
Effects of absorbing particles on coronas and glories

Michael Vollmer

Light scattering from small particles changes if the particles are absorbing. Whereas the effect is small
for coronas and Bishop’s ring, glories show pronounced attenuation with increasing absorption. Results
indicate suitable wavelength regions for studies of glory scattering from cloud tops. The behavior of
core–shell particles could have applications for studying the atmosphere of Venus; in addition it provides
more insight into the simple ray-path model of the glory. © 2005 Optical Society of America
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1. Introduction

Coronas and glories are usually due to nonabsorbing
water droplets or ice crystals in atmospheric clouds,
and much related experimental and theoretical work
has been reported in the past.1–11 However, on some
occasions, absorbing particles, characterized by a
nonvanishing imaginary part k of the index of refrac-
tion, also give rise to observable phenomena. Exam-
ples are pollen coronas12–14 or Bishop’s rings, i.e., the
inner parts of coronas from very minute dust parti-
cles, observed after volcanic eruptions. Such dust par-
ticles are usually characterized by a k value of the
order of 0.008. In addition, observations of glories in
the near-infrared at wavelengths of 2.16 and 3.74 �m
have been reported. For these wavelengths, water is
already absorbing appreciably, and imaginary parts
of the refractive index of 0.0036 were used to inter-
pret the data.15

Theoretical work on absorbing particles has been
done for coronas by using Fraunhofer diffraction for
pollen,12,13 for infrared glories using Mie theory for
absorbing water droplets, but only for a few selected
wavelengths,15 and for rainbows using Mie theory.16

In addition to homogeneous particles, it is also pos-
sible that composite particles made up of two differ-
ent materials are formed in the atmosphere. One may
think of large aerosols serving as condensation nuclei
to form particles with absorbing core and transparent
water shell. Alternatively, there may be particles

with transparent core and absorbing shell. An exam-
ple has already been reported in other planetary at-
mospheres. It was speculated17 that the clouds on
Venus have a complex structure being made up par-
tially by composite drops in the size range between
one and a few tens of microns made of liquid sulfuric
acid cores, surrounded by solid sulfur coatings.

The present work investigates the influence of ab-
sorbing particles on coronas and glories in the visible
spectral range by means of Mie-theory simulations.
The simulations were also extended to include shell-
like particles, e.g., aerosol nuclei surrounded by wa-
ter shells of varying thickness but also transparent
shells covered by absorbing cores. The results reveal
the conditions, under which coronas and glories due
to absorbing particles may be observable in nature.

2. Method

Optical properties of uniform transparent or absorb-
ing particles as well as shell particles are calculated
using the computer program MQMie2.3, developed
by M. Quinten for computing the optical properties of
clusters.18 It has been successfully tested in a very
large number of experiments dealing with optical
properties of metal clusters as well as shell cluster
systems.19 The program allows one to compute optical
properties, e.g., scattering cross sections as a function
of scattering angle for various polarizations of either
homogeneous particles or core shell particles with up
to five shells from different materials. The particles,
cores, and shells are characterized by their complex
index of refraction n � ik. Optical properties of con-
ventional materials as tabulated in many reference
books20–22 are available in the program, but it is also
possible to define new values.

Data for the refractive index of aerosol particles
were taken from the tables from E. Shettle.23 Three
groups of aerosol data were chosen, water-soluble
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aerosols with n � ik � 1.53 � i0.006 (aerosol 1),
volcanic dust with 1.50 � i0.008 (aerosol 2), and car-
bonaceous aerosols with 1.75 � i0.45 (aerosol 3). The
imaginary part of sulfuric acid is below 10�7 in the
visible range and has, hence, no effects. The data for
water are taken from Ref. 21 and Ref. 24, those for
orthorhombic sulfur from Ref. 22.

The program allows the user to select a variety of
size distributions. For simplicity, only normal distri-
butions were used, characterized by the mean radius
and the width of the size distribution. For the shell
particles, the shell thickness was usually kept fixed
without a distribution.

3. Homogeneous Particles

A. Coronas

To first order, coronas can be considered a pure dif-
fraction phenomenon, i.e., the diffraction pattern of
droplets or pollen of more than 5 �m radius is more or

less the same as that from two-dimensional apertures
of the same size.25 Hence, one does not expect any
polarization features (which would involve a reflec-
tion), and the effect of absorption by the droplets
should have only a minor influence.

Figure 1(a) depicts the influence of absorption on
the forward scattering of droplets at a wavelength of
� � 650 nm and for a narrow normal droplet size
distribution with mean radius �R� � 10 �m and a
standard deviation of 0.5 �m. For clarity, Fig. 1(b)
shows just a comparison of pure water droplets and
highly absorbing droplets. Obviously, the difference
in the scattering pattern between a water droplet
�n � 1.3318�, various aerosols, and highly absorbing
droplets �n � 1.3318 � i1000� is not very pronounced.

The position of the first two to three maxima is not
shifted by changing the real part. Increasing the
imaginary part slightly reduces the intensity of the
rings. There is a difference in contrast for the outer
lying rings if comparing the k � 0 to k � 1000 curves.
The intensities of the rings are higher for k � 0;
however, one has to account for the transmitted light,
which is described by the p � 1 term of the Debye
series expansion of the scattered light intensities.
The intensities for k � 0 asymptotically approach this
transmitted light intensity; hence, contrast is re-
duced for k � 0.

For the strongly absorbing aerosol (3) with k
� 0.45, but also for the completely absorbing droplet
with k � 1000, the first, say, two rings of the corona
should still be visible. For higher-order maxima,
stronger absorption washes out the diffraction ring
pattern as compared to the aerosols. However, since
most natural observations have less than three ring
sequences, the effects of absorbing particles can be
practically considered as unimportant for coronas.

As expected, the scattered light intensity is also
very insensitive to the polarization of the incident
light for water droplets. This behavior changes
slightly for absorbing particles. Figure 2 depicts the
forward scattering of the strongly absorbing droplets
for parallel and perpendicular polarization. Polariza-
tion features for monochromatic light can be expected

Fig. 1. (a) Mie-theory forward scattering for spheres with a nor-
mal size distribution (R � 10 �m, � � 0.5 �m) at � � 650 nm as a
function of the index of refraction. The captions (top to bottom)
belong to the curves at an angle of 15 (top to bottom). (b) Compar-
ison of forward scattering of nonabsorbing and strongly absorbing
spheres with R � 10 �m at � � 650 nm.

Fig. 2. Forward scattering of strongly absorbing spheres as a
function of polarization of the radiation.
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only for higher-order maxima, which are usually
strongly suppressed and not visible in natural obser-
vations.

Similar to the coronas for droplets with 10 �m ra-
dius, computations have been done for very minute
droplets with radius of about 1 �m. These may give
rise to Bishop’s ring. Figure 3(a) shows a comparison
for the forward scattering of small droplets with a
normal size distribution (�R� � 1 �m, � � 0.1 �m) for
� � 650 nm as a function of the optical properties.
Besides water, the most strongly absorbing aerosol
(3) was included as well as sodium �n � 0.49
� i2.76� as an example of a typical metal. In addition,
two hypothetical strongly absorbing samples were
added to demonstrate the effect of increasing absorp-
tion without changing the real part of the index of
refraction.

Obviously the peak height of the aureole can vary
by nearly a factor of 2, whereas the angular size of the
aureole is more or less the same for all samples [Fig.

3(b)]. The first ring outside of the aureole is visible
only for water droplets: the main characteristic of the
absorption for these minute particles is thus to effec-
tively suppress the higher-order diffraction rings of
the corona. The predicted brightness variation [Fig.
3(a)] is due to single-scattering events by aerosols.
Variations of the optical thickness of the aerosol
clouds may, however, easily outweigh this effect.

As the composition of aerosol particles in volcanic
eruptions varies spatially and temporally, the index
of refraction of such particles will also vary. Obser-
vations of Bishop’s rings are therefore unlikely to
demonstrate any effects that can be attributed to
absorption.

B. Glories

The common most simple visualization of the origin
of glories2 uses the concept of light rays as shown in
Fig. 4. The light hits a droplet tangentially; hence the
rays are refracted into the droplet with the critical
angle for total internal reflection. After one internal
reflection, the light may escape the droplet. Upon
each contact with the water–air boundary, which
again occurs at the critical angle, wave theory pre-
dicts the existence of evanescent surface waves,
which may propagate along the perimeter of the drop-
let. These surface waves account for the missing an-
gle � of about 14° associated with the geometrical
optical path and the given index of refraction of wa-
ter. In a simple qualitative picture, absorbing drop-
lets would lead to a damping of the surface waves
according to their path length l � 3R within the
droplet (This rough estimate of l � 3R includes the
perimeter length for the angle of 14°, i.e., assumes
that the surfaces waves are also attenuated. This
assumption is not straightforward: so far, it is only
obvious that surface waves will be damped according
to the continuous emission of radiation tangentially
to the perimeter, but the role of k of the droplet is
unclear. If the surface waves would not be attenuated
as in the interior of the droplet, the length would
change to l � 2.65R; it seems worthwhile to study the

Fig. 3. (a) Forward scattering for spheres with a normal size
distribution (R � 1 �m, � � 0.1 �m) at � � 650 nm as a function
of the index of refraction. The legends (top to bottom) belong to the
curves at an angle of 0° (top to bottom). (b) Normalized forward
scattering of the particles: the width of the aureole is more or less
independent of the optical properties of the particle. The legends
(top to bottom) belong to the curves at an angle of 10° (top to
bottom).

Fig. 4. Simple visualization of ray path for glories.
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attenuation of the surface waves for rainbow and
glory rays in future work to clarify this point.)

The intensity of a wave in an absorbing material of
length x is damped according to the law by Bouguer:

I � I0e
�

4�kx
� , (1)

with k being the imaginary part of the index of re-
fraction. For droplets of 10 �m radius, i.e., x � l
� 30 �m, and a wavelength of � � 650 nm, the in-
tensity has already dropped below 1�e for
k � ��4�l�, i.e., k � 0.0017 and below 10�2 for
k � 0.0079. Equation (1) can in principle also be used
in an inverted form to compute the path lengths x
within the droplets for given � and k. If the simple
geometrical path model of the glory is correct, we find,
as expected, x around 30 �m near the glory angles for
droplet radii of 10 �m. A more thorough analysis
along these lines is in preparation.

Figure 5 depicts the backscattering of droplets with
a normal size distribution (�R� � 10 �m, �
� 0.5 �m) at a wavelength � � 650 nm for pure water

as well as for different aerosols on (a) a log and (b) a
linear scale. Compared to the easily observable glo-
ries from water droplets, absorbing particles will
show diminished contrast, and aerosol 3 with the
largest damping shows no glory structure at all. Its
nearly constant intensity is due to external reflection
from the sphere (this corresponds to the p � 0 term in
the Debye expansion).

Figure 5 can also be used to estimate the visibility
of glories for absorbing particles. Typical glories from
water droplets allow observation of less than or equal
to three fringes. Assuming the qualitative criterion,
that the contrast of the forth ring would not be suf-
ficient to allow observation, it is concluded that aero-
sol samples with k � 0.006 or 0.008 allow at
maximum the observation of only one ring, if at all.
Even larger k values will probably prevent any glory
observations in nature.

In Fig. 5, changes might also be due to variations of
the real part of the index of refraction. In order to
check this, Fig. 6 is a semilogarithmic plot for drop-
lets with the same size distribution and constant real
part of the refraction of 1.5, like aerosol (2), however,
with varying absorption. The glory diffraction fringes
are rapidly damped for increasing k value. Equal in-
crements of k lead to successive curves shifted down
vertically by approximately equal amounts owing to
the additional absorption. The curve for the highest
absorption �k � 0.01� is again dominated by the
nearly constant intensity due to external reflection
from the sphere.

The data from Fig. 6 can also be used to estimate k
values, corresponding to a decrease of intensity by a
factor 1�e. For this purpose, the intensity differences
	I between the maxima and adjacent minima for the
first two fringes were plotted as a function of k in Fig.
7. The horizontal bars represent the 1�e decreases
compared to k � 0. The respective k values for both
fringes are in the range 0.0013 and 0.0017 and hence
in agreement with the crude estimate from above.

The broad structure at wavelengths around 160°
corresponds to the primary rainbow for the chosen

Fig. 5. (a) Glory scattering for droplets of given optical constants
on a log scale. (b) Glory scattering for droplets of given optical
constants on a linear scale. The legends (top to bottom) belong to
the curves at an angle of 165° (top to bottom).

Fig. 6. Glory scattering for droplets of fixed refractive index and
varying absorption.
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index of refraction (as a matter of fact, it is a fogbow
for these droplet sizes).

We note that the limit of visibility of glory rings
depends on contrast, whereas the simple description
of Fig. 7 might imply that it is determined by inten-
sities rather than contrast. In order to correctly esti-
mate the contrast, the background intensities that
are due to multiple-scattering effects must be known.
A thorough treatment would therefore require
multiple-scattering theory, which relates the visibil-
ity of atmospheric optical phenomena to the cloud
optical thickness.26 The model presented here does
not include multiple scattering; hence, conclusions
for the visibility should be considered as a crude es-
timate, only.

4. Core–Shell Particles

It appears probable that particles with transparent
core and absorbing shell exist in planetary atmo-
spheres, like, e.g., Venus.17 Similarly, aerosol parti-
cles act as nuclei around which water shells grow, i.e.,
droplets of absorbing core plus transparent shell are
likely. Both types of shell particles are studied with
respect to glories.

A. Glories from Particles with Transparent Core Plus
Absorbing Shell

The geometry of a shell particle with transparent core
plus absorbing shell is depicted in Fig. 8. Comparison
with Fig. 4 indicates that the ray paths leading to the
glory are effectively damped for thick shells. In this
case, the results should correspond to those of a ho-
mogeneous absorbing droplet. For thin shells, how-
ever, only part of the ray path is within the absorbing
material, i.e., the damping is less effective [refraction
at the shell–core surface is omitted in Fig. 8(b)]. Ob-
viously, the relevant parameters for the simulations
are the ratio dshell�Rcore and the real part of the re-
fractive index of the shell.

Figure 9 depicts calculations for a model system of
nonabsorbing core plus absorbing shell at a wave-
length of � � 650 nm. The size distribution of the
droplets was characterized by a mean radius �R
� Rcore � dshell� of 10 �m and � � 0.5 �m. The shell

thickness was kept fixed, while the core radius was
varied to realize the size distribution. Figure 9(a)
shows how the glory is effectively damped away by
increasing shell thickness. Figure 9(b) is an enlarged
section for shell thicknesses from 20 to 100% of the
total droplet size.

Once, the shell thickness reaches about 4 �m, the
damping is very efficient; however, there are still
some deviations from the diffraction pattern of a
purely absorbing droplet [Fig. 9(b)]. A shell thickness
of at least 60% is necessary to approximate its behav-
ior.

As mentioned above, applications seem possible for
the atmosphere of Venus. It was speculated,17 that
the clouds on Venus have a complex structure being
made up partially by composite drops in the size
range between 1 and a few tens of microns made of
liquid sulfuric acid, surrounded by solid sulfur coat-
ings. It was expected that coatings could make up
about 10% of the acid core. For example, a 7.3 �m
diameter particle would have a 0.12 �m shell. The
reason for this assumption of shell particles was to
account for the observed UV absorption on Venus.
Other ideas to explain UV absorption use cycloocta
rings of eight sulfur atoms,27 however, the problem is
not yet solved since the last series of missions includ-
ing entry probes in the 1980s. A new Venus mission
is planned for 200528 with spectroscopic investiga-
tions of the atmosphere. Hopefully this will inspire
future missions with entry probes.

Fig. 7. Attenuation of glory fringes as a function of absorption.

Fig. 8. (a) Cross section of spherical shell particle with absorbing
shell. (b) For thin shells, a light ray may pass through shell plus
core.
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Unfortunately, little is known about the vertical
distribution of the possible shell particles in the at-
mosphere of Venus. On the top of the clouds, homo-
geneous nonabsorbing sulfuric acid droplets are
present that give rise to usual glories. The sulfur-
coated shell particles should lie some optical depths
deeper in the clouds with temperatures probably in
the room-temperature region. Thereby they would
not be observable in single-scattering events, i.e.,
glory features would be washed out by multiple scat-
tering. However, small optical depths would explain
that the albedo below wavelengths of, say, 350 nm is
lowered, which means that strong UV absorption is
needed in optical depths where absorption can still
change the albedo. Entry probes of the Venus atmo-
sphere could reveal the vertical distribution. If the
angular resolution would be sufficient, glory back-
scattering from shell particles may be detectable
within the clouds.

Calculations of the optical properties of the shell
particles were not possible some decades ago since
the concentric sphere modes could not deal with non-
transparent particles, and known optical constants of
sulfur at that time were considered erroneous.17 In-
deed, optical constants of sulfur are a source of prob-
lems. They change a lot with temperature, and
guesses of the temperature in clouds of the Venus
atmosphere are crude. Optical constants for orthor-
hombic sulfur were recorded for room temperature.22

They reveal a strong absorption toward the UV. The
k value drops below 10�3 for wavelengths larger than
about 440 nm and below 10�5 for wavelengths larger
than 520 nm (see also below, Fig. 11). However, the
absorption in the visible does strongly depend on tem-
perature, as was shown for liquid sulfur.29 Raising
the temperature to 450 °C could increase absorption
by two to three orders of magnitude. In the following
we do, however, assume near room-temperature
data, which should be a reasonable guess for the
upper atmosphere of Venus.30

Considering pure sulfur particles, absorption in the
near UV means that only for blue light would one
expect a strong damping of the glory. Figure 10 shows
the comparison of the glory backscattering for pure
water droplets compared to particles with sulfuric
acid core plus sulfur shell for a droplet size of 3.6 �m
including a 0.1 �m shell for wavelengths of 394 nm
and 354 nm, respectively.

Obviously, glories should be detectable for the
longer wavelengths; however, in the near UV, glories
are effectively suppressed by absorption. This
wavelength-dependent scattering pattern should be
detectable by an entry probe into the atmosphere of
Venus.

The reduced glory scattering owing to absorption
also manifests itself in the change of the single-
particle albedo A as a function of wavelength (see Fig.
11). It is defined as A � �sca���sca � �abs�, i.e., as the
ratio of scattering cross section to extinction cross
section, the latter including the absorption. The fig-
ure clearly demonstrates that with increasing ab-
sorption, as given by the k index, the single-particle
albedo in the UV decreases to a value of about 65%. It
can be made as low as about 59% by increasing the
thickness of the absorbing shell.

All simulations for sulfur-coated droplets require a
word of caution: solid shells around spherical liquid
droplets may easily lead to nonspherical grains,
which could also spoil glory or rainbow features. This
could lead to an even stronger weakening of the glory.

B. Glories from Particles with Absorbing Core Plus
Transparent Shell

In nature, glories are mostly due to water droplets. In
clouds, the droplets usually form around condensa-
tion nuclei, with a very small ratio of nucleus radius
to water shell thickness. Nevertheless, a wide range
of shell thicknesses was studied. On the one hand,
one may encounter cloud conditions close to volcanic
eruptions with large quantities of aerosols around,

Fig. 9. (a) Glory scattering for particles of given core�shell dimen-
sions as a function of shell thickness. The legends (top to bottom)
belong to the curves at an angle of 180° (top to bottom). (b) En-
larged section of glory scattering for core–shell particles droplets of
given dimensions core�shell as a function of shell thickness. The
legends (top to bottom) belong to the curves at an angle of 165° (top
to bottom).

20 September 2005 � Vol. 44, No. 27 � APPLIED OPTICS 5663



leading to larger cores. On the other hand, a system-
atic study of the role of shell thickness on glory scat-
tering provides more insight into the quite successful
simple ray path model of the glory.

Figure 12 depicts the geometry of a shell particle
with absorbing core plus transparent shell. In con-

trast to the particles with transparent core and ab-
sorbing shell, a thick transparent shell should not
alter the pure water droplet glory significantly. For
thin shells, the light must also pass the absorbing
core and will, hence, be attenuated.

In order to emphasize the main features, a strongly
absorbing core (aerosol type 3) was chosen. Again, a
size distribution with mean radius of 10 �m and
� � 0.5 �m was used, the shell thickness being fixed.
The relevant parameter for the simulations is again
dshell�Rcore.

Figure 13 illustrates that glory features are easily
visible as long as shell thicknesses are above 3 �m (in
general if dshell�Rcore is above 30%), which is usually
fulfilled for naturally occurring aerosol cores sur-
rounded by water shells. At 2.5 �m �dshell�Rcore
� 25%� there is already an appreciable damping, and
a water shell thickness of only 2 �m �dshell�Rcore
� 20%� does not give rise to an observable glory.

This behavior is expected in the ray-path and
surface-wave model. Figure 14 (after Ref. 2) illus-
trates the ray paths within a water droplet for nearly
grazing incidence and many total internal reflections.
All those rays, which end up near the bottom, i.e., at
points nearly opposite to the entrance point of the

Fig. 10. Glory scattering for shell particles with an absorbing
sulfur shell for wavelengths of (a) 354 nm and (b) 394 nm.

Fig. 11. Single-particle albedo and related imaginary part of re-
fraction index for shell particles with sulfur shell.

Fig. 12. Cross section of spherical shell particle with absorbing
core.

Fig. 13. Glory scattering for core–shell particles droplets of given
dimensions core�shell as a function of shell thickness. The captions
(top to bottom) belong to the curves at an angle of 165° (top to
bottom).
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droplet (top) are important for the glories (see Ref. 2
for a discussion of the relative importance of the var-
ious rainbow and surface-wave contributions). Since
many of the relevant rays have suffered multiple in-
ternal reflections, the light contributing to the glory
comes more or less from the shaded shell, the thick-
ness of which is indicated by Fig. 14. For the index of
refraction of water, this geometrical thickness x is
easily estimated. According to Fig. 15 it amounts to
x � R�1 � 1�n�, where n is the real part of the
refractive index of the shell. For example, n � 4�3
gives x � 0.25, i.e., whenever the shell thickness is
below dshell � 0.25 Rcore, the glory rays must also
travel within the strongly absorbing core, which leads
to an effective damping.

5. Summary and Conclusions

The presence of absorbing particles in the atmo-
sphere has consequences for the observations of co-
ronas and glories. The difference in the corona

diffraction pattern between a water droplet �n
� 1.3318�, various aerosols, and highly absorbing
droplets �n � 1.3318 � i1000� is not very pronounced.
In the sense of the flat mask projection of diffraction
theory, which assumes that the three-dimensional
droplets can be approximated by two-dimensional
disks, this behavior is expected, since strongly ab-
sorbing droplets correspond to opaque disks in a
transparent screen, whereas the usual picture of wa-
ter droplets refers to transparent disks in an opaque
screen. In the Fraunhofer diffraction theory, the re-
spective diffraction patterns look the same according
to Babinet’s principle.

In contrast, glories as backscattering phenomena
are strongly affected. This is important for remote
sensing of cloud droplet size distributions using glory
backscattering techniques.10 In this respect, it was
argued15 that glories in the near-IR spectral region
are particularly useful. However, water has stronger
absorption in the infrared spectral region. As shown
above, the contrast of the glory fringes is strongly
reduced by absorption, and we conclude that k values
of about 0.006 to 0.008 will allow only observation of
one glory ring. This sets a limit to the range of wave-
lengths for which water droplet glories may be ob-
served. Figure 16 depicts the k value for water as a
function of wavelength (data from Ref. 21 after Ref.
31). For an assumed limiting k value of about 0.01
(horizontal line) we may define the suitable wave-
length ranges for which glories may be observed.
They lie within the limits of about 0.17 �m to
2.68 �m, 3.50 �m to 4.39 �m and 5.24 �m to
5.35 �m. Obviously, these limits are somewhat arbi-
trary, depending on the choice of the limiting k value.
Hence they should only be regarded as a rough rule of
thumb.

The behavior of particles with transparent core and
absorbing shell could have applications for studying
the atmosphere of Venus. We conclude that the glory
backscattering of particles with absorbing shell
strongly depends on wavelength. For most of the vis-
ible spectrum, a glory should be visible; however, for

Fig. 14. Ray-path model of the glory (after Ref. 2): tangentially
incident rays are refracted into the droplet and are then multiply
internally reflected. Thereby, the light of the glory rays is in a shell
of finite thickness.

Fig. 15. Geometry for estimating the shell thickness in Fig. 14.
The angle of 41.4° corresponds to n � 1.33.

Fig. 16. Imaginary part of index of refraction of pure water: a k
value of about 10�2 defines the wavelength regions, where glories
could be visible.

20 September 2005 � Vol. 44, No. 27 � APPLIED OPTICS 5665



the short wavelengths around the absorption peak it
is strongly suppressed. The absorption plays an im-
portant role for the albedo of the Venus atmosphere.
Single-particle albedos of sulfur shell particles de-
crease to about 60% toward the UV.

Particles with absorbing core and thin transparent
shells should occur only seldom in nature; still, a
systematic study of shell thickness on the visibility of
glories is useful. For strongly absorbing cores with an
outer shell of water, the shell thicknesses must be
larger than 25% of the particle radius in order to
show distinct glory features. This behavior is in
agreement with the simple ray-path model of the
glory, thus providing more insight into this complex
but fascinating atmospheric optical phenomenon.

The author wants to thank Philip Laven (Geneva)
for very helpful comments.
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