understanding of
the opposition effect and negative polarization. These ad-
vances have been supported by numerous laboratory mea-
surements.

3.1. Coherent Backscattering Mechanism

Based on both theoretical and experimental findings,
Shkuratov (1985) suggested that the coherent backscatter-
ing mechanism is relevant for the opposition effect and
negative polarization of atmosphereless solar system bodies.
Muinonen (1989, 1990) solved the electromagnetic scatter-
ing problem of two interacting dipole particles analytically
and showed that the coherent backscattering opposition ef-
fect is accompanied by negative polarization. He offered a
physical explanation independent of the work by Shkuratov
(1985). Using rigorous T-matrix computations, Mishchenko
(1996b) showed unequivocally that CBM played a role in
light scattering by two interacting spherical particles (cf.
Muinonen, 1989). Lumme et al. (1997) saw tentative clues
of CBM in their application of the discrete-dipole approxi-
mation to scattering by dense clusters of spherical particles.

Furthermore, Muinonen et al. (1991) showed unequivo-
cally that the opposition effect and negative polarization
follow naturally when the electromagnetic scattering problem
of a dipole particle above a plane-parallel interface of solid
optically isotropic and homogeneous medium is treated
exactly. Based on the resulting shallow and narrow negative
polarizations, they suggested that interactions among the
small-scale inhomogeneities are more important than those
between small-scale inhomogeneities and surface elements.
It is interesting that the morphology of the observed aster-
oid opposition effects and negative polarizations is already
apparent in their example computations. Muinonen and
Lumme (1991) (see also Shkuratov, 1989; Videen, 2002)
showed that second-order external Fresnel reflection from
two spherical particles is large compared to the wavelength
revealed signatures of the opposition effect and negative
polarization. However, the intensity component due to ex-
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NEAR Shoemaker.
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ternal Fresnel reflections is only a fraction of the total in-
tensity scattered by an asteroid’s surface.

Shkuratov and his colleagues continued their theoreti-
cal investigations of the opposition effect and negative po-
larization (e.g., Shkuratov, 1991; Zubko et al., 2002). In
addition, computer modeling of ray tracing in particulate
media, including simulations in the opposition phenomena
context, began (e.g., Zubko et al., 2002; Shkuratov et al.,
2002). Hapke (1990, 1993) continued theoretical work on
scattering of light, with CBM receiving particular attention.
Kolokolova et al. (1993) provided statistical evidence that
CBM was the primary contributor to the negative polariza-
tion for media of subwavelength-sized scatterers.

Mishchenko and Dlugach (1993) and Mishchenko (1996a)
concentrated on modeling CBM for discrete random me-
dia of scatterers including polarization effects. The former
study offered advanced CBM modeling for the opposition
effect of E-class asteroids (see also Shkuratov and Muino-
nen, 1992), while the latter study described extensive com-
putations of various multiple scattering parameters at the
exact backscattering direction using the reciprocity principle
of electromagnetic scattering. Mishchenko et al. (2000)
made use of the analytical theories by Ozrin (1992) and
Amic et al. (1997) to compute coherent backscattering by
conservative media of Rayleigh scatterers. They were able
to offer reference results, that is, accurate predictions for the
values of the amplitude and width of the opposition effect
and the shape and depth of the negative polarization surge.

Tishkovets (2002) and Tishkovets et al. (2002) studied
CBM for layer-type and semi-infinite discrete random me-
dia of absorbing scatterers including multiple scattering up to
the second order. They theorized that the considerable width
of the negative polarization surge as compared to the photo-
metric surge is due to the longitudinal component of the elec-
tromagnetic near-fields in the discrete scattering medium.

Very recently, Muinonen (2002; see also Muinonen et al.,
2002b) put forward a computational algorithm for coher-
ent backscattering by absorbing and scattering media. The
algorithm mimics radiative transfer but, for each multiple
scattering event, it additionally computes the coherent back-
scattering contribution. The algorithm is currently under
further development, and the first results are in accordance
with the findings by Muinonen et al. (1991), extending and
not disagreeing with the reference results by Mishchenko
et al. (2000).

3.2. Shadowing Mechanism

In their ray-tracing simulations for close-packed random
media of spherical particles, Peltoniemi and Lumme (1992)
noted that the radiative transfer models by Hapke (1986)
and Lumme and Bowell (1981) can be severely in error for
close-packed random media of spherical particles. In par-
ticular, the error can be considerable, even a factor of sev-
eral, for grazing emergence of rays.

Stankevich et al. (1999) carried out computer simulations
of shadowing for semi-infinite plane-parallel media of

close-packed spherical particles. They emphasized that it
is nontrivial to generate semi-infinite close-packed media
of constant volume density. Muinonen et al. (2001) stud-
ied SM for clusters of opaque spherical particles. By in-
creasing the number of constituent particles, they revealed
the gradual increase of the opposition effect due to shad-
owing, thus providing supporting theoretical evidence for
an SM opposition effect. However, for realistic particle vol-
ume fractions, the angular widths of the opposition effects
were typically larger than those observed for asteroids.

In his Ph.D. dissertation, Peltoniemi (1993a) completed
an extensive geometric optics study of scattering of light
by planetary regoliths. Peltoniemi (1993b) and Stankevich
et al. (2002) offered three-dimensional Gaussian modeling
for the planetary regolith geometry. For such random me-
dia, Stankevich et al. studied shadowing in orders higher
than the first, concluding that those shadowing contributions
are negligible as compared to the first-order one [in agree-
ment with Esposito (1979)].

Shepard and Campbell (1998) utilized a fractal surface
model in the simulation of light scattering from rough sur-
faces. They compared their model to Hapke’s and discussed
the meaning of roughness in problems concerning scatter-
ing of light. Hillier (1997) put forward a double-layer ra-
diative transfer model to explain the opposition effect using
only SM. He concluded that it may not be necessary after
all to invoke CBM to explain the observations. The possi-
bility of an additional enhancement of SM was considered
by Shkuratov and Helfenstein (2001). They hypothesized
that a fractallike, hierarchical structure of asteroid surfaces
could enhance the SM contribution to the opposition effect.

3.3. New Laboratory Results

Photometric studies by Oetking (1966) continue to de-
serve attention due to the completeness of the choice of
samples and intriguing variety of results. The results of this
study have been very useful in planning new laboratory ex-
periments of light scattering.

Extensive laboratory photometric and polarimetric stud-
ies were carried out by Shkuratov et al. (1992) and Shkura-
tov and Opanasenko (1992) at the phase-angle range of
2°–50°. They showed, in particular, that the depth and the
inversion angle of negative polarization depend strongly on
the microscopic optical inhomogeneity of the surfaces, e.g.,
a mixture of smoked MgO and soot gives a minimum po-
larization down to –3.5% and an inversion angle reaching
up to 35° (Shkuratov, 1987).

Laboratory measurements have been rare at phase angles
<1°. Recently, simultaneous polarimetric and photometric
measurements were carried out at phase angles covering
0.2°–4° for unpolarized incident light (Shkuratov et al.,
1999, 2002; Ovcharenko and Shkuratov, 2000). The instru-
ment was calibrated with a comparable photometer at the
Jet Propulsion Laboratory (Nelson et al., 1999). Samples
with controlled structural characteristics and albedos were
studied. Several important results for testing theoretical
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models were obtained in the laboratory studies by Shkuratov
et al. (2002).

First, the volume density of the scattering medium can
dramatically influence the negative polarization. Figure 4
shows data for coatings of smoked MgO before and after
compressing. Due to compression, the angle of minimum
polarization shifts from the small phase angle of 1° up to the
phase angle range of 5°–10°, changing the negative surge
from asymmetric to regular and symmetric. The width of
the opposition effect increases along with the compression.

Second, a strong particle-size dependence of the nega-
tive polarization for powdered dielectric surfaces was found
for particle-size separates of Al2O3 studied by Nelson et al.
(2000). Data for the separates of 0.1, 0.5, 1.0, 3.2, and
12.1 µm are shown in Fig. 4. These separates have almost
the same high albedo. For grain sizes larger than 1 µm, the
depth of the negative polarization does not exceed 0.25%.
The smallest fractions of 0.1 and 0.5 µm reveal similar de-
pendences with the minimum near 1.6° and amplitude of
0.8%. The polarization of the 1.0 µm fraction is located
between the fine and coarse powdered samples. Figure 4
demonstrates the systematic evolution of polarimetric phase

dependences along with particle size. As for the photomet-
ric data, the phase functions of the samples of 0.1, 0.5, 1.0,
and 12.1 µm are fairly inert to the particle size. The meas-
urements of Al2O3 particle-size separates thus provide an
example where the negative polarization is a more sensitive
particle-size discriminator than the opposition effect. Third,
Ovcharenko and Shkuratov (2000) found a MgO-like surge
of negative polarization for soot.

Hapke et al. (1993, 1998) put forward a hypothesis that
experimental measurements for the phase dependences of
the so-called linear and circular polarization ratios could
discriminate between CBM and SM contributions to the
opposition effect of the Moon. In the former work, they
concluded that CBM was the primary cause of the opposi-
tion effects of atmosphereless solar system bodies, but in
the latter, they found evidence for SM contributions. Fur-
ther theoretical and experimental studies are needed to as-
sess these interesting analyses. Nelson et al. (1999, 2000)
published small-phase-angle measurements of Al2O3 pow-
ders. They confirmed a dependence of opposition effect on
the size of particles. The maximum opposition effect was
seen when the particle sizes were a few times the wave-
length. Shepard and Arvidson (1999) studied basalt samples
and suggested that the opposition surge and negative po-
larization found in pulverized samples is caused by CBM.
Also relevant for asteroid studies, the AMIE microcamera
[J-L. Josset, PI; cf. Muinonen et al. (2002c)] onboard the
ESA SMART-1 mission to the Moon (launch in February 1,
2003) should soon contribute to our general understanding
of the opposition effect.

Capaccioni et al. (1990) published numerous laboratory
phase curves of terrestrial rocks and meteorites. The labo-
ratory phase curves at moderately large phase angles are
qualitatively comparable to the observed phase curves of
asteroids. Piironen et al. (1998) measured single-particle
albedos of meteorites (for particle sizes from a few tens of
micrometers upwards) using the device described in Sasse
et al. (1996). Their results indicated fairly high single-par-
ticle albedos that did not show a strong dependence on
particle size. Kamei and Nakamura (2002) have carried out
extensive photometric measurements of various meteorites
and other powdered materials. Their estimates of the single-
particle albedos were in agreement with those measured by
Piironen et al. (1998).

McGuire and Hapke (1995) studied scattering of light by
large particles in the laboratory. They concluded that large
particles are mostly backward scattering (excluding forward
diffraction), which is a logical result because their analog
particle sizes were on the order of 1 cm. Recently, Volten
et al. (2001) carried out extensive scattering matrix meas-
urements for mineral aerosol particles, for example, and
were able to obtain similar scattering matrices from ray-
optics simulations with Gaussian random particles, i.e., sto-
chastically shaped particles described by the lognormal dis-
tribution with given mean (radius), standard deviation, and
correlation function (e.g., Muinonen, 2000). The measure-
ments were then studied further by Nousiainen et al. (2002),
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who were able to improve the ray-optics analyses by Volten
et al. (2001) and interpret the measurements using a modi-
fied ray-optics approximation, where the Gaussian particles
are assumed to consist of an optically isotropic and homo-
geneous medium with both specular and Lambertian surface
elements (in addition, Lambertian internal interfaces were
assumed). Long-term experimental work on scattering by
snow (Piironen et al., 2000) has now been extended by S.
Kaasalainen et al. (2002) to experimental laboratory work
on backscattering characteristics of various regolith-type
samples.

4. DISCUSSION

We now return to asteroid photometric and polarimetric
observations and theoretical modeling in Fig. 1. As for the
photometric observations in Fig. 1a, there are several impor-
tant details. The observations of (44) Nysa are referred to
as the mean light level of the lightcurve, including a correc-
tion of 0.0007 mag/° subtracted from the observations for
phase angles before the opposition and added to the obser-
vations after the opposition [Harris et al. (1989b); correc-
tion attributed to changing illumination and observation
geometry]. The observations of (4) Vesta are referred to as
the mean light level (Gehrels, 1967), and so are the obser-
vations of (20) Massalia (Gehrels, 1956) and (24) Themis
[Harris et al. (1989a), using Fourier analysis]. The observa-
tions of (6) Hebe are referred to as the maximum light level
(Gehrels and Taylor, 1977), and combined from several
apparitions using shifts based on an optimum fit using the
H,G magnitude system (Bowell et al., 1989); naturally, the
shifts should be recomputed here, but for the current pur-
pose of illustration, the H,G shifted dataset will suffice [it
overlaps nicely with the data for (20) Massalia]. The obser-
vations of (22) Kalliope represent the maximum light level
(Scaltriti et al., 1978), as well as the observations of (69)
Hesperia (Poutanen et al., 1985). Additionally, the phase
curve pairs for S-class asteroids and M-class asteroids have
been combined graphically by introducing essentially arbi-
trary shifts along the magnitude axis. This simple combi-
nation technique is appropriate for the simplified theoretical
modeling that follows.

The observed photometric and polarimetric phase effects
in Fig. 1 provide an immediate constraint on the possible
physical mechanisms involved: Laws of physics dictate that
the first derivatives at the zero phase angle must vanish. The
observations indicate that this vanishing must take place at
very small phase angles not covered by the data. To pro-
duce such sharp features, the underlying physical mecha-
nism must extend over a large number of wavelengths of
incident light. Both SM and CBM are then eligible to ex-
plain the photometric observations at small phase angles
(Fig. 1a), but SM suffers from the drawback of not being
proven to cause negative polarization (Fig. 1b). Further-
more, SM would seem to require unrealistically small parti-
cle volume densities to produce sufficiently narrow opposi-
tion effects (Muinonen et al., 2001). We thus note that, on

one hand, there is so far no theoretical, observational, or ex-
perimental evidence against CBM as the mechanism for the
opposition effect and negative polarization surge, whereas
on the other hand, there is no compelling evidence for SM
providing negative polarization.

Figure 1 shows heuristic, perhaps provocative modeling
of the opposition effect and negative polarization of C-, M-,
S-, V-, and E-class asteroids using Monte Carlo computa-
tions for coherent backscattering (Muinonen, 2002; Muino-
nen et al., 2002b). The numerical technique relies on the
reciprocity principle for electromagnetic scattering, allow-
ing a renormalization of the coherent backscattering con-
tributions at each multiple-scattering event. The technique
is currently available for finite/semi-infinite plane-parallel
media and spherical media of scatterers, as well as for semi-
infinite plane-parallel media embedded in a semi-infinite
optically isotropic and homogeneous host medium. At the
present, numerical studies have begun, and further refine-
ments and applications are expected in the future.

Coherent backscattering is here computed for a plane
wave (wavelength λ = 2π/10 µm) normally incident on a
semi-infinite medium of discrete Rayleigh scatterers with
single-scattering albedos of 0.9 and medium mean-free-path
length of l = 1, 2, 3, …, 50 µm. For Rayleigh scatterers, the
single-scattering albedo chosen roughly results in a maxi-
mum opposition effect amplitude as well as a maximum
depth of the negative polarization surge. Each computation
used 5 × 104 rays.

In Fig. 1, an ad hoc exponential weighting scheme of
exp(–l/L) has been applied to the numerical results in all
cases with L = 1.0, 2.0, 2.0, 2.0, and 6.0 µm for the C-, M-,
S-, V-, and E-class curves respectively. The weighting
scheme derives from the idea that, rather than modeling the
random scattering medium using a single mean free path
only, we allow a distribution of mean free paths and thus
physical characteristics on asteroid surfaces. Additionally,
the CBM computations have been multiplied by a linear
function 1 – Kα (e.g., mimicking SM), where K = 0.021/°,
0.017/°, 0.015/°, 0.013/°, and 0.009/° for C-, M-, S-, V-, and
E-class curves respectively. Finally, because of the excess
depth of the negative polarization surges computed (see
below), for comparison with the polarimetric observations,
they have been divided by the scaling “fudge factors” of
1.5, 2.3, 3.0, 4.0, and 7.2 in a fashion similar to the compari-
son of computations and experimental data in Mishchenko
et al. (2000).

We point out that, as evident in Fig. 1, we cannot obtain
excellent fits for both the photometric and polarimetric
phase effects: There are problems in simultaneously pro-
ducing the amplitude of the opposition effect and the width
of the negative polarization surge. We have chosen to treat
the photometric and polarimetric observations in a fair way
by showing equally good or poor fits for both sets of obser-
vations. Based on the present computations, we note that the
asymmetric polarization surge implied for E-class asteroids
is in overall agreement with the observations by Rosenbush
et al. (2002) and that the best fits are obtained for C-class
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asteroids (with the smallest polarization scaling factor). The
most severe fitting problems are encountered in the photom-
etry and polarimetry of S- and M-class asteroids.

We note that multiple Rayleigh scattering results in nega-
tive polarization surges that are too deep and too narrow to
fully explain the current observations. We can predict that
better agreement with both photometric and polarimetric
data can be obtained by incorporating multipole scatterers of
degrees higher than the second (Rayleigh scatterers are pure
electric dipole scatterers). Such multipole scatterers provide
more forward-scattering and less positively polarizing scat-
tering phase matrices, in agreement with what is needed to
improve the present modeling. Such phase matrices can ex-
hibit both negative and positive polarization, and their in-
terplay with CBM and the observed negative polarization
surges are topics of future research.

Furthermore, there are two primary physical mechanisms
that could extend the negative polarization surge toward
larger phase angles without affecting the opposition effect
significantly at smaller phase angles: (1) diffraction con-
nected to SM and affecting the CBM contributions from
well inside a densely packed discrete medium, (2) diver-
gence connected to CBM contributions from inhomogenei-
ties inside otherwise optically isotropic and homogeneous
particles of the scattering medium. The second mechanism
has already been seen to widen the negative polarization
surges (Muinonen, 2002).

It is probable that SM is contributing in a moderately
nonlinear way to the photometric phase effect, thus improv-
ing the agreement between the observations and theoretical
computations. The polarimetric scaling factors offer at least a
clue that SM cannot be solely responsible for the poorness of
the current fits: Shadowing contributions should be smaller
for brighter asteroids, whereas the scaling factors are larger
for brighter asteroids. One more caveat is still due. We have
made use of a single value for the single-scattering albedo,
whereas albedo obviously varies among the asteroid classes
presently studied. In effect, the scaling factors probably
reflect the current use of a fixed single-scattering albedo.
Consistent with earlier analyses, the linear photometric
slopes (parameter K above) become steeper with darker as-
teroids whose photometric phase effects, in agreement with
decreased multiple scattering, are more strongly affected by
internal and interfacial SM.

5. FUTURE PROSPECTS

5.1. Theory and Experiments

The coherent backscattering and shadowing mechanisms
appear to be primarily responsible for the observed phase
effects (question 1 in section 1). Based on the present discus-
sions, we can indicate a direction for further theoretical stud-
ies of the coherent backscattering mechanism: For scattering
models to be used in inverse light-scattering problems of
asteroids, the coherent backscattering contributions could be
computed with the help of electromagnetic field expansions

in terms of vector spherical harmonics. Such field expan-
sions yield scattering phase matrices that account for gen-
eral multipole radiation. How such expansions are related
to the physical properties of the scattering media is a fun-
damental problem of physics that is ripe for development.

We predict that further theoretical and computational
progress in light scattering by natural particles will allow a
construction of extensive electronic databases of scattering
models. Such models can be rapidly applied in the inter-
pretation of asteroid observations, mimicking the readiness
of analytical theoretical models such as the Lumme-Bowell
and Hapke models, for example. In addition, theoretical
models can, in part, be applied in the interpretation of radar,
X-ray, and spectroscopic observations of asteroids. During
the next decade, we envisage an update to the current H,G
magnitude system of asteroids. This update will involve new
parameters, new definitions, and our new understanding of
the physics involved.

The discussions in section 4 give hints about the pos-
sible knowledge (question 2 in section 1) that can be de-
rived from the photometric and polarimetric observations
of asteroids. Indeed, it can be promising that the simple
modeling was not fully successful: All the observational
data together appear to put constraints on the physical char-
acteristics of the single scatterers themselves and the me-
dia composed of them.

In laboratory experiments, the physical properties of
materials relevant for asteroid studies, such as meteorites,
need to be quantitatively measured. Such characterization
should include both geometrical and optical properties of
the particle surfaces as well as their interiors. In particular,
the source of absorption in such materials needs to be as-
sessed. Is the absorption of light due to the optically homo-
geneous and isotropic host matter, or due to the disorder
embedded in it? What are the typical distributions of com-
plex refractive indices? From mineralogical and spectro-
scopic studies (see Gaffey et al., 2002), we know that these
questions are complex and highly wavelength-dependent. It
is a challenge for future studies to explain the curious color
effects at small phase angles in Fig. 3.

It is probable that wavelength-sized void scatterers are in-
herent in media of close-packed particles with complicated
internal structures. It is intriguing that such void scatterers
have single-scattering albedos equal to unity, being potential
contributors to coherent backscattering mechanism and the
overall brightness in dark media consisting of small parti-
cles (e.g., soot).

Additional experiments are needed for coherent back-
scattering and shadowing by meteorite and other naturally
occurring materials. Near-future ICAPS light-scattering ex-
periments in microgravity on board the International Space
Station can offer valuable insight (Blum et al., 1999). Where
does the main contribution of coherent backscattering come
from: from the internal or surface structures of single par-
ticles that are large compared to the wavelength, or from
interactions between small wavelength-scale particles? Is
there a way to distinguish between these two contributions?
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How much does diffraction affect the shadowing mecha-
nism? Such experiments will profit from simultaneous theo-
retical computations.

5.2. Observations

While the recent past has been eye-opening in terms of
theoretical advances, we envisage future focus on the obser-
vations and the inverse problems they provide. The inverse
problems benefit from sophisticated scattering models that
should be available soon. Empirical analyses of photometric
and polarimetric phase effects could result in viable means
for physical classification of asteroids.

For revising the magnitude system for asteroids (ques-
tion 4 in section 1), it would be important to obtain photo-
metric observations for near-Earth asteroids of various
classes in several wavelength bands at wide phase angle
ranges, spanning from very large to very small phase angles.
The photometric observations could be accompanied by po-
larimetric observations in order to develop a suitable polari-
metric system for asteroids, and contribute to our under-
standing of the physical mechanisms involved (question 1
in section 1). It is, however, important to realize that devel-
oping the magnitude system requires particular caution. As
near-Earth asteroids are small, their surface characteristics
can differ from those of the generally larger main-belt aster-
oids, e.g., with small particles missing entirely, giving rise
to substantially differing phase curves even for asteroids
belonging to the same taxonomic classes.

In the near future, asteroid astrometry and photometry
will become intertwingled by, for example, asteroid photo-
centers differing from asteroid barycenters, and the solar
electromagnetic radiation pressure and Yarkovsky thermal
emission forces acting on the asteroids (see Bowell et al.,
2002). Thus, a full utilization of highly accurate astrometric
observations, for example, those planned for the ESA cor-
nerstone mission GAIA (launch around 2011), will benefit
from enhanced photometric observation campaigns of large
numbers of asteroids (and vice versa).

To move forward with theoretical modeling, we recom-
mend small-phase-angle polarimetric and photometric ob-
servations of dark asteroids (question 3 in section 1). Are
there indications of sharp but suppressed parts of the op-
position effect? Do we see a saturation or even a decrease
of the amplitude of negative polarization? Are there sharp
features at small phase angles in the polarimetry of S- or
M-class asteroids? Narrow-band multiwavelength polari-
metric observations would help interpret the color effects
in Fig. 3.

As for bright asteroids, we recommend continued polari-
metric observations of Angelina and Nysa in order to deci-
sively determine their polarization characteristics. Are there
apparition dependences in the negative polarization charac-
teristics? Whether the Stokes parameter U is typically non-
zero at the zero-crossing angle of polarization requires further
observational work. Reaching an observational consensus on
issues like this is crucial for the overall credibility of modern

asteroid polarimetry. In essence, we call for a calibration
campaign of asteroid polarimetry.

A major breakthrough is still pending in the observa-
tionally challenging circular polarimetry of asteroids. It
could yield valuable information about an asteroid’s spin
state, shape, and microscopic physical properties beyond
photometry and linear polarimetry.
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