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Abstract. In this paper, a growth and motion model is developed to investigate the evolution of radius,
velocity, and number density of ice particles in mesopause region. In the growth model, meteoric dust
from outer atmosphere and grains moving with the upward neutral wind from the mesosphere bottom
serve as nuclei upon which water vapor can condense in the cold and moist condition. And the motion
of the ice particles is mainly controlled by the gravity and the neutral drag force. It is shown that the
radius of ice particles increases linearly with time. But the particle velocity has a complicated
relationship with the radius due to the different mass densities of condensation nuclei and absorbed ice.
For certain condensation core radius, the velocity of particles can be reversed at particular height, which
leads to local gathering of particles near the boundary layer and small-scale structures of ice particle
density on the order of a few meters. Based on the obtained small-scale ice particle distribution, the
mean particle charge number and corresponding distributions of electrons are calculated by combining
the dust charging processes and quasi-neutrality condition. It shows that the absorption of electrons by
ice particles results in the formation of small-scale electron density structures, which can be important
to the research on the cause of polar mesosphere summer echoes (PMSE).

1 Introduction

The polar mesosphere summer echoes (PMSE) are strong radar echoes from regions close to the polar
mesopause in summer(Rapp and Libken 2004). One of the features of PMSE is that the spectra widths
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of echoes are much narrower than that of incoherent scatter (being due to the Brownian movement of
electrons)(Rdtger, et al. 1988;Rdtger, et al. 1990). And it has been proposed that the PMSEs are radar
waves coherently scattered by the irregularities of the refractive index that are mainly determined by
electron density(Rapp and Libken 2004). Furthermore, the efficient scattering occurs when the spatial
scale of electron density structures is half the radar wavelength, the so-called Bragg scale. For typical
VHF radars, the scale is about 3 m(Rapp and Libken 2004). Experimentally, in the ECTO02
campaign(Ltbken, et al. 1998), the sounding rocket with electron probe has detected electron density
irregularities on the order of meters during the simultaneous observation of PMSE, which provides a
vital argument for that small-scale electron density structures can indeed create strong radar echoes.
However, the mechanism that gives rise to the observed small-scale electron density structures has not
been fully understood.

Lots of researches indicate that charged ice particles in the PMSE region play a key role in creating
small-scale structures of electron density(Antonsen, et al. 2017;Havnes, et al. 2015;L(bken, et al.
2009;Li, et al. 2016;Rapp and Libken 2004;Rapp and Libken 2003;Ullah, et al. 2018). The measured
temperature in the polar mesopause region is lower than the freezing point(K&ner and Sonnemann
2001;Ltbken, et al. 2009), and the environment there is moist enough(LUbken 1999). These two
elements allow the presence of ice particles between 80 and 90 km, and the adsorption of electrons by
ice crystals can result in a decrease in electron density. Experimentally, large local gradients in ice
particle density have been detected and an anticorrelation between electron density and ice particle
charge density is found under the PMSE condition(Havnes, et al. 1996). Moreover, if the observation
region is heated by radio frequency at high power, the PMSE can be weakened with the ice on particle
surface sublimating(Chilson, et al. 2000;Havnes, et al. 2015). The ice particles are much heavier than
ions and electrons(Reid 1990), So the particle mobility is very small and the small-scale structures of
ice particle distribution can stay for a relatively long time. This may be one of the reasons why the
PMSE can last for several hours(Ecklund and Balsley 1981).

The influence of imposed small-scale ice particle density structures on the mesopause plasma has
been studied by @. Lie-Svendsen et al(Lie - Svendsen, et al. 2003). The results show that irregular ice
particle density on the order of meters can cause similar small-scale electron density structures, which
could produce PMSE. But the origin of such small-scale ice particle irregularities is not clear.
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In this work, we try to investigate the formation of small-scale ice particle density structures from the
perspective of particle growth and motion, and then calculate their influence on electron density by a
charging model. The growth of particles is based on collision and adsorption process of water vapor and
condensation nuclei. The particle movement is mainly controlled by the gravity and the neutral drag
force. And the charging model comprises orbital motion limited (OML) theory, collision enhanced
collection (CEC) approximation, and quasi-neutrality condition.

2 Model

In this section the equations of the growth and motion model of condensation nuclei and the charging
model of ice particles are described.

The simulation is carried out at summer polar mesopause region between 80 ~ 90 km, where the
water vapor carried by neutral gas is supposed to move upwards at a constant speed(Garcia and
Solomon 1985). To simplify the calculation procedure, we assume that micrometeorites enter the region
at a certain flux from the upper boundary, and volcanic ash or particles ejected by aircraft rise into the
region from the lower boundary. These grains serve as condensation cores. With the temperature lower
than the frost point(K&ner and Sonnemann 2001), the water vapor molecules that touch the surface of
the grains due to thermal motion can easily condense into ice, which makes condensation cores become
ice particles and keep growing. Meantime, only vertical transport of particles and plasma is considered
in this paper, because the horizontal gradients of transport parameters are much smaller than the vertical
ones(Lie - Svendsen, et al. 2003).

For growing ice particles, the dynamic equation for variable mass object is applied:

dv dm
md_d"'(vd_u)d_td:mdg_ﬂdnmd(vd_u)"'quE (1)

where mq, Vg and qq are the mass, velocity, and charge of ice particles respectively. u is the velocity of
neutral gas; g is the gravitational acceleration; uq, is the collision frequency between ice particles and
gas; and E is the electric field. The electric force has trivial effect on the motion of ice particles, because
the charge-mass ratio of particles is usually very small(Jensen and Thomas 1988;Pfaff, et al. 2001).

The first term on the left side of Eq. (1) corresponds to the inertial term. The vertical wind speed and
ice particles speed vq in the mesospause are several centimeters per second(Garcia and Solomon 1985).
The spatial scale of PMSE layer L is several meters to kilometers. Then the range of magnitude of term
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inertial term is estimated as

2
g Ve Ve 10"'m/s*-10% mis>) <« g )
dt = L

Therefore, the inertial effect of ice particles during motion is not important and can be ignored.

The second term on the left side of Eq. (1) represents the mass change caused by water vapor
collection. We assume that all water molecules colliding with ice particles during thermal motion can
condense on them because the water vapor is oversaturated(L{bken 1999). Ignoring reverse process

such as sublimation, the mass change rate for ice particles is

dm,
dt /uwd w ( )

where uwq 1S the collision frequency, and m,, is the mass of water molecule. Since the thermal velocity
of water vapor v, is usually much larger than particle velocity vq4 and the ice particle radius rq is much
larger than the water molecule radius r, the collection frequency uwq can be approximately deduced as
the following Eq. (4) based on the hard-sphere collision model(Lieberman and Lichtenberg 2005).

Iuwd = nwnrdsz (4)

The second term on the right side of Eq. (1) is the neutral drag force. The collision frequency between
air molecules and ice particles is(Schunk 1977)

2k T (m, +m
Hyn = 8 DMy 1’ oy (T n)n(rd+rn)2 (5)
3\/E md+mn mdmn

where n,, m,, and r, are number density, mean molecule mass, and effective radius of neutral molecule,

respectively. Tq is the gas temperature. Due to mg>> my, and rg>>r,

4 m
Mgy = 5N, _nvn nrf (6)
d

w
3

where the thermal velocity of neutral molecule v, = (8ksTy/n/m,)*%, and the neutral molecule mass mj is
assumed as 28.96m,. my is the mass of a proton.
Combining Eqg. (1) ~ (3), we can get the velocity of ice particles

m
Vg =u+ ————g (7)
:udn md + :uwd mw
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By considering the restrictions of n,, << n,(Seele and Hartogh 1999), m,,<< mg and v, ~ vy, and taking
vertical up to be the positive direction, the velocity of ice particles is simplified as

Vg =U—0/uy, (8)
Ice particles are composed of condensation nuclei and attached ice. The mass of a single ice particle
IS
4 4
my = _“ro3po + —n(I’d3 - ros)pd (9)
3 3
where roand po are the initial radius and mass density of condensation nuclei, and pq is the mass density
of ice.

Combining Eq. (6), (8) and (9), the relationship between velocity and radius of ice particles is

3

—y-—9 — o) 10
Vg = U nmv[pdrd+(p0 pd)rz] (10)

n""’n'n d

At the upper and lower boundaries of PMSE layer, with rq = ro the initial velocity of condensation
nuclei is

Ve =u—r/r) (11)
rc is the critical radius
rc = nn mnVHU/(gpo) (12)

When the radius of condensation nuclei ro> r¢, gravity is larger than neutral drag force, vy < 0, and
particles move downwards. Otherwise, particles move upwards.
Substituting Eqg. (9) into Eq. (2), the change rate of ice particle radius with time is

dr, _1n,myv, _

b (13)

The growth rate of particles is a constant c related to the vapor number density. So the ice particle radius
increases linearly with time

r,=r, +ct (14)

Based on Eq. (14), the particle trajectory can be obtained by the following integral
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t I,
71-17,= Iovddt = c‘ljrod v, dr, (15)

Zo Is the reference height where condensation nuclei enter the studied region. It is set that z, = O for the
lower boundary and zo = h for the upper one, here h is the distance between the two boundaries.

We assume that the condensation nucleus radius ranging from romin t0 romax has a certain distribution
function f (rp). The density of condensation nuclei with radius in a small scale ro — ro + drg is dn(rp) =
f(ro) dro, and their velocity is vqo. When these particles arrive at height z, their radius increases to rq(ro,
z), the corresponding number density turns into dn(ro, z), and the velocity becomes v4(ro, z) = vg[ro, rq(ro,
z)]. According to the particle-conservation law, we have

Vaodn(1y) = V4 (1, 2)dn(r,, 2) (16)
Then the number density of ice particles at height z can be obtained by

n,(z) = Jdn(ro, 7) = JT“““X Mdr

omn V, (I, Z) 0 (17)

The average ice particle radius can also be described by the distribution function f (ro)

dn(r,,
n@ = [tz 2 (Zn) (2(;0 ) (18)

Then the electron density can be calculated based on the dust charging processes and the
quasi-neutrality condition. Based on the plasma and ice particle characteristics studied in this paper, the
OML theory(Allen 1992) and CEC approximation(Khrapak, et al. 2005) are employed to describe the
electron and ion charging processes respectively. The corresponding ion charging currents are

12
I,= —4ar,’ne L exp| 2o (19)
2mm, KsT,
kT ) e ep, )
.= dzrne| Kol | |18 gqf 80 | fo (20)
2mm, KeTi keTi ) |;

where ne, me, and T, are the density, mass, and temperature of electrons. In the typical PMSE layer,
there are several kinds of ions carrying one unit positive charge: N,*, O.", NO* and H*(H,0),. For
simplifying the calculation, the averaged ion parameters n;, m;, and T; are applied to describe the density,
mass, and temperature of ions respectively. According to Ref. (Reid 1990), m; = 50m,. ¢4 is the surface
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potential of charged ice particles, Ap is the plasma Debye length, and temperature Te = T; = T.
For spherical particles, the surface potential ¢q is

Ze
Are,r,

Gy=—

(21)

where Zg is the charge number of single ice particle. The radius of ice particles rq can be represented
by rq obtained above.
During the growth and movement of ice particles, the charging balance of ice particles is maintained:

l,+1,=0 (22)

According to the typical parameters in PMSE region(Rapp and Libken 2001), the plasma Debye
length /p is estimated to be about 9 mm, which is much smaller than the vertical spatial scale of PMSE
layer. So the dusty plasma satisfies the quasi-neutral condition:

n, +Z,n, =n, (23)

To analyze the influence of ice particles on the electron density distribution more simply, the ion
density n; is assumed to remain unchanged (the empirical value is 6x10° m™) in the calculation region
according to Ref.(Johannessen and Krankowsky 1972;Pedersen, et al. 1970;Reid 1990). With the nyq and
rq Obtained above, the mean charge number of ice particles Z4 and electron density n, can be calculated
from Eq. (19) ~ (23).

In subsequent calculations, parameters are taken in the atmospheric environment at altitude of 85 km.
The number density of neutrals n, = 2.3x10%° m>(Hill, et al. 1999), the number density of water vapor
nw= 2.5x10" m®(Seele and Hartogh 1999), temperature T, = 150 K, the mass density of ice pg = 1<10°
kg/m®, the velocity of neutral wind u = 3 cm/s(Garcia and Solomon 1985), the mass density of
condensation nucleus po = 2.7x10% kg/m®, and the growth rate of ice particles in Eq. (14) ¢ = 7.8x10™
nm/s. In this work, we only consider the growth and movement of condensation nucleus which fall from
the upper boundary for ro > r; and rise from lower boundary for ro<re.

3 Results and discussion

For convenience of calculations, dimensionless parameters are used:
Vg =Valu, p =palpos Ro=rolfe, Ryg=rylre

7
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T=th,, Z=(z-20)lz
where t. = r¢/c, which represents the time it takes for ice particle radius rq growing to rq+rc, and z. = ut.
is the distance that neutral wind moves during the time t.. In this study r. = 4.2 nm, t. = 5385 s, and z; =

161 m.
185 The dimensionless expression of ice particle velocity is
R 3
Vo=1-pRy~U-p) % (24)
d

The change rate of V4 with Ry is
oV, R’
-0 = _ 2(1— p) -2 25
R AT (1-p) R (25)

Based on Eg. (14), (15) and (24), the dimensionless expressions of ice particle position coordinate in
190  terms of time and radius are

1 T
Z(R, T)=T —Z pT(T +2R;)) — (L— p)R? =—— 2
(Ry:T) 5 PT(T+2Ry) =( p)°T+RO (26)
1 p2_p? 50 1 1
Z(Ry,Ry) =Ry —Ro =5 PR~ R + (L= PR (- == (27)
d 0

The dependence of V4 on Ry is illustrated in Fig. 1(a). According Eq. (11) and (24), condensation
nuclei with radius Ry < 1 rise into the PMSE region through the lower boundary, while particles with
195 initial Ry > 1 fall into the region from the upper boundary. At the beginning, the upward-moving
particles accelerate and the downward ones decelerate due to 6V4/oRq = 2 - 3p > 0 for the initial Rq= R,.
Later, with the increase of Ry, 0V4/OR4 < 0, all particles will move with an acceleration less than zero,
which makes them move downward eventually.

Figure 1(b) shows the movement curves of ice particles near the lower boundary. These particles rise
200 into the condensation layer with an initial radius Ry < 1. With the collection of ice, the grains become
larger and heavier, which leads to the deceleration of the grains. And then, the grains will accelerate
downward until they leave the condensation layer from the lower boundary. From Fig. 1(b) it can be

seen that all particles rising from the lower boundary will retrace in the range of Z, < Z < Z.
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Figure 1 (a) The dependence of ice particle velocity on radius at various values of initial nucleus radii. The black
solid line Vg9 = 1- Rq represents the collection of starting points. (b) The movement curves of ice particles near the
lower boundary. (c) The movement curves of ice particles near the upper boundary. Zp, is the maximum height that
particles with initial radius Ry = 1 can rise; Zy iS the maximum height that particles with initial radius Ry = Romin = 0.5
can rise. Based on Eq. (24) and (27), Z, = 0.1512 and Zy, = 0.7631. Ry; and Ry, are two critical values of condensation
nucleus radius. For Ry = Ry, particles fall into the condensation layer, first retrace at height Z;, and then retrace exactly
at the upper boundary. When Ry = Rq,, the particles move down to the height Z,, the velocity and acceleration are
exactly zero, and then they continue to move down. According to Eq. (24), (25), and (27), Ro; = 1.1519 and Ry, =
1.19705.

Figure 1(c) shows the movement curves of ice particles near the upper boundary. The condensation
cores fall into the cold layer with radius Ry > 1. The movement curves of these particles can be sorted
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by the value of Ry. For 1 < Ry < R, the neutral drag force increases faster than the gravity as the
particles fall. The particles decelerate to zero speed, and then retrace upward until they leave the
condensation layer from the upper boundary. For Ry = Ros, the particles retrace at the height Z = Z;.
Then they arrive at Z = 0 with exactly zero velocity, and the particles move back into the condensation
layer again. For Ro; < Ro < Ry, the particles retrace upward in the range of Z, < Z < Z; and move
downward again before they arrive at the upper boundary. For Ry = Rg, the particles decelerate
downward until zero speed at Z = Z,. Here, the acceleration happens to be zero. Then the gravity
exceeds the drag force, and the particles accelerate downward. For Ry > Rpy, the particles keep going
down after entering the condensation layer without turning back.

From Fig. 1, it is concluded that the particles with a certain range of initial radius will move up and
down for a few times near the boundary, namely, ice particles will accumulate at that region and form
some kind of small-scale density structure.

The dimensionless expressions of ice particle number density can be obtained from Eq. (17)

ROmax V F(R)
n,(Z)=n, | e

Fomn V,[Ry, Ry (Ry, Z)] (28)

where ng is the density of condensation cores at the boundary, and ng is assumed to be 1x 10°
m®(Bardeen, et al. 2008). The normalized radius distribution function F(Ry) satisfies

J‘F::::x F(Ro)d Ro =1 (29)

Combining Eqg. (18) and (28) the dimensionless average radius of ice particles is

R @)= [ ROVWFR) o 30)

Ny (Z) JFomn V,[Ry, Ry (Ry, Z)  °

Firstly, the density and radius distributions of ice particles rising into the condensation layer through

the lower boundary are discussed. It is shown in Fig. 1(b) that all ice particles with initial radius R < 1

will pass the range 0 < Z < Z,, twice, so they contribute twice to the calculation of particle density. And

in the height range Z, < Z < Zy, only the particles that retrace above the Z height can contribute to the

density calculation at Z. Then the expressions of their density and mean radius near the lower boundary
can be obtained from Eqg. (28) and (30)

10
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Roz 1 1
n,(Z)=n,| "V, F(R ){ + }dR (31)
’ 0'[0'5 © ’ le(Ro’ Rdl) |de (R07 Rdz) | °
= n Roz R R
Ri@)=—2 ] vdoF(Ro>[ a_ g }dRo (32)
Ny (Z) ’ le(Ro’ Rdl) |Vd2(Ro’ Rdz) |

Rq1and Rg, are particle radii when particles pass through the Z height, and they can be calculated from
Eq. (27); V41 and Vq, are their corresponding velocities, which can be calculated by Eq. (24); as for the
upper limit of integral Roz, it can be determined by

1 if0<Z<Z,

Rz :{solution of (Z(Ry;.Ry)=2) ifz, <2<z, (33)

In this study, the radius distribution function of condensation cores is assumed as Gaussian distribution
F(Ry) = Aexp[—(R;, — Ry)* / A’] (34)

where the radius of the distribution function center Ry is chosen as 0.8, the characteristic width A =
0.03, and the corresponding normalized coefficient A = 18.8.

Combining Eg. (31) ~ (34), the density and mean radius of ice particles near the lower boundary are
calculated, and the results are shown in Fig. 2(a) and 2(b) respectively. Figure 2(a) shows that a sharp
peak appears in density distribution of ice particles at the range of 50 ~ 70 m. From Fig. 2(b), we can
see that the average radius of ice particles increases from 7 nm to 10 nm with height.

100 100
(a) (b)
80 1 80
60 60
E B
w W
40 g 404
20 1 20+
0 1 2 3 4 7 8 9 10 1 12
Iee particle density 7, (m™) x 10 Average radius of ice particles (nm)

11



260

265

Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2019-10 Annales
Manuscript under review for journal Ann. Geophys. Geophysicae
Discussion started: 5 March 2019 - -

© Author(s) 2019. CC BY 4.0 License. Discussions

100 " T " " 100
(c) (d)

80 80

60 60F

z(m)
z(m)

40 400

20 20+

Electron density " (m™) x 10 Average partice charge number 2 4

Figure 2 The distribution of () ice particle density, (b) mean particle radius, (c) electron density, and (d) mean charge

number of ice particles near the lower boundary of condensation layer.

With the obtained density and average radius of ice particles in Fig. 2(a) and 2(b), the electron density
and average charge number of ice particles are calculated based on Eq. (19) ~ (23), and the results are
illustrated in Fig. 2(c) and Fig.2(d). Because of the collection of electrons by ice particles, the electron
density decreases obviously in the range of 50 ~ 70 m and a small-scale structure is formed at that
region. The average charge number of ice particles Zyin Fig. 2(d) ranges from 0.2 to 0.33 and generally
increases with height because the particles radius increases with height. But in the height range 50 ~ 70
m, Zq is slightly reduced due to the dramatic increase of ice particles and decrease of electrons in this
range.

Next, the parameters of ice particles and electrons near the upper boundary are discussed based on the
movement curves of ice particles near the upper boundary, which are shown in Fig. 3.

12
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Figure 3 The movement curves of ice particles near the upper boundary. The particles with initial radius Roz; move
upward after turning back at the Z height (the red line), and the particles with initial radius Ryz, move downward after

turning back at Z (the blue line).

For Z; < Z <0, two Kkinds of particles turn back at Z: particles with initial radius Roz; and Rozz, which
go upward and downward separately as shown in Fig. 3. And the values of Ryz; and Roz, are determined
by equations V4(Roz, Rg) = 0 and Z(Roz, Ry) = Z. According to the range of initial radius Ry, the ice
particles contribute to the density distribution near the upper boundary can be classified as follows.

(1) Ro < Roz1: ice particles cannot arrive at Z and make no contributions to the number density.

(2) Roz1 < Ro < Ro1: ice particles pass through Z twice and contribute to ny(Z) twice. The radius of
particles passing through the Z height can be obtained as Ry3; and Rgys, based on Eg. (27). Meanwhile
their corresponding velocities are calculated as Vys; and Vs, respectively based on Eq. (24).

(3) Ro1 < Ro < Rozy: ice particles pass through Z three times. The corresponding radii and velocities at
Z are defined as Rya1, Raa2, Raas; Va1, Va2, Vdas.

(4) Ro > Roz: ice particles pass through Z only once and their radius and velocity are Rgs and Vgs
respectively.

Substituting these parameters into Eq. (28) and (30), the density and mean radius of ice particles in the
range of Z; <Z < 0 are deduced as

13
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Ro1 1 1
n,(Z)=n V,F(R )[ + }dR
’ OJ.R““ “ ° |Vd31(RO' RdSl) I Vd32 (Ro' Rd32) ’
2 1 1 1
g deF(RO){ + + }dRO (35)
o |Vd41(RO | Rd41) | \ (Ro | Rd42) |Vd43 (Ro , Rd43) |

+nojROmax VP (R) drR
Fozz |Vd5(R0’ Rd5)|

0

ﬁd (2)= & IRm VdoF(Ro){ i + i :|dR0
Ny (Z) Roz1 |Vd31(RO’ Rd31)| Vd32(R0’ Rd32)
+ No J‘ROZZV F (R ){ Rd41 + Rd42 4 Rd43 }dR (36)
do 0 0
Ny (Z) 7R | Via ( Ry, Rd41) | \ (Ro s Rasz ) | Vi ( Ros Rass )|

4o [ Fome RV (Ry) dR,
Ny (Z) PRz |Vd5 (Ro’ Rds) |

where the radius distribution function of condensation cores F(Ro) are set to satisfy the Gaussian
distribution as described by Eq. (34) with the distribution function center Ryo = 1.08, the characteristic
width A =0.01, and the corresponding normalized coefficient A = 56.4.

The ice particle density in the range of Z < Z; is close to zero, since only particles with initial radius
Ro > Roz can arrive at the range and the number of particles in this radius range is very few based on the
parameters of F(Ro) set above.

At the upper boundary, the number density of condensation cores ng is set as 1x10° m?; the
maximum radius of condensation cores Romax = 1.3. The number density and mean radius of ice particles
are obtained from Eq. (35) and (36). And based on Eq. (19) ~ (23) the electron density and mean charge
number of ice particles are calculated further. The results are shown in Fig. 4. The distribution of ice
particle density has a thin layer structure of meters, which leads to the same but anti-correlated structure
for electrons. As shown in Fig. 2(c) and Fig. 4(c), the spatial scale of the sharp boundary in electron
density distribution is on the order of tens of centimeters to several meters, which is similar to the
spatial scale required for PMSE(Rapp and LUbken 2004).
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Figure 4 The distribution of (a) ice particle density, (b) mean particle radius, (c) electron density, and (d) mean charge

number of ice particles near the upper boundary of condensation layer.

4 Conclusion

In summary, the density distribution of ice particles and electrons near the boundary of PMSE region
is studied. Firstly, a growth and motion model of ice particles is developed based on the adsorption
effect of water vapor by particles and dynamic equation for variable mass object. Then the density of ice
particles with height is investigated according to the conservation of particle number. Finally, on the
basis of quasi-neutrality and a charging model consisting of OML theory and CEC approximation, the
corresponding electron density distribution is obtained. During the calculation, the parameters are
chosen under the atmospheric environment at an altitude of 85 km, where PMSEs are often detected.

The results show that the ice particle radius increases linearly with time. But due to the different mass
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densities of condensation nuclei and absorbed ice, there is a complex relationship between the velocity
and radius of particles. So for a certain range of the condensation core radius, particles can bounce and
locally gather somewhere. When the radius distribution function of condensation nucleus is Gaussian
type, sharp peaks with scale of meters appear in the ice particle density profile. Because of the
absorption by ice particles, the corresponding spatial distributions of electron density with small-scale
structures are obtained, which may be one of the reasons of PMSE phenomenon.
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