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Modelling of positively charged aerosols in the polar summer mesopause region
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We present a model based analysis of rocket borne common volume measurements of electron number densities
and aerosol charge densities during the ECHO campaign in 1994. During that campaign a sounding rocket was
launched into a noctilucent cloud (NLC) as detected by a ground based lidar. At NLC altitudes a particle impact
detector gave strong evidence for positively charged aerosols, and an electron probe measured a significant electron
enhancement. We have applied a model of aerosol charging to these measurements and find that the existence of
positively charged aerosols can be explained if they mainly consist of a substance with a sufficiently low work
function. The electron enhancement as well as the aerosol size and number density deduced from our model are
consistent with the electron probe and lidar measurements, respectively. Considering the photoelectrical properties
of various metals we conclude that only sodium and potassium have a sufficiently low work function to allow for
significant photoemission. Even under very favourable conditions the maximum positive charge accumulated on
the aerosols is only approximately 4 elementary charges which is much less than discussed in some of the current
theories for the creation of polar mesosphere summer echoes. We note that the amount of sodium or potassium
required to form these particles is far above the natural abundances at NLC altitudes. The exact abundance and
composition of the aerosols need to be known at the time of the in situ measurements in order to make more
sophisticated comparisons between measurements and models.

1. Introduction
Aerosols play an important role in the physics of the upper

mesosphere region since they give rise to some fascinating
and scientifically challenging phenomena, such as noctilu-
cent clouds (NLC), and polar mesospheric summer echoes
(PMSE). In the summer season noctilucent clouds are oc-
casionally observed by naked eye soon after sunset at high
latitudes. It was realized already at the end of the last century
that these clouds are located at approximately 82 km, thus
much higher than tropospheric clouds (Jesse, 1891). There
is general agreement that NLCs consist of small ice par-
ticles which develop by growth and sedimentation starting
around the summer mesopause (Turco et al., 1982) where
temperatures are as low as 130 K (Lübken, 1999). Once
they have arrived at altitudes below ∼82 km, where the at-
mospheric temperature is typically larger than 150 K, they
quickly evaporate.

Very large backscatter signals were first observed with a
VHF radar at high latitudes during summer by Ecklund and
Balsley (1981) and were later called PMSE. Since they occur
only during summer at approximately the same altitudes and
geographical latitudes they are presumably closely related to
NLCs (see Cho and Röttger, 1997, for a review on PMSE
observations and theories). In order to affect the electron
number densities, which determine the refractive index for
radars in the upper mesosphere, the aerosol particles must
be charged. It is commonly believed that they are nega-
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tively charged due to electron capture, whereas photoelec-
trical effects are negligible since most of the solar photons
at these altitudes are not energetic enough to overcome the
work function of water ice (Reid, 1990; Jensen and Thomas,
1991). In situ observations of electron profiles support this
view since they show a steep decrease of electron number
densities inside PMSE layers (Ulwick et al., 1988; Lübken
et al., 1998). These ‘electron biteouts’ are believed to be
caused by aerosols which scavenge the free electrons and
therefore become negatively charged.

The discussion on positively charged aerosols in the high
latitude summer mesopause region was stimulated by Havnes
et al. (1990) who argued that the ice particles leading to
PMSEs could be contaminated by metals which have a suffi-
ciently low work function to allow for photoelectrical emis-
sion of electrons. This speculation was supported by mea-
surements during the ECHO campaign (in which radar
echoes were studied) in 1994 where two sounding rockets
were launched to examine the dynamical and electrodynam-
ical conditions in the vicinity of PMSEs. An impact detector
called DUSTY was installed to measure the charge state of
the aerosols, and the CONE instrument (COmbined Neu-
tral and Electron sensor) measured small scale structures of
neutral and electron number densities (Havnes et al., 1996;
Lübken, 1996). In one of the rocket flights DUSTY indeed
showed strong indications for positively charged aerosols,
and CONE measured an electron density enhancement rela-
tive to a smooth background (Blix et al., 1995; Havnes et al.,
1996). In addition, a ground based lidar located very close
to the rocket launch site detected a NLC layer at exactly the
same altitudes (Lübken et al., 1996). In this paper we make
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800 M. RAPP AND F.-J. LÜBKEN: MODELLING OF POSITIVELY CHARGED AEROSOLS

an attempt to explain these observations in terms of aerosol
charging. We have therefore extended the aerosol charging
model of Jensen and Thomas (1991) by explicitly taking into
account the role of photoelectrical emission of electrons for
the case that the aerosols mainly consist of metals. Our model
results are relevant beyond the application to these measure-
ments since we will derive more general results (e.g., the
maximum possible positive charge on aerosols) which are of
interest for current PMSE theories.

In Section 2 we will shortly recall the basics of the aerosol
charging model and discuss our extensions, whereas in Sec-
tion 3 we will apply the model to the data of the ECHO flight
labeled ECT07, as well as the corresponding lidar measure-
ments. We will derive aerosol properties, e.g. mean charge
and radius, which are consistent with the ground based and
in situ measurements. In Section 4 we will discuss the as-
sumptions made in Section 3 and we will speculate about the
constraints imposed by the optical properties of the aerosol
particles on their composition.

2. Charging of Aerosols
2.1 The charging model

The model of Jensen and Thomas (1991) determines the
charge distribution on aerosol particles due to charge fluxes
onto and away from the aerosol. The main idea is to calcu-
late the charge flux balance on q-fold charged particles under
steady state conditions which is expressed in a recursion re-
lation first derived by Parthasarathy (1976):

Pqνp + Pqν
+
q ni + Pqν

−
q ne

= Pq+1ν
−
q+1ne + Pq−1ν

+
q−1ni + Pq−1νp. (1)

Here, Pq(r) represents the number density of particles with
fixed radius r which have accumulated a number of q ele-
mentary charges (note that

∑
q Pq(r) = NA(r), where NA(r)

is the total number density of aerosols with radius r ); νp is
the photoemission rate; ν+

q and ν−
q are the capture rates of

positive ions and electrons, respectively, by a q-fold charged
aerosol; ni and ne are the number densities of positive ions
and free electrons, respectively, in the volume considered.
The left hand side of Eq. (1) represents all loss mechanisms
for q-fold charged particles (namely photoemission, positive
ion capture and electron capture of a q-fold charged particle),
whereas the right hand side expresses their sources: electron
capture of a (q + 1)-fold charged particle, and positive ion
capture and photoemission of a (q −1)-fold charged particle.
In our model we allow the aerosols to accumulate a maximum
of 8 negative and 500 positive elementary charges, respec-
tively (q ε [−8, +500]). The latter quantity is a significant
extension of the model of Jensen and Thomas (1991) which
took into account a maximum of 4 positive charges which re-
stricts the model to aerosol particles consisting of a material
with negligible photoemission, e.g. of pure water ice.

The capture rates of electrons and positive ions (ν−/+
q ) con-

tributing to the charge probability distribution Pq(r) have
been given by Natanson (1960) and slightly modified by
Parthasarathy (1976) applying basic laws of gas kinetics and
electrostatics. In our model the crucial quantity is the pho-

toemission rate νp which is given by (Turco et al., 1982):

νp = πr2
∫ λ�

100 nm
Qabs(r, m(λ)) · F(λ) · Y (λ) · dλ. (2)

Here Qabs(r, m(λ)) is the Mie absorption efficiency,
m(λ) = n(λ) + ik(λ) is the complex index of refraction
for the aerosol particle under consideration, F(λ) is the so-
lar flux, and Y (λ) is the photoelectric yield. The integration
limits are given by the solar spectrum which is very weak
at wavelengths below 100 nm, and by the wavelength λ�

which corresponds to the energy of the work function � for
the aerosol. If the aerosol particles consist of water ice with
� = 8.7 eV the Lyα line in the solar spectrum constitutes the
main contribution to the integral in Eq. (2). In this case we
find that νp � ν

+/−
q ni/e, i.e., photoeffect can be neglected,

in agreement with other studies.
The situation is entirely different if the aerosols consist at

least partly of substances with sufficiently low work func-
tions to allow for substantial photoemission. We will now
evaluate the photoemission rates for various elements ap-
plying Eq. (2). We have taken the complex refractive in-
dex as a function of wavelength m(λ) for various metals
being relevant in the upper mesosphere from Hellwege and
Hellwege (1962), and the solar spectrum F(λ) from Brasseur
and Simon (1981). For the photoelectrical yield Y (λ)

we have applied the Fowler-Nordheim law following
Feuerbacher and Fitton (1972):

Y = C(� − hν)2. (3)

Here � is the work function, hν is the quantum energy of
the incoming photon, and C is a constant which is taken from
measurements. We note that Y depends on � and thus on
the substance under consideration. Typical values of C are
10−2/(eV)2 to 10−4/(eV)2 depending on both the size and
the composition of the particle (Schmitt-Ott et al., 1980).
The Fowler-Nordheim law is not dependent on temperature,
except for wavelengths very close to the threshold � (see
equations 8–10 in Fowler, 1931) which is not of importance
for our application. We have chosen rather large values for
C relevant for particle sizes comparable to or even smaller
than the mean free path of the photoelectrons in the material
(�50 nm) in which case electrons from the bulk of the particle
are emitted while for bigger particles only the surface of
the particle contributes to photoemission (Schmitt-Ott et al.,
1980; Müller et al., 1988, 1991). Some measurements of C
stated above were performed in pure helium and gave yields
which are significantly different from those in a mixture of
nitrogen and oxygen (Müller et al., 1988). We prefer to
use the measurements in a gas mixture of N2 and O2, i.e.,
approximate of the composition in the upper atmosphere,
and have taken the large value of C = 0.01/(eV)2 from
Schmitt-Ott et al. (1980) since we want to arrive at an upper
estimate of the quantum yield.

In Fig. 1 we have plotted the photoemission rate from a
single aerosol particle as a function of wavelength assuming
a fixed particle radius of 50 nm. We have chosen various
metals of interest in the upper mesosphere, and for compar-
ison water ice. We have also plotted the solar irradiance
spectrum in Fig. 1. As can be seen from this plot the largest
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Fig. 1. Photoemission rates per wavelength (thin lines) of a single aerosol particle as a function of wavelength assuming that the particle has a radius
of 50 nm. The various elements and their work functions are indicated in the plot. The solar spectrum (thick solid line, right axis) determines the
photoemission rates at low wavelengths, whereas the various work functions lead to the cut off at larger wavelengths. For comparison the photoemission
rate of a water ice particle is also plotted (note that this curve has been multiplied by 104). The wavelength of the Lyα line in the solar spectrum is
indicated.

photoemission rates are expected if the particle consists of
sodium. Photoemission rates get very small for λ smaller
than ∼250 nm due to the very weak solar spectrum. At the
upper wavelength part the photoemission rate is limited by
the work function. Note that the photoemission rate of water
ice is several orders of magnitude smaller compared to the
metals (for plotting reasons the corresponding curve in Fig. 1
has been multiplied by 104). In order to obtain the total pho-
toemission rate the curves in Fig. 1 have to be integrated over
the wavelength range of interest. The corresponding num-
bers are listed in Table 1. The photoemission rate for sodium
particles is the largest and more than 5 orders of magnitude
larger compared to water ice.

Applying the photoemission rate calculations presented
above we determine the charge distribution as follows: We
start with an initial guess for the electron and positive ion
densities assuming that aerosols do not affect these densities
(we have ignored negative ions since they are not of sig-
nificant abundance during daytime conditions). For a given
aerosol number density and size we then calculate the aerosol
charge distribution Pq(r) from Eq. (1). From Pq(r) and the
aerosol number density the number of free electrons and ions
being transferred (per second) to the aerosols is calculated
assuming steady state conditions and taking into account the
requirement of charge neutrality ni +zp = ne, where zp is the
total aerosol charge (see Jensen and Thomas, 1991, for more
details). This results in modified electron and ion densities
which are then used to again determine Pq(r). This proce-
dure is repeated until the values for ne and ni converge. The
condition for convergence is that the plasma densities calcu-

Table 1. Emission rates of photoelectrons of a single particle with a radius
of 50 nm for various metals relevant for the mesopause region.

Substance νp (1/s)

Na 18.8

K 7.4

Ca 4.6

Fe 0.036

Mg 0.67

Al 0.048

Ice 4.4×10−5

lated in the nth step of the iterative process do not deviate
from the (n − 1)st step by more than 0.1 per mille.

Please note that for all our calculations we have assumed
steady state. We are confident that this assumption is reason-
able since typical timescales for the charging mechanisms
are 25 s and 0.1 s for a particle with a radius of rA = 5 nm
and rA = 50 nm, respectively (see below and Fig. 4), and
typical timescales for transport are on the order of hours.

In order to investigate the effect of photoemission on the
overall charge of the aerosols we have to make an assump-
tion about the aerosol composition, more precisely about the
complex refractive index as a function of wavelength in the
relevant part of the solar spectrum. We will later discuss
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Fig. 2. Aerosol charge distribution assuming that the particles consist of sodium. While small particles (e.g., r = 2 nm) are negatively charged, large
particles accumulate a net positive charge. The mean maximum positive charge approaches an upper limit of ∼ +4 e for radii larger than ∼20 nm.

in detail various materials in question and their abundance
in the upper mesosphere. In the next section we will start
with the most promising though probably unrealistic case,
i.e., particles that entirely consist of sodium.
2.2 Charging studies for sodium particles

We now apply the charging model described above to par-
ticles which entirely consist of sodium, since the photoemis-
sion rate is largest for this substance (see Fig. 1 and Table 1).
As described above we have used C = 0.01/(eV)2 which
results in the maximum possible positive charge. Figure 2
shows the charge distribution on sodium particles with var-
ious radii. While very small particles with r ∼ 2 nm are
negatively charged, particles with r = 10 nm accumulate a
mean positive charge of ∼ +1 e. It is interesting to note
that the mean positive charge reaches a maximum of approx-
imately +(3–4) e for radii larger than ∼20 nm and does not
further increase with increasing radius. This is in contrast to
the results of Havnes et al. (1990) who found that the pos-
itive charge rises proportional to the aerosol radius. Since
this discrepancy has important consequences for some PMSE
theories we will now study in detail the physical reasons for
a maximum in the aerosol charge.

We first analyze the radial dependence of the photoemis-
sion rate in Eq. (2) which is given by πr2 Qabs(r, λ) ≡ σabs

(σabs is the absorption cross section). We fix the wavelength
at 370 nm since the photoemission rate peaks around this
wavelength (see Fig. 1). In Fig. 3 we have plotted the ra-
dial dependence of the Mie cross sections for absorption,
extinction, and scattering. As can be seen from this figure
the absorption cross section is proportional to r3 (thus to the
volume of the particle) for particles with radii smaller than
∼10 nm (e.g., much smaller than the wavelength), and the

scattering cross section is proportional to r6. This is the
classical result for Rayleigh scattering (van de Hulst, 1981).
However, for large particles (r ≥ 1000 nm) the absorption is
proportional to r2 thus to the particle surface. For interme-
diate sized particles the cross section varies approximately
with r1 with significant interference structures overlayed.

To further elucidate the charge distribution shown in Fig. 2
we have plotted the radial dependence of the various contri-
butions to the charge balance, i.e. the photoemission rate, the
capture rate of electrons by neutral particles, and the capture
rate of electrons by one to tenfold positively charged aerosols
in Fig. 4. We start our discussion with very small neutral par-
ticles. As can be seen from Fig. 4 the electron capture rate
by a neutral particle smaller than ∼5 nm is larger than the
photoemission rate resulting in a net negative charge. As the
particle size increases the photoemission rate increases pro-
portional to r3 compared to the approximate r2 increase of the
electron capture rate. This implies that particles of e.g. 6 nm
emit more photoelectrons than they capture from the environ-
ment which results in a net positive charge. For particles with
a radius of ∼7.5 nm (12 nm, 15 nm) the photoemission rate
is compensated for by electron capture by a singly (twofold,
threefold) positively charged aerosol. For particles larger
than ∼20 nm the radial dependence of the photoemission
rate flattens to ∼r1 and reaches equilibrium with the electron
capture rate by a fourfold positively charged aerosol. This
explains why the particles accumulate not more than 4 posi-
tive charges, even if they are significantly larger than 20 nm
(this is true as long as the particles are smaller than ∼1000 nm
when the radial dependence of photoemission changes again;
since NLC particles are much smaller than 1000 nm we will
not study this case any further). Havnes et al. (1990) have
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Fig. 3. Radial dependences of Mie cross sections for absorption, scattering, and extinction as a function of particle radius for a wavelength of 370 nm.
For particles smaller than ∼10 nm the absorption cross section is proportional to the volume of the particle, and for particles larger than 1000 nm it is
proportional to its surface. In between, there is a smooth transition with an approximate r1 dependence and interference patterns overlayed.

Fig. 4. Photoemission rate (solid line), and capture rates of electrons by neutral (Ao), singly (A+), and multiply (up to tenfold) positively charged aerosols
(see legend). The thick solid line indicates the photoemission rate in equilibrium with the electron capture rate of the positively charged aerosols. For
particles with a radius of ∼7.5 nm (12 nm, 15 nm) the photoemission rate is compensated for by electron capture by a singly (twofold, threefold)
positively charged aerosol (large dots). For particles smaller than ∼5 nm charging is dominated by electron capture by neutral particles (thick dashed
line). For radii larger than ∼20 nm the photoemission rate is compensated for by the capture of electrons by fourfold positively charged aerosols. The
model calculations were performed for particles with a work function of � = 2.3 eV, and C = 0.01/(eV)2 in Eq. (3).
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Table 2. Work functions and maximum positive charge q̄max of various
metals relevant for the mesopause region. The maximum charges have
been calculated assuming that the particles are pure metallic, and that
they are not larger than ∼1000 nm.

Substance � (eV) q̄max (e)

Na 2.3 3.8

K 2.25 ∼2

Fe 4.63 ≤0

Ca 3.2 ≤0

Mg 3.7 ≤0

Al 4.2 ≤0

used an absorption cross section which is proportional to r3

for all wavelengths smaller than 300 nm. This results in too
large photoemission rates, and in too large positive charges
for particles larger than ∼20 nm and explains the discrepancy
mentioned above.
2.3 Sensitivity studies

We have studied the influence of the optical properties of
the aerosol particles (i.e., the model parameters C , �, and
the refractive index) on the maximum positive charge qmax

accumulated on the aerosols with radii larger than ∼20 nm.
We have already noted that qmax ∼ +3.8 e for sodium. For
simplicity we have assumed that the particles consist of pure
K, Ca, Fe, Mg, and Al, respectively. We have adapted the
work function energies from Weast (1978), the refractive in-
dices from Hellwege and Hellwege (1962), and have again
used C = 0.01/(eV)2. The results of these calculations are
summarized in Table 2. It is evident that most of the elements
have too large work functions to allow for a positive charging
of the aerosols. Only sodium and potassium particles would
accumulate approximately 3.8 and ∼2 positive charges, re-
spectively. Despite the fact that the work functions of both
Na and K are almost identical the maximum charge differs by
almost a factor of 2 due to the quite different variation of the
complex refractive index with wavelength for both metals.

We have also varied the constant C within reasonable lim-
its and found that q̄max is approximately proportional to C :
Decreasing C by a factor of 10 decreases q̄max by the same
factor.

3. Application of the Aerosol Charging Model to
Flight ECT07

We will now apply the charging model to measurements
performed during a sounding rocket flight labeled ECT07.
This flight took place from the Andøya Rocket Range (69◦N)
on July 31, 1994, at 00:50:33 UT as part of the ECHO cam-
paign. The DUSTY instrument on board the sounding rocket
measured strong signals at exactly the altitude range where
the Bonn University lidar detected a strong backscatter ra-
tio of R ∼ 100 indicative of a NLC layer (Lübken et al.,
1996). In addition, a VHF radar received strong PMSE sig-
nals from these altitudes (Nussbaumer et al., 1996). Post
flight analysis lead Havnes et al. (1996) to conclude that
DUSTY had detected positively charged aerosols with a max-

imum charge density of NA · qA ∼ 7000 e/cm3 at an altitude
of 83 km (qA is the mean aerosol charge). As has been
stated by Havnes et al. (1996) the absolute value for NA · qA

is somewhat questionable due to unknown instrumental ef-
fects. At exactly the altitude range where DUSTY detected
charged aerosols, the electron probe of the CONE instrument
measured a significant free electron density enhancement of
�ne ∼ 3000 e−/cm3 on top of a smooth background pro-
file (Blix et al., 1995). In addition, a ‘falling sphere’ was
launched close in time and space to the sounding rocket
and gave atmospheric density and temperature profiles below
∼95 km altitude. These temperatures have been used in our
model to calculate the capture rates.

This set of measurements provides the unique possibility
to test the aerosol charging model and investigate whether we
arrive at a solution which is consistent with all measurements.
We can then study the implications of the results for our
understanding of the aerosol composition and the role of
charged aerosols in creating PMSE.

We start with the lidar result (R = 100) and show in Fig. 5
backscatter ratios as a function of aerosol radius and num-
ber density; more precisely, the mode radius of a lognormal
aerosol size distribution with a moderate width of σ = 1.2
following Thomas and McKay (1985) is used on the abscissa
in Fig. 5. As can be seen from this plot a backscatter ratio
of 100 requires that the particles are larger than ∼25 nm, as-
suming reasonable number densities of not more than several
thousand particles per cm3. From our model calculations we
conclude that particles of this size carry a positive charge of
qA = +3.8 e (assuming that the particles consist of sodium;
see Fig. 2). Please note that this result is not sensitive to
the special choice of σ since for radii larger than 20 nm the
particle charge distribution is independent of the particle ra-
dius (see Fig. 2). Together with the DUSTY measurement of
NA · qA ∼ 7000 e/cm3 this implies that the aerosol number
density is ∼1800/cm3. Again referring to Fig. 5 this results in
a more precise estimate for the mode radius of ∼30 nm. The
calculations are summarized in Table 3. With these results we
now run the charging model to determine the electron num-
ber density enhancement �ne = ne,disturbed − ne,undisturbed us-
ing an undisturbed electron number density of ∼3100 e/cm3

(Blix et al., 1995) which is in agreement with an electron/ion
production coefficient of 10 cm−3s−1 and a recombination
coefficient of 10−6 cm3s−1 (Jensen and Thomas, 1991). In
Fig. 6 we have plotted isolines of �ne as a function of the
particle mode radius, and the aerosol number density. As can
be seen from this figure the aerosol particles must be larger
than ∼6 nm in order to produce an electron enhancement,
otherwise an electron depletion will occur. This is consistent
with our analysis presented in Fig. 4. For a mode radius of
30 nm and an aerosol number density of 1800/cm3 we expect
an electron enhancement of ∼2000 cm−3. This is in rea-
sonable agreement with the measured value (∼3000 cm−3)
taking into account the various uncertainties of the model
parameters and the measurements. It is interesting to note
that the same aerosol population would have resulted in an
electron biteout of about −2500 cm−3 (rather than the ob-
served enhancement) if the particles are assumed to consist
of ice.

We conclude that our model is capable of explaining the
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Fig. 5. Lidar backscatter ratio for a wavelength of 532 nm as a function of aerosol number density NA and mode radius (the width of the lognormal
distribution was assumed to be σ = 1.2). The observed backscatter ratio of ∼100 implies that the aerosols must be larger than ∼25 nm, assuming that
the particle number density is within reasonable limits of several thousand/cm3.

Fig. 6. Model calculation of electron density enhancement in cm−3 as a function of aerosol number density NA and mode radius (the width of the lognormal
distribution was assumed to be σ = 1.2). The aerosols must be larger than ∼10 nm to create a positive electron density disturbance. From the lidar
and aerosol measurements combined with the model calculations of the aerosol charge distribution we arrive at an aerosol number density of 1800/cm3,
and a mode radius of 30 nm. Applying our model this results in an electron density enhancement of ∼2000/cm3 in good agreement with the in situ
measurement.
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Table 3. Measurements and model results for ECHO flight labeled ECT07.
NA is the aerosol number density, qA their mean charge, and rA their
mode radius; ne is the undisturbed electron number density (see text for
more details).

NA · qA ne NA qA rA

(e/cm3) (cm−3) (cm−3) (e) (nm)

7000 3100 1800 3.8 30

measurements of DUSTY and CONE in terms of 3.8-fold
positively charged aerosols. The size and number density of
the aerosols are consistent with the observed lidar backscat-
ter ratio. The most questionable assumption made in our
model calculation regards the composition of the aerosols
which we have taken to be pure sodium. We will discuss the
implications of this assumption in the next section.

4. Discussion
We have demonstrated in the previous sections that aero-

sols consisting of sodium would result in a positive charge
which explains the in situ plasma density measurements and
the ground based lidar observations. Potassium particles
would also be positively charged, whereas all other metals,
e.g. Mg or Fe, and of course ice which is commonly be-
lieved to form these particles, have too large work functions
to allow for significant emission of photoelectrons. We will
now discuss whether there are enough sodium or potassium
atoms available at mesopause heights to form such aerosols,
or at least to cover their surface with a monolayer. Since
the abundance of potassium is an order of magnitude smaller
compared to sodium (von Zahn and Höffner, 1996) we will
concentrate on sodium.

Resonance lidar measurements have shown that the max-
imum abundance of free sodium atoms around 85 km is of
the order of 104/cm3, and much smaller during summer con-
ditions (e.g. Kurzawa and von Zahn, 1990). Even if we take
into account the sodium atoms stored in various chemical
substances the total abundance will not increase significantly.
Since the radius of a sodium atom is ∼0.2 nm at least 30000
atoms are needed to cover the surface of a 30 nm particle,
which corresponds to a total of 3 · 107/cm3 sodium atoms
if we assume an aerosol number density of 1000/cm3. This
exceeds typically measured peak values by more than three
orders of magnitude. The situation is even worse if we ask for
the entire particle to consist of sodium: A total of 5 ·109/cm3

are needed, far more than available.
We could speculate that the column density of sodium is

the more relevant physical quantity in this context because
the aerosols are believed to start their nucleation around the
cold summer mesopause and then sediment to lower altitudes
thereby collecting water molecules and other species, among
them sodium. We have estimated the total amount of sodium
above 83 km (including various chemical forms and meteoric
dust grains) to be ∼2 · 1010/cm2 (e.g. Hunten et al., 1980;
Clemesha et al., 1995). This is to be compared with the
sodium content in the aerosol layer observed by DUSTY
during flight ECT07. Taking a layer height of 1 km we arrive

at 3 ·1012/cm2 for a surface monolayer, and at 5 ·1014/cm2 to
create 1000 aerosols totally consisting of sodium. Thus we
again need several orders of magnitude more sodium than
the available natural abundances.

We therefore conclude that it is rather unlikely that the
aerosols observed during ECT07 consist of pure sodium, at
least not if the amount of sodium available in the atmosphere
during this flight was anywhere close to standard atmospheric
conditions. We note, however, that electron enhancements
at NLC heights are rare events. The ‘standard’ case during
PMSE conditions was observed only two days before flight
ECT07: In the first salvo during the ECHO campaign the
CONE instrument detected an electron biteout at PMSE al-
titudes. We have applied our model to these measurements
and found that the aerosols were negatively charged which
is consistent with the assumption that they consist of pure
water ice (Lübken et al., 1998).

We conclude that either the measurements are erroneous
(which we consider to be unlikely since there are two inde-
pendent indications for positively charged aerosols, namely
the DUSTY measurements, and the electron enhancement
detected by CONE), or the amount of sodium in the vicinity
of the aerosol layer was far above typical abundances. In
order to perform correct model calculations it is necessary
to know the abundance and complex refractive index of the
particles involved. The optical properties of aerosols which
consist of a mixture of various substances are very difficult
to model and also difficult to measure in the laboratory under
conditions relevant for PMSE and NLC particles.

Regardless of the composition of the aerosol particles our
model calculations impose a severe limitation on some of
the PMSE theories being presented in the literature. As we
have shown in Section 2 the maximum positive charge on the
aerosols is approximately +(3–4) e assuming very favorable
conditions, namely that the particles consist of pure sodium
and that the photoelectrical yield is maximum. This is much
smaller than the some hundred positive charges required by
some of the PMSE theories like the dust hole scatter the-
ory by Havnes et al. (1992) and the opalescence theory by
Trakhtengerts (1994).

5. Summary and Conclusion
By applying an aerosol charging model to measurements

obtained during the ECHO campaign in 1994 we have
demonstrated that the existence of positively charged aero-
sols can in principle be explained assuming that these aero-
sols mainly consist of substances allowing for a significant
charging by photoemission. Mie calculations of the absorp-
tion cross sections of the aerosols have shown that there exists
an upper limit of ∼4 positive charges as long as the particles
are smaller than ∼1000 nm. This result is in contrast to ear-
lier theoretical calculations which predicted aerosols with
positive charges of more than +100 e (Havnes et al., 1990).
Taking into account the photoelectrical properties of metals
we have shown that only sodium and potassium have suffi-
ciently low work functions to allow for significant photoe-
mission. We note that the amount of sodium required to form
these particles is far above the natural abundances at NLC
altitudes. We conclude that the abundance and composition
of the aerosols (or their complex refractive index) needs to
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be known to perform more sophisticated model calculations.
Further experimental observations of aerosol properties at
mesospheric heights are required to further elucidate the role
of positively charged aerosols in creating NLCs and PMSEs.
Such in situ measurements could be triggered by lidar de-
tection of NLCs that require particles of a minimum size
of 20–30 nm which is also a necessary though not sufficient
condition for the accumulation of positive charge on aerosols.
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