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Abstract

We investigate the dependence of polar mesosphere summer echoes (PMSE) and mesosphere

summer echoes (MSE) on the background electron number density. Both a lower and upper limit
are quanti�ed below and above which PMSE cannot exist. The result is that PMSE occur for a
very wide range of electron number densities between �300-500/cm3 and �105/cm3.

A comparison of the diurnal variation of MSE observed at K�uhlungsborn (54ÆN) with current
model estimates of the electron number density at mid-latitudes shows that at least

�300-500 electrons /cm3 are necessary for PMSE to exist. This lower limit is consistent with all
available electron number density measurements obtained from sounding rockets in the vicinity
of PMSE. It is shown that the existence of a lower electron number density limit can be
understood in terms of the standard theory of the scattering of VHF waves in the D-region.

We have then analyzed PMSE observations during the major solar proton event on July 14,

2000. We have estimated the electron number density at PMSE altitudes based on proton and
electron 
ux measurements obtained with detectors on board the GOES-8 and ACE spacecrafts
in combination with an ion-chemical model. Comparing the electron number densities at 87 km
altitude with the average PMSE signal to noise observations (SNR) we �nd a signi�cant negative

correlation between SNR and the electron number densities for densities on the order of
�105/cm3. We propose that this negative correlation is due to a limited amount of aerosol
particles: current PMSE theories assume that electron irregularities in the VHF band can only
exist if more than �50% of the free electrons are bound to aerosol particles which thus reduce
the electron di�usivity due to ambipolar forces. If, however, the electron number density

increases signi�cantly above the aerosol number density this condition can no longer be ful�lled.
On the other hand, the fact that PMSE is present up to electron number densities of �105/cm3

raises several important questions on our current understanding of aerosol particles around the
polar summer mesopause and their role in the creation of PMSE: either many more aerosol
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particles exist than has been anticipated so far (with corresponding implications for the

nucleation of these particles) or our current understanding of the role of aerosol particles in the
creation of PMSE is not complete.
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1. Introduction

Polar mesosphere summer echoes (PMSE) and their

equivalent at mid latitudes, mesosphere summer echoes

(MSE), are extremely strong radar echoes which were

�rst detected at the end of the 1970s by VHF radars

operating at 50 MHz [Czechowsky et al., 1979; Eck-

lund and Balsley , 1981]. Radar waves in the VHF

band are scattered by irregularities in the electron gas

with spatial scales on the order of the radar half wave-

length [Tatarskii , 1971] which is 3 m for a 50 MHz

radar. While it had �rst been thought that these ir-

regularities originate from neutral air turbulence it

was soon realized that 3 m is far in the viscous sub-

range of turbulence and that such small structures are

eÆciently destroyed by molecular di�usion. More to

that, rocketborne insitu measurements of turbulence

have shown that in the majority of cases PMSE is not

at all related to neutral air turbulence [L�ubken et al.,

1993, 2001] and that an alternative excitation mech-

anism must exist which creates the electron density


uctuations.

Independent of the question about the excitation

mechanism the problem remains why once existing


uctuations are not destroyed by viscous forces. Kel-

ley et al. [1987] proposed a spectral separation be-

tween neutrals and electrons due to the presence of

heavy water cluster ions. Cho et al. [1992] developed

this idea further and argued that charged ice parti-

cles should lead to an e�ective reduction of electron

di�usivity provided that more than �50% of the over-

all negative charge at PMSE altitudes is bound to the

aerosol particles. In that case ambipolar electric �elds

force the electrons to move together with the aerosol

particles so that the electrons acquire the low aerosol

di�usivity. Later, this concept was successfully ap-

plied by Cho and Kelley [1993] and Chaxel [1997]

in order to explain the di�erences of PMSE scatter

strength observed at VHF and UHF frequencies.

Today, there is both direct and indirect evidence

for the existence of these charged aerosol particles and

for the electron di�usivity reduction mechanism. Di-

rect evidence came from Havnes et al. [1996, 2001]

who measured signatures of charged aerosol particles

in the presence of PMSE with a particle detector. As

strong indirect evidence, von Zahn and Bremer [1999]

found that in the majority of simultaneous sightings

of noctilucent clouds (NLC) and PMSE the NLC were

located at the lower edge of the PMSE. This indi-

cates that small ice particles are involved in PMSE

which haven't grown large enough to become visibly

observable as NLC. More to that, Chilson et al. [2000]

reported an arti�cial modulation of PMSE by HF-

heating pulses. Heating the electron gas at PMSE

altitudes to temperatures of up to 3000 K the PMSE

disappeared within one second and reappeared with

the same time constant when the heater was switched

o�. This observation was interpreted by Rapp and

L�ubken [2000] who demonstrated that heating the

electrons re-established electron di�usion which is re-

duced if `cold' electrons are bound to charged aerosol

particles. Using a model of electron di�usion in the

presence of charged aerosol particles they could both

explain the fast fade out of the PMSE as well as its

fast recovery.

In summary, there is now �rm evidence that the

existence of PMSE is strongly dependent on a sen-

sitive coupling between the electron number density

on the one hand and the number density of charged

aerosol particles on the other. In this paper we focus

on the electron density background of PMSE. We �rst

derive a lower limit of the electron number density re-

quired for the existence of PMSE from a combination

of rocket measurements of electrons and radar obser-

vations of PMSE and MSE. In the second part of the

paper we analyze PMSE observations obtained with

the ALOMAR VHF radar at And�ya during a strong

solar proton event in July 2000. We use satellite mea-

surements of charged particle 
uxes together with a

D-region ion chemistry model to estimate the electron

number density at PMSE altitudes and we investi-

gate a possible correlation between the PMSE signal

strength and electron number density. From these

considerations we derive an upper electron number

density threshold for the existence of PMSE. These

�ndings are discussed in the light of current PMSE

theories and current estimates of aerosol parameters

at mesopause altitudes.

2. The lower electron number density
required for PMSE/MSE

There are several independent indications that a

lower electron number density exists below which

PMSE cannot occur. For example, von Zahn and Bre-

mer [1999] reported joint NLC/PMSE observations

where NLC were observed but signatures of PMSE

were not received by the radar. These authors at-

tributed this fact to missing sources for ionization.

Only recently, Goldberg et al. [2001] reported about

measurements from two rocket soundings where the

�rst rocket was launched into a strong PMSE accom-
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panied by a weak NLC and the second into a strong

NLC without PMSE. The remarkable di�erence in the

background conditions of the D-region was that dur-

ing the second 
ight the electron number density at

PMSE altitudes was considerably smaller (300/cm3)

than during the �rst 
ight (3000/cm3) [Croskey et al.,

2001]. Goldberg et al. [2001] took this as an indication

that � 500 electrons/cm3 might be the lower electron

density required for PMSE. Another strong indication

comes from the diurnal variation of Mesosphere Sum-

mer Echoes observed at mid-latitudes [Latteck et al.,

1999]. The diurnal variation of the average signal

strength of MSE obtained in 1998 between 80 and

90 km altitude compared to model estimates of the

electron number density at the same altitude [Bilitza

et al., 1993; Friedrich and Torkar , 2001] is presented

in Figure 1. From this comparison we again �nd an

indication that 300 - 500 electrons/cm3 is the lower

electron density threshold for the existence of PMSE.

To get an additional independent con�rmation of

this result we have performed a literature survey on all

rocketborne electron density measurements during si-

multaneous radar observations of PMSE. Altogether,

we have found 14 rocket 
ights with such observa-

tions. A listing of these rocket 
ights stating dates,


ight times, electron number densities at 85 km, in-

dications if PMSE was observed during the relevant

time, and appropriate references is presented in Ta-

ble 1. Among these 14 
ights only on three occasions

no PMSE were observed, i.e. during 
ights DECA93,

DECB93, and MDDR13, where the electron number

densities were 100, 120, and 300/cm3, respectively.

The electron number densities during all other 
ights

(with PMSE) ranged between 680 and 10.000/cm3. It

is thus interesting to note that the rocketborne insitu

measurements imply a lower electron density limit of

� 300 - 680/cm3 which is very close to the result ob-

tained from the diurnal variation of MSE.

In summary of this section we state that an elec-

tron number density of �500/cm3 seems to be the

`threshold' electron number density for the existence

of PMSE. In section 4 we will come back to this �nd-

ing and discuss its implications for our understanding

of PMSE.

3. Study of a solar proton event
during the observation of PMSE

In this section we turn to the question if there is

an upper electron number density above which PMSE

can not exist. For this purpose we investigate PMSE

observations during a strong solar proton event (SPE)

which started on July 14, 2000 and lasted several

days.

3.1. The `Bastille SPE': estimate of

ionization in the D-region

The outstanding event of July 14, 2000 was the

onset of a strong solar proton event [e.g., Jackman

et al., 2001]. In Figure 2a we present a measurement

of the cosmic noise absorption (CNA) obtained with

the riometer at the And�ya Rocket Range. A riome-

ter records the absorption of the cosmic noise back-

ground. Absorption occurs due to collisions of the free

D-region electrons with neutral air molecules and thus

generally peaks at altitudes between about 80-90 km

where the product of electron density and collision fre-

quency has a maximum. During strong solar proton

events, however, the sun emits high energetic protons

which can penetrate deep down into the atmosphere

such that at low altitudes (e.g., at �50 km) and thus

high collision frequencies a considerable amount of

free electrons is created [e.g., Turunen, 1993] giving

rise to signi�cant absorption of cosmic noise. This ef-

fect is indicated in Figure 2a where at �10:40 UT the

CNA suddenly increased to values as large as 15 dB

and stayed on a highly disturbed level for the next

�30 hours.
In Figure 2b we present measurements of proton

and electron 
uxes in the magnetosphere obtained by

energetic particle detectors on board the GOES-8 and

ACE satellite. The data have been obtained from the

web site of the NOAA Space Environment Center1.

Based on these charged particle 
uxes we estimate

the ionization rate due to these particles applying the

theory described by Rees [1963, 1982] and Kirkwood

and Osepian [1995], respectively. According to these

papers the ionization rate Q at altitude z for mono-

energetic beams of electrons or protons with energy

E is:

Q(z; E) =
p � E

r
� L

�
Z(z)

R

�
�N(z)

�EionN(d)
(1)

where p is the fraction of energy deposited by ion-

ization, R the atmospheric depth2 at the altitude of

maximum penetration d, Z(z) the atmospheric depth

at altitude z, r=R/�, �= mass density at d, L
�
Z(z)

R

�
is the normalized energy distribution function [Rees ,

1http://www.sel.noaa.gov/DATA/index.html
2Atmospheric depth is de�ned as pressure divided by grav-

itational acceleration
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1963, 1982], N is the neutral number density taken

from the MSIS reference atmosphere [Hedin, 1991],

and �Eion=35 eV is the average energy needed to

produce one electron/positive ion pair [Porter et al.,

1976]. Note that the quantities R, p, r, L, and d di�er

for electrons and protons.

In Figure 3 we present the ionization rates per

unit 
ux for the mean energies of the proton en-

ergy channels of the ACE and GOES satellite, re-

spectively. From this Figure it is evident that the

protons recorded by the satellite instruments deposit

their energy over a wide altitude range: protons with

an energy of 445 keV and 334 MeV lose most of their

energy at � 100 km and 15 km, respectively. Elec-

trons with energies of 46 keV and 245 keV (not shown

here), on the other hand, create most ionization at �
90 km and 75 km, respectively. Finally the total ion-

ization rate at a given altitude z has been derived

from

Qtotal(z) = �

Z E1

E0

Q(z; E) �
dF (E)

dE
� dE (2)

where
dF (E)

dE
is the di�erential proton or electron spec-

trum derived by logarithmic interpolation between

the measured di�erential proton and electron 
uxes

at discrete energies. E0 and E1 are the integration

limits which have been chosen as the minimum and

maximum energies recorded by the satellite instru-

ments, respectively. This choice makes sure that the

derivation of ionization rates at PMSE altitudes of

�85 km are not a�ected by the limited energy range of

the 
ux measurements (see Figure 3). The factor � in

equation 2 indicates that we have assumed isotropy of

the particle 
uxes over the upward hemisphere [Reid ,

1974]. The resulting ionization rates due to protons

and electrons are presented in Figure 4. At the onset

of the proton event on July 14, 10:40 UT, the largest

ionization rates occur at altitudes as low as 20 km

yielding values on the order of �5.000cm�3s�1. How-
ever, during the course of the event the proton 
uxes

below 60 MeV increased whereas the higher energetic


uxes decreased such that the ionization maximum

shifted towards an altitude of 85 km. The maximum

ionization due to protons thus occurred on July 15 at

�16:00 UT with a maximum value of � 12.000cm�3s
�1. At the same time also the ionization due to elec-

trons peaked with a value of� 7.000cm�3s�1 at 80 km

altitude3.

3We note that due to the limited energy range of the elec-

tron 
ux measurements we cannot make any statements about

ionization due to energetic electrons at altitudes below 75 km.

3.2. Modelling the positive ion chemistry at

PMSE altitudes during the SPE

The electron density in the PMSE region is deter-

mined by a balance between ionization sources and

recombination with positive ions. In order to prop-

erly describe the loss by recombination, information

about the positive ion composition is needed. There-

fore, in order to derive the electron number densities

resulting from the ionization rates presented in the

previous section, we have used an ion chemistry model

for the D-region [Gumbel et al., 2001]. The model

is an extension of the ion-chemical model by Torkar

and Friedrich [1983] and contains 38 ion species. Ion-

ization sources are direct and geocoronal ultraviolet

radiation, proton and electron precipitation, as well

as galactic cosmic rays. The simulations presented

here do not take into account alterations of the ion

chemistry due to capture of electrons and ions by

ice particles. Reaction rates have been compiled by

Kopp [1996] and Turunen et al. [1996] and references

therein. It needs to be pointed out that many rate co-

eÆcients used in current models are highly uncertain

at the low temperatures near the summer mesopause

(see section 3.3 for more details).

In Figure 5b we present the positive ion compo-

sition at the peak of the SPE on July 15 at 16:00

UT. Figure 5a compares these pro�les to the `quiet'

conditions in the absence of proton and electron pre-

cipitation for the same time of year and day. For

these simulations, a temperature pro�le was adopted

from the MSIS atmosphere [Hedin, 1991] with a min-

imum of 132 K at 89 km. The NRL CHEM2D model

[Summers et al., 1997] provided the water vapor in-

put with mixing ratios of 6, 4, and 1.5 ppm at 80, 85,

and 90 km, respectively.

For undisturbed conditions (Figure 5a), primary

ion source at PMSE altitudes is the photo ionization

of NO by Ly-� radiation. Electrons are the domi-

nant negative charge carrier above �70 km with den-

sities of about 300, 800, and 3000 cm�3 at 80, 85,

and 90 km. Clustering processes govern the posi-

tive ion chemistry in the PMSE region with NO+

clusters dominating near 90 km and proton hydrates

H+(H2O)n below.

As evident from Figure 5b, the in
uence of en-

hanced ionization due to solar protons and electrons

creates some prominent changes. Most remarkable is

the overall increase of the plasma density with elec-

tron number densities of 54 000, 70 000, and 150

000 cm�3 at 80, 85, and 90 km, respectively. At
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typical PMSE altitudes, the peak of the solar proton

event thus leads to an increase in electron number

densities by two orders of magnitude. As for the pos-

itive ions, the SPE gives rise to prominent changes

in the cluster composition. Dominant primary ions

are N+
2 , N

+, O+
2 , and O+ (compared to NO+ under

quiet conditions). Hence, proton hydrate production

takes place almost exclusively through the fast O+
2

chain rather than through the quiet-time NO+ chain

[Reid , 1989]. As compared to Figure 5a, the transi-

tion altitude from molecular to cluster ions decreases

by 6 km to 84 km. This �nding is consistent with

earlier model calculations [Reid , 1989; Keesee, 1989]

that show that with increasing electron number den-

sities dissociative recombination eÆciently competes

with the cluster formation.

3.3. Error estimate of electron number

densities

We need to be aware of the fact that our derivation

of electron number densities relies on several assump-

tions and theories and we will now try to estimate the

accuracy of our results.

In principal, the electron number densities can be

expressed as ne =
p
Q=�eff where Q is the ioniza-

tion rate presented in section 3.1 and �eff is the ef-

fective recombination coeÆcient which is determined

from the positive ion composition derived from the

ion chemistry model.

The error of Q can be estimated if we consider

the individual uncertainties of the model atmosphere,

the quantum physical properties of the interaction

of the protons and electrons with the air, the as-

sumed energy distribution function and the interpo-

lation scheme of the measured proton 
uxes. Alto-

gether, we arrive at an relative uncertainty of Q of

� �50%. We note that this is a rather conservative

estimate compared to previous statements found in

the literature which claim that the uncertainty should

be less than 25% [Reagan and Watt , 1976].

The error of �eff depends both on the uncertainty

in the local ion composition and the uncertainty of

the recombination coeÆcients of the individual ion

species. As pointed out above, reaction coeÆcients for

the proton hydrate clusters prevailing in the PMSE

region are uncertain and usually need to be extrapo-

lated to mesopause temperatures. The error of �eff
has been assessed with our model by assuming rea-

sonable uncertainty ranges of rate coeÆcients, atmo-

spheric temperature and density as well as the abun-

dance of water vapor and atomic oxygen. A conser-

vative estimate yields a total relative uncertainty of

�eff of about 50%. Other potential errors arise from

the limitations of our ion chemistry model, in partic-

ular the assumption of steady state and the lack of

neutral chemistry feedback. We regard these short-

comings as not critical. Time constants of the D-

region ion chemistry are of the order of 1 s during

the event and thus much shorter than time scales of

typical SPE variations. (Note that the lifetime of the

electrons te = 1=
p
Q � �eff decreases with increasing

ionization.) SPE-induced changes of the nitric oxide

abundance [Jackman et al., 2001] do not have a sig-

ni�cant impact on the charge balance since ionization

of N2 and O2 completely dominates during the event.

Both Q and �eff enter into ne as square root.

Combining both uncertainties we arrive at an overall

uncertainty of our electron number densities of about

a factor of 2 in the PMSE region.

This estimate of the accuracy of our results can

further be substantiated by a comparison of our elec-

tron number densities with measurements of the EIS-

CAT Svalbard Radar during the SPE [Kubo et al.,

2001]. These measurements yield electron number

densities on the order of approximately 105/cm3 at

88 km altitude in the afternoon hours of July 15. This

value compares well with our results. In this context

it is important to note that the particle 
ux mea-

surements which we have used have been obtained in

the magnetosphere, i.e., far outside the D-region over

either And�ya or Svalbard. It may thus be asked

if these measurements are indeed representative for

the conditions in the D-region at a particular loca-

tion. In fact, previous investigations have shown that

the ionization due to SPEs is usually homogeneous

over a broad polar cap `plateau' of roughly 50 de-

grees diameter in geomagnetic latitude, with a steep

edge only a few degrees in width [Reid , 1974]. In

our case this general statement about SPEs is further

strengthened by NOAA 14 SBUV/2 measurements

[Jackman et al., 2001]. These authors have pointed

out that the solar protons of the discussed event have

deposited their energy uniformly at geomagnetic lati-

tudes above 60ÆN. Thus we can safely assume that the

observations obtained at Svalbard (geomagnetic lati-

tude 75.13ÆN) are representative for the entire polar

cap including And�ya (geomagnetic latitude 66.34ÆN)

where our PMSE observations have been made.

As a �nal cross check of the derived electron num-

ber densities we have also calculated the riometer ab-

sorption based on the electron number density pro-

�le shown in Figure 5b. Using the theory described
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in Friedrich et al. [1991] we derive an absorption of

12.2 dB which compares well with the experimental

value of �14�1 dB. The slight underestimate of the

derived absorption is most probably due to the fact

that we have derived the electron number densities

above 60 km only whereas Figure 3 shows that also

below this altitude ionization occurred.

In summary, we are con�dent that the electron

densities derived in this paper are at least accurate

to within a factor of 2. We will take this uncertainty

into account in the subsequent parts of this paper.

3.4. Comparison with PMSE observations

In Figure 6 we now present a comparison of PMSE

observations obtained with the ALOMAR VHF radar

and electron number densities derived from the charged

particle 
ux measurements of the GOES-8 and ACE

satellites (section 3.1) in combination with the ion

chemistry model (section 3.2). The PMSE display in

the upper panel reveals relatively high SNR values of

up to 50 dB starting from July 13 at 00 UT until

noon on July 15, and after 00 UT on July 16. It is

remarkable that at the onset of the SPE on July 14

at 10:40 UT (see Figure 2a) there is no obvious re-

action of the PMSE. However, after the late morning

hours of July 15 both the altitude range covered by

the PMSE as well as the signal strength decreased

signi�cantly and disappeared completely at � 22 UT.

In the lower panel of this Figure we present a compar-

ison of the mean SNR (averaged over 1 hour in time

and over the altitude range from 75 to 95 km) during

this period and the electron number density at 87 km

altitude. For comparison, we show the mean diur-

nal variation of SNR for the year 2000 (see Ho�mann

et al. 1999 for a discussion of the mean diurnal vari-

ation of PMSE). Evidently, the decrease in SNR ob-

served on July 15 is highly signi�cant compared to the

diurnal variation pattern. Before and after the ioniza-

tion maximum in the afternoon on July 15 the mean

diurnal variation is prominent in the SNR time series

from July 13 until July 19. From the comparison of

SNR with the electron number densities we see that

the decrease of SNR is accompanied by a pronounced

increase of the electron number densities at PMSE

altitudes from several ten thousand electrons/cm3 to

values as large as 140.000 electrons/cm3.

In Figure 7 we present a scatter plot of the electron

number densities at 87 km versus the average SNR of

the ALOMAR VHF radar for the entire time interval

shown in Figure 6. We see that this scatter plot di-

vides into two signi�cantly di�erent parts: while no

obvious correlation between electron number densi-

ties and SNR is evident for ne <7�104/cm3, a signif-

icant anti-correlation is observed for ne >7�104/cm3.

Finally, for electron number densities of �105/cm3

there is a more or less complete decay of the PMSE.

This suggests that an electron number density of

� 105/cm3 represents an upper background electron

number density at which PMSE can exist. Increase

of the electron number density above this level leads

to a decay of the PMSE signal. We note that dur-

ing another SPE with maximum proton 
uxes in the

afternoon of June 8, 2000, no anti-correlation be-

tween PMSE-SNR and our estimated D-region elec-

tron number densities which reached values of up to

35 000/cm3 was observed. This further strengthens

our conclusions that PMSE indeed exists at electron

number densities beyond our current understanding.

In the following section we will discuss this �nding in

detail.

4. Discussion

4.1. The lower electron number density limit

The lower electron number density threshold can

be understood as follows: Radar waves are re
ected

by irregularities in the electron number density ne.

The radar cross section per unit volume � may be

written as [Ottersten, 1969; Woodman and Guillen,

1974]:

�(~k) =
�2

2
k4

f4p
4f4n2e| {z }

=Const

���� 1

(2�)3

Z
d3r e�i

~k~r�ne(~r)

����
2

(3)

where ~k is the wave number vector of the radar,

fp / p
ne the plasma frequency, f the frequency

of the radar, and �ne the (absolute) electron num-

ber density 
uctuations. From equation 3 it follows

that � is proportional to the power spectral density

of �ne where the largest contribution to the inte-

gral comes from wavelengths close to the radar half

wavelength [Tatarskii , 1971]. The magnitude of the

maximum electron number density 
uctuation can be

estimated by the value of the electron number den-

sity itself. This means that with decreasing absolute

electron number density the maximum power spectral

density of the corresponding irregularities steadily de-

creases with even the square of ne. It is thus obvious

that there must be a lower electron number density

limit below which 
uctuations in the electron gas are

no longer detectable by a radar of a given sensitiv-

ity. We note that the existence of a lower electron
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density limit implies a positive correlation between

electron number density and PMSE signal strength

provided that the ionization in the D-region is rather

small. The positive correlation should, however, van-

ish if the ionization in the D-region is suÆciently high

for example during long lasting geomagnetic distur-

bances, or during daytime when the ionization due to

solar UV is high enough to provide enough electrons

without any additional disturbance. This implication

is consistent with the results of Bremer et al. [2000]

and Klostermeyer [1999] who �nd a maximum posi-

tive correlation between the radar signal strength and

the geomagnetic indices K (in case of Klostermeyer's

analysis with CNA) during midnight when the ion-

ization due to solar UV is minimum.

If, however, the ionization is already suÆciently

high, no positive correlation between electron number

density and PMSE signal strength is to be expected.

An example for this statement is shown in Figure 7

where there is obviously no correlation between signal

strength and electron number density for ne � 7 �
104/cm3.

4.2. The upper electron number density limit

We now turn to the observed apparent negative

correlation between electron number density and PMSE

echo power during the SPE. Cho et al. [1992] have pro-

posed that heavy charged aerosol particles reduce the

electron di�usivity by ambipolar electric �elds pro-

vided that somewhat more than half of the electrons

are bound to the aerosol particles. In the following

paragraphs we will show that the increase of the back-

ground electron number density over a critical value

(i. e., �105/cm3, see Figure 7) prevents this condi-

tion to be satis�ed and hence leads to a decay of the

PMSE.

In Figure 8 we present the dependence of the

electron di�usion coeÆcient on the ratio jZAjNA=ne
where ZA is the average aerosol charge, NA the

aerosol number density, and ne the free electron num-

ber density [Cho et al., 1992]. The general assumption

of current PMSE theories [e.g., Klostermeyer , 1997] is

that PMSE only occur if jZAjNA=ne > 1 (region 3 in

Figure 8). If in this situation the background electron

number density increases, for example due to a 
ux

of energetic particles, there must be an electron num-

ber density limit above which jZAjNA=ne decreases:

According to Rapp and L�ubken [2001] PMSE parti-

cles which are thought to have radii of � 5-10 nm

cannot capture more than 1 elementary charges, i.e.,

(jZAjNA)Max � NA. If the aerosol particles are `sat-

urated' with charge a further increase of ne leads to a
decrease of jZAjNA=ne / 1=ne. However, as long as

jZAjNA=ne is larger than � 1.5 (region 3 in Figure 8)

there is only little variation of the electron di�usiv-

ity with increasing electron number density. If we

take the electron di�usivity as an (inverse) measure

of PMSE strength we would not expect any varia-

tion of PMSE signal strength with increasing ne in

region 3 of Figure 8. Obviously, this changes when

jZAjNA=ne is so much decreased that we reach region

2 in Figure 8 where the electron di�usivity changes

drastically with changing jZAjNA=ne. Here, we would
expect a strong anti-correlation between PMSE sig-

nal power and electron number density as e.g. shown

in Figure 7 for electron number densities on the or-

der of 105/cm3. Finally, with even more increasing

ne and decreasing jZAjNA=ne the electron di�usivity

is back to its undisturbed ambipolar value, i.e., the

electron di�usivity is twice the di�usivity of positive

ions, and the PMSE should completely vanish (region

1 in Figure 8).

4.3. Implications of the upper electron

number density limit

The idea outlined above explains the disappear-

ance of PMSE at very high ne as shown in Figure 6.

A more quantitative analysis as shown in Figure 7 re-

veals that this disappearance occurs only at very high

ne values on the order of 105/cm3 (with an uncer-

tainty of about a factor of 2, see section 3.3). Since

from Cho's theory we have at least NA � ne as a

necessary condition for PMSE this implies that very

many aerosol particles, i. e. � 105/cm3, must have

been present. This is in clear contrast to current esti-

mates of ice number densities at mesopause altitudes

which are based on the assumption that meteoric dust

particles are the most important condensation nu-

clei for ice particles [Turco et al., 1982; Jensen and

Thomas , 1988]. According to the model calculations

by Hunten et al. [1980] the meteoric dust pro�le shows

a maximum concentration of only several thousand

particles/cm3 with a radius larger than 1 nm at 85 km

altitude. We note that the model predicts several ten

thousand smaller dust particles, however, it is com-

monly accepted that these smaller particles cannot

account for nucleation due to the Kelvin e�ect [Turco

et al., 1982] given reasonable water vapor mixing ra-

tios of a few ppmv . We note that these statements

are not at all a�ected by the uncertainty of our es-

timate of the electron number densities which could

explain discrepancies on the order of a factor of 2 but
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clearly not on the order of a factor of 102. In ad-

dition, it should be noted that the existence of ice

number densities of �105/cm3 are not necessarily in

contradiction to typically assumed water vapor mix-

ing ratios at �86 km: Assuming a water vapor mixing

ratio of 2.5 ppmv at an atmospheric number density

of 1.7�1014/cm3 [Rapp et al., 2001] we estimate the

ice number density for 10 nm, 5 nm, and 2 nm par-

ticles to be �3000/cm3, 2.5�104/cm3, and 4�105/cm3,

respectively. Thus the available amount of water va-

por would at least allow for ice particles with radii <
5 nm.

Our results could be explained if

1. the reduction of electron di�usion by charged

aerosol particles requires much less charge be-

ing bound to the heavy particles than suggested

by the model calculations by Cho et al. [1992]

and/or if

2. our current understanding of the charging prop-

erties of the ice particles is not correct and/or

if

3. the Hunten meteoric dust pro�le is not correct

and that many more dust particles are available

for nucleation and/or if

4. other nucleation agents than meteoric dust par-

ticles are responsible for the growth of ice par-

ticles around the mesopause.

ad 1) Our estimate of the aerosol number den-

sity at PMSE altitudes relies on the assumption that

jZAjNA=ne must be larger than 1 for PMSE to oc-

cur. While there seems to be no doubt that PMSE

indeed relies on the reduction of electron di�usivity

by charged aerosol particles [Rapp and L�ubken, 2000],

the absolute value of jZAjNA=ne needed for this re-

duction might be less well de�ned as both the mod-

els of Cho et al. [1992] and Rapp and L�ubken [2000]

have treated idealized situations (only one positive ion

species, etc.). We may certainly ask if Cho's condi-

tion for PMSE is consistent with current observations

of the D-region plasma during PMSE.

First evidence about the charge balance in the

vicinity of PMSE came from high resolution measure-

ments of electron number densities during the STATE

project [Ulwick et al., 1988] showing deep `electron

biteouts' at PMSE altitudes. Assuming local charge

neutrality it can be easily shown that

jZAjNA

ne
=

�ni ��ne

ne0 +�ne
(4)

where �ne;i are the disturbances in the electron

and positive ion number density pro�le due to their

capture by aerosol particles, respectively. ne0 is

the undisturbed background electron number density

which would be there in the absence of aerosol par-

ticles. We further assume that j�nej � j�nij be-
cause the electron mobility and thus the capture rate

by aerosol particles is much higher than that of the

heavier positive ions.
jZAjNA

ne
can then be determined

based on the measurement of electrons, only. The re-

sults of this estimate for the two STATE 
ights and

for four more recent sounding rocket 
ights with si-

multaneous PMSE are shown in Table 2 for the al-

titudes with maximum disturbance in the electron

number density pro�le. As evident from this Table

during all 
ights the ratio
jZAjNA

ne
is greater than or

equal to 1, i. e., Cho's condition for the existence of

PMSE is satis�ed.

More recently, Havnes et al. [1996] and Havnes

et al. [2001] have presented direct measurements of

charged aerosol particles and electron number densi-

ties inside PMSE. Similar to the results shown in Ta-

ble 2 we present measurements of
jZAjNA

ne
from these


ights in Table 3 where jZAjNA has been directly

measured with a charged particle detector. Unfor-

tunately, these results are not as conclusive as those

presented in Table 2. While 
ight ECT02 gives values

of
jZAjNA

ne
as large as 10, in particular 
ight MDMD06

is di�erent: using a miniaturized version of their par-

ticle detector Havnes et al. [2001] measured maximum

values of jZAjNA=ne of 0.3 only. They further no-

ticed that PMSEwas even observed at altitudes where

jZAjNA=ne was as small as 0.05.

It has been noted in the past that the accuracy

of measurements with probes like the ones applied

by Havnes et al. [1996] has been questioned due to

yet not understood interactions of the probes with

the charged particles, like e.g. secondary electron

production or payload/charged-particle-
ow interac-

tions [Zadorozhny et al., 1997; Holzworth et al., 2001].

However, it must be noted here that also electron

number density measurements which should be less

a�ected by these processes have occasionally shown

altitude regions inside PMSE without co-located sig-

ni�cant disturbances in the electron number density.

E.g., Figure 1 in Pfa� et al. [2001] shows an electron

biteout from � 84.5-86 km which also is the altitude

range of strongest PMSE activity. However, in this

case the PMSE both extends further down to 83km

altitude as well as higher up to 88 km altitude where

the electron measurement doesn't reveal signi�cant
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departures from a smooth background.

For the time being it thus appears to us that

Cho's PMSE criterion is almost always satis�ed in

the heart of the biteout regions (see Table 2), how-

ever, it doesn't seem to be valid throughout the entire

PMSE altitude range. Havnes et al. [2001] are thus

absolutely correct to point out that it is a future ex-

perimental task to map the relation between
jZAjNA

ne
and PMSE power in detail.

ad 2) As noted above current model estimates of

the charging of mesospheric ice particles [e.g., Rapp

and L�ubken, 2001] suggest that 10 nm size particles

cannot acquire more than �1 elementary charge. The

calculation of this mean charge relies on the formula-

tion of the capture rates at which electrons and posi-

tive ions are captured by an aerosol particle, respec-

tively, and it neglects the possible contribution from

photo emission which should be reasonable for parti-

cles smaller than �20 nm [Rapp and L�ubken, 1999].

Current charging models have used the rates origi-

nally determined by Natanson [1960]. Unfortunately,

laboratory measurements of the charge distribution

of ice particles with radii on the order of 10 nm have

not yet been performed. However, a comparison of

the measured charge distribution of submicron silver

particles [Wiedensohler et al., 1986] with the Natan-

son theory shows deviations of less than 5 % [Rapp,

2000]. A signi�cant deviation of the charging state of

mesospheric ice particles from the one calculated on

the base of the Natanson theory is thus not likely and

can most probably be ruled out as an explanation for

our observations.

ad 3) Since there is still no experimental evidence

of the height pro�le and other properties of meso-

spheric dust, it could be that the dust pro�le pre-

dicted by the model calculations of Hunten et al.

[1980] is not correct. In particular, in recent years it

has been realized that the meteoric in
ux assumed by

Hunten et al. was too low by about a factor of 2 [Love

and Brownlee, 1993]. However, this factor of 2 can

clearly not account for the two orders of magnitude

discrepancy between the estimated electron number

density of this analysis and the amount of nucleation

particles predicted by Hunten et al. [1980]. Taking the

meteoric mass in
ux as known we can in fact hardly

think of any process which could rise the number of

meteoric dust particles by two orders of magnitude.

ad 4) Though the nucleation of mesospheric ice

particles on mesospheric dust has been favored by

past theoretical investigations we note that also other

candidates for the condensation nuclei have been pro-

posed: Witt [1969] proposed the nucleation on large

proton hydrates, i.e., H+(H2O)n. While the exis-

tence of these positive ions with ligand numbers of up

to n=21 has been proven by in situ mass spectromet-

ric observations [e.g., Johannessen and Krankowsky ,

1972; Kopp et al., 1985], calculations of the Gibbs

free energy of ice nucleation on these ion clusters

show that unreasonably high supersaturation ratios

or numbers of water ligands are required to make the

cluster ions a reasonable candidate for ice particle nu-

cleation [Gadsden and Schr�oder , 1989; Keesee, 1989].

An additional argument against positive ion nucle-

ation is the downward shift of the transition height

during the SPE (see Figure 5b). More to that we note

that this downward shift is particularly pronounced

for the larger proton hydrates: Figure 9 shows the

relative contribution of lighter (� 5 ligands) and heav-

ier (� 6 ligands) clusters. For quiet conditions, the

heavier clusters dominate throughout the PMSE re-

gion; during the SPE, growth is strongly inhibited

by recombination and the balance is shifted towards

smaller clusters. Above 85 km, heavy cluster densi-

ties diminish quickly and fall even below the corre-

sponding quiet concentrations. Since large hydration

numbers are needed to overcome the Kelvin e�ect and

allow for nucleation it is extremely unlikely that pos-

itive ion nucleation accounted for the existence of a

large number of ice particles at PMSE altitudes dur-

ing the SPE

Other proposals for the nucleation cores have been

sodium bicarbonate molecules [Plane, 2000] and soot

particles electrophoretically lofted up into the meso-

sphere [Pueschel et al., 2000]. Until now, soot parti-

cles have only been observed up to altitudes of 20 km

with typical radii on the order of 1 �m. The size of

these particles is certainly far too large to be asso-

ciated with ice particles in the polar summer meso-

sphere with typical radii of 10-100 nm. Pueschel et al.

[2000] speculate that the particles could fragment be-

cause of exceeding the Rayleigh limit of electrostatic

charge by capturing too many electrons. However,

calculated fragment sizes of � 50 nm still appear to

be too large for condensation nuclei and there also

remains the question why such large particles have

not yet been observed by Rayleigh lidars during win-

ter time. Finally, model estimates of the abundance

of sodium bicarbonate yields concentrations of up to

104/cm3 around the mesopause [Plane, 2000]. Still,
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this number density is one order of magnitude too

small compared with our estimated electron number

density. In summary we note that none of the pro-

posed candidates for ice particle nucleation can ac-

count for an aerosol number density on the order of

105/cm3 which is suggested by our investigation.

We �nally note that Kubo et al. [2001] have pro-

posed an explanation of the negative correlation be-

tween electron number density and PMSE signal to

noise ratio which is di�erent from our approach.

Based on electron number density measurements with

the EISCAT Svalbard radar and electric �eld esti-

mates from the F-region they estimate a Joule heating

rate of a few K/day at 90 km. They assume that this

heating could have led to a temperature increase and

subsequent evaporation of the PMSE particles. Cer-

tainly, this possibility cannot be ruled out from the

experimental facts which we have presented in this

paper. If, however, Joule heating would have been

the only reason for the decay of the PMSE it would

even more pronounce the points that we have raised in

the above discussion: It would mean that PMSE can

exist at even higher electron number densities than

estimated in this investigation! This would even em-

phasize the questions that we have raised about our

current understanding of PMSE and aerosol particles

in the polar summer mesopause.

5. Conclusion

In the current paper we have derived both a lower

as well as an upper limit of the electron number den-

sity background under which PMSE can exist. The

surprising result is that PMSE occur for a very wide

range of electron number densities between �300-
500/cm3 and �105/cm3. The lower electron density

limit is explained in terms of the standard theory of

the scattering of VHF radio waves. We have then

tentatively tried to explain the upper electron num-

ber density limit in the light of current understand-

ing of the in
uence of charged aerosol particles on

the di�usion of electrons. This accounts for the ob-

served negative correlation between increasing elec-

tron number density and PMSE signal to noise ratio.

We also note that the observed decay of the PMSE

could be potentially due to the e�ect of Joule heating

and subsequent evaporation of the ice particles in-

volved in PMSE. Both explanations have severe im-

plications on our current understanding of the role

of aerosol particles in the creation of PMSE because

both explanations suggest the existence of about 105

particles per cm3 in the PMSE region. Though we

cannot draw any �nal conclusions we note that our

analysis either shows that our current understanding

of the nucleation of ice particles in the polar sum-

mer mesopause region is incomplete or that current

PMSE theories fail in their interpretation of the role

of charged aerosol particles.

It will thus be a future experimental and theo-

retical task to investigate the dependence of PMSE

on the background electron number density and its

relation to charged aerosol particles in order to an-

swer the questions raised in this paper. Resolv-

ing these questions will hopefully also help identify

the excitation-mechanism which initially creates the

small scale structures in the electron gas.
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Figure 1. Diurnal variation of the average signal strength of MSE between 80 and 90 km obtained in 1998 [Latteck

et al., 1999]. For comparison we also show estimates of the electron number density at 85 km from the IRI model

[Bilitza et al., 1993, dotted line] and the semi-empirical FIRI model [Friedrich and Torkar , 2001, dashed-dotted

line]. The horizontal line indicates an electron number density of 500/cm3.

Figure 2. Panel a: Cosmic noise absorption (CNA) measured at the And�ya Rocket Range during July 13 until

July 19, 2000. Panel b: Energetic particle 
uxes measured onboard the GOES-8 and ACE satellites. Lines labeled

with `EA' and Ee indicate proton and electron measurements from the ACE satellite. All other lines show proton


uxes from the GOES-8 satellite.

Figure 3. Ionization rates per unit 
ux for proton energies between 445 keV and 334 MeV.

Figure 4. Ionization rates due to protons (upper panel) and electrons (lower panel) calculated from the 
uxes

shown in Figure 2b.

Figure 5. Positive ion composition for quiet ionization conditions (Panel a) and during the solar proton event on

July 15 at 16:00 UT (Panel b).

Figure 6. Upper panel: Signal to Noise ratio (SNR) obtained with the ALOMAR VHF radar during the days

July 13-19, 2000. Middle panel: Electron number densities between 80 and 90 km altitude during the same time

interval obtained from the charged particle 
uxes as discussed in sections 3.1 and 3.2. Lower panel: Mean SNR of

the ALOMAR VHF radar obtained by averaging the SNR values shown in the upper panel in an altitude range

from 80 to 90 km (blue color, left y-axis). The blue dashed line shows the diurnal variation of of the PMSE SNR

for the entire season 2000. For comparison we also show the electron number density at an altitude of 87 km (red

color, right y-axis).

Figure 7. Scatter plot showing the dependence of the PMSE SNR values on the electron number densities at 87 km.

While no correlation is detectable for electron number densities lower than �7�104/cm3 a clear anti-correlation is

observed for higher electron number densities.

Figure 8. Electron di�usion coeÆcient De in units of the positive ion di�usion coeÆcient Di as a function of the

charge bound to the aerosol particles, jZAjNA, compared to the free electron number density ne. This Figure is a
schematic presentation of Figure 1 from Cho et al. [1992], copyright by the American Geophysical Union.

Figure 9. Altitude pro�les for water cluster ions H+(H2O)n with n�5 and n�6 for quiet ionization conditions

and conditions of the solar proton event, respectively. See the insert for an explanation of the linestyles.
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Table 1. Rocket measurements of electron number density during simultaneous operation

of a VHF radar

Flight Date Time ne PMSE Reference

UT cm�3

STATE1 15.06.83 02:30 6000 yes Ulwick et al. [1988]

STATE3 17.06.83 18:20 6000 yes Ulwick et al. [1988]

DECA91 09.08.91 23:15 3000 yes W�alchli et al. [1993],Friedrich et al. [1994]

DECB91 10.08.91 01:37 1500 yes W�alchli et al. [1993],Friedrich et al. [1994]

TURBOB 01.08.91 01:40 10000 yes L�ubken et al. [1993]

DECA93 02.08.93 00:23 100 no Balsiger et al. [1996]

DECB93 02.08.93 01:02 120 no L�ubken and Rapp [2001]

SCT03 28.07.93 22:23 680 yes Blix [1999]

SCT06 01.08.93 01:46 6000 yes Blix [1999]

ECT02 28.07.94 22:39 4000 yes L�ubken et al. [1998]

ECT07 31.07.94 00:50 7000 yes Rapp and L�ubken [1999]

MDDR04 05.07.99 23:36 3000 yes Croskey et al. [2001]

MDMD06 05.07.99 00:46 4000 yes Havnes et al. [2001]

MDDR13 14.07.99 03:28 300 no Croskey et al. [2001]

Table 2. Altitude of maxi-

mum disturbance of the elec-

tron density pro�le and esti-

mate of
jZAjNA

ne
at this altitude

for rocket 
ights with simulta-

neous measurement of PMSE.

Flight z [km]
jZAjNA

ne

STATE1 87.0 1.0

STATE2 85.0 9.0

TURBOA 83.0 3.0

TURBOB 85.0 5.7

SCT06 85.0 � 1.0

MDDR04 85.0 30.0

Table 3. Results from

Havnes et al. [1996] and

Havnes et al. [2001] of mea-

surements of
jZAjNA

ne
with a

charged particle detector and

DC-electron probes.

Flight z [km]
jZAjNA

ne

ECT02 87.5 10.0

ECT07 83.0 0.7

MDMD06 85.5 0.3
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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