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On the Role of Charged Aerosols in Polar Mesosphere Summer Echoes
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Submicron aerosols, as evidenced by the occurrence of polar mesospheric and noctilucent clouds,
exist at heights from which polar mesosphere summer echoes (PMSE) are observed. We investigate
the role of positively and negatively charged aerosols in the scattering processes proposed in the
literature. These aerosols, if charged substantially, can account for the remarkably high radar
reflectivity at both VHF and UHF by raising the electron Schmidt number through the ambipolar
effect. A positively charged component may be responsible for enhanced UHF radar scatter by
increasing the incoherent scatter power through a dressed dust eflect, although such a process is
not realistic as an explanation for VHF scatter during PMSE. Such an enhanced UHF scatter
will be associated with extremely narrow backscatter spectra. We propose a model in which both
negatively and positively charged aerosols are present to explain both the radar properties and the
rocket probe observations of charged particle depletions. Finally, we point out that the Poker Flat
50-MHz long-term data, which contrary to accepted dynamical theory show average downward
velocities in the summertime upper mesosphere, can be attributed to the fall speed of the aerosols

responsible for PMSE.

INTRODUCTION

Radars operating near 50 MHz [Ecklund and Balsley,
1981; Czechowsky et al., 1989; Réttger et al., 1990], 224 MHz
[Réttger et al., 1988}, and 933 MHz [Rdéttger et al., 1990]
have detected extremely high backscatter cross sections from
the summer polar mesosphere, a phenomenon known as po-
lar mesosphere summer echoes (PMSE). Turbulent scatter
as well as Fresnel type reflection have been invoked as the
probable mechanisms, but both have encountered difficulties
in explaining the smallness of the required scattering struc-
ture in the electron density. For example, in a turbulence-
based scattering theory the Bragg scattering lengths seem to
be well beyond the viscous cutoff point. Likewise, it seems
improbable that coherent ledges with vertical length scales
of the order of the radar wavelengths necessary for partial
reflection could exist. Noting the occurrence of heavy, hy-
drated ions in the uniquely cold summer polar mesopause,
Kelley et al. [1987] proposed that the diffusivity of the elec-
trons, which are necessarily coupled to the ions through am-
bipolar effects, might be lowered by the existence of these
relatively massive particles, thereby raising the Schmidt
number which is defined by

Sec = D_ (1)
where » is the kinematic viscosity of the neutral gas and D,
is the diffusivity of electrons. The usual assumption [e.g.,
Hill and Bowhill, 1976] had been to take Sc ~ 1, which
implied that the diffusive cutoff length scale for the tur-
bulent electron density fluctuation was about equal to the
viscous cutoff of the neutral gas. Sc¢ > 1 would create a
viscous-convective subrange of the electron density fluctua-
tion allowing structuring at scales shorter than the neutral
cutoff. Using a test proposed by Kelley et al. [1987], Hall
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and Brekke [1988] have inferred increased electron Schmidt
numbers near the summer polar mesopause from the spec-
tral widths of incoherent scatter radar measurements. An
analogous formal argument has not been made for the case
of Fresnel reflection, but heuristically one can say that a de-
crease in the electron diffusivity would increase the lifetime
of sharp, coherent ledges but would not account for ledges
being created in the first place.

The effect of hydrated protons on the Schmidt number
has been investigated by Hall[1990] with the conclusion that
little change is effected if the polarization interaction model
between ions and neutrals is adopted, whereas an ad hoc
assumption of a hard sphere interaction model produces a
more significant change. (The question of which model is
appropriate will be discussed in the next section.) Kelley
et al. [1990] have estimated Sc to be as high as 100 from a
comparison of 53.5-MHz radar and rocket data, an enhance-
ment which is beyond the reach of the proton hydrates.

As a possible alternative mechanism we examine here the
role of charged aerosols in influencing the electron Schmidt
number. This is an attractive idea since such particles are
known to occur in the summer polar mesopause, as evi-
denced by noctilucent and polar mesospheric clouds, and
their height range of occurrence is very similar [ Thomas and
Olivero, 1986]. There is a wide size range of aerosols, from
meteor dust to the visible cloud ice crystals (~ 0.1 gm),
which encompasses the various stages of cloud nucleation
and coagulation processes. Even though their number den-
sity is likely very small (especially for the larger particles),
we show below that they can significantly influence the mo-
tion of electrons if they are highly charged.

In addition, we shall explore the possible role aerosols play
in creating an apparent downward net flow in the summer
polar mesosphere as detected by radars. A downward sum-
mer mean velocity [Balsley and Riddle, 1984; Hall et al., this
issue] was quite surprising but had been explained with the
so-called Stokes drift effect [Coy et al., 1986]. However, in a
companion paper by Hall et al. [this issue] a new calculation
of the Stokes drift puts this explanation in question, and we
argue here that the effect is due to falling charged aerosols.
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DIFFUSION IN THE MESOSPHERE
Cluster Ion and Aerosol Diffusivity

Since the electron diffusion is tightly controlled by the
heavier charged species, we first develop models suitable for
such species. There are two important factors one must con-
sider when calculating the diffusivity of charged aerosols.
(1) The electric charge will induce polarization in the neu-
tral molecules so that the interaction potential between the
aerosol and the neutral molecule may depart significantly
from that of a simple hard sphere approximation. (2) In the
limit of very large aerosols their diffusion will be best mod-
eled by Brownian motion. Thus we see that both the size
and the charge of the aerosol directly affect its diffusivity.

In the small-scale limit, such that a charged aerosol can
be viewed as an ion, the diffusivity is given by [Chapman
and Couwling, 1970]

3kT
- leﬂanNn-Qan’ (2)

where k is the Boltzmann constant, T (K) is the temperature
(note that we are assuming thermal equilibrium between
aerosols and neutrals such that T, = T, = T, which is
Justified at the altitudes of interest here according to Grams
and Fiocco [1977]), N (m™?) is the neutral number density,
Han is the reduced mass given by

D.

Mgy
)
Ma + mn

@)

and 2., is a collision integral defined by Chapman and
Cowling [1970]. For the hard sphere interaction model the
collision integral is given by

8kT =
Than 4

Han =

an = (ra +a)’, (4)
where r, and rn (m) are the aerosol and effective neutral
radii. (For all our calculations we shall assume spherical
aerosols.) For the case where polarization interaction is

dominant [Schunk, 1975],

2,2
nh, =207x107"/ raZie?
€oftan

where o (m™?) is the neutral atom polarizability, Z, is the
charge number of the aerosol, ¢ is the vacuum permittivity,
and e is the elementary charge. The corresponding diffusiv-
ities are then given by

p#_3 [T 1
¢ 8\ 27pan Nn('ra + Tn)z’
pP — 306 x 10°kT €0
. Nﬂlzﬂle Wal"an'

For ion-neutral collisions the polarization model has been
shown to be fairly good [Dalgarno et al., 1958), so we ex-
pect this to hold for the limit of small aerosols. However, in
the limit of very large size (holding Z, constant), one might
expect, since the polarization potential falls off as r—*, that
the collisions will occur as hard spheres before the neutral
molecules have approached close enough to become polar-
ized. Thus we may estimate the transition size where the
hard sphere model takes over from the polarization model
by equating the values of their collision integrals:

(5)

(6)

(M)
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8 =qof. (8)
Solving for the critical radius, we get
1
2222\ 1
c=455x107 [ =2 ) —r,.
Ta X ( fokT T (9)
For the summer polar mesopause we take o = 1.76 x

10™'* m™3 (corresponding to N2 which is the main neutral
constituent), r, = 1.8 x 107'® m, and T = 130 K, which
gives, for a single charge,

Tac =5.2x 107'° m.

(10)

For hydrated protons, whick can cluster into fairly large
sizes, we can crudely estimate (following Hall [1990]) that
the volume is proportional to the hydration number. If
one assumes a hexagonal ice lattice structure where a unit
cell containing 4 molecules has a volume of 1.3 x 107%* m®
[Michel, 1978], then the effective volume occupied per wa-
ter molecule is about 3.3 x 10~2° m®. Consequently, about
20 water molecules will fill up a spherical volume with the
critical radius. This is an extremely rough estimate, but
it helps to shed some light on the question of applicabil-
ity of the hard sphere model to highly hydrated protons, as
discussed by Kelley et al. [1987] and Hall [1990]; that is,
the polarization model should be used for ions with hydra-
tion number less than 20. Kelley et al. [1987] have already
pointed out that the polarization model gives a mass depen-
dence which is too weak to have a significant impact on the
electron Schmidt number. Since there are probably very few
ions with hydration number over 20, we can also eliminate
the importance of the size effect of the hard sphere model.
Thus we conclude that the hydrated protons cannot have a
significant impact on raising the electron Schmidt number.

Going back to the consideration of aerosols, we look to
the limit of large size where they can no longer be studied
in the context of kinetic theory but rather must be thought
of as a macroscopic particle in a continuum. This transition
is characterized by the Knudsen number defined by

Kn='\—",

11

o (a1

where A\, is the mean free path of the neutral molecules
given by

dn= ——

42712 N,

Taking N, = 1.94 x 102° m™? for mesopause altitudes [Hall,
1990], we get A\n = 9 mm. This is much larger than the
radius of the biggest aerosols in the mesopause region, so
Kn > 1, and we conclude that the aerosols are in the free
molecular flow regime, unlike those of similar size in the
troposphere that are in the continuum flow regime. Thus
the hard sphere diffusivity should be a good model even for
the largest particles under our consideration.

(12)

Electron Diffusivity

Diffusive motion of the electrons is normally taken to be
directly coupled to that of the ions through the ambipolar
electric field effect. However, direct application of the am-
bipolar diffusion equations to aerosols is not justified since
their number density is much smaller than that of the ions
and electrons. Thus at first glance one may tend to dismiss
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the effect of the aerosols on electron diffusion as negligible.
We shall proceed to show that this is not necessarily true.

Hill [1978] developed a theory for ambipolar diffusion in
a multiconstituent, weakly ionized plasma that is applica-
ble to the D region. He derived a set of coupled partial
differential equations for the case of quasi-neutral (i.e., for
length scales much larger than the electron Debye length)
diffusion of three singly charged species: electrons, positive
ions, and negative ions. Magnetic field effects are ignored,
and the perturbation terms are assumed small enough for
linearization. We generalize the equations such that we can
accommodate electrons, positive ions, and multiply charged
aerosols of either sign. (We are ignoring negative ions since
they seem to be scarce in the summer mesopause region
[Bjérn et al., 1985].)

an. _ |Z¢|D+ + 74D,

TRy s
[% + (1 - %_z) Dy - x—:|za|Da] Ve (13)
[% + (1 - JJ:II_:Z") D, + x—‘:lzaIDa] V1., (14)

where n. = n4£n, is the sum/difference of the perturbation
densities of the positive ions and aerosols (plus for negatively
charged aerosols and minus for positively charged aerosols),
ne is the perturbation density of the electrons, Z; and Z,
are the charge numbers on the positive ions and aerosols, D
and D, are the diffusion coefficients of the positive ions and
aerosols, and Na/N. is the ratio of the background densities
of the aerosols to the electrons. It is a simplified model since
it admits only one size and charge state of aerosols, whereas
really there is a continuous range in their size distribution.
Keeping this in mind we proceed with a numerical analysis
of the equations.

If we define an effective electron diffusion coefficient
D:® = 1/rx? for a sinusoidal perturbation with wavenum-
ber k and an exponential decay time constant 7, we can
run a computer simulation of the equations with appropri-
ate initial conditions and measure r to get DST. There is
no compelling reason to expect DS to be dependent on .
The problem has the free parameters Zy, Z,, D4, Da, and
No/N.. We will take Z; = 1 for convenience and use the
ratio D,/D4 as a single parameter. Using the arguments
made in the previous section and assuming (1) mqa 3> ma,
(2) the ions are dominated by polarization interaction, and
(3) the aerosols are well characterized by the hard sphere
model (ro 3> r4, the effective radius of the positive ions),
we can derive an expression for this parameter

Da -7 Qp4n €
=4.14 x 10 —_———
D, 10\ 2eokTm, 72’ (15)

where g4, is the reduced mass of the positive ion and neu-

tral molecule. Plugging in our mesopausal parameters and

using the mass of H* (H20)s, which from Bjérn et al. [1985]
is a representative ion species at 85 km, we get

D,

+

=43 %1072,

(16)
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where 7, is in meters. Once we fix r,, the only free param-
eters are Z, and Ng/N..

Figures la to 1d show the results of our simulations for
D /D, plotted versus N,/N.. Multiple curves represent
the different values of D,/D; that are determined by the
indicated values of r,. The consecutive figures correspond
respectively to the aerosol charge Z, = —100, —10, 10, 100.
Since the usual assumption has been to take D./D4 = 2
(the ambipolar result) where D, is given by the dominant
ion constituent, we will give our results in terms of the ratio
DT /D, so that it is easily compared to the base result of 2.
As one would expect, the curves go from DT /D, = 2 (the
standard ambipolar diffusivity), with no aerosols present,
to DT/D, approaching D,/D; as the aerosols become
numerous. Notice that the curves in Figure la are virtu-
ally indistinguishable from those in Figure 1b. This is also
true for Figures 1c and 1d. Since the z axes differ by a
factor of 10, it seems that the important scaling factor is
not N,/N, but |Z,|Na/N.. This makes sense physically; it
means that the important factor is how much charge of the
plasma is tied up in aerosols. Also, for the larger aerosols
of our interest the transition from ion to aerosol domination
occurs sharply around |Za|No/N. = 1.2 (for Z, negative)
and 0.6 (for Z, positive), in other words, when somewhat
more than half of the charge is tied up in aerosols. Calcu-
lating D4 for the cluster ions from (7) and using (1), we
get Sc =1 for DR /D, = 2.8, so it follows that Sc = 100
for DS /D, = 0.028 and Sc¢ = 1000 for D /Dy = 0.0028.
These values of Sc are shown as well. One can conclude
from Figures la through 1d that in order for the electron
Schmidt number to reach 100, r, must be at least 0.01 pm
and |Za4|N./N. must be greater than 1.2 (for Z, negative)
and greater than 0.6 (for Z, positive). The same conditions
hold for the Schmidt number to reach 1000 except that rq

must be at least 0.03 um since Sc scales as r, -2,

ON THE CHARGE STATE OF AEROSOLS
IN THE MESOSPHERE

We now have a model for raising the electron Schmidt
number through the ambipolar influence of charged aerosols.
Realistic values for the parameters must now be estimated
to evaluate their effect on several mesospheric processes us-
ing this model. The size range of the aerosols is fairly well
known. The largest cloud particles are associated with noc-
tilucent clouds and are believed to be ~ 0.3 pm [Turco et al.,
1982]. Polar mesospheric clouds are thought to be due to
smaller aerosols of the order of 0.05-0.1 um [Thomas, 1984].

Unfortunately, there is a great deal of uncertainty asso-
ciated with the aerosol number density N,. Observed val-
ues range from 10 m™2 [Bronshtehn and Grishin, 1976] to
1.5 x 10® m™3 [Thomas, 1984] for 7o = 0.07 pm, while a
model calculation by Turco et al. [1982] gives < 10" m™
for ro > 0.05 um. For the sake of simplicity we will assume
a value of N, = 107 m™2 for all further calculations. Using
re = 0.06 pm and N. = 3 x 10° m™3 as typical values for
the summer mesopause, in order to reach the critical ratio
required for PMSE of |Za|Na/N. = 1.2 (for negative Z,),
Z, must be = —360. To reach |Z4|Na/N. = 0.6 (for positive
Z2), Za must be =2 180. Several rocket flights during PMSE
events have indicated electron density bite-outs at the radar
scattering heights [ Ulwick et al., 1988; Inhester et al., 1990].
An example from the latter paper is reproduced in Figure 2
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Fig. 1. Plot of effective electron diffusivity versus aerosol number density with (a) Z, = —100, (b) Z, = —10, (c)
Z4 = 10, and (d) Z, = 100. Electron diffusivity is normalized with respect to the positive ion diffusivity, and the
aerosol number density is normalized with respect to electron number density.

(curve labeled 7f probe) and shows reduction of N, to a
value = 3.5 x 10® m™3. In this case, the corresponding crit-
ical values of Z, are -42 and 21.

Are these plausible values? There have been no measure-
ments of mesospheric aerosol charge, but calculations involv-
ing charge fluxes to aerosol particles by Turco et al. [1982]
yield an estimate of Z, ~ —4. So only the combination of
a large electron density depletion and the highest estimate
of large aerosol density would seem to lead to a significant
change in the electron diffusivity. This seems to be a prob-
lem since some intense PMSE events occur without bite-outs
{e.g., the Structure and Atmospheric Turbulence Environ-
ment (STATE) 1 case presented by Ulwick et al. [1988]).

However, it has been pointed out by Havnes et al. [1990]
that the photoionization effect, usually neglected due to the
high work function for pure ice, could be dominant over
collisional charging since the aerosol surface is likely con-
taminated by metallic substances from meteor vapor which
have much lower work functions. Photoemission would lead
to positively charged aerosols which have the possibility of a
much higher state than the case for negative charging. This
can be understood as follows. The voltage associated with
a charged object equals the charge divided by the capacity.
For the same size aerosol, C is fixed and @ « V. An elec-
trically “floating” object subject to a flux of electrons and
positive species will charge negatively to a potential propor-
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Fig. 2. Rocket-borne electron density measurement versus height [from Inhkester et al., 1990]. The dark trace is
the DC Langmuir probe response and the light trace is the RF capacitive probe data. This rocket was launched
on July 14, 1989, from the Andgya Rocket Range in Norway while PMSE were being received by the sounding

system (SOUSY) 53.5-MHz radar.

tional to kT./e, provided that T. is well below a value at
which secondary emission can occur. In the polar summer
mesosphere, kT./e =5 0.01 V. If photoemission is allowed,
however, and if the electron density is low, then the object
will charge positively to a value proportional to the “tem-
perature” of the solar UV flux which is typically taken to be
5 eV [Goertz, 1989]. The positive charge state thus could be
100 times the negative state.

The ultimate upper bound for the amount of charge that
an aerosol can sustain is dictated by the electrostatic frag-
mentation criterion, i.e., the point at which the electrostatic

stress exceeds the tensile strength of the material. For a
sphere with a homogeneously charged surface, the critical
electric field strength is [Béhnhardt, 1986]

E.= \/g (17)

where € is the permittivity and o is the tensile strength of
the aerosol material. Theory predicts € proportional to T}
and experiment gives € = 2.2 x 10~7 T for pure ice [Auty
and Cole, 1952]. Thus for T =130 K, ¢ = 1.5 x 107® F/m.
The corresponding critical charge number is
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2
|Zc| = 4":“ V2ea. (18)

Michel [1978] gives the tensile strength of polycrystalline ice
to be

— -4 -
o =794 x 103'\/1 9 x 1027 T=2T) N2 (19)
which yields
2
|Zc| =3.3 x 10773 (20)

for our parameters. For r, = 0.06 pm, |Z.] = 5 x 10%. This
is probably an overestimate because the tensile strength is
likely to be lower than the model value. But the point is
that the real limit to the amount of charge carried by an
aerosol is not the fragmentation criterion but the balance
of charge flux to the aerosol, photoemission, and charge ex-
change collisions.

Our diffusion model does not distinguish sharply between
positive and negative Z,. In light of the past model charg-
ing calculations, highly negative charge is ruled out; thus
positive charging by a dominant photoionization eflect be-
comes the attractive alternative. On the other hand, as
mentioned earlier, we have evidence from rocket flights [Ul-
wick et al., 1988; Kelley et al., 1990] that sometimes there
is a significant electron density bite-out around the PMSE
height range which is most easily explained by the scaveng-
ing of electrons by a layer of aerosols (which would then be
negatively charged). Reid [1990] examines this scenario and
concludes that the aerosols doing the scavenging must have
radii of the order of 0.01 zm or less due to the small number
of larger particles and the necessarily low negative charge
on the aerosols. A totally different explanation proposed by
Havnes et al. [1990] is that an apparent reduction in the
electron density could result from the inability of the DC
Langmuir probes (used in all the rockets) to deflect massive,
positively charged aerosols. The probes measure a current
proportional to

Ne—ZaNa= Ny, (21)
In other words, the bite-out is of the positive ions rather than
of the electron density. However, data from a rocket carry-
ing both a Langmuir probe and an RF capacitive probe re-
veal a bite-out for both probes, but with a noticeably larger
magnitude for the latter in that height range (see Figure 2).
Since the RF probe would not inadvertently measure pos-
itively charged aerosols, the pure ion bite-out explanation
would seem to be proven wrong. Furthermore, without steep
edges in the electron density it seems unlikely that the radar
echo characteristics that point toward a specular reflection
mechanism could be explained.

One way to interpret these data is to invoke both of the
above bite-out explanations; i.e., the smaller aerosols are
scavenging electrons, thus creating a real depletion in elec-
tron density, with positively charged larger aerosols ram-
ming into the Langmuir probe to create a deeper appar-
ent bite-out. Clearly, this proposition requires that larger
aerosols be preferentially charged positively. For positively
charged aerosols with r, < 0.3 gm, the equation for cur-
rent equilibrium between aerosol and environment is [Havnes
et al., 1990]
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p— Zae2 — Z.,e2
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+3x10"yFra m™%s71 (22)

where 4 and F,, both independent of aerosol size, are the
photoelectric yield and photon flux. Ignoring the small ion
charge exchange term (first term on the right-hand side)
and comparing the rate of electron capture (left-hand side)
with the rate of photoionization (last term), we see that the
latter grows linearly with r, whereas the former decreases
with r,. Therefore there is good reason to surmise that large
aerosols are more positively charged than the smaller ones.
Using this theory, we can try to glean some information from
the rocket data. Estimating the difference between the plots
of the two probes at the bite-out to be |Z,|Ng = 2x10® m™®
and N, = 3.5 x 10® cm™3, we get |Za|NafNe = 0.67. This
is over the threshold value of ~ 0.6 that we need for the
electron diffusivity to be dominated by the aerosols.

APPLICATIONS OF THE RESULTS
Radar Scattering Effects of Aerosols

Both the turbulent and Fresnel type scatter are coherent
(i-e., not thermal) mechanisms. Incoherent scatter (result-
ing from random thermal motion) had been previously ruled
out as a cause of PMSE since the calculated cross section
for the known electron density was much too low. How-
ever, Havnes et al. [1990] have proposed that the presence
of highly positively charged aerosols would boost the inco-
herent scatter cross section enough to account for the echo
powers of PMSE at all the observed radar frequencies.

We can easily show that this idea is only applicable to the
highest frequency radars with which PMSE are observed
[Réttger et al., 1990). First, the incoherent scatter cross
section is not wavelength dependent for scales much larger
than the electron Debye length (~ 1 cm for the summer
mesopause), whereas the observed radar cross sections are
strongly dependent on wavelength. A simultaneous three-
radar observation of PMSE needs to be conducted in order
to obtain definitive data on the frequency dependence of
the radar reflectivity. The best we can do at present is to
plot the maximum reported backscatter volume reflectivity
at 46.9 MHz, 224 MHz, and 933 MHz. This is done in Fig-
ure 3; the extremely strong wavelength dependence is clear.
Second, the absolute value of the VHF reflectivity is orders
of magnitude above “normal” incoherent scatter levels. In
addition, Figure 3 shows an example of the calculated radar
volume reflectivity versus radar scattering wavenumber for
three values of Sc. The curves are calculated from the tur-
bulence model of Driscoll and Kennedy [1985] at the same
electron density, electron gas scale height of 1 km, and with
the turbulence parameter ¢ = 1 W/kg which is a high value
for the mesosphere. The 224-MHz radar was not operat-
ing when the high points for 46.9 MHz and 933 MHz were
recorded while in simultaneous observation, so it may not
be possible to fit one theoretical curve through all three.
Keeping this caveat in mind, note that the theoretical curve
for Sc =1 falls well short of the observed echo strengths at
all three frequencies. (The parameters, i.e., electron density,
electron gas scale height, and turbulent energy dissipation
rate, have been pushed to the bounds of plausibility, since
we are trying to match to the highest observed values of
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Fig. 3. Turbulent radar volume reflectivity calculated from the model of Driscoll and Kennedy [1985] with
Ne = 8 x 10° m™3, electron scale height = 1 km, and turbulent energy dissipation rate = 1 W/kg. The data
points correspond to the highest recorded echo powers at 46.9 MHz (CUPRI), 224 MHz (EISCAT VHF), and

933 MHz (EISCAT UHF).

radar reflectivity.) Also note that the curve corresponding
to Sc = 100 matches fairly well to the 46.9-MHz and 224-
MHz points but falls many orders of magnitude below that
of the 933-MHz mark. (Indeed, it falls well below the re-
flectivity of normal incoherent scatter at this point.) On
the other hand, the Sc = 1000 curve fits the 46.9-MHz and
933-MHz points while overshooting the 224-MHz mark. One
interpretation is to ignore the 224-MHz discrepancy and take
S¢ =1000. Another would be to take S¢ = 100 and explain
the 933-MHz PMSE as the result of enhanced incoherent
scatter due to charged aerosols.

We prefer the latter argument and apply the turbulent
scatter mechanism with S¢ ~ 100 to 46.9 and 224 MHz,
invoking a different mechanism for the 933-MHz PMSE.
Havnes et al. [1990] have applied a dusty plasma theory
of Tsytovich et al. [1989] which predicts an enhancement
in the incoherent radar scattering cross section by Z.%2. A
more careful analysis by Hagfors [1991] shows that the scat-
ter cross section due to charged aerosols is

Zo20eN,

Na = (23)
(2+p - Zo3e)"
1, -1
for |Za| > 6972 N,~% and
Za20eNa
Ma = 24
CrPp -2 rp -zl o) Y

for |Za| < 69T N,~% where . = 1.0 x 102 m? is the
scattering cross section of a single electron, 8 = krAp, kr
(m™1) is the radar scattering wavenumber, and

T\?

is the electron Debye length. Physically, (23) applies when
the aerosol separation distance is greater than the aerosol
Debye length such that their self-interactions can be ignored.
Equation (24) is used when the aerosols must be treated as
a continuum fluid.

Comparing the two expressions to the normal D region in-
coherent scatter cross section of Dougherty and Farley[1963]

(25)

_1+p

n= gy gl

(26)
we see that significant enhancement of scattered power is
only possible in the first case. Thus for N, = 107 m™3,
|Za| must exceed ~ 50 for enhanced scatter. Réttger et al.
[1990] have reported a 10-dB enhancement over the ambient
incoherent scatter power (Figure 4) for the one published
PMSE event at 933 MHz. According to the calibration of
Réttger et al. [1990], N. = 4 x 10° m™3, which yields 8 =
0.5. If we take N, = 10" m™3, a comparison of (23) and
(26) shows we need Z, = 95 or Z, = —120 to yield a tenfold
enhancement in radar reflectivity. This is a crude estimate of
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measure of the vertical gradient in electron density as deduced
from the EISCAT data. The small dots are averaged over 1 min,
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9.5

the aerosol charge required for enhanced incoherent scatter
at 933 MHz. More experimental data on Z, and N, are
needed to test the validity of this model.

As a possible source of more information we turn to the
spectral width of this enhanced incoherent scatter mode.
The spectral width should be inversely proportional to the
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time taken by the aerosol to diffuse Agr/4x, where AR is the
radar wavelength. Following the approach of Fukuyama and
Kofman [1980], we calculate the incoherent scatter spectral
width to be

(27)

This expression assumes scattering from only one size of
aerosols and is not valid for 82 > 1, i.e., if Arf4r is
much less than the radius of the electron cloud shielding
the aerosol. (In any case, the scattered power drops off
drastically (to the inverse fourth power) for large §.)

Figure 5 shows the variation of the spectral width with
aerosol radius for polar summer mesopause parameters. Re-
alistically, the electrons will enshroud aerosols and ions of
various size such that the resulting spectrum would be a sort
of superposition of spectra produced by the entire range, so
that the spectral information would be smeared out. If, how-
ever, the electrons are divided between the positive ions and
one fairly well defined size of aerosol, one should be able to
see the contributions from each in the spectra: the aerosol
portion should be much narrower. This is analogous to the
technique used in extracting ion composition information
from conventional incoherent scatter data [e.g., Farley et
al., 1967]. As one moves into a region where dressed aerosol
scattering becomes important, one would expect to see a
narrow spectral peak starting to poke out of the normal,
broad, incoherent scatter spectrum. If the aerosols are com-
pletely dominant, then the broad component should disap-
pear altogether. If the vertical resolution of the radar is good
enough, one may even observe the narrowing of the aerosol
component with descending height corresponding to an in-
crease in size due to sedimentation. However, one would not
expect to see the extremely narrow spectra using a typical
D region incoherent scatter radar mode, since such a great
number of time lags need to be measured. For example,
the European incoherent scatter (EISCAT) 933-MHz data
clearly show a narrowing of the spectral width in the PMSE
height bin, but due to the applied radar program it was not
possible to resolve widths less than 20.4 Hz [Réttger et al.,
1990).

On the Mean Downward Velocity in the
Polar Summer Mesosphere

The long-term, composite-year record from the 50-MHz
Poker Flat radar shows average downward velocities of ~
0.2 m/s in the summertime upper mesosphere, a result that
goes against the commonly accepted theoretical prediction
of a much smaller velocity in the upward direction [Balsley
and Riddle, 1984; Hall et al., this issue]. Coy et al. [1986)
have proposed a Stokes drift explanation for this discrep-
ancy, but the analysis by Hall et al. [this issue] in the com-
panion paper, employing Poker Flat gravity wave spectral
parameters, shows the Stokes drift to be at most ~ 0.04 m/s.
Our charged aerosol /radar scatter connection coupled with
the fact that these large downward velocities are seen only
during the summer and around the mesopausal height range
suggests a different explanation (also see Hall et al. [this
issue]). If, for example, the radio waves were scattering di-
rectly from the “aerosol-bound” electrons, the radar would
measure a downward Doppler velocity corresponding to the
aerosol terminal velocity. After falling to a warmer region,
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Fig. 5. Spectral width versus aerosol radius for enhanced incoherent scatter from charged aerosols. The bump
near rq = 5 X 10~1% m represents the transition from the polarization to the hard sphere collision model.

they would evaporate, and the upward motion of the aerosol
constituents would not be detected by the radar. In this
way the background fluid motion can be in the opposite di-
rection of the radar Doppler velocity. However, this is not
exactly our situation since the radar actually scatters co-
herently from inhomogeneities in the electron distribution
which must follow the charged aerosols. Intuitively, it seems
reasonable that even though the pattern of aerosols and elec-
trons encounter a changing dynamic input as they descend
through the neutral gas, they should retain at least a partial
correlation from height to height in their spatial structure,
especially at scales in the viscous-convective subrange where
the charged particle dynamics is effectively decoupled from
the immediate behavior of the neutrals. We are planning
a more rigorous analysis and a numerical simulation of this
effect for a future publication.

If we take the hypothesis that the radar is indeed detect-
ing aerosol descent, we can deduce some things about their
properties. In the absence of neutral atmospheric motion
the vertical velocity of a charged particle in the ionosphere
where magnetic field effects are not important is given by
[e.g., Kelley, 1989]

Da
kT

where E is the vertical electric field strength, g is the grav-

o kT dN. .
7o = (z,.eE - mag) 5, (28)

itational acceleration, and z increases upward. First, we
explore the effect of gravity alone.

Substituting (6) into (28) and assuming mg > m,, we
solve for the aerosol radius,

Npve / 8kTm,
9Pa 7"

where p, is the density of the aerosol (920 kg/m® for ice
crystals). For our summer polar mesopause conditions, with
v, = 0.2 m/s, we get r, = 0.06 um, which is quite reason-
able.

What about the other terms? The gradient term,
N7'dN,/dz, must be at least of order unity for it to be
larger than the electric term, meaning essentially, that the
entire concentration of aerosols decreases to nothing over
a 1-m drop. This does not seem likely, so we will ignore
it. In a simple case of uniform positively charged aerosols
and an equal number of electrons falling through a neutral
gas, if there is no net current, then the electron fall velocity
must equal the aerosol fall velocity, and ignoring the mass
of electrons, we have

Ta =

(29)

eD.
~FT (30)

Since Do/ D. < 1, the gravitational term must indeed dom-
inate the electrical term for plausible values of Z,. So we are

E.

D,
T (ZaeE —mag) =
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left with a falling charged aerosol of radius 0.06 pm which
is compatible with the size range of particles at the summer
polar mesopause.

SUMMARY AND DISCUSSION

In this paper we have developed a model in which PMSE
for both VHF and UHF radars can be accounted for by the
electrodynamic effect of charged aerosols. We know from
optical observations of polar mesospheric and noctilucent
clouds that particles with radii of 0.01-0.1 pm exist in thin
layers slightly below mesopause heights. Rocket measure-
ments of electron density have revealed bite-outs at similar
altitudes, and simultaneous DC Langmuir and RF capacitive
probe data show a discrepancy only at those heights, which
we propose could be caused by the smaller particles scav-
enging electrons and the larger ones, charged positively by
photoemission, ramming into the Langmuir probe. Further-
more, we interpret the mean downward velocity, measured
by a 50-MHz radar during the summer in the same height
region, to be the fall speed of aerosols which are responsible
for the VHF PMSE. The observed velocity implies a radius
of 0.06 um. One can see from Figures la through 1d that
aerosols of this size, if they become dominant in the charge
balance of the plasma, will impart Schmidt numbers exceed-
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ing 1000 to the electrons, thereby providing an explanation
for the simulaneously observed highest echo power at 46.9
and 933 MHz. This could account for the spurious nature
of PMSE at 933 MHz, since the turbulent scatter power at
such high frequencies would only emerge above the normal
incoherent scatter power level under highly enhanced geo-
physical conditions, i.e., high electron density and/or tur-
bulent energy dissipation rate (see Figure 6). However, this
explanation would cease to make sense if a three-frequency
radar PMSE experiment shows the reflectivity at 224 MHz
to be well below that of the predicted turbulent scatter value
for S¢c = 1000. Such an experiment is currently planned and
will be crucial in testing these ideas.

Since it is thought that negatively charged aerosols can-
not exceed a charge number of about 4, we look to a model
which includes positively charged aerosols. Then, in or-
der to achieve a significant enhancement in the electron
Schmidt number to create the PMSE, we need the param-
eter |Zq|Na/N. to reach at least ~ 0.6. Estimates of N,
vary greatly, and N, is also variable, depending on whether
the echoes come from within the electron density bite-outs.
Za ~ 100 would be a crude estimate. Given this high degree
of aerosol charge, one is bound to see instances of enhanced
incoherent scatter, as suggested by Hawvnes et al. [1990],
with UHF radars. In this context, however, we strongly
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Fig. 6. The turbulent radar volume reflectivity model of Figure 1 for two values of electron density and turbulent
energy dissipation rate and Sc = 1000. The two lines at the bottom are the normal incoherent scatter reflectivity
(not the enhanced scatter due to charged aerosols) for the same two values of electron density. The data points

are the same as in Figure 1.
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disagree with Havnes et al. [1990] that charged aerosol in-
coherent scatter can explain PMSE at VHF frequencies.

If it turns out that enhanced incoherent scatter is respon-
sible for the UHF PMSE, there is no a priori reason to be-
lieve that the same aerosols are responsible for both the
VHF and UHF PMSE. Power-height profiles of simultaneous
PMSE at 46.9 and 933 MHz given by Rdtiger et al. [1990]
show the former occurring at a slightly lower height than
the latter. (Granted, absolute altitude calibration for the
Cornell University portable radar interferometer (CUPRI)
was not done to within the height resolution of the EISCAT
radar.) One interpretation is as follows: Above a certain size
such that the gravitational settling speed becomes more sig-
nificant than the mean thermal speed, the aerosols would
be height dependently ordered, with the larger ones sinking
to the bottom. This would imply that the UHF PMSE are
due to smaller aerosols, which would also likely mean less
positive charge and greater number density. More exten-
sive simultaneous measurements of PMSE with VHF and
UHF radars need to be taken to investigate this possibil-
ity. A good altitude calibration is crucial in this regard.
For example, turbulent scatter PMSE has not been com-
pletely ruled out for UHF radar; but if this is the dominant
scatter mechanism, we would expect to see the echoes com-
ing from the same altitude as the VHF PMSE, since the
same aerosols would be responsible for enhancing the elec-
tron Schmidt number regardless of radar frequency. Height
dependence of enhanced incoherent scatter spectral width
could also, in principle, be used to obtain information on
size versus height of charged aerosols. In this paper we pre-
sented calculations of spectral width versus aerosol radius
which can be compared with such measurements.

On the theoretical side the greatest uncertainty regarding
the validity of our ideas revolve around the importance of
photoemission in the charging of aerosols. Unfortunately,
without further experimental data on the material nature of
these particles one cannot go much beyond speculation at
this point.
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