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ABSTRACT

We describe a model of electron diffusion in the vicin-
ity of charged aerosols in order to explain the re-
duction of electron mobility needed for the existence
of PMSE. The physical processes involved are intro-
duced and the model is used to explain recent ob-
servations of an artificial modulation of PMSE by
ionospheric heating with the EISCAT heating facil-
ity. Using then a microphysical model of the gen-
eration and growth of mesospheric ice particles we
consider whether the model yields a large enough
number of negatively charged ice particles needed
to understand the electron diffusivity reduction in
terms of the physical processes currently incorpo-
rated in the ice particle model. Then introducing
the charge number density of aerosol particles times
the mean aerosol radius squared as a proxy for the
possible existence of PMSE we find a nice agreement
of simulated altitude profiles and the mean height
distribution of PMSE. Finally, we find that at the
lower edge of the ice particle layer the particles have
grown large enough in order to give rise to an opti-
cally observable signal recognized as NLC. Thus our
model calculations yield PMSE in an altitude range
from roughly 81-90 km with the NLC located at the
lower edge. This pattern is consistent with the ma-
jority of common volume observations of NLC and
PMSE.

1. INTRODUCTION

Noctilucent clouds (NLC) and polar mesosphere
summer echoes (PMSE) are intriguing phenomena
which are observed in the vicinity of the cold polar
summer mesopause region. There is now firm evi-
dence that NLC are due to sunlight scattering from
ice particles at altitudes roughly around 83 km with
typical radii of 20-50 nm and number densities of
~100 cm™3 [von Cossart et al., 1999; Hervig ct al.,
2001]. PMSE on the other hand are extremely strong
radar echoes from the same altitude region and were
first discovered in the VHF band [Czechowsky et al.,
1979; Ecklund and Balsley, 1981] at frequencies- of
50 MHz corresponding to a wavelength of 6 m. The
echoes are believed to be at least partly caused by

the existence of a large number of small ice particles
with typical radii and number densities of 10 nm and
~ 1000 cm™~3, respectively. These small ice particles
capture electrons and positive ions from the back-
ground plasma of the D-region and thus acquire typ-
ically one net negative elementary charge because of
the much higher mobility of electrons compared to
positive ions [e. g., Rapp and Lubken, 2001]. Due
to the multipolar electric fields between electrons,
positive ions and negatively charged aerosols the dif-
fusivity of the electrons is effectively reduced. Thus
fluctuations in electron density which determine the
radar refractive index on spatial scales as small as the
half radar wavelength can persist in spite of the influ-
ence of viscous forces which tend to smooth out gra-
dients on such small spatial scales [Kelley et al., 1987;
Cho et al., 1992]. This idea is supported by recent
observations of Chilson et al. [2000] who reported
about an artificially induced modulation of PMSE
when the electrons at PMSE altitudes were heated
to temperatures of about 3000 K with the EISCAT
heating facility [Belova et al., 2001]. The PMSE dis-
appeared within a few seconds when the heater was
switched on and reappeared within a few seconds
when the heater was switched off again. Rapp and
Liibken [2000] applied a model of electron diffusion in
the vicinity of charged aerosols to this problem and
could both reproduce the instantaneous fade out of
the PMSE signal as well as the recovery when the
electron temperature relaxed back to the ambient
temperature of the neutral atmosphere.

" In this paper we present a detailed description of the

electron diffusion model applied by Rapp and Libken
[2000]. Using this model we give some insight into
the physical processes leading to the reduction of
electron diffusivity due to the presence of charged
aerosol particles in the ‘normal’ case that electrons
and neutrals are in thermal equilibrium. Then we
shortly summarize the influence of enhanced elec-
tron temperatures on the electron diffusion time con-
stants. In the second part of this paper we then focus
on the point whether the existence of the acrosol par-
ticles can be understood employing a microphysical
model of the nucleation and development of ice par-
ticles in the polar summer mesopause region which
give rise to NLC and PMSE. Finally we present some
new ideas how these calculated ice particle parame-
ters can be related to the characteristics of PMSE.
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2. ELECTRON DIFFUSION

The formulation of our multiconstituent plasma dif-
fusion model closely follows the work of Hill [1978].
Hill has treated the case of equal temperatures of
all plasma constituents which is reasonable in the D
region where the high collision frequency with the
neutral gas provides thermal equilibrium of all con-
stituents. To describe the diffusion of a multicon-
stituent plasma we assume quasi neutrality, i. e.,

that the inhomogeneities under consideration are sig--

nificantly larger than the electron Debye length. The
electron Debye length, rp, is given by
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with the dielectric constant ¢y, Boltzmann’s con-
stant k, the electron temperature T, the elementary
charge-e, and the electron number density n.. Using
a reasonable electron number density of 1000 cm—3
at 85 km altitude we thus obtain rp=2.5 cm for an
undisturbed temperature of 150 K and 11.9 cm for
3000 K as appropriate for heating conditions [Belova
et al., 2001], respectively. Both values are much
smaller than the spatial inhomogeneities under con-
sideration, i. e., the half radar wavelength of the
EISCAT VHF radar (67 cm). We further take the
neutral gas to be at rest, and neglect possible exter-
nal electric and magnetic fields. Then the equation
of motion of the charged species is given by

rp =

njqu-" = ij + mjijj (2)

where n; is the number density, q; the charge, p;
the partial pressure, m; the mass, Vi the collision
frequency with the neutral gas, and F the flux of
the j-th plasma constituent. The partlal pressure
p;j can be expressed as p;=n;kT;. The multipolar
electric field is given by Maxwell’s law, i. e.,

VE =4r Z g;n; (3)
J

It is further wuseful to introduce the diffu-
sion coefficient D;=kT;/(m;v;) and the mobility
pi=q;/(m;v;). With these definitions equation 2 can
be written as

nju;E = DjVn; +T; (4)

If we now multiply equation 4 with q;, sum over all j -

and assume that Zj quj = 0 (quasi neutrality) the
multipolar electric field can be expressed as
7= 25 4DV
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In order to give an estimate of the magnitude of this
multipolar electric field we approximate equation 5
by its contributions by electrons which is reasonable
because De > Djxe and pe > pjze. If we further
use the definitions of D, and u. we obtain:

(5)
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Using a relative electron density fluctuation of
Ang/ne=0.1 [e. g., Bliz and Thrane, 1993] and
Az=1 m appropriate for PMSE we obtain an elec-
tric field of & 2 mV/m for a typical temperature of
150 K.

We now use expression 5 in equation 4 to determine
an expression for the fluxes I';. Using further the
condition for charge neutrality, i. e., >, q;n; =
0 & >;¢;Vn; = 0, and again that D, >> Djx.
and pre > pjze we finally obtain:

Ek;ﬁe qK Vg
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We now consider a plasma consisting of electrons,
one group of positive ions with number density n;
and one group of singly negatively charged aerosol
particles with number density N4. In general the
continuity equation of each of these spemes can be
written as

6n
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Quasz neutrahty requires that n,=n;-N,, and
[.=I- 4. For algebraical convenience we further
introduce the quantity ng= n; + N, i.e. the to-
tal number density of plasma species different from
electrons. The use of equations 7 and 8 then leads to
the two following continuity equations for n, and ng
{n; and N4 can be derived from these two quantities
by means of n;=(ng+n.)/2 and Ng=(ng - n.)/2,
respectively ):
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where D; and D4 are the diffusion coefficients of
positive ions and negatively charged aerosols, respec-
tively and A is defined as A = N4 /n.. Following Cho
et al. [1992] these quantities can be expressed as fol-

lows: KT
D= ————— 11
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where p;,, is the reduced mass of a positive ion and a
neutral air molecule, n,, the neutral air number den-
sity, and €;,, the collision integral as determined from .
the polarization interaction model. 7 is the neutral
atom polarizability, m, the mass of an air molecule,
and rq the radius of the aerosol particle. Typical
values for D; and D4 are 0.4 m?/s and 0.0017 m?/s



(ra=10 nm), respectively, if we assume positive ions
of mass 91 amu (H+(H20)s) which is a dominant
ion species at 85 km altitude [Kopp et al., 1985].

We now proceed discussing the influence of neg-
atively charged aerosol particles on an idealized
disturbance in the plasma densities relative to
an smooth background profile in the case that
T.=T;=T, where T, is the neutral temperature.
We consider the temporal evolution of a disturbance
in the electron profile with an initial Gaussian shape,
i. e. ne(x,t =0) = ne(0,0) - exp(—z%/20?). Charge
"neutrality requires ng(z,0) = n.(z,0) - (1 + 2A).

In Figure 1 we present electron, positive ion, and neg-
atively charged aerosol distributions calculated by a
numerical integration of equations 9 and 10 for dif-
ferent times of diffusion in a case where most of the
negative charge is bound to the aerosols (A =5). This
is appropriate e.g. in altitude regimes where deep
electron biteouts occur [Libken et al., 1998]. From
Figure 1 we see that the aerosol particle disturbance
merely changes for the considered time scales due to
their low mobility. By Coulomb repulsion they thus
force a negative disturbance in the electron density
profile to develop. This negative disturbance can
only decay with the time constant of the decay of
the aerosol disturbance. In other words the diffu-
sion time constant of electrons is shifted towards the
diffusion time constant of the charged aerosols, thus
varying like 1/r% (see equation 12).

It is interesting to note that the above mentioned
reduction of electron diffusivity can also be derived
analytically. Hill [1978] considered the solution of
equations 9 and 10 for the intial conditions stated
above. According to his analysis the solution for the
electron density can be written as:

n :c,t.

nzooi = Ay H(D}, ,t) — Ay - H(D§, 2,1) (13)
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, 1 z?/0?)

H(D,z,t) = —=—=————exp(—

(D.z,1) TF2D1/o? P (=3T3 2D1/0%)

(14)
1
D3z = 51Di + (Di + Da)(1+ A)]£

1
5\/1)3(1\ +2)2 +2D;Da(A - 2)(A+1) + D4 (A + 1)?

(15)

_2Di(1+4A) - D} (16)

R

Note that the quantities D{ , have a direct physical
meaning: they are the diffusion coeflicients appropri-
ate for the two diffusion modes of the system because
there is an electric field both between electrons and
charged aerosol particles as well as between electrons
and positive ions. From Figure 1 it is evident that it
is the decay time of the negative electron disturbance
due to the aerosol disturbance which determines the
overall decay time of the electron disturbance be-
cause this negative disturbance can only decay when
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Figure 1. Electron, positive ion, and negatively

charged aerosol distributions for different times of
diffusion in a case that most of the negative charge
is bound to the aerosols, i.e. A= Na/ne=5.

the aerosol disturbance decays. To investigate the in-
fluence of charged aerosols on the decay time of the
system we can thus investigate the temporal evolu-
tion of n.(z = 0,t) for different values of A. The
result of this calculation for an electron disturbance
with 0=3 m is presented in Figure 2. Defining the
electron decay time 7 as the time when the distur-

“bance becomes smaller than 10% of its initial value
“for all times larger than  we see that there is a dra- |

matic variation of 7 with A: While in the absence of
charged aerosols (A = 0) 7=bmin, for A =0.9 it is al-
ready 2.5 hours, and asymptotically reaches a value
of ~15 hours for A — oc.

We now turn to the problem of heating: In Figure 3
we present the temporal evolution of electron distur-
bances similar to the ones presented in Figure 1, how-
ever, this time for different electron temperatures, 1.
e., T./T,,=5 and 20. As is clearly seen from Figure 3
the electron disturbance decays faster the more the
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Figure 2. Analytical results of the decay of a Gaus-
sian disturbance with 6=3m in the electron den-

sity profile for different values of the parameter A =
Ng/ne.

P adndas
Houwonwnoua

N —
ooOo0ciIw—
jesles lus fow lun 16 )
o000 00
Owenaen

ne/neﬂ

electrons

0 5 10 15 20

BEH oo

n/ng
[
o
oOOoOTw—
o000 0;
oOOoOo0000
LR O RO T A

electrons

o] 5 10 15 20
x/0
Figure 3. Decay of electron density disturbances in
the presence of negatively charged aerosol particles
for different electron temperatures.

electron temperature is enhanced. The physical rea-
son for this fact is directly evident from equation 6:
as the ambipolar electric field is directly proportional
to the electron temperature the force acting on the
electrons to smooth out any gradient also increases
like T, and thus the electron density disturbance
quickly disappears. Considering here spatial scales
appropriate for the EISCAT VHF radar (A/2=67cm)
Rapp and Libken [2000] have calculated that the
decay time reduces to less than 1 s thus nicely ex-
plaining the experimental results of Chilson et al.
[2000]. More than that, Rapp and Libken [2000]
could also explain the fast recovery of the PMSE
when the heater was switched off: The disturbance

in the aerosol density profile is not at all affected by
the increased electron temperature. Thus as soon as
the electrons have thermalized the Coulomb repul-
sion due to the charged particles immediately acts
on the electrons and forces them ‘back’ into their
position before the heating pulse.

3. MODEL SIMULATIONS OF ICE PARTICLE
GROWTH IN THE MESOPAUSE REGION

In this section we now turn to the question whether
the presence of ice particles needed for the above
described mechanism can be explained in terms of a
microphysical model of the nucleation, growth, and
development of mesospheric aerosol particles.

3.1. Ice particle evolution

We apply the CARMA model which is a successor
version of the microphysical models of Turco et al.
[1982] and Jensen and Thomas [1988]. Recently this
model] has been revived in order to interpret rocket-
borne observations of small scale temperature struc-
tures in the vicinity of NLC [Rapp et al., 2001]. De-
tails of the model can also be found in the above
mentioned references.

We have run the model assuming a background tem-
perature profile for the 1st of July as given in Lébken
{1999] and a water vapor mixing ratio profile from
Kérner and Sonnemann [2001]. Based on the obser-
vations of Rapp et al. [2001} we have also superim-
posed gravity wave disturbances on the mean tem-
perature profile leading to a temporarily stronger
NLC brightness compared to an undisturbed atmo-
sphere. One day averages of the ice number densi-
ties and mean radii calculated with the model are
presented in Figure 4. In addition we have indicated
the average backscatter ratio which would be mea-
sured by a lidar operating at 532 nm wavelength. Ice
particles occur in an altitude range roughly between
80 and 92 km altitude. Typical number densities are
~2000 cm™~3 at 90 km and ~100 cm~3 at 82 km con-
sistent with current estimates of typical number den-
sities responsible for PMSE and NLC, respectively.
Mean radii on the other hand range between a few
nanometer at 90 km and 30 nm at 82 km. The combi-
nation of these number densities and radii leads to a
backscatter ratio peak of 5 at 82 km which is the alti-
tude where NLCs are frequently observed. Note that
this rather low value is due to our choice to average
the data over one entire day. Maximum backscatter
ratios calculated during the simulation are ~ 75 and
thus comparable to values experimentally observed.

3.2. Ice particles and PMSE

As outlined in section 2 the ice particles need to be
charged in order to account for the reduction of elec-
tron diffusivity needed for the existence of PMSE.
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Figure 4. Ice number densities and mean radii (solid
lines) averaged over the model simulation time of
1 day. The dashed line indicates the corresponding
backscatter ratio which would be measured by a lidar
operating at a wavelength of 532 nm.

We thus estimate the charged aerosol number den-
sity from our model simulations using the average
ice charge, Z4, of an aerosol particle with a given
radius from Rapp and Libken [2001]. The results of
this estimate are resented in the upper panel of Fig-
ure 5. Comparing the calculated aerosol charge num-
ber densities with a typical background electron den-
sity profile we note that the calculated values tend to
be a bit too low to account for A >1. However, the
actual ice number density calculated with our model
crucially depends on our assumption of the available
amount of condensation nuclei. Lacking any better
knowledge we use the meteoric smoke distribution
from Hunten et al. [1980]. If we increase the amount
of smoke particles say by a factor of ten, we also get
more ice particles such that A > 1. This point could
hint at the fact that the work of Hunten needs some
reconsideration. This, however, is certainly beyond
the scope of this article.

In order to include the r4-dependence of the reduc-
tion of the electron mobility into our considerations
we further present the height profile of the quantity
NaZa -5 (see equation 12). This quantity shows a
symmetric distribution around an altitude of 85 km
which is the average altitude of PMSE [Hoffmann
et al., 1999]. Furthermore, we see that the mean
backscatter ratio calculated from the model coincides
with the lower edge of the N4 Z, - r4-distribution. If
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Figure 5. Charged aerosol number density (solid

line) as estimated from model results obtained with
the CARMA model and the average aerosol charge
from Rapp and Libken [2001]. The thin dashed
and dotted lines to the left indicate standard electron
density profiles obtained with the IRI model [Bilitza
et al., 1993] and the thick dashed line indicates the
backscatter ratio that would be observed by a lidar
operating at 532 nm wavelength.

we take the former quantity as a proxy for the pos-
sible existence of PMSE we thus find a nice agree-
ment with common volume observations of lidars and
radars which show that in the majority of cases the
NLC is located at the lower edge of the PMSE [von
Zahn and Bremer, 1999).

4. SUMMARY AND CONCLUSIONS

We have presented a model approach which explains
the existence of electron density irregularities on spa-
tial scales appropriate for the wavelengths of VHF .
radars. It has been shown that ambipolar electric

“fields due to the presence of charged aerosol parti-

cles efficiently suppress electron diffusivity provided
that more than half of the electrons are bound to
aerosol particles (A >1). We have then used a mi-
crophysical model of the nucleation and growth of
ice particles in the polar summer mesopause region
and we have shown that the model is able to pro-
duce aerosol number densities and radii needed to
account for both current NLC and PMSE observa-
tions. We find that the calculated altitude profile of
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aerosol charge number density times the aerosol ra-
dius squared (the reduction of electron diffusivity is
proportional to r4) peaks at the altitude where the
seasonal average maximum of PMSE occurs. This
together with the fact that NLC backscatter ratios
also calculated by the model yield the location of the
NLC at the lower edge of this quantity is another
strong indication that PMSE are indeed due to the
ambipolar forces of negatively charged aerosols act-
ing on the diffusivity of electrons.

However, the current investigation provides no an-
swer to the question which process initially creates
the irregularities in the electron densities. This point
is currently under strong debate and will need ad-
ditional experimental and theoretical efforts in the
future to be understood.
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