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Abstract. Noctilucent clouds (NLC) and polar mesosphere summer echoes (PMSE) of the Earth's
ionosphere, observed at altitudes of about 80-95 km, are considered. A self-consistent model describing
a possible formation mechanism of such clouds is presented. It is shown that, unlike the ionosphere of
Mars, the influence of such factors as dust particle interaction with adhering water condensate molecules
and viscous Knudsen friction strength decrease in the nucleation zone decreases on the Earth. The
characteristic sizes and charges of the dust particles of the cloud predicted by the model are calculated. It
is shown that an important factor, affects the formation of dusty plasma clouds of the Earth's mesosphere,
is the Rayleigh—Taylor instability. The effect of the instability leads to the fact that there is an upper limit

of the size of the dust particles in the cloud.
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1. INTRODUCTION

Dusty plasma is an ionized gas that contains,
in addition to electrons, ions, and neutral atoms
and molecules, solid matter particles and/or liquid
droplets, typically of micron or submicron sizes.
Dust particles and droplets that are part of dusty
plasma can either form spontaneously within it or
be introduced from outside [1]. Due to interaction
with electrons and ions, as well as under the
influence of solar radiation, dust particles quickly
acquire an electric charge, which significantly
complicates plasma dynamics: new types of waves
and instabilities appear (in particular, the presence
of dust acoustic mode, generation of nonlinear waves
due to the development of dust acoustic instability,
see [2, 3]), self-organization processes can lead to
the formation of droplets, clouds, various structures,
plasma-dust crystals [1, 4] etc.

In nature, dust plasma is very widespread; it is
found in the lunar exosphere [5, 6], in cometary
tails [7], in planetary ionospheres and magnetospheres
[8—10], in interstellar space [11]. Moreover, in the
Solar system, it is practically impossible to find
an area filled with plasma without dust impurities
(the only exception, perhaps, is the Sun itself and
the zone directly around it) [1]. Therefore, it is not
surprising that with the development of a sufficient
number of various methods for describing dust
plasma [12—16], more and more attention has been
paid to studies of planetary ionospheres. In addition
to general theoretical interest, such studies can
have purely applied significance, as they are useful
for atmospheric physics, ecology, and geophysics
[9]. On Earth, for example, one cannot exclude
the relationship between plasma-dust ionospheric
phenomena and various types of climatic changes,
in particular, with global warming processes [10].
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Typical examples of dust layers of plasma origin
are terrestrial noctilucent clouds (NLC) and polar
mesosphere summer echoes (PMSE) [17-19]. These
atmospheric phenomena are registered in the
summer at similar altitudes, and the appearances of
noctilucent clouds and polar mesosphere summer
echoes strongly correlate with each other. All
this gives reason to assume that the mechanism
of formation and conditions for the appearance
of NLC and PMSE are fundamentally the same.
The characteristic size of NLC particles is several
hundred nanometers, with the maximum size not
exceeding one micrometer. Noctilucent cloud
particles mainly consist of ice, however, the presence
of impurities, including metallic ones, is possible [17].
The appearance of noctilucent clouds, as mentioned
above, is limited to the summer season and occurs
at mesospheric altitudes (about 80—85 km) in high
and middle latitudes. A characteristic feature of
noctilucent clouds is the possibility of observing
them at sunset with the naked eye.

PMSE, unlike NLC, cannot be detected by
any known optical methods; their detection is
indirect: polar mesosphere summer echoes appear
as strong radar echoes at radars operating in the
frequency range from 50 to 1000 MHz [18]. These
clouds are located higher than NLC, at altitudes
from 85 to 95 km. The characteristic size of charged
PMSE particles is most likely nanometers [19] or
tens of nanometers [20].

In the last two decades, moreover, the presence of
dust clouds on Mars has been proven. For instance,
the SPICAM infrared spectrometer (installed on
the Mars Express spacecraft [21]) detected clouds at
altitudes of about 100 km, consisting of particles with
a characteristic size of about 100 nm. In March 2021,
the Mars Science Laboratory Curiosity sent images
to Earth of similar clouds located at altitudes higher
than 60 km [22]. The photography was conducted
at sunset, when sunlight illuminated the surface of
dust particles and highlighted the clouds against the
dark sky (cf. what is known about Earth's noctilucent
clouds). At lower altitudes (about 80 km above the
planet's surface), the Mars Express mission using the
OMEGA spectrometer discovered clouds consisting
of micron-sized particles [23]. Clouds were also
detected directly above the planet's surface and at
altitudes of about 4 km [24], where thin dust layers
consisting of frozen water ice or carbon dioxide
particles were observed at night [25].

REZNICHENKO et al.

As noted above, some models (see, for example,
[8—10, 26—28]) describing ionospheric dust clouds
use methods developed for describing dusty plasma.
These models have shown their applicability both
on Earth and on Mars, providing good agreement
with currently available experimental data. Initially,
the object of study was NLC and PMSE of Earth's
ionosphere, and subsequently, the model developed
for Earth was adapted for dust clouds on Mars. This
article proposes the development of a dust cloud
model in Earth's atmosphere, proposed in [§—10],
taking into account recent developments. Special
attention is paid to studying the influence of the
Rayleigh—Taylor instability on the formation of
mesospheric plasma-dust structures.

2. CONDITIONS IN THE SUMMER
POLAR MESOSPHERE

Plasma-dust mesospheric clouds are observed in
the altitude range where a temperature anomaly is
detected during the summer season and, as a result,
the saturated water vapor pressure sharply decreases,
leading to intensive growth of dust nuclei due to
rapid condensation of atmospheric water vapor.

Dust nuclei in Earth's ionosphere are particles
with a characteristic size of several nanometers.
The sources of such particles are micrometeorite
bombardment of the planet, volcanic eruptions, and
forest fires. Micrometeorites entering the planet's
atmosphere burn up at altitudes of 80—120 km
with subsequent condensation of meteoric matter
[29], while volcanic ash and soot particles rise
from the lower atmospheric layers. Due to this, the
concentration of nuclei strongly depends on the
season and current micrometeorite activity. Usually,
the average concentration value is in the range
of 10—1000 cm™!. Note that information about the
composition and size distribution of such particles
is provided only by rocket flying past experiments
[30], as the detection of such particles by known
optical methods is unfeasible. Therefore, the
specified numerical data can only reproduce model
representations of the dust component in Earth's
mesosphere [29].

Under normal conditions, dust particles do not
have a fundamental impact on ionospheric plasma
dynamics. The situation, however, completely
changes when gaseous substances present in
the atmosphere become supersaturated. In
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supersaturated vapors, dust particles actively grow
and, upon reaching a certain size at a particular
moment, begin to determine the ionization
properties of the planetary ionosphere in their
localization area [9]. Since particle growth is
accompanied by interaction with the surrounding
ionospheric plasma, particles quickly acquire an
electric charge, which subsequently affects their
growth. On Earth, this occurs at altitudes of about
80—95 km in the summer polar mesosphere. Here,
the decrease in ambient air temperature to 150 K
and below leads to the supersaturation of water vapor
present in Earth's ionosphere (see, for example, [19]).

Figure 1 illustrates the conditions of Earth's
summer polar mesosphere, important from the
perspective of dust cloud physics. It shows altitude
profiles of neutral gas temperature, saturated
water vapor pressure, and actual (partial) water
vapor pressure. The conditions for particle growth
(nucleation) are met in the altitude range of about
km, where water vapor is supersaturated. Note that
it is in this altitude range where noctilucent clouds
and polar mesosphere summer echoes are observed.

From the perspective of water vapor
thermodynamics, the considered region of Earth's
atmosphere can be divided into three characteristic
parts: middle part with highly supersaturated water
vapor and two peripheral regions of unsaturated
vapor. From the perspective of dust particle
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Fig. 1. Qualitative altitude profiles of air temperature (solid curve),
partial pressure of water vapor (dashed curve), and saturated water
vapor pressure (dash-dotted curve). Water vapor is supersaturated
in the altitude range of 77—94 km. From the perspective of
dust microparticle dynamics, the considered region of Earth's
atmosphere can be divided into zones of sedimentation with
constant mass (I), condensation (II), and sublimation (I1I)
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dynamics, the upper region of unsaturated vapor
can be called the zone of sedimentation with
constant mass, the middle one the condensation
zone, and the lower one the sublimation zone. In the
condensation region, ionospheric dust nuclei grow
due to desublimation of vapors H,O, which makes
possible the formation of a layered structure of the
dust cloud [8, 9, 10, 26]. In the sublimation zone,
previously condensed water vapor evaporates from
the surface of dust particles, ultimately leading to
the disappearance of the dust cloud, whose lifetime
is thus determined by the sedimentation time of
microparticles in the middle zone.

Calculation of saturated water vapor concentration
n}SI o above the particle surface is carried out
in2a standard way [31]. For this purpose, the
thermodynamic potential of the system F , consisting
of a dust particle with H,O, molecules condensing
on its surface, and the adjacent layer of gas of these
molecules, is introduced. Since dust particles are
charged and, furthermore, along with neutral
molecules are surrounded by ions and electrons
screening the dust particle field, it is necessary to
take into account electrostatic interaction. Thus, the
dependencies nfl o On size a and charge g, = Z e
of dust particles t —e — electron charge), which is
also a function of size of the particle, are taken into
account. The thermodynamic potential of the system
F has the form

D = my(fy + Pvy)+ my(fy + Pvy) +

+s8+ Y, (1)

where P — pressure, /;(v4,T) — specific free energy
of the dust particle, ng(vg,T) is the specific free
energy of the gas, v, ) is the specific volume of the
dust particle (gas), T is temperature, My(q) is mass
of dust particle (gas), s is surface tension coefficient
of the particle substance, S is surface area of the
dust particle. As for the electrostatic energy Y , it
consists of the electric field energy within the dust
particle (index “in”) and in the remaining space
(index “out™):

()
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Here e is the dielectric permittivity of the dust
particle substance, E is the electric field, V' is the
volume.

The equation relating the value of pressure Py
of saturated H,O vapors above a particle of size
a, having a surface charge ¢,, and the F, value
of pressure of saturated H,O vapors above a flat
surface, is derived based on the analysis of extrema
of expression (1) assuming spherical symmetry of the
dust particle, constancy of value e, and screening
of the dust particle's electric field according to the
Yukawa dependence. However, the influence of the
dust particle charge on the condensation process is
not very significant, therefore a simplified model
presented in [9] can be used. The concentration
value nﬂ o 1is determined from PS using the well-
known iczleal gas relation:

Particle growth due to desublimation of
supersaturated vapors is accompanied by their
charging. A distinctive feature of the ionosphere at
the considered altitudes is its complex composition
(electrons, positive and negative ions are present).
All positive ions can be conditionally divided into
two groups. The first group includes simple (or
primary) ions of nitrogen NJ, oxygen O; and
nitrogen monoxide NO* . The formation of primary
ions occurs under solar radiation and as a result
of electron impact ionization. The second group
includes cluster (or proton-hydrated) ions of the
type H” (H,0),, (where n is the degree of hydration,
typically, n, 10), which are converted from primary
ions through a chain of charge exchange reactions
[32]. The fundamental influence on the proportion
of different types of positive ions in the mesosphere
is exerted by the temperature of the surrounding
neutral component 7,. which are converted from
primary ions through a chain of charge exchange
reactions [32]. The fundamental influence on the
proportion of different types of positive ions in the
mesosphere is exerted by the temperature of the
surrounding neutral component 160 K, cluster ions
with hydration parameter n..10 do not form, as
the destruction of such ions during collisions with
neutrals occurs much more effectively than their
formation process from simple ions. As a result, there
is a predominance of cluster ions with low hydration
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degree and primary ions. Note that the electron-ion
recombination coefficient a . strongly depends on
the type of ions: light simple ions have an effective
recombination coefficient a,,. ~ 1077 cm™3s™!, while
cluster ions have a,,, ~ 107> cm73s7".

The presence of negative ions in the ionosphere is
also possible [33], however, in our case, their presence
is insignificant since, for example, the characteristic
concentration of the most common ions O, turns
out to be equal to No-2 =~ 0.1—1 cm3 (see [9)]),
which is significantly lower than the characteristic
concentrations of positive ions and electrons at the
studied altitudes:

n, » m» (q, /arec)l/2 » 102 - 10%cm™ 3.

Note that the consideration presented in the
article takes into account a somewhat simplified
model of the ionic composition of ionospheric
plasma. Further improvement of the model
involves using a more detailed ionic composition
(see, for example, [34,35]).

The charging of microparticles occurs due to the
recombination of electrons and ions on its surface,
which, in turn, leads to a significant decrease in
the concentration of the charged component of
the ionosphere in the region of polar mesospheric
clouds [9]. Another factor leading to the charging of
microparticles can be the influence of solar radiation
[8, 9]. The ionization of a dust particle due to the
and is determined by the photoeffect is characterized
by the rate ¢, . and is determined by the solar
radiation flux F(I ) [8]:

*

pazb|
Dphoto ” ——0ol F(1)dl,
he o
where | * is the maximum photon wavelength leading
to the photoeffect (determined by the minimum
energy of light quanta), b is the probability of the
photoelectric effect. Typical values b usually lie
within 10” 4=10" 2, and, asarule,b <10 3 [9].

The minimum energy of light quanta 2phc /| *,
leading to the photoeffect, is determined by the work
function W of the dust particle material and its
charge:

dphe /1" =W - e*Z, /a.

In this case, we can ignore the dependence of the
photoelectron current on the dust particle charge
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size, since the photon energy 2phc /| " is on the
order of several eV, and the order of the equilibrium
potential of the microparticle equals h

e*|Z,|/ a ~ kT, = 0.01eV < 2mhe / 1\,

see [9], while T, /e» T, /e, where T, » 0.03 eV
is the temperature of the neutral ionospheric gas.
Thus, we can consider that the maximum photon
wavelength leading to the photoeffect is determined
only by the work function of the dust particle
material.

he influence of the photoeffect can be significant
for relatively large particles; for nanoscale particles,
the photoelectric effect's influence is not as
substantial due to small absorption cross-section.
Moreover, the high-energy part of the solar spectrum
with yw..7.3 eV,which corresponds to |l , 75 nm, is
intensively absorbed by the atmosphere at altitudes
of A » 100 km (see [9]). The work function of ice
W... is approximately 8.7 €V, therefore ice particles
do not exhibit photoeffect and such particles carry
a negative charge. However, if a particle contains
metallic impurities, which is possible for particles
of meteoric origin, there is a reduction in the work
function W (for example, for iron W » 4.6 eV),and
depending on its size, such a particle may carry a
positive charge. The photoeffect in this case plays
an important role in the ionization balance, as
the ionization rate associated with the photoeffect
becomes comparable to the ionization rate from
natural sources:

9 photo ™~ naz[}d)(k*) ~01-10em 3.5 ~ d.>

where

*

|
F( )= F()dl
0

is cumulative radiation flux (see [9]).

3. THEORETICAL MODEL

When constructing a model of plasma-dust
structures, the evolution of the dust particle
distribution function f,(h,a,v,r) at height A is
described using the kinetic equation

Va , Vada, Wadh Wadv_

W Sadt fhdt qv dt ’ )
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== - F —=g-L L 3
o mgm Fpv [)=gm — ke 0)
Ff = pr CSa2de, 6)
dm
= _’ 7
f=u ” @)
dh
e ®)

where a ; o — accommodation coefficient of water
moleculeszupon collision with a dust particle (usually
in highly supersaturated vapors @ H,0 ~ 1), m and
my o are the masses of the microparticle and water
moQIecule respectively, g o ans nfl o —actual
and saturated concentrations of condeznsing water
vapors, r and r , are the densities of atmospheric
gas and dust particle material, vl’f o and Cjy are the
thermal velocity of water moleculées and sound speed
in atmospheric gas, v is the dust particle velocity,
u = - v in the condensation zone and u = 0 in the
sublimation zone, F; — coefficient of order unity
reflecting the influence of particle shape, g is the
acceleration due to gravity. The second term in the
left part (3) describes the growth of dust particles
in the surrounding supersaturated water vapor, the
fourth term describes sedimentation (rise) of the dust
particle during interaction with neutrals (neutral
drag) taking into account the term withc dm / dtf in
the equation of motion.

Since the speed of sound and the average thermal
velocity are values of the same order, the contribution
of each of the two braking factors (F, /m and f/m)
depends on the parameters of the ionosphere (density
of condensing and/or resistance-creating gases).
As shown in [36], under Martian atmospheric
conditions, the settling regime of dust particles,
despite the isotropic distribution of carbon dioxide,
differs significantly for condensation and sublimation
zones. Indeed, the dynamics of the “dust particle +
gas” system in the condensation zone is described
by equation

d—P=mﬂ+ v—=mg- F
dt ar " Var T n

from which follows
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dv dm
m—=-v—=+
dt dt

where dm is the mass of condensing gas, P is the
total momentum of the dust particle and gas. The
concentrations of desublimating carbon dioxide
are high, and the viscous friction force in this case
is determined only by 5% of trace gases, therefore
F, < fand the main braking factor is the interaction
of the dust particle with condensate molecules
adhering to it. In the sublimation zone, the term
with f disappears, since in this case the evaporating
carbon dioxide molecules and microparticle are at
rest relative to each other. Physically, this means
that molecules of evaporated CO, detached from the
particle are decelerated not by particle acceleration
but by transfer of kinetic energy to atmospheric
molecules. Moreover, in the sublimation zone, all gas
of the Martian atmosphere creates viscous friction
force and, thus, the dynamics of gas and dust particle
in this case is described by equation

mg - Ff = mg - Ff + f,

In the case of Earth's atmosphere, the density
of condensing water vapor is negligible compared
to the density of nitrogen and oxygen, which
constitute the main mass of atmospheric gas.
Thus, the concentration of neutral atmospheric
gas at heights around 80 km is approximately
n, » 5x10' cm3; water vapor pressure at this
height is Py o » 10°° Pa, which at T » 130 K gives
myo» Pyo/kT»5 0% cm™3. Therefore, firstly,
thé value df the relative correction of the Knudsen
viscous friction force in the condensation zone is

"0 /n,=5-10%/5- 10" = 107°® < 1. Secondly,
throughout the entire sedimentation time to Earth's
surface, viscous friction makes the main contribution
to microparticle deceleration. Indeed, since in the
condensation zone u ~ v, VI’Q’ZO ~ CS§, the ratio

[/ F,=u(dm/dr)/prCsa’Fyv =
= uay_ oMy ovii o(”H 0" My O)/rCSFdV~
2 2 2 2 2

s
~ My o(y,0 = MH,0) /T~ THo /T« 1

Thus, compared to the Martian ionosphere, on
Earth the influence of such factors as the interaction
of dust particles with adhering water condensate
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molecules and the reduction of Knudsen viscous
friction force in the nucleation region decreases.

It should also be noted that in the mesosphere
it becomes possible to neglect the coagulation of
dust particles during their collisions with each
other [9]. The characteristic time t_ , such a
process significantly exceeds all other significant
characteristic times:

U oag ~ (ndvpaz)‘ 1.10%s.

Furthermore, it becomes possible to neglect
the Brownian motion of particles. Indeed, the
characteristic magnitude of particle displacement
can be estimated using the formula

2kTt

< x2>=2kTBt = >

prCga

where B =1/ (pr Csaz) is the particle mobility
in a rarefied gas medium. At environmental
temperature values T ~ 100 K, particle size
a ~ 20—100 nm, sedimentation time T ~ 1-10 h,
typical for noctilucent clouds, the diffusion drift
turns out to be ~ 0.01—10 m which is less than of the
drop height.

The description of dust particles' influence on the
dynamics of the charged ionosphere component is
conducted using a system of equations consisting
of four continuity equations [8. 91] and is written in
local approximation (the use of local approximation
is justified since in Earth's ionosphere the transport
of dust particles occurs significantly faster than their
charging). This system has the form

ﬂﬂnte =G = e} = Ayl + Ly = Ly,
&)

ﬂﬂnt[s =4, et - b - Ly, (10)

“ﬂ”; = b1} = Ao = Ly, (1)

% = dphoto * N ¥ Ne ™ Nes (12)

where n,, nis , nf are the concentrations of electrons,
primary and cluster positive ions respectively.
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Here, the terms L{,W (j=e, s, c) describe the
recombination of charged particles of ionospheric
plasma (electrons, primary and proton-hydrated
ions) on dust particles, taking into account the
distribution dn, of microparticles by size,

i =0 fydvda,
where
Ljdust - Onjdnd;

hoto accounts for electron generation due to

photoeffect,
Le];hoto - quhato dnd;

terms n,, n , n, describe charging rates caused by
recombination of electrons and ions on the dust
particle surface. The value b, is the conversion rate
of primary ions into proton-hydrated ones. The
ionization of a dust particle due to photoeffect is
characterized by the rate ¢ photo and is determined by
the solar radiation flux F(I ) (see above).

The death of primary and proton-hydrate
ions and electrons during charging due to their
recombination on the surface of microparticles leads
to a significant decrease in the concentration of the
charged component of the ionosphere in the region
of polar mesospheric clouds [9]. The calculation of
microscopic currents of positive ions and electrons
of the surrounding plasma on dust particles is carried
out using the orbit-limited probe model [37. 38].
The interaction cross-sections of ions and electrons
with a charged particle within the probe model
are determined from the laws of conservation of
energy and angular momentum. If dust particles are
negatively charged, the probe approximation leads to
the following expressions for charging rates:

/2 N
28T, 8 {2
n, » pa I n,ex ¥,
> AR N ptéTTe
1/2 N
W87 @ e
n, » pa”§—-3 nl.él— —43
pm; al; 3

For positively charged dust particles, the expressions
for n,, n; take the form
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where 7, and T} are the temperatures of electrons and
ions, m,_is the mass of a particle of type k.

The model equations are written in the one-
dimensional approximation (spatial coordinate
is particle height 4). The justification for such an
approximation is related to the fact that the vertical
size of mesospheric clouds (~1 km) is significantly
smaller than the horizontal one (~10—100 km), and
the horizontal transport velocities of dust particles
are less than or of the order of vertical transport
velocity, therefore we assume that at the considered
times (hours, see [8, 9]) the horizontal displacement
of particles can be neglected.

According to calculations within the framework
of the model presented here, the characteristic
sizes of dust particles in mesospheric clouds are

=~ 200—250 nm. The corresponding charges of
microparticles turn out to be g, ~ 50e in the presence
of photoelectric effect and g, ~ —10e in its absence
[9]. Note that the presence of a charge |g,| ~ 10e on
a particle leads to a noticeable perturbation of the
charged component of the ionospheric plasma, since
the total charge of dust particles becomes comparable
to the equilibrium total charges of electrons and ions.

The calculated parameters of dust particles, while
matching the order of magnitude with experimental
data, still slightly exceed the characteristic observed
values (@ = 100 nm and ¢, =~ —2e for the nighttime
case, see [8,21]). This fact may be related to processes
not accounted for in calculations based on the
model described above. Among such processes, the
Rayleigh-Taylor instability [39] appears important,
which should naturally develop at the interface in
the “gas + dust” system under gravity, in a situation
where the upper half-space is occupied by dust
and gas, while the lower one contains only gas
[28, 40]. Dust clouds, as observed, have a sharp lower
boundary, below which the concentration of dust
particles becomes negligible compared to the particle
concentration in the clouds. The mechanisms of
formation of such a sharp boundary are associated
with plasma-dust and some other physical processes,
in particular, with the presence of air flows in the
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ionosphere moving at a velocity of v,,;,, > 0.1 cm/s,
as well as with the limited resources of water vapor
(see [8—10]). Generally speaking, solutions within
the hydrodynamic approach in describing plasma-
dust systems that have sharp boundaries are quite
typical (see, for example, [41]).

The dynamics of the boundary of the gas and
dust system, unlimited in the horizontal direction,
in this case is described by the Euler and continuity
equations, the linearization of which in studying
the stability of the stationary solution leads to the
dispersion equation

3 2 ngm|  |k|g
1 _a
7+ 7 +2p]+ 2|+
- nml|k|ga
+Y|k|g—%=0. 13)

Here | k | is the wave number, ¥ is the instability
increment, n,; is the concentration of dust particles,

) GnHZOT
a=2 ——
p rde2oa

where G is a coefficient of the order unity,
determined by the peculiarities of neutral interaction
with the particle surface. For example, G = 1 in the
case of complete absorption or specular reflection
of neutrals from the particle surface during
collision and G =1+ p /8 in the case of complete
accommodation [15]. The dispersion equation
(13) is obtained under the condition of sufficiently
small electric fields and is valid, including when
|[E| ~ 1 B/m, which, as can be expected [8], is fulfilled
under Earth's ionospheric conditions.

4. RESULTS

The system of equations (3)—(12) allows
determining the altitude distribution of particles
comprising noctilucent clouds. Figure 2 illustrates
such distribution. The initial size of cloud dust
particles is 10 nm. Upon entering the condensation
zone, dust particles begin to increase in size due
to desublimation of H,O vapors. The upper layers,
initially located at the boundary between zones with
supersaturated and unsaturated vapors, evolve more
slowly than the layers initially located directly in
the condensation zone. At a certain point in time,
particles reach characteristic sizes of =~ 0.2—0.3 um.

REZNICHENKO et al.

Fig. 2. Time dependence of the vertical distribution of
dust particles in polar mesospheric clouds, forming due to
sedimentation of a dust cloud of nuclei, initially comprising a
model concentration profile with an initial dust particle size of 10
nm. Upon entering the condensation zone, dust particles begin
to increase in size due to desublimation of vapors H,O, forming
a layer of particles with a characteristic size of =~ 0.2—0.3 um
at altitudes of about 80 km. Numbers above the curves indicate
particle sizes in micrometers

The characteristic sedimentation time of the dust
cloud is on the order of hours/tens of hours.

As noted above, the results obtained according to
(3)—(12) exceed the observed data by approximately
2-3 times, therefore it is necessary to separately
account for factors not considered in the system
(3)—(12). In particular, one such factor is the
development of Rayleigh—Taylor instability at
the lower cloud boundary. As numerical analysis
shows, the dispersion equation (13), at temperature
and neutral concentration values typical for the
ionosphere, has three real roots, two of which
are negative and one positive. For instability
development, the positive root corresponding to the
growing mode is of interest.

Figure 3 shows the dependence y(k) for
different values of dust particle sizes and
concentrations. Ionosphere parameters correspond
to an altitude of 4 = 85 km, for which 7= 129.5
K, p = 8.22 - 107 kg/m3. The value y(k), as seen
from the figure, increases with the growth of
dust parameters. Furthermore, it is evident that
asymptotically y(k) quickly reaches a stationary

JETP, Vol. 166, No. 3 (9), 2024
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Fig. 3. Dependencies of the Rayleigh—Taylor instability growth rate ’7 (thin lines) and value ’?71 (bold lines) on the wave numbed k | for
h = 85 km. Solid curves correspond to n, = 10 cm 3, dashed n, = 100 cm™3, dash-dotted n, = 1000 cm™>. Panel (a)corresponds to dust

particle size a = 20 nm, (b) — to dust particle size a = 100 nm

Fig. 4. Dependencies of the maximum Rayleigh—Taylor instability growth rate g on height h for dust particle concentrations
n; =10 cm™ cm (solid curves), n, = 100 cm™ (dashed curves), n, = 1000 cm™ (dash-dotted curves). Panel (@) corresponds to dust

particle size @ = 20 nm, (b) — to dust particle size a = 500 nm.

value g, which determines the characteristic time of
instability development, coinciding in order with the
value g ! Note also that g ~nyand g ~ a*.

Thus, the instability increment v, starting from a
certain value | k |, reaches a maximum g. Figure 4
shows altitude profiles of the maximum increment
dependence g for various concentrations and sizes of

JETP, Vol. 166, No. 3 (9), 2024

dust particles. The value g increases with the growth
of dust parameters and, therefore, should limit the
size of dust cloud microparticles from above.

Fig. 5 shows graphs of the dependence of the
characteristic time of Rayleigh—Taylor instability
developmentt = g ! on the dust particle size of the
cloud compared to the characteristic sedimentation
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Fig. 5. Dependencies of the characteristic time of Rayleigh—Taylor instability development and sedimentation time of dust particles on
their sizes. Calculation results are presented for heights 80 (@), 85 (b), 90 (¢), 95 (d) km. Thin solid curves correspond to dust particle
concentrations n, = 10 cm 3, dashed — n,= 100 cm 3, dash-dotted — n,= 1000 cm . Dependencies of dust particle sedimentation time
are represented by thick solid lines

time for altitudes 80, 85, 90 and 95 km. Typical In Fig. 5, it can be seen that the sedimentation
atmospheric parameter values at these altitudes are time does not exceed t = g~ ' only at sufficiently
respectively (see [42]): small dust particle sizes. Thus, even at low
_5 5 concentrations n; =10 cm’ 3 the sedimentation
ath=80km —T7 =141.3 K,r = 1.85x10" " kg/m;  {jie equals t = g ! already at @, 150 nm, thereby
ath=85km —T7T =129.5K,r =8.22 10" 6 kg/m3; limiting the size of cloud microparticles, as at larger

. sizes the process of layered structure destruction due
ath=90km —T =130.0 K, r = 3.42x10 ‘ KT/ m3; to instability development becomes more effective
ath=95km —7 =143.2 K, r =1.41x10 6 kg,/m3 . than its formation due to water vapor condensation.

JETP, Vol. 166, No. 3 (9), 2024
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For typical ionospheric values n; =100 cm ™ the
upper boundary and turns out to be even smaller.

Note that for this work, it is not the fact of cloud
destruction that is important, but that in the case
of Rayleigh—Taylor instability development, this
destruction occurs when cloud microparticles reach
a certain threshold size. The action of instability thus
substantiates the fundamental impossibility of the
existence of large particle clouds, which corresponds
to observational data.

5. CONCLUSION

Thus, the equations of the model describing
plasma-dust structures in the Earth's ionosphere in
a self-consistent manner are presented. It is shown
that, unlike the Martian ionosphere, on Earth
there is a reduced influence of such factors as dust
particle deceleration due to condensate molecule
adhesion (analog of reactive force) and decrease in
Knudsen viscous friction force in the condensation
zone. At the same time, the dynamics of the charged
component of the ionosphere on Earth turns out to
be more complex than on Mars.

Based on the presented equations, it is shown
that the characteristic particle size of the cloud
predicted by the model exceeds the observed values
by approximately 2—3 times. It turns out that an
important factor affecting the formation of plasma-
dust clouds that should be taken into account is the
Rayleigh-Taylor instability, which leads to the fact
that plasma-dust clouds can exist only at sufficiently
small sizes of their constituent dust particles.
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