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Abstract-_[n an earlier paper, we showed that charged aerosols play a crucial role in enhancing radar 
echoes from the summer polar mesosphere through reduced diffusion turbulent scatter and dressed aerosol 
scatter (Cho et al., 1992a). Here, we explore the effects of charged aerosols on radar scatter through ‘fossil’ 
turbulence and electron density depletion layers. We find that the former can produce radar scatter even 
after the decay of neutral gas turbulence, while the latter, which are probably produced by the scavenging 
of free electrons by ice particles, are a candidate for causing partial reflection or Fresnel scatter. Further- 
more, we examine the mutual aerosol interaction restriction on dressed aerosol scatter more closely. We 
find that a high ambient electron density and low aerosol number density are needed for effective dressed 
aerosol scatter to occur. We then show that very small (less than 1 nm radii), negatively charged aerosols 
enhance electron diffusivity, and thus inhibit radar scatter. Also, ice aerosol sedimentation, in the light of 
the reduced diffusion theory, leads us to conclude that the statistical peak in Polar Mesospheric Summer 
Echoes (PMSE) power should be located between the mean mesopause and the average noctilucent cloud 
(NLC) height, which agrees with observations. Finally, we invoke time lags in the ice particle formation 
cycle to account for the observed non-correlation between PMSE and NLC occurrence. 

1. INTRODUCTION 

The Earth’s atmosphere in the mesopause region is 
weakly ionized and dusty, due to its location at the 
bottom of the ionosphere and in the meteor ablation 
zone. Furthermore, in the summer (especially in the 
polar region) its temperatures are the lowest in the 
atmosphere, which is believed to be the result of adia- 
batic cooling driven by a filtered gravity wave mech- 
anism originating in the lower atmosphere. The 
presence of nucleation sites, such as meteoric dust, 
then leads to the formation of ice particles which, 
when grown larg,e enough, appear visibly as nocti- 
lucent clouds, the highest clouds on Earth. Thus, the 
summer mesopause atmosphere can be characterized 
succinctly as a weakly ionized dusty ice plasma, a 
product of complex coupling processes from above 
and below. 

Ecklund and Balsley (1981) discovered that a 
50 MHz radar received an enormous amount of back- 
scatter from the s,ummer polar mesopause. A similar 
effect was observed at 224 MHz (Hoppe et al., 1988), 
and weaker enhancements were seen at 933 MHz 
(R6ttger et al., 1990) and 1290MHz (Cho et al., 
1992b). Rijttger et al. (1988) introduced the acronym 
PMSE (polar mes,osphere summer echoes) to describe 

this phenomenon. For further details, we refer the 
reader to our recent review of PMSE (Cho and Kelley, 
1993). 

Building on the ideas of Kelley et al. (1987), Cho et 
al. (1992a) showed that the presence of electrically 
charged aerosols in the mesosphere leads to enhance- 
ment in the radar Bragg scatter. Here, we briefly sum- 
marize the results. Mesospheric radar scatter is caused 
by inhomogeneities in the plasma electron density. 
Outside of the summer mesopause region, fluctuations 
in the electron density are rapidly smoothed by 
diffusion and thus the radar scattering is weak. 
However, in the cloudy summer mesopause region 
the electrons become electrically coupled to the large, 
slowly diffusing, charged ice aerosols ; the consequent 
reduction of electron diffusivity results in the main- 
tenance of electron inhomogeneities at the radar 
Bragg scales. This theory links the presence of ice 
particles with enhanced radar scatter regardless of the 
mechanism that created the electron fluctuations in 
the first place; therefore, it explains the high degree 
of correlation between a cold mesopause and strong 
radar echoes. Applied to a particular fluctuation pro- 
ducer, neutral turbulence, the theory was able to pro- 
duce reasonably the highest reflectivities observed at 
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50 and 224 MHz. Comparisons with rocket measure- 
ments of electron density fluctuations also showed 
instances in which the radar reflectivity predicted by 
reduced-diffusion turbulent scatter (or equivalently, 
raised Schmidt number scatter) agreed well with the 
observed radar echoes (Kelley and Ulwick, 1988 ; Kel- 
ley et al., 1990). Recently, Klostermeyer (1994) 
applied a height-dependent two-ion-plus-ice-particle 
model to the reduced-diffusion turbulent scatter mech- 
anism that yielded reasonable results at VHF. 

For the PMSE observed at the higher radar fre- 
quencies, the above theory required very large, highly 
charged aerosols, the existence of which is debatable. 
The upper limit in size, for example, is set by the 
visible cloud particles that occur only sporadically. In 
turn, the charge per aerosol is generally believed to be 
limited by this size and the temperature of the ambient 
electrons if photoemission is ignored. The result is 
that, even the largest ice aerosol should not be charged 
more than by - -4 elementary charges. However, 
this is somewhat controversial since very little is 
known about the true composition of the aerosols. A 
dressed aerosol effect proposed by Havnes et al. (1990) 
was investigated as an alternative, but this theory also 
requires highly charged aerosols. Clearly, more work 
is needed to understand PMSE in the UHF regime. 

Furthermore, there is more and more evidence that 
PMSEs occur in both turbulent and laminar contexts 
with characteristics, in the latter case, of Fresnel scat- 
ter or partial reflection, i.e. aspect sensitivity and nar- 
row Doppler spectra. Figure 1 shows a case in which 
an upper PMSE layer is isotropic and the lower one 
is aspect sensitive. The Doppler spectra were narrower 
in the lower layer than in the upper one (Cho et al., 
1993). Rocket measurements made at the same time 
confirmed the presence of neutral and plasma tur- 
bulence in the upper layer and no neutral turbulence 
but edge-like plasma inhomogeneities in the lower 
layer (Ltibken et al., 1993 ; Ulwick et al., 1993). 

In this paper we will investigate the effects of 
charged aerosols on mesospheric radar scatter in situ- 
ations where neutral gas turbulence is not the primary 
plasma fluctuation producer. We will also discuss the 
special case of very small, negatively charged aerosols. 
Finally, we will consider the effects of aerosol sedi- 
mentation and the time lags associated with the ice 
cloud formation cycle. 

2. FOSSIL TURBULENCE 

Imagine going to the bottom of a waterfall and 
releasing a tank of tracer dye where the pool is tur- 
bulent (see Fig. 2). Now run downstream to a section 

where the flow is laminar and wait for the initial 
release to reach you. Trickle in the dye again and note 
that it describes a fairly straight line. The original 
tracer, however, retains a turbulent look as it is carried 
past you by the current. 

What has happened, of course, is that the 
turbulence-like spatial structures in the scalar additive 
(the dye), mixed by turbulence, has survived beyond 
the decay of turbulence itself. The term ‘fossil tur- 
bulence’ was coined by Woods (1969) to describe this 
phenomenon. Note that fossil turbulence is not tur- 
bulence, just as fossil trilobites are not trilobites-just 
their imprints. However, unlike fossil trilobites, fossil 
turbulence is not frozen in time ; it begins with kinetic 
energies of the order of the original turbulence and 
decays with time. Much of the subject has revolved 
around oceanic observations of temperature fluc- 
tuations. (The reader is referred to Gibson, 1991 for 
a review.) We propose that fossil turbulence may 
be of relevance in PMSE. Because of the very slow 
diffusivity of the aerosols, some PMSE may result 
from a fossilized plasma even after the decay of the 
neutral gas turbulence that produced the density 
inhomogeneities. 

The following scenario unfolds after the source of 
kinetic energy is removed from the turbulent mixing 
of a high Schmidt number scalar additive, where the 
Schmidt number is defined as SC = vDr’, with v the 
fluid viscosity and D, the scalar diffusivity (see Fig. 
3). Begin with a turbulent patch of length scale L, 
embedded in a non-turbulent, stably stratified region 
with an ambient vertical gradient in the scalar (curve 
labelled ‘A’). With no energy input, the velocity fluc- 
tuation spectrum starts to decay and the inertial sub- 
range shrinks as the Kolmogorov inner scale, 
I = v~‘~&-‘/~ (Kolmogorov, 1941), moves to longer 
lzngths ; the size of the patch grows due to the entrain- 
ment of ambient fluid, and the Batchelor scale 
(Batchelor, 1959), ZB = v’/~D~‘~E~““, where E is the 
turbulence energy dissipation rate of the scalar 
variance spectrum, also shifts to larger scales, but the 
level of the spectrum rises because the difference 
in the scalar quantity between fluid entrained at the 
top and bottom increases as the patch grows (curve 
labelled ‘B’). (Is is essentially the cut-off scale where 
shorter length scale fluctuations are immediately 
destroyed by diffusion.) 

Fossilization sets in as L, grows to lLs, the Lumley- 
Shur buoyancy scale (Shur, 1962; Lumley, 1964) 
defined by Irs = o<3’2e”2 where or, is the Brunt-VBi- 
sala frequency. (I,, is the upper scale length limit for 
the existence of turbulence. In fossil turbulence litera- 
ture, the buoyancy scale is often referred to as the 
Ozmidov scale.) At this point, the inertial forces 
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Fig. 1. Cornell University portable radar interferometer (CUPRI) signal-to-noise ratio (SNR) values are 
plotted for the height range where PMSE existed during Salvo B of the noctilucent cloud-91 (NLC-91) 
rocket and radar campaign conducted in Esrange, Sweden. In the central time slice of the plot, the radar 
beam was shifted from vertical to 8”N. The horizontally dashed lines simply connect the SNR value last 

observed before beam-swinging to the first value recorded after shifting back to vertical. 

become approximately equal to the buoyancy forces. 
Complete fossilization is deemed to be reached when 
the viscous dissipation rate subsides to E = 24.5~~; 
(Stillinger et al., 1983) and the Batchelor scale has 
reached the fossil Batchelor scale lr,r = D”20~“2 
(Gibson, 1986) (curve labelled ‘C’). The actual break- 
points occur at C,Z, and C&where C, z 4 (Gibson, 
1982). 

Gibson (1980) gives a scalar fossil ‘decay time’ of 
rr = 8;/3v-1/3w-5/3 

B where E,, is the energy dissipation 

rate at the onset of fossilization, which lies between 
the E of the original turbulence and + = 24.5vw& 
which occurs at complete fossilization. 

(er = 8 mW/kgg’ for the summer mesopause.) The 
time tr can be taken as the minimum persistence time 
of the scalar density variance, because after fos- 
silization the ultimate dissipation is controlled by the 
scalar diffusion time, which depends on the diffusivity 
and length scale of the inhomogeneity. The diffusion 
time scale is rd = km2 D; ’ where k is the wave-number 
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Downstream 

Fig. 2. Schematic of dye release gedanken experiment. 

of the scalar density fluctuation. For k corresponding 
to a length scale of 3 m and D, of an aerosol of radius 
0.01 pm, we get td z 4 min (see Cho et al., 1992a, for 
diffusivity formula). Turbulence dissipation energy 
Ed x 10 mW/kg-’ translates to rF z 3 min. So we see 
that 3 m (50 MHz radar Bragg scale) density fluc- 

Fig. 3. A schematic of scalar fluctuation spectra versus 
inverse wavelength for progressive stages of turbulence fos- 
silization. A : Active turbulence. B : Fossilization 
commences. C: Fossilization completed. See text for the 

definition of the variables. 

tuations of aerosols of size 0.01 pm will persist of 
the order of 7 min after the cessation of neutral gas 
turbulence. 

How relevant is fossil turbulence to mesospheric 
radar scatter? Two possible effects come to mind. 
First, it can ‘mask’ the intermittent nature of the neu- 
tral turbulence in the radar backscatter data. That 
is, the radar will continue to detect electron density 
inhomogeneities even though the neutral turbulence 
may have dropped out momentarily. Completely fos- 
silized electron density turbulence would present large 
reflectivities for a 50 MHz radar only if the electron 
Schmidt number is at least 100, because the cut-off 
length is C& z 3 m for SC = 100. (SC = 100 in turn 
requires the presence of charged aerosols of size 
-0.01 pm.) 

Secondly, charged aerosols falling through a thin 
layer of turbulence will fossilize after descending to a 
region of calmness and will still create electron density 
inhomogeneities that scatter radar waves. However, 
the terminal velocity of an ice sphere of radius 0.01 pm 
is less than 0.1 m s-’ ; thus, in 7 min the aerosol will 
fall no more than 40 m. Since this distance is well 
within the range resolution of all radars involved, this 
particular effect is not likely to be detected if it does 
occur. 

The descent of fossil turbulence under gravity as 
described above may well account for the observations 
of mean downward Doppler velocities in the polar 
summer mesosphere. These were first reported by 
Balsley and Riddle (1984) and related to charged aero- 
sols by Hall et al. (1992). However, the mechanism 
whereby the meter-scale structures were maintained 
during descent was not well developed in that paper 
and we suggest that the concept of fossil turbulence 
may be relevant. 

3. ELECTRON DENSITY DEPLETION LAYERS 

Electron density profiles often display bite-outs at 
the same height as simultaneously observed PMSE 
layers (Ulwick et al., 1988 ; Inhester et al., 1990; 
Rijttger et al., 1990). The best explanation we have so 
far for these thin depletion layers is the scavenging of 
electrons by aerosols (Pedersen et al., 1970), specifi- 
cally subvisible ice particles (Reid, 1990). The result- 
ant sharp vertical gradients in the electron density at 
the top and bottom of the bite-outs may produce 
partial reflection of Fresnel scattering of the radar 
waves. 

A sharp temperature minimum (or multiple min- 
ima) resulting from gravity wave modulation will 
force a correspondingly thin layer to be super- 
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saturated with respect to the water vapour. With the 
help of nucleation sites such as meteoric dust and 
water cluster ions, ice particles will form and grow 
within the cold layer. (Hall, 1990, has shown that 
gravity waves can also effectively modulate the for- 
mation of the cluster ions ; thus, the density of 
nucleation sites may themselves be controlled by wave 
activity.) Free electrons will attach themselves to the 
ice, one or two electrons per aerosol on average 
(Jensen and Thomas, 1991). Since even very large ice 
cloud particles are (expected to be charged with only 
four or five electrons, it is clear that only a large 
number of small ice particles will create a significant 
electron depletion (Reid, 1990). (A large number of 
large particles is not possible due to the limited 
amount of water vapour.) Therefore, noctilucent 
clouds are not expected to be co-located with electron 
density bite-outs. Furthermore, intense turbulence is 
not expected to coexist with the bite-outs since the 
consequent eddy diffusion would rapidly dissipate the 
depletion layer. Comparison of data from two rocket 
launches in which one exhibits turbulent plasma spec- 
tra and no electron bite-out, and the other shows non- 
turbulent spectra and a deep bite-out, supports this 
conclusion (Kelley ,and Ulwick, 1988). Both of these 
rocket flights occurred during strong PMSE. 

Both partial reflection and Fresnel scattering 
require that the irregularities in the refractive index 
remain coherent in the horizontal direction over a 
Fresnel zonef= (r&/2)“‘, where r is the range and 1, 
is the radar wavelength. For a 50 MHz radar, the 
horizontal correlation length must be greater than 
500 mat 85 km. The manner in which the irregularities 
vary along the radar beam determines the difference 
between the two eclhoing mechanisms. Partial reflec- 
tion is caused by long-lived vertical gradients, which 
can be described with deterministic functions. If the 
irregularities are r,andomly distributed within the 
radar volume, the echoing mechanism is called Fresnel 
scattering. Doviak and ZrniE (1984) and Balsley and 
Gage (1981) have studied the case where the cor- 
relation length is less than or equal to the Fresnel zone 
radius. 

We can test the rel,evance of such Fresnel-type echo- 
ing mechanisms to PMSE by comparing the theor- 
etical reflectivities calculated from rocket-derived 
refractive index profiles with the actual radar measure- 
ments. Woodman and Chu (1989) showed that the 
reflection coefficient depends very strongly on the 
shape, length scale, and smoothness of the refractive 
index profile. Therefore, we must be careful in choos- 
ing a function to interpolate between the discrete data 
points. The refractive index is the convolution of the 
data with an interpolation function. If this function 

has edges, extra reflection power is spuriously added 
because of the higher-order harmonics in these edges. 

In the atmosphere, diffusion, possibly enhanced by 
turbulence, is the primary destruction mechanism of 
these irregularities. Since Green’s function of the 
diffusion equation is a Gaussian, Woodman and Chu 
(1989) suggest using Gaussians to model the refractive 
index. We are currently working on such an approach. 
In order for this mechanism to be effective, the vertical 
length scale of the irregularities must be of the order 
of the radar Bragg wavelength (3 m for a 50 MHz 
radar). Such small structures could possibly be created 
because of the reduced electron diffusion caused by 
coupling to the charged aerosols. We note that Havnes 
et al. (1992) have proposed that the existence of neu- 
tral gas vortices in a field of falling charged aerosols 
would create ‘forbidden zones’ within the vortices, 
such that a very sharp density gradient would occur 
at the vortex walls. Partial reflection could then occur 
at the segment of the walls normal to the radar wave 
propagation. 

4. DRESSED AEROSOLS 

Picture an aerosol with charge number Z, in a 
plasma. (Z, can be positive or negative.) Statistically 
there will be a spherical ‘cloud’ of charge -Z, around 
the aerosol due to the average surplus or debit of free 
electrons. This shielding sphere will have a scale length 
given by the plasma Debye length 

where N is the number density, e is the charge of an 
electron, a,, is the free space permittivity, k is Boltz- 
mann’s constant, T is the temperature, and the sub- 
script tl refers to each of the plasma particle species. 

Now send a radar wave through this ‘dressed’ aero- 
sol. If Z, = 1 then the scattered power will be exactly 
that of incoherent scatter. However, if the aerosol is 
multiply charged, and provided that the radar Bragg 
scale is much longer than the plasma Debye length, 
the electron ‘cloud’ around the aerosol will respond in 
phase to the wave and will thus increase the scattered 
amplitude by lZ.1 and the power by Z,‘. Since there 
was a decrease, by l&l, in the number of free electrons 
involved, the per electron enhancement of scattered 
power over incoherent scatter is roughly proportional 
to lZ,l. 

The above scenario ignores the existence of other 
aerosols in the near vicinity. If another charged aero- 
sol was placed closer to the original one than the 
plasma Debye shielding length, then their mutual 
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interaction will tend to cancel the enhancement. 
Therefore, two conditions need to be met for sub- 
stantial enhancement of radar scatter over incoherent 
scatter to take place: (1) A,/2 > 27~1, and (2) 
Nm”3 >> 1 a 

This tyg of radio wave scattering was first pro- 
posed by Havnes et al. (1990) as an explanation for 
PMSE. We have also discussed it in an earlier paper 
(Cho et al., 1992a) and showed that it can only be 
relevant for UHF PMSE. Here, we wish to discuss the 
second restriction, which we did not take into account 
previously. 

If thermal equilibrium and a three-component 
plasma consisting of electrons, positive ions, and aero- 
sols are assumed, (1) becomes 

T 

> 

l/2 
1, = 69 

Nc+Ni+Z,ZNa ’ 
(2) 

With the charge neutrality condition N, = N, + Z,N,, 
(2) becomes 

T 1 l/2 1, = 69 
2N,+Z,N,(Z,-1) (3) 

Comparing 1, to the aerosol spacing NL113 is not so 
straightforward since 1, is a function of N,. A useful 
alternative is to calculate the minimum aerosol charge 
required for a given aerosol abundance to fulfil 
N;‘13 >> &,. In Fig. 4 the regions above the curves are 

Na (mm3) 

4 . -. 
1 

Fig. 4. Plots of minimum aerosol charge number required 
for dressed aerosol scatter versus aerosol number density. 
The regions above the curves for the different electron abun- 
dances are the regimes where the enhanced scattering can 
take place. The dotted line represents the case where only 

the aerosol Debye length is taken into account. 

where significant signal enhancement over incoherent 
scatter can occur. We note that Hagfors (1992) uses 
&, the aerosol Debye length, instead of the plasma 
Debye length as the characteristic length scale of the 
dressed aerosol. This choice omits the dependency of 
the critical aerosol charge number on electrons and 
ions, and Fig. 4 correspondingly reduces to one curve, 
jZ,l = 69T"2N;"6 , wiping out an entire area of poss- 
ible enhancement in the low-l ZJ, low-N, regime. This 
is a significant difference. We assert that the Debye 
length of the entire plasma mixture rather than just 
the aerosols must be considered since the fall-off of the 
aerosol electric potential depends on all the charged 
constituents. La Hoz (1992) is in agreement with our 
interpretation, but he does not make the point 
explicitly. 

One can see that the most favourable condition for 
enhanced radar scatter is high electron density and 
low aerosol density. It is interesting to note that the 
two published reports of PMSE observed with UHF 
radars occurred after precipitation events, which 
increased the ambient electron density (Riittger et al., 

1990; Cho et al., 1992a). Still, to produce the observed 
- 10 times enhancement in power above the inco- 
herent scatter level, one needs at least lZ,l - 10. 
Whether or not the mesopause aerosols are ever 
charged that highly is a big unknown at this point. 

5. THE EFFECTS OF VERY SMALL, NEGATIVELY 

CHARGED AEROSOLS 

The three-species plasma diffusion study of Cho et 

al. (1992a) showed that the presence of large charged 
aerosols reduces the electron diffusivity. However, 
Cho et al. (1992a) did not explicitly discuss the special 
case when the aerosols are very small and negatively 
charged. It turns out that there is a transition aerosol 
size, below which the electron diffusivity is actually 
enhanced. (Note, however, that positively charged 
aerosols will always reduce electron diffusivity.) In the 
limit of small aerosol size, such that it equals the size 
of the positive ions (i.e. the aerosols are negative ions), 
the electron diffusion equation reduces from the gen- 
eral coupled equations given by Cho et al. (1992a) to 

where n, is the electron density perturbation and Di 
is the intrinsic ion diffusivity. Since the ambipolar 
diffusion coefficient for a two-species plasma (electron 
and positive ion) is 2D,, (4) implies that the electron 
diffusivity is enhanced by a factor of (1 + NJN,) when 
negative ions are introduced into the mixture. This 
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result agrees with the earlier work of Hill (1978). 
Numerical results from the general equations, allow- 
ing for different size negative particles, reveal that 
the transition from electron diffusion enhancement to 
reduction occurs wlhen the aerosol radius is - 1 nm 
(Fig. 5). 

This behaviour is not intuitively obvious, so let us 
try to form a qualitative picture. First, imagine a 
plasma mixture with just electrons and positive ions. 
If we introduce a perturbed area of high density for 
both species, the particles in the high density region 
will start to diffuse omutward with the electrons tending 
to be on the outer edge due to their higher intrinsic 
diffusivity. Thus, the ambipolar electric field will be 
set up in such a way as to rein in the electrons and to 

tug the positive ions outward. Now introduce negative 
ions of size similar to the positive ones. (We maintain 
overall charge neutrality by subtracting electrons.) 
Because they are just as large as the positive ions, the 
negative ions will lag behind with the positive particles 
in the diffusion ‘tug-of-war’ with the electrons. Conse- 
quently, the ambipolar electric fields that the electrons 
experience will be ‘watered down’ by the addition of 
negative charge, and thus they will diffuse more 
rapidly. However, if we replace the negative ions with 
singly charged but very large negative aerosols, which 
diffuse even more slowly than the positive ions, then 
the ‘tug-of-war’ turns into a three-way competition 
with the negative aerosols holding back on the inside, 
the electrons pulling away on the outside, and the 
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Fig. 5. Plot of effective electron diffusivity versus aerosol number density for positive ions with 2, = 1 and 
negative ions or small aerosols with Z. = - 1. Electron diffusivity is normalized with respect to the positive 
ion diffusivity, and the aerosol number density is normalized with respect to the electron number density. 
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positive ions caught in between. Therefore, the 
reduction in the ambipolar field felt by the electrons 
will be counteracted by an overall decrease in the 
diffusivity due to the large negative aerosols. Thus, the 
transition from enhancement to reduction of effective 
electron diffusion occurs when the aerosol ‘drag’ starts 
to overcome the ‘freeing up’ effect of the diminished 
ambipolar electric field. 

How does this diffusive transition phenomenon 
affect PMSE? Although negative ions are not believed 
to be prevalent in the summer mesopause region, 
negatively charged microclusters with radii less than 
1 nm, thought to be meteoric smoke particles or newly 
nucleated ice aerosols, have been detected in the sum- 
mer mesopause region (Schulte and Arnold, 1992). If 
such particles are numerous enough to dominate the 
plasma charge balance, then radar scattering will be 
actively suppressed due to the enhanced electron 
diffusivity. 

As an aside to our discussion, the diffusive tran- 
sition phenomenon is of interest in the interpretation 
of the D-region incoherent scatter radar spectral 
width, which is proportional to the effective electron 
diffusion coefficient. Equation (4) means that the pres- 
ence of negative ions will broaden the spectral width. 
This conclusion agrees with the spectral width cal- 
culations of Mathews (1978) which has been used 

in the detection of negative ions with the Arecibo 
Observatory UHF radar (Ganguly et al., 1979). 

6. SEDIMENTATION EFFECTS 

Statistically, the summer polar mesopause is at a 
height of 88 km (von Zahn and Meyer, 1989), while 
NLCs are observed at a mean of 83 km (Gadsden and 
Schriider, 1989). The altitude difference is caused by 
sedimentation. To illustrate this point, we show the 
growth and sublimation of a single ice particle using 
the model of Reid (1975) with a constant water vapour 
mixing ratio w and a temperature profile fitted to the 
mean given by von Zahn and Meyer (1989). Figure 6 
shows the ice aerosol beginning its growth from a 
nucleation core of radius 0.3 nm at the mesopause, 
growing further as it falls, then quickly evaporating 
as the saturation ratio falls below unity with higher 
temperatures. The dashed curve is for a still atmo- 
sphere with w = 1 ppmv. A background velocity of 
2 cm SK’ upward is assumed for the two solid curves, 
the left one with u’ = 1 ppmv and the right one with 
w = 2 ppmv. It is a simplified model in that the water 
mixing ratio is kept constant with time and that 
growth due to coagulation is neglected; however, it 
gives one an idea of what the aerosol size distribution 
with height may be like. It is not surprising then that 

81’ 0 5 
L I 

10 15 20 25 30 35 40 45 50 
Aerosol Radius (nm) 

Fig. 6. Graph of the growth and evaporation of a falling ice sphere for (dashed) no background velocity 
with w = 1 ppmv, (solid, left) upward velocity of 2 cm s-’ with w = 1 ppmv, and (solid, right) upward 

velocity of 2 cm SS’ with w = 2 ppmv. 
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the average NLC (which requires particles of the order 
of 50 nm for visual detection) exists at 83 km, several 
kilometres below the mesopause. Logically, aerosols 
of intermediate size should occur between the two 
altitude limits. 

The statistical peak of the PMSE profile is at 86 km, 
between the mesopause and NLC heights ; this loca- 
tion can be explained in terms of the reduced diffu- 
sion theory as follows. There are two competing criteria 
for the enhancement of radar scatter by charged 
aerosols through reduced diffusion : (1) larger size 
and (2) dominance of overall plasma charge balance. 
Assuming a conservative limit on the charge per aero- 
sol, and given the d’efinite limit on the available water, 
the second criterion requires smaller (more numerous) 
particles. Thus, in light of the sedimentary size dis- 
tribution over altitude, the maximum radar echo 
enhancement should, on the average, take place 
between the mesop,ause and NLC heights. 

It also follows th:at the time lags associated with the 
nucleation, growth, sedimentation, evaporation, and 
water advection cycle of ice cloud formation affect the 
statistics of occurrence of PMSE and NLC. A model 
of this cycle by Sugiyama (1994) yielded out-of-phase 
oscillations between the cloud brightness and the 
nucleation layer. PMSE should then have a phase lag 
between the two. Perhaps it is not surprising that 
PMSE and ground-based NLC observations show no 
significant correlation in occurrence (Taylor et al., 
1989; Kirkwood et al., 1994). 

7. SUMMARY AND DISCUSSION 

The summer mesopause region contains particles of 
disparate size, composition, and charge state : 
molecules, ions, electrons, dust and ice. We have seen 
that the coupling of electrons to the other species, 
especially charged ice aerosols, plays a crucial role in 
the production of PMSE. 

In this paper, which is essentially a sequel to Cho 
et al. (1992a), we jirst investigated the phenomenon 
of fossil turbulence as applied to aerosols mixed by 
neutral gas turbulence. Because of their slow diffu- 
sivity, the aerosols (can retain inhomogeneities in their 
distribution that appear spatially ‘turbulent’ even 
though the driving kinetic energy of the neutral gas 
turbulence has dec,ayed. The electrons, following the 
pattern of the charged aerosols, will then also retain 
their density fluctuations which, in turn, will continue 
to scatter radar waves. The resulting radar Doppler 
spectra will be much narrower than those resulting 
from true turbulent scatter, a relevant point for PMSE 
since much of the observed Doppler spectra appear to 
be too narrow for turbulence-induced radar scatter. 

Because the nucleation of ice particles is highly tem- 
perature dependent, they can form in thin layers 
within local temperature minima produced by gravity 
wave modulation. They can then grow and scavenge 
ambient electrons to create the oft-observed electron 
density depletion layers. The sharp variations at the 
edges of the electron density bite-outs may produce 
partial reflection or Fresnel scatter. The maintenance 
of such steep gradients is helped by the reduction of 
electron diffusivity due to the presence of the charged 
aerosols. Also, since the layers were produced by a 
particular gravity wave phase, they should be hori- 
zontally tilted parallel to the phase front. This mech- 
anism could then account for the tilting of PMSE 
layers (van Eyken et al., 1991). 

When multiply charged, an aerosol will statistically 
‘dress’ itself with a Debye sphere of surplus or debit 
of electrons, which respond in phase to the radar wave, 
thus leading to enhanced scatter above the level of 
classical incoherent scatter. For this dressed aerosol 
scatter to take place the radar wavelength must be 
much longer than the plasma Debye length and the 
spacing between aerosols must be longer than the 
plasma Debye length. We have considered more care- 
fully the second restriction and have concluded that 
the most favourable condition for dressed aerosol 
scatter to take place in the mesosphere is high ambient 
electron density and low aerosol number density. It 
is intriguing that the two published cases of PMSE 
observed with UHF radars occurred during times of 
enhanced ambient electron density due to particle pre- 
cipitation (Riittger et al., 1990; Cho et al., 1992b). 
However, the fundamental requirement that each 
aerosol be charged highly (more than - 10) is a diffi- 
cult one to meet given the current understanding of 
the nature of the ice particles. 

We then showed that negatively charged aerosols 
of radii less than 1 nm enhance electron diffusion, 
unlike positively charged aerosols and larger, nega- 
tively charged aerosols, which retard electron diffu- 
sion. If such particles are present and are numerous 
enough to dominate the overall plasma charge balance, 
then they will actually work to suppress radar scatter. 

Consideration of sedimentation, along with the cri- 
terion that the aerosols could not be too small or 
too large, led us to conclude that the most effective 
enhancement of radar scatter due to reduced diffusion 
should occur between the mesopause and the average 
NLC height, a result that agrees with observations. 

Finally, we pointed out that the time lags associated 
with ice cloud formation lead to a temporal phase 
difference between the formation of aerosols optimal 
for PMSE and the development of optically visible 
NLCs. Therefore, the observed non-correlation 
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