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Abstract. Noctilucent clouds (NLCs) and polar mesospheric summer echoes
(PMSEs) are two phenomena at the forefront of near-earth space science. NLCs
are high-altitude clouds in the earth’s mesosphere that are formed from visible
aerosol particles. The occurrence rate of NLCs over time is believed to have
profound implications on global climate change. NLCs are often associated
with PMSEs which are strong 50 MHz–1.3 GHz radar echoes from mesospheric
electron irregularities. Therefore, PMSEs may be an important remote-sensing
diagnostic for the evolution of NLCs and the earth’s middle atmosphere in general.
The electron irregularities that produce PMSEs are generally believed to result
from charging of electrons onto subvisible aerosol irregularities, the source of
which is currently a debated issue. Neutral air turbulence has long been considered
a primary source of the irregularities. However, there are clearly fundamental
characteristics of the irregularities in past and recent observations that cannot be
explained by neutral air turbulence and most probably involve plasma processes.
This work considers the latter mechanism and the possibility of production of
aerosol irregularities in the boundary region between the charged aerosol layer
and the background mesospheric plasma. First a model for investigating the
electrodynamics of this boundary layer is described. This model indicates that
plasma flows are expected to exist in the electrodynamic equilibrium. An initial
assessment of the possible role of these plasma flows in producing irregularities
that may ultimately result in PMSEs is provided.
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1. Introduction

The summer polar mesosphere is one of the most intriguing regions in the earth’s middle
atmosphere for scientific study. It exhibits a rich variety of physical processes that are
fundamentally important to middle atmospheric evolution and dynamics but are currently not
well understood. Two phenomena that have received intense experimental and theoretical
investigation over the last two decades are polar mesospheric summer echoes (PMSEs) and
noctilucent clouds (NLCs) [1, 2]. PMSEs are strong radar echoes that were first observed in
the late 1970s [3, 4] and are in the 50 MHz–1.3 GHz frequency range. PMSEs are the result
of Bragg scattering from mesospheric electron irregularities. The electron irregularities result
from charging of electrons onto subvisible aerosol particles (∼10 nm) produced from ice in
the earth’s mesosphere since the altitude region between 80 and 90 km is the coldest in the
atmosphere. These electron irregularities are believed to be long-lived due to the reduced electron
diffusivity caused by the presence of the relatively heavy aerosols [5]. NLCs are formed primarily
from larger (∼50 nm) visible aerosol particles and are often observed slightly below the PMSE
generation region altitude. Therefore, PMSEs may be a crucial remote-sensing diagnostic for
interpreting the creation, evolution and dynamics of NLCs. Since the occurrence rate of NLCs
has possibly been increasing since their discovery in 1885, they are believed to be an important
indicator of global climate changes on earth. Therefore, the study and understanding of PMSEs
and NLCs has become a problem at the forefront of near-earth space science.

Development of theories to explain PMSEs and their relationship with NLCs has been quite
challenging. This is true because of the complex nature of the constituents and electrodynamics
in the generation region. There is a complex mixture of electrons and ions as well as charged
aerosols. Also, these are intimately coupled with the background neutral gas dynamics due to
the high collisionality with neutrals in this altitude region. A central issue is the production of
irregularities in the aerosol density that ultimately lead to the electron irregularities that produce
the radar echoes. These aerosol irregularities have been directly observed to have metre-scale
variations [6]. Recently [7], it has been reported that there is considerable statistical evidence that
neutral air turbulence is responsible for producing these aerosol irregularities. The slow decay
time of these aerosol irregularities, due to their large mass, may provide long-lived electron
irregularities even after the generating neutral air turbulence has died away [8]. However, there
are characteristics of the irregularities that cannot be explained with neutral air turbulence and
this has prompted a number of investigators to consider plasma mechanisms (see e.g. [9]–[11]).
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A recent example is an experimental observation which clearly shows ac electric fields associated
with PMSEs which cannot be explained with neutral air turbulence [12]. This provides further
evidence that PMSEs are most probably generated by several different physical processes, and
neutral air turbulence and plasma processes as generation mechanisms are not expected to be
mutually exclusive.

This work considers a mechanism that may produce aerosol irregularities through unstable
plasma waves. These aerosol irregularities ultimately produce the electron irregularities which
may result in PMSEs. A feature often, but not always, associated with PMSEs is the so-called
electron ‘bite-out’ which is a region of reduction in electron density and is taken as a clear
indication of charging of electrons onto the aerosols. This region of electron reduction can also
be taken as an indication of a relatively sharp boundary between the background plasma region of
primarily ions and electrons and a dusty plasma region with electrons, ions and also a significant
number density of subvisible charged aerosols. This region will be referred to as the charged dust
cloud boundary layer in the present work. Plasma boundaries have, in general, been shown to
provide free energy for the generation of plasma irregularities [13, 14]. Even though this is the
case, this line of investigation associated with PMSE generation has not been pursued in the past.
Indeed, recently, there is clear evidence of enhanced ac plasma wave activity in this boundary
layer during simultaneous rocket, radar and lidar measurements [12, 15].

The object of this work is to first consider the free energy that may reside in the charged dust
cloud boundary layer by first studying the equilibrium electrodynamics. The organization of the
paper is as follows. The next section will consider a model to investigate the equilibrium structure
of the charged dust cloud boundary layer. The following section describes results of this model
and provides a discussion of possible irregularity generation mechanisms. Finally, conclusions
will be provided. An important final note on nomenclature should be mentioned here to avoid
confusion. The terms ‘aerosols’ and ‘dust’ will be used more or less interchangeably. In many
works on NLCs, the term ‘dust’ is used to describe the uncharged smoke particles of meteoric
origin in the mesosphere described by the Hunten ablation model [16]. The aerosol particles are
water crystals (ice) that nucleate on these meteoric dust particles or also possibly water cluster
ions: the particles growing to visible size by condensation and coagulation are visible as NLCs.
Other works have considered the charged aerosol region most appropriately as a dusty plasma
which is the convention that will be adhered to here.

2. Charged dust cloud boundary layer model

In situ measurements have shown that in the altitude region where subvisible dust exists, there are
often reductions in mesospheric electron density commonly referred to as electron ‘bite-outs’.
These density structures are also often associated with PMSEs and may extend several kilometers
in altitude. The electron density reductions are assumed to be formed by electron attachment
onto the dust. This attachment is primarily due to the charging process of the flux of thermal
electrons and ions onto the dust. The electron reductions can be of the order of 90% or more and
the gradient scale lengths on the edges of these density structures may be of the order of tens of
metres or less. Therefore, the edge of the charged dust cloud is essentially a boundary between the
background ambient plasma of ions and electrons and the region which contains ions, electrons
and also heavy charged dust. The dust particle size is of the order of 10 nm. Therefore, the dust
typically carries no more than a few negative charges although observations do exist of positive
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dust [17, 18]. Previous works have not considered the details of the electrodynamic equilibrium
of this boundary layer and the possiblity of free-energy sources for the production of plasma
irregularities in the boundary that may lead to PMSEs. The model that is proposed here currently
is an admittedly simplified one; however, it is believed to provide the essence of processes in the
equilibrium boundary layer.

The ions in the model are described by plasma fluid equations. The ion density is described
by the continuity equation

∂ni

∂t
+

∂

∂x
(nivi) = Pi + Li +

dni

dt

∣∣∣∣
charging

. (1)

Here Pi denotes the production of ions by photoionization and Li denotes the ion loss due
to dissociative recombination. This loss term is described by Li = αneni where α is the
recombination coefficient and ne is the electron density. The term dni/dt|charging denotes the
ion loss due to the ion flux onto the dust. Neglecting inertial effects, the ion velocity is given by
the momentum equation as

vi = 1

νin

(
qi

mi
E − KTi

mi

∂

∂x
(log ni)

)
, (2)

where qi, mi and Ti are the ion charge, mass and temperature, and νin is the ion-neutral collision
frequency. Also, K is Boltzmann’s constant. The electrostatic field is denoted by E.

The dust is modelled with the standard particle-in-cell (PIC) method [19]. Each dust particle
is taken to have time-varying charge Qd(t). A distribution of masses is also allowed. The dust
charge is determined from the standard continuous charging model which is given by [20]

dQd

dt
= Ie + Ii + Ip, (3)

where Ie and Ii are the currents onto each individual dust particle by electron and ion flux and Ip

is the photoemission current. For negatively charged dust, which will primarily be considered,
these currents are given by

Ie =
√

8πr2
dqenevte exp(−qeφd/KTe), (4)

Ii =
√

8πr2
dqinivti(1 − qiφd/KTi) (5)

and

Ip = −πr2
dqeJpQabYp exp(qeφd/KTp). (6)

Here, rd is the dust radius, vte,i the electron (ion) thermal velocity and φd the dust floating
potential. This potential may be related to the number of charges on the dust Zd as well as the
dust radius rd by

Zd = 4πε0rdφd

qe
, (7)
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where ε0 is the free-space permitivity. Also, Jp, Qab, Yp and Tp are the photon flux, photon
absorption efficiency, photoelectron yield and average photoelectron temperature. The collision
of charged dust with neutrals is implemented by using a Langevin method [21] and the dust-
neutral collision frequency is denoted by νdn. The initially uncharged dust is supposed to have
density given by

nd(x) = nd0

2
(1 − tanh((x − x0)/�)), (8)

where nd0 is the background neutral dust density, x0 the location of the centre of the boundary,
and � the scale length of the boundary.

The electron density is determined from quasi-neutrality

ne(x) = ni(x) − ρd(x)/e, (9)

where ρd is the dust charge density and e the unit charge. The electron velocity is described by
the momentum equation

ve = 1

νen

(
qe

me
E − KTe

me

∂

∂x
(log ne)

)
, (10)

where all quantities are analogous to those for the ions. The electrostatic field is calculated from
the condition of zero currents often used in ionospheric plasmas:

JT = qeneve + qinivi + Jd = 0, (11)

where JT is the total current density of ions, electrons and dust and Jd the dust current density
calculated from the simulation dust particles. Substituting the previous expressions for the
electron and ion velocities into equation (11), the electrostatic field can be calculated as

E =
(

qeKTe

meνen

∂ne

∂x
+

qiKTi

miνin

∂ni

∂x
− Jd

) / (
q2

e

meνen
ne +

q2
i

miνin
ni

)
. (12)

It should be noted that since md � mi � me, to a good approximation,

E ≈ KTe

qe

∂

∂x
log ne, (13)

which is a description of Boltzmann behaviour for the electrons.
The model just described above is essentially an extension of the model of Hill [22], which

has been used by other investigators in studying irregularities associated with PMSEs [23]. In
the case here, chemistry and charging processes as well as diffusion have been included which
have not been used extensively until very recently [8]. The charging model here is a continuous
one. Owing to the relatively small size of the dust grains (rd ∼ 10 nm), they are expected to
carry no more than a few charges. Previous works involving dust charging in the mesosphere
[8, 24, 25] have utilized discrete charging models based on the work of Natanson [26]. The
continuous charging model used here is based on the orbital-motion-limited (OML) approach
[27, 28]. Since the dust here is modelled with the PIC technique in which each simulation
particle represents a large number of actual dust particles, a continuous charging model will
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ultimately provide the evolution of the average spatial dust charge which is not unreasonable.
Discrete charging can be implemented within the framework of this model in a straightforward
manner; however, this is not expected to produce qualitative changes in the results to be presented.
The use of the PIC technique to model the dust is expected to have significant advantages in
considering the temporal evolution of dust irregularities (e.g. [21]) which will be the subject of
future investigations. The current investigation, which does not require dust dynamics, will be
used as a reference for this planned future work.

3. Results

The model described in the previous section was used to investigate the electrodynamic
equilibrium of the charged dust cloud boundary layer. Initially, the electron and ion densities
are taken to be uniform and equal ne0 = ni0 = n0. The production and loss terms, Pi and
Li, are balanced to sustain a constant value of background plasma density. This of course
implies Pi = αn2

0. The dust is allowed to charge as described by equation (3) and the system
is then allowed to temporally evolve into an equilibrium state. The electrodynamic equilibrium
is investigated for a variation of two primary parameters. This first is the relative density of
uncharged dust to the background plasma density nd0/ne0. The second is the equilibrium dust
grain charge Zeq which may be determined from equation (7) by calculating the equilibrium
floating potential φeq. φeq is calculated from charging equilibrium dQd/dt = 0 in equation (3).
Of course, from (7), Zeq is directly related to the dust radius rd. Again, for the present
investigation, the dust is assumed to be immobile. For simplicity, in all the results to be described,
the dust is taken to charge negatively and have a uniform radius rd, or equivalently, mass.
Photoemission and electron precipitation effects are also neglected. Since the electron flux
onto the dust initially dominates, the initial charging period for a neutral dust grain can be
approximated from equation (4) as

τchg ≈ 1

r2
dnevte

. (14)

For values typical of the mesosphere, n0 ∼ 1010 m−3 and Te = 150 K, τchg is of the order of 1 s.
From the equilibrium condition, the photoionization rate is 1/αn0 and is of the order of 100 s.

Other relevant background plasma parameters used are chosen to be typical of the
mesosphere at an altitude of 85–90 km and are as follows. The electron neutral collision
frequency to electron plasma frequency ratio νen/ωpe ≈ 1. The ion neutral collision frequency
to ion plasma frequency ratio νin/ωpi ≈ 1. The electron temperature to ion temperature ratio
Te/Ti = 1. The system length is several 1000λDi, where λDi is the Debye length in the ambient
ions. This corresponds to a charge dust cloud boundary layer size of tens of metres.

3.1. Equilibrium structure

Figure 1 shows the temporal evolution of the average charge on the dust and the electrostatic
field energy EF (in arbitrary units). The value of nd0/ne0 = 0.5 and Zeq = −2. It can be seen
that the dust initially charges negatively and eventually approaches an equilibrium state after
time t/τchg = 75 when the dust grain ion current becomes significant compared with the dust
grain electron current. Physically, the charge equilibrium implies the currents in equation (3)
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Figure 1. Temporal evolution of the average dust charge and electric field energy
(arbitrary units) for the model of section 2. Note initial negative dust charging and
growth of electric field energy. The system reaches a steady state after t/τchg = 75.

are balanced. Associated with the dust charging is the production of an electric field in the
boundary layer. The electric field is ambipolar in nature and develops in response to the diffusion
of electrons and ions into the plasma depletion in the presence of the heavy dust particles. This
field is directed into the dust cloud (−x̂) for the parameters under consideration. This electric
field reaches a steady-state value at the same time as the dust charge does. Therefore, the dust
charging can be seen to be crucial in producing the electric field which may serve as a free-
energy source for irregularities in the boundary layer. It should be noted that strong vertical
electric fields have been postulated to exist in the region around NLCs [29]. There has been
one rocket observation of a large (V m−1) electric field that was highly sheared near a NLC
[30]. This report has been somewhat controversial since some recent [31] and previous [32, 33]
observations have shown possibly enhanced but smaller (mV m−1) dc electric fields near the
NLC. Clearly further observations are needed. In the case of the current model parameters, this
electric field is of the order of 10 mV m−1.

Localized steady-state flows in the ions and electrons are associated with this equilibrium
electric field. Figure 2 is summary of the electron, ion and dust charge density after the steady
state is reached as well as the ion and electron flows vdi and vde. The variation of these quantities
with increasing ratio of neutral dust density to background plasma density nd0/ne0 is shown. The
three values shown are nd0/ne0 = 1/8, 1, 8; therefore, the equilibrium configuration is shown
for neutral dust densities much smaller to but much larger than the background plasma density.
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Figure 2. Behaviour of normalized plasma flows and densities in the steady-
state charged dust cloud boundary layer with varied neutral dust density nd0/ne0

and Zeq = −1. Note electron and ion flows which may serve as free energy for
irregularity growth are increased with increasing nd0/ne0. These flows exceed the
dust acoustic speed cda, denoted by the dotted line. For nd0/ne0 � 1, a prominent
maximum exists in the dust charge density in the boundary.

The equilibrium charge Zeq = −1 in all three cases. In the low-density case, reduction in both the
electron and ion density can be observed with the electron density depletion commonly referred
to as an electron ‘bite-out’. An ion flow exists, which is about 0.003vti. A small electron flow
also exists, which is approximately equal to the ion flow. Increasing the background neutral
dust density to nd0/ne0 = 1 increases the depth of the electron ‘bite-out’ as well as increases
the electron and ion flow velocities in the dust cloud boundary. In the case where nd0/ne0 � 1,
virtually all electrons in the dust cloud region are gone. The ion density is also quite low.
Therefore, very little plasma exists inside the depletion. Most of the dust charge density exists
in a localized region in the dust cloud boundary (x/λDi ∼ 640). Little charge on the dust exists
inside the ‘bite-out’ region. This is in contrast with the other two cases in which the dust charge
density is relatively uniform inside the ‘bite-out’ region. The electron and ion flows are increased
as well for nd0/ne0 = 8. It can also be seen that the electron flow has increased relative to the ion
flow. In this case, the ion flow is several per cent of the vti, i.e. vdi ∼ 0.01vti. The electron flow
is considerably larger than the ion flow and is of the order of 0.1vti. The flows do not maximize
at the exact same spatial location; however, both maximize in the cloud boundary. It should be
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noted that this case with nd0/ne0 � 1 is expected to be atypical of PMSE conditions; however,
it may provide predictions of the upper limit on the magnitude of the equilibrium flows. It should
be noted that these localized equilibrium flows may be significantly reduced by the nonlinear
evolution of irregularities produced by free energy available in the flows. This behaviour is often
observed in such plasma configurations [34]. Therefore, the flows provided here should not be
considered as steady-state values that would be observed with experimental observations.

An important quantity to compare these flows with is the dust acoustic speed which is
given by

cda = ωpdλDi = Zdvti

√
nd(x)mi

ni(x)md
, (15)

where ωpd is the dust plasma frequency, Zd the dust charge and md the dust mass. For typical
mesospheric values, cda is of the order 1 m s−1. Since the ion and dust densities vary over the
cloud region, cda will ultimately have a spatial dependence. The dotted line in figure 2 shows
the maximum spatial value of cda for the three cases assuming a typical value of md/mi =
5 × 104. In all three cases, the localized flows exceed cda. Increasing the neutral dust density
increases the flows relative to cda. The significance of this is the possibility of irregularity
generation which will be discussed shortly.

Figure 3 is a plot similar to figure 2, except that the variation of the equilibrium boundary
layer with increasing equilibrium charge Zeq is investigated here. Three values are shown,
Zeq = −1, −2 and −3. This is, of course, equivalent to considering the variation of the
equilibrium structure with increasing dust radius rd as can be seen from (7). In each of these
three cases, nd0/ne0 = 0.5. Increasing Zeq to larger negative values can be seen to deepen
the electron depletions; however, the ion depletions become shallower since more charge resides
on the dust as expected. The dust charge density shows a more prominent increase in the boundary
as Zeq is increased. Increasing Zeq to larger negative values can be seen to increase the electron
flow while there is a slight decrease in ion flow. For all three cases, both flows can be observed
to significantly exceed cda.

Therefore, to summarize, increasing the neutral dust density or equilibrium dust charge (or
equivalently the dust radius) increases the equilibrium electron and ion flows in the charged
dust charge boundary. Importantly, these localized flows may exceed the dust acoustic speed cda.
Therefore, the boundary flows indicate several possibilities for dust irregularity generation that
may ultimately lead to PMSEs. These will now be investigated.

3.2. Irregularity generation

It is evident that the boundary layer is quite inhomogenous from figures 2 and 3; however,
a simplified analysis will be provided here to initially investigate several possibilities for
irregularity generation. A simple local linear analysis will be considered consisting of electrons
and ions drifting relative to the dust. The linear dispersion relation for the irregularity frequency
ω and wavenumber kx in a plasma consisting of electrons, ions and charged dust may be written
using standard thermal plasma instability theory [35] as

1 + χe + χi + χd = 0, (16)
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Figure 3. Behaviour of normalized plasma flows and densities in the steady-
state charged dust cloud boundary layer with varied equilibrium charge Zeq and
nd0/ne0 = 0.5. The flows exceed the dust acoustic speed cda, denoted by the
dotted line.

where χe,i,d denotes the electron, ion and dust susceptibilities. For the conditions here, the
electron and ions are assumed to be thermal and drifting relative to the dust; therefore, the
susceptibilities are taken to be given by

χe = 1

k2
xλ

2
De

{1 + ξeZ(ξe)}
{

1 +
iνen√
2kvte

Z(ξe)

}−1

(17)

and

χi = 1

k2
xλ

2
Di

{1 + ξiZ(ξi)}
{

1 +
iνin√
2kvti

Z(ξi)

}−1

. (18)

The dust is assumed to be cold and stationary; therefore, the dust susceptibility is taken to be

χd = − ω2
pd

(ω(ω + iνdn))
. (19)

In the expressions for the susceptibilities, λDe,i is the electron (ion) Debye length,
ωpd the dust plasma frequency, Z the Fried–Conte plasma dispersion function and
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ξe,i = (ω − kxvde,i + iνe,in)/
√

2kxvte,i. This form of dispersion relation has been used extensively
in the past to investigate dust acoustic-type plasma instabilities (see [36] and references therein).
The electron and ion flows seen in figures 2 and 3 exceed the dust acoustic speed cda but they are
less than the ion thermal velocity vti. Therefore, the flows themselves would not be expected to
drive ion waves or waves of higher frequency in the dust cloud boundary. However, dust acoustic
waves may be generated in the charged dust cloud boundary since the electron and ion flows are
typically several times cda which is consistent with extensive earlier work on dust acoustic wave
instability theory [36]. Figure 4 shows a numerical solution of the linear growth rate from (16)
for parameters in the model results. Note that νdn is taken to be zero in the calculations here and
this point will be discussed shortly. The variation of the growth rate with wavenumber as well
as ion flow speed relative to the dust acoustic speed vdi/cda is shown. The real frequency of this
dust wave may be approximated by the well-known expression

ωr ≈ kxcda

(1 + k2
xλ

2
Di)

1/2
. (20)
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It is observed that the maximum growth rate is of the order of 0.01ωpd and the frequency of the
waves are of the order of ωpd. It is interesting that the dust plasma frequency may be estimated
to be of the order of 10 Hz in this altitude regime and waves in this frequency range were
observed during recent in situ experiments [12]. It can be noted that a relatively broad spectrum
of wavenumbers is unstable with maximum growth near kxλDi ∼ 0.1. It is important to compare
this spectrum with the experimental frequency spectrum observations of PMSEs. The frequency
spectrum of PMSEs is quite broad from MHz to GHz with particularly strong scattering in
the 50 MHz range. If one considers scattering from the plasma irregularities, one may use the
Bragg scattering condition to estimate the frequency of radar scatter from a particular scale-
size irregularity. The Bragg condition implies that the relationship between the radar scatter
and irregularity wavelengths is λradar = 2λirregularity. Therefore, the scale size of irregularities to
produce PMSEs should be in the range from 10 m to 10 cm with scattering particularly strong
in the metre to sub-metre range. The wavelength of irregularities in figure 4 is quite broad with
roughly 0.01 < kxλDi < 1. For an ion Debye length of the order of centimetres, this implies
irregularities from roughly metre scale sizes to 10 cm, which is consistent with the experimental
observations. The variation of growth rate with relative ion-dust drift indicates the increase in
growth rate when vdi > cda. In the case of the model calculation in the previous section, vdi ≈ 2cda

or larger.
It can be shown from numerical solution of (16) that electron flows of the magnitude

indicated in figures 2 and 3 may destabilize dust acoustic waves as well. It is found that for
typical electron flows observed in the model equilibrium boundary layer, this process is much
less efficient than the production of dust acoustic irregularities by the ion flow. However, it is
observed that the electron flows may produce a beam–plasma interaction, which will lead to
irregularities in the dust wave regime that have more substantial growth rates. These waves have
a real wave frequency which may be roughly approximated by

ω ∼ kxvde. (21)

Figure 5 shows numerical calculations of the dispersion relation and growth rate of irregularities
due to the electron flow. The electron flow in figures 2 and 3 may be in the range of 2–30cda. In
the calculation of the growth rate with wavenumber kx in figure 5, vde/cda = 20. It can be seen
that irregularities are driven unstable with kxλDi ∼ 0.01 and growth rate of the order of 0.01ωpd.
From the Bragg condition, these waves would have the appropriate spatial scales in the range
believed to produce PMSEs. It can be seen from figure 5 that the electron flow may possibly be
an effective way of producing irregularities when vde/cda > 5.

There are several considerations to the applicability of the present irregularity generation
analysis. The first is the lifetime of the dust boundary. This is of course determined by the dust
diffusion time. This has been recently extensively investigated [7, 8]. The dust diffusion time
may be approximated by

τdiff ≈ mdνdn

KT
�2, (22)

where recall � is the scale length of the boundary layer. For typical quantities, this time is
predicted to be of the order of 104 s. This is much longer than the characteristic dust plasma
time scale as described earlier; therefore, dust irregularities may grow within the lifetime of the
boundary. Another important consideration is the collisionality of the dust. If the standard hard
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Figure 5. Growth rate calculations for beam–plasma interaction waves in the
dust regime due to electron flow relative to ions and charged dust.

sphere model is used to calculate the dust-neutral collision frequency [23] then

νdn ≈ r2
dnn

mn

md
vtn, (23)

where nn, mn and vtn are the neutral density, mass and thermal velocity, respectively. Using typical
values, nn ∼ 1020 m−3, md/mn ∼ 105 and T = 150 K, yields νdn ∼ 100 Hz which compares with
ωpd ∼ 10 Hz. Therefore, the standard homogenous dust acoustic instability discussed would not
yield unstable waves under these circumstances. Therefore, the fact that the flows and densities
are inhomogenous in the boundary region must ultimately be considered for a complete and
accurate plasma instability analysis. Many of the crucial dust parameters are not particularly
well determined and more investigation is required. The electric field in the charged dust
boundary as well as the plasma flows depend on a variety of parameters such as the dust
radii, plasma temperatures, relative plasma and aerosol densities and collisions. A much more
thorough parametric study is required before definite conclusions can be made here and the
current results should be taken to be preliminary. However, the results here are useful in that
they have provided rough estimates of the spatial and temporal scales involved.
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4. Conclusions

A possible mechanism for generating dust irregularities that may ultimately produce PMSEs has
been investigated. This mechanism results from plasma inhomogeneity in the boundary region
between the background mesospheric plasma and the region that contains significant charged
dust density. The signature of this boundary is the electron ‘bite-out’ which is often observed
to be associated with PMSEs. The equilibrium boundary of the ‘bite-out’ may exhibit localized
electron and ion flows into the region of plasma reduction. These steady localized flows result
from the equilibrium balance between diffusion, charging, photoionization and recombination
effects. The boundary flows may exceed the dust acoustic speed cda for boundaries with scale
lengths of tens of metres. Increasing the neutral dust density increases the flow speeds relative to
cda. Also, increasing the dust radius, or equivalently equilibrium charge, increases the electron
flow, but produces slight decreases in the ion flow. Both the ion and electron flows may be
capable of generating dust irregularities in the appropriate spatial-scale regime depending on the
dust parameters. A preliminary assessment of the dust irregularities that may be generated by
these localized flows was made by considering basic dust acoustic and beam–plasma streaming
instabilities. Using the standard hard sphere model for dust neutral collisions predicts that the
standard homogenous dust acoustic instability would be collisionally damped and therefore not
yield irregularities. This indicates that the inhomogeneities in the boundary region between the
background plasma and dust plasma may probably cause significant changes to the characteristics
of the irregularities and must be considered. Much further investigation is required to thoroughly
assess the role of these flows in producing irregularities. A more realistic model for the boundary
layer waves must be developed including the effects of the inhomogeneities. Also, a wider
set of parameter regimes than discussed in the present work must be considered. It must be
reiterated that recent experimental observations of 10 Hz waves [12] are consistent with dust
waves considered by the present model; however, the generation mechanism remains unresolved.
The higher frequency kHz waves observed are outside the realm of the current irregularity
analysis but possibly not the basic equilibrium model discussed here. It should be noted that
recent analysis of previous experimental observations indicate that PMSEs maximize in regions
of maximum r2

dZdnd [37]. For constant dust radius, this indicates that PMSEs maximize in the
region of maximum dust charge density. It is interesting to note that the current model predicts
that the maximum dust charge density may occur in the boundary for typical parameters and also
this is the region the maximum plasma flows develop. Future work will consider the effects of
a distribution of dust radii on the charged dust boundary electrodynamics. The model described
here will also ultimately be used to consider irregularity temporal development and evolution on
dust time scales.
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