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The importance of the thermal-infrared spectral region for investigations of asteroids lies
traditionally in the dependence of the thermal emission of an asteroid on its visual albedo and
size. Knowledge of albedos and sizes is crucial in many areas of asteroid research, such as
mineralogy and taxonomy, the size-frequency distribution of families and populations of aster-
oids (e.g., near-Earth asteroids), and the relationship between asteroids in the outer solar sys-
tem and comets. However, the rapid increase in the availability of computing power over the
past decade has cleared the way for the development of sophisticated thermophysical models
of asteroids with interesting new areas of application. Recent progress in the thermal modeling
of asteroids and observational work in the thermal infrared are described. The use of thermal
models for the physical characterization of asteroids and other applications is discussed.

1. INTRODUCTION

Observations in the thermal infrared began to play an
important role in the physical characterization of asteroids
in the 1970s, at a time when developments in detector tech-
nology and telescope design first enabled routine observa-
tional work to be carried out in this difficult spectral region.
In general, thermal emission from asteroids dominates re-
flected solar radiation at wavelengths longer than about
5 µm. Observations from the ground are limited by atmo-
spheric absorption to various windows in the range 5–
20 µm. This range is generally adequate for measuring the
thermal continuum spectrum around the emission peak of
objects out to, and within, the main belt. However, the ther-
mal continua of more distant asteroids, such as Centaurs
and trans-Neptunian objects, peak at longer wavelengths
and reliable observations often require airborne or orbiting
facilities, although some useful measurements of the ther-
mal emission of such objects have been made from the
ground in the thermal infrared and at submillimeter and
millimeter wavelengths.

Two fundamental parameters characterizing an asteroid
are its visual albedo and size. In general, the visual albedos
of main-belt asteroids range from ≤0.1 for taxonomic classes
such as B, C, D, and P to 0.5 and higher for some mem-
bers of the E class. Classes such as M, Q, R, S, and V are
associated with intermediate values of albedo. Photometry
of an asteroid in the optical region alone provides informa-
tion only on the product D2 × albedo, where D is the object’s
diameter. However, in contrast to the effect on its optical
brightness, increasing the albedo of an asteroid would cause
its thermal emission to decrease because a lighter surface
absorbs less solar energy and thus has a lower equilibrium
temperature. So by combining the physical relationships
governing the observed scattered and emitted radiation of an

asteroid, it is possible to determine both the size of the
object and its albedo. This is the principle on which the vast
majority of the size and albedo determinations of asteroids
are based, including those in the Infrared Astronomical Sat-
ellite Minor Planet Survey (IMPS) (Tedesco, 1992), which
represents a major milestone in the cataloging of asteroid
diameters and albedos.

In order to interpret observations of the thermal emis-
sion of an asteroid in terms of physical parameters a thermal
model is required. The most commonly adopted approach
is that embodied in so-called standard thermal models, in
which a simple temperature distribution on a smooth spheri-
cal surface is assumed, which falls from a maximum at the
subsolar point to zero at the terminator. This produces good
results if the asteroid in question has a small thermal iner-
tia, rotates slowly, is observed at a small solar phase angle,
and is not heavily cratered or irregularly shaped. A related
simple model can be used to describe the alternative ex-
treme case of a fast-rotating spherical asteroid with high
thermal inertia. In practice, as discussed and illustrated in
sections 3 and 5, simple thermal models can be refined to
extend their usefulness to more realistic cases. In Fig. 1 the
dependence of the wavelength of the thermal emission peak
on distance from the Sun is illustrated in terms of these
simple thermal models. In Fig. 2 model fluxes vs. heliocen-
tric distance are plotted for a 100-km asteroid observed at
the wavelength of the thermal emission peak and at 20 µm.

In recent years much attention has been given to near-
Earth asteroids (NEAs), mainly as a result of increased
awareness of the impact hazard. Currently, the rate of dis-
covery of new NEAs is far outstripping the rate at which
this important population of asteroids can be characterized
in terms of physical parameters. The application of thermal-
infrared techniques to NEAs presents special problems due
to the wide range of solar phase angles at which NEAs are
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observed and the fact that, compared to observed main-belt
asteroids, NEAs are small, irregular bodies that may in many
cases have predominantly regolith-free, rocky surfaces and
therefore relatively high thermal inertias (section 3).

For a number of applications, such as the use of aster-
oids as infrared calibration sources or detailed comparison
of remotely sensed physical properties of particular objects
with parameters derived from flyby/rendezvous missions or
radar imaging, the accuracy achievable with simple thermal
models is often inadequate and more sophisticated thermo-
physical models are required (section 4). Thermophysical
models have been used successfully in the calibration of,
and analysis of data from, the Infrared Space Observatory
(ISO), which was operational from November 1995 until
April 1998. ISO provided spectroscopic, photometric, im-
aging, and polarimetric data in the wavelength range 2–
240 µm of more than 40 asteroids.

2. SOME BASIC CONCEPTS

If the effects of thermal inertia and surface roughness are
negligible, the thermal emission from any point on an aster-
oid’s surface can be considered to be in instantaneous equi-
librium with the solar radiation absorbed at that point, which
is the basic assumption underlying standard thermal models.
In the case of a spherical asteroid the total absorbed solar
radiation, Sabs, is simply

S
D

S Aabs = −π
2

4
1( ) (1)

where D is its diameter, S is the solar flux at the asteroid,
and A is the bolometric Bond albedo. The bolometric Bond
albedo refers to the total scattered solar energy in all direc-
tions and at all wavelengths, ratioed to the incident energy.
The observationally more relevant and widely quoted albedo
is the visual geometric albedo, pv, which refers to sunlight
in the visible region only (i.e., at a wavelength of 0.56 µm)
reflected back toward the source, compared to that from a
perfect (Lambertian) diffusely reflecting surface. Since the
Sun’s spectral energy distribution peaks in the visible re-
gion and the dependence of asteroid albedos on wavelength
is normally small, it is usual to assume that

A = Av = q pv (2)

where q is the phase integral. This allows the physically
important parameter A to be linked directly to pv. In the
standard H, G magnitude system described by Bowell et al.
(1989), in which H is the absolute magnitude and G is the
slope parameter,

q = 0.290 + 0.684 G (3)

and H is defined as the V-band magnitude of an asteroid at
mean brightness reduced to a distance of 1 AU from the Sun
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Fig. 1. Dependence of the wavelength of the peak of the ther-
mal emission (in units of W m–2 µm–1) on heliocentric distance,
calculated for a black body and for asteroids with pv = 0.1, G =
0.15, ε = 0.9 and the characteristics assumed in the standard ther-
mal and fast rotating models (STM and FRM; see section 3).
(When comparing this plot with similar data note that the wave-
length of the thermal emission peak depends on whether units of
W m–2 µm–1 or W m–2 Hz–1 are used.)

1
0

20

40

60

80

100

10

Heliocentric Distance (AU)

Black Body
FRM
STM

P
ea

k 
W

av
el

en
gt

h 
(µ

m
)

100

Fig.  2. Dependence of observed thermal flux on heliocentric
distance as calculated with the standard thermal and fast rotating
models (STM and FRM; see section 3) at the wavelength of the
emission peak (dash-dot lines) and at a wavelength of 20 µm (con-
tinuous curves). The flux scale is valid for an asteroid with diam-
eter = 100 km, pv = 0.1, G = 0.15, ε = 0.9, α = 0°, and geocentric
distance = heliocentric distance. A rule-of-thumb value for the
minimum detectable (5σ) flux with a large groundbased telescope,
such as the Keck or Gemini, at 20 µm in 1 h of on-source integra-
tion time is 3.8 × 10–17 W m–2 µm–1 (=5 mJy); the Space Infrared
Telescope Facility (SIRTF) is expected to better this by some 2
orders of magnitude. Note that W m–2 µm–1 can be converted to
mJy via F(mJy) = 3.336 × 1014 λ2 F(W m–2 µm–1), where λ is wave-
length in µm (1 mJy = 10–29 W m–2 Hz–1).
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and Earth and zero solar phase angle. The relation between
D, H, and pv, which follows from the definitions of those
parameters and the solar constant, can be written

D
p

10
v

H

= −1329
5 (4)

(e.g., Fowler and Chillemi, 1992). In the H, G system ab-
solute magnitudes and albedos include the opposition effect,
which is a brightness enhancement, or steepening of the
phase curve, at small solar phase angles (α < 10°). There-
fore, as a rule, H values are numerically slightly lower
(brighter) than V(1,0) magnitudes quoted in work published
before 1990. It is important to remember that adoption of
the H, G magnitude system also affects albedos: They are
increased by typically 30%, so caution is called for when
comparing albedos quoted in post-1990 publications with
those in earlier work. Furthermore, since G is a function of
albedo, the difference between V(1,0) and H, and the in-
crease in albedo, are both albedo-dependent.

For detailed definitions and further discussion and ref-
erences see, e.g., Hansen (1977), Morrison and Lebofsky
(1979), Lebofsky and Spencer (1989), and Hapke (1993).

3. USE AND LIMITATIONS OF
SIMPLE THERMAL MODELS

The basis of the asteroid diameter and albedo determina-
tions in the IRAS Minor Planet Survey, and much of the
later work in this field, is the refined “standard” thermal
model of Lebofsky et al. (1986), which we refer to here as
the STM. Details of the STM and related simple models are
discussed in earlier chapters of the Asteroids series and ref-
erences therein. The basis of the STM is the assumption of
instantaneous equilibrium between insolation and thermal
emission and a simple temperature distribution on a smooth
spherical surface of the form

T(ϕ) = T(0) cos1/4 ϕ (5)

where ϕ is the angular distance from the subsolar point.
T(0), the maximum (subsolar) temperature, is given by

T(0) = [(1 – A)S/(η ε σ)]1/4 (6)

(cf. equation (1)), where ε is the emissivity and σ the Stefan-
Boltzmann constant. The temperature on the nightside (ϕ >
90°) is assumed to be zero, which is a reasonable assump-
tion at small phase angles where the dayside flux dominates.
The parameter η is called the “beaming parameter” because
it was introduced as a means of modifying the model tem-
perature distribution to take account of the observed en-
hancement of thermal emission at small solar phase angles,
α, due to surface roughness, known as the beaming effect
(see section 4). In practice, η can be thought of as a nor-
malization or calibration parameter that allows a first-order

correction for the effects of beaming, thermal inertia, and
rotation. For a perfectly smooth sphere with zero thermal
inertia η has the value 1.0; introducing surface roughness,
i.e., beaming, causes η to decrease. In general, thermal in-
ertia and rotation reduce the subsolar temperature and there-
fore have the opposite effect on η (Spencer et al., 1989;
Spencer, 1990). In the case of large main-belt asteroids the
dominant effect is normally beaming. In the STM of Lebofsky
et al. (1986) η is set at 0.756, the value that gives the correct
diameters (as derived from occultation observations) of the
asteroids 1 Ceres and 2 Pallas from photometric measure-
ments at 10 µm. To enable its use at nonzero solar phase
angles the STM also includes a (wavelength-independent)
empirical thermal-infrared phase coefficient of 0.01 mag/
deg, which is based on observations of main-belt asteroids
at phase angles α ≤ 30°. Note that this treatment of the phase
correction does not take into account the “evening/morning
effect,” in which the observed thermal emission of asteroids
can be slightly different from that predicted on the basis of
the empirical phase coefficient, depending on a combina-
tion of thermal inertia, rotation vector, and the side of op-
position they are observed on (see Lebofsky and Spencer,
1989; Spencer, 1990; and references therein). However, the
data necessary to correct for this effect are rarely available.

The use of thermal models to derive asteroid diameters
and albedos is illustrated in Fig. 3. Note that the accuracy of
albedo values derived via thermal models depends strongly
on the accuracy of the adopted H value (cf. equation (4) and
Fig. 3). It often happens, especially in connection with IMPS
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Fig. 3. Diameter/geometric albedo dependencies for a 10-µm
flux measurement and an absolute magnitude, H(max) = 10.47, of
433 Eros at lightcurve maximum (see Harris and Davies, 1999, for
details). The dash-dot and continuous curves represent the diameter/
albedo relationships resulting from the condition of equilibrium
between insolation and thermal emission embodied in the FRM
and STM respectively (equation (6)). The dotted curve represents
the diameter/albedo relationship implied by the adopted absolute
magnitude, H (equation (4)). The points of intersection of the
curves give the corresponding solutions for diameter and albedo.
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albedos, that more accurate H values become available at
a later stage, necessitating corrections to the original solu-
tions for albedo and diameter. Harris and Harris (1997)
have devised a convenient, approximate method for recal-
culating albedos and diameters given new, improved H
values, which avoids recourse to detailed thermal-model cal-
culations.

Despite its simplicity, the STM has proved to be suc-
cessful in the determination of diameters and albedos of
main-belt asteroids. In Table 1 STM-derived asteroid diam-
eters from the IRAS survey are compared with values de-
rived from occultation measurements. The occultation diam-
eters are taken from the online compilation of Dunham et al.
(2001) and the IRAS diameters from the IRAS Minor Planet
Survey Final Report (Tedesco, 1992). Due to the different
times and aspects of the IRAS and occultation measure-
ments, meaningful comparison of diameter measurements
becomes very difficult for significantly nonspheroidal as-
teroids having large-amplitude lightcurves. For this reason
the comparison in Table 1 has been limited to asteroids with
peak-to-peak lightcurve amplitudes of 0.15 mag or less
(Lagerkvist et al., 1989; Harris, 2001).

The RMS fractional difference between the IMPS diam-
eters and diameters derived from occultation measurements
in Table 1 is 11%. No large systematic discrepancy is evi-
dent between the two sets of data: The mean difference is
–3% (if the three asteroids with only one or two IRAS sight-
ings are excluded, this falls to –0.6%). Despite the success
of the STM in the IMPS, users of the model should always
be aware of the limitations inherent in its generally unreal-
istic assumptions.

It is clear from the work of Veeder et al. (1989) that the
limits of applicability of the STM are reached in the study
of near-Earth asteroids (NEAs). Veeder et al. derived albe-
dos and diameters for 22 NEAs from their 10-µm photom-
etry and found that the albedos derived on the basis of the
STM for five of these objects lie well above the range ex-
pected for their spectral classes. Veeder et al. assumed that
this discrepancy is due to some small asteroids having rela-
tively high-thermal-inertia surfaces, resulting from the lack
of an insulating layer of regolith, and the failure of the STM
to describe their thermal characteristics adequately. The first
study in which a standard thermal model was found to give
results seriously inconsistent with those obtained with other
techniques is that of Lebofsky et al. (1978), who had to
introduce a nonstandard, fast-rotating/high-thermal-inertia
model to obtain a diameter and an albedo for the C-type
NEA 1580 Betulia consistent with those obtained from ra-
dar and visual-polarimetry studies.

If we consider the simple temperature distribution of the
STM, peaking at the subsolar point, but now assume a large
thermal inertia and rapid rotation with the Sun in the equa-
torial plane, the temperature distribution becomes smoothed
out in longitude. The limit of a longitude-independent tem-
perature distribution corresponds to the fast rotating model
(FRM), as described by Lebofsky and Spencer (1989). It
can be shown that the maximum temperature in this case,
i.e., that at the equator, is given by equation (6), with π sub-
stituted for η. It follows that the maximum temperature in
the FRM is lower than the subsolar temperature in the STM,
other parameters being equal. In the FRM the temperature
decreases toward the poles as in equation (5), with ϕ in this

TABLE 1. Comparison of IRAS MPS diameters with diameters from occultation measurements
for main-belt asteroids with lightcurve amplitudes of 0.15 mag or less.

D (km) (IRAS-Occ.)/Occ. Lightcurve
Asteroid IRAS MPS Occ. (%) NS Amplitude (mag)

4 Vesta 468 ± 27 531 –12 1 0.12
51 Nemausa 148 ± 3 137 ± 8 +8 6 0.10–0.14
65 Cybele 237 ± 4 230 ± 16 +3 6 0.04–0.12
85 Io 155 ± 4 178 –13 3 0.15
93 Minerva 141 ± 4 171 ± 1 –18 2 0.04–0.10
105 Artemis 119 ± 3 103 +16 3 0.15
106 Dione 147 ± 3 147 ± 15 0 6 0.10
144 Vibilia 142 ± 3 178 ± 11 –20 4 0.13
324 Bamberga 229 ± 7 228 ± 9 0 2 0.07
444 Gyptis 160 ± 13 161 –1 4 0.15
471 Papagena 134 ± 5 127 ± 8 +6 4 0.11–0.13
704 Interamnia 317 ± 5 329 –4 10 0.03–0.11

The column headed NS gives the number of IRAS sightings used in the diameter determinations. The
errors are as given in the data sources quoted. Data from the compilation of Dunham et al. (2001)
with quality codes 3 and below have been excluded. For the asteroids 4, 105, 444, 704, Dunham et al.
quote two diameters, a × b, based on elliptical fits to the observed chords; in these cases the occulta-
tion diameters quoted here are (a × b)0.5. In the case of 4 Vesta, Dunham et al. report two quality code 4
occultation measurements, namely 501 km and 561 km; the value given in the table is the mean of
these, which agrees well with the result of Thomas et al. (1997) (529 ± 10 km) from imaging with the
Hubble Space Telescope.
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case representing asteroidal latitude. In the FRM, 50% of
the thermal emission originates on the nightside, whereas
in the STM the nightside emission is zero. For an aid in
visualizing the temperature distributions of the STM and
FRM, see Fig. 4 of Lebofsky and Spencer (1989).

Use of the FRM instead of the STM for 1580 Betulia
and the five “nonstandard” cases reported by Veeder et al.
(1989) results in albedos largely consistent with the spec-
tral classes of these NEAs. However, the work of Veeder
et al. raises fundamental questions regarding the applica-
bility of thermal-infrared techniques to the derivation of al-
bedos and diameters of NEAs. For example, how do we
know which model to apply to thermal-infrared photometry
of a newly discovered NEA? The physical characteristics
of NEAs are largely unknown and, in general, probably lie
somewhere between those assumed in the extreme cases of
the STM and FRM. Harris (1998) has proposed a solution
in the form of a modified STM (the near-Earth asteroid
thermal model, NEATM), which utilizes the information in
the flux distribution around the thermal emission peak to
determine the optimum value of η in each case.

In general the STM and FRM predict very different flux
distributions, with the FRM emission peaking at a longer
wavelength (see Fig. 1). In the STM the beaming parameter,
η (cf. equation (6)), is fixed at a value of 0.756, and in the
FRM there is assumed to be no beaming effect (Lebofsky
and Spencer, 1989) and equation (6) holds with η replaced
by π. In contrast, the NEATM allows η to vary to provide
the best fit to the observed flux distribution. In effect, the
model temperature distribution in the NEATM is modified
to force consistency with the observed apparent color tem-
perature of the asteroid, which depends on thermal inertia,
surface roughness, and spin vector. In addition, the NEATM
differs from the STM in its treatment of the infrared phase
effect. NEAs are often observed at phase angles much larger
than 30°, i.e., beyond the range in which the empirical phase
coefficient used with the STM was derived and is known
to apply. Furthermore, it is not clear to what extent the sur-
faces of relatively small, irregularly shaped NEAs give rise
to a beaming effect similar to that observed in the case of
large main-belt asteroids. There is an urgent need for ob-
servations of the thermal-infrared phase effect in the case
of NEAs; since such data are not yet available, the solar
phase angle is accounted for in the NEATM by integrating
the thermal flux over that portion of the sunlit surface of
the object (assumed spherical) visible to the observer. This
treatment takes account of the wavelength dependence of
the phase effect, in contrast to that of the STM (for further
details see Harris, 1998).

Future observations of NEAs over a wide range of phase
angle may allow empirical phase curves to be constructed
that could be used to improve the application of simple
thermal models to these objects.

In Table 2 NEA albedos and diameters calculated using
the STM, NEATM, and FRM are compared. Comparison
diameters, estimated from radar observations or from the
NEAR Shoemaker mission in the case of 433 Eros, and
spectral types are also given. When comparing results in

this table with those of Veeder et al. (1989) note that the
pv values given here are on the H, G magnitude system and
must be reduced by some 30% for comparison with the pv
values derived by Veeder et al. Furthermore, some updates
to the H values and geometry assumed by Veeder et al. have
been made.

It is clear from Table 2 that in at least nine cases the STM
albedos are much higher than would be expected from the
spectral types. Furthermore, the STM diameters for 1580
Betulia, 2100 Ra-Shalom, and 6489 Golevka are too small
compared to the constraints applied by radar results. Like-
wise, in some eight cases the FRM gives albedos that are
below the ranges normally associated with the correspond-
ing spectral classes and/or diameters that are too large.
Overall, the NEATM appears to give the most consistent
agreement with the spectral types and radar sizes; its fail-
ure in the cases of 1580 Betulia and 6489 Golevka is prob-
ably due to the lack of spectral data for model fitting,
necessitating the use of a default value for η.

A few cases in Table 2 merit individual discussion:
433 Eros. Thanks to the NEAR Shoemaker mission very

reliable size and albedo information is now available for
this object, which makes it a useful target for testing aster-
oid thermal models. However, it is one of the largest NEAs
and therefore its physical characteristics with regard to the
parameters of importance for thermal modeling may not be
representative of the population as a whole. In particular, it
has a substantial regolith and a boulder-strewn, heavily cra-
tered surface. The results in Table 2 from the STM and the
NEATM (but not the FRM) are satisfactory in this case. It is
interesting to note that the NEAR Shoemaker size (Deff (max) =
20.6 km) is slightly smaller than that derived from earlier
radar observations and thermal-infrared observations and
modeling. The discrepancy is probably due to the very elon-
gated and irregular shape of Eros (cf. section 4.1): Morrison
(1976) obtained Deff = 22 ± 2 km while Lebofsky and Rieke
(1979) found Deff = 25 ± 1.5 km. Lebofsky and Rieke
pointed out that their result is in good agreement with the
radar results of Jurgens and Goldstein (1976), which indi-
cate Deff = 24.2 km. Note that Mitchell et al. (1998) have
performed a more sophisticated analysis of the radar data
obtained during the close approach of Eros in 1975 and
generated shape models that are in good agreement with
the results from the NEAR Shoemaker mission.

3671 Dionysus. This asteroid is suspected of being bi-
nary and may be a rubble pile (Mottola et al., 1997b; Pravec
et al., 1998). On the basis of optical spectra alone, S. J. Bus
(personal communication, 2000) suggests a C classification,
for which an albedo of pv ≤ 0.1 would be expected on the
basis of main-belt asteroid taxonomy. The albedos quoted
in Table 2 are well above this range. The model giving the
lowest albedo (pv = 0.16) is the NEATM, but this value is
based on an extremely large value of η. Harris and Davies
(1999) favored the results of the FRM in this case due to
the uncertainties associated with possible significant ther-
mal emission from the nightside of a rapidly rotating ob-
ject (period = 2.7 h), which would lead to underestimation
of the albedo by the NEATM. However, if Dionysus really
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has pv ≤ 0.1, then the error must be in the opposite sense.
This would imply that the measured flux from this object
is much too low, even compared to the prediction of the
NEATM. It appears that a very irregular shape, which would
invalidate the assumption of sphericity in the thermal mod-
els and might give rise to shadowing, is unlikely to be the
explanation since the lightcurve amplitude is only 0.14 mag.
The NEATM albedo, pv = 0.16, for (14402) 1991 DB, appar-

ently a B/C type, poses a similar dilemma. However, as dis-
cussed in section 5.2, it may be unwise in the case of NEAs
to draw conclusions based on the spectral type/albedo cor-
relations of main-belt asteroids.

6489 Golevka. Thermal-model calculations based on
observations made at very large solar phase angles are rela-
tively unreliable; this is particularly true if the object has a
very irregular shape, as in the case of Golevka. Furthermore,

TABLE 2. Diameters and albedos of near-Earth asteroids from simple thermal models.

Deff (km)
Radar pv

Near-Earth Asteroid α (°) STM NEATM FRM or s/c η STM NEATM FRM Type

433 Eros (lc max.) 10 20.5 23.6 36.2 20.6 1.05 0.27 0.20 0.09 S
31 21.0 23.6 36.6 1.07 0.26 0.21 0.09

(lc min.) 10 11.8 14.3 21.0 14.1 1.15 0.32 0.22 0.10
1566 Icarus 93–100 0.88 1.27 1.05 1 – 4 d 0.70 0.33 0.49 Q ?
1580 Betulia 10–15 3.3 3.9 5.7 ≥5.4 d 0.24 0.17 0.08 C
1627 Ivar 5 7.4 6.9 13.6 8.5 ± 3 0.67 0.22 0.26 0.07 S
1862 Apollo 35 1.2 1.4 1.9 ~1.2 1.15 0.35 0.26 0.15 Q
1866 Sisyphus 35 7.5 8.9 13.1 — 1.14 0.20 0.14 0.07 S
1915 Quetzalcoatl 29 0.34 0.40 0.56 — d 0.42 0.31 0.16 S
1980 Tezcatlipoca 63 4.5 6.7 6.8 — 1.54 0.31 0.14 0.14 S
2100 Ra-Shalom 42 1.7 2.5 2.6 ≥2.4 1.80 0.26 0.13 0.11 C
2201 Oljato 105 1.3 2.1 1.5 — d 0.63 0.24 0.49 S,E ?
3200 Phaethon 48 3.6 5.1 5.6 — 1.60 0.22 0.11 0.09 F
3551 Verenia 50 0.75 0.87 1.08 — d 0.72 0.53 0.35 V
3554 Amun 16 1.8 2.1 2.9 — d 0.23 0.17 0.09 M
3671 Dionysus 58 0.86 1.5 1.10 — 3.1 0.52 0.16 0.31 C ?
3757 1982 XB 31 0.33 0.39 0.52 — d 0.46 0.34 0.19 S
4055 Magellan 14 2.5 3.0 4.5 — d 0.34 0.24 0.11 V
6053 1993 BW3 51 2.7 3.1 3.9 — d 0.25 0.18 0.11 Q,R ?
6178 1986 DA 31 2.0 2.3 3.2 2.3 ± 0.6 d 0.19 0.14 0.07 M
6489 Golevka 89 0.22 0.29 0.26 0.53 ± 0.03 d 1.08 0.63 0.78 Q,V ?
14402 1991 DB 36 0.52 0.56 0.79 — 0.98 0.18 0.16 0.08 B,C ?

In those cases in which data at only one wavelength are available (e.g., data from Veeder et al., 1989), or spectral data are inadequate
for model fitting, a default value of η of 1.2 is used in the NEATM (denoted by “d” in the η column). The diameter, Deff, is the
effective diameter, i.e., the diameter of a sphere of equivalent projected area. For 433 Eros results are given for lightcurve maximum
and minimum; the comparison effective diameters are from the results of the NEAR Shoemaker mission (P. Thomas, personal commu-
nication, 2000; T. Kwiatkowski, personal communication, 2000). The albedo from NEAR Shoemaker is 0.25 ± 0.06 (Veverka et al.,
2000). Lightcurve effects have been taken into account where corresponding optical photometry is available; in all other cases in-
cluded here the lightcurve amplitude is known to be small (≤0.3 mag). The formal errors in Deff and pv are much smaller than the
modeling uncertainties (cf. Table 1). Original data sources:

433: see Harris and Davies (1999).
1566: radar size from Pettengill et al. (1969). Mahapatra et al. (1999) suggest a diameter based on their radar observations of Deff =

0.8 km. However, given the adopted H value of 16.3, this size implies an extremely high albedo of pv > 0.7. Taxonomic type
suggested by Hicks et al. (1998).

1627: observations by Binzel, Harris, Delbó, and Davies (in preparation).
1866: observations by Harris and Davies (in preparation).
1980: lightcurve maximum, Harris and Davies (1999).
2100: lightcurve maximum, Harris et al. (1998); radar size from Shepard et al. (2000).
2201: E type suggested by Hicks et al. (1998).
3671: Harris and Davies (1999); tentative taxonomic type from S. J. Bus (personal communication, 2000).
6053: Pravec et al. (1997); taxonomic type suggested by Hicks et al. (1998).
6178: radar size from Ostro et al. (1991).
6489: radar size from Hudson et al. (2000); taxonomic type suggested by Hicks et al. (1998).

14402: observations by Binzel, Harris, Delbó, and Davies (in preparation); lightcurve amplitude ~0.1 mag (P. Pravec, personal com-
munication, 2000); tentative taxonomic type from R. Whiteley (personal communication, 2001).

All other objects: see Harris (1998).



Harris and Lagerros: Asteroids in the Thermal Infrared 211

at the time of the thermal-infrared observations the object
was almost pole-on. With only one 10-µm measurement
available in this case, spectral fitting is not possible and the
NEATM results in Table 2 are based on the default value
of η = 1.2. Mottola et al. (1997a) attempted to take the
extreme geometry into account in their model calculations,
which were based on modified versions of the STM and
FRM. However, in this case none of the models gives re-
sults consistent with the radar size of Hudson et al. (2000).
Since a shape model of Golevka is now available from the
radar observations, this object presents an opportunity for
realistic thermophysical modeling of a small irregular as-
teroid to probe the limitations of the simple models.

In general, the derivation of sizes and albedos of NEAs
on the basis of simple thermal models is subject to greater
uncertainty than in the case of main-belt and distant aster-
oids. An important task for the future is to investigate the
phase effect in the case of small, irregular asteroids, both
observationally and via thermophysical modeling. Although
the available dataset is still small, there is some evidence
that the η value derived from spectral fitting, which is re-
lated to the apparent color temperature, increases with so-
lar phase angle, α (see Table 2). If so, this would confirm
that a more sophisticated treatment of the phase effect is
required in the STM and NEATM and that caution should
be exercised in interpreting large values of η in terms of
high thermal inertia alone.

4. THERMOPHYSICAL MODELING

While the STM and its derivatives are very useful for
investigations such as those described above (see also sec-
tion 5), simple models have obvious limitations when it
comes to detailed physical interpretation of high-quality
observational data or the prediction of accurate thermal-
infrared fluxes from asteroids for calibration and other pur-
poses. Thus there have been a number of attempts at more
sophisticated modeling of the thermophysical processes
involved. However, before reviewing this field we first con-
sider the complexity of the problem.

Sunlight heats the surface of a rotating, possibly irregu-
larly shaped asteroid. Scattered sunlight and thermal emis-
sion from other parts of the surface contribute to the local
radiation field. The surface may be rough and irregular on
all scales, giving rise to complex shadow patterns. Radia-
tion penetrates the porous surface material, and there are
radiative and conductive heat transfer processes within the
surface. The effective emissivity and the state of polariza-
tion of the thermal emission leaving the surface depend on
the porosity, the particle size distribution and the wave-
length-dependent refractive index.

4.1. Shape and Spin State

The STM assumes asteroids to be spherical, which is the
simplest assumption in the absence of shape information.
However, asteroids are often elongated and irregularly

shaped, and generate a thermal lightcurve as they rotate.
Correcting for the shape and the rotational phase is in many
cases more important than taking account of the thermo-
physical processes discussed below. Ellipsoidal shape mod-
els of asteroids can be derived by inverting groundbased
visual lightcurves (Kaasalainen et al., 2002). Higher-order
estimates of three-dimensional shapes exist for a small set
of objects based on imaging with spacecraft, space tele-
scopes, and radar (see the relevant chapters in this book).
Spin vectors can often be derived from such investigations.
Rotation periods can be derived from lightcurve studies
covering a few apparitions to remarkable precision. By
combining the results of such efforts, it is now possible to
accurately predict the orientation and projected area at any
time of a significant number of objects (see, for example,
Müller and Lagerros, 1998). To predict thermal fluxes from
these objects, a simple approach is to scale the STM flux
by the projected area to obtain a synthetic thermal light-
curve. For more accurate work, however, systematic effects
arising from the correlation between curvature and tempera-
ture and the highly nonlinear Planck function have to be
considered (Brown, 1985; Lagerros, 1996a). To be more pre-
cise, the model thermal flux is computed using

F I I I dSem ref scλ µ= + +∫
1
2∆

( ) (7)

where µ is the direction cosine of the surface element dS,
∆ is the distance to the observer, and the intensities I are
those of the emitted, reflected, and multiply scattered ra-
diation respectively. Points not visible to the observer are
taken into account by letting µ = 0. The contribution from
reflected sunlight is normally completely negligible in the
thermal infrared. Lagerros (1997) modeled multiply scat-
tered radiation and concluded that due to large-scale shape
features it can, in most cases, be ignored.

4.2. Albedo and Emissivity

Albedo and emissivity enter the thermophysical model-
ing by determining the heating and cooling rates, and
thereby the surface temperature. At this stage the appropri-
ate energy-balance equation uses quantities averaged over
wavelength and direction. In the next step, the directional-
and wavelength-dependent albedo and emissivity are re-
quired to determine the observed reflected and emitted
radiation. The study of wavelength-dependent emissivity
features may turn out to be of great importance for aster-
oid mineralogy. Thermal-infrared spectra obtained in early
investigations are essentially gray (Gillett and Merrill, 1975;
Feierberg and Witteborn, 1983; Green et al., 1985) but
showed a feature around 10 µm that was thought to be either
due to silicates or of atmospheric origin. More recently, air-
borne observations (Cohen et al., 1998), and especially
observations with ISO (Dotto et al., 2002, and references
therein), have revealed identifiable features for the first time.
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However, the mineralogical interpretation is still an open
issue and much remains to be done in bringing together lab-
oratory, observational, and theoretical results in this area.

In principle, compositional variations around the surface
of a body can be detected by comparing visual and ther-
mal lightcurves. Dark spots in the visual would be warm
and bright in the thermal infrared and would therefore give
rise to a phase shift in the lightcurves. An interesting ex-
ample of roughly anticorrelated thermal and visible light-
curves is given by Lellouch et al. (2000), who analysed ISO
far-infrared data of the Pluto-Charon system on the basis
of a thermal model that takes into account thermal inertia
and beaming. The method has been applied to asteroids
(Lebofsky et al., 1988) but difficulties arise in separating
spots from shape effects (Lagerros, 1997).

4.3. Heat Conduction

Heat conduction in the regolith introduces thermal iner-
tia, defined by

Γ = k cρ (8)

where k is the thermal conductivity, ρ the density, and c
the heat capacity. In the STM Γ = 0 and the surface is in
instantaneous equilibrium with the solar radiation. A non-
zero thermal inertia lowers the temperature contrast around
the body and introduces a time lag in the diurnal tempera-
ture variation (Fig. 4, upper panel). Müller and Lagerros
(1998) derived thermal inertias between 5 and 25 J m–2

s–0.5 K–1 for a few of the largest main-belt asteroids. These
values are compatible with the values for the Moon (Γ ~
50) and Mercury (Γ ~ 80) (Spencer et al., 1989) if values
of k, ρ, and c measured for lunar soil (Keihm, 1984) are
assumed, with k and c scaled for the lower temperatures of
the main-belt asteroids. In comparison, Γ is around 2500
for solid rock, which illustrates the dramatic effect of the
porosity of the regolith. A number of near-Earth asteroids
appear to have relatively high thermal inertias (Tedesco and
Gradie, 1987; Veeder et al., 1989; Harris et al., 1998; Har-
ris and Davies, 1999), presumably because these small
bodies have insufficient gravity to retain impact ejecta and
build up significant regoliths.

The thermal skin depth (Wesselink, 1948; Spencer et al.,
1989; Lagerros, 1996a), defined by

l
k
cs =

ρ ω
(9)

in which ω is the angular rotation rate, is very useful for
characterizing the scale length of the diurnal heat wave.
Typical values of ls for asteroids lie in the range 10–3–
10–2 m, many orders of magnitude smaller than the objects
in question. Thus the heat diffusion process is highly local-
ized on a diurnal timescale, implying that the application
of simple one-dimensional vertical heat transfer models
is valid.

A practical tool for characterizing the solutions of the
vertical heat transfer problem is the dimensionless thermal
parameter given by

Θ Γ= ω
ε σ Tss

3
(10)

where Tss is the STM subsolar temperature (T(0) in equa-
tion (6)). Θ = 0 corresponds to the STM, in which zero ther-
mal inertia and no rotation are assumed, whereas Θ → ∞
corresponds to the “fast rotator” (FRM) case. The thermal
parameter is the result of transforming the heat diffusion
problem into a dimensionless form (Spencer et al., 1989).
The parameter Θ is very useful in thermophysical modeling
since heat transfer calculations can be expressed in terms of
Θ alone (Lagerros, 1996a).

4.4. Surface Roughness

There is now ample evidence that asteroid surfaces are
generally heavily cratered and rough on all scales. In com-
bination with the lack of an atmosphere and small thermal
skin depths, surface roughness gives rise to substantial tem-
perature contrast, even on small scales, and produces the
so-called beaming effect in which thermal emission is en-
hanced in the solar direction. The beaming effect is prob-
ably mainly due to the effect of the walls of subsolar craters,
which cause the crater floors to receive more radiation than
their surroundings and therefore present higher brightness
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Fig.  4.  Observed and modeled thermal lightcurves of 532 Herculina
at a wavelength of 20 µm (Müller and Lagerros, 1998). Model curves
are computed for thermal inertias (upper panel) Γ = 0, 50, ..., 200,
and r.m.s. surface roughness slopes (lower panel) ρ = 0.2, 0.4, ..., 1.
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temperatures to an observer at a small phase angle. In fact,
such an observer would preferentially see relatively warm,
sunward-facing surface elements over the whole disk. Thus,
in effect, thermal emission is “beamed” in the sunward
direction (see, for example, Hansen, 1977; Spencer, 1990;
and references therein). As described in section 3, the beam-
ing parameter, η, is used in the STM to adjust the surface
temperature to take into account this and other effects. At
small phase angles beaming increases both the mean flux
level and the amplitude of thermal lightcurves (Fig. 4, lower
panel), while at large phase angles conservation of energy
dictates that observers see less thermal emission as a result
of the beaming effect.

A number of surface roughness models have been used
to describe the beaming effect on the basis of multiple scat-
tering in spherical craters (Buhl et al., 1968; Winter and
Krupp, 1971; Hansen, 1977; Spencer, 1990; Lagerros, 1998;
Emery et al., 1998), parabolic craters (Vogler et al., 1991;
Johnson et al., 1993), and stochastic surfaces (Jämsä et al.,
1993). Whereas η in the STM is a disk-integrated constant,
detailed investigations show that the beaming effect actu-
ally depends on the degree of roughness, wavelength, al-
bedo, emissivity, and the viewing and illumination geometry.
In particular, thermophysical modeling of the beaming ef-
fect could aid in the interpretation of observations of NEAs,
which are often made at large phase angles.

While most studies support the assumption that surface
roughness is the main cause of the beaming effect, a pos-
sible alternative explanation is radiative transfer processes
in the regolith. However, the modeling of Hapke (1996)
indicates that such processes can contribute only about 20%
of the observed effect. Radiative heat transfer in the regolith
has also been modeled by Henderson and Jakosky (1994,
1997), who have investigated, for example, solid-state green-
house effects.

4.5. Polarization

Observations have been made of the polarization of the
thermal emission from the Moon, 1 Ceres, Io, and Mercury
(Heiles and Drake, 1963; Clegg and Carter, 1970; Johnson
et al., 1983; Goguen and Sinton, 1985; Mitchell and De Pater,
1994). Polarization in the case of thermal emission is due to
the refraction of the radiation leaving the surface. Although
the effect is small in disk-integrated data, the state of polari-
zation imposes constraints on the dielectric properties of the
surface material, surface roughness, thermal inertia, poros-
ity, and spin-vector orientation (Henderson et al., 1992;
Redman et al., 1995; Lagerros, 1996b; Lagerros et al., 1999)
(see also Dotto et al., 2002).

4.6. Applications of Thermophysical Models

As is evident from the above discussion, thermophysical
models have important applications in the study of the
physical properties of asteroids, from the determination of
accurate diameters and albedos of main-belt asteroids and

the thermal inertia and surface roughness of asteroids with
well-known shapes and sizes, to the study of spectral fea-
tures in the thermal infrared. Here we briefly describe two
further interesting applications of thermophysical models.

4.6.1. Calibration standards. Provided their fluxes can
be predicted with sufficient precision, asteroids can act as
convenient standard sources throughout the thermal infra-
red, a region of the spectrum lacking in suitable celestial
calibration standards. As calibration sources, asteroids have
the advantages of wide availability over the sky and a broad
range of flux levels. With the advent of accurate thermo-
physical modeling the use of asteroids for this purpose has
recently become feasible, as has been demonstrated in the
case of the ISO project (Müller and Lagerros, 1998). The
ISO project used 10 main-belt asteroids as calibration stan-
dards. The accuracy achievable with thermophysical mod-
eling was better than 10% with the four primary standards
(Ceres, Pallas, Vesta, Herculina) and mostly better than 15%
with the remaining six asteroids used as secondary stan-
dards (see Dotto et al., 2002).

4.6.2. The Yarkovsky effect. As described above, the
temperature distribution over the surface of an asteroid is
normally very asymmetric. For example, if the thermal in-
ertia and rotation rate are small, or if the rotation axis is
aligned with the Sun, there is a prominent peak in the sur-
face temperature distribution at the subsolar point (equa-
tion (5)). Due to the momentum of the thermal photons,
there is a net reactive force associated with asymmetric
thermal emission that can significantly influence the long-
term evolution of an object’s orbit. This phenomenon has
become known as the Yarkovsky effect (see Bottke et al.,
2002). In general there are two components of the Yar-
kovsky effect, one dependent on rotation, which acts per-
pendicular to the rotation axis, and the other dependent on
the object’s orbital motion, which acts along the rotation
axis (Rubincam, 1995; Farinella et al., 1998; Vokrouhlický
et al., 2000). Thermal inertia plays a crucial role in deter-
mining the overall net perturbation.

Interest in the Yarkovsky effect has increased recently
with the realization that it may help to explain the delivery
of small fragments (≤100 m) from the main belt into Earth-
crossing orbits by causing them to drift into main-belt reso-
nant orbits (Farinella et al., 1998). Furthermore, thanks to
high-precision radar astrometry of near-Earth asteroids, it
may soon become possible to detect the orbital drift caused
by the Yarkovsky effect. Apart from challenging measure-
ments of minute changes in orbital parameters, confirmation
of Yarkovsky-induced orbital drift requires sophisticated
thermophysical modeling to facilitate accurate prediction of
the effect. In most cases, lack of information on shape and
thermal properties precludes calculation of the perturbation
to the level of accuracy required. However, for one or two
NEAs, for which accurate shape models are available or
preliminary estimates suggest a relatively large effect (e.g.,
1998 KY26 and 6489 Golevka), it may be possible to pre-
dict the magnitude of the perturbation to an accuracy com-
mensurate with that of radar astrometry (Vokrouhlický et al.,
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2000). The Yarkovsky effect may become an important new
area of application for thermophysical models.

5. PHYSICAL CHARACTERIZATION
OF ASTEROIDS

5.1. Distant Asteroids

Thanks to the improving capabilities of groundbased
telescopes and the availability of orbiting infrared obser-
vatories, it is now possible to probe more distant and cooler
asteroids in the thermal infrared. An important question is
the relationship between distant asteroids, such as trans-
Neptunian objects (TNOs) and Centaurs, and comets. Ther-
mal-infrared investigations of such objects reveal their
albedos, which are an important indicator of surface char-
acteristics and possible similarities to cometary nuclei.

The detection of TNOs in the thermal infrared is par-
ticularly challenging. The thermal emission of an object at
a heliocentric distance of 30 AU peaks at a wavelength of
40 µm or longer (see Fig. 1), in a region of the spectrum
inaccessible from the ground. On the basis of the STM the
corresponding flux at 40 µm from an object with a diam-
eter of 100 km is 2.6 × 10–18 W m–2 µm–1 (1.4 mJy) at the
Earth (see Fig. 2). Thomas et al. (2000) report a 2.7 σ de-
tection of the TNO 1993 SC of 11.5 ± 4.2 mJy at 90 µm
with the Infrared Space Observatory. On the basis of a stan-
dard thermal model they estimated a geometric albedo of
pv ~ 0.02 and a diameter of around 328 km. The low al-
bedo is in line with expectations for cometary nuclei. Jewitt
et al. (2001) have made the first groundbased thermal ob-
servation of a TNO, albeit in the submillimeter region.
Using the James Clerk Maxwell Telescope on Mauna Kea,
Hawai‘i, Jewitt et al. observed 20000 Varuna at a wavelength
of 850 µm and derived a red geometric albedo of pR ~ 0.07
and a diameter of about 900 km on the basis of a standard
thermal model. The albedo is larger than previously as-
sumed for TNOs but it is uncertain by about a factor of 2,
mainly due to lack of knowledge of the lightcurve phase at
the time of the observations.

Centaurs have orbits between those of Jupiter and Nep-
tune (i.e., between 5 AU and 30 AU, although the aphelion
distances of some exceed 30 AU) and may be objects evolv-
ing dynamically from the Kuiper Belt toward becoming
short-period comets. A few Centaurs, including 2060 Chiron,
actually display cometary activity. Campins et al. (1994)
interpreted their 10- and 20-µm observations of 2060 Chiron,
performed with the NASA 3-m Infrared Telescope Facility
and the 4.5-m Multiple Mirror Telescope, in terms of the
STM and reported an albedo of about 0.14 and a diameter
of some 180 km. Interestingly, the albedo is much higher
than would be expected for a cometary nucleus, but some
residual contamination from Chiron’s coma cannot be ruled
out. A similar size was obtained by Altenhoff and Stumpff
(1995) from thermal observations at 1.2 mm. Other Cen-
taurs for which albedos and sizes have been determined
from thermal-infrared observations and application of stan-

dard thermal models are 5145 Pholus and 10199 Chariklo.
In both cases observations were made at 20 µm with the
3.8-m UK Infrared Telescope. The albedos reported for both
objects are pv ~ 0.045 (Davies et al., 1996; Jewitt and Kalas,
1998), a value similar to that found for cometary nuclei,
such as Comet P/Halley (e.g., Keller, 1990, and references
therein). A slightly higher albedo for Chariklo, pv = 0.055 ±
0.008, was reported by Altenhoff et al. (2001) from ther-
mal observations at 1.2 mm.

A few asteroids have retrograde orbits, a characteristic
suggestive of a cometary link. One of the first such objects
to be discovered is (20461) 1999 LD31, which has perihe-
lion and aphelion distances of 2.38 AU and 46.5 AU respec-
tively and an orbital period of 121 yr. In the lists of the
Minor Planet Center, 1999 LD31 is an unusual object that
does not fit into any existing category. Despite the similarity
of its orbit to that of a Halley-type comet, there have been
no reports from observers of a comet-like appearance or un-
usual brightness variability during its perihelion passage.
Spectrophotometric observations in the 5–20-µm range with
the 10-m Keck I telescope, interpreted on the basis of the
STM and similar thermal models (Fig. 5), indicate that
1999 LD31 has pv = 0.03 ± 0.01 and a diameter of some
14 km (Harris et al., 2001). The visible-infrared colors are
consistent with those of a D-type asteroid. The perihelion
distance is smaller than that of some short-period comets,
thus it seems possible that 1999 LD31 is an example of
a dormant or extinct comet. Thermal-infrared Keck obser-
vations of further objects of this type, interpreted on the
basis of a standard thermal model, have been reported by
Fernández et al. (2001); in all cases the albedos are similar
to that found for 1999 LD31.

5.2. Near-Earth Asteroids

Could a significant fraction of the NEA population con-
sist of cometary nuclei depleted of volatiles? Current ob-
servational evidence from reflection spectra and albedos
suggests not. Even the FRM albedos in Table 2 are gener-
ally higher than would be expected for cometary nuclei.
However, the fraction of the NEA population that has been
sampled is still very small and observation selection effects
may significantly bias the observed sample against dark
objects. A major problem is our ignorance of what a “dead
comet” actually looks like. A few NEAs that have optical
reflection spectra typical of C-type asteroids appear to have
albedos much higher than would be expected from com-
parison with main-belt C-type asteroids (see Table 2). If,
for whatever reason, exhausted cometary nuclei can also
have brighter-than-expected surfaces, there may be many
examples lurking unrecognized in the NEA population.
It appears that S-type NEAs may also have higher albe-
dos on average, than S-types in the main belt (see Table 2
and Binzel et al., 2002). Whether relatively high albedos
in the case of NEAs are a real phenomenon indicative, for
example, of recently exposed, relatively unweathered sur-
faces, or other special surface characteristics associated with
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Fig. 5. Model fits to thermal-infrared fluxes of the retrograde asteroid 1999 LD31 from observations with the Keck I telescope (Har-
ris et al., 2001). The curves represent the STM (continuous), the FRM (dashed), and the NEATM (dotted). The fit provided by NEATM
with η = 1.22 is better than that of the STM, which adopts η = 0.756 (for model fitting the apparently anomalous measurement at
12.5 µm was disregarded). The STM gives a slightly smaller diameter and a slightly larger albedo than the NEATM. The geometry at
the time of the observations was: heliocentric distance = 2.696 AU, geocentric distance = 1.873 AU, α = 14.3°.

NEAs or very small asteroids in general, or are the result
of inadequacies in the thermal models, is not clear at pres-
ent. Note, however, that a relatively high average albedo for
S-type NEAs would be consistent with the trend to ordi-
nary-chondrite-type reflection spectra with decreasing size
observed in the NEA population, which is also attributed
to a lack of space weathering of relatively young surfaces
(Binzel et al., 2002).

Confirmation of the existence of NEAs with anoma-
lously high albedos may come from radar observations. We
note that some anomalies in the spectral type/albedo cor-
respondence of NEAs are already apparent from radar data.
The NEAs 1999 GU3, 6489 Golevka, and 2063 Bacchus all
have similar Q-type optical spectra or colors (Pravec et al.,
2000; Hicks et al., 1998); however, their albedos, pv, de-
rived from radar estimates of their sizes and absolute vi-
sual magnitudes, could hardly be more diverse: 0.08, 0.15,
and 0.56 respectively (Pravec et al., 2000; Hudson et al.,
2000; Benner et al., 1999). Recent radar observations of
1566 Icarus indicate a diameter of 0.8 km or less (Mahapatra
et al., 1999), which would imply an extremely high value
for pv of more than 0.7. Clearly results such as these need
to be verified but if similar surprises turn up frequently in
investigations of NEAs, it will become clear that we still
have a long way to go in understanding the physical na-
ture of the NEA population.

6. SUMMARY

The STM has proved to be very successful in the deter-
mination of diameters and albedos of main-belt asteroids.
Standard thermal models are also applicable to investiga-
tions of distant asteroids, such as Centaurs and trans-Nep-
tunian objects, and have revealed that such objects, like
cometary nuclei, are characterized by very low albedos.
With some modifications the STM can be used to provide
insight into the physical properties of near-Earth asteroids,
although care must be exercised when applying simple
models to irregularly shaped objects observed at high so-
lar phase angles. Some C-type NEAs appear to have anoma-
lously high albedos, a potentially important result for the
taxonomy and surface properties of NEAs but one that re-
quires confirmation. For detailed interpretation of high-
quality thermal-infrared data of individual asteroids, and
applications such as the calibration of space instrumenta-
tion in the thermal infrared, more sophisticated thermo-
physical models are required.

The thermophysical models discussed to date in the lit-
erature cover a wide range of physical processes. However,
the construction of a unified, self-consistent model that
takes all relevant effects into account, and can accurately
predict and interpret thermal radiation in terms of the physi-
cal properties of asteroids, is still a task for the future. A
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potentially important application of thermophysical model-
ing is in the prediction of the orbital evolution of small aster-
oids perturbed by the Yarkovsky effect. Many of the effects
discussed in this chapter are also relevant to the interpreta-
tion of optical data, where there is a similar need to unify
available models. It is important to remember that uncer-
tainties in the treatment of scattered sunlight also limit the
accuracy achievable with thermal modeling. The ultimate
general-purpose model would be a seamless integration of
the physics of scattered and thermally emitted radiation.
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