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ABSTRACT

It has not hitherto been possible to establish whether the appearance of noctilucent
clouds is due to an increased concentration or locally increased size of solid particles
at the mesopause, or to a combination of these mechanisms. In this contribution the
possibility of a relationship between the optical characteristics of noctilucent clouds
and ice sublimation is discussed on the basis of present-day knowledge of the structure
and photochemistry of the mesosphere.

The first part is devoted to a discussion of the character of the sublimation process
at these altitudes. It is found that such a process is possible in conditions prevailing
at the high-latitude summer mesopause. The time scale of gublimation and evaporation
is slow compared with horizontal translation velocities observed in this region. Below
the mesopause evaporation becomes rapid compared with the settling speed of sub-
micron particles.

In the second part the scattering properties of monodisperse and polydisperse particle
distributions, and the possible changes following a sublimation process are reviewed
on the basis of numerical computations of scattering functions of coated spherical
particles. It is found that the optical consequences of sublimation depend critically
upon the presence and relative concentration of particles obeying the Rayleigh scatter-
ing law in the visible spectrum. The characteristic time scale of brightness changes by
sublimation is at least 10 to 100 minutes.

Different optical methods for further investigation of the nature of mesospheric
aerosols are summarized and a method is proposed for the detection of scattering layers
in the mesosphere by means of ultraviolet intensity and polarization measurements
from rockets and satellites.

Introduction

A display of noctilucent clouds is from the
point of view of optics a temporary enhance-
ment of the atmospheric scattering coefficient
confined to a distinet and relatively narrow
altitude range in the vicinity of the mesopause.
From measurements of the degree of polariza-
tion of the light scattered by the clouds (Witt,
1960; Willmann, 1962) and by analysis of cloud
spectra (Deirmendjian & Vestine, 1958), it has
been established that the cloud layer is formed
by solid particles following some form of size
distribution law, and further that the size of
particles in an eguivalent uniform-size aerosol
would range from 0.1 to 0.4 microns depending
on the measuring technique employed. During
1962 a co-operative Swedish-American attempt

1 Contribution No. 182.
¢ This paper has been presented at the Interna-

tional Symposium on noctilucent clouds, Tallin,
March 1966.

was made for direct collection of noctilucent
cloud particles by means of sounding rockets
(Hemenway, Soberman & Witt, 1964). The
experiment was undertaken from the Krono-
gérd rocket range in Northern Sweden (66° N).
Results were obtained from two flights, one in
the presence of noctilucent clouds and one when
these were not observed. The electron-micro-
scopical analysis of the collecting surfaces indi-
cated a significantly increased concentration of
solid particles in the presence of noctilucent
clouds. The particles collected in the layer be-
tween 78 to 94 km were found to follow a cu-
mulative size distribution law of the form
N ~7r-?, (3 <p <4) for radii greater than about
0.025 microns. Figure 1 shows electron micro-
graphs of sub-micron particles collected dur-
ing the cloud flight. The feature surrounding
the particles a halo-like structure which was
only observed in the noctilucent cloud samples,
has been interpreted as possibly being due to
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Fig. 1. Electron micrograph of sub-mieron size solid particles collected from noctilucent clouds.

an ice coating on the particles prior to their
collection. It must be emphasized that this
interpretation has been inferred from the results
of one single experiment and should therefore
be treated with care. The collection experiment
was repeated in 1964 with an improved instru-
mentation permitting altitude discrimination of
the particles. Unfortunately, the results from
the analysis carried out so far, which indicate
an extremely low concentration of collected
particles in both the cloud and the no-cloud
flights, are inconclusive and do not corroborate
the 1962 findings. It is thus still an open ques-
tion if the formation of a light-scattering layer
near the mesopause is to be ascribed to an in-
creased number of concentration of solid par-
ticles caused by convergence or a time-depen-
dent influx of extraterrestrial matter, to a local
increase of the scattering cross-section due to
ice sublimation, or to a combination of these
mechanisms. In the present contribution the
various aspects of mechanical accumulation will
be disregarded and the discussion will be devoted
to the problem of possibility and character of a
sublimation process in the mesopause environ-
ment, and the changes of the optical charac-
teristics of aerosol distributions produced by
such a process.

Sublimation and evaporation at the
mesopause

In order that a sublimation process be initia-
ted and maintained in the presence of suitable
nuclei, the actual water vapour mixing ratio
must exceed the saturation mixing ration over
ice at the temperature of the particles. A further
condition is, however, that the supply of water
molecules is not exhausted by the phase transi-
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tion. The latter condition maximizes the par-
ticle size attainable by sublimation. The possi-
bility of sublimation crucially depends upon the
temperature distribution in the mesosphere. In
order to establish the mesospheric temperature
profile during the season of occurrence of nocti-
lucent clouds series of rocket-grenade tempera-
ture soundings were conducted during 1963 and
1964 from the Kronogard launching site by the
Institute of Meteorology in co-operation with
NASA. These soundings were carried out in the
presence of noctilucent clouds and also when
no clouds were observed. The results from the
Kronogérd soundings, which yielded signifi-
cantly lower mesopause temperature values
than previously recorded at lower latitudes, are
summarized in Figure 2. The experimental
points which refer to the mean temperature in
layers of varying geometrical thickness as indi-
ciated by vertical lines, are denoted by different
symbols for different launching dates. The pre-
sence of visually observed noctilucent clouds
is marked by N. The magnitude of the estimated
experimental error is indicated by horizontal
lines. A theoretically derived temperature pro-
file due to Nicolet (1960) and the AFCRL
Standard Atmosphere profiles are also shown
for comparison. It should be noticed that a low
mesopause temperature is not necessarily asso-
ciated with the appearing of a noctilucent cloud
display; temperature values close to 130°K have
been recorded in the presence as well as in the
absence of the clouds. These results are corro-
borated by similar findings from recent rocket-
grenade soundings at Point Barrow (71° N) and
in the U.S.A. (Smith, 1965).

Regarding the abundance of the water mole-
cule in the mesosphere our knowledge is scarce.
Measurements of the vertical distribution of
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Fig. 2. Temperature as function of altitude from rocket-grenade soundings over Kronogard (66° N) in
Sweden. The presence of visible noctilucent clouds is indicated in front of the launching date by N. The
estimated error at 50 km and 90 km altitudes is shown by horizontal lines. Notice that the symbols
denote the average temperature in layers of varying geometric thickness as indicated by short vertical lines.

water vapour have been made up to 30-40 km
altitude yielding widely diverging results. Some
of these measurements indicate not only very
high water vapour concentrations but also an
increase of the mixing ratio with altitude. Using
an improved measuring technique and careful
analysis of his data Mastenbrook (1963) has
been able to show that a large part of the water
vapour found by earlier investigators has pro-
bably been carried into the stratosphere by the
measuring equipment itself. According to Mas-
tenbrook, the water vapour concentration in
the upper stratosphere is not expected to ex-
ceed 10—¢ to 10-% g/g. Similar results were also
reported by Goldsmith (1964).

In the mesosphere the water molecule is dis-
sociated by solar ultraviolet radiation at wave-
lengths below 1900 A. According to theoretical

considerations by Bates & Nicolet (1950) this
dissociation could be significant down to the
65 km level. In & static atmosphere photodis-
sociation would result in a rapid decrease of the
vapour concentration above 70 km. In recent
theoretical studies of the photochemistry of
hydrogen compounds in the high atmosphere
Hesstvedt (1964, 1965) has shown that in the
presence of a net upward transport in the meso-
sphere, the water molecule may be replaced at
a faster rate than destroyed by photolysis. As
a result the dissociation level is lifted and the
equilibrium concentration of water vapour
above 70 km increased. This effect is illustrated
in Figures 2a and 2b by the broken lines mar-
ked A and B. These curves show the vertical
profile of water vapour density derived from
Hesstvedt’s calculations which were carried out
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Fig. 3. (a) Saturation vapour density over a plane ice surface as function of altitude. The symbols
indicate values derived from the results of the Kronogard rocket-grenade soundings, when nocti-
lucent clouds were observed. Different symbols refer to different launching dates. The error in the
saturation density that would be caused by a temperature error of +10°K is also indicated. The dashed
curves show theoretically calculated vapour density profiles, (A) in a static atmosphere, (B) including the
effect of upward transport (Hesstvedt, 1964, 1965). (b) Same as (a), though in the absence of noctilucent
clouds. The saturation density was computed from an extrapolated formula (Smithsonian Met. Tables, 1963).

with the assumption of a very high stratospheric
mixing ratio (1.5 x 104 g/g). Curves A refer to
the case of a static atmosphere and curve B is
based upon the circulation model of Murgatroyd
& Singleton (1961). The various symbols in these
figures denote values of the saturation vapour
density over ice derived from temperature date
from the Kronogérd soundings; Figure 3a refers
to cases when noctilucent clouds were present
and Figure 3b when no clouds were observed.
The magnitude of the error in the saturation
vapour density associated with an error in the
temperature of +10°K is indicated in Figure 3a.

With due regard to the gross simplifications
and errors involved, it can be concluded that
in a static atmosphere a sublimation process at
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the mesopause level is unlikely to occur, in
particular if the more recent humidity data are
adopted. In the presence of upward transport
by mixing or by large-scale ascent, and at the
low temperature prevailing at the high-latitude
mesopause during summer, sublimation of ice
would be possible.

In the rarified-gas environment in the mesos-
phere the dimensions of particles considered
here are small compared to the molecular mean
free path and the conditions of molecular free
flow apply. The particle is assumed to be spheri-
cal and sedimenting at its terminal fall velocity.
The rate of accretion of ice is determined by
the frequency of encounters with Maxwell-
distributed water molecules experienced by the
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particle along its trajectory. As to the structural
form of ice deposited at a slow rate in the tem-
perature regime considered, little information
is available. In the region 190 to 130°K experi-
mental investigations have indicated a cubic
structure; at lower temperatures the ice is sup-
posed to be amorphous (Blackman & Lisgarten,
1958). For the present purpose it is assumed
that the vapour molecules which come to rest
on the surface will form a coating of amorphous
ice. Throughout the following discussion the
nucleus and coating are regarded as coneentric
spheres.

The growth rate of the ice coating is given by

« [1/2R,T 2R, T
dr/dt=2—e°{‘/ 7: gv_l/ ;"QS}. (1
i

Here r denotes the particle radius, g, the am-
bient water vapour density and p, is the satura-
tion vapour density over ice at the temperature
of the particle, 7). The ambient temperature
is T and R, is the gas constant for water
vapour. The specific density of ice is p; and «,
is the condensation coefficient («, <1). For an
ice surface this quantity is close to unity and
throughout this discussion it is assumed that
«, =1. The saturation vapour density over a
spherical particle is given by Kelvin’s equation,

05 = g0 OXP (204, /0 B, Tpr), (2)
where g, is the saturation vapour density over
a plane surface and oy, the specific free energy
of the ice-vapour interface.

The temperature of the particles is not neces-
sarily equal to the ambient temperature, being
determined by the balance between molecular
heat transfer and the absorption and emission
of radiation. Due to the slow sublimation rate
expected during mesopause conditions the effect
of latent heat release is negligible. It can be
shown that owing to a high absorptivity in the
visible, and poor emissive power in the infrared
spectrum, sunlit particles composed by an elec-
trically conducting substance such as e.g. iron
are not suitable sublimation nuclei in the mesos-
phere. Dielectric particles do not absorb visible
radiation and the radiative energy exchange of
such particles is confined to infrared spectral
regions. Compared with molecular heat transfer
the latter is negligible throughout the mesos-
phere. The temperature of dielectric particles is
therefore always close to that of the ambient
air. The radiative heat balance of sub-micron
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particles, and the dependence of absorption and
emission upon the particle size and refractive
index has been discussed in detail by Van de
Hulst (1946, 1949).

The radius-dependence of the saturation va-
pour pressure sets a further limit to the range
of suitable sublimation nuclei. To obtain a
rough estimate of the magnitude of the curva-
ture correction, assume that the value of ¢,, =
100 erg/cm? can be applied at the presently con-
sidered low temperatures (Dufour & Defay,
1963). With R =4.615 erg/g/deg, p; = 0.91 g/ecm?
and T =140°K, the correction factor is 1.46 for
r=10"% cm and 30.5 if » =10-7 c¢m.? The possi-
bility of the existence of regions at the meso-
pause level where the degree of supersaturation
is extremely high cannot a priori be excluded.
Even in this case, however, particles with radii
smaller than about 0.01 microns are expected
to grow only in the absence of competitive nuclei
in their environment. The possibility of initia-
tion and maintenance of the sublimation pro-
cess and the features produced by such a pro-
cess depend on both the composition, the num-
ber concentration, and the form of size distri-
bution of solid particles at the mesopause. For
particles with radii greater than about 0.01
microns, to which the subsequent discussion is
confined, the effect of curvature is small as long
as supersaturation prevails. The rate of change
of the coating thickness in the supersaturated
environment is practically independent of the
radius. The highest possible deposition rate can
be estimated by assuming that within the super-
saturated layer g,>p, and that the second term
in the parenthesis in (1) is negligible. Inserting
numerical values into the growth equation it is
found that at a temperature of 140°K and with
a vapour density of 10-1* g/em?® corresponding
to a mixing ratio of about 10-5 g/g at the 80 km
level, the growth rate can not exceed 6 x 10-8
em/min. With g, =10~ g/em? this value is ten
times smaller. As the available supply of water
molecules is impoverished by the phase transi-
tion and downward transport by sedimentation,
the maximum speed can only be maintained
during the initial phase of the sublimation pro-
cess. By similar argumentation it can be shown
that unless the temperature is drastically

1 Neglecting the effects of possible electrical char-
ges on the equilibrium vapour pressure as well as
the possibility of hydrated ions as potential subli-
mation nuclei.
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changed, the evaporation process at the meso-
pause is slow. Particles formed by sublimation
can exist for a considerable time even in a
presence of a vanishingly small vapour con-
centration. At a temperature of 150°K the satu-
ration vapour density would be 8.77 x10-14
g/em?®. If g, is neglected in comparison with g,
the maximum rate of evaporation is still only
5.6 x 10~ cm/min. On this basis it is possible
to define a characteristic time scale for optical
changes by sublimation and re-evaporation in
noctilucent clouds. At the horizontal transla-
tion velocities observed in noctilucent clouds
the time scale of optical changes is small com-
pared with that of horizontal displacements.
This limits the value of inferences obtained from
local temperature measurements as to the ques-
tion whether sublimation isindeed involved with
the formation of the light-scattering layer.

The final coating thickness attainable by a
sedimenting particle depends upon the length of
time it spends in the supersaturated layer. This
time is determined by the vertical extent of this
layer and the fall-speed of the particles. In mole-
cular-flow conditions the settling velocity rela-
tive to the air is proportional to the radius and
the specific density of the particle. For a 0.1
micron-particle at the mesopause this speed is
of the order of 10 cm/sec. A further important
parameter is, of course, the vertical velocity of
the air. The length of time available for the
accretion of ice varies inversely with nucleus
size and therefore the final coating thickness is
expected to be greater on the smaller nuclei. As
to the relative increase of the particle radius
by the coating the smaller particles are even
more favoured. If the number concentration of
nuclei increases with decreasing radius then the
sublimation process will eventually result in a
steepening of the slope of the size distribution
function. This effect, which is of principal im-
portance to the optical response of an aerosol
to a sublimation process, has been demonstra-
ted by Charlson (1966), who has formulated a
simple, steady-state model of noctilucent clouds
and integrated numerically the growth equation
under various assumptions regarding the am-
bient water vapour concentration and speed of
air ascent.

Consider once more the evaporation process.
While the rate of coating deposition was limited
by the available concentration of water mole-
cules, the limit to the speed of evaporation is
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solely set by the local temperature. A tempera-
ture rise of 10°K changes the saturation density

-by a factor geater than 10. Thus the evaporation

process may under circumstances be very rapid.
Below the mesopause the observed temperature
gradient is about 5 to 7°K and because of the
small fall velocities involved, evaporation will
take place in a relatively shallow layer once the
particle leaves the saturated environment.
Therefore, if sublimation is a necessary condi-
tion for the formation of a visible cloud layer,
rapid evaporation at the cloud base is sufficient
to account for the observed distinet bouundary.
It should be pointed out that since the water
vapour released by evaporation remains in the
neighbourhood of the mesopause, sedimentation
in the ice phase is expected to lead to redistri-
bution of the water molecule in the mesosphere.
In the presence of ascending air these molecules
will be available for further sublimation, which
obviously also applies to particles whose fall-
speed is smaller than the updraught velocity.

Optical properties of aerosol layers
General considerations

The specific intensity of the scattered light
observed in the presence of a noctilucent cloud
display is

I=I,+1I, (3)

where I, is the twilight background illumina-
tion and I, represents the total contribution to
scattering by the aerosol layer. The two compo-
nents of the latter with the electrical vectors
vibrating perpendicularly and parallel to the
scattering plane as indicated by the subseripts
k=1 and 2 are expressed by

£l

I, =F,q,q,TP;(8)/87 cos <. (4)

Here q, is the selective atmospheric attenuation
of the illuminating solar flux F, and ¢, is the
attenuation of the scattered light. The normal
optical thickness is T while P, is the appropriate
component of the average scattering phase
matrix for scattering angle 4. The P, depend
upon the form of the vertically averaged size
distribution function and T depends in addition
upon the total number concentration of the
aerosol particles. The geometrical factor (cos 2)-1
represents the changes in the apparent optical
thickness of the cloud layer due to the varying
angle ¢ between the normal to the layer and the
direction of vision.
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The effect of variable atmospheric transmis-
sion and background illumination upon the
variability of noctilucent cloud sightings will
not be discussed here. The importance of the
geometric factor in connection with the classi-
fication of noctilucent clouds according to their
“brightness’’ needs, however, to be emphasized.
In the presence of undulations in the cloud sur-
face the angle ¢ will undergo local variations
which will give rise to substantial brightness
variations, particularly pronounced at low ele-
vation angles. In the vicinity of very deep waves
the geometric enhancement of the scattered
intensity may be as high as a factor 10, which
under circumstances may be necessary to per-
mit visual observation. Measurements of the
contrast of noctilucent cloud features indicate
that even in intense displays the intrinsic
brightness of the strongest features remains
below 10-% F,. The estimated normal “optical
thickness”, or more precisely the ratio I/F,
between the specific scattered intensity and the
illuminating flux at wavelengths and scattering
angles where these clouds are observed, is of
the order of 10-¢ or less.

The exact shape of the particles in noctilu-
cent clouds, and the vertical variation of their
concentration and size distribution have so far
not been directly determined. For the present
discussion it will be sufficient to consider the
case of independent, single scattering by homo-
geneous distributions of hypothetical, spherical
particles. The particles are assumed to have uni-
form refractive index which is a real number
for dielectric, and complex for absorbing par-
ticles. On the basis of the previously discussed
character of the sublimation process the coated
particles will be treated as concentric spheres,
the refractive index of the outer shell being that
of ice, i.e. m =1.31.

The intensities of the two perpendicularly
polarized components of the light scattered by
a spherical particle are proportional to the
scattering functions ¢,(x, ma, #) and i,(x, mx, §)
where the dimensionless size parameter is
x =2nr(A for a wavelength 4 and particle radius
r, m is the refractive index, and # is the scatter-
ing angle. For a homogeneous sphere the scat-
tering functions are obtained from the Mie
theory {Van de Hulst, 1957). For concentric
spheres a modified form of the Mie theory is
available (Giittler, 1952; Aden & Kerker, 1952).
In the latter case the intensity functions depend
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on the individual size parameters and refractive
indices of the nucleus and the coating. The pola-
rization of the scattered light is given by

P = ("‘1 —7:2)/(1;1 +1,) (5)

and the colour ratio may be defined as the ratio
between the monochromatic scattering func-
tion for a given scattering angle at different
wavelengths

C =[4; +43]24/[81 +43]as where A >1p. (6)
Because of their independence of the absolute
number concentration the latter parameters, if
properly corrected for background illumination,
are particularly convenient for aerosol identi-
fication.

On the basis of the radius dependence of the
scattering properties the size spectrum of small
particles may be divided into three different
size ranges. The scattering by very small par-
ticles (z <1) is Rayleigh scattering characteri-
zed by a symmetric scattering pattern and
throughout positive polarization which is almost
complete at ¢ =90°. Within this size range

il=x‘|,u|’, 2y = I, cos? &, (7)
where u = (m? —1)/(m? + 2). The scattered inten-
sity is proportional to r¢ and C =(A,/4,)"%. The
size range of large particles (x > 5) is charaeteri-
zed by a highly anisotropic scattering pattern
with a pronounced forward peak. The polariza-
tion produced by such particles is small and
oscillates between positive and negative values
except in the case of absorbing particles. Be-
tween these size regions there is an interval of
gradual transition from Rayleigh to Mie scat-
tering. This size range contains the particles
here defined as “‘optically efficient” by the fact
that such particles would yield the greatest
amount of scattered light obtainable from an
ensemble of particles with given total mass.
Characteristic for this size region is the gradually
increasing preponderance of forward scattering
increase of the colour index (reddening) and,
for dielectric particles, a decrease of polariza-
tion with increasing radius. For brevity par-
ticles belonging to the above defined size classes
will be called Rayleigh, Mie, and efficient par-
ticles.
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Fig. 4. Scattering patterns of uniform-size distributions of dielectric spheres (m = 1.55). Diagram A refers
to uncoated particles and diagrams B and C to the same particles coated by an ice shell of 0.025 and 0.05
micron thickness. Different curves refer to different nucleus radii, as indicated. The vertical logarithmic
scale is the scattering function of a volume containing a given total mass of particulate matter =the
mass of one particle with r=0.1 microns. The total particle number in each distribution is (r/0.1)"3if r is
in microns. The wavelength is 6280 A. Curve f’ in diagram C would be obtained if only 3 of the 32 particles

in distribution f are coated and the coating thickness is 0.075 microns.

Scattering by coated particles

The variations in the scattering characteri-
stics following the deposition of dielectric coat-
ing depend on the size range to which the nucleus
and the composite particle belong, and also on
the refractive index of the nucleus. Within the
Rayleigh region the magnitude of the scattering
functions increases rapidly with the radius,
while the angular dependence of intensity, pola-
rization and colour ratio are unaltered. If the
coated particle enters the transition region the
intensity increase becomes gradually reduced,
the scattering pattern increasingly anisotropic
and the process is followed by reddening. The
polarization is reduced and attains eventually
negative values at certain scattering angles.

In order to study the optical properties of
aerosol distributions and the possible optical
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effects of sublimation, the scattering functions
of concentric two-layer spherical particles were
numerically computed. The complete Mie solu-
tion was used throughout the calculations and
recurrence relations were used to obtain the
transcendental functions required. Integrals
were evaluated by Simpson’s formula. Results
from the calculations will be used below to
describe some of the essential optical features
of the presently considered sublimation process.
It should be observed that the aim is not to
formulate an optical model of noctilucent clouds
which with the evidence available is not yet
possible.

The case of a monodisperse aerosol is consid-
ered first. Examples of computed scattering
functions together with the changes upon the
deposition of an ice coating are shown in
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Fig. 5. Same as Fig. 4, but for metallic (iron) nuclei.

Figure 4. The curves refer to a uniform-size
distribution of nuclei where the number con-
centration is inversely proportional to the cube
of the radius. Each function corresponds to the
same total amount of solid matter, namely that
of one particle with r =0.1 microns (distribu-
tion d). The wavelength is 6280 A, the refrac-
tive index of the nucleus is m =1.55 and that
of the ice coating m =1.31. The appropriate
values of r are indicated. Diagram A refers to
the uncoated particles, diagrams B and C to
the coated particles with a coating thickness of
0.025 microns (B) and 0.05 microns (C). The
marked increase of the scattering function of
Rayleigh particles upon coating deposition
(curves e and f), which should be noticed, is
accentuated by the increasing ratio between the
final and the initial radius with decreasing par-
ticle size. Analogous features are exhibited by
similar diagrams in Figure 5 which apply to
metallic (iron) nuclei. Owing to the complex
refractive index, the scattering by metallic Ray-
leigh particles is comparatively strong, as seen
from curves d, e, and f, diagram 5 A.

From the point of view of noctilucent clouds
it is important to consider that the total amount
of water vapour necessary to produce a given
brightness gain varies with the size of the
nuclei. Curve d in diagram C of Figure 5,
for example, refers to a single particle which

carries & total mass of ice of approximately
10-1¢ g, while the amount required to produce
curve f is about ten times larger. If, however,
only 3 of the 64 particles of distribution f are
allowed to obtain a coating, then curve f’
would be obtained at the expense of onlyl.2 x
10-1* g of ice. For comparison, the highest esti-
mated water vapour concentration above the
80 km level is 10-14 to 1013 g/cm?. In the pre-
sence of high concentration of very small nuclei
with equal probability to be coated, the avai-
lable supply of water vapour might beexhausted
by the sublimation process without producing
observable optical effects. It is emphasized that
when the above discussion is applied to actual
conditions at the mesopause, the time available
for coating deposition, which depends on both
the particle size, the updraught velocity and
the thickness of the super-saturated layer, must
be considered. Assume, for example, that subli-
mation is possible in a layer of 1 km thickness
and that the average growth-rate throughout
the layer is 2 x10~° em/min. Then, the time
required to deposit a 0.02 micron thickness
coating is 10° min, and a particle whose fall-
speed is greater than 1 m/min would traverse
the Jayer before this coating thickness can be
attained unless the fall-speed is reduced by the
air ascent.

Theoretical circulation models generally de-

Tellus XX (1968), 1
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Fig. 6. (a) Average scattering pattern of a model distribution of dielectric spheres obeying the distribution
function dnjdr~r-%, 0.03 <r<1.2 microns. The solid line refers to uncoated particles, the broken curve
to the same aerosol but with each particle coated by an ice shell of 0.05 microns thickness. The curves
are normalized with respect to the particle number and the absolute scattering function for N particles
with r>r, microns is obtained by multiplying the vertical scale by 3N (r,/0.05)®. Notice the reduced
preponderance of forward scattering following the coating process. (b) Same as (a), but for absorbing (iron)

nuclei for ecomparison.

scribe the mean state of the mesosphere and
the actual vertical velocities may locally be
substantially greater than those derived from
model calculations. Where this occurs, it is
possible that ice sublimation on Rayleigh par-
ticles could alone produce the number of opti-
cally efficient particles required to create a
distinct seattering layer.

Polydisperse particle distributions

The scattering functions of a mixture of
homogeneous particles which obey a size distri-
bution law dn/dr =f(r) are given by

Ik(ﬂ)=f w(®) f(r)dr (k=1,2). (8)

Tmin

The same formula applies to coated spheres
with due observance of the possible dependence
of the coating thickness upon the nucleus size.
It should be observed that in nature this rela-
tionship may vary from point to point within
the aerosol layer.
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The integrand in (8) possesses in most cases
a definite maximum corresponding to a different
radius at different scattering angles and wave-
lengths. If the size distribution can be approxi-
mated by a power law, as is often the case in
the atmosphere, then at scattering angles bey-
ond about 20° the maximum contribution to
the integrand originates from the “‘optically
efficient’’ particles. The optical properties of
the aerosol are determined by the abundance
of particles within this size region, which also
defines the ‘“‘mean’ particle size derived from
photometric measurements. The changes pro-
duced by a radius modification process such as
sublimation depend upon the change of con-
centration of particles within this region. The
relative increase of the particle radius by the
presently discussed sublimation process is grea-
ter the smaller the particle size. By virtue of the
higher concentration of the smaller particles
the coating deposition would give rise to an
increased dominance of the characteristic fea-
tures of small-particle scattering, at least at
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coating thickness is different for different pairs of curves, as indicated. Notice the characteristic negative
polarization in the backward hemisphere and the increase of polarization upon the coating deposition.

(b) Same as (a), but for iron nuclei.

scattering angles beyond 20°. Thus the bright-
ness enhancement would be accompanied by an
increase of the polarization, and decrease of the
colour ratio, or bluening, which is most pro-
nounced at large scattering angles. A further
consequence of the coating process is the reduc-
tion of the preponderance of forward scattering.
An obvious pre-requisite for these changes to
occur is that the aerosol contains an adequate
supply of nuclei smaller than the ‘‘efficient”
particles, i.e. smaller than 7 ~0.1 microns for
vigible wavelengths. The above outlined fea-
tures are illustrated by a set of graphs which
show the computed scattering parameters, and
the changes in these parameters upon the depo-
sition of an ice coating referring to a power-law
distributed hypothetical aerosol of spherical par-
ticles. The coating is assumed to be independent
of the radius. The power-law distribution func-
tion was selected for the present purpose by
the observational evidence that unless noctilu-
cent clouds are formed by an isodisperse aero-
sol, the number concentration of particles must

decrease with increasing radius throughout the
range of optically efficient particles. In view of
the previously discussed character of the subli-
mation process, the choice of the radius-inde-
pendent. coating might be questioned. Yet, by
the fact that the presently discussed features
would only be further accentuated if the coating
thickness is greater on the smaller particles, this
assumption is sufficient for its purpose.
Figures 6 to 8 show in turn the average scat-
tering pattern, the polarization, and the colour
ratio as functions of the scattering angle. The
size distribution is dn/dr = Ar-%, known also as
the Junge distribution, r ranging from 0.03 to
1.2 microns. The thickness of the ice coating is
0.05 microns independently of the nucleus size.
Figure 6a refers to dielectric particles (m =1.55)
and for comparison, Figure 65 to iron nuclei at
4 =4485 A. The solid lines refer to uncoated,
the broken lines to the coated particles. The
scattering patterns of both kinds of nuclei are
characterized by the pronounced forward peak,
due to the presence of large particles. This pre-
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ponderance of forward scattering is less for a
distribution function with a steeper slope, and
greater for lower refractive index. The ratio of
scattered intensities at 20° and 100° scattering
angles for the uncoated particles in Figure 6a
is thus 22.0, and for an »-% distribution would
be 13.6; if m =1.4 the corresponding numbers
are 37.0 and 19.3. With the exception of a
narrow angular region in the forward and
backward directions, the scattered light by di-
electric nuclei is almost entirely contributed by
particles with radii between 0.075 and 0.4 mic-
rons. The indicated values of the scattering
function are normalized with respect to the
particle number. To obtain the corresponding
functions for a scattering volume containing
N particles with radius greater than r, the
vertical scale is to be multiplied by a factor
3N . (r,/0.05) if ry i3 in microns.

Figures 7a and b show the polarization as
function of the seattering angle for two wave-
lengths, namely 4485 A (solid lines) and 6280 A
(broken curves). The pronounced negative po-
larization in the backward region is charac-
teristic for dielectric particles. The increase of
the polarization with the coating thickness,
and the shifting of the polarization maximum
toward & =90° is observed even in the case of
the strongly polarizing absorbing particles. The
variation of the colour ratio with the scattering
angle, and its changes upon the coating deposi-
tion are shown in Figure 8. For a power-law
distribution with exponent p the parameter
C =(A,/4,)*~? provided that the range of inte-
gration extends well beyond the boundaries of
the size range of maximum contribution. This
theoretical value is indicated by broken hori-
zontal lines in the diagram. Deficiency of par-
ticles with radii within this size range, as well
as a distortion of the slope of the distribution
funection (e.g. by a sublimation process), would
give rise to deviations in the colour ratio at the
proper scattering angles. Thus, for dielectric
nuclei the decrease of C or bluening at forward
and backward angles observed in the figure
arises from the absence of particles larger than
7 =1.2 microns, while the reddening exhibited
by the metallic particles is due to a similar
deficiency at the small-particle limit. The bluen-
ing caused by increasing dominance of the small-
particle scattering characteristics which follow
the coating deposition is common for both
distributions. In view of the different behaviour
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Fig. 8. Colour ratio as function of the scattering
angle. The aerosol model is the same as in Fig. 6a.
The dashed horizontal lines denote theoretical values
corresponding to different values of the power-law
exponent p. The curves refer to uncoated and coated
dielectric and absorbing nuclei, as indicated. The
model aerosol is as in Figs. 6a and b.

of the uniform-size, and the polydisperse aerosol,
as outlined above, the interpretation of colour
and polarization variations alone in terms of ice
sublimation is difficult. The expected coating
deposition rate is slow compared with horizontal
wind speeds usually observed in the mesopause
region and changes of the scattering charac-
teristics by sublimation may in addition be
blanketed by transport processes and spatial
inhomogeneities in the aerosol distribution.

Figures 9a and b finally show the angular di-
stribution of brightness enhancement by the
coating process. The vertical scale is the ratio of
intensities before and after the application of
an ice coating with a thickness of 0.02 microns,
and 0.04 microns as indicated. Each figure
shows computed values referring to an ¢ and

an r-% distribution with m =1.4 (Fig. 9a) and

m =1.55 (Fig. 9b). The efficiency of the uniform-
thickness coating is as expected greatest for the
steeper distribution function and for the lower
refractive index. The strong increase of I/I, in
the backward direction reflects the higher sym-
metry of the scattering pattern of the coated
particles.
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Fig. 9. (a) Relative increase of the scattered intensity upon deposition of an ice coating on to dielectric
(m =1.4) particles which obey an r-? distribution law. The different values of p, and coating thickness
A are indicated. (b) Same as (a), but for nuclei of a higher refractive index (m = 1.55).

Assuming an average total number of one
particle per cm? the mass of ice per unit volume
carried by a uniform coating thickness of 0.04
microns would be about 0.17 x10-4 g/em? if
p =4, and 0.14 x10-1% g/em? if p =5. The total
number per unit area of the coated particles
which would be required to produce a scattering
layer with I/F,=10-% at 1=4485 A, and at
scattering angles 20° and 60° is shown in
Table 1, where the unit is N x 10-3/em? eolumn.
The values in parentheses refer to the uncoated
particles.

The occurrence of the above outlined fea-
tures at visible wavelengths depends critically
upon the character of the small-particle limit
of the size distribution of possible sublimation
nuclei. To investigate this limit future optical
measurements should be extended to wavelength

domains where the smallest particles beome
“optically efficient””, i.e. the ultraviolet spec-
trum.

Table 1
p=4 p=5

e Ay ———— A
m =1.55 m=1.4 m=1.55 m=14

20° 0.23 0.25 0.85 1.0
(0.44) (0.50) (2.8) (3.8)

60° 1.1 1.5 2.5 3.1
(2.7) (4.6) (12.4) (22.6)

From the assumption of the radius-independent
coating thickness, the theoretical numbers given
above represent a lower limit.

Tellus XX (1968), 1
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Concluding remarks

From the preceding discussion it is evident
that in order to formulate a realistic model of
noctilucent clouds the size distribution as well
as the concentration of possible sublimation
nuclei must be carefully considered. The obser-
ved optical properties of noctilucent clouds
allow the following conclusions:

1. The brightness and scattering characteristics
of the clouds at scattering angles beyond
20° are determined by the relative abun-
dance of particles in the size range defined
approximately by 0.05 <r <0.4 microns. The
formation of a layer with adequate optical
thickness by Rayleigh particles would re-
quire improbable concentrations of these
particles at the mesopause.

2. The role of ice sublimation in the formation
of noctilucent clouds, and the modification
of their optical properties by this process,
depend critically on the presence and con-
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centration of particles with radii smaller than
about 0.1 microns, known as Aitken nuclei.

. Provided that an adequate concentration of

these particles is present in the mesopause
region, the sublimation process alone may
be sufficient and perhaps necessary to ac-
count for the formation of a distinct, strongly
polarizing scattering layer. Depending on the
nucleus distribution, the coating deposition
may be necessary to permit visual observa-
tions at large scattering angles, such as the
observer’s zenith. Available experimental
data are not sufficient to resolve this ques-
tion and further information is required
especially with regard to the presence of
Aitken nueclei in the mesosphere in no-cloud
conditions.

. If the characteristic time-scale of the subli-

mation process is defined by the time requi-
red to change the brightness by a factor 2,
then this time is at least 10 to 100 minutes.
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5. Below the mesopause region the evaporation
rate increases rapidly with decreasing alti-
tude and it is fast in comparison with the
settling velocity of sub-micron particles.
This process might be sufficient to account
for the distinct boundary of the aerosol layer.
Further conclusions regarding this question
require information from continued height-
dependent particle sampling experiments.
Such experiments are presently being pre-
pared at the Institute of Meteorology (Wil-
helm & Witt, 1966).

To conclude this contribution, various pos-
sible optical methods expected to provide
information regarding the nature of mesos-
spheric aerosol particles might be summari-
zed. The importance of determining each
relevant parameter by more than one inde-
pendent procedure should be emphasized
since the incomplete knowledge of these para-
meters may lead to ambiguous interpreta-
tation of the experimental results. It is thus
important that future rocket-borne particle col-
lection experiments (such as currently planned
by the Institute of Meteorology) should include
tn situ measurement of radiance and pola-
rization of the scattered light, preferably in
different regions of the spectrum. Such mea-
surements will furnish information about the
altitude of the scattering layer as well as about
the optical properties of the aerosol particles.
The merits of ground-based photometry of noc-
tilucent clouds and of the twilight sky will not
be discussed here. The possibility of obtaining
useful information by investigation of the day-
to-day variation of the Babinet and Arago
neutral points during the summer twilight may,
however, be worth mentioning.

Ground-based optical measurements are in-
fluenced by the turbidity and by single and
multiple Rayleigh scattering in the lower
atmosphere. This difficulty can be overcome by
rocket, and also balloon-borne photopolari-
metry, which offers the additional advantage
of extending these measurements to short-wave
ultraviolet wavelengths where substantial de-
viations from the Rayleigh scattering law may
be caused by very small particles which scatter
light according to this law in the visible spect-
rum. For height discrimination of various scat-
tering layers, and for the study of the presence
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and possible changes of the aerosol layer in the
absence of sunlight, the pulsed-laser backscat-
ter technique is a promising tool. Unfortunately,
this method involves formidable difficulties and
no decisive results have hitherto been reported
(Fiocco, 1966). Further laser backscatter expe-
riments are being conducted at the Institute of
Meteorology, and elsewhere.

The last experiment to be mentioned here is
the photometric detection of light scattering
layers in the mesosphere from a space vehicle.
Regarding twilight conditions similar experi-
ments have previously been proposed by Deir-
mendjian (1963), and a satellite borne observa-
tion of noctilucent clouds has also been discus-
sed by Rosenberg (1965). The problem is, how-
ever, to investigate the possible occurrence of
noctilucent clouds in the sunlit portion of the
atmosphere, where illumination conditions pre-
clude visual observation. Knowledge of the
daytime distribution, and the presence in polar
regions of the clouds, would be essential to any
theory about the mechanism of formation and
maintenance of these clouds. The technique
suggested is to utilize spectral regions where the
illumination of the lower-lying atmosphere is
strongly reduced by selective absorption, and
where the presence of solid particles is expected
to cause polarization anomalies or an increase of
the atmospheric albedo. Such regions are e.g.
the Hartley band of ozone at 2500 A to 2700 A
wavelength, and the Schumann-Runge bands
of molecular oxygen (1 <1950 A). An experi-
ment of this kind would also be feasible from
rockets. In fact, preliminary rocket-borne pho-
topolarimetric investigation of noctilucent
clouds in the 2550 A-region is on the current
experimental programme of the Institute of
Meteorology. A satellite-borne instrument
would, on the other hand, scan the atmosphere
continuously, independently of weather condi-
tions, for a long period of time, thus being an
essential supplement to a world-wide network
of ground-based observers.
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ONITUYECKUE XAPAKTEPUCTUKHU PACIIPEIEJIEHUA A3PO30JIA B CBfI3U C
C EPEBEPUCTHIMU OBJIAKAMU

Jo cux mop HeBO3SMOHO ObLJIO YCTAHOBUTH,
MOABJAIOTCA 1u cepeGpucrhie ofaaka Bcaen-
CTBME YBeJMYeHUs KOHLEHTPAIUM, WU BCJe[
CTBHE JIOKAILHOI0 yBEJIMYEHUA pasMepoB TBeEp-
ABIX 4acTHIl B Me3omayse, MJM BCJIEACTBHE CO-
BMECTHOI'0 JecTBUA 000MX 3THMX MeXaHu3MOB. B
RaHHOM COO0IeHMM Ha OCHOBE COBpPEMEHHHIX
npeficTaBIe¢HN# O CTPYKType u (POTOXUMHUM
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Me3ochepr 06CYIRAAETCA CBABL MEHKAY ONTH-
4eCKMMHM XapPaKTEPUCTUKAMU cepefpucTHX 06-
TakoB n cybaumanuei mpga.

IlepBaa uacrte mocBAWeHA OGCYXEEeHHIO Xa-
pakTepa mpouecca cyGaMMauuu Ha 3TUX BHICO-
rax. Ilokasano, 4To Takolf npomecc BoBMOMEH B
YCIOBUAX, HPeBAJHUPYIOIUX B BHICOKOIIUPOT-
Holt mMesomay3e nerom. BpemerHolt wmacmtal
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CcyOmuManmu u UCHApeHUA ABIAETCA MeileH-
HBIM II0 CPABHEHWI0 C TOPMBOHTAILHBIMU CKO-
POCTAMH TiepeHoca, HabIomaeMHMU B 9TOi
obnacru. Huske Mmesonayssl mcmapeHue CTaHo-
BUTCA OBICTPHIM 110 CPABHEHHUIO CO CKOPOCTHIO
nepeHoca CyOMHKDOHHBIX YacCTHIL.

Bo Bropoit 4YacTM Ha OCHOBe 4YMCIEHHBIX
pacyeToB WHIUKATPUC pacceAHHA cdepuyeckunx
4acTUL, NMOKPHTHIX ClioeM JbJla, AaercAa 063op
pacceMBAIIUX CBOMCTB M30AMCIEPCHBIX U 1O-
JUMCIEPCHHX pAaclpefeleHuit 4acTHUIl M BO3-
MOKHBIX M3MeHEHMIt, BBIBBAHHBIX IIpOIeccaMu
cybmumanun. Haitmeno, uro onTnueckme mo-
CJEACTBUA CYOIMManHu KDPHUTHYECKH 3aBUCAT
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OT MPUCYTCTBUA U OTHOCUTEJIBHON KOHIlEHTpa-
LMK YaCTHI[, BHI3LIBAIOIIMX PpIJIEeBCKOe pac-
cesiHue B BUJAMMOM CHeKTpe. XapaKTepHH Bpe-
MeHHOIl MacwTab wusMeHeHU#t APKOCTH NpH
cyGaMManuu cocraBiAeT, Mo KpaltHe#t Mepe,
BeJU4YNHy oT 10 no 100 MunyT.

CyMMUDYIOTCA Pa3INYHbIE ONTUYECKHE METOMB
A AANbHeHIIero Usy4yeHHA NPUPOIH Me30-
cdepHOro aspo30JId M NpeHIaraeTca MeTod NI
ONpejfeNeHuA pacCeMBalOUINX CJ0eB B Me30-
cdepe, MCIONB3YIONUMIA N3MepEHNA UHTEHCUB-
HOCTH YJABTPAPHOJIeTOBON pagnaluyi M MONAPH-
3alluy C pakeT X CIHYTHHKOB.

Tellus XX (1968), 1



