Ann. Geophys., 26, 2262271, 2008 ~ "*
www.ann-geophys.net/26/2265/2008/ G Ann_ales
© European Geosciences Union 2008 Geophysicae

On initial enhancement of mesospheric dust associated plasma
irregularities subsequent to radiowave heating

W. A. Scales and C. Chen
The Bradley Department of Electrical and Computer Engineering, Virginia Tech, Blacksburg, VA 24061-0111, USA

Received: 1 November 2007 — Revised: 7 May 2008 — Accepted: 7 May 2008 — Published: 5 August 2008

Abstract. Important observational manifestations of subvisi- 1.3 GHz frequency range in the summer polar mesosphere
ble mesospheric dust are Polar Mesospheric Summer EchogEklund and Balsley1981;, Cho et al, 1997). The radar
PMSE which are produced by scattering from electron irreg-echoes are believed to be produced by Bragg scatter from
ularities produced by dust charging. It has been observe@lectron density irregularities at half the radar wavelength.
that the PMSE strength can be artificially modified by us- Therefore, the implied wavelengths of the irregularities from
ing a ground-based ionospheric heating facility to perturb thepast experimental observations are roughly in the range from
electron irregularity source region that is believed to producel0 m down to 10cm. The electron irregularities believed to
PMSE. Recently it has become evident that significant di-produce PMSE result from electron charging on subvisible
agnostic information may be available about the dust layerdust that exists in the mesosphere. These particles are in the
from the temporal behavior of the electron irregularities dur- 10 nm size range and produced from ice since the 85 km al-
ing the heating process which modifies the background electitude range of PMSE generation is the coldest in the atmo-
tron temperature. Particularly interesting and important peri-sphere. It has been only relatively recently that the existence
ods of the temporal behavior are during the turn-on and turn-of these dust particles has been clearly established by in situ
off of the radiowave heating. Although a number of past space measurementdgvnes et a).1996. It should be noted
theoretical and experimental investigations have considerethat the larger dust particles of 50 nm size or larger are of-
the turn-off period, the objective here is to consider futherten observed below the PMSE generation region and make
possibilities for diagnostic information available as well as up noctilucent clouds NLCs when observed from the ground
the underlying physical processes. Approximate analyticaland are termed Polar Mesospheric Clouds PMCs when ob-
models are developed and compared to a more accurate fullerved from above by spacecraft.

computational model as a reference. Then from the temporal Experiments have shown that PMSE can be perturbed
behavior of the electron irregularities during the turn-off of rtificially by radiowave heating the source region with a

the radiowave heating, the analytical models are used to obground-based ionospheric heating facility. The radiowave
tain possible diagnostic information for various charged dustheating produces an artificial enhancement in electron tem-
and background plasma quantities. perature in the dust cloud region. The first experiments

Keywords. Atmospheric  composition and ~ structure Showed a weakening of PMSE upon application of the ra-
(Aerosols and particles) — lonosphere (lonospheric irregulardiowave heating and recovery afterwardshilson et al.

ities; Polar ionosphere) — Space plasma physics (Numerica#00Q Belova et al. 2001, 2003. It was quickly realized
simulation studies) that such modification of PMSE by radiowave heating could

be used as a diagnostic for the dust layer parameters. In
more recent experimentklévnes et a]2003 Havnes 2004
Biebricher et al. 2006, it was observed that when the ar-
tificial electron heating is turned off, the increase in elec-

Polar Mesospheric Summer Echoes PMSESs are strong radai"” density gradient; in the dusty plasma will lead to a
b g stronger PMSE, described as “PMSE overshoot”. A theoret-

echoes that have been observed typically in the 50 MHz t . . . .
v ved typically ! z Q|cal model was successfully utilized to predict this behavior

Correspondence tdV. A. Scales and new possibilities for dust layer diagnostics became pos-
(wscales@vt.edu) sible. These works neglected the finite diffusion time of the
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2266 W. A. Scales and C. Chen: Dust associated plasma irregularities subsequent to radiowave heating

electrons by incorporating a Boltzman model and therefore The ions in the model are described by plasma fluid equa-
could not accurately model the temporal evolution immedi-tions. The ion density is described by the continuity equation
ately after the turn-on of the radiowave heating for a range
of observing radar frequencies and dust parameters. A nevs‘?ﬂ + i(n-v.) =P +Li+ %| . (1)
ivi I i charging
model was introduced bghen and Scalg2005 to incorpo- dr  dx dt
rate finite ambipolar diffusion time effects and address thesevhere x is the vertical direction (altitude), an#, denotes
limitations. The results provided some additional insight into the production of ions by photoionization ardd denotes
the effects of observing radar frequency, and equivalently ir-the jon loss due to dissociative recombination. This loss
regularity wavelength, on the temporal evolution of the turn-term is described by.i=aneni wherew is the recombina-
off overshoot. Such variation in the behavior of the irregular- tion coefficient andne is the electron density. The term
ities after turn-off was due to the variation in the ambipolar dni/dt|charging denotes the ion loss due to the ion flux onto
diffusion time relative to the charging time. It was predicted the dust. The electron density is determined from quasi-
that for sufficiently low observing radar frequencies and ap-neutralityne(x)=ni(x)—pd(x) /e Wherepq is the dust charge
propriate plasma parameters, the prominence of the turn-offiensity and is the unit charge.
overshoot effect may be reduced. Initial possibilities for di-  Neglecting inertial effects, the ion and electron velocities
agnostic information utilizing such temporal behavior was are given by the momentum equation as
provided.
It is clear from past work that the temporal evolution , _ 1 (q_"‘E _KTa i(IOQ(na))) (2
of mesospheric dust associated electron irregularities sub- Vagn \ Mg my 0x
e Al 1o ol ech eXOLeC 0 Miere— o, andy, m, andT, e th species charg,
! ) : . mass and temperature, angh is the particle-neutral colli-
formation on the charged dust layer and interpertation of,

; . . : ion f . Al is Bolt ! tant. The elec-
physical processess associated with PMSEs which are corf;ggt a:ﬁ;qflf;gz d esgfé (;sto Zmann's constan e elec

ss,lderedlaforefrorlw(t isue n up_;()jerdatmospherlllc space SC'%F‘I?G- The dust is modelled with the standard Particle-In-Cell

s for hagnostic mformation, however, the objective ofthis 7/ Method Birdsall and Langdon1999 and the dust

work is to consider developm,ent of ap,proximate analyticalCharge an_d current densitigs, ande,_ respectively, are cal-_
culated with the standard PIC techniques. Each dust particle

models that may allow more quantitiative diagnostic capa-; : . :
g ) . is taken to have a time-varying charggi(s) given by the
bilities as well as shed further light on the physical processes ying (1) g y

. . i . . continuous charging modeChen and Scale200
associated with the irregularity temporal evolution after the ging 0 £2007
turn-off of radiowave heating. Past computational work will d Qg

be used as a reference. This work is meant to be a compan-z; — le+ 1, ©)
ion to the work ofScales and Chef2007) which considered

the circumstances during the turn-on of radiowave heating/e = «/Qrgqenevte exp(—qepd/ K Te), 4)
The next section will provide a brief description of past com-

putational work and the basic temporal evolution of the ir- 7, = @r&qinivﬁ(l —qigpd/KTh), 5)

regularities. Analytical models will then be introduced and
discussed which may have possibiities for providing diag-whererq is the dust radiusute) is the electron (ion) thermal
nostic information. Finally a summary and conclusion will velocity, andgq is the dust floating potential. The initially

be provided. uncharged stationary dust is taken to have an irregular density
given by
2 Mesospheric irregularity model ng(x) = ndo <1 + ‘S”i)sin(gﬂmx/g)) (6)
ndo

2.1 Computational model wherengg is the undisturbed dust densitqo is the dust

irregularity amplitudesmn is the mode number, angdlis the

A one-dimensional model is used to study the effects of |ono-System length of the model.

spheric heating by radiowaves on plasma irregularities as- The electrostatic field is calculated from the condition of

. ) . . eciivergence free currents often used in ionospheric plasmas:
includes electrons, ions and dust. The dust is taken as im-

mobile and evolution for times much less than the dust diffu- qgeKTe dne  qiKT; On;
N . . icted® = 4 — —Jg) x

sion time is considered although the model is not restricte MeVen 0X | mivin 0x

to such time-scales. The plasma model has been described in ) 5 1

more detail in previous workJcales2004 Chen and Scales ( de 49i ”li> @)

) T i +
2005, therefore only a brief description is provided here. mevenne mjvin
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The electron irregularities result from electrons attaching to ELECTRON IRREGULARITIES DURING HEATING
the irregular dust density (Eq. 6). Possibilities of genera- T T
tion of the dust irregularities include neutral air turbulence w0 N OFF

(Rapp and Lubker2003 or plasma instabilitiesd¥' Angelo, = iiim0-tomi

2005. The charge irregularities are ultimately observed as ZoRTgmeaemn

backscattered radar signals and observationally called PMSE 30 o h=16m (=94 MHy)
under the circumstances described here. For the sinusoides_fe__ S :

perturbations used in this work to model the irregularities, §n;
the radar reflectivityy(k)wang whereéne is the electron ir- 2.0
regularity amplitude.

Figure 1 shows the temporal evolution of electron irreg-
ularities during radiowave heating predicted by the model. 10 L
Parameters are typical of the mesosphere at 85km as de f
scribed inChen and Scale2009 with ne~101°m—2 and ; :
Te~150 K. The ion mass is taken to be approximately fifty 0.0 ¢ o5 300
atomic mass units due to the mixture of heavy water clus- Time (sec)
ter ions and NO at the altitude of interest angh~10°s™1
(Lie-Svenson et g/.2003. The dust density is 5% of the
background plasma density and the dust radius is of ordefig- 1. The time evolution of electron irregularities during ra-
10 nm to allow an equilibrium dust charge of one electron, diowave heating with varying irregularity wavelength (and radar
Zf,%:l, before heating. The irregularity amplitude in the frequency) utilizing the computational model. The heating is turned

. . . on at 25s and off at 125s.
neutral dust densitynqo/nqg0=0.2. The radiowave heating
is “turned on” atr=25s as an instantaneous increase in the
electron temperature after an equilibrium electron irregular-
ity amplitude&né‘é is reached. The electron temperature is in- irregularity temporal evolution during and after the heating
creased by a factor of 5. The electron temperature is “turnegbrocess will ultimately allow greater possibilities for diag-
off” at time t=125s. The temporal evolution is shown for nostic information. Figure 2 shows the spatial variation of
varying irregularity wavelengths. Assuming an appropri- the irregularities in Fig. 1 before radiowave heating (denoted
ate Bragg scattering wavelength, these correspond to radaquilibrium), just prior to turn off of the radiowave, and just
frequenciesf=c/2\ wherec is the speed of light. It is ob- after turn-off of the radiowave. Three different wavelengths,
served that at shorter irregularity wavelengths (higher radair=1, 4 and 16 m, are shown. In each case, the irregularities
frequencies) a significant enhancement of the electron irregare shown at=24 s which is the equilibrium state prior to
ularity amplitude occurs when the radiowave is turned off heating. It can be seen that the ion and dust charge irreg-
at 125s. The corresponding enhancement in radar echo iglarities are out of phase with the electron irregularities in
known as “PMSE overshoot”. The overshoot ultimately re- each case. For=1m, it can be seen that after the irregulari-
sults since ambipolar diffusion is more rapid than discharg-ties achieve equilibrium during the heating prior to turn-off at
ing during the turn-off of the radiowave. This phenomenon¢=124s, there is a large enhancement in the ion irregularity
has been theoretically predicted as well as experimentally obamplitude which ultimately results from ambipolar diffusion.
served and studied in a number of past works (daynes et  The ion irregularity amplitude is significantly larger than the
al., 2003 Havnes2004 Biebricher et al.2006. Also, ithas  electron irregularity amplitude which also shows some en-
been shown that diagnostic information can be obtained fromhancement due to the electron charging flux onto the dust.
this unique temporal behavior. It can also be seen in Fig. IThe dust charge irregularity is in turn enhanced due to the
that during the turn-on of the radiowave for longer irregular- increased charge state of the dust grains from the electron
ity wavelengths (lower radar frequencies), an enhancementharging. After the radiowave heatingrat126 s, the elec-
in irregularity amplitude is predictedS¢ales 2004 Chen  tron irregularity amplitude is enhanced (i.e. turn-off over-
and Scales2005 Scales and Chen, 2007). This behavior shoot) by approximately a factor of 3. There is a reduction in
has not been reported in the current literature, however, théhe ion irregularity amplitude as well, however, there is little
prediction of Fig. 1 is that it will require more radar mea- change in the dust charge irregularity amplitude due to the
surements at HF frequencies during heating experiments teelatively slow discharging due to the small ion flux onto the
become prominent enough to observe. dust. Itis ambipolar diffusion that reduces the large ion irreg-

The purpose of the present investigation is to consider fur-ularity gradients and correspondingly enhances the gradients
ther diagnostic information that may be obtained from thein the electron irregularities after turn-off of the radiowave.
enhancement of the electron irregularities after the radiowav& he case foh=4 m shows relatively similar behavior to the
heating is turned off (i.e. turn-off overshoot). An under- case withA=1. The ambipolar diffusion is slower in this
standing of the dominant physical processes that drive thease due to the longer wavelength. It can be seen after the
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Fig. 2. Spatial presentation of electrodpé/geng), ion (8pi/ginog), and dust §og/qgeng) irregularities before, during, and after radiowave
heating with varying irregularity wavelength (1, 4 and 16 m) as shown in Fig. 1.

turn-off of the heating that the enhancement in the electronThis expression indicates that for sufficiently small irregular-
irregularities is smaller and roughly a factor of 2 as comparedty wavelength, the electrons and ions are 180t of phase

to 3 for .=1m. For the longest wavelength case;16 m, or anti-correlatedl(ie-Svenson et al.2003. Also, during
there is a much smaller ion irregularity produced both priorthe radiowave heating phase, the ion irregularities are typ-
and during heating due to the increased ambipolar diffusiorically larger due to the electron temperature enhancement.
time (Lie-Svenson et al2003. It is observed that there is The Poisson equation can be used to determine the relation-
little change in the ion irregularity amplitude after turn-off ship of the dust irregularity amplitude to the electron irregu-
of the radiowave due to reduced ambipolar diffusion effectslarity amplitude. In the Fourier spectral domain, the Poisson
and consequently no enhancement in the electron irregulariequation for the irregularities is

ties after the turn-off of the radiowave.

The relationship between the electron, ion and dust irregu- k25 ~ —( edne + ednj — eZgdng) 9)

larities can be described from a perturbation analySieef)
1984. For the case of shorter wavelength irregularities (1
and 4m) in Fig. 2, the ambipolar diffusion time is suffi-
ciently small so the electrons and ions may be modeled wit
the Boltzmann approximation. This implies the normahzed < Zdnd 1 <
dne~ — dng (10)
electron and ion irregularity amplitude8ge==ne/ne and Ne 1+)‘%e/)‘2Di + A3 k2
Sni=8nj/n;, can be written in terms of the electrostatic po-
tential irregularity amplitudé¢ as

where the wavenumber is denoted AyNote here that the
dustis assumed to be negatively charged with charge number
H Z4. This implies the relationship

whereipe; is the electron (ion) Debye length. Therefore the
electron irregularities are also 180ut of phase with dust

irregularities (which are in phase with the ion irregularities).
T~ esg The previous results illuminate the relative importance

bne ~ _Fe‘s i~ kpTe (8) of ambipolar diffusion and charging times in the temporal

Ann. Geophys., 26, 2262271, 2008 www.ann-geophys.net/26/2265/2008/



W. A. Scales and C. Chen: Dust associated plasma irregularities subsequent to radiowave heating 2269

evolution of electron irregularities subsequent to radiowaveUsing Eq. (12) and noting the irregularity phases of Fig. 2,
heating. Utilizing these concepts from the previous compu-the electron irregularity temporal evolution can then be writ-
tational results, a simplified analytical model will now be de- ten as

veloped to consider possible diagnostic information during

the turn-off of radiowave heating. Sne(t) = ¢~ kinao! [(neo+ Sneo— nap — Sngb)e /™

2.2 Analytical model for irregularity temporal evolution — (Zgo— ZS%)(ndo B Snf;,%)(l B e_t/rd)]
The electron density is determined from the ion and dust eq eq
charge densities using quasi-neutrality. After turning off the + g+ Sngg
rgdiowav_e heati_ng, the d(_)minant_phy_sical effec_ts are i(_)n den- _ p—kindot [(neo — et/
sity gradient driven ambipolar diffusion and discharging of €0

the dust grains due to ion currents as described in Fig. 2. 9 tfe

Therefore, an analytical model for the electron density after — (Zdo — Zgg)ndo(1 — e d)}

turn-off of the radiowave heating can be written in the form eq

(Scales and Chen, 2007) ~ g0 (13)

ne(t) = ni(t) — Zq(t)ng where the electron and dust densities have been written of

— (nio — n%d)ekinaot p=t/74 | ea the formno+38no which represents the background and per-
0 Cdn —kent eq'o turbation components, respectively. The preceding form can
—[(Zdo — Zgp)e """ + Zi1ndo (11)  be simplified to

where now the turn-off of the radiowave is referenced
to time r=0. Here tq=~(1/21)%/D, is the diffusion Adne(t) = '/ [e_t/"‘ +
time which depends on the irregularity wavelengttand
armbipolar ifusion coeffitiont. Sinee e dust s essentially 1ere NA37(t)=3n(t)—sn} s th diference i the elec-
motionless on these timescalés the ambipolar diffusion coet-rqn imregularity amphtudg .from the equmt_mum value and
ficient is appropriate for conside’ring the diffusion processes Adne(t)=Adne(r)/Adneols Its value normalizedto 1 at-0
. . Whel’eASne():Sneo—Sne%. Also, AZdo=Zdo—Z§g is the net

chargging of the dust grains as seen in Fig. 2. The rate Coeﬁiguction_time of the ion density dug to the dust charging from
cient for attachment of ions onto the dust a.t tﬁe initial turn-off lon flux is denpted byr.:l/ ].qndo' Itis noted thatr IS relateq .

. . : ) : . to the dust (dis)charging time after the radiowave heating is
of the radiowave is approximated with the ion charging cur- _

: 2 ; turned off byt;=tc(nj/nq).

rentin Eq. (5) agi~Ii/(eni)=+/8rr2uvijo(1—x) wherex is o . wiical model i b q
determined from the equilibriuni+ ;=0 just prior to turn- The approximate analytical model in Eq. (14) can be use

off of the radiowave. It should be noted thadepends on to investigate the temporal behavior of the dust associated

the ratio of the electron temperature during and before theelectron irregularities subsequent to radiowave heating. The

radiowave heating is turned o€ljen and Scale2009 de- ;ﬁg?'tt'orr;]_fgfrf ‘Z? ?hnehigg?omznéo(f. ?e,‘flfgf;%ngrfrzﬂféges
noted byTe/ Teo . It is assumed in the above model that the Havngs et al. 2003 Halv\rl1veg 20'64)) cl:Jan be ogtained fré)m
electron irregularities have achieved steady state prior to th N conditiona.(,AS ’at 0 fOI’,t—O which vields the con-
radiowave heating being turned off. Therefore in Eq. (11), .. ne) /91> = y
: ) dition

nip and Zyo are the steady state ion density and charge on
the dust grains just prior to turning off the radiowave. The ¢, 1
equilibrium values of the ion density and dust grain charge —

> .

before heating are denoted b andZ}, respectively. Re- t AZdodndo/Adneo — 1
call that the model assumes a dust density that is constarNote that this quantitative condition provides a lower diag-
in time ngo as described in the previous section. The steadyhostic bound on the ratio of the ion density reduction to am-
state ion density prior to turning off the radiowave can be pipolar diffusion time ratio and is a refined quantitative ver-
written asnio=neo+Zdondo while the equilibrium value be-  sion of the more qualitative condition discussed in previous
fore radiowave heating can be writteng§ =ngj+Zghndo  work for the existence of the turn-off oversho@hen and
assuming negatively charged dust. Therefore, the temporagcales2005. This bound can be used to provide diagnostic
evolution of the electron density can be rewritten as information on such quantities as dust density, dust radius,
nelt) = €K1 (oo — nz%)e‘t/fd ]EIIUSt _charge, and electron temperature increase, through the

unctional dependences of andt; on these parameters as

—(Zgo — Zgh)nao(1 — e /)] + ngh. (12)  described in previous work.

AZgodndo

_ ot/
Adrieo 1-—e ):| (14)

(15)
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Fig. 3. Schematic of electron irregularity behavior subsequent to

radiowave heating.
Fig. 4. Comparison of the full computational model of Sect. 2.1

with the analytical model (Eq. 14) for the parameters of Fig. 1.
The time at which the maximum amplitude is reached af-Note results represented in the formAéne which is the normal-
ter the turn-off of the radiowave can be obtained from theized electron irregularity amplitude difference from the equilibrium
conditiond (Adne)/d:=0 as before heating.

T AS
TMax rdlog[(lJr —r> ( —$)]. (16) _ _ N

d AZgodndo Therefore the timescale for the decay of the irregularities,
This expression can be used to approximate the maximunﬁ}ftef the maximum is reached,.is the ion density reduction
amplitude of the electron irregularities after the turn-off of time ;. Thereforer; can also be interpreted as being related

the radiowave heating. Substituting Eq. (16) into (14) impliesto the dust grain discharging time due to ion currents.
From the previous analysis, it can be seen that at least

Agngwax ~ AZgodndo [1 + E} . « three characteristics of the irregularity temporal evolution af-
Adneo Tr ter turn-off may be used for diagnostic information. They are

I Adneo —Td/% the time at which maximum amplitude is reached, Eq. (16),

[<1+ T_d> < - m)} (A7) the maximum amplitude achieved, Egs. (17) and (19), and

. . ) the timescale for decay after the maximum amplitude has
Assuming before heatingz~T;, the Boltzmann approxima- - peen reached, Eq. (20). It should be noted that Eq. (16)

: 2,2
tion holds, andk“Ape<(1, then Eq. (10) leads to the useful 5y 5154 e written in terms of the temperature enhancement

approximation Te/ Tep Using Eq. (18). Figure 3 shows a schematic of these
Zaodndo 4 n Te (18) characteristics after turn-off.
dneo Teo Figure 4 shows a comparison between the computational

Using the approximation in Eq. (18), the maximum ampli- model of Sect. 2.1 and the simpl?fied_ analytical model
tude after turn-off of the radiowave can be written in terms (EQ- 14). The same cases shown in Fig. 1 are presented,

of the temperature enhancem@it Too during heating as however, the results are expressed in terma\dfe. It is
observed that there is quite reasonable agreement between

Ajpmax Te/Teo+1—25nZ% y the two models considering the simplifying assumptions
€ (1= 3ngh) (L + td/7) used and the approximations on the diffusion and charging
timescales which in reality vary in time. There is a tendency
for the analytical model to slightly overestimat®®¥in this
regard. The suppression of the turn-off overshoot effect for
_— e ] A=16m is also well predicted in the analytical model from
wheredngg=3dnq/dneo. After the maximum value has been gq. (15). From these results, confidence can be given for
achieved (14), it can be seen that there is a decay in the ampline simplified analytical model providing reasonable accu-
tude of the electron irregularities. The approximate temporalraCy for diagnostic information.
behavior after the maximum is reached is given by

Adne(t) = ASnM @1/, (20)

~ e —d/Tr
|:(1+Tr/fd)(Te/Teo_8ne%):| d (19)

Te/ Teo+ 1 — 23n5)
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3 Conclusions Chen, C. and Scales, W. A.: Electron temperature enhancement
effects on plasma irregularities associated with charged dust

It is clear that active perturbation of the source region of in the Earth's mesosphere, J. Geophys. Res., 110, A12313,
electron irregularities that produce PMSEs will provide a doi:10.1029/2005JA011341, 2005.
rich source of diagnostic information about the correspond-Chen, C. and Scales, W. A.: Active perturbation of dust asso-
ing mesospheric dust layer as well as insight on the physical ciated elect'ron irregularities in the Earth’s me_sosphere: Dis-
processes that produce PMSEs. This work has attempted to Crete charging effects, IEEE Trans. Plasma Sci., 35, 731-735,
provide further physical insight into the physical processes do"10'11_09/TPS'2907'895228’ 2007.. .

. ) . . Chen, F. R.: Introduction to Plasma Physics and Controlled Fusion,
associated with temporal evolution of the electron irregular- N
" . . ] ew York, Plenum, 1984.
ities during the turn-off of the radiowave heating. It can be Chilson, P. B., Belova, E., Rietveld, M. T.. Kirkwood, S., and
seen to be complementary to past work that has considered poppe, U.: First artificially induced modulation of PMSE us-
the physical processes during turn-on of radiowave heating ing the EISCAT heating facility, Geophys. Res. Lett., 27, 3801~
(Scales and Cher2007). The simplified analytical models 3804, 2000.
here provide quite reasonable agreement with the full com-Cho, J. Y. N. and Rottger, J.: An updated review of polar meso-
putational model results and allow information about the dust spheric summer echoes; Observation, theory, and their relation-
layer to be readily obtained from the temporal evolution af-  ship to noctilucent clouds and subvisible aerosols, J. Geophys.

ter the turn-off of the radiowave. At least three observable Res., 102,2001-2020, 1997. _ _
parametersy Max AdnmaX and 7, may provide information D’Angelo, N.: lon and Dust Acoustic Waves in Polar Mesospheric
’ e ’

on the dust layer such as dust density, dust radius, and char%qi‘ﬂ”\ﬁrfgze;’az rg;'é‘_eét.': ﬁ;r?;?érzn?;igi’/ :tioooni ofthe Ar-

state. Also possibilities may exist for information on the d_e- _ tic mesophere with MST radar at Poker Flat, Alaska, J. Geophys.
gree of the temperature enhancement. The results also indi- g 8. 7775-7784. 1981.

cate that future planned experiments involving multiple ob- aynes 0., Troim, J., Blix, T., Mortensen, W., Naesheim, L. I.,
serving radar frequencies may also contribute to further di- Thrane, E., and Tonnesen, T.: First detection of charged dust par-

agnostic capabilities. ticles in the Earth’s mesosphere, J. Geophys. Res., 101, 10839—
10847, 1996.
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