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Abstract. Polar mesosphere summer echoes (PMSE) araation at hand, it becomes clear that PMSE are a suitable tool
very strong radar echoes primarily studied in the VHF to permanently monitor the thermal and dynamical structure

wavelength range from altitudes close to the polar summenf the mesopause region allowing insights into important at-

mesopause. Radar waves are scattered at irregularities in theospheric key parameters like neutral temperatures, winds,
radar refractive index which at mesopause altitudes is effecgravity wave parameters, turbulence, solar cycle effects, and
tively determined by the electron number density. For effi-long term changes.

cient scatter, the electron number density must reveal struc-
tures at the radar half wavelength (Bragg condition for mono-

static radarsy~3m for typical VHF radars). The question 4
how such small scale electron number density structures are

created in the mesopause region has been a longstandinghe polar mesosphere in summer is host to a number of fas-
open scientific question for almost 30 years. This paper recinating geophysical phenomena that are primarily caused
views eXperimental and theoretical milestones on the way thy its extreme thermal structure. OWing to the gravity wave
an advanced understanding of PMSE. Based on new experfriven mean meridional circulation with upwelling and adi-
mental results from in situ observations with SOUnding rOCk'abatica”y expanding air masses above the summer poie'
ets, ground based observations with radars and lidars, numefean minimum temperatures 6f130K are reached at the
ical simulations with microphysical models of the life cycle mesopause at around 88 km (elgipken 1999. These ex-

of mesospheric aerosol particles, and theoretical considequemew low temperatures marginally allow ice particles to
tions regarding the d|ﬁUS|V|ty of electrons in the ice loaded form and grow at altitudes betweer80 and 90 km, in Spite
complex plasma of the mesopause region, a consistent exf the minute abundance of water vapor with typical vol-
planation for the generation of these radar echoes has beqﬂ'ne mixing ratios of Oniy some ppm (e_@eeie and Har-
developed. The main idea is that mesospheric neutral air tultogh, 1999. Under favourable conditions the largest of these
bulence in combination with a significantly reduced electronjce particles (with radii larger thar20 nm) can even be vi-
diffusivity due to the presence of heavy charged ice aerosokyally observed in the form of noctilucent clouds (= NLC)
particles (radii~5-50 nm) leads to the creation of structures which have been discovered as early as 1883l{e 1885

at spatial scales significantly smaller than the inner scale ofjesse 1885. With the advent of the MST radar (MST =
the neutral gas turbulent velocity field itself. Importantly, mesosphere-stratosphere-troposphere) 100 years later, it was
owing to their very low diffusivity, the plasma structures ac- then found that also the smaller subvisible ice particles lead
quire a very long lifetime, i.e., 10 min to hours in the pres- to measurable signatures in the form of strong radar echoes.
ence Of pal’tiC|eS W|th radii betWeen 10 al’ld 50 nm. Th|S Ieadsrhese are nowadays known as poiar mesosphere summer
to a temporal decoupling of active neutral air turbulence andechoes or PMSEHcklund and Balsleyl981; Rottger et al,

the existence of small scale plasma structures and PMSkggg Hoppe et al.1988.

and thus readily eXp|ainS observations pI’OVing the absence In recent years, these high atmospheric ice clouds have
of neutral air turbulence at PMSE altitudes. With this expla- reached a considerable scientific interest since it was sus-
pected that the mesopause environment should change due
Correspondence tavl. Rapp to anthropogenic activity. For example, models showed that
(rapp@iap-kborn.de) the increase of atmospheric carbon dioxide concentrations
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At the current stage the discussion as to whether we al-
ready observe long term changes in mesospheric ice palFig. 2. Time averaged profiles of signal to noise ratio (in decibels)
ticle properties is controversialgn Zahn 2003 Thomas  for typical summer and winter periods. This figure is reproduced
et al, 2003. However, it is evident that for a scientifi- from Ecklund and Balsley1981), copyright by the American Geo-
cally based judgement about these issues we require a d@hysical Union.
tailed and rigorous understanding of the physical processes
involved. While the basic physics of noctilucent clouds has
been quite well understood (e.g-homas 1991 Gadsden port of charged ice particles by the turbulent velocity field
and Schivder, 1989, the understanding of polar mesosphere leads to the occurrence of irregularities in the radio refrac-
summer echoes has bothered the scientific community untive index (which is effectively determined by the electron
til only recently Cho and Rttger, 1997 Rapp and Libken number density at these altitudes) which is observed on the
20033. ground as PMSE. Importantly, the radius of the ice particle

In order to ease the reading of this review, we Summarizaetermines the lifetime of the irregularities. Typlcal values
the now available understanding of PMSE as follows (seefor the lifetime are just a few minutes for small radii at alti-
Fig. 1): the altitude range between 80 and 90 km in the sum-tudes above-85 km and several ten minutes to hours for the
mer polar mesopause region is just the altitude range whertarger radii below. Hence, at altitudes abov85 km, PMSE
ice particles exist. Being formed close to the point with cold- can only exist during phases of active neutral air turbulence.
est temperatures<88 km), ice particles sediment and grow, In contrast, the long lifetime below this altitude ‘freezes’ in
until below ~85 km, radii have become as large-a80nm.  the plasma structures such that PMSE also occurs in the ab-
With this size they can be optically observed as NLC, for sence of neutral air turbulence. Since these frozen in struc-
example with the naked eye or with lidars. All these ice par-tures once originated from turbulent advection, they are also
ticles are immersed in the plasma of the D-region. HenceOften termed ‘fossil’-turbulent structures.
electrons attach to the ice surfaces such that the particles be- The complex physical explanation shortly summarized
come charged. In addition, the 80—90 km altitude range isabove has become available through a multitude of obser-
the region in the atmosphere where gravity waves propagatvational and theoretical efforts. In this manuscript we at-
ing from below grow unstable and produce turbulence. Thetempt to describe the experimental and theoretical mile-
charged ice particles are transported by the turbulent velocitystones that have led to the understanding sketched above.
field leading to small scale structures in the spatial distribu-In Sect.2 we summarize the most important experimental
tion of the charged particles and — because of charge neuindings on PMSE based on classical radar measurements, in
trality requirements — to small scale structures in the spatiakitu rocket probings and also active radar experiments where
distribution of the electron number density. Hence, the trans-electromagnetic waves have been used to modify the PMSE

Atmos. Chem. Phys., 4, 2602633 2004 www.atmos-chem-phys.org/acp/4/2601/



M. Rapp and F. J. ibken: Review of PMSE 2603

environment directly from the ground and observe the corre- wavelength [m]
sponding response of the PMSE layer. In S8ete proceed 1000 100 10 .
with an overview of our theoretical understanding of the rel- 10% - k'5/3 radar Bragg scale'
evant physical mechansms including a detailed description € Wl innerjscale .
of the most recent progress. This latest understanding of thes 10 i .
physics of PMSE is discussed in depth in Sdcfollowed % 10% L k'7 v
by our conclusions and an outlook where we try to identify &' I b
important open issues for future investigations. 9 108 inertial subrange viscous '
10710 r subrange

. 0.01 0.10 1.00
2 Experimental facts wavenumber [1/m]
2.1 Initial observations and basic physical problem Fig. 3. Idealized power spectrum of a passive turbulent tracer

for typical mesospheric conditions. The inertial and viscous sub-

At the end of the 1970s, VHF radars operating at frequen-anges are characterized by a wavenumber dependence proportional
cies of ~50 MHz discovered very strong radar echoes fromto k=3 and ~k~7, respectively. The upper ordinate converts
around the summer mesopause region at altitudes betweewavenumbers to lengths. The grey dashed line indicates the in-
~80 and 90km both at polar and mid latitudeéscklund ner scale (see text for details) and the red dashed line indicates the
and Balsley 1981 Czechowsky et al1979. The first long ~ Bragg scale of a 50 MHz radar.
term data set covering observations at Poker Flat, Alaska
(65° N) between February 1979 and December 1980 revealed
a strong seasonal variation of both the observed echo powgnay not be understandable in the scope of pure turbulent ac-
and the altitude range where the echoes were obsead (tivity; Kirkwood et al, 20023 2003. However, early efforts
lund and Balsley1981). Figure2 shows the time averaged to explain the significantly stronger echoes from the sum-
altitude profiles of signal to noise ratio (SNR) for typical mer polar mesopause region by neutral air turbulence led to
summer and winter periods taken from this study. Evidently,a paradox that was already identified in the early work on the
during the summer months the average signal peak is locatesubject Balsley et al. 1983: In Fig. 3 we present a typical
considerably higher (i.e., at+86km) than during winter —power spectrum of a tracer (like neutral air density fluctua-
time, where only weak echoes (average SNR rati6siB)  tions) for turbulent motions in the middle atmosphere. This
are received from altitudes below75km. During summer power spectrum reveals two distinct parts. The first part is
time, however, the echoes are extremely strong reaching narked by a wavenumber dependencé o2 and is called
maximum average SNR of30dB. Due to their predomi- the inertial subrange, because at these scales the flow is dom-
nant appearance in the polar regions these strong echoes dr@ted by inertial forces. The second part of the spectrum is
commonly called polar mesosphere summer echoes or PMSEalled the viscous subrange and is characterized by a much
(Rottger et al, 1988 Hoppe et al.1988. faster drop off of the spectral power, i.e., it is proportional

Radar waves are scattered by irregularities in the refracto ~k~’. In this subrange, the tracer variance is effectively
tive index which at altitudes around 85 km is effectively de- destroyed by molecular diffusion (e.gdeisenberg1948.
termined by the electron number density (e$ptq 1989 Note that the absolute power of the tracer variance strongly
page 23-25). In general, one distinguishes between incodepends on the background gradient of the tracer distribu-
herent scatter (or Thomson scatter) which is due to the thertion, i.e., at a given length scale, the tracer fluctutaions are
mal random motion of the electrons and coherent scattethe larger the larger the background gradient is (in the ex-
i.e., the scatter at ordered structures in the electron densit{féme opposite case of a zero background gradient, small
distribution. Coherent scatter only occurs when the refrac-Scale fluctuations can certainly not be created by the turbulent
tive index irregularity spectrum possesses significant speceddies). From this figure, it is evident that in order to satisfy
tral power at scales around the radar half wavelength (=he Bragg criterium, the radar half wavelength must be lo-
Bragg condition for monostatic radars) which is 3m for a cated in the inertial subrange of the turbulent power spectrum
50 MHz radar Tatarskij 1971). The irregularities leading since for smaller scales, i.e., in the viscous subrange, irregu-
to the weak radar backscatter outside the polar summer sedarities practically do not exist. The smallest scale to which
son at altitudes below say75 km have been traced back to the inertial subrange extends, depends on two quantities: the
neutral air turbulenceWoodman and Guillen1974 Bals-  turbulence strength expressed by the turbulent energy dissi-
ley et al, 1983 Reyrvik and Smith1984 which in turn is pation ratec (= the rate at which turbulent kinetic energy is
generated by breaking gravity waves propagating upwardslissipated into heat) and the kinematic viscosityhich pa-
from the troposphere (note though that recent experimentd]ameterizes the strength of molecular diffusion. A minimum
evidence of so called ‘polar mesosphere winter echoes’ innecessary turbulent energy dissipation rate can be estimated
dicates that at least some of these echoes at lower altituddsy equating the |nnerscad§ 9.9. (v3/e)4 (= the transition
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Fig. 4. Seasonal variation of the occurrence rate of PMSE with 76 - b0

a SNR ratio larger than 10dB after observations with the ALWIN
radar on the North-Norwegian island Andgya during the years 1999,
2000, and 2001. This figure is reproduced fr@remer et al.
(2003, copyright by the American Geophysical Union.

‘month of year

Fig. 5. Contour plot of the degree of saturation S as a function
of season and altitude (shaded areas) derived from a falling sphere
temperature and density climatology and model water vapor mixing

| he i ial he Vi ) Iratios fromGarcia and Solomoii1994). In addition, relative oc-
scale between the inertial and the viscous subrange; see a Wrrence probabilities are shown (normalized to 100% at the maxi-

Ltbken et al. 19930 and the radar Bragg scale. Using atyp- mum) for PMSE (dashed line) and NLC (dotted line). This figure is
ical kinematic viscosity for an altitude of 85km of ¥fg, reproduced fron.iibken(1999, copyright by the American Geo-
this estimate yielde~100 W/kg equivalent to a heating rate physical Union.

of dT/dt=90000K/d. This heating rate is three orders of
magnitude larger than all other relevant heating and cool-
ing rates at the same altitudes and is clearly unrealistic (e.g.July, and a more gradual decrease during August. The obser-
Mlynczak 200Q Liibken 1997). vations shown in Fig4 are in general agreement with inde-
Ever since the initial observations, it has hence been a mapendent observations from different radars located at about
jor goal of both experimental and theoretical investigationsthe same geographical latitude (e.Balsley and Huaman
on PMSE to resolve this paradox and identify the physical1997 Kirkwood et al, 199§. Intrigued by the fact that the
processes responsible for the creation of structures in théeasonal variation of the NLC occurrence rate is very similar
electron number density where under normal conditions they(Gadsden1998, several authors have tried to relate the oc-
should not exist. In the following subsections, we presentcurrence of PMSE to the occurrence of ice particles that may
an overview of the milestones regarding the available obserform in the period from end of May until the end of August
vational work on PMSE forming the background of our cur- because of the very low temperatures of the mesopause re-
rent knowledge. Note that given the wealth of experimentalgion (e.g.,Lubken 1999. Figure5 shows a comparison of
investigations we are aware of the fact that the results prethe NLC- and PMSE-occurrence rate as a function of season
sented can only be a selection of some of the relevant worland the time and altitude range during which the degree of
in the field. For further reading we also refer to the excellentwater ice saturation S is larger thanlliipken 1999. S is
previous review articles bgho and Kelley(1993 andCho  the ratio between the actual water vapor partial pressure and

and Rottger(1997). the saturation vapor pressure over ice wHiclbken(1999
derived from a climatology of temperatures and air densities

2.2 Climatology obtained with the falling sphere technique and water vapor
mixing ratios from model simulation$S@arcia and Solomgn

2.2.1 Seasonal variation 1994). The saturation water vapor pressure over ice was de-

rived from the empirical formula dflarti and Mauersberger
As already evident from the pioneer work Bgklund and  (1993. It is evident from this comparison that PMSE oc-
Balsley (1981), PMSE reveal a pronounced seasonal varia-cur in exactly the height and time interval where ice parti-
tion. Figure4 shows the seasonal variation of the occurrencecles can exist in the mesopause region and confirms earlier
rate of PMSE as observed with the 53 MHz ALWIN radar considerations that ice particles may play a decisive role in
(ALWIN = ALOMAR Wind radar; ALOMAR = Arctic Li- the creation of the radar echo&3hp and Kelley1993 Cho
dar Observatory for Middle Atmosphere Research) on theand Rottger 1997). Note that since the work dfiibken
North-Norwegian island Andgya (69.8l, 16.0° E) during (1999 better data on both water vapor in the mesopause
the years 1999, 2000, and 20rémer et al. 2003 Lat- region and an updated empirical formula for the saturation
teck et al, 19993. The main characteristics are the steepvapor pressure have become availal8edle and Hartogh
increase during end of May/beginning of June, a rather hight999 Korner and Sonneman800% McHugh et al, 2003
level near 90% in the middle of June until the middle/end of Mauersberger and Krankowsk®003. However, including
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Table 1. PMSE studies at different frequencies.

Frequency Location Reference  Reflectivity
(Bragg scale)
[MHz (m)] [m—1]
2.78 (53.9) Tromsg, (6N) Bremer et al(19961
8-9 (18.8) Vasil'surk, Russia (StN) Karashtin et al(1997)
3.3,49,7.6 Gakona, Alaska, (6R) Kelley et al.(2002
9,11,13.15 Hankasalmi, Finnland, (6) Ogawa et al(2003
49.6 (3.0) Tromsg, (6N) Rottger etal(1990  2.010712
50.0 (3.0) Poker Flat (69N) Ecklund and Balsley1981)
Kelley and Ulwick(1989  9.01071°
51.5(2.9) Resolut Bay (79N) Huaman et al(2001)
53.5(2.8) Andgya, (69N) Inhester etal(1990  4.010°12
53.5(2.8) Svalbard, (78\) Rottger(200)  2.210714
224 (0.67) Tromsg, (6N) Hoppe etal(1989  1.510°16
Rottger et al(1989
Hocking and Rttger(1997  1.310°1°
500 (0.3) Svalbard, (78N) Rottger(2001)) 5.310719
933 (0.16) Tromsg, (6N) Rottger et al(1990  1.210°18
1290 (0.12) Sondrestrom, (BR) Cho and Kelley(1992

this new information does not change the general conclusiomo not have the same absolute sensitivity. In particular, it
that the PMSE- and ice particle- existence period and altitudenust be noted that the VHF radar at Resolut Bay operated

region are identical. at a significantly smaller peak transmitted power (i.e., only
12 kW compared to 36 kW in the case of the radars ai\69

2.2.2 Latitudinal variation and 54 N, and even 60 kW in the case of the SOUSY Sval-
bard radar at 78N). Unfortunately, absolutely calibrated

Apart from the aforementioned measurements@$—69 N,  volume reflectivities from these radars are only available for

PMSE have also been observed as far North &N7&nd  some selected case studies (see S28tl) since absolute
78N (Huaman et a).200% Ruster et al. 2001 Lubken  calibrations are extremely difficult to obtain. Nevertheless, in
et al, 2004 and as far South as 52-5M where the echoes future experiments every effort should be undertaken to ob-
are then consequently called ‘mesosphere summer echoegin PMSE measurements using calibrated signal strengths,
or MSE (Czechowsky et al1979 Reid et al, 1989 Thomas  since only this will allow to perform unambiguous compar-
etal, 1992 Latteck et al. 1999h Zecha et a].2003. While isons of observations at different sites.

a lot of general features like the typical echo strengths and PMSE have also been observed at Southern latitudes even
the altitude region of occurrence are independent of the gethough significantly less frequent than in the Northern hemi-
ographic latitude, it has been found that the occurrence rat@phere Balsley et al. 1993 1995 Woodman et a).1999
shows a pronounced gradient with latitude (all values for 10gawa et al. 2002 Hosokawa et a).2004. Possible
July): the occurrence rate drops from almost 100% atN'8  hemispheric differences in the thermal and dynamical struc-
(LUbken et al.2004, ~90% at 69 N (Bremer et al.2003,  ture have been discussefavdy et al, 2001, Becker and

to only ~10-20% at 54N (Zecha et al.2003. This general  Schmitz 2003 Siskind et al, 2003 Chu et al, 2003, how-
picture is in line with recent 3d-model results of the ther- ever, the experimental data base is scarce such that the reason

mal and dynamical structure of the mesosphere suggestinfpr the apparent hemispheric asymmetry remains to be iden-
colder temperatures closer to the pole and hence a more faified (Lubken et al.1999.

vorable environment for the formation of ice particlesr

Zahn and Berger2003. This picture is only ‘disturbed’ 2.2.3 Long term and short term variations

by the observations at Resolut Bay {Ny) where low oc-

currence frequencies of less thai0% have been reported Recently, first results on long term changes of PMSE prop-

(Huaman et aJ.2001). erties have been reportedBremer et al.(2003 consid-
Note though that occurrence frequencies reported fromered mean PMSE occurrence frequencies for the years 1994

different stations and radars must be considered with somérough 2001 and found a significant positive correlation

caution since the radars are not identical in design and henceith the solar Lye radiation (the Lye flux varies by about

www.atmos-chem-phys.org/acp/4/2601/ Atmos. Chem. Phys., 4, 26382004
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EISCAT VHF Radar {224 MHz) tivity (= the backscattering cross section per unit volume) on
12 FEBRUARY 1987 LIUYE ZessSkm YIS Ze83Skm the radar frequency: since the first observations at 50 MHz,
Anet0s T 101905 PMSE have been observed at a variety of frequencies be-
R R tween 2.78 MHz and 1.29 GHz. Tablegives an overview
of different studies published to date together with some of
the most important results, including reported absolute vol-
ume reflectivities. Even though the different measurements
of volume reflectivities were not performed at the same loca-
tion and time (and must hence be compared with a caution-
ary note in mind since the geopyhsical situation is certainly
different), it is evident from Tabl& that the volume reflectiv-
ity shows a tremendous decrease with increasing frequency
- M2THZ (or decreasing Bragg scale). For example, from 50 MHz to
FREQUENCY (Hz) 500 MHz, the Bragg scale changes by only one order of mag-
_ _ _ nitude, i.e., from 3 m to 30 cm, but the corresponding reflec-
F'gh' 6. tSpectttra of llncoherent ;catter signals (Left panel) andd %fiivities change by as much as 6 orders of magnitude. This fre-
conerent-scatter polar mesosphere summer echoes measured w : :
the EISCAT 224 MHz radar in Tromsg. This figure is reproduced en.cy dependenpe certainly poses seyere constraints or.1 any
from Rottger and LaH0£1990). _phy3|cal explanat!on of PMSFT —we wﬂl come back_ to this
issue when we discuss possible physical explanations (see
Sect.3.3.9.

a factor of 2 during one 11-year solar cycle). The authors

concluded that the observed variation is due to changes ig-3-2 Spectral shape

the background ionization that is mainly controlled by the . . ] ) )
ionization of NO due to Lyr. These arguments are in line Further information on the physical mechanism responsible
with considerations bjRapp et al(20023 who argued that for the creation of the electron irregularities leading to PMSE
moderate changes of ionization should lead to a positive coriS obtained from the Doppler-broadened spectra of the re-
relation with the PMSE signal strength. ceived signals. As explained in detail for exampldiock-

On shorter time scales a variety of other physical processe'd (1989, the Doppler spectral width yields information on
altering PMSE properties have been identified. For examplethe velocity variance of the detected scatterers in the radial
Kirkwood and Rechof1998 andKirkwood et al.(2002 d@rection (= t.h.e pointing direction of the raQar beam)'. The
demonstrated that PMSE were modulated by 5-day planetar?'gheSt precision data on EMSE spectral widths obtained so
waves.Hoffmann et al(1999 reported a strong semidiurnal 1" have been measured with the EISCAT VHF radar operat-
variation of both the SNR and the altitude where the max-IN9 at 224 MHz Rottger et al, 1988. This radar possesses
imum SNR was observed. This variation is in phase with th€ advantage of a narrow beam (i.e., only 1 km horizontal
similar semidiurnal variations in NLC properties (like cen- €Xtent at~85km) such that the spectra are not significantly

troid altitude and brightness) and has been traced back to thaffected by effects like beam- or shear-broadenttgaking,

action of the semidiurnal tide with minor contributions from 1989- Figure6 shows a comparison of the spectra of inco-
the diurnal variation of ionizatiorvon Zahn et al.1998 von herent signals from the ionosphere (left panel) and coherent

Zahn and Bremer1999 Klostermeyey 19993. Other rea-  SIgnals from a PMSE (right panel) aftRottger and LaHoz
sons for short term variability have been identified as solar{1999. Figure6 shows several interesting features: First of
and geomagnetic activitg¢emer et al.19964 2003 as well all, the comparison of the absolute spectral widths of inco-
as dynamical phenomena like e.g. gravity waves that maim)herent a_nd coherent spectra clearly demon_strates the com-
move the PMSE layers up and down and lead to substanple_tely dlf_ferent physical processes underlymg the spectra:
tial vertical velocities in PMSE reaching values-ef5 m/s while the incoherent scatter spectra (being due to the Brow-
(e.g.,Hoppe and Fritts1994 1995 Ruster et al.1996. In nian motion of the electrons) show a typical width on the or-
addition, low frequency gravity waves may occasionally alsod€r 0f ~100Hz at 83.6 km, corresponding spectra from the
have a profound influence on the occurrence of PMSHI coherent echoes are much narrower, i.e., the broadest spec-

962km .

N

83.6 km —/
794 km v/!;mu et

T =T B
00 ge7pz 100

8t=267Hz

son et al, 1997). tra only yield widths of 10-15Hz and can be as narrow as
~1Hz. FollowingHocking (1985, Rottger et al (1988 re-

2.3 Properties of PMSE layers lated these widths to turbulent rms-velocity fluctuations with
corresponding values between 0.5-10 m/s. Rms-fluctuations

2.3.1 Radar frequency dependence as small as 0.5 m/s underline the paradox already mentioned

above: according tblocking (1985 andGibson-Wilde et al.
One of the most striking properties of PMSE is the pro- (2000 the rms-velocity fluctuations,,,s may be converted
nounced dependence of the absolute observed volume reflets a turbulent energy dissipation ratedy2-wg-w?, . where

rms
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wp=,/% (% + &) is the Brunt-\aisala frequency (wher& SOUSY VHF RADAR 23 JUNE 0100LT-25 JUNE 0162LT, 1987 ANDENES
is temperatureg is the acceleration due to gravity, anglis %07
the specific heat of air at constant pressure). Using a typical g4a5
value ofwp=10"2 1/s we see thab,,,;=0.5 m/s corresponds W ' -;/"'
to e=5x10"3W/kg. On the other hand, to have the inner  exo-

scale of turbulence equal to the Bragg scale (which is 67 cm

in the case of the EISCAT 224 MHz rada¢)}=5x 10 W/kg % 85.5
would be required. Hence, there is a discrepancy of seven or-
ders of magnitude (!) between the required turbulent energy
dissipation rate to explain the scatter as being due to pure
neutral air turbulence and the value derived from the spectral

width of the radar signal. 81.0+
In addition, Rottger and LaHoz(199Q pqmtt_aq out tha_lt S T B A B RS TSR IR YD
also the spectral shape of the PMSE is significantly differ- P, 4B 85 /deg oy ims”*

ent from the usually assumed Lorentzian shape of incoher-
ent scatter spectra (e.¢dpppe and Hanseri988. Rather, Fig. 7. (a) Mean power Py) measured in the vertical beam di-
the PMSE spectra appear as a superposition of several natection for a two day periodb) aspect sensitivity parametet;},
row band spectra (Figs, spectra for 2 July 1987) or as a and(c) mean spectral width for the vertical beam uncorrected (solid
single high amplitude spike superimposed on a weaker ana'ne)_ and corrected (dashed line) for beam broaderling. This fig-
wider spectral background (Fig, spectra for 9 July 1987). Ure Is reproduced fror@zechowsky et al198§, copyright by the

.. NI - American Geophysical Union.
Rottger and LaHohypothesized that these signatures were
due to fairly small and localized refractive index structures

coexisting within the radar beam (i.e., within a volume of |, o toether with a considerably larger spectral width (see
1km in vertical and 2km in horizontal extent) which move 2y “This morphology of aspect sensitivity and spectral
with different vglocfues. This Wogld further lmply that the i suggests that in the upper part of the PMSE the scatter-
strgctures causing PMSE are unlikely to be filling the Scal-grs are more isotropic (‘turbulent’) whereas they appear to be
tering volume homogeneously. strongly stratified (specular or ‘non-turbulent’) in the lower
part of the layerCzechowsky and &ster(1997) report that

in 90% of their observations PMSE appear to have narrow

A further property of the radar echoes that can potentiaIIySpeCtral width and strong aspect sensitivity, whereas in 10%

teach us a lot about the physics of the scattering process arff heir measurements they found cells of enhanced turbu-
the nature of the scatterers is the so called aspect sensiti/ence characterized by extremely broad spectral width that

ity. The aspect sensitivity describes the radar signal depenPP€ar predominantly in the upper part of the PMSE-region,

dence when the beam is tilted from the vertical direction. In'-€-» @bove 86km. Similar features were later confirmed by
general, a strong signal decrease with increasing beam tilS€veral independent investigators (etgoppe et al. 1990

ing angle implies that the observed scatterers are speculr€cNa €t al.2001 2003 Chilson et al.2002.

(like in the case of Fresnel scatter, i.e., scattering on singl .

pronounced gradients in the electron number density that e;?A Rocket borne observations

tent horizontally over several kilometers), whereas no Sig'Apart from the wealth of radar studies, PMSE have been in-
nal dependence on the tilting angle is usually identified Withvestigated during several sounding rocket campaigns. In Ta-
isotropically oriented scattering structures as they would b, e 2 \ve state a list of the campaigns conducted to date to-
expected in the case of three-dimensionally isotropic turbuyether with suitable references. The most important results

lence. o derived from these measurements are summarized below.
Quantitatively, the aspect sensitivity is usually expressed

as the half width¢s, of the angular polar diagram of the 2.4.1 Evidence for ice particles causing PMSE
backscatterfocking et al, 1986. Hence, large values 6f

imply a small aspect sensitivity and vice ver&€zechowsky  While satellite measurements have recently proven that the
et al. (1988 reported the first measurements of the aspeciparticles forming NLC are indeed made of water ieekvig
sensitivity of PMSE and found indeed a significant aspectet al, 2001) a similar direct confirmation is missing so far for
sensitivity with6, between 2 and T0 Interestingly, the re- PMSE. However, very strong indirect evidence that PMSE
sults ofCzechowsky et a[1988 show large aspect sensitivi- are created through the involvement of water ice particles
ties (smalby) in the lower part of the PMSE layer coincident comes from in situ temperature measurements during the si-
with rather small values of the observed spectral width andmultaneous observation of PMSE and common volume ob-
small aspect sensitivities (largg) in the upper part of the servations of PMSE and NLC (see Sexb). Inhester et al.

2.3.3 Aspect sensitivity

www.atmos-chem-phys.org/acp/4/2601/ Atmos. Chem. Phys., 4, 26382004
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— T T T T TT T T T T T olution of falling sphere measurements at PMSE altitudes
'\ is ~5km (Schmidlin 1991). Figure 8 shows a compari-
i : i son of these temperature measurements with the frost point
temperature for water ice (calculated from the density cli-
matology from lilbken, 1999, and water vapor mixing ra-
tios from Kérner and Sonnemann, 2001) in the altitude range
where PMSE was observed durigg.5 h around the rocket
launch. (This time interval was chosen in order to account
for potential horizontal differences in the PMSE characteris-
4 tics between the location of the radar and the location of the
temperature measurements at a typical horizontal distance of
. ~50km). Figure8 shows that the majority of falling sphere
temperatures and ionization gauge temperatures are lower
. than the frost point temperature, i.e., they allow for the ex-
istence of ice particles. There are only two remarkable ‘out-
T liers’, i.e., the profiles from the falling sphere flight TRS06
and the ionization gauge flight NBT05 where the tempera-
tures reach rather large values-0160 K, which is approxi-
mately 10 K above the frost point temperature. However, in
both cases a closer inspection of the PMSE measured during
these rocket flights showed in fact that the PMSE had dis-
appeared a few minutes prior to the sounding rocket flights.
80 . This is a remarkable correlation between the appearance of
110 120 130 140 150 160 170 PMSE and the thermal structure and provides very strong ev-
idence that PMSE are indeed directly linked to the existence
of ice particles.

90

[km]
T

85

altitude

(TRS06)

temperature [K]

Fig. 8. Temperature profiles measured within PMSE layers. Mea- 4.2 Neutral air turbul t
surements by the falling sphere technique (solid lines) and by thez' ) eéutral air turbulence measurements

TOTAL/CONE ionization gauges (dotted lines) are shown. The . . .
dotted-dashed line presents the frost point temperature profile using'S déscribed above, the first attempts to explain PMSE also
the model HO values fromKorner and Sonnemar(@003). This considered neutral air turbulence as a possible mechanism

figure is reproduced frorhilbken et al(2002, copyright by the  to create the fluctuations in the electron number density in
American Geophysical Union. one or the other way (see also Seg)}t. but this was soon
contested and debated in view of the newer observations at
even smaller wavenumbers with the EISCAT rad&tiger
(1994 reported a first systematic comparison of 22 temper-et al, 1988 Hoppe et al.1988.
ature profiles measured with so called falling spheres and During the NLC91 campaigri,ubken et al(1993h per-
radar observations of PMSE (see esghmidlin 1991, fora  formed the first direct measurements of the turbulent energy
detailed discussion of the falling sphere techniqlighester  dissipation rate in a PMSE layer. They measured fluctuations
et al.(1994 found that the PMSE occurred in exactly the alti- of neutral air density as a conservative and passive tracer
tude range where the temperatures allowed the ice particles tor neutral air turbulence (sdeiibken 1992 for details on
exist. Recentlyl_tibken et al(2002 have provided an update this technique) and identified turbulent fluctuations only in
of this data base and compared additional falling sphere temthe upper part of the altitude range where the CUPRI radar
perature measurements and temperature measurements t@UPRI = Cornell University Portable Radar Interferome-
were performed with active ionization gauges with simulta- ter, seeSwartz et al. 1993 observed strong PMSE and con-
neously measured PMSE profiles. The significant advantageluded that processes different from neutral air turbulence
of the ionization gauge measurements is their much bettemust be responsible for the creation of at least the lower
altitude resolution which is only 200 m independent of alti- PMSE layer. These findings were further supported by differ-
tude and their high accuracy of better tha®% (Rapp et al. ent spectral shapes of electron irregularities in the upper and
2001 2002h. Hence, these measurements allow for a muchlower part of the PMSE as well as different spectral width
more precise comparison of temperatures with PMSE sinc®f the radar signals in the two altitude partslyick et al,
they also show the small scale structure of the temperaturd993 Cho et al, 1993.
profile like for example gravity wave induced local temper- ~ Since these first observations of neutral air turbulence in
ature minima or maxima. Such features cannot be resolvethe vicinity of PMSE, 12 additional rocket borne turbulence
by the falling sphere technique since the typical altitude res-measurements at PMSE altitudes have been performed (2
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| 28011994 %é YuLtoee % ; b occurred at the same altitudes it regularly only happened in
7 = = el e 4o the upper portion of the PMSE layer (i.e., in flight NBTO5,
o o SCTO06, ECT02, ECT07, MDMIO5; it is worth noting here

9 _ I‘S?O"f that this is also consistent with radar observations showing
* o 12 s00 enhanced spectral widths predominantly in the upper alti-
ol N % e tude range of the PMSE layers; see for exan@#echowsky

5 | ®° etal,1988. In addition, it must be noted that turbulence was

o 1004 L UDM0S oo 12 | =0 often observed at altitudes where no PMSE was present, i.e.,
foos3uT LjooosUT A= A normally above the PMSE layer and in two cases (NBTO05,
® 2“ o x ’ ECT12) also below the PMSE layer. The more recent obser-

Fig. 9. Comparison of turbulent energy dissipation rate&olor vations byMullemann et al(2003, Strelnikov et al(2003,

coded) and the PMSE intensity for 8 sounding rocket flights. Thisand Rapp et al(2004 confirm this general picture of the

figure is reproduced frorhiibken et al.(2002, copyright by the morphology O_f turpulgnce and PMSE.
American Geophysical Union. To summarize, in FiglO we compare the occurrence rate

of PMSE with the occurrence rate of neutral air turbulence

as determined from the sounding rocket flights mentioned

above (sedRapp and libken 2003a for details how these
during the NLC91 campaign, 2 during the SCALE cam- occurrence rates were determined). Figl@eshows that in
paign, 3 during the ECHO campaign, 1 during the DROPPSg climatological sense neutral air turbulence indeed occurs in
campaign, 2 during the SOLSTICE campaign and 3 duringthe entire altitude range where PMSE is observed. At alti-
the MIDAS/MACWAVE campaign; see Tablg). The re-  tudes above-86 km the turbulence occurrence rate is even
sults from the first 8 launches were summarized_fipken  |arger than the PMSE occurrence rate. At lower altitudes,
et al.(2002. The turbulence measurements during the SOL-however, the PMSE occurrence rate is significantly larger
STICE campaign are reported Mullemann et al(2003  than the turbulence occurrence rate, for example at 85km
and results from the three sounding rocket flights during thePMSE occur with a rate 0f65% whereas turbulence only
MIDAS/MACWAVE campaign have just recently been pub- occurs with a rate 0f35%. Hence, at the lower altitudes in
lished inStrelnikov et al(2003 andRapp et al(2004, re-  the PMSE altitude range, neutral air turbulence can clearly
spectively. Individual comparisons of PMSE observationsnot directly account for the occurrence of PMSE.
and turbulence measurements are shown inidt is evi-
dent from this figure that there is clearly no one to one cor-2.4.3 Electron biteouts and small scale plasma structures
relation between the occurrence of turbulence and the occur-
rence of PMSELUbken et al(2002 performed a statistical One of the most prominent features of the PMSE environ-
analysis of these data and found that in more than 50% of alment is the fact that the electron number density appears to be
altitude bins where PMSE was observed there was no neutrdtequently disturbed in the altitude region of the radar echoes.
air turbulence present. If, however, turbulence and PMSH-igure 11 shows one of the earliest observations from the

www.atmos-chem-phys.org/acp/4/2601/ Atmos. Chem. Phys., 4, 26382004
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Table 2. Sounding rocket campaigns dedicated to the study of PMSE.

Campaign Location Date Reference
STATE Poker Flat, Alaska June 1983 Ulwick et al. (1988
MAC/SINE Andgya, Norway July 1987 Inhester et al(1990
NLC91 Kiruna, Sweden  July/August 1991 Goldberg et al(1993
SCALE Andgya, Norway  July/August 1993 Blix (1999
ECHO Andgya, Norway July/August 1994 Havnes et al(1996h
DROPPS Andgya, Norway July 1999Goldberg et al(200])
SOLSTICE Andgya, Norway June 2001 Smiley et al.(2003
MIDAS/MACWAVE Andgya, Norway July 2002 Blix et al. (20033
STATE 3 CURRENT PLOT (UPLEG) since the STATE observations, similar depletions of the elec-
10- 10~ 10-8 10-8 tron number density, also called ‘biteouts’, were observed

- in almost all rocket borne electron number density measure-

-20 -10 o 10 20 a0 40 ments in the vicinity of PMSE (see Tabfa.efor_ suitable ref-
100 1 ] 1 ! 1 erences) and could also be detected with incoherent scatter
MST RADAR S/N(db) radars in the UHF wavelength rangRdttger et al. 1990.

' Hence, they must be considered as a typical feature of the
PMSE environment. In Se@®.we address our understanding
of this feature in detail and show that the electron biteouts are
direct evidence for the presence of charged ice aerosol par-
ticles at PMSE altitudes. Note also that such biteouts were
X observed much earlier than PMSE itself (eRedersen et al.

7 1969 — seelLubken and Rapi§2001) and Friedrich et al.
(1999 for overviews of plasma measurements in the high
8 latitude summer mesopause region.
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Apart from this large scale characteristics of the elec-
tron number density in the PMSE altitude randéwick
et al. (1988 further showed that the observed radar echoes
are quantitatively characterized by the structure of the elec-
tron profile at the radar Bragg scale: following the work of
Ragyrvik and Smith(1984 (who made similar rocket mea-
B surements in order to explain VHF echoes-@0 km altitude
704 102 7 — T observed at Jicarmarca, Peru, 12.8% they directly com-
10 10 puted the radar signal to noise ratio from the power spectral
ELECTRON DENSITY (el/cm?) density of the measured electron number density irregular-
ities at the Bragg scale and found a very good quantitative
Fig. 11. Height profiles of rocket borne DC probe measurementsagreement. These results were later confirmed by several in-
of the electron number density (solid line) and VHF radar EChoesdependent investigatormpester et a).199Q Lubken et al.
(solid circles) for the STATE-3 rocket flight conducted on 17 June 1993h Blix et al., 20039 and hence showed that the char-

1983 from Poker Flat, Alaska. The dashed line illustrates a morey .o istics of PMSE observations are consistent with the as-
typical D-region electron number density. This figure is reproduced

from Ulwick et al. (1988, copyright by the American Geophysical Sumpt"?’.‘ of volume scatter from electron number d_ensr[y Ir-
Union. regularities and can not be due to specular reflections from

single steep gradients as they appear for example at the edges

of the electron biteouts (see aldocking and Rttger, 1997,

for a discussion of the feasibility of specular reflection to ex-
STATE campaign in 1983Ulwick et al, 1988. Figurell plain PMSE). Still, it must be noted that the aspect sensitiv-
shows that the electron number density is depleted by agty of PMSE shows that the scattering structures can not be
much as a factor of ten in the altitude region where strongpurely isotropic. See Sed@.3.3for a more detailed discus-
echoes were observed from the Poker Flat VHF radar. Evesion of this particular point.
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Fig. 13. Scatter plot showing the dependence of the PMSE SNR
values on the electron number densities at 87 km during the ma-
jor solar proton event on 14 July 2000. While no correlation is
getectable for electron number densities lower thanl0/cm® a
clear anti-correlation is observed for higher electron number densi-
%ies. This figure is reproduced froRapp et al(20023, copyright

by the American Geophysical Union.

Fig. 12. Left panel: Profile of the radar signal to noise ratio (SNR)
measured with the ALOMAR-SOUSY VHF radar during sound-
ing rocket flight ECT02. Right panel: profiles of electron num-
ber densities (black line) and aerosol charge number densities (re
line) measured during sounding rocket flight ECT02. These dat
are taken fronHavnes et al(19960 andLubken et al(1998.

2.4.4 Observation of charged ice particles
cloud was observed by a ground based lidar. These measure-

While the observation of electron biteouts, the occurrence ofments are however much more difficult to explain than the
PMSE in the vicinity of noctilucent clouds (see Sez), observations of negatively charged particles. In subsequent
and the tight coupling of the seasonal dependence of PMSEampaigns, several investigations have provided further ev-
and NLC occurrence provided strong evidence that PMSEdence for the existence of negatively charged aerosol par-
are closely related to aerosol particles, the first direct in situticles in PMSE Havnes et a.200% Mitchell et al, 2001,
measurement of (charged) ice partiélesan PMSE environ- 2003 Smiley et al, 2003. Concerning positively charged
ment must be considered as one of the major steps towards grarticles there seem to be further indications that they do ex-
understanding of PMSE. The pioneering work was done byist (Mitchell et al, 2001, 2003 Smiley et al, 2003, however,
Havnes et al(19960 who applied a Faraday-cup-like instru- our current understanding of these measurements is far from
ment (the ‘DUSTY’-detector) to measure the charge num-being conclusive.

ber density associated with the particles. FigliPeshows

the first altitude profile of charged aerosol particles measure®.4.5 The charge balance at PMSE altitudes

during the ECHO sounding rocket campaign from the Nor-

wegian Andgya Rocket Range on 28 July 199%avnes  As seen in the previous section, the plasma environment of
et al. (1996 observed negatively charged particles in two PMSE is characterized by the presence of electrons, positive
distinct layers, one centered at 87.5km and the other cenions and charged particles. In the theoretical treatment of
tered at 85.5km altitude. Most interestingly, the measure-pPMSE (see Sec8 below) it was suggested that the relative
ment of the number density of free electrons made on thesbundance of these different species is a critical parameter.
same sounding rocket revealed two distinct electron biteout$ollowing the work byCho et al.(1992), this relative abun-
exactly at the same altitudes indicating that biteouts form bedance is typically quantified by the ratio between the charge
cause the aerosol particles act as an efficient sink for elechumber density of the aerosol particleg {| N 4) and the free
trons (and hence acquire a net negative charge; see3pect. electron number densityM,) and several authors claimed
During the same campaighiavnes et al(1996h also ob-  that this ratio should be larger thanl for PMSE to occur
served a layer of positively charged aerosol particles col(j.e., the charge balance should be dominated by the abun-
located with an electron enhancement (instead of the morelance of charged aerosol particles, see €lyg, et al, 1992
common biteout) in the altitude range where a noctilucentHagfors 1992.

INote that we distinguish between particles and large cluster First doubts if this condition is indeed satisfied under real
ions: while the largest cluster ions reported from measurements i’ MSE conditions arose whetavnes et al(2001) repgrted
the mesosphere so far had masses of less than a couple of hundrdeasurements of the aerosol charge number density and the
amu, particles are considered to be more massive than several tho@lectron number density from a miniaturized sounding rocket
sand amu. launched into a PMSE event. These measurements showed
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| Eoctondensiylucustonst) files. These authors derive@ 4|N4/N, from in situ mea-
80—l sl il il 9 surements of either positive ion and electron number den-
Sousy sities (making use of the assumption of local charge neu-
) trality, i.e., the assumption that the sum of all charges over
— length scales significantly larger than the Debye-length of
5 o1 the plasma is zero) or directly from aerosol charge num-
B ber densities and electron number densities. As an exam-
54| ; ple, Fig.14 shows the comparison of th&4|N4/N.- and
1 iormvomis PMSE profile as measured on sounding rocket ECT02 dur-
& ——  m ; ; ‘ ing the ECHO campaign (see Tal#p The comparison of
"SousvsuR (@ T e T electron number density fluctuations at the Bragg scale (3 m)
and the power received by the ALWIN radar shown in the left
Fig. 14. Left panel: Comparison of radar power in dB and electron Panel of Fig.14 showed that the radar echoes were indeed
number density fluctuations in % at 3m scale measured on bottflue to the small scale structure of the electron number den-
upleg and downleg of the ECTO2 flight. Right panel: Calculated Sity as expected. (Technically speaking, this consistency also
ratio between aerosol charge number densiy (N4) and electron  proves that the sounding rocket indeed probed the PMSE ob-
density (V) for the upleg part of the ECTO2 flight. The red vertical served with the ground based VHF radar.) The comparison
red lines mark ratios ofZ4|N4/N.=1. This figure is reproduced of |Z,|N4/N.-values within the PMSE layer shown in the
from Blix et al. (20039, copyright by the American Geophysical right panel, however, showed thigts|N4 /N, was smaller
Union. than 1 in almost the entire altitude range where PMSE (and
strong fluctuations in the electron number density) were ob-
a nice correspondence between the general occurrence gérvedBlix et al. (20039 considered a total of four sounding
charged particles and PMSE, howeudavnes et al(2001) rocket flights and found that only in 15% of all altitude bins
also noted that PMSE occurred in altitude regions where thavith PMSE|Z4|N4/N,-values larger than 1 were observed
ratio|Z4|N4/N. was as small as 0.05. and that even in~75% of all altitude bingZ4|N4 /N, was
In a completely different studyRapp et al(20023 inves-  smaller than 0.5.
tigated the PMSE dependence on the background electron Taken together, these observations showed that the plasma
number density during the strong solar proton event on 14environment of PMSE does not need to be dominated by the
July 2000. These authors found a significant negative corconcentration of charged aerosol particles, though the pres-
relation between electron number densities determined fronence of these charged particles is indeed a necessary condi-
flux measurements of energetic protons from the geostationtion for the existence of the radar echoes.
ary GOES-8 and ACE satellites and PMSE observed with
the ALWIN VHF radar at the Andgya Rocket Range {69 2.4.6 Electric field measurements in PMSE
for electron number densities larger than a threshold value
of ~7.10°/cm?® (see Fig.13). Rapp et al.(20023 argued  Electric field measurements in PMSE layers have proven to
that the overall decay of the PMSE during a significant risebe extremely difficult to perform because of the severe in-
of the background ionization was expected on the grounderaction of the charged aerosol particles with the superson-
of the Cho et al.(1999 theory since a rise inv, would ically moving sounding rocket payloadZadorozhny et al.
correspond to a decrease|ifia|N4/N, such that at a cer- (1993 reported strong electric fields on the orderdf V/im
tain threshold value the electron diffusivity should not be in a PMSE layer, however, based on laboratory investiga-
reduced any more. However, these authors were also puzions on the impact of supersonic water clusters on their elec-
zled by the fact that the PMSE was unaffected for a verytric field mill, they later published corrections with values of
wide range of electron number densities, i.e., between somabout the same order of magnitud@¢lorozhny et al1997.
103 electrons/crh up to ~7-10P/cm® and pointed out that In a more recent investigatiohjolzworth et al.(2003), ap-
current knowledge about the abundance of aerosol particleplying a different technique, also found strong V/m pertur-
at mesopause altitudes and their charging properties coultiations at PMSE altitudes. Howeveiplzworth et al (2001)
not explain thatZ4|N4 /N, remained larger thar1 for all also showed that these signatures were artificially created by
these electron number densitieRapp et al(20023 con-  payload/charged particle flow interactions during the traverse
cluded that . .either our current understanding of the nucle- of the PMSE layer and concluded that if there was any DC-
ation of ice particles in the polar summer mesopause regiomlectric field, it was smaller than just a few ten mV/Rfaff
is incomplete or that current PMSE theories (i.e., the Choet al.(2001) analyzed the same data set for small scale irreg-
et al., 1992-theory) fail in their interpretation of the role of ularities and identified small scale structures with amplitudes
charged aerosol particles’. of ~10 mV/m that they claimed were not artificially created
Motivated by these observatiorBlix et al. (20039 per- but geophysical. In summary, electric field measurements
formed a detailed comparisonié4|N4 /N, and PMSE pro- conducted to date do not yield a conclusive picture such that
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Fig. 15. Radar signal to noise ratio (SNR, colored contours) de- b

tected with the ALOMAR SOUSY radar as a function of altitude
and time. The black isolines mark the noctilucent cloud detected
by the ALOMAR RMR lidar. This figure is reproduced from
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Nussbaumer et a{1996, copyright by the American Geophysical < .
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further experimental efforts are needed to obtain quantitative ~ 91:00 b un 01:20 01:30
results on the strength of large and small scale electric fields
at PMSE altitudes. Fig. 16. Upper panel: PMSE observed with the EISCAT VHF radar

at Tromsg on 10 July 1999. The lower bar code indicates when the
heater was turned on (blue) and off (white), respectively. This figure

. . is reproduced fronThilson et al(2000, copyright by the American
Also common volume observations of noctilucent clouds andgegphysical Union.

PMSE confirmed the close relationship between the radar
echoes and ice particles in the mesopause regiNnoss-

baumer et al(1996 presented the first common volume ob- (j.e., when they coincide with NLC) but also the smaller ice
servation of a noctilucent cloud with the ALOMAR RMR- particles that are not yet visually observable. These conclu-
lidar and a PMSE with the ALOMAR SOUSY radar at the sijons are in line with the standard growth and sedimentation
Andgya Rocket Range/gn Zahn et al.200Q Singer et al.  scenario of mesospheric ice particles. In this scenario it is
1999. As shown in Fig15, these authors found a close re- considered that the ice particles nucleate at the altitude with
lationship between the two phenomena with the NLC layer|argest supersaturation (i.e., close to the mesopause) and then
located at the lower edge of the PMSE layer in most of thegrow by further condensation of water vapor onto their sur-
cases.von Zahn and Breme(1999 significantly expanded  face. Then the particles sediment down due to gravity, and
the data base presented in this first study by analyzing a totaain further size until they are large enough to be visually
of 22 joint NLC/PMSE observations and basically confirmed observed as NLC (see al3arco et a|r 1982 and Sect3_]_)_

the close relationship between NLC and PMSE. Altogether,

they identified three distinct empirical types of PMSE/NLC 2.6 Active modulation of PMSE: the heating experiments
observations: in the standard case (= type 1; in 66% of all

observations), NLC and PMSE occurred simultaneously inRecently,Chilson et al.(2000 have opened a new experi-
the same volume, with the NLC layer located in the lower mental ‘window’ for the study of PMSE: these authors used
part of the PMSE layer and with identical lower edges. Typea powerful HF heater in order to modify the electron temper-

2 allowed for temporal differences between the layers, i.e.ature at altitudes where PMSE was simultaneously observed
at times there were NLC present but no PMSE (in 16% ofwith the EISCAT VHF radar to temperatures 3000 K

all observations), and type 3 allowed for spatial differences(Belova et al. 2001). Stunningly, the PMSE immediately
between the layers, i.e., at times the NLC was not locatedlisappeared when the electron gas was heated and imme-
at the lower edge of the PMSE (in 21% of all observations).diately reappeared when the heater was switched off (see
The close coupling of NLC and PMSE is further strong evi- Fig. 16).

dence that ice particles play a substantial role for the creation While Chilson et al(2000 used a rather short cycling of

of the radar echoes. In particular, the frequent occurrence ofieater ‘on’ and ‘off’ phased;lavnes et al(2003 applied a

type 1 observations leads to the conclusion that NLC are evdifferent heating sequence with a short heating period fol-
idence of the particles that have grown large enough to bdowed by a long heater ‘off’ phase. As shown in Fi,
visually observable whereas PMSE are related to both larg¢hese authors observed a strengthening of the PMSE after the

2.5 Common volume observations with NLCs
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Fig. 17. String of four PMSE ‘overshoots’ in a 12-min interval

on 2 July 2003. The bottom figure shows the raw data observedxig, 18. Time-altitude dependence of water vapor mixing ratio, sat-
with the EISCAT VHF radar, while the top figure shows the same yration ratio, total ice number density and mean ice radius during
data but smoothed. The middle figure shows the sum of the threghe formation and growth of a noctilucent cloud. The black isolines
highest intensities at each time sample and is a measure of the totglerlayed on each plot show lines of constant backscatter ratio as
PMSE intensity as a function of time. The vertical lines indicate the it would be observed by a lidar with a laser Wave|ength of 532 nm
periods when the heater was switched on. This figure is reproduceghfter Rapp et al.2002h copyright by the American Geophysical
from Havnes et al(2003, copyright by the American Geophysical Union).

Union.

initial reduction during the periods of enhanced electron tem-f]ensen et'a,l.1989 Jeqsen and Thoma$994 and to the
peratures. interpretation of combined rocket borne and ground based

Both effects, the weakening of the PMSE at times of en.measurements of relevant parameters like the local thermal
' nd dynamical structure and the brightness of the ice parti-

hanced electron temperatures and the strengthening if a lon ) .
recovery time during two heater ‘on’ phases is allowed for, ?Ies when being probed by a lid&dpp et al.2002Y.

have been convincingly explained in the meantime. For a These models treated three completely interactive con-

detailed description of the theoretical understanding of botrstituents: meteoric smoke particles which act as the con-
effects see Secd.3.3 densation nuclei of the ice particles, ice particles, and meso-

spheric water vapor. The height profile and the size distribu-
tion of meteoric smoke particles were calculated as described

3 Physical mechanisms in Hunten et al(1980. For the ice particles, microphysical
processes like nucleation, condensational growth, and coag-
3.1 Ice particles in the polar summer mesopause ulation were treated, as well as particle sedimentation and

transport. Figure 8 shows the results of such a microphys-

As repeatedly mentioned above, there is compelling evidencéal model simulation taken from the work Byapp et al.
that the presence of ice particles is a major prerequisite fo(2002h). Figure 18 reveals the picture of the well known
the existence of PMSE. Thus we start our review of the cur-growth and sedimentation scenario of mesospheric ice par-
rent understanding of PMSE with a short description of theticles. Ice particle nucleation on meteoric smoke particles
general microphysical life cycle of ice particles in the vicin- takes place at the altitudes with the lowest temperatures and
ity of the polar summer mesopause. hence largest saturation ratios S (= ratio between water vapor

Starting with the comprehensive pioneering workiloyco partial pressure and saturation pressure over water ice), i.e.,
et al. (1982 microphysical models of the generation and between 84 and 90 km altitude yielding ice particle number
growth of mesospheric aerosol particles have been a majotlensities close te-10°cm=3. The particles then sediment
tool for identifying the relevant physical processes. After this down due to their gravity and further grow by direct conden-
initial study, similar microphysical models were successfully sation of water vapor onto their surface reaching maximum
applied to the interpretation of satellite borne observationsmean particle radii between 40 and 50 nm. The potential op-
of polar mesospheric clouds (PMC = NLC observed fromtical signature of these ice particles is indicated by the black
space) with the SME satellitel¢nsen and Thoma&988§ isolines which show values of the backscatter ratio BSR that

Atmos. Chem. Phys., 4, 2602633 2004 www.atmos-chem-phys.org/acp/4/2601/



M. Rapp and F. J. ibken: Review of PMSE 2615

would be observed by a lidar at 532 nm wavelength (BSR 10000

= total received signal at a certain altitude divided by the :

signal due to pure molecular Rayleigh scattering. B3R

when Mie scattering due to ice particles enhances the scat-

ter significantly over the Rayleigh background). The max-

imum brightness is reached at altitudes~e81.5 km with

corresponding particle radii 6£40 nm and number densi-

ties of 50-100cmS. These numbers are generally consis- < s

tent with values derived from multi-color lidar observations < [

by von Cossart et a[1999. Figurel18a further shows that

the formation and growth of the ice particles leads to signif-

icant redistribution of water vapor due to the freeze drying 100

effect (because the ice particles ‘consume’ the available wa-

ter vapor when they grow) and subsequent deposition of the r, [nml

ice contained water vapor at the bottom of the cloud. Note

that recent satellite water vapor measurements indeed finglig. 19. Relative disturbance of electron (blue lines) and positive

evidence for this local water vapor maximum at the cloudion number density (green and red line&y;. andAn; in percent,

bottom height (e.g.Summers et al.200% McHugh et al, as a function of the particle radius, rand number density, N The

2003. calculations have been perfomed for an electron/ion production rate
Besides these studies that aimed at understanding the geR=10/(cn?s) and a recombination coefficient10~° cm®/s Rapp

eral microphysics, progress has also been made in the mod@"d Liibken 2001.

eling of large scale and even global structures of these ice

clouds. In particularBerger and von Zah(2002 andvon

Zahn and Berge(2003 have recently presented the first itive ions Q=10 m—3s~! and electron-positive ion recombi-

model study of global features of the mesospheric ice parnation rater=10"1>m?3s~%, corresponding to an undisturbed

ticle population by combining a microphysical ice particle plasma density of/Q/a~3-10° m~3 which is a reasonable

model with a 3-dimensional general circulation model of the value for the polar D-regionEriedrich and Torkar2001).

[/cm3]

1000}

VNs= 3162.3
1 a=1.06-06
{0= 10.00
— An;>0

— Any<0

—_A
An,

middle atmosphere. Jensen and Thom&$991) found an average aerosol charge
of -1e for particles with radii between 1 and 10 nm, and then
3.2 Aerosol charging a linear increase of the aerosol charge, rex2¢ for 30 nm

particles and-3e for particles with a radius of 50 nm (with
As seen in SecR.4.4 mesospheric ice particles modify the being the elementary charge). These results were then further
charge balance of the ionospheric D-region plasma. This igeneralized byRapp and kibken(2001) who also systemati-
particularly evident from the observations of strong deple-cally considered the dependence of the aerosol charge on the
tions in the electron number density at PMSE altitudes whichbackground plasma conditions and studied the expected re-
show that the aerosol particles act as a sink for the electronsponse not only of the electron number density but also the
and hence become negatively chargBeid (1990 was the  positive ion humber density. FigurEd shows the change
first to consider this process quantitatively: based on the elecef the electron and positive ion number density relative to
tron and positive ion capture rates dueNatanson(1960 a background where no particles are present as a function of
he studied the concentration of singly and doubly chargecdboth particle number density, and particle radius,. Rapp
ice particles and the feedback of their charging on the backand Lilbken(2001) pointed out that the ice particles leave a
ground electron and positive ion number density as a functiorcharacteristic ‘fingerprint’ in the plasma if the effect on both
of the number density of available ice particles. Keeping alsoelectrons and ions is considered: while the electron number
the ice-equivalent water vapor content inside reasonable limdensity is expected to be depleted for all aerosol particle pa-
its, Reid (1990 concluded that several thousand ice particlesrameters considered, the positive ion number density can be
per cubic-centimeter with a radius 6fL0 nm were the most either depleted (when being controlled by the capture on the
likely candidate to explain the observed biteouts in the freeice particles) or even enhanced (when being controlled by
electron number density. Consequently, most of the ice parthe recombination with electrons). Hen&gpp and kibken
ticles should be singly negatively charged. The drawback of(2001) showed that the combined measurement of the distur-
this study, however, was its restriction to singly and doubly bance in the electrons and ions allows for a characterization
charged particles such thinsen and Thom#$991) devel-  of the aerosol particles themselves. This idea was then ap-
oped this model further by allowing for an arbitrary negative plied by Lilbken and Rap§2001) who derived aerosol pa-
particle charge and derived the statistical charge distributiorrameters like radii and number densities from the observa-
as a function of particle radius for standard background con+ion of positive ion and electron disturbances under PMSE
ditions of the D-region (production rate of electrons and pos-and/or NLC conditions. In summary, the interaction of the
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Fig. 20. Power spectral densities (PSD) of a passive tractr 0.001 | ‘ ‘ ‘
two different Schmidt numbers of Sc=1 and Sc=100, respectively. 0.0 0.5 10 15 20

The upper ordinate converts wavenumbers to lengths. The numbers

‘—5/3" and -1’ indicate the wavenumber power law at the scales

shown. The vertical dashed line indicates the inner scale (see text

for details) and the vertical dashed dotted line indicates the Braggrig. 21. Electron diffusion coefficienD, in units of the positive

scale of a 50 MHz radar. ion diffusion coefficientD; as a function of the ratio between the
aerosol charge number densj#4 | N4 and the free electron num-
ber densityN, according toCho et al.(1992, copyright by the

electrons and positive ions with mesospheric aerosol partiamerican Geophysical Union.

cles appears to be quantitatively understood. Nevertheless, it

must be noted that so far there is no physical explanation for

the occasional observation of positively charged aerosol parirysion coefficient of the tracer is much smaller than the

ticles (see Sece.4). It has been proposed that photo emis- \inemaic viscosity of air (being responsible for the damp-

sion of ‘dirty’ ice particles may be involvecHavnes et al. g of the velocity fluctuations) tracer structures can persist

1990, however, quantitative calculations of the charging of 4; scales<<lg’ (see Fig.20). Batchelor(1959 further esti-

ice aerosol particles by photo emission are hampered by thﬁwated the shape of the tracer spectrum bey§ndnd found

fact that the details of the complex index of refraction of SUChthat the spectrum should reveal a so called viscous convective

‘dirty” ice particles are not yet availabl&@pp and Libken subrange characterized by.al dependence (wheteis the

1999. wavenumber). Note that indeed this spectral behaviour has

been verified by laboratory investigations on high Schmidt

number tracersGibson and Schwart4963 Gibson et al.

1970 and by direct numerical simulation methodogucki

et al, 1997. Quantitative considerations based Kelley

et al. (1987’s ideas and the available experimental knowl-

The first breakthrough in our understanding of PMSE wasedge on proton hydrates in the polar summer mesopause re-
achieved through the work oKelley et al. (1987 who  gion Johannessen and Krankowsk$72 Kopp etal, 1989
proposed that electron diffusivity around the polar summershowed, however, that the mass of the positive ions was far

mesopause region could be reduced due to the presence &0 smallin order to lead to an electron Schmidt numbar
large positive ion clusters. If a tracer diffusivity D is con- required to explain the PMSE observations. Subsequently,

siderably smaller than the kinematic viscosity of aior in ~ Cho et al(1992 considered larger particles, namely charged
other words, if the Schmidt number S¢B is considerably  ice particles. Cho et al.(1992 applied the multipolar dif-
larger than 1 then fluctuations in the tracer field can extendusion theory ofHill (1978 to a diffusion system consist-

to much smaller scales than the fluctuations of the turbulentng of electrons, positive ions and charged aerosol particles.
velocity field. This basic result of the theory of turbulent They found that if somewhat more than 50% of the over-
tracer advection goes back Batchelor(1959 who demon-  all negative charge is bound on the aerosol particles, i.e.,
strated that tracer structures at scales around the inner scal@alNa/Ne>1.2 (Z4|: number of charges per particl¥,:

are compressed by a pure strain motion due to the velocitparticle number densityV,: electron number density), the
gradient (./€/v) acting on scales around the innersdé‘le electron diffusivity should drop down by several orders of
(= the transition scale between the inertial and the viscougnagnitude to the value of the aerosol diffusivity (see 1.
subrange). This strain leads to the creation of structures sig- Thus at the time ofCho et al.(1992’s work the pic-
nificantly smaller tharigl which subsequently can only be ture of our understanding of PMSE seemed to be complete:
erased by the action of molecular diffusion. If, however, the The presence of neutral air turbulence in combination with a

|Z,IN./N¢

3.3 Turbulence with high Schmidt number: the hydrody-
namic theory of PMSE

3.3.1 The concept
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Fig. 22. Measured (symbols) and calculated volume reflectivities

(lines) for different radar Bragg wave numbers (lower abscissa) ancl: 'g. 23. Decay times of a Gaussian electron perturbation (with a

Bragg scale (upper abscissa), respectively. Parameters used in t%dth = 67cm) as a function oA=|Z4|N4/Ne for the case of

calculations for all black lines are given in the black colored insert. positive ions and singly negatively charged aerosol particles with a

Parameters used in the calculations for all red lines are given inradIU|S of 10nm and different values of/T,. This figure is repro-

the red colored insert. The horizontal lines indicate the incoherenfjucmj fromRapp and Gibken (2000, copyright by the American

scatter reflectivity (Thomson scatter) for an electron number densityGeopm/S'C"’lI Union.

of 5000cm 2 (black) and 50@m 2 (red), respectively. The two
red symbols mark the observations reportediytger(2007).
electron number density, and the electron irregularity dis-

sipation rate:, (Giebeler 1995 the observations at 50 MHz,
reduced diffusivity of electrons due to the presence of a con224 MHz and 500 MHz can be readily explained (thick black
siderable amount of charged aerosol particles seemed to B#€). Itis also interesting to note that using the same parame-
sufficient to explain the existence of the electron irregulari- ters bute=2.5 W/kg (which is the largest value that has so far
ties at the Bragg scale and subsequently this concept was fubeen reportediibken et al.2002) also allows to explain the
ther elaborated and applied by several authiélsstermeyey observed reflectivity at 933 MHz (thick dashed line). Note
1997, 1999h Chaxe| 1997 Hill et al., 1999. However, further that the produdv? - ¢, is o« AN,, whereAN, an ab-
the observation by ilbken et al.(1993h (see Sect2.4.9 solute small scale fluctuation of the electron number density
that soon followed the publication of the theory created a(Driscoll and Kennedy1985. Hence,N? - €, characterizes
dilemma since they showed that one of the crucial requireihe absolute magnitude of the electron number density fluc-
ments of theCho et al.(1992-theory, i.e., the presence of tuations due to turbulence and determines the absolute level
neutral air turbulence, was not fulfilled. This dilemma trig- Of the calculated reflectivity. With this information in mind,
gered a variety of approaches that tried to explain PMSE inve also see that the considerably lower values reported by
the complete absence of neutral air turbulence (see&égt.  Rottger(2001) can be directly explained in the scope of the

A solution to this dilemma is presented in S&6. Cho et al.(1992-theory (red dotted line). In summary, the
Cho et al.(1992-theory can explain PMSE observations at
3.3.2 Absolute volume reflectivities all radar frequencies provided that indeed neutral air turbu-

lence is present.
Recent observations of turbulent energy dissipation rates and
Schmidt-numbers around the polar summer mesopause no&.3.3 Evidence for electron diffusivity controlling PMSE
also allow for a quantitative comparison of observed and
computed radar volume reflectivities based on the above deAs described in SecR.6the observations of an active mod-
scribed theoryl(tibken et al.1994 1998 2002. In Fig. 22 ulation of PMSE through RF-heating of the ambient elec-
we compare the measured absolute reflectivities stated in Tarons have opened a new experimental window for the study
ble 1 with calculations of the volume reflectivity based on a of PMSE. Rapp and libken (2000 interpreted the obser-
Schmidt-number dependent turbulence mod@gigcoll and  vations by Chilson et al.(2000 in the scope of the elec-
Kennedy 1985 (for details on the calculation of the vol- tron temperature dependence of the electron diffusion in the
ume reflectivity based on thBriscoll and Kennedymodel  vicinity of charged aerosol particles and found that an elec-
seeGiebeler 1995. Figure22 shows that with reasonable tron temperature rise indeed explains the observed features.
values for the Schmidt-numbet ijbken et al. 1999, the Figure23 shows calculated decay times for idealized distur-
turbulent energy dissipation ratei(bken et al. 2002, the bances of Gaussian shape in the electron number density in
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In addition, the calculations ¢&tapp and kibken(2000 sug-
gested that when the heater is off, the electrons immediately

rBean1Iog(I3) [e'/?c):m'S*Rmz]
5 acquire the neutral gas temperature due to collisions with the

95 neutral molecules and diffuse back to their original positions
since the disturbance in the charged aerosol particle distribu-
tion has not been affected by the heating. In a second inves-

90 tigation, Rapp and ibken(2003h have further shown that

the PMSE decay and reappearance are expected to happen
on time scales on the order of 1 ms which is also in accor-
dance with a recent reanalysis of the origi@dlilson et al.
(2000-data byBelova et al(2003.

With a similar theoretical approachlavnes(2004 have
recently also succeeded to explain the PMSE overshoot ef-
fect reported byHavnes et al(2003 (see Sect2.6). In ad-

> dition to the electron temperature dependence of the mul-
an PMSE 1 tipolar diffusion system, Havnes also considered the time-

d

altitude [km]
(00)
(@)}

m

80 b and temperature-dependent charging of the aerosol particles.
....mean P, no wave Havnes(2004) showed that during periods of enhanced elec-
—..mean P, T=8h | tron temperatures the aerosol particles acquire a larger neg-
— ] ative charge (because the charging rates are temperature de-
75+ —mean P’ T=1h ] pendent) leading to a steepening of aerosol charge density

\ \ \ gradients. After the heating was switched off, the structures

20 25 30 35 40 in the electron gas reformed, this time, however, also with
: steeper gradients in order to compensate for the enhanced

mean Slgnal power [dB] gradients in the aerosol charge density distribution. This fi-

, , nally leads to a stronger PMSE signal than before the heater
Fig. 24. Grey shaded area: Mean observed PMSE signal power dur-

ing the months June and July 2000. Dotted line: Mean prox rofileWaS SWItCheq on. . .
obgtained by time averaging 2y4 h CARMA model simulat?ons%/golid, The combined experimental and model results fonil-
dotted, and dashed-dotted line: Mean proxy profiles obtained fromSON €t al(2000, Belova et al (2003, Havnes et al(2003,
CARMA simulations including gravity wave activity for wave peri- Rapp and [ibken(200Q 20031, andHavnes(2004 hence
ods of 8h and 1 h, respectively. This figure is reproduced fRpp ~ provide strong direct evidence that the reduction of elec-
et al.(20039, copyright by the American Geophysical Union. tron diffusivity due to the presence of charged aerosol parti-
cles and their charging due to diffusional fluxes of electrons
onto their surface are two key physical processes leading to
the presence of similar disturbances in the negatively charge@MSE.
aerosol number density and positive ion number density (see
the figure caption of Fig23 for further details). The calcu- 3.4 A microphysical proxy for PMSE
lations were performed for different values | 4|N4 /N,
and T,/ T,, whereT, is the electron temperature arfg As demonstrated in SecB.1, microphysical models satis-
the temperature of the neutral gas. Note that during heatfactorily describe the physics of the formation and growth
ing only the electron temperature is affected whereas theof mesospheric ice particles. Furthermore, models of the
positive ion temperature and the temperatures of the neueharging of aerosol particles and their multipolar diffusion
tral gas and the aerosol particles do not change (Rig., readily account for a variety of observations like in situ ob-
etveld et al. 1986. Similar to the results offho et al.  servations of charged particles and electron biteouts and also
(1992, Fig. 23 shows that for considerably large values of the active modulation of PMSE through RF-heating. Subse-
|ZA|Na/N, and T,/ T,=1, the decay times are much larger quently, Rapp et al. (20039 combined a microphysical ice
than without charged aerosol particles (i|&€.4|N4/N.<1), particle model with an aerosol charging model hence allow-
indicative of a significantly reduced electron diffusivity and ing to simulate not only neutral but also charged aerosol par-
hence the possibility to maintain fluctuations in the electronticles. In order to test the idea that the main features of PMSE
gas at the radar Bragg scalBelova et al.(200]) have esti- depend on microphysical properties of these charged aerosol
mated that during the heating pulse, the electron temperaturparticles, they suggested a simple empirical proxy for PMSE
rises by about a factor df,/T,=20, i.e., to a temperature that can be studied with the available microphysical models.
of ~2500 K. With thisT,/T,-ratio and for|Z4|N4/Ne>1, Rapp et al(20039 assumed that the most important physical
Fig. 23 predicts the decay time to decrease by several orderprocess creating PMSE is the reduction of electron diffusiv-
of magnitude leading to a fast disappearance of the PMSEity due to the presence of charged aerosol particles. If this

Atmos. Chem. Phys., 4, 2602633 2004 www.atmos-chem-phys.org/acp/4/2601/



M. Rapp and F. J. ibken: Review of PMSE 2619

were the case, PMSE signal strength should be proportional backscatter ratio radius [nm]

to the charge number densityZ(:|N4) and the square of the 2 4 6 8101214 10 20 30 40 50
radius of these particlesf() since the aerosol particle diffu- 9%

sion coefficient is expected to vary Iik¢r37§ (e.g.,Choetal, 9oF

1992. Taken together, the prox§ was defined as

P =1|ZalNa-r§. (1) 85"

Rapp et al.(20039 showed that the proxy calculations
indeed reproduce the observed mean PMSE profile. Fig-£ 80[
ure24 compares mean proxy profiles derived from averaging
24 h model simulation runs for different background condi- 75}
tions (i.e., undisturbed and with two different gravity waves)
with the mean PMSE signal strength as observed during the 70 TR I w w w
months June and July 2000. Evidently, the main features like 0 1 2 3 4 50 200 400 600 800
altitude range and the altitude of the average PMSE maxi- log(P) [e/cm” * nm’] N.JZ,| [e/em?]
mum are nicely reproduced. In addition, the proxy calcula-
tions further suggested that individual PMSE (i.e., not aver-Fig. 25. Model resuits of the proxy P (black,left), the calculated
aged) should usually have their absolute maximum close tdackscatter ratio that would be seen by a Ildar_operatlng at a wave-
the lower edge of the layer due to the predicted dependenci§"9th of 532nm (red, left), the charged particle number density
of the PMSE signal on the particle radius which is largest >2ck: r1ght) and the aerosol particle radius (red, right) (Rapp
at the bottom of the ice cloud. This can be seen in Bf. etal, 2003 copyright by the American Geophysical Union).
where we show profiles of the proxy and the lidar backscat-

ter ratio, the charge number density and the ice particle rag ger of magnitude as the ion diffusion coefficient but shows
dius at an arbitrarily selected time during a model simula-some dependence on the relative charge number density of
tion. Evidently, the proxy profile peaks at the altitude where particles and electrons. The second diffusion coefficient is

the particles have grown largest, i.e., to radire80nm at  roygnly given by the aerosol diffusion coefficient and varies
an altitude of 82 km, whereas the maximum particle chargeyith the aerosol radius like/13.

number density occurs considerably higher, i.e., at 85kmin-  The pasic physical idea is now as follows: the charged
stead of 82km. In fact, a statistical analysis of PMSE datagerosol particles are transported due to the turbulent veloc-
from three complete PMSE seasons studied with the ALWINjty fie|d and the accompanying she&atcheloy 1959. This
VHF radar confirms that the PMSE maximum is usually 1o- yransport, however, is equivalent to a charge current that must
cated in the lower part of the PMSE layer (see Fig. B&Pp  pe compensated by an oppositely directed current of the elec-
etal, 20039. trons in order to maintain zero net current and local charge
In summary, the overall good agreement of proxy- andneytrality. This leads to anticorrelated spatial structures in
PMSE-properties strongly supported the view that chargedne electron and charged particle distributions (see ett.
aerosol particles and their influence on electron diffusivity for experimental evidence for this morphology). The calcu-
are the key physical process for our understanding of PMSEations ofRapp and Libken (20033 then showed that after
This triggeredRapp and Libken (20033 to reconsider the g short initial time, the diffusion speed of the electron dis-
corresponding theory. Their main results are discussed in thgrhances is entirely determined by the diffusion speed of
next section. the charged aerosol particle disturbances. Note that unlike
in Cho et al.(1992’s treatment this general behaviour is al-
most independent of the parameteri.e., the ratio between
the charge number density of aerosol particles and the free
electron number density

altitude [km]

t= 15.0hours

3.5 Thediffusion of electrons in the vicinity of charged par-
ticles revisited

Based on the pioneer-work bfill (1978, Rapp and kibken . )
(20033 have recently reconsidered the diffusion of electrons These res_ults have _beeﬂ |ndgper_1dently conflrmgd by a
in the presence of charged particles and positive ions. fomprehensive numerical investigation per_formedUw—
such a plasma, the diffusion of the differently charged specie§Vendsen et al2003. These guthors St”d'ed. the tempo-
is coupled through the Coulomb interaction between all theral development c_)f struc_ture_s In t_hc_a positive ion and elec-
constituents. Since there are Coulomb forces between thfON number density distribution arising as a consequence of
positive ions and electrons on the one hand and charged pa?— predefined structure in the distribution of aerosol particles

ticles and electrons on the other hand, it turns out that such a 2¢jgser inspection otho et al.(1992's work actually shows
system possesses two distinct diffusion modes characterizefat thea > 1-criterium is artificially created by an unphysical initial
by two different eigenvalues for the electron diffusion coef- condition for their model calculations (see appendix BRapp and
ficient. In short, the one diffusion coefficient has the sameLibken 20033 for a detailed discussion).
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1000°¢ 4 which exist in an NLC environment. These long decay times
i ] for particle radii larger than say 15nm suggest that PMSE

I ] potentially are a manifestation of fossil neutral air turbulence

100 —— t(-10dB) (for details on the term ‘fossil turbulence’ sé¢bods et al.

f 1969, an idea that was first suggested®lyo et al.(1996.
However, these authors estimated that the decay time of the
radar echo should not exceed min such that the repeated
10 = < absence of neutral air turbulence in the lower altitude range

; ] of the echoesl(iibken et al.2002 was not likely to be ex-
i ] plained by this effect. However, the calculations presented
1 ‘ by Rapp and kibken(20033 strongly suggest that at low al-
1 10 100 titudes, say below 85 km, where particles are believed to have
grown to sizes larger than 15-20 nm due to growth and sedi-
mentation (see also Fi@8), the long lifetime of the structure
. . . . can ‘freeze in’ turbulent structures for a considerable time
Fig. 26. Radar scatter decay time for a relative rt_aflectlvny de- such that the observations bfibken et al (2002 become
crease by 10 dB after the PMSE generation mechanism has ceaseol.J ) .
This figure is reproduced frorRapp et al.(2003h, copyright by gnderstandaple. In Se_(;t.lwe show that these model ideas
COSPAR. indeed explain the statistics of PMSE observations based on

available data of turbulence observations.

decay time [min]

radius [nm]

and being subject to all relevant physical processes like dif-3.6 ‘Non-turbulent’ theories
fusion, aerosol charging, production and recombination of

charge carriers, transport by a vertical wind, and sedimenta/*S mentioned above, the proven absence of neutral air tur-
tion due to gravity. bulence in an altitude range where PMSE was simultane-

Rapp and Kibken(20034 further studied the implications ously observed_triggered the formulation of a couple of ‘non-
of these results for radio wave scattering. According toturbulent’ theories for PMSE. The dust hole scatter theory

Royrvik and Smith{1984) the volume reflectivity is basically °Y Havnes et al(1992, the opalescence theory Gyakht-
proportional to the power spectral density of the (absolute)6nd€rts and Demekh¢g995 andTrakhtengert¢1994), and

electron number density perturbation at the Bragg scale. Usthe consideration of charged dust diffusive wavésdking

ing this resultRapp and Libken(20033 were able to derive et al, 1991 were reviewed and abandoned in the previous

the decay time of the radar signal once the mechanism thd€View article byCho and Rttger (1997. Hence, we do

had initially generated the small scale structures in the eleclOt repeat their treatment but concentrate on two approaches

tron number density had stopped. According to their work,that were not discussed in depth previously, i.e, the dressed
the decay time for a signal decay tydB may be written as  2€70s0l scatter theory proposed by édggfors(1992 and
the particle growth-feedback mechanism propose&hbyn-
_oap M- ®/10-In(10) A2 .r2 bel and Witt(2002).

Yaiff = 872 DY ~002- ¢ v @

3.6.1 Dressed aerosol scatter

Here,Dg is the electron diffusion coefficient due to their cou-
pling to the charged aerosol particlésjs the radar wave-
length,r4 is the aerosol radius, ands the kinematic viscos-
ity of air. In the approximate formula on the right hand side
of Eq. (2), the radar wavelength is in m, the aerosol radius is
in nm and the kinematic viscosity of air is given irtfs, re-
sulting iny;¢¢ being given in s. Equatior?) shows that the

It has been suggested that the PMSE observations in the UHF
wavelength range, i.e., at frequencies larger than 224 MHz,
can be explained by a mechanism called ‘dressed aerosol
scatter’ Havnes et a).199Q Cho and Kelley1992 Hagfors
1992. The basic idea is that the charged aerosol particles
attract a cloud of electrons (if they are positively charged;

diffusional d e ional to th fth if they are negatively charged it is thought that they lead
fffusional decay time Is proportional to the square of the ra-y, clustering of electrons in between the charged aerosol

dius of the charg_ed particles involv_ed and th_e square of rada}5artic|es) with a typical cloud radius given by the Debye-
wavelength. In Fig26we present this decay time for a decay length. Consequently, if the radar wavelength is larger than

?yl 10dB a”s atfhuncti%n of ?r?rodsol ra(:!us. .EV|dt(-r3]ntIy,;ortpgr— the Debye-length, then these electron clouds should lead to
icles smaller than 1onm the decay time IS rather Short, 1.€..,yarent scatter, i.e., under certain conditions the cross sec-

onl)t/'2|.5ml_r;rl:orpaépclesfvi/gh aragmstoftinm anéj 1?n:jmfor tion is expected to be larger than the incoherent Thomson
particies with a radius o nm. bue to the quadratic ePe.n'scattering cross sectidn The most rigorous treatment of
dence of the decay time on the aerosol radius, the decay time
is already 40 min for aerosol particles with a radius of 20nm  3The Thomson scattering cross section due to one electron is

and even several hours for particles with a radius of 50 nmgiven by 22 wherer, is the classical electron radius.
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Fig. 28. (a)lnput temperature and water vapor mixing ratio profiles
or the model simulations bumbel and Witt{(2002. The grey
haded area indicates the altitude range of an ice particle layer with
0*cm3 particles of radius 5 nm(b) Resulting profiles of electron
number density and total proton hydrate density. The dashed line
denotes the contribution of larger proton hydrates (i.e., with more
than 10 HO-ligands). This figure is reproduced fraddumbel and
Witt (2002, copyright by the American Geophysical Union.

Fig. 27. Scattering cross-section of the charged dust componen{
relative to the Thomson scattering cross section as a function o
f=|ZA|N4/Ne, with N,=1000cm 2 and and an electron tempera-
ture T,=150 K for three values of the dust charges=2=1,10,100)

for the radar frequencies 224 MHz and 933 MHHagfors 1992.

this process has so far been presentedHagfors (1992).

Figure 27 shows the scattering cross-section of the charged

dust component relative to the Thomson scattering cross secegularities in the charged particle number density and hence
tion as a function ofA=f=|Z4|N4/N,, with an electron also in the electron number density. These authors studied
number densityV,=1000 cnt? for three values of the dust the process of ice particle nucleation on large proton hydrate
charge £ 4=7=1,10,100) for the radar frequencies 224 MHz cluster ions (i.e., Fi(H20),) and identified a positive feed-
and 933 MHz Hagfors 1992. Figure27 shows that also back between the presence of ice particles on the one hand
this approach to explain PMSE in the UHF wavelength rangeand the growth of cluster ions on the other hand. The basic
is highly problematic: first of all, it becomes clear that idea of this positive feedback is depicted in R2§. For pos-

the dressed aerosol scattering cross section only becométive ion nucleation to become feasible, the clusters need to
larger than the cross section for Thomson scatter if either thgrow to a sufficient size in order to overcome the free energy
aerosol particle charge becomes very high (£¥g+=2>100) barrier after which further growth is thermodynamically fa-
or if A=f=|Zs|Ns/N.>1, i.e., when the overall charge vored (also known as Kelvin-effect; s€&mbel et al.2003
balance is completely dominated by the particle charge numfor a concise discussion of the thermodynamics of particle
ber density. While the first possibility (i.e., largg) con- nucleation at around the mesopause). However, growth to
tradicts the available experimental and theoretical evidenceufficient size is governed by a competition between clus-
on aerosol particle charging, the second possibility mighttering reactions and recombination of the positive ion clus-
at least in some cases be fulfilled (see S&act.5. How- ters with free electrons. Since the abundance of free elec-
ever, even if indeed\=f=|Z4|N4/N.>1, it is clear that trons can be strongly reduced by capture to ice particles (see
the dressed aerosol approach cannot explain the observed rect.3.2 and Fig.28), the presence of ice particles may en-
flectivity dependence on the radar frequency (see Taple hance the growth of cluster ions. This leads to a positive
since the observations show that the scattering cross sectidieedback mechanism with particle nucleation being favored
at 224 MHz is~2-3 orders of magnitude larger than the one in altitude regions where particles already ex@dtumbel and

at 933 MHz whereas the dressed aerosol scatter theory onlWitt (2002 further pointed out that this mechanism may po-
predicts a facto10. Taken together, the dressed aerosoltentially amplify irregularities in the ionospheric particle and
scatter approach must be considered as problematic and caarge distribution and might hence be of relevance for our
only explain a small part of the available PMSE observations,understanding of PMSE. While the general picture discussed

i.e., those at the very largest frequencies. by Gumbel and Wit{2002 has indeed been experimentally
verified, i.e., large scale~kilometer) enhancements of the
3.6.2 Particle growth feedback positive ion number density at altitudes with the presence of

ice particles were indeed observédibken and Rap@20017),
Finally, most recentlyGumbel and Witt(2002 have pro- a more detailed analysis of the feasibility of this process for
posed a new mechanism for the creation of small scale irthe creation of small scale structures proves the approach to
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257 r.= 50.0nm’ active turb. Rapp and libken(20033 have suggested a simple method
i r=20.0nm ] to estimate the PMSE occurrence frequency based on ob-
201 r.=10.0nm . served turbulence occurrence frequencies (see Zdor
— i 1 a schematic illustrating this idea). Neglecting any hori-
D 15k zontal transport, they started from a given occurrence fre-
~ i quency of neutral air turbulenc& OR (= Turbulence Oc-
% 10F currence Rate), and assumed that a turbulent event lasts
r Turp~15min in accordance with model results and obser-
5} vations Andreassen et al1994 Czechowsky and &ster
I \ 1997. They further assumed that the turbulent events are
s ‘ = equally distributed over a given time interval. Then they cal-
0 80 100 120 culated the decay times for a decay by 10 dB according to

time [min] Eq. @) for aerosol radii as determined with a microphys-
. ical aerosol model. Adding now these decay times to the
Fig. 29. Temporal development of the radar SNR after regular e \where turbulence was active and dividing this sum by
pulses of neutral air turbulence (indicated by grey dashed IInes%he total time interval considered, they derived an estimate of

leading to a SNR of 15dB. The colored lines indicate the SNR- 4 -
decay for different aerosol particle radii assumed. The thin hori_gztg)cc:srrence rate of PMSE,O R, (= PMSE Occurrence

zontal line at SNR=5 dB indicates the detection limit assumed. This

figure is reproduced frorRapp and kibken(20033, copyright by 1048

the American Geophysical Union. POR TOR - (1 + %) ; if < 100%
= tur

100% ; else

be problematic: as discussed Gumbel and Witi(2003,  Nqte that Eq. 3) is certainly a strong idealization of reality
even under optimum conditions (i.e., low temperatures, manince it assumes Lagrangian observation geometry. In con-
particles, and s%fflcllent water vapor) nucleation rates can Nofaqt 10 this, radar observations are certainly performed at a
exceed~10cnT s~ such that it takes at least several min- fiya |ocation (i.e., in an Eulerian reference frame), such that
utes to produce 1000 cm new particles with radii larger qr50ntal transport further complicates the situation. Still,
than 3-5nm. This time scale needs to be compared to the difye consider Eq.3) useful to demonstrate the following as-
fusion time of ice particles at 3—5 nm size which is of about pects:

the same order of magnitudelfo et al, 1992. Hence, only Based on the turbulence occurrence frequency deter-
under optimum conditions can the particle/cluster feedbackpineq from the available rocket borne observations (see also
provide structure amplification that is sufficient for PMSE Sect.2.4.2 and a modeled altitude distribution of aerosol
generation. If such optimum conditions do exist regularly .o i as shown in the left panel of Fig0, Rapp and Kibken

must however be doubted since for example recent in situ Ob(20033 estimated the PMSE occurrence frequency based on
servations have shown PMSE at altitudes where no considerEq_ (3). The result is shown as the thick black line in F36.

able electron biteouts have been observed (such that particle mparing this estimate @O R with the observed altitude
growth is not favored; selix et al.,, 2003¢ and Sec2.4.9. il of the PMSE occurrence rate, it turns out that the
In addition, also the demand for sufficient water vapor is ganera| altitude distribution is well reproduced by the model
problematic since the freeze drying effect is expected to S'g'approach presented here, in fact the model even overesti-
nificantly reduce the available water vapor in the presence of5tes the PMSE occurrence frequency at all altitudes (while
ice particles Iphester et &.1994 Rapp et al. 2002 von ¢y merly the problem has been to explain that PMSE can
Zahn and Bergei2003. All these caveats leGumbel and o here at all). Considering, however, the strong idealiza-
Witt (2009 themselves to conclude that ‘the particle/cluster qn nderlying this result (i.e., no horizontal transport, as-
feedback to be on,Iy a weak candidate for an explanation 0§, med permanent existence of ice particles in the polar sum-
PMSE generation’. mer mesopause region, etc.), this minor discrepancy is not
surprising. More importantly, the calculations show some
other very interesting features: at high altitudes, i.e., above

3

4 An updated hydrodynamic theory of PMSE ~88km, POR follows T O R almost one to one. This is due
L to the fact that ice particles at these altitudes are rather small
4.1 Turbulence statistics such that the PMSE decay time (defined by the diffusional

. . . . . . decay time by 10dB according to is short compared
In this section, we discuss if neutral air turbulence in com- y y gtoEa P

bination with the long lifetime of plasma fluctuations due to 4y js interesting to note that Eq3) may also be used to esti-
the presence of heavy charged particles of low mobility canmate the turbulence occurrence r&é R provided the PMSE oc-
account for the observed statistics of PMSE observations. currence rate® OR is given, seé iibken et al(2004
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Fig. 30. Left panel: assumed aerosol radii (solid lines, lower abscissa) and corresponding decay times for PMSE for a decay by 10 dB (dotted
lines, upper abscissa). Right panel: Histogram of the measured turbulence occurrence rate from a total of 10 rocket $dibiaings &l.

2002 together with a Gaussian fit to the data (dotted line). The thick dashed line shows the PMSE occurrence frequency at Andgya in the
period from 1 June 2000-31 July 2000 (only PMSE with SNRdAB were counted) and the thick solid line shows our estimate of the PMSE
occurrence frequency. This figure is reproduced fRapp and ibken(20033, copyright by the American Geophysical Union.

to the duration of a typical turbulence event (here assumedhe width of the Gaussian, arld? and Dg are the diffusion

to be 15min). This finding is consistent with the fact that coefficients describing the two diffusion modes of electrons
neutral air turbulence was almost always observed in the upin the presence of charged particles and positive ions (see
per part of a PMSE layer (see Se2t4.2. At altitudes be-  Sect.3.5).

low 85 km, however, it is striking thal O R is significantly Using typical values ofi=—1 (i.e., from the viscous con-
larger tharll” O R, which is certainly a direct consequence of vective subrange according Batchelor 1959, k=27/6 m,

the enhanced lifetime of plasma structures due to the pres-,=15nm,A=0.1 (A enters the calculation dr)g’ and Dg),
ence of charged particles with larger radii. These findings f=50 MHz, 0=1.27 m (yielding a full width at half maxi-
can thus readily explain why turbulence was very seldomlymum of 3m),n.0=250 cnT 2 and t=100's we arrive at a vol-
observed in the lower part of a PMSE layéfipken et al.  ume reflectivity ofy~9 - 10-13m~1. Comparing this value
2002 and shows that either active or fossil neutral air turbu-to the absolute reflectivities observed-~a50 MHz stated in
lence (together with the details of charged particle- and elecTable 1 we see that this value has indeed the correct order
tron diffusivity discussed above) can account for all observedof magnitude. This estimate (together with the arguments

PMSE. presented in SecB.3.2 demonstrates that also the absolute
o volume reflectivities summarized in Tablecan be readily
4.2 Absolute volume reflectivities explained in the scope of the theory Rapp and Libken

. 20033.
It was shown already in Se@.3.2that observed volume re- ( 3
flectivities can be quantitatively reproduced on the basis of4
the neutral air turbulence in combination of a large Schmidt

number of the electrons. In this section, this question is ré-ng pointed out in Sec®.3 one of the most intriguing prop-
cons_ldered from a more microscopic viewpoint, i.e., we de-erties of PMSE is the often very narrow Doppler spectrum
termine absolute volume reflectivities based on the modebf the received signal. The Doppler spectrum is expected to
ideas presented above. It was shoerlapp_ and_ Libken be broad in the presence of active neutral air turbulence due
(?003"?) that the volume reflecywty due to an idealized Gaus- to the turbulent velocity fluctuations. According @bson-
sian disturbances with amplitudgo and widtho may be  \\i4e of al.(2000 the width of the Doppler spectrum is di-
written as rectly related to the velocity variance in the volume probed
k2 et 2 o _p2g2 by the radar and can be expressed in terms of the turbulent
" 8n)e Zm2f* Mo 0 € energy dissipation rateas

2

D; — D3 —2D%%k?2t €
(Pi=D3) T 5
(Dg - DS) c @) W = S 0 g ®)

wheren is the typical spectral index at the radar Bragg scale wherewp is the mean Brunt-¥isala frequency over the alti-
k is the wavenumber of the radar,is the electron charge, tude range where the turbulent event takes place, and the fac-
€0 is the permittivity of spacen, is the electron mass; is tor 5is a correction factor to an earlier formula frétocking

.3 Doppler broadening and aspect sensitivity

n(k) = —

www.atmos-chem-phys.org/acp/4/2601/ Atmos. Chem. Phys., 4, 26382004



2624 M. Rapp and F. J.lbken: Review of PMSE

110° a i i i 1010°]
= 5010%| 8 = 510°
£ £
2 2
2 0 2 (s
[ [
2 2
3 o 3 o
= -5e108 = -5¢10

electrons electrons
1010 |__ch. particles z=87.94- 88.10km 1e10° ch. particles| | z=86.47- 86.86km
90.30 90.35 90.40 88.50 88.60 8870 88.80 88.90
time of flight [s] time of flight [s]
1+10° i i i 110°
c d
= 5010°h B = 5e10°- b
£ E
2 2
S 0 W S 0
© ©
= 2
3 3
= -5¢10°- . & -5410° - .
— electrons _ electrons
{e10°f—————"CN- particles  2=84.60- 84.77km 4+10°| ——ch. parlicles  2=83.38- 83.73km
86.35 86.40 86.45 85.00 85.10 85.20
time of flight [s] time of flight [s]

Fig. 31. Perturbations of electron (black line) and aerosol charge number densities (red line) during four selected time intervals during
sounding rocket flight ECTO02 in July 1994. Note that the two data sets must be shifte®. Byns for comparison since one measurement

was made at the tip of the sounding rocket and the other in the rear (with a separation of 2.5 m and a rocket speed of Ra@prat|(

20033.

(1985 which Gibson-Wilde et al(2000 derived from a di-  the observed spectral shape — see Eigare understood). It
rect numerical simulation of the VHF-radio scatter createdis though important to note that the information on the tur-
by mesospheric turbulence. If we usg=1.510"2s"1 and bulence strength comes only from the spectral width and not
a rather large value for of 0.5nm?/s® (=0.5W/kg) for the  from the total echo power of the observed signal since the
polar summer mesopause regidriilpken et al. 2002 we echo power also depends on quantities that are not related
see thatt5.8 m/s is a typically expected velocity variance to neutral air turbulence like the size of the charged aerosol
due to relatively strong turbulence. Contrary to this, veloc- particles involved.

ity variances derived from Doppler spectra in PMSE are of- Regarding observed aspect sensitivities (i.e., large at the
ten less thant1 m/s Cho and Kelley 1993. However, in  bottom and low at the top of the PMSE layer) we further note
Sect.3.5we have made the point that the electron irregulari- that at least the low aspect sensitivities at the top of the PMSE
ties are expected to prevail a significant time after the neutralayers are understandable in the scope of enhanced turbulent
air turbulence has ceased. Under these conditions the veloggtivity at these altitudes. The reason for the enhanced as-
ity variance which determines the spectral width of the radarpect sensitivity at lower altitudes is more difficult to interpret:
echo is in fact expected to be very small. For example, if weone reason could be that the turbulent velocity field itself has
roughly estimate the ‘minimum’ turbulent energy dissipation been anisotropic from the very beginning as suggested by re-
rate fromei,=v-% as suggested byiibken(1992 and use  cent theoretical and numerical investigatioRetterson-Reif
v=2n¥/s and the same Bruntaikala frequency as before, and Andreasser2003 Werne and Fritts2001). As another

we gete,,;,=0.0005 nd/s® resulting inw,,,s=0.1m/s which  possibility, Thrane et al(2004 have recently suggested that
has the correct order of magnitude. These estimates indiat the lower altitudes a horizontal layering of small scale
cate that the observed spectral width can be explained in thetructures could take place similar to mechanisms known to
scope of the theory presented here. Furthermore, these ideasount for specular reflections in the HF-wavelength range
also directly explain the altitude dependence of the spectra{Thrane et a].1981). For the time being, all these explana-
width as described in Se@.3: with a higher turbulence oc- tions remain speculative and will need closer inspection in
currence rate at the higher altitudes and a rather low turbuthe future (see also Se&).

lence occurrence rate at the lower altitudes (see et

the spectral width is expected to be large at the upper alti4.4 Small scale structure of plasma species and related
tudes and small at the lower altitudes, respectively. Taking it power spectra

the other way round, these results imply that spectral width

measured in PMSE can indeed be used to determine turbulemtecently, Rapp et al.(20033 have further checked if ob-
energy dissipation rates (provided also, that other details likeseryed small scale fluctuations in the electrons and charged
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particle distribution show indeed all the features predicted o reference 5 1,=0.01 5"
by Rapp and libken (20033. In particular, Rapp et al. e E A
(20033 checked if the small scale fluctuations of electrons ~ 1.0-10% ;' I‘| 10107 f
and charged particles are indeed anticorrelated and if the S B N R |‘| |‘|
spectra of these small scale fluctuations indeed show theg M < ' I
spectral form as predicted from a combination of the the- ;o-T-O-mB- v & o S
ory by Batchelor(1959 (in the case of active turbulence) = , . s L | v
andRapp and ibken(20033 (in the case that the active tur- v E L
bulent activity has stopped, i.e., in the absence of an inertial 30v10% v -‘-0"°?f "
subrange in the energy spectrum of the velocity fluctuations).  ao«o®t... . ... . .. 50T

In Fig. 31 data samples of such observed disturbances in OB et 20 O B et 0
the electron and charged aerosol number density as measure , |,=0.1s" . I=1s"
during flight ECTO02 in 1994 are presented (stsnes et a). R 19107 T
19964ab, for more details on this data set). In panels (a) and i ; |‘"|
(b), the anticorrelation between the two data sets is obvi- ¢’ |‘I I‘l 1ov10%: ‘-1
ous with corresponding correlation coefficients as large as - I & : r |
~—0.8. Panel (c) shows one example, where the instruments % 210’ 1 £ 500! f 1
did not observe any fine scale structure and panel (d) shows = ’ﬁ ‘1 < [ [
one example where in fact a strong positive correlation be- ol [ . o \ I
tween electrons and negatively charged aerosol particles wa: \\ / \/ : \\ ) /
observed. A possible explanation of such a feature was pre-  zue?l . . 5,010 e
sented in the model study lhye-Svendsen et a(2003 who b A e T O B ncan X

proposed that a positive correlation could either occur in the
in the presence of large and hence quickly sedimenting partifig. 32. Electron (dashed curves) and positive ion (solid curves)
cles or in the presence of evaporating particles (see3jg.  density perturbations at the end of model runs for different values
In a recent studyBlix et al. (20030 analyzed similar ob-  of the aerosol particle evaporation rdte For comparison, model
servations together with simultaneous temperature measurdesults neglecting the influence of particle evaporation are shown in
ments and found indeed support for the idea that evaporatin§!® UPPer left panel. This figure is reproduced frbie-Svendsen
ice particles are causing the observed positive correlationsEt @-(2003, copyright by the American Geophysical Union.
In any case, such features have only been observed at the
bottom of PMSE layers and must be considered as a spe-
cialty whereas the standard shows indeed the anticorrelation
predicted by multipolar diffusion theory.

Rapp et al(20033 further considered the spectral shape vective subrange and hence confirm these ideas (se@3ig.
of small scale disturbances in the electron and charged pafXapp et al(20033 also tried to classify the spectra shown
ticle distribution. Based on the model Bapp and kibken  in Fig. 33 as ‘actively turbulent’ or ‘fossil’ based on neu-
(20033 they found that the general spectral shape acquiredral air turbulence measurements onboard the same sounding
during a phase of active neutral air turbulence (as describefiocket and attributed spectrum (a) as ‘active’ whereas spec-

by Batchelor 1959 should develop according to tra (b) and (d) were ‘fossil'. HoweveRapp et al(20033
also pointed out that turbulence and plasma measurements
2 i i i .
rt, ) =X |2 exp (—21125,1{2) o~ Dak?t, (6)  ere conducted during different parts of the rocket trajecto
kVe ries, i.e., the plasma measurements were made on the ascent

and the turbulence measurements were made on the descent
part of the rocket trajectory. Hence, this classification must
where the underbraced part of the equation is the power spede considered with some caution since the turbulent struc-
trum at the time the neutral air turbulence stopgat¢helor ture (as well as the structure of the plasma profiles) might be
1959. Here, x is the rate at which fluctuations of the con- horizontally non-uniform.

sidered tracer are dissipatdg,:(sz/e)flt is the so-called

Batchelor-scale, an@d denotes the diffusion coefficient of In any case, all the results regarding small scale observa-
the tracer. Hence, power spectra of electrons and chargetions of plasma consituents at PMSE altitudes are consistent
particles should reveal a viscous convective subrange with itsvith the theoretical ideas described above suggesting that
prominentk—1-power law as predicted bgatchelor(1959 PMSE can be explained by a combination of active and fossil
even a considerable time after the active neutral air turbuturbulence acting on the large and heavy charged aerosol par-
lence has stopped. Indeed, the power spectra of the fluctuicles which are subsequently mirrored in the electron hum-
ations shown in Fig31 reveal indications of a viscous con- ber density distribution that becomes visible to a VHF radar.

Batchelor, 1959

www.atmos-chem-phys.org/acp/4/2601/ Atmos. Chem. Phys., 4, 268382004



2626 M. Rapp and F. J.lbken: Review of PMSE

wavelength [m wavelength [m
100 9 [1(] 100 9 [1(]

10" 10"
0% a \ . 10" b K' 1
10"+ g 10"+ g
€ €
< 3] i < 3] i
£ 10 £ 10
2 10%- 2= 87.94- 88.10km 1 @ 10%F 2= 86.47- 86.86km ]
o 10" i o 10" il
electrons electrons
1010 L 7 1010 L _
aerosols aerosols
10° ‘ ‘ 10° ‘ ‘
0.01 0.10 1.00 0.01 0.10 1.00
wavenumber k [1/m] wavenumber k [1/m]
wavelength [m wavelength [m
00 9 [1(] 1 00 9 [1(] 1
1015 ; 1016 T
105 C il 10" ,d k' i
1014 L _ 1014 L 4
3 3
4 3] i < 3] i
E 10 E 10
2 10 2 84.60- 8¢/ 1 2 10%F  2_ 8338 83.73km 1
o 10" i o 101 il
electrons
10"+ 10"+ :
aerosols aerosols
10° ‘ ‘ 10° ‘ ‘
0.01 0.10 1.00 0.01 0.10 1.00
wavenumber k [1/m] wavenumber k [1/m]

Fig. 33. Power spectra of electron number density (black lines) and particle charge number density fluctuations (red lines) sho® in Fig.
The inclined line represents a spectral slope-@fand the vertical line marks the radar Bragg scale (=2.&Rapp et al.20033.

5 Conclusions cles, PMSE are a direct indicator for extremely low tempera-
tures (i.e., less tharr150 K) at mesopause altitudes. Impor-

In the current paper we have reviewed the experimentaFantly' ra_dar observation_s_ofPMSE areindeper_ldent from_tro-
and theoretical milestones that have led to an advanced urpospherlc weather conditions in contrast to optical soundings

derstanding of PMSE. Based on experimental results fron]™™ the ground for example with lidars. Long term obser-

in situ observations with sounding rockets, ground based’@lions of PMSE have the potential to yield insight into the
observations with radars and lidars, numerical simulationg©"9 t€rm behaviour of the mesopause temperature, a quan-

with microphysical models of the life cycle of mesospheric Uy that has been suspected to change due to anthropogenic

aerosol particles, and theoretical considerations regarding th&Ction. From a more technical point of view, the observation

diffusivity of electrons in the ice loaded complex plasma of of PMSE allows for consistency checks with remote sensings

the mesopause region, an explanation for the generation di' te:n_pedratures fron; satelllrt]es ((je_z.ylertens et al.2004 mf
these radar echoes has been described that is consistent wifi a/titide range where other direct measurements of tem-

the entire available experimental data base. The main idea ig€"atures are almost unavailable (with thedgxceptl?(n of r']n
that mesospheric neutral air turbulence in combination withSItU temperature measurements from sounding rockets that

a significantly reduced electron diffusivity due to the pres- due to their significant costs can only be performed sporad-

ence of heavy charged ice aerosol particles (ra8i50 nm) ically). In addition, these ice particles are conservative and

lead to the creation of structures at spatial scales significantp@SSive tracers for the background wind field to a very good
smaller than the inner scale of the turbulent velocity field. @PProximation, such that the observation of PMSE also al-

Importantly, owing to their very low diffusivity, the plasma lows for the derivation of winds and its short term variability

structures acquire a very long lifetime, i.e., 10 min to hours,Induced for example by gravity waves. Owing to their usu-

in the presence of particles with radii between 10 and 50 nm@lY Very high signal to noise ratio (often in excess of 30 dB)

This leads to a temporal decoupling of active neutral air tur-F MSE observations allow to track wave motions in the at-

bulence and the existence of small scale plasma structuré9oSPhere on the shortest time scales (down to a couple of

and PMSE and thus readily explains observations proving{“'n“tes) that can otherwise not be accessed at all. Since
the absence of neutral air turbulence at PMSE altitudes, ~ €S& wave motions are usually excited in the troposphere

] ) ) ] and lower stratospheré&itts and Alexander2003, PMSE
With this explanation at hand, it becomes clear that PMSEy g4 provide a suitable tool for the study of the coupling of

are a uniq_ue geophysical p_henomenon_from_man_y diﬁer‘?nfjiﬁerent atmospheric altitude regions. As described in the
points of view: Through their close relationship to ice parti-
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current manuscript, Doppler spectral width measurements irof a PMSE layer and hence yield a horizontal picture of
PMSE further allow for a near continuous characterizationthe turbulent irregularity field. First attempts have been
of mesospheric turbulence which is a significant contributionmade beforeBlix and Thrane 1985, however, at that time
to the energy budget at these altitudes with correspondingxperiments were just at the edge of feasibility. Today, the
heating rates in excess of the radiative input. Finally, apariminiaturization of electronics allows for a much more robust
from its obvious importance for the study of the Earth’s mid- design of such rocket probes so that the success-rate should
dle atmosphere, PMSE further allow to study basic physicalbe much better than during previous attempts.
processes with significance far beyond atmospheric physics:
Being caused by the transport of charged particles, electrons 4.) Regarding the microphysics of the involved ice
and positive ions due to the turbulent velocity field, the studyparticles the most important remaining open question is
of PMSE also allow insights into the characteristics of turbu- about the actual origin of the ice particles. It has long been
lence itself and the behaviour of complex plasmas which areassumed that the ice particles nucleate on meteoric smoke
both areas of current intensive research. particles, however, direct experimental evidence for the
existence of these particles is not available. In order to
confirm the existence of these nucl&app et al.(20039
Outlook have recently proposed a rocket experiment that is based
As far as future work on PMSE is concerned we see theon the .id?a to charge the particles photo-electrically by
following promising areas: the radiation of.g UV-flashlamp and subsquently detect
them by a sensitive electrometer. Should this attempt be
successful, further work should be done in order to identify
the composition of the particles and their creation through
Mhe ablation of meteorides in the mesopause region and the
subsequent microphysical processes.

1.) Simultaneous and continuous observations of meso
spheric turbulence strength (for example with a narrow beal
MF radar as introduced bidocking 1983 and recently
further developed by Latteck et al., submitted, )04
PMSE (observed with a VHF radar) and aerosol particles
sizes (with a multi-color lidar) should be conducted in
order to check the above described scenario with frequen

turbulent activity and small ice parycles in the upper.p_oruon echoesKirkwood et al, 20023 2003 evidence is emerging
of the PMSE layer and only occasional turbulent activity but for the existence of aerosol particles throughout the entire
large ice particles in the lower part of the layer. The same : . .
experiment could also vield useful data to check the re_mesosphere during all times of the year. At altitudes below

P yield. - .~ 80km and outside the summer season temperatures are far
lation between spectral width in PMSE and turbulent activity. : . o

to warm to allow for the existence of ice particldsipken

. . .. 1999. Hence, rocket borne experiments should be designed
2.) The recently performed active experiments to mOd'fyto identify the nature of these aerosol particles that may

PMSE with a powerful HF-heater are very promising and have influences on both the local chemistry (through the

should be further continued and expanded in the future. As ossibility for heterogeneous reactions) but also the radiative
pointed out byHavnes et al(2003, such experiments have P y g

: : . transfer and hence the energy budget of the middle atmo-
the potential to teach us more details about the Chargln%phere. This is particularly important for the interpretation

characteristics of the ice particles, as well as intrinsic Lo .
. . . . of observed significant temperature trends in the mesosphere
properties of the particles themselves (like radii and number,

densities) and the background ionosphere. (Beig etal, 2003.

5.) Both from rocket borne experimentsli(chell et al,
002, Croskey et al.2001;, Chesworth and Halel974 and
rom the observation of so called polar mesosphere winter

L Last not least, it should be mentioned that given the phys-
3.) Only very little is known so far about the degree of . ; : . ’
. ; : . cal understanding of PMSE presented in this manuscript,
isotropy of mesospheric turbulence as well as its horizontal .
. o . . these layers are a perfect tool to study the dynamics and ther-
homogeneity. Indications for anisotropy and horizontal . )
. . . mal structure of the mesopause region. Actually, it turns out
inhomogeneity come from the details of radar Doppler . . ;
-~ that the complex interplay between turbulence, ice particles,
spectra (see SecR.3.2, the observed aspect sensitivity ; T ) )
: and multipolar diffusion of the plasma constituents provides
(see Sect2.3.3, and comparisons between electron number

density profiles and PMSE (s&app et al.20033. In order us with a monitoring tool (with a typical signal to noise ra-

. . . tio of ~30dB or three orders of magnitude!) that allows
to study these issues, sounding rocket payloads carryin .
) , study the polar summer mesopause region almost perma-
several small ‘daughter’ payloads should be developed tha . . . .
. . . nently by just applying standard radar technique that is nowa-
are to be ejected from the main payload during the traverse ' . ;
days commercially available. In summary, PMSE will also

SLatteck, R., Singer, W., and Hocking, W. K.: Measurement of in the future be an intriguing geophysical phenomenon in its
turbulent kinetic energy dissipation rates in the mesosphere by ®wn right, and a useful tool in order to gather insight into the
3 MHz Doppler radar, Adv. Space Res., submitted, 2004. complex behaviour of the polar summer mesopause region.
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