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In this paper we discuss a hypothesis proposed by Anatoly N. Nevzorov that considerable amount of water 
in cold clouds can exist in a specific phase state with the refractive index ≈ 1.8 and density higher than 2 g/cm3 
(so called A-water). One of the arguments mentioned in favor of this hypothesis is that the glory phenomenon 
can be better explained by existence of A-water. In our paper we consider this argument in detail studying the 
phase functions of A-water clouds for different distributions of droplet size. 

 

Keywords: clouds, A-water, glory, rainbow, halo, phase function, polarization. 
 
 

Introduction 
 

In addition to ordinary natural water with density 
1 g/cm3 and refractive index 1.33, there are known 
several metastable states with different internal struc-
ture and macrophysical properties (see, for example, 

)[1] . According to [2], A.N. Nevzorov detected stable 
existence of liquid-droplet amorphous water (A-water) 
in atmospheric clouds and measured some of its pro- 
perties [3–9]. A-water is claimed to be one of me-
tastable states with density ≈ 2.1g/cm3 and refractive 
index ≈ 1.82. More over, A.N. Nevzorov insists that 
the glory phenomenon can be described properly only 
by existence of A-water in clouds [9]. The last state-
ment was earlier refuted in [10], were the authors 
asserted that glory can appear in ordinary water-drop 
clouds, and there is no need to introduce A-water 
(see, in addition, [11– )13] .  

It was mentioned in [14] that for monodisperse 
media computation results, presented in [8], are in con-
tradiction to the Mie theory. Unfortunately, no detailed 

information can be found in papers of A.N. Nevzorov 
about distributions of droplet size that he used to com-
pute phase functions of clouds with A-water. It com-
plicates evaluation of his hypothesis because distribu-
tion of droplet size highly affects the phase function 

and formation of glory. In our paper we want to fill up 
the gap by studying phase functions of clouds with 
different size distributions for A-water droplets. First, 
we consider distributions, which are used for conven-  
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tional cloud models. Then we consider the case of 
“narrow” distributions, which is more interesting for 
studying glory phenomenon. To compute phase func-
tions we used program POLYMIE, which is freely 
available on Internet. This program was originally 
developed in Ludwig-Maximilian University of Mu-
nich on the basis of Mie code by W. Wiscomb [15]. 
Additional modifications, introduced later in the pro-
gram, enable one to perform computations with high 
accuracy for an arbitrary droplet size distribution. 
 

1. Phase functions of A-water clouds 
with conventional droplet size 

distributions 
 

Modified Gamma distribution with density of the 
form 

 α γ
ω =( ) exp(– ), r Ar Br  

γ

α
=

γ
,
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B
r

 

is extensively used to describe droplet size in differ-
ent cloud models [16–22]. Here A, α, B, γ are pa-
rameters of the distribution density of droplet con-
centration ω(r) in cm3 with respect to droplet radius 
r in μm, and rmod is the modal radius. In the Table 1 
below we represent existence of glory and rainbow for 
several distributions used for conventional water-drop 

cloud models. The Table 1 is built according to the 
properties of the phase functions without considera-
tion of light multiple scattering. Approximate values 
of angular radius of the glory, presented in the Ta-
ble 1, correspond to local maxima of the phase func-
tions for wavelength 0.7 μm (red color). 
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T a b l e  1  

Glory and rainbow for water and A-water cloud models 

Distribution model and its parameters Glory water / A-water Rainbow water / A-water 

Cloud C1 [15] 
α = 6, B = 1.5, γ = 1, rmod = 4 

Yes (3°)/No Yes (two)/No 

Cloud C2 [15] 
α = 8, B = 0.042, γ = 3, rmod = 4 

Yes (5°)/No Yes (two)/No 

Cloud C3 [15] 
α = 8, B = 1/3, γ = 3, rmod = 2 

Yes (10°)/No Weak (white)/No 

Haze H [15] 
α = 2, B = 20, γ = 1, rmod = 0.1 

No/No No/No 

Haze L [15] 
α = 2, B = 15.2, γ = 0.5, rmod = 0.07 

Yes (25°)/No No/No 

Haze M [15] 
α = 1, B = 8.94, γ = 0.5, rmod = 0.05 

Yes (15°)/No No/No 

Advection fog, heavy [18] 
α = 3, B = 0.3, γ = 1, rmod = 10 

Weak (< 1°)/No Yes (two)/No 

Advection fog, moderate [18] 
α = 3, B = 0.375, γ = 1, rmod = 8 

Weak (< 2°)/No Yes (two)/No 

Radiation fog, heavy [18] 
α = 6, B = 1.5, γ = 1, rmod = 4 

Yes (3°)/No Yes (two)/No 

Radiation fog, moderate [18] 
α = 6, B = 3, γ = 1, rmod = 2 

Yes (5°)/No Yes/No 

Stratus, continental (OPAC) 
α = 5, B = 0.938, γ = 1.05, rmod = 4.7 

Yes (3°)/No Yes (two)/No 

Stratus, maritime (OPAC) 
α = 3, B = 0.193, γ = 1.3, rmod = 6.7 

Weak (< 2°)/Weak (< 3°) Yes (two)/No 

Stratocumulus (OPAC) 
α = 8, B = 0.247, γ = 2.15, rmod = 3.5 

Yes (5°)/No Yes (white)/No 

Cumulus, continental (OPAC) 
α = 5, B = 0.0782, γ = 2.16, rmod = 4.8 

Yes (4°)/No Yes (two)/No 

Cumulus, maritime (OPAC) 
α = 4, B = 0.00713, γ = 2.34, rmod = 10.4

Yes (< 2°)/Weak (< 2°) Yes (two)/No 

Stratocumulus (MODTRAN) 
α = 2, B = 0.75, γ = 1, rmod = 2.67 

Yes (< 3°)/No Yes (two)/No 

Nimbostratus (MODTRAN) 
α = 2, B = 0.425, γ = 1, rmod = 4.7 

No/No Yes (two)/No 

Altostratus (MODTRAN) 
α = 5, B = 1.111, γ = 1, rmod = 4.5 

Yes (< 3°)/No Yes (two)/No 

Cumulus (MODTRAN) 
α = 3, B = 0.5, γ = 1, rmod = 6 

Weak (< 2°)/Weak (< 3°) Yes (two)/No 

 

In computations we used refractive indices from 
[23] for water clouds and we assumed that refractive 
index is equal to 1.82 for A-water. In the Table 1, “Yes 
(two)” means the presence of two rainbows, “Weak” 
means that the local maximum of the phase function 
is weakly expressed, and “white” means that phase 
functions for the wavelengths 420, 530 and 700 nm 
reach local maxima at the same point. Note, that there 
are no A-water clouds among considered models with 
a rainbow, and only for three models a weak glory 
can be “observed”, see Fig. 1. 

Almost all water cloud models with glory produce 

rainbows at the same time (see, for example, Fig. 2), 
except models Haze L and Haze M with very fine 
droplets (Fig. 3). 

2. Glory in A-water clouds with 
normal distributions of droplet size 

 

Phase functions for monodisperse water-drop scat-
tering media are highly oscillating. Figuratively spea- 
king, one could see multiple rainbows, glories, and 
halos if the clouds would contain droplets only of one 
fixed size. The oscillations of phase functions are more 
intensive for larger droplets. For example, using pro-
gram MiePlot developed by Philip Laven, one can eas-
ily find a simple rule: a phase function for the wave-
length 0.65 μm and unpolarized light has exactly 
10 * X local maxima more or less uniformly distributed 
from 0 to 180 degrees if water droplet radius is equal  
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Fig. 1. Phase functions in logarithmic scale for maritime Cumulus OPAC model of water (solid) and A-water (dot) clouds are 
presented on diagram (a), wavelength 530 nm. The local maxima near 120 and 140° correspond to rainbows in case of ordinary 
water. The phase functions for the same model of water (3 lower lines) and A-water (the upper line) clouds are presented 
  for the region of glory on diagram (b) for wavelengths 420 nm (dash), 530 nm (dot), and 700 nm (solid) 

 
 

  
 a b 

Fig. 2. Phase functions for C3 model of water (solid) and A-water (dot) clouds are presented on diagram (a), wavelength 
530 nm. The phase functions for the same model of water cloud are presented on diagram (b) for the region of glory and wave-
lengths 420 nm (dash), 530 nm (dot), 700 nm (solid). The local maxima near 145° correspond to a weak white rainbow in the  
  water cloud 
 
 

 
 a b 

Fig. 3. Phase functions of water (solid) and A-water (dot) Haze L model are on diagram (a), wavelength 530 nm. The phase 
functions for water Haze L model are presented for the region of glory on diagram (b) for wavelengths 420 nm (dash), 530 nm 
  (dot), and 700 nm (solid) 
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to X μm, X = 0.2, 0.3, …, 2.0 (exception is X = 1.3 with 

14 local maxima). There are about 90 local maxima for 
water droplet radius 10 μm and etc. A similar behavior 
is typical for A-water phase functions as well. Natu-
ral continuous distributions of droplet size in clouds 

make real phase functions considerably smoother. We 
studied in detail phase functions of water and A-water 
clouds for Gaussian distributions of droplet radius 
with different average values and variances, see Ta-
bles 2, 3. Approximate values of angular radii pre-
sented in the Tables 2 and 3 for the halos, rainbows 
and glories correspond to local maxima of the phase 
functions for red color (the goal was to give qualita-
tive representation, but not the exact values for local 
maxima). 

 
T a b l e  2  

Angular radii (in degrees) of glories, rainbows, and halos 
for normal distributions of A-water droplet radius  

with average M and standard deviation σ 

M, μm σ, μm Halo Rainbow Glory 

1 0.05 40 35, 55 No 

1 0.1 No No No 

5 0.25 6, 10, 13 No 6, 11 

5 0.5 6, 10 No 6, 12 

5 1 No No No 

10 0.5 3, 5, 7, 9 No 3, 6, 9 

10 1 3, 5 No 3, 6 

10 2 No No 3 

10 4 No No 2 

20 1 1.5, 2.5, 3.5, 
4.5, 5.5 

No 1.5, 3,  
4.5, 6 

20 2 1.5, 2.5 No 1.5, 3 

20 4 No No 1.5–2.5 

20 8 No No 2.5 

40 2 0.8, 1.3, 1.8, 
2.3, 2.8 

No 0.8, 1.5, 
2.2, 2.8 

40 4 0.8, 1.3 No 0.8, 1.4, 2.8

40 8 No No 0.7, 2.8 

40 16 No No 0.5, 3 

80 4 0.4, 0.7,  
0.9, 1.2 

No 0.3, 0.7, 1.1, 
2.0, 3.2 

80 8 0.4 No 0.4, 0.7, 1.1, 
2.0, 3.2 

80 16 No No 0.4, 2.0, 3.2

80 32 No No 3.2 

 

T a b l e  3  

Angular radii (in degrees) of glories, rainbows, and halos 
for normal distributions of water droplet radius  

with average M and standard deviation σ 

M, μm σ, μm Halo Rainbow Glory 

1 2 3 4 5 

1 0.05 27, 47 80, 60, 40, 20 No 

1 0.1 25 18, 39 No 

1 0.2 No 32(weak) 16 

1 0.4 No no 13 

5 0.25 6, 10, 13 35 4, 8, 12, 
16, 20 

C o n t i n u e  t a b l e  3  
 

1 2 3 4 5 

5 0.5 6, 10 35 4, 8, 12, 22

5 1 No 35 4 

5 2 No 40 2.8 

10 0.5 3.2, 5.3, 7.2 28, 38, 55,75 2, 4, 6, 8, 
10, 12 

10 1 3, 5 28, 38, 55, 75 2, 4, 6 

10 2 3 28, 38, 55, 75 2 

10 4 No 38, 55 1.5 

20 1 1.5, 2.5, 3.5, 
4.5, 5.5 

25, 28, 33, 40, 
55, 66, 74 

1, 2, 3, 4, 5

20 2 1.5, 2.5 29, 33, 40,  
55, 65 

1, 2 

20 4 No 33, 40, 55, 65 1 

20 8 No 40, 55 0.75 

40 2 0.8, 1.3, 1.8, 
2.3, 2.8 

31, 34, 37, 41, 
53, 60, 65 

0.5, 1, 1.5, 2

40 4 0.8, 1.3 31, 34, 37, 41, 
53, 60, 65  

0.5, 1, 1.5 

40 8 No 37, 41, 53, 60 0.5 

40 16 No 41, 53 No 

 

Let us indicate some differences between phase 
functions for water and A-water clouds. (1) Basically, 
in water clouds glories are always accompanied by 
rainbows, while A-water clouds do not produce rain-
bows. (2) For the same distributions the structure of 
glories are rather different for water and A-water 

clouds, while the halos are similar, see Figs. 4, 5. 
  Moreover, a big difference can be found in char-
acteristics of polarization for light scattered by water 
and A-water clouds. In Figs. 6, 7 we presented direc-
tion and degree of polarization for single scattering of 
unpolarized light. Degree of polarization was com-
puted by formula (Q2

 + U2
 + V2)1/2/I, where I, Q, U, 

V are Stokes parameters. 
 
 

3. Conclusion 
 
In our opinion, it is of prime importance to ver-

ify Nevzorov’s hypothesis about A-water. If atmos-
pheric cold clouds contain a fair quantity of A-water, 
then conventional optical and microphysical cloud 
models should be considerably modified and many 
up-to-date techniques to solve direct and inverse prob-
lems of atmosphere optics, probably, must be im-
proved. At present, after about 20 years, the A-water 
hypothesis is not refuted, and not well studied. One 
of the essential arguments [9], giving support to the 
hypothesis and confirmed by our computations, is that 
the glory for normal water clouds in most cases should 
be accompanied by rainbows (which is not typical for 
real observations). On the other hand, the idea of 
Anatoly Nevzorov to explain the second glory by ad-
ditional scattering on ice crystals [9] seems to be ex-
cessively sophisticated. It is true that multiple scat-
tering in ice clouds with oriented crystals “changes” 
angular distributions of radiation fields. In [24, 25]  
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Fig. 4. Diagram (a) shows phase functions for normal dis-
tribution of water (solid) and A-water (dot) droplet radius 
with mean value M = 10 μm and standard deviation 1 μm, 
wavelength 700 nm. Diagrams (b) and (c) represent the phase 
  functions in halo and glory regions, respectively 

 

 
we studied, for instance, the impact of different scat-
tering orders on halo formation. But in A-water clouds, 
the second glory can be simply explained in the 
framework of the Mie theory: computations showed 
complicated structure of the glory in A-water clouds 
for many distributions of droplet size (see, for exam-
ple, Figs. 4, 5). 

 
a 

 
b 

 
c 

Fig. 5. Diagram (a) shows phase functions for normal dis-
tribution of water (solid) and A-water (dot) droplet radius 
with mean value M = 40 μm and standard deviation 4 μm, 
wavelength 700 nm. Diagrams (b) and (c) represent the 
  phase functions in halo and glory regions, respectively 
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Fig. 6. Phase function (solid) and degree of polarization × 100% (dash) in logarithmic scale for Gaussian distribution of  
A-water (a) and water (b) droplet radius with mean value M = 10 μm and standard deviation 1 μm, wavelength 700 nm. 
  Polarization is radial under rectangles (dot) and tangential, otherwise 
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Fig. 7. Degree of polarization × 100% (from Fig. 6, but in linear scale) for Gaussian distribution of A-water (a) and water (b) 
droplet radius with mean value M = 10 μm and standard deviation 1 μm, wavelength 700 nm. Polarization is radial under 
  rectangles (dot) and tangential, otherwise 
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