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Numerical study of rainbows and glories
in water-drop clouds

S. M. PRIGARIN® K.B. BAZAROVT M. KERSCHER
and U.G. OPPEF

Abstract — In this paper we study scattering phase functions in water-drop clondsi-
ious distributions of droplet size and various conditions of glory, rainead corona for-
mation, and discuss the hypothesis proposed by A. N. Nevzorov tloatsiderable amount
of water in cold clouds can exist in a specific phase state with the refraotiex ~ 1.8
(so called A-water). Polarization and angular distributions are studiedebitnte Carlo
method for radiation reflected by cloud layers with drops of water or tigiwal A-water
taking into account multiple scattering. Computational results make it pogsillevelop
procedures for analysis of microphysical structure of clouds anfiramation or disproof of
the existence of A-water.

Such phenomena as rainbows, glories, or coronas appear due liaées!
of light scattering on water droplets. The dependence of the distribution
density of the intensity of scattered radiation on the angle between incident
and scattered photons is called a scattering phase function. The scattering
phase function of water-drop clouds is determined by the wavelength and
size distribution of droplets. If all cloud drops were of the same size, then
the whole cloudy sky would be filled with colored rings of various intensity,
i.e., figuratively speaking, we would see a variety of rainbows, glorias, a
coronas (see Fig. 1).

In reality, the sizes of drops in clouds vary, and the correspondinggpha
functions are essentially smoothed. However, scattering phase funitions
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Figure 1. Scattering phase functions with wavelengtb3um for a monodisperse medium
containing drops of water (left) and A-water (right) with the radipsri(upper row), 1rm
(middle row) and 10Qm (lower row).

actual water-drop aerosols can also contain oscillations observewasasp
rainbows, and glories (see the examples of phase functions presented b
low). Recall that coronas can be observed around the light souhseSgn,

the Moon, earth sources) when the light is transmitted through semitrans-
parent clouds and fog. In contrast to a halo caused by light scatteriiog o
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crystals and having a large angular radius, coronas are explainefirbyg-d

tion scattering on water droplets, and their angular radius does not usually
exceed 3 A glory is actually a small rainbow with the angular radius up
to 20, which can be observed in the mountains or in flying above clouds.
However, in contrast to a rainbow, whose approximate description can be
given within geometrical optics, the calculation of a glory requires the more
accurate apparatus of the Mie theory.

A. N. Nevzorov [20-27] put forward a conjecture that in cold clouds a
considerable part of water is in a particular amorphous state with therefrac
tive index~ 1.8 and density~ 2.1 g/cn? (A-water). Moreover, according
to Nevzorov's opinion, such optical phenomenon as a glory can appéar
in clouds containing A-water. Nevzorov’'s hypothesis on the existenge of
water in clouds and on the nature of glories has not got wide appro¥at so
and was subjected to criticism by some specialists (see [16, 34]). In partic-
ular, it was indicated in [16] that the presence of A-water in clouds is not
needed for appearance of glories (see also [13, 14, 17]).

Unfortunately, Nevzorov does not offer any information concernimg th
size distributions of droplets used in his calculations, which makes inter-
pretation of his results difficult. In this paper we present some calculation
results for scattering phase functions under different distributionsabémw
and A-water drop sizes, study the peculiarities of polarization of scattered
radiation, the conditions causing rainbows, glories, and coronas insloud
with water and A-water, and also the influence of multiple scattering. In
particular, here we present some results supplementing our previous stud
ies [31].

In our calculations we have used the software developed at the Ludwig—
Maximilian University of Munich (LMU) and the Institute of Computational
Mathematics and Mathematical Geophysics, Siberian Branch of the RAS,
Novosibirsk (ICMMG SB RAS). The computational procedures related to
the Mie theory are based on the code developed by W. Wiscombe [39]. The
first versions of the software were developed at the LMU, and later this
software was modified at the ICMMG SB RAS for more accurate calcula-
tions and operations with arbitrary size distributions of scattering spheres.
The radiation transfer subject to multiple scattering was simulated using the
software developed at the ICMMG SB RAS.
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1. Comparison of scattering phase functions for water-drop
media containing water or A-water

In this section we compare particular features of scattering phase fusction

for water-drop media containing water or hypothetical A-water. We have

performed calculations for a series of Gaussian distributions and for some
commonly accepted models of clouds and fogs.

1.1. Scattering phase functions for normal distributions of dropssizes

As a first example, we consider scattering phase functions in a water-dro
aerosol for water and A-water with a normal distribution of the drop radii
with the mean valuen = 20um and the standard deviatian= 4um (see
Fig. 2). The refractive indices of water for the calculations with differen
wavelengths were taken from [35]. For hypothetical A-water, the lepe
dence of the refractive index on the wavelength is not known, thergfor
in our calculations we used the value32 (regardless of the wavelength)
proposed in Nevzorov’'s papers.

The main differences in scattering between the drops of water and A-
water are the following.

(1) The intensity of scattering in the backward direction is greater by a
few orders in the case of A-water. Scattering by water drops is more inten-
sive (compared to A-water) near the primary rainbow (the scattering angle
is about 140) and in the forward direction up to 40

(2) The scattering phase function for drops of A-water contains local
maxima only in the neighbourhood of the glory (about 98Qooking
ahead, note that a rainbow practically never appears under scattering o
drops of A-water. An exception may be found in distributions with the drop
size less than a micron. Below we consider the rainbow effects appearing in
this case.

As was shown by the computations, all scattering phase functions for
drops of water with a Gaussian distribution for the mean radius greater than
5um have typical maxima corresponding to the primary (the scattering an-
gle about 140) and secondary (the scattering angle about’12&inbows
(see Table 3 in [31]). In this case, the effect of a supernumerarpaain
is observed for more narrow distributions and larger drops. The minimum
between the primary and secondary rainbows corresponding to Alexand
dark band is observed more clearly for large drops (see Fig. 3)eTiges
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Figure 2. Scattering phase functions of light with wavelengtdm for aerosol containing
drops of water (solid line) and A-water (dotted line) with normal distributibdrops radii
with the mean valuen= 20um and standard deviatiom = 4um. The local maxima corre-
spond to a glory (about 189 the primary rainbow (near 14Pand the secondary rainbow
(near 125).
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Figure 3. Scattering phase functions with wavelengtfim (solid line) and 042um (dot-
ted line) in the rainbow domain for Gaussian distributions of water dropis \dith the
parametersn= 20um, ¢ = 4um (a),m= 20um, ¢ = 1um (b),m=80um, o = 4um (c). It
is seen that a supernumerary rainbow appears for more narroilutistins and larger drops.
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ures demonstrate a different pattern of color alternation in the primary and
secondary rainbows (the wavelength off@m corresponds to the red color,
0.42 corresponds to the violet color).

Scattering phase functions in the domain of the glory are essentially dif-
ferent for the cases of water and A-water drops (see Figs. 4 ariebb).
example, for the normal distribution of water drop radii with the parame-
tersm= 20um ando = 4um a glory is formed with the angular radius
approximately 1 and the same color alternations as in the primary rain-
bow (see Fig. 4a). Additional wider rainbow rings appear for moreomarr
distributions, however, the colors of those rings alternate not in the same
manner as in the brightest inner ring (see Figs. 4b, d, f). If the mean ra-
dius of the drops is halved, the angular radius of the main inner ring of the
glory increases approximately twice [31]. The same regularity is observed
for glories on drops of A-water. However, in comparison with ordinaay w
ter, glories in A-water have a distinctly greater angular radius for the same
distributions of drop sizes. For moderate radii of aerosol drops dqual
10, 2Qum the multiplicity of glories for A-water is generally less than for
water. (The multiplicity of glories means the number of the local minima
of the phase function near 18DIf the mean radius of drops is greater, the
multiplicity of glories for A-water is greater than for water. In addition, one
can observe the following phenomenon: for sufficiently wide distributions,
the inner rings become smoother and disappear, and only one prodounce
outward ring is left (see Fig. 5e). This phenomenon is not observext &ty
tering on water drops. In total, the brightness of a glory for A-water slisp
greater by an order of magnitude than for water drops.

For coronas we can indicate the following regularities (see Fig. 6): (1)
if the mean size of drops decreases (with a constant ratio of the mean and
standard deviation), the angular radius of the coronas increaset{g)
variance of distribution decreases, the color contrast and the angdlasr
increase (due to the appearance of additional colored rings). In gegloa
forms of scattering phase functions for water and A-water drops padlgtic
coincide for the same distributions (see Fig. 6d).

In theory, interesting optical phenomena may appear in water-drop aero-
sols with drop sizes less thatigh (see Fig. 7). In particular, some phenom-
ena similar to rainbows of the third and fourth orders are quite probalde (se
information related to rainbows of the third an fourth orders in [8, 38]).
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Figure 4. Scattering phase functions with the wavelengtfiu@n (solid line), 053um
(dashed line), and.®2um (dotted line) in the glory domain for Gaussian distributions of
water drops radii with the parameters= 20um, o = 4um (a),m= 20um, g = 2um (b),
m= 10um, o = 2um (c), m= 10um, g = 1ym (d), m= 5um, o = 1um (e),m= 5um,

o =0.5um (f).
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Figure 5. Scattering phase functions with the waveleng®3fim in the glory domain for
Gaussian distributions of A-water drops radii with the parameters10um, o = 2um (a),
m=10um, o = 1um (b),m= 20um, g = 4um (c),m=20um, o = 1um (d),m= 40um,
o = 16um (e),m=40um, o = 2um (f).
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Figure 6. Scattering phase functions with wavelengtfigm (solid line), 053um (dashed
line), and 042um (dotted line) in the corona domain for Gaussian distributions of water
drops radii with the parameters= 20um, o = 2um (a),m= 10um, g = 1um (b), m=
20um, o = 1um (c) and (d). Figure (d) presents the phase function for water drgyser
line) together with the corresponding phase function for A-water (lowej lin

1.2. Scattering phase functions for cloud and fog models

Comparative calculations of phase functions for aerosols with water and
A-water drops have been performed for a series of distributions usdet in
scription of various models of clouds and fogs. We considered six OPAC
models [9], four MODTRAN models [1, 3], and 10 models from [6, 7, 36].
For all models we used an approximation of drop sizes by a modified
Gamma-distribution with the density

a
T
yrmod

Here A a,B,y are the parameters of the distribution density of the

w(r) = Ar®exp(—BrY), B=

(1.1)
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Figure 7. Scattering phase functions with wavelengtfm (solid line), 053um (dashed
line), and 042um (dotted line) for Gaussian distributions of drops radii for water (a) and
A-water (b) with the parametera= 1um, o = 0.07um.
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Figure 8. Scattering phase functions of light with wavelengtfm (solid line), 053um
(dashed line), and.82um (dotted line) for ‘Haze.M’ model.

concentratiow(r) of drops in cnd with respect to the radiusmeasured in
UM; 'mog iS the modal radius of the drops. The results of calculations were
briefly presented in [31]. Note the following issues most essential fram ou
viewpoint.

1. Practically all phase functions for popular cloud models (with water
drops) have local maxima in the domains of the rainbow and the glory and
resemble the solid line shown in Fig. 2. For some models, a white rainbow
is typical (maxima for different wavelengths practically coincide). In par-
ticular, a white rainbow is ‘observed’ for models C3 from [6] and for the
model of moderate radiation fog [36]. The models ‘Haze.H’, ‘Haze.Ld an
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‘Haze.M’, stand apart. These models differ from the others by very small
drops sizes (about a micron) and their phase functions do not have loca
maxima in the domain of the rainbow. In this case, glories of an abnormally
large radius are observed for the models ‘Haze.L’ and ‘Haze.M’ (8e8F

2. For the same distributions of drop radii, the scattering phase functions
have an absolutely different form if we suppose that the aerosoliosnta
A-water with the refraction index.82, see the phase function indicated
by the dashed line in Fig. 2. In this case, most of the phase functions do
not have local maxima (neither in the domain of rainbow, nor in the glory
domain) and only for several models one can observe local maxima in the
glory domain. The most expressed glory is the one for the cloud model
‘Cumulus OPAC Maritime’ with the parameteocs= 4, B = 0.00713,y =
2.34,Imog = 10.399um in (1.1).

2. Peculiarities of radiation polarization under single sattering

Radiation scattering subject to polarization is described by a Mueller matrix.
Suppose a photon described by the Stokes veter (I',Q',U’,V’) with

the motion direction’ is scattered at some spatial paihtThen the Stokes
vectorS= (I,Q,U,V) for the radiation intensity at the point=r’ 4+ Rw
scattered from the point in the directionw is described at the distance
R=|[r —r’|| from the scattering point by the expression

Sw) = M(w’,w,r’)s’% (2.1)

whereM is the Mueller matrix. Recall (see, e.g., [30]) that the unique deter-
mination of the second and third components of the Stokes vector requires
a specification of the additional reference vector orthogonal to the motion
of the photon. It is assumed in (2.1) that the Stokes ve&oasdS have a
common reference vector orthogonal to the scattering plane containing the
vectorsw’' andw. The Mueller matrix has the following form for water-drop
clouds with spherical drops [4, 10]:

Mi1 M2 0 0
0 0 Mszz Mz |’
0 0 —Mzs Mg

M(w', ) = (W, w) € (—1,1)
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Figure 9. The figure presents the scattering phase functions with waveler&ghr (a, b)
and the polarization degree in percent (c, d) for water (a, ¢) and térvh, d) according
to the ‘'OPAC Cumulus Maritime’ model. Polarization is radial under the dottesl dind
tangential in other regions.
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The polarization of scattered radiation on water and hypothetical
A-water drops is essentially different for monodisperse, as well gadiyr
disperse media (see Figs. 9 and 10) presenting the d@@ U2+Vv2/|
and the direction of polarization for single scattering of natural light. The
plane of polarization of a scattered ray may coincide with the plane of scat-
tering (radial polarization) or be orthogonal to it (tangent polarizatidhg
domains with radial polarization in the above figures are under the rectan-
gles drawn with a dotted line. For single scattering on water drops in clouds,
the maximal degree of polarization is observed in the rainbow domain. The
degree of polarization can reach 90% here and the direction of polanzatio
is tangential. In contrast to the case of the rainbow, polarization in the glory
domain is radial and its degree is essentially lower (about 30%).
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Figure 10. The figure presents the light scattering phase functions with wavelergghra
(a, b) and the polarization degree in percent (c, d) for water (a,ccpanater (b, d) accord-
ing to the Gaussian distribution of drops with the parametees 20um, o = 1um. The
polarization is radial under the dotted line and tangential in other regions.
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In the case of hypothetical A-water, the maximal degree of polarization
(about 90%) is observed near the scattering angles of. 1i7the glory do-
main the degree of polarization can also reach high values (for moreanarro
distributions of drop sizes the degree of polarization is higher). In this cas
the direction of polarization in these domains is tangential.

There is practically no polarization in the corona domains both for water
and A-water.

Thus, it is obvious that the presence of A-water in clouds can be effi-
ciently determined by studying the dependence of the degree and direction
of polarization on the scattering angle.

3. Influence of multiple scattering on polarization and angular
distributions of radiation reflected from a cloud layer

An interpretation of radiation field observations in a cloudy atmosphere re-
guires taking into account multiple radiation scattering. The processes of
polarized radiation transfer in scattering media are described by an eguatio
for the Stokes vector (see, e.g., [5,11, 15, 18, 28, 37]). We présea the
stationary polarized radiation transfer equation in its integral form with a
generalized matrix kernel:

—1(r',r)
Siplrw) = [ [ fr—ppao L. o1 M. w1 o'

r—r’
=

x S[p](r', w') x 5(00— )dr’dw’+So[p](r, w)

(3.1)

W X w , ,
pr=——"—" 1nr'eR, wwecQ={weR:|w|=1}.

o/ x wf
A photon (a quasimonochromatic wave) is described here by the Stokes
vector §p](r, w) relative to the reference vectpr, wherer are the photon
spatial coordinates an@ is the unit direction vector of the photon motion
(the reference vectgp is always orthogonal to the motion directiao),
S[p](r, w) is the Stokes vector corresponding to the volumetric distribution
density of the sources. The reference vectrgp are determined through
a certain field of reference vectgp$w), w € Q, given in advance, i.e.,

pl=pw) e, p=pwlo
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whered is the delta-functiong is the albedo of single scattering,is the
attenuation of the mediunt(r’,r) is the optical length of the interval’,r],

|
r(r’,r):/o o' +s(r—r)/Nds, 1=|r—r|.

HereM(«', w,r’) is the Mueller matrix, andl[p’, p*] is the rotation matrix
of the form
1 0 0 0
; «_ | O cosd sin2 O
L Pl = 0 —sin2p cosz O (32)
0 0 0 1

where¢ is the angle used for rotation of the reference veptaaroundaw’
in order to get the reference vectotr. The rotation matrix describes the
transformation of the Stokes vector under a change of the referenta,ve
i.e., §p*] = L[p’, p*]Fp']. The first element of the Mueller matrix satisfies
the relation o M11(w', w,r")dw = 1. The integrand in equation (3.1) for-
mally reflects the following stages of radiation transfer: a collision at the
pointr’ of a photon flying in the directiony, scattering in the directiow,
and attenuation on the path to the paint

One of the most efficient methods for solving polarized radiation trans-
fer equations is the Monte Carlo method (see, e.g., [2,12,15,19, ZR]32,
consisting in computer simulation of a large ensemble of random photon
trajectories and statistical estimation of the required values. Here we briefly
describe the Monte Carlo method for the stationary transfer equation used
for our numerical experiment. For the sake of simplicity, below we assume
that the optical medium is homogeneous and the albedo of single scatter-
ing is equal to one (the absorption of radiation in atmospheric clouds can
be neglected for the visible range of wavelengths). The simulation of pho-
ton trajectories in the scattering medium and the recalculation of the Stokes
vector are performed according to the following algorithm.

(1) Simulate the initial pointo=(Xo, Yo, 20), the directiort=(ap, bo, Co),
and the Stokes vect&po|(ro, wn) according to the source distribution and
assumen = 0.

(2) Simulate the free run lengthaccording to the distribution with the
densityp (1) = oexp(—al), | > 0, whereo is the attenuation of the scatter-
ing medium.
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(3) Assumen = n+ 1 and calculate the coordinatesyn, z, of the next
collision of the photon with particles of the medium, i.e.,

Xn = Xn—1+an-1l, Yn = Yn—1+ bn_1l

Z=2Z1+Cnal,  Tn= (Xn,Yn,Zn).

(4) The scattering of the photon at the paipis simulated in the follow-
ing way: the new motion directioay, of the photon is simulated according
to some phase functiog(wn-_1, awh) (distribution on the unit sphere of di-
rectionsQ), [o9(wh-1,w)dw = 1, the values of the Stokes vector and the
reference vector are recalculated by the formulas

S{on] (. ) = WLmﬂ,pﬁpﬁ](rm ) (33
_ Wh—1 X Wh
P = Jany < ]| (3.4)

HereM (wn-1, ) is the Mueller matrix and.[pn—1, pn] is the rotation ma-
trix, see (3.2). Note that new reference vector (3.4) is taken orthbgona
the scattering plane containing the vectars 1, .

(5) Go to step 2. The simulation of trajectories is terminated when the
photon leaves the cloud layer.

In order to simulate photon scattering, we have implemented two ap-
proaches. The first one (see, e.g., [12, 15, 19, 32]) consists irsthefuthe
first element of the Mueller matrix as the scattering phase function, i.e.,

g(n-1, @h) = My1(@Wh-1, wh). (3.5)
The second approach (see, e.g., [2,29, 33]) is aimed to provide thétequ

I(rn,(kh) = I(rny%*l)' (36)

Recall that we neglect the absorption, dnig the first component of the
Stokes vectolS describing the radiation intensity. In this case the phase
function g(wh-1, wh) in (3.3) used for scattering simulation is determined
by the first component of the vector

SPn-1(rn, Wh-1)

(o 1) (3.7)

M (%—17 %)L[pn—lv pn]
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Each of methods (3.5) and (3.7) simulating scattering has its own advantages
depending on the peculiarities of the problem being solved. In our study of
polarization and angular distributions of radiation reflected from a cloud
layer both approaches have given practically the same results.

The main differences that are typical for single scattering on water and
A-water drops are also well observed for multiple scattering. Figure 11
shows the transformation of the ‘indicatrix of reflection’ of radiation per-
pendicular to the cloud layer depending on the optical thickness of the layer
It is assumed here that the size distribution of the water drops correspond
to the ‘OPAC Cumulus Maritime’ cloud model.

Remark 3.1. The phase functions of single scattermg6), 6 < [0, ],
presented in Figs. 1-10 are normalized in the following way:

n
/ gs(6)sinBd6 = 2.
0

The indicatrixg; (8), 8 € [11/2, i1}, of reflection by a flat layer means the dis-
tribution of light brightness coming from a unit area of the layer illuminated
by a perpendicular flow of photons (hefés the angle between the incident
ray and that reflected after multiple scattering in the layer). The phase func
tions shown in Fig. 11 are normalizedﬁ)%2 0r(0)sin6dB = A, whereAis

the albedo of the cloud layer.

The results presented in Fig. 11 have been obtained by the Monte Carlo
method and demonstrate smoothing of the rainbow and glory with the
growth of the optical thickness of the cloud layer. Figure 12 shows how the
polarization degree of radiation reflected from the cloud layer varies with
the growth of the optical thickness of the layer. It is seen that for sufiigie
large optical thickness the polarization degree of the reflected radiation re
mains noticeable both for ordinary water and for hypothetical A-wates. Th
size distribution of water drops according to the ‘OPAC Cumulus Maritime’
cloud model was used here as well.

Note a typical peculiarity of angular distributions of radiation reflected
by a cloud layer with A-water. The calculations for models with A-water
give a pronounced distribution peak in the direction backward to the spurc
which is caused by a higher peak in the phase function of single scatter-
ing on drops of A-water compared to ordinary water. Although this peak is
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Figure 11. Light reflection indicatrices with wavelength33Bum for a flat cloud layer with
optical density QL (dotted line), 1 (dashed line), and 5 (solid line) with the distribution of
water drops correspondina to the model ‘OPAC Cumulus Maritime'.
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Figure 12. Polarization degree of radiation reflected by a flat cloud layer with optig-th
ness 0L (dotted line), 1 (dashed line), and 5 (solid line) with distribution of dropwater

(a) and A-water (b) corresponding to the model ‘OPAC Cumulus Maritifflee depen-
dence on the cosine of the angle between the reflected rays and thesrpgadicular to
the layer is indicated. The calculations were performed by the Monte Catloat for light

with wavelength G3um.
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smoothed in multiple scattering, it remains rather distinguishable for large
optical thicknesses and different angles of source elevation.

Conclusion

A. N. Nevzorov proposed his conjecture on the presence of A-wataith
clouds 20 years ago on the base of analysis of airplane observatisns. H
arguments did not get support of specialists, but, at the same time, so far
this conjecture has not been reliably disproved. In our opinion, thidgmob

is rather urgent now, because in the case of discovery of water wituahu
properties in the clouds we need an adaptation of the models and methods
for solution of direct and inverse problems of cloudy atmosphere optics.

As was shown by our calculations (in particular, see Figs. 2, 9-11), an
indirect argument in favour of Nevzorov’s conjecture is that in mostsas
glory on water drops must be accompanied with an intensive rainbow. How-
ever, this argument cannot be assumed as a reliable proof of the coajectu
(there are known observation of a glory accompanied with a white rainbow,
a rainbow can possibly be beyond the observed area, etc.). At the same time
the typical singularities of the angular distributions and polarization proper-
ties of radiation in clouds containing hypothetical A-water can be calculated
using the Mie theory and statistical modelling, which gives us the ability to
detect A-water reliably (if it exists) based on the brightness, degreéiand
rection of polarization of radiation reflected from the cloud layer.

Acknowledgements

We are grateful to Anatolii Nikolaevich Nevzorov (Central Aerological
Observatory, Dolgoprudny), Bernhard Mayer and Claudia Emdewig:d
Maximilians-University, Munich), Philip Laven, Tat'yana Borisovna Zhu-
ravleva and Tat'yana Vladimirovna Bedareva (V. E. Zuev Institute of Atmo-
spheric Optics, Tomsk) for interesting and useful discussions.

References
1. L. W. Abreu and G. P. Andersoihe MODTRAN 2/3 Report and LOWTRAN 7 Model
Prepared by Ontar Corporation for PL/IGPOS, 1996.

2. S. Bartel and A. H. Hielscher, Monte Carlo simulations of the diffusek&eattering
Mueller matrix for highly scattering mediAppl. Optic§2000)39, No. 10, 1580-1588.



264

3.

S. M. Prigarin, K. B. Bazarov, M. Kerscher, and U. G. Oppel

A. Berk, L. S. Bernstein, G. P. Anderson, P. K. Acharya, D. @b&tson, J. H.
Chetwynd, and S. M. Adler-Golden, MODTRAN Cloud and Multiple Scattetily
grades with Application to AVIRISRemote Sens. Envirofl998)65, 367—-375.

C. F. Bohren and D. R. HuffmaAbsorption and Scattering of Light by Small Particles.
Wiley, New York, 1983.

S. ChandrasekhdRadiative TransferDover Publ., New York, 1960.

6. D. DeirmendjianElectromagnetic Scattering on Spherical Polydispersidmserican

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Elsevier, New York, 1969.

. P. V. DyachenkoExperimental Application of the Method of Mathematical Statistics

to Microstructural Fog and Cloud ResearcVbeikov Main Geophys. Observ., 1962 (in
Russian).

M. Grossmann, E. Schmidt, and A. Haussmann, Photographicneéder the third-
order rainbowAppl. Optics(2011)50, No. 28, 134-141.

M. Hess, P. Koepke, and I. Schult, Optical properties of aerosol€luds: the soft-
ware package OPA@ull. Amer. Meteor. S0¢1998)79, 831-844.

H. C. van de Hulst,ight Scattering by Small Particle8Viley, New York, 1957.

A. Ishimaru,Wave Propagation and Scattering in Random Mediaademic Press,
New York, 1978.

G. W. Kattawar and G. N. Plass, Radiance and polarization of multipteesed light
from haze and cloud#\ppl. Optics(1968)7, No. 8, 1519-1527.

P. Laven, Simulation of rainbows, coronas, and glories by useiefthdory. Appl.
Optics(2003)42, No. 3, 436-444.

P. Laven, How are glories formedppl. Optics(2005)44, No. 27, 5675-5683.

G. I. Marchuk, G. A. Mikhailov, M. A. Nazaraliev, R. A. DarbiniaB, A. Kargin, and
B. S. Elepov,Monte Carlo Methods in Atmospheric Optic&pringer-Verlag, Berlin,
1989.

B. Mayer and C. Emde, Comment on ‘Glory phenomenon inforfrgr&sence and
phase state of liquid water in clouds’ by A. N. NevzorAtmospheric Resear¢@007)
84, 410-419.

B. Mayer, M. Schroeder, R. Preusker, and L. Shueller, Resstsing of water cloud
droplet size distribution using the backscattering glory: a case shtdyos. Chem.
Phys.(2004)4, 1255-1263.

G. A. Mikhailov. Optimization of Weighted Monte Carlo Metho®&pringer-Verlag,
Berlin, 1992.

G. A. Mikhailov and M. A. Nazaraliev, The calculation of the light polatian in
a spherical atmosphere by a Monte Carlo methad. RAN. Fizika Atmos. Okeana
(1971)7, No. 4, 385-395 (in Russian).

A. N. Nevzorov, Permanence, properties and nature of liquidepimice-containing



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Numerical study of rainbows 265

clouds. In:11th Int. Conf. on Clouds and PrecipitatipiMontreal, Canada, 1992,
pp. 270-273.

A. N. Nevzorov, Investigations in physics of liquid phase in ice-dairtg clouds.
Meteor. Gidrol.(1993)18, No. 9, 55-68 (in Russian).

A. N. Nevzorov, Cloud phase composition and phase evolutiondiscdd from ex-
perimental evidence and physico-chemical concept4.3th Int. Conf. on Clouds and
Precipitation Reno, Nevada, USA, 2000, pp. 728-731.

A. N. Nevzorov, Internal mechanism of metastable liquid watettaltization and its
effects on intracloud processésy. RAS, Atm. Ocean Phy2006)42, No. 6, 765-772.

A. N. Nevzorov, Some properties of metastable states of viRtigsics Wave Phenom.
(2006)14, No. 1, 45-57.

A. N. Nevzorov, Bimorphism and properties of liquid water in cold dgun: Some
problems of cloud physics. IfMeteorologiya i GidrologiyaMoscow, 2008, pp. 268—
298.

A. N. Nevzorov, Glory phenomenon and a nature of liquid-dragptfon in cold clouds.
Atmos. Ocean. Optiq2007)20, No. 8, 613—619.

A. N. Nevzorov, On the theory and physics of glory formatidtmos. Ocean. Optics
(2011)24, No. 4, 344-348.

U. G. Oppel and G. Czerwinski, Multiple scattering LIDAR equation iditlg polar-
ization and change of waveleng®roc. SPIE \ol. 3571, pp. 14-25.

U. G. Oppel and H. Krasting, Retrieval of microphysical pararsétem return signals
of airborne and space-based LIDARSs. Liidar Atmospheric Monitoring (Proc. Euro-
pean Symposium on Environmental Sensing Ill, 16—20 June 198@rdtands Munich,
GFR. (EnviroSense’97; LASER'9{d. J.-P. Wolf). Proceedings of SPIE EUROPTO
Series, Vol. 3104, 1997, pp. 135-144.

S. M. PrigarinThe Essentials of Stochastic Simulation in Polarized Optical Radiation
Transfer.Novosibirsk Univ. Press, Novosibirsk, 2010 (in Russian).

S. M. Prigarin, K. B. Bazarov, and U. G. Oppel, Looking for a gliorA-water clouds.
Atmos. Ocean. Optiq2012)25, No. 4, 307-313.

M. J. Rakow, G. W. Kattawar, M. Melhiibedjlu, B. D. Cameron, L. V. Wang, S.
Rastegar, and G. L. CitLight backscattering polarization patterns from turbid media:
theory and experimenfppl. Optics(1999)38, No. 15, 3399-3408.

J. C. Ramella-Roman, S. A. Prahl, and S. L. Jacques, ThreeeNamlo programs of
polarized light transport into scattering media: Pa@ptics Expres§2005)13, No. 12,
4420-4438.

N. P. Romanov and S. O. Dubnichenko, Physics of formation aalgitical description
of glory propertiesAtmos. Ocean. OptiqR010)23, No. 7, 549-560.

D. Segelstein, The Complex Refractive Index of WatkrS. ThesisUniv. Missouri,
Kansas City, 1981.



266

36.

37.

38.

39.

S. M. Prigarin, K. B. Bazarov, M. Kerscher, and U. G. Oppel

E. P. Shettle and R. W. Fenn, Models for the aerosols for the lowesatmere and the
effects of humidity variations on their optical propertié:GL-TR-79-0214 Environ-
mental Research Papers No. 6716879.

T. A. Sushkevichylathematical Models of Radiation TransfBINOM, Moscow, 2005

(in Russian).

M. Theusner, Photographic observation of a natural fourteraednbowAppl. Optics

(2011)50, No. 28, 129-133.

W. Wiscombe, Improved Mie scattering algorithmgpl. Optics(1980) 19, No. 9,

1505-1509.



