Journal of
ATMOSPHERIC AND
SOLAR-TERRESTRIAL
PHYSICS '

www.elsevier.nl/locate/jastp

PERGAMON

Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 771-780

Modelling of particle charging in the polar summer
mesosphere: Part 2—Application to measurements

Franz-Josef Liibken*, Markus Rapp

Leibniz Institut ﬁ?r Atmosphdrenphysik, Schlosstr. 6, 18225 Kiihlungsborn, Germany
Received 26 February 2000; accepted 22 November 2000

Abstract

A model describing the charging of aerosol particles in the vicinity of the polar summer mesosphere is applied to in situ
measurements of electron and ion number densities. More general results from this model are presented in a companion
paper (Rapp and Liibken, 2001). Here we apply this model to various in situ measurements. Charging of the aerosols causes
disturbances in the electron and ion number density profiles which depend on various parameters, such as the electron/ion
production rate Q, the electron/ion recombination coefficient «, the aerosol size, a, and the aerosol number density Ns. We
have analyzed measurements from rocket flights where at least two of these parameters are known (in most cases Q and «).
Under most circumstances the disturbance in the electron density profile An. (‘biteout’) depends on r4 and N in a different
way than the disturbance in the positive ion density profile An;. In many cases this allows to unambiguously determine 74 and
N4 from measurements of An. and An;. From a total of 11 flights found in the literature we have analyzed in detail four cases
which are characterized by simultaneous observations of noctilucent clouds (NLC) and/or polar mesosphere summer echoes
(PMSE) by ground based or in situ techniques. In all cases our model successfully explains the observed plasma disturbances
in terms of aerosol charging. During NLC conditions we arrive at particle radii of 32-60 nm and number densities of
110-850 cm™>. Assuming that the particles consist of water ice the amount of ice in the particles corresponds to gas phase
water vapor concentrations of 4—14 ppm, which is rather large compared to ‘standard’ model values. These large values
support the idea that water vapor is collected by the aerosols in a larger horizontal area and/or extended altitude range when
they sediment from the mesopause region (88 km) to typical NLC altitudes (82 km). In one flight we arrive at much smaller
(1 nm) and much more abundant (several 100,000 cm~*) aerosol particles. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The lower ionosphere at polar latitudes is sometimes
significantly modified by the presence of aerosol particles
which exist at the very low temperatures. of the upper
mesosphere during summer. These aerosols presumably
consist of water ice and may cause a depletion in the elec-
tron and ion density profile since these plasma species may
be captured by the aerosols. It could also happen that an
ion enhancement is created in case that the ion density is
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"determined by the recombination with electrons (i.e., the

ion/electron recombination rate is large in comparison with
the ion/aerosol recombination rate) but the electron density
is depleted. A more quantitative and complete description
of the effect of aerosols on the mean background plasma
density requires a careful consideration of all charging
mechanisms involved and a detailed calculation of the
charge fluxes between the plasma environment and the
aerosols. Based on previous work by Parthasarathy (1976),
Reid (1990), and Jensen and Thomas (1991) we have
developed such a model which takes into account these
processes. The physical mechanisms involved and details
of the models are described in a companion paper by Rapp
and Liibken (2001) (hereafter R&L). In that paper we
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discuss in detail some general results of particle charging in
the upper mesosphere during summer and in particular the
importance of the background ionization and the recombi-
nation coefficient on the plasma disturbance. In this paper
we apply this model to actual measurements performed by
rocket-borne instrumentation during the last 34 years.

In general, the measurement of a single species alone
does not allow to make any significant statement about the
aerosol particles since there are too many combinations of
aerosol and plasma parameters which can explain a given
disturbance. We will therefore concentrate on those rocket
flights where at least two independent species have been
measured (e.g. electron and positive ion densities). We will
only briefly discuss the measurements which indicate that
the aerosol particles could have been positively charged due
to photoemission (if the aerosol particles consist of pure
water ice they cannot be positively charged since the work
function is too high to allow for photoemission by solar radi-
ation). This specific aspect of particle charging is presented
elsewhere (see e.g., Havnes et al., 1996; Rapp and Liibken,
1999).

Apart from in situ measurements the aerosols in the meso-
sphere may eventually be seen from the ground by the
naked eye or by lidars, a phenomenon known as ‘noctilucent
clouds’ (NLC). Furthermore, these aerosols are believed. to
be involved in the creation of very intense radar backscatter
echoes called ‘polar mesosphere summer echoes’ (PMSE).
Reviews on NLC and PMSE observations and theories in-
cluding a comprehensive discussion on the role of aerosol
particles creating these phenomena have been published in
the literature (Gadsden and Schréder 1989; Cho and Réttger,
1997).

In the following section we briefly summarize the ex-

isting data base regarding in situ measurements of plasma .

parameters in the vicinity of NLC and PMSE. In Section 3
we apply our model to four sets of measurements. We will
present in detail the results from our model and the implica-
tions for the aerosol particle properties. Finally, we discuss
and summarize the results in Section 4.

2. Simultaneous measurements of electron and ion
number-densities :

A survey of simultaneous measurements of plasma den-
sity profiles published in the literature shows that there have
been only 11 flights during which electron and ion number
densities have been measured together with simultaneous
observations of NLC-and/or PMSE (see Table 1). In ad-
dition, there have been two flights where electron densities
were measured simultaneously with aerosol charge densi-
ties (flights ECT02, ECT07, see Table 1). For these flights
we have determined the ion number density using the con-
dition of local charge neutrality. In all cases we apply our
model to the electron and ion density disturbance at altitudes
where the effect is largest. The undisturbed electron and ion

densities, N, and N, respectively, have also been deduced
from the measurements by interpolating the profiles from
above and below the disturbed regions. They are related to
the electron/ion recombination coefficient « and the mean
production rate Q by

Ne=N;=+/Q/o. 1)

We will later show model results.of relative electron and
positive ion disturbances, An. and An;, as a function of par-
ticle number density and particle radius, Na and 74, respec-
tively. An, and An; are defined as

ng—Ne ni — N;

An. =100 A An; =100 N (2)

1

where n. (n;) is the free electron (positive ion) number den-
sity in the presence of aerosol particles and N. = N, = 1/ O/«
are the undisturbed background number densities which
would be there if no particles were present. A value of
An. = — 100% implies that all electrons have been captured
by the aerosol particles, An. = 0% describes no disturbance
at all.-A positive percentage stands for an enhancement.

It turns out that one of the most critical parameters in
the model is the electron/ion recombination coefficient «
which depends on the ion composition (see R&L for more
details). We have determined & from measurements of pos-
itive ion composition if such measurements are available
(see Table 1). In cases of a deep ion density biteout (i.e., if
basically no ions are left in the disturbed region) we have
taken the positive ion composition from directly above the
disturbance. The (effective) recombination coefficient is de-
termined by the ion composition through

a= 3 a0 3)
. J : .

where n; is the total positive ion number density and o;
and (n;); are the recombination coefficient and the number
density of the jth ion species. From the undisturbed plasma
density N,; and « we then determine the electron and ion
production rate Q = aNZ;.

We have investigated whether or not a NLC and/or PMSE
was detected during the rocket flight (see Table 2) and have
used this information to classify the cases as ‘NLC” and/or
‘PMSE’. The data base described above has been sorted
according to the following scenarios:

Case 1. A significant electron biteout is observed together
with basically no disturbance in the ion number density
profile. The electron biteout is located ...

() ...inside a NLC layer (flights $26/1 and CAMP/P)
.(b) ...1inside a PMSE layer (flights TURBO-B and ECT02)

Case 2. A deep depletion both in the electron and ion
number density profiles is observed ...

(a) ... inside a NLC (flight DECA93)
(b) ... in the PMSE altitude region (flights P69, JK72, and
SCT06)
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Table 1

Rocket flights with simultaneous measurements of electron and positive ion number density during NLC and/or PMSE events
(Rel. Instr.=relevant Instruments: instruments used to measure electrons and positive ions, Fa=Faraday Rotation experiment,
EEP = Electrostatic electron probe, EIP = Electrostatic positive ion probe, MS = Mass spectrometer, PD = Particle detector)

Flight Date Time Launch site Rel. Instr. Reference

P69 26.06.66 21:470T Andpya Fa, EIP Pedersen et al. (1969)

JK72 08.08.71 12:110T Andoya Fa, MS, EIP Johannessen and Krankowsky (1972)

‘ Johannessen et al. (1972)

§26/1 30.07.78 23:33UT Kiruna Fa, MS, EIP Bj6m et al. (1985), Kopp et al. (1985)

S26/2 12.08.78 23:38UT Kiruna Fa, MS Kopp et al. (1985)

CAMP/P 03.08.82 23:32UT Kiruna Fa, MS Koppet al. (1984)

DECA91 09.08.91 23:15UT Kiruna Fa, MS, EIP  Wilchli et al. (1993), Goldberg et al. (1993),
Balsiger et al. (1993), Friedrich et al. (1994)

TURBOA 09.08.91 23:15UT Kiruna EIP, EEP Blix and Thrane (1993), Friedrich et al. (1994)

TURBOB . 01.08.91 01:40UT Kiruna EIP, EEP Liibken et al. (1993) )

DECA93 02.08.93. 00:23UT Kiruna Fa, MS Balsiger et al. (1996), Gumbel and Witt (1998)

DECB93 02.08.93, 01:02UT Kiruna . Fa, EIP Blix (1999), Gumbel and Witt (1998)

SCT06 01.08.93 01:46UT Andoya EIP, EEP Blix (1999)

ECTO02 28.07.94 22:39UT Andoya EEP, PD Havnes et al. (1996), Liibken et al. (1998)

ECT07 31.07.94 00:50UT Andeya EEP, PD Havnes et al. (1996), Rapp and Liibken (1999)

Table 2

Plasma parameters measured at altitudes where disturbances are observed for the flights summarized in Table 1. (u) = upleg, (d) = downleg,

a.u. = arbitrary units

Flight Zaist NG e m  most ab. . 0 NLC PMSE
CGm) @m™) @) m™)  don @)  @mPs)  Gm) (k)

P69 87 9000 400 3300 No

K72 85.2 13500 3500 4000 H*(H,0),  21x10~6 383

$26/1 83 40 45 440 HY(H,0)s  70x10~6 135 83+ 1

$26/2 87 4000 4000 - 2500 o} 37x10-6 58 No

CAMPP 83 30000 8000 30000 HT(H,0)  70x10~6 6300 831

DECA91 832 1000 1000 3000 H*(H;0):  69x10-6 69 83+05 838

TURBOA  83u)  40nA 64nA 83405 838
83(d)  1(aw) 4(aw) 1.6 (aw)

TURBOB = 845 10000 2000 10000 No 8486

DECA93 83 30 ~0 2.0 H*(H0)s - 69x10~6  0.006 83-84 No

DECB93 83 105 20 240 83-84 No

SCT06 85.2(u) 6000 ~0 2500 No 85-87
85(d) 11000 ~0 ~0 No 85-87

ECT02 85.5 4000 ~0 4000 No 85-90

ECTO07 83 3000 6000 ~0 83 82-88

Case 3. A significant ion number density enhancement
is measured inside a NLC layer ...

(a) ...together with a deep electron biteout (flight DECB93)
(b) ... together with an unknown electron profile (flight
DECA91 at 83.2 km, and flight TURBOA)

Case 4. An enhancement of electrog number densities is
detected inside a NLC layer but the ion profile is not known
(flights TURBOA and ECTO07). :

We note that in flights DECA91 and TURBOA (Case
3b) a PMSE layer was also present but above the NLC

layer, i.e., not at the altitudes of prime interest here. For
flight ECTO7.both layers, i.e., NLC and PMSE were
present at the same altitude. We still label this case as
‘NLC’.since ‘the particle size was estimated to be 30 nm
(Rapp and Liibken, 1999). In our classification these
" particles are ‘large’ and are therefore typical for NLC
conditions.

It is evident from this list that plasma disturbances occur
in a great variety of cases: electron biteouts are observed
with all three cases of ion density disturbances (unmodified,
depletion, and enhancement).
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Fig. 1. Plasma density measurements during flight S26/1. The thick
solid line shows the hardly disturbed positive ion profile measured
on the ascent of the trajectory and the other data points show
results of the electron number density measurements. This figure
has been taken from Bjorn et al. (1985), copyright by the American
Geophysical Union.

3. Model analysis of four cases of plasma disturbances

We will now interpret the observations summarized above
by means of our aerosol charging model. As we have shown
in R&L the production rate Q and the recombination coef-
ficient « need to be known to unambiguously analyze the
measurements in terms of aerosol charging and to determine
aeroso] parameters from the plasma measurements. We will
therefore only analyze flights where the recombination coef-
ficient is known from mass spectrometric measurements and
the production rate is given by Q = aN?. Since the charging
mechanism depends only slightly on temperature we have
used mean summer temperatures from Liibken (1999) in our
model calculations.

We concentrate on four flights: S26/1 as being represen-
tative for case 1a, DECA93 for case 2a, JK72 for case 2b,
and finally DECB93 for case 3a. Case 4 is special since elec-
tron density enhancements cannot be explained by aerosol
charging as presented so far but require an additional source
of electrons presumably by photo emission of electrons from
particles (see R&L for more details). This in turn requires the
work-function of the aerosols to be reduced in comparison
with water ice. Model calculations on this topic and appli-
cations to measurements are presented in Rapp and Liibken
(1999) and will not be repeated here.

3.1. Case la (NLC). Flight S26/1

Flight S26/1 is an example of a significant electron bite-
out together with a more or less undisturbed positive ion

number density profile. Fig. 1 shows the original data from
Bjérn et al. (1985). We have applied our model to the
plasma density profiles around 83 km which is exactly the
altitude where a NLC was observed by rocket-borne pho-
tometers (see Fig. 1 in Bjom et al., 1985). Note that we at-
tribute the entire disturbance to negatively charged aerosol
particles instead of negative ions since negative ions are
unlikely to exist at these altitudes during summer condi-
tions (Mitra, 1981; Thomas and Bowman, 1985). Further-
more, we assume that the positive ion profile represents
the undisturbed background plasma profile. The ion pro-
duction rate and recombination coefficient during this flight
are then O =1.35cm > s~! and & =7x 10~ cm?/s, respec-
tively (see Table 2). In Fig. 2 model results of electron and
ion density disturbances Ane and An; are shown as a func-
tion of particle radius and aerosol number density for fixed
values of Q and o (given above). In addition, we indicate
the combinations of »4 and Na where the amount of water
in the aerosol particles corresponds to an atmospheric water
vapor mixing ratio of 10 ppm,.

As can be seen from Fig. 1 an electron depletion of
Ane~90% was observed during flight S26/1 with basically
no disturbance in the ion density profile (An; =0%). The
corresponding- isolines in Fig. 2 intersect at an aerosol
radius of 60 nm and a number density of 180 cm™3. This
is an example of an unambiguous determination of the
aerosol radius 4 and number density N5 from electron and
positive density profiles. How do the numbers stated above
vary if we consider instrumental uncertainties which allow
the ion density profile to be slightly modified, let’s say by
up to +10% from its undisturbed values? From our model
we arrive at 74 = 67 nm and Na = 160 cm™> for a 10% ion
density depletion, and 74 =47 nm and Ns =250 cm™> for
a 10% enhancement. We summarize that the mean aerosol
radius and number density in the NLC layer at ~83 km
during flight S26/1 are r4 =60 nm and Nx =180 cm™>,
with typical uncertainties of 20% and 40%, respectively.

3.2. Case 2a (NLC). Flight DECA93

Balsiger et al. (1996) reported a very deep biteout in pos-
itive ion number densities of Anj~ — 90% observed under
extremely quiet ionospheric conditions. From their ion com-
position measurements by a mass spectrometer we derive a
recombination coefficient at the upper edge of the biteout of
a=6.9x107°% cm®/s. Considering a mean total positive ion
number density of N;~30 cm ™ just above the biteout layer
this corresponds to an extremely small mean production
coefficient of Q = aN? =0.006 cm~3s~". Furthermore, the
Faraday rotation experiment on board the same rocket de-
tected a complete absence of free electrons in the bite-
out region (Friedrich, private communication), thus An. =
— 100%. A NLC was observed during the rocket flight by
on board photometers (Gumbel and Witt, 1998).

Applying our model to the in situ measurements using
the Q and « values stated above results in electron and ion
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Fig. 2. Model results of relative number density disturbances for electrons (Ane, blue lines) and positive ions (An; >0, green, and An; <0,
red lines) as a function of particle radius and number density for the recombination coefficient measured during flight $26/1 by in situ
techniques: & =7x107% cm®/s and Q=14 cm=? s~! (see Table 2). Ane and An; are defined in Section 2. The large dot indicates the
intersection of the electron and ion depletion measured during flight S26/1. The violet line shows the combinations of 75 and Na which
would result in a water vapor concentration of 10 ppm, if the particles evaporated.

depletions as a function of particle radius and number den-
sity shown in Fig. 3. It is obvious from this plot that an un-
ambiguous combination of Na and rs does not exist since
the isolines for An. = — 100% and An; = ~ 90% are basi-
cally parallel to each other. Thus from the charging model
alone we cannot unambiguously determine the aerosol ra-
dius and the number density in this case.

Fortunately, there were additional observations on this
rocket by a particle impact detector and by a broadband pho-
tometer (Gumbel and Witt, 1998). By arguing that the signal
of the impact detector is proportional to the mass of the par-
ticles (thus to 7*) while the photometer signal is proportional
to »°, altitude profiles of aerosol radius and number densities
were obtained. At the NLC and ion biteout altitude (83 km)
a mean particle radius of ~52 nm and a number density of
approximately 60 particles/cm® were determined. From our
model we find that this combination should have resulted
in electron and ion density depletions of Ane = ~99% and
Anj = — 46%, respectively, the latter being significantly
smaller than observed. We note, however, that the quanti-
tative results from the particle detector are somewhat un-
certain since the data analysis relies on several unproven
assumptions, e.g. that the signal of the impact detector is
indeed proportional to #*. We can therefore speculate about
other combinations of Na and 75 which lead to the same

photometer signal (proportional to Nar§ =60 - 52° ~ 10'?)
but also lead to the observed electron and ion density de-
pletions of Ane= — 100% and Anj= — 90%. As can be
seen from Fig. 3 such a combination indeed exists, namely
for a radius of 32 nm and a number density of 850 cm .
This corresponds to an equivalent water vapor mixing ratio
of 10 ppm,. To demonstrate the sensitivity of these results
we may assume for 2 moment a water vapor mixing ratic of
L ppm, which would lead to a particle radius of ~8 nm and
a number density of ~5000 cm ™~ (see Fig. 3). This would
give a photometer signal more than two orders magnitude
smaller than observed.

3.3. Case 2b. Flight JK72

We now come to measurements of strong electron and
ion depletions in an altitude region where PMSEs are
frequently observed (~85 km). We consider the electron
and ion number density profile measured during flight JK72
(Johannessen and Krankowsky, 1972) which is reproduced
in Fig. 4. Unfortunately, we do not know whether or not a
PMSE was present since no radar was available during this
flight.. As before, we estimate the undisturbeq background
plasma profile by interpolating the electron and positive
ion densities from above and below the disturbed region.
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Fig. 3. Model results of relative number density disturbances for electrons (Are, blue lines) and positive ions (An; >0, green, and An; <0,
red lines) as a function of particle radius and number density using the background plasma parameters observed by Balsiger et al. (1996)
during flight DECA93 (see Table 2). The violet lines show the combinations of 74 and-Nx which would result in a water vapor concentration
of 10 and 1 ppm,, respectively, if the particles evaporated. The black dotted-dashed line shows the combinations of 74 and No which
explain the photometer signal measured on this flight. The black dot indicates the combination of ra and N, which explains both the plasma
measurements and the photometer observations by Gumbel and Witt (1998).
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Fig. 4. Electron and ion number densities for flight JK72. This
figure has been taken from Johannessen and Krankowsky (1972),
copyright by the American Geophysical Union.

During upleg significant depletions in the.electron and
ion number densites are observed with An. = — 75% and
Ani~ — 70% at an altitude of 85 km. From in situ mass
spectrometric measurements of ion composition we derive
a recombination coefficient of & =2.1%107° cm®/s. Tak-
ing the background ion and electron densities from Fig. 4
this gives a mean production rate of Q= 383 cem™3 571,
Our model results for this case are shown in Fig. 5. It
is obvious that the observed depletions cannot be repro-
duced for reasonable values of particle radii and number
densities (the An;= — 70% and An.= — 75% isolines
intersect at 4 =250 nm and Na =300 cm® which cor-
responds ‘to- an equivalent water . vapor mixing ratio of
1700 ppm,, orders of magnitude larger than standard num-
bers). The main problem is that the depletion in electrons
should be much more pronounced compared to ions due
to their higher mobility but the measurements show ap-
proximately the same effect both in the electron and ion
profiles. We must consider, however, that the electron
number densities shown in Fig. 4 have been measured by a
Faraday rotation experiment which has an altitude resolu-
tion of 1 km only. It could well be that the electron depletion
is indeed deeper compared to ions but is not detected due to
the poor height resolution of the technique employed during
this flight. We will therefore restrict our discussion to the ion



F.-J. Liibken, M. Rapp!Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 771-780 777

107

108 £

108

N, [/cm?]

104

103

=== 1ppm,
o\ —_— 10ppm,
N,= 13504.8
«=2.1E-06
Q= 383.00
x| — An >0
— An ;<0
— Ang

102

1 [nm]

Fig. 5. Model calculations of Ane (blue lines) and An; (An; >0, green, and An; <0, red lines) as a function of particle radius and number
density for flight JK72 (see Table 2). The thick dashed lines show the combinations of »o and Na which would result in a water vapor

concentration of 1 and 10 ppm,,, respectively, if the particles evaporated.

depletion and conjecture that the electron depletion might
be larger than shown in Fig. 4. If we assume that the amount
of water vapor in the particles is equivalent to reasonable
values of water vapor concentrations (let’s say between 1
and 10 ppm,) we find from Fig. 5 that the particles must
have been very small (less than 3 nm radius) and the num-
ber density extremly large (more than 500,000 cm ™), Such
a huge amount of small particles has never been predicted
or observed; on the other hand there is no direct theoretical
or experimental evidence that such a population could not
exist. We note that the tendency of many small particles at
higher altitudes is in agreement with some theories about
particle coagulation and sedimentation and their role in
the creation of PMSE (Turco et al., 1982; Klostermeyer,
1997).

3.4. Case 3a. Flight DECB93

During this flight aerosol parameters have been deter-
mined from in situ measurements (Gumbel and Witt, 1998),
however, no measurement of positive ion composition, and
hence no recombination coefficient « is available. There-
fore, we turn around the procedure used above. From the
aerosol parameters we determine the recombination coeffi-
cient applying our model and draw conclusions on the pos-
itive ion composition. In Fig. 6 we reproduce the electron
and ion number density measurements by the Faraday in-

strument and the positive ion probe (PIP), respectively, for
this flight. The ion currents measured by PIP have been con-
verted to number densities by normalizing the undisturbed
flanks of the ion profile to the estimated undisturbed flanks
of the electron number densities (dotted line). We take the
particle radius and number density as estimated in Gum-
bel and Witt (1998): ra =47nm and Na =110cm ™. In
Fig. 7 we present model calculations of An. and An; as a
function of Q and « using these values for ra and Na. In
this figure we have marked combinations of Q and « lead-
ing to 1/Q/o =100 cm™> which is a rough estimate of the
undisturbed plasma density observed during this flight (see
Fig, 7).

From Fig, 7 we see that the observed ion enhancement
(Ani~+100%) can only be explained with a recombination
coefficient greater than 4x 10™° cm®/s. Using the additional
constraint of \/0Jx = 100 cm ™ leads to o = 4x 107> em®/s
and O =0.22 em s ™!, This comparatively large value of «
indicates that extremely heavy proton clusters (more than 7
hgands) must have been the dominant positive ions in the
biteout layer during this flight (see R&L for more details).

4. Discussion and summary

The results of the model calculations for the four cases
presented in Section 3 are summarized in Table 3. In the
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Fig. 6. Rocket borne measurements of positive ion densities (solid
line) and electron densities (dashed line) during flight DECB93 (see
Table 2). The dotted line indicates a rough estimate of the undis-
turbed electron density profile. Electron data are from Friedrich
and Torkar (1995). The positive jon data have been provided by
T.A. Blix and E.V. Thrane (personal communication).

three cases where an NLC was observed in the biteout
region (flights $26/1, DECA93, and DECB93) the particle
radii are 60, 32, and 47 nm, and the aerosol number densi-
ties are 180, 850, and 110 cm ™, respectively. These values
are in nice agreement with ground-based estimates of NLC
particle parameters by lidars (e.g. von Cossart et al., 1999).
We note that the amount of water in these particles corre-
sponds to gas phase concentrations of ~4—14 ppm,, which
is comparatively large compared to model values and the
sparse experimental data on mean water vapor concentra-
tions (Garcia and Solomon, 1994; Seele and Hartogh, 1999).
These large values at NLC heights could indicate that water
vapor has been scavenged over a larger horizontal and/or
altitude range when the particles are sedimenting from the
mesopause region at 88 km down to typical NLC altitudes,
say at 82 km. This ‘freeze-drying’ effect has earlier been
suggested in connection with NLC particle condensation,
sedimentation and sublimation (Inhester et al., 1994; Turco
et al., 1982).

In the PMSE case (flight JK72) the particles are
much smaller (1 nm) and much more abundant (several

100,000 cm™* up to 10 million, considering the uncertain-
ties in the experimental data). These number densities are
in fact much larger than the concentration of smoke parti-
cles predicted by the meteor ablation model of Hunten et al.
(1980). This could imply that more numerous condensation
particles, e.g. cluster ions, were present during this flight.
This scenario is in agreement with model studies of particle
condensation which suggest that ion nucleation leads to
larger concentrations of small particles whereas dust nu-
cleation leads to smaller concentrations of large particles
(Turco et al., 1982). Which of the two mechanisms domi-
nates is mainly controlled by the atmospheric temperature
around the mesopause: Ton nucleation is preferred at very
low temperatures whereas dust nucleation prevails at larger
temperatures. Temperature measurements by the Lyman-«
technique showed comparatively large values of ~150 K
(Johanmessen et al., 1972). However, this technique is rather
uncertain at mesopause altitudes. We note that many small
particles are more difficult to detect by lidars than few large
particles. A comparison of ground-based lidar observations
of NLCs and in situ temperature measurements has indeed
shown cases of very low mesopause temperatures with the
confirmed absence of NLCs observed by the lidar (Liibken
et al., 1996).

In Case 3a (studied in Section 3.4) the particle radius and
number density are known from in situ measurements and
we have applied our model to the electron and ion density
disturbances to determine the recombination coefficient a
and the ion/electron production rate Q. We arrive at a rather
large value a~4x10~° cm®/s which implies the abundance
of very heavy cluster ions with at least 7 water molecule
ligands.

It is interesting to note that the atmospheric temperature
plays a minor role in our model. Of course, a low enough
temperature is crucial for the existence of ice particles at
the summer mesopause region, however, the charging mech-
anism varies only slightly with electron and ion tempera-
ture. As mentioned earlier we have used the mean summer
temperatures as published in Liibken (1999) in our model
calculations.

In summary we have shown in this paper that the aerosol
charging model is capable of explaining the existing data set
on electron and ion depletions and enhancements, phenom-
ena which are frequently observed in the vicinity of NLC
and PMSE layers. From the model we derive particle param-
eters, such as radius r5 and number density Na. We have
demonstrated by studying various cases that the recombi-
nation coefficient « and the electron/ion production rate Q
are -crucial parameters in order to understand the effect of
aerosol charging on the background plasma.

.From the case studies presented above it is obvious that
the influence of aerosols on the background plasma-around
the summer mesopause reveals a rather complex behaviour
depending not only on the aerosol properties themselves but
also on the ionospheric background conditions. In order to
get a complete picture it is therefore highly desirable to
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Fig.-7. Model calculations of An (blue lines) and An; (An; >0, green, and An; <0, red lines) as a function of @ and « for flight DECB93.
The black dashed line indicates combinations of Q and o leading to \/ Ofx =100 cm—3 which is the undisturbed plasma density measured

during this flight.

Table 3
Main results of the model calculations and parameters used in the
model

S26/1 DECA93 JK72 - DECB93
ra (nm) 60 32 1 47
Np (em™3) 180 850 107 110
Q0 (em™—3 1) 1.35 0.006 383 0.22
@ (107%em—3s~1) 7.0 6.9 2.1 40.0
c(H;0) (ppm,,) 13.8 10.0 3.6 42

measure as many aerosol and ionospheric plasma parameters
as possible.
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