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a b s t r a c t

It is now well understood that the occurrence of PMSE is closely connected to the presence of ice

particles. These ice particles modify the ambient electron density by electron attachment which

occasionally leads to large electron density depletions which have also been called ‘biteouts’. There has

been some debate in the literature regarding the relative depth of such depletions which is usually

expressed by the parameter L¼ 9ZA9NA=ne. Here, 9ZA9NA is the charge number density of ice particles

and ne is the electron density. In this paper, we present, for the first time, the statistical distribution of L
using measurements with the EISCAT VHF- and UHF-radars. Based on 25 h of simultaneous observa-

tions, we derived a total of 757 L values based on 15 min of data each. In each of these cases, PMSE

were observed with the EISCAT VHF-radar but not with the UHF-radar and the UHF-measurement were

hence used to determine the electron density profile. From these 757 cases, there are 699 cases with

L51, and only 33 cases with L40:5 (21 cases with L41). A correlation analysis of L versus PMSE

volume reflectivities further reveals that there is no strong dependence between the two parameters.

This is in accordance with current PMSE-theory based on turbulence in combination with a large

Schmidt-number. The maxima of L from each profile show a negative relationship with the

undisturbed electron densities deduced at the same altitudes. This reveals that the variability of L
mainly depends on the variability of the electron densities. In addition, variations of aerosol number

densities may also play a role. Although part of the observations were conducted during the HF heating

experiments, the so-called overshoot effects did not significantly bias our statistical results. In order to

avoid missing biteouts because of a superposition of coherent and incoherent scatter in the UHF-data,

we finally calculated spectral parameters n by applying a simple fit to auto-correlation functions as

introduced by Strelnikova and Rapp (2010). Corresponding statistical results of the parameter n

indicate that charged ice particles do exist in the vicinity of PMSE (i.e., no1) but they did not efficiently

modify ambient electron densities so that clear ‘biteouts’ are observed.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The polar mesosphere in summer is host to nanometer-sized
ice particles due to the extraordinary thermal structure with
mean minimum temperatures down to � 130 K at the mesopause
at around 88 km (e.g., Lübken, 1999). Parts of these particles with
radii exceeding 20 nm can even be optically observed as noctilu-
cent clouds (or NLC), whereas the whole population of ice
particles (in the size range of � 22100 nm) are supposed to be
involved in the creation of strong radar echoes which are termed
polar mesosphere summer echoes or PMSE (see e.g., Thomas,
1991; Rapp and Lübken, 2004, for reviews regarding NLC and
PMSE, respectively). It is now well confirmed that PMSE and NLC
ll rights reserved.
are closely related (e.g., Nussbaumer et al., 1996; von Zahn and
Bremer, 1999; Klekociuk et al., 2008). NLC have been long known
as direct evidence for ice particles. In contrast, it has only recently
been settled that PMSE are created by irregularities in the
electron density at the radar Bragg wavelengths (¼half the radar
wavelength) caused by neutral air turbulence in combination
with the effect of charged ice particles (e.g., Kelley et al., 1987;
Rapp and Lübken, 2004; Rapp et al., 2008; Nicolls et al., 2009; Li
et al., 2010; Varney et al., 2011). Hence, the occurrence of PMSE
depends on the ambient electron densities (i.e., there is a lower
limit for the occurrence of PMSE, e.g., Rapp et al., 2002, 2009) as
well as the presence of charged ice particles which, in turn, are
expected to scavenge electrons.

In consequence, it is now understood that charged ice particles
also play a crucial role in the charge balance of the polar summer
mesopause region where ice particles become negatively charged
due to electron attachment and hence effectively scavenge
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Table 1
Observations with the EISCAT VHF- and UHF-radars analyzed in this paper.

Date Time [UT] Experiment UHF-PMSE

2003-06-30 08:00–10:00 arcdlayer Yes

2003-07-01 08:00–11:00 arcdlayer No

2003-07-02 07:00–10:00 arcdlayer No

2004-07-07 07:00–08:00 arcdlayer_ht No

2004-07-14 07:00–10:00 arcdlayer_ht Yes

2005-07-04 08:00–13:00 arcdlayer_ht Yes

2005-07-05 11:00–13:00 arcdlayer_ht Yes

2005-07-10 07:00–08:00 arcdlayer_ht No

2007-08-11 08:00–10:00 arcdlayer No

2007-08-12 10:00–13:00 arcdlayer No
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electrons (e.g., Reid, 1990; Jensen and Thomas, 1991; Havnes
et al., 1996; Rapp and Lübken, 2001). This process results in
electron density depletions or the so-called ‘biteouts’ (e.g., Ulwick
et al., 1988). The occurrence of biteouts is hence considered as
strong support for the existence of mesospheric ice particles. So
far, electron biteouts in the vicinity of PMSE have routinely been
observed with the rocket-borne sensors (e.g., Ulwick et al., 1988;
Blix et al., 2003; Rapp et al., 2003; Friedrich et al., 2009, 2011) as
well as occasionally with ground-based radars (Röttger et al.,
1990; Singer et al., 2011).

As shown in one of the earliest corresponding rocket-borne
measurements during the STATE campaign in 1983 (Ulwick et al.,
1988) the electron number density may be depleted by as much
as a factor of 10 in the presence of PMSE. The question how deep
the electron density depletion is in general, however, is still open.
While it was originally suspected that L-values in excess of � 1
were needed for PMSE to occur (Cho et al., 1992), experimental
work by Havnes et al. (2011) and Blix et al. (2003) showed that
this was generally not the case. Also, Rapp and Lübken (2003)
offered a theoretical explanation for this apparent discrepancy
between theory and observations (see their Appendix B). Blix
et al. (2003) carried out a statistical study of the correlation
between L and PMSE profiles based on four sounding rocket
flights and derived a distribution of L in the presence of PMSE.
They showed that only in 15% of all altitude bins L exceeded a
value of 1 whereas in � 75% of all altitude bins L was even less
than 0.5 (see their Table 4 for details). Unfortunately, measure-
ments of four rocket flights must still be considered as poor
statistics and they also suffer from the constraint that there is a
big difference in the observing volumes between radars and
sounding rockets. In this study, it is our aim to derive a
statistically reliable distribution of L from the measurements of
electron densities with the EISCAT UHF-radar in the presence of
PMSE simultaneously observed with the collocated EISCAT VHF-
radar. Furthermore, we present the correlation between L and the
volume reflectivities of the VHF-PMSE. The structure of this paper
is as follows: In Section 2, we describe the experimental details as
well as the data base for the current analysis. Next, we present a
new method to estimate L from the radar observations in Section
3 where we also present the statistical results of the derived
L-values. In order to avoid missing electron biteouts because of a
superposition of coherent and incoherent scatter in the UHF-data,
we further check the spectral shapes based on the analysis of the
auto-correlation functions (Section 4). Our final conclusions and
proposals for future research are presented in Section 5.
2. Experimental details

The measurements analyzed in this paper were performed in
the summer seasons from 2003 to 2007 with the EISCAT VHF- and
UHF-radars which are collocated at Ramfjordmoen near Tromsø,
Norway (69.6 1N,19.2 1E). Detailed descriptions of these two
radars can be found in Baron (1986) and Folkestad et al. (1983),
respectively. In order to deal with a homogeneous dataset, all
corresponding observations with both radars were simulta-
neously conducted using the so-called ‘arcdlayer’-experiment or
its special version, i.e., the ‘arcdlayer-ht’-experiment. The latter
was applied during heating experiments with the RF heating
facility of the EISCAT Tromsø radar site (Rietveld et al., 1993;
Naesheim et al., 2008). See also Li and Rapp (2011) for a detailed
description of the experiments and datasets including a detailed
list with corresponding technical parameters. In the current
analysis, the heating parts of the observations are not considered
and are removed before integration of the data was carried out.
The EISCAT VHF- and UHF-radars are both incoherent scatter
(IS) radars which are a powerful tool for studying the Earth’s
ionosphere. In the D-region (i.e, at altitudes below � 95 km) the
received echoes are mainly due to scattering from electron
density fluctuations dominated by highly damped ion acoustic
waves (e.g., Dougherty and Farley, 1963; Tanenbaum, 1968;
Mathews, 1978). The total echo power depends on the number
density of electrons and can hence be used to estimate the
electron number density. In the presence of PMSE, the measure-
ments with the EISCAT VHF and UHF-radars are a superposition of
coherent scatter from PMSE and incoherent scatter from the
ambient plasma at mesospheric altitudes. Due to the well-known
frequency dependence of PMSE, the VHF-radar observes PMSE
much more frequently than the UHF-radar (e.g., Li and Rapp,
2011). However, given a sufficiently large electron density (in our
case determined by the detection limit of the UHF-radar of about
� 1� 109 m�3, see e.g., Friedrich and Kirkwood, 2000), the UHF
observations may be dominated by incoherent scatter from the
D-region electrons such that they can be used to infer electron
densities in the presence of PMSE observed with the VHF-radar.
A list of the corresponding observations analyzed in this study is
presented in Table 1.

The original data-dump provided by the EISCAT-experiments
described above are auto-correlation functions (ACF, i.e., the
Fourier transform of the Doppler spectrum according to the
Wiener–Khinchine theorem) which consist of 127 lags with
1.35 ms resolution for ‘arcdlayer’-experiment and with 1.562 ms
resolution for ‘arcdlayer-ht’-experiment. Using the well docu-
mented ‘GUISDAP’ software package (Lehtinen and Huuskonen,
1996), the observations are routinely analyzed off-line in terms of
electron number densities (or ‘apparent’ electron densities for the
case of PMSE). Such derived ‘apparent’ electron number densities
can be converted to volume reflectivities using the well-known
relation

Z¼ s� Ne ð1Þ

where s¼ 5� 10�29 m2 is half the scattering cross section se of
an electron (s¼ se � ð1þTe=TiÞ

�1
¼ se=2) and Ne is the ‘apparent’

electron number density (e.g., Röttger and LaHoz, 1990). Note that
the term ‘apparent’ electron density is meant to express that the
signal is not a measure of real electron density but due to
coherent scatter of PMSE which adds to the incoherent scatter
(and usually outperforms the latter during strong VHF-PMSE
by far).
3. Method to derive K and statistical results

Fig. 1 sketches a typical altitude profile of electron densities
(undisturbed electron density in dashed line and observed elec-
tron density in solid line) in a ‘‘biteout’’ situation. From charge



Fig. 1. Schematic picture of typical altitude profiles of undisturbed electron

density Ne0 (solid line) and observed electron density ne (dashed line) in a ‘biteout’

situation. The shaded area indicates the altitudes where PMSE occur.

Fig. 2. Samples of electron biteouts: strong depletion, moderate depletion, no

depletion in the upper, middle, and lower panels, respectively.
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neutrality, we may assume ne ¼Ne0�NA9ZA9, where Ne0 is the
undisturbed electron density in the absence of ice particles. Note
that this assumption implies that the positive ion density dis-
turbance due to the presence of aerosol particles is small
compared to their effect on electrons. Indeed, this assumption
is usually valid except under conditions of very deep biteouts
(see Rapp and Lübken, 2001, their Fig. 1 and the corresponding
discussion).

The ratio between charge number density of ice particles and
electron number density can then be determined by

L¼ 9ZA9NA=ne ¼ ðNe0�neÞ=ne ð2Þ

where Ne0 must be determined from the measured electron
density profile by interpolation between below and above the
depletion layer.

Fig. 2 presents three typical cases out of all the observations.
The gray lines in each panel show fifteen 1-min electron density
profiles deduced from the UHF observations with their mean
profile as a blue line (i.e., ne, see bottom abscissa). In order to
derive the undisturbed electron density, we fitted the mean
profiles excluding the altitude ranges of the UHF-PMSE signals
and the electron biteouts by an eighth order polynomial. The
fitting lines are shown as black dashed lines (i.e., Ne0). Based on
Eq. (2), L-values were calculated and are shown as red lines with
dots (see middle abscissa). For comparison, the profiles of PMSE
volume reflectivities simultaneously observed with the EISCAT
VHF-radar are also overplotted as green lines (see top abscissa).

We have next applied this analysis to all the observations.
From 25 h of simultaneous observations, we derived 757 L-values
from the UHF observations in the presence of VHF-PMSE. The
lower panel of Fig. 3 presents the distribution of the derived
L-values. For the large majority of cases (699 cases), the L values
are within the range from �0.3 to 0.3 which can be considered
close to 0 and hence no strong electron biteouts are observed.
Please note that the occurrence of negative L-values simply
reveals the imperfection of our algorithm to determine the
undisturbed electron density and may hence be considered as a
systematic error of our analysis. This means that the quoted
L-values should be considered to have error bars of 7 0.3 because
of this effect. Nevertheless, this method still allows to quantify
depletions with L-values larger than say 0.5. From 757 cases,
there are only 33 cases with L40:5 marked with red crosses in
the upper panel (21 cases with L41), i.e., only 4.4% of all the
observations.

In addition, the upper panel of Fig. 3 reveals that the distribu-
tion of L-values versus the volume reflectivities of VHF-PMSE
shows no obvious correlation between them. This is, however,
expected: according to the turbulence with large Schmidt number
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theory (TWLS-theory) of PMSE, the volume reflectivity of PMSE is
most strongly controlled by the Schmidt number which can
change the volume reflectivity at given wavenumber k by many
orders of magnitude whereas the dependence on L is much less
pronounced (e.g., Rapp and Lübken, 2003; Varney et al., 2011).

The distribution of the L-values shows variability within a
large range and strong biteouts are very rare. In a biteout
situation, aerosol particles capture the ambient electrons result-
ing in depletion in the remaining free electron densities. In the
left panel of Fig. 4, we sketch typical altitude profiles of charged
aerosol particles (dashed line) and electrons (dotted and solid
lines) for low densities (a) and high densities (b), respectively. In
assumption of a constant mount of aerosol particles (hence the
mount of electrons they can capture is constant), low electron
densities are supposed to lead to deep biteouts and vice versa.
In order to investigate the conditions for a strong biteout and the
reason for the variability of L, we perform an analysis of the
relationship between the maxima of L and the estimated
Fig. 3. Upper panel: scatter plot of the derived L values from the UHF observa-

tions against the corresponding volume reflectivities of the VHF-PMSE (L with

values larger than 0.5 are marked with red crosses). Lower panel: histogram of L
with the number of L in the different ranges indicated in the insert. (For

interpretation of the references to color in this figure caption, the reader is

referred to the web version of this article.)

Fig. 4. Left panel: schematic picture of typical altitude profiles of electrons and charg

electron densities (b), respectively. Right panel: scatter plot of Lmax from each profile (

indicated with solid line. In addition, the correlation coefficient is indicated in the inser

references to color in this figure caption, the reader is referred to the web version of t
undisturbed electron densities Ne0 at the same altitudes. The
results reveal that there is a negative relationship between the
two parameters with a significance to a level of more than 99.9%
(see right panel of Fig. 4). These results provide a strong support
that the variability of L mainly depends on the variability of
electron densities. Note, the variability of L also, of course,
depends on the variability of number density of aerosol particles
(see Eq. (2)) which, however, is much smaller compared to the
variability of electron number densities.
4. Discussion

Before we may draw final conclusions on the statistical
distribution of L, a number of caveats need to be considered.

In the current study, part of the observations were conducted
during the HF heating experiments (Rietveld et al., 1993). In order
to investigate if the so-called overshoot effects in the PMSE
modulation experiments have influence on our statistical results.
We replotted the distribution of L from the observations after
removing the part with heater on as well as the part presumably
disturbed by the overshoot effects (not shown here). In this study,
the heating experiments were conducted with heater 20 s on and
160 s off and the overshoot effects are assumed to last for
40�60 s (e.g., Kassa et al., 2005). Hence the heating parts and
the parts with overshoot effects (of 60 s since the heater on) were
removed and the remaining observations were integrated over
15 min intervals. This results in 30 cases with L41 from 627
cases in total, i.e., there is no significant difference after this
exercise and the conclusions are the same with before.

In addition, we must be very careful when judging the cases
showing no biteouts only based on the electron density profiles.
This is because the UHF observations could be a superposition of
incoherent scatter from the disturbed electron densities and
coherent scatter from the UHF-PMSE which, however, does not
stand well out of the ambient incoherent scatter from the iono-
spheric plasma (see Figure 1 in Strelnikova and Rapp, 2010, and
corresponding discussion). This scenario is illustrated in Fig. 5.
An electron biteout does exist but it cannot be detected because it
is masked by the presence of a weak UHF-PMSE signal resulting in
an overall apparently smooth electron density profile. It has been
recently shown that the presence of nanometer-size ice particles
leads to a significant change of the observed spectral shape
compared to theoretical results according to classical ISR theory
ed aerosol particles in a ‘biteout’ situation for low electron densities (a) and high

see red line in Fig. 2) versus Ne0 derived at the same altitudes. A regression line is

t which is highly significant (i.e., above the 99.9% level). (For interpretation of the

his article.)
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(Cho et al., 1998; Rapp et al., 2007; Strelnikova et al., 2007). In this
section, we check the corresponding spectral shapes in order to
find out whether such cases of superposition do frequently occur
and create a bias in our data.

Following Strelnikova and Rapp (2010), there are three types
of spectra (or ACFs) for ISR-observations from the D-region, i.e.,
Gaussian, Lorentzian, and a superposition of two Lorentzians.
These three types correspond to coherent scatter like PMSE
signals, incoherent scatter, and incoherent scatter modified by
the presence of charged heavy particles, respectively. The third
type occurs due to the Coulomb coupling between electrons and
positive ions as well as between electrons and charged ice
particles, respectively (see Cho et al., 1998, for details). In this
section, our task is to clarify whether the UHF observations
without detectable electron biteouts in the presence of VHF-PMSE
are due to incoherent scatter under the influence of charged ice
particles or due to the coherent scatter from the UHF-PMSE, or a
mixture of both. We hence apply the same analysis technique
developed by Strelnikova and Rapp (2010) who employed a
simple robust technique to quantify the spectral shape by fitting
the magnitudes of the corresponding auto-correlation functions
(ACF). The expression of the ACF magnitude is approximated as
Fig. 5. Schematic picture of a scenario where an electron biteout exists but is not

detected because it is covered by UHF-PMSE. The observed profile and the real

electron densities are indicated in black and blue, respectively. The UHF-PMSE

signal is indicated in red. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this article.)

Fig. 6. Examples of ACFs obtained from the observations with the EISCAT UHF (left pane

(black) as well as with the assumption of a Gaussian spectral shape (green) and a

observations (modified incoherent scatter by the presence of charged ice particles) an

(For interpretation of the references to color in this figure caption, the reader is referr
(Jackel, 2000; Moorcroft, 2004)

ACFðtÞ ¼ ACFt ¼ 0 � expf�ðt=teÞ
n
g ð3Þ

where ACF is the magnitude of auto-correlation function, t is the
lag time at which the ACF is evaluated, te is the decay time (which
is inversely related to the spectral width), and n is an exponent
describing the shape of the spectrum. That is, n¼1 and n¼2
represent a Lorentzian (¼pure incoherent scatter) and a Gaussian
(¼coherent scatter), respectively, whereas no1 marks the cases
with the presence of charged ice particles (Rapp et al., 2007;
Strelnikova and Rapp, 2010).

According to the above, there should be two possibilities for
the spectral shapes derived from the simultaneous observations
with both radars when the VHF-radar observed pronounced PMSE
and the UHF observations show an apparently undisturbed
electron density profile, i.e., the parameter n should be close to
2 for the VHF observations whereas it should either also be close
to 2 for the cases in the presence of UHF-PMSE or smaller than
1 in the presence of charged ice particles (and pure incoherent
scatter). A typical example is shown in Fig. 6 (see the left panel of
Fig. 7 for evidence that there is pronounced VHF-PMSE and an
apparently smooth profile of electron densities in the UHF
observations). The original data are shown in red crosses. We
then fitted them with Eq. (3) (black) as well as under the
assumption of a Gaussian shape (n¼2 in Eq. (3), green) and a
Lorentzian shape (n¼1, blue), respectively. The derived para-
meters n are indicated in the insert. For the UHF observations, the
ACF obviously cannot be described neither by a Lorentzian
spectral shape nor a Gaussian spectral shape. In the case of the
VHF observations the ACF approximately reveals a Gaussian
shape with n¼1.62 indicative of coherent scatter from PMSE. In
contrast, the UHF data yield a best fit of n¼0.38 corresponding to
incoherent scatter under the influence of the charged ice particles.
As a next step, Fig. 7 shows the results of a corresponding analysis
for observations obtained on 11 August 2007 (08:35–09:00 UT).
Indeed, n is found to be close to a value of 2 for altitudes where
the VHF-radar detects a PMSE and it is close to 1 (and indicative
of incoherent scatter) at altitudes above and below. In contrast,
the UHF-data show n-values close to 1 below the PMSE-layer but
then change to values less than 1 within and above the layer.

Finally, this analysis was applied to all the measurements
listed in Table 1. The corresponding results of the derived
l) and VHF (right panel) radars. The magnitudes of the ACFs were fitted with Eq. (3)

Lorentzian spectral shape (blue). The ACF-analysis results in no1 for the UHF

d n close to 2 for the VHF observations (coherent scatter from the PMSE signals).

ed to the web version of this article.)



Fig. 7. Left panel: example of a comparison between the profiles of electron

densities deduced from the VHF- and UHF-observations (in red and blue,

respectively). Right panel: same as the left panel, but for the profiles of the

derived parameter n. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this article.)
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Fig. 8. Distribution of parameter n derived from the UHF-observations in the

presence of PMSE observed with the EISCAT VHF-radar. For large majority of cases,

no1 indicative of the presence of charged ice particles and no UHF-PMSE.
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parameters n (for UHF-observations at altitudes with VHF-PMSE)
are shown in Fig. 8. The parameter n shows the large majority of
cases with values smaller than 1, which indicates that there are
charged ice particles present in the vicinity of VHF-PMSE but no
PMSE were observed with the EISCAT UHF-radar.

Coming back to the statistics of L-values presented in the
previous section we conclude that this statistics is not biased by
an un-identified superposition of coherent and incoherent scatter.
In all, we can conclude that the distribution shown in Fig. 3 nicely
confirms the previous results of Blix et al. (2003), albeit on the
basis of a much improved statistics.
5. Conclusions

In this paper, we have presented the statistical distribution of
L, i.e., the ratio between charge number density of ice particle
(9ZA9NA) and electron density (ne), based on the analysis of 25 h
observations with the EISCAT UHF-radars in the presence of PMSE
simultaneously observed with the EISCAT VHF-radar. From a total
of 757 cases, there are 699 cases with L51 and only 33 cases
with L40:570:3 (21 cases with L4170:3). The results derived
from our radar observations show an overall consistency with the
previous (but much more sporadic) in situ measurements
(Havnes et al., 2011; Blix et al., 2003; Rapp et al., 2003). With
the calibrated observations of IS radars, we also presented the
distribution of L versus PMSE volume reflectivities of VHF-PMSE
and found that there is no close relation between these two
parameters which is in agreement with theoretical expectations
(e.g., Rapp and Lübken, 2003; Varney et al., 2011). We further
presented a negative relationship between Lmax and the corre-
sponding Ne0 at the same altitudes and hence conclude that the
variability of L mainly depends on the variability of electron
densities.

In addition, we redid the whole analysis after removing the
part with heater on and the part with the so-called overshoot
effects and did not find significant difference from before. We
further investigated whether the absence of frequent electron
biteouts in the UHF-data could have been possibly due to a
superposition of incoherent and coherent scatter hence masking
the presence of an electron depletion. For this purpose, we
investigated corresponding spectral shapes based on an ACF-
analysis with one simple fitting parameter, i.e., the parameter n.
This parameter obtains a value of 1 for a Lorentzian spectral shape
of the ACF indicative of pure incoherent scatter from the collision-
dominated D-region, a value of 2 for a Gaussian spectral shape
indicative of coherent scatter like PMSE, and a value of smaller
than 1 for incoherent scatter under the influence of the charged
ice particles. Applying this fitting procedure to all data reveals
that the large majority of UHF-observations is characterized by
no1 (� 88:2%) in the presence of VHF-PMSE. This finding
confirms that the distribution of L-values is not biased by a
superposition of coherent and incoherent scatter. In addition, this
result underlines the importance of the presence of charged ice
particles for the generation of PMSE and demonstrates that small
relative concentrations of charged ice particles are sufficient to
create these very strong coherent echoes.

For the future, the EISCAT observations should be combined
with independent electron density observations making use of
the Faraday rotation and absorption effect in the mid-frequency
range (e.g., Singer et al., 2011). This would push the lower limit of
detectable electron densities and allow insight into ionization
conditions which are not accessible with the EISCAT radars.
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