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Abstract. On 5 July 2005, simultaneous observations of Po-
lar Mesosphere Summer Echoes (PMSE) were made using
the EISCAT VHF (224 MHz) and UHF (933 MHz) radars
located near Tromsø, Norway and the ALWIN VHF radar
(53.5 MHz) situated on Andøya, 120 km SW of the EISCAT
site. During the short interval from 12:20 UT until 12:26 UT
strong echoes at about 84 km altitude were detected with all
three radars. The radar volume reflectivities were found to
be 4×10−13 m−1, 1.5×10−14 m−1 and 1.5×10−18 m−1 for
the ALWIN, EISCAT-VHF and UHF radars, respectively.
We have calculated the reflectivity ratios for each pair of
radars and have compared them to ratios obtained from the
turbulence-theory model proposed by Hill (1978a). We have
tested different values of the turbulent energy dissipation rate
ε and Schmidt numberSc, which are free parameters in the
model, to try to fit theoretical reflectivity ratios to the ex-
perimental ones. No single combination of the parameters
ε andSc could be found to give a good fit. Spectral widths
for the EISCAT radars were estimated from the spectra com-
puted from the autocorrelation functions obtained in the ex-
periment. After correction for beam-width broadening, the
spectral widths are about 4 m/s for the EISCAT-VHF and
1.5–2 m/s for the UHF radar. However, according to the
turbulence theory, the spectral widths in m/s should be the
same for both radars. We also tested an incoherent scatter
(IS) model developed by Cho et al. (1998), which takes into
account the presence of charged aerosols/dust at the summer
mesopause. It required very different sizes of particles for the
EISCAT-VHF and UHF cases, to be able to fit the experimen-
tal spectra with model spectra. This implies that the IS model
cannot explain PMSE spectra, at least not for monodisperse
distributions of particles.
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1 Introduction

Polar Mesosphere Summer Echoes (PMSE), strong radar re-
turns from mesopause altitudes, have been the subject of in-
tensive studies during the last 25 years (for reviews, see Cho
and R̈ottger, 1997; Rapp and Lübken, 2004). It is widely be-
lieved in the research community that at least two conditions
are necessary for PMSE occurrence: neutral turbulence and
aerosol (ice) particles. Recently, one more polar mesospheric
phenomenon, similar to PMSE but occurring in wintertime,
has been re-examined, at first because of the extremely strong
echoes observed during solar proton events. Weaker echoes
have subsequently been observed often when D-region ion-
isation is enhanced above quiet levels. This phenomenon
was named PMW(inter)E (Kirkwood et al., 2002; Kirkwood
et al., 2006). Radar echoes like PMWE were detected ear-
lier but on an irregular basis (probably because of a lack of
regular observations of the polar mesosphere in wintertime)
and were regarded as due to a neutral turbulence, without
any critical analysis (e.g. Collis et al., 1992). More recently,
PMWE were comprehensively studied and detected not only
with MST radars at about 50 MHz but also with the EISCAT
VHF (224 MHz) radar (Belova et al., 2005). Analysis of
reflectivities and spectra within the PMWE altitude region
(Kirkwood et al., 2006) has ruled out turbulence as a pos-
sible explanation of all aspects of the phenomenon. Highly
damped ion-acoustic waves, resulting from the interaction of
infrasound waves with atmospheric waves, have been pro-
posed as a new, non-turbulent mechanism to explain PMWE
features.

Belova et al. (2005) made use of radar backscatter at dif-
ferent frequencies, i.e. radiowave scattering from structures
with different scale lengths, to study PMWE. Experimental
values were compared to those expected on the basis of the
theory of turbulence for passive scalar tracer (radar refrac-
tive index, in this case). However, for accurate calculation
of theoretical reflectivities, one needs to assume values for
some poorly-known constants related to normalization and
to fitting of the model to the experiment (Hill, 1978a; Stebel
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Table 1. Parameters of the radars.

ALWIN EISCAT VHF EISCAT UHF

Location 69.2◦ N, 16◦ E 69.6◦ N, 19.2◦ E 69.6◦ N, 19.2◦ E
Frequency, MHz 53.5 224 933
Antenna 3-dB beam width 6◦ 1.7◦ NS×1.2◦ EW 0.5◦ isotropically
Antenna area, m2 1690 2400 (1 klystron) 804
Transmitter peak power, kW 35 1500 (1 klystron) 1500

et al., 2004). To avoid this uncertainty, it is possible instead
to use the ratio of experimental reflectivities for two or more
radars, working at different frequencies, for comparison with
turbulence theory, in relation to PMWE or PMSE.

Röttger et al. (1990) were the first to report PMSE ob-
served with 46.9-MHz and 933-MHz radars simultaneously.
They calculated the reflectivity ratio for the radars, com-
pared it with that expected from turbulence theory (for in-
ertial range turbulence) and obtained a very large discrep-
ancy between these two values. They explained this by an
absence, at that time, of a proper theory to be applied for
PMSE at 0.16 m length scale (corresponding to the Bragg
wavelength for the 933-MHz radar). In the case of PMSE,
the Schmidt numberSc (the ratio of kinematic viscosityν to
plasma diffusivity D) might be high, due to the presence of
charged aerosol particles and the turbulence spectrum can be
extended to shorter length scales, beyond the inertial sub-
range. Further investigation has confirmed thatSc during
PMSE can be as high as 300–400 (Lübken et al., 1998; La
Hoz et al., 2006) and for this case the Batchelor (1958) theory
or the Hill (1978a) models may be applied for the turbulent
spectrum of radar reflectivity at small scales.

Simultaneous observations of PMSE using the EISCAT
VHF (224 MHz) and UHF (933 MHz) radars, located near
Tromsø, Norway were made during summer 2005 as part of
an international PMSE-EISCAT campaign. The MST radar
ALWIN (53.5 MHz), situated on Andøya, 120 km SW of the
EISCAT site, ran a special experiment during that time. Dur-
ing the short interval from 12:20 UT until 12:28 UT on 5
July, strong echoes at about 84 km were detected with all
three radars. PMSE observation by UHF radar is a rather rare
phenomenon. That was the first PMSE/EISCAT experiment
where data were obtained from both radars simultaneously
with a high enough quality to allow accurate spectral anal-
ysis. Here we aim to use these unique data to test the con-
sistency with the existing turbulence-based theory and with
incoherent scatter theory, taking into account the presence of
charged particles at PMSE altitudes.

We start with a description of observations in the next sec-
tion. We estimate radar reflectivities for all three radars, as
well as spectral widths and Doppler shifts. Then, in Sect. 3,
we give a short overview of the turbulence theory for a pas-
sive scalar tracer for high Schmidt numbers and obtain values

to compare with the experiment in Sect. 4. Further, in Sect. 5,
we discuss an incoherent scatter theory for multi-component
plasma and apply it to the case of the measured PMSE. Fi-
nally, we discuss the results obtained.

2 Observations

We present data from the EISCAT VHF and UHF radars and
from the ALWIN MST radar. The radar characteristics are
described in Table 1. In July 2005, the EISCAT radars con-
ducted special experiments for PMSE study. On 5 July both
radars ran the experiment called “arc-dlayerht”, which has
a time resolution of 0.2 s and covers altitudes from 59.7 km
to 139.5 km, with a 300-m range resolution. Beams were
pointed vertically. Autocorrelation functions (ACFs) with
127 lags at 1.562-ms resolution were computed.

ALWIN was running a 216-s sequence of Doppler experi-
ments with vertical and oblique beams (7◦ off-zenith), com-
bined with a spaced antenna experiment. The mesospheric
observations have a time resolution of 51.2 ms and a range
resolution of 300 m. We use here vertical beam data obtained
every 3.6 min.

In Fig. 1 the observations from all three radars for the in-
terval from 12:10 UT to 12:46 UT on 5 July 2005 are pre-
sented. The two lower panels show equivalent electron den-
sity as measured by the EISCAT radars and the upper panel
shows a signal-to-noise ratio (SNR) for the ALWIN radar.
We have calibrated the signal strength recorded by the EIS-
CAT radars against the ionosonde (a Dynasonde) situated at
the same site, in order to obtain correct values of the electron
density at the peak of the E-region (see, e.g. Kirkwood et al.,
1986). The EISCAT VHF and ALWIN radars show a strong
and multi-layered PMSE between the 82–88-km altitude dur-
ing the entire time interval. Both radars show somewhat sim-
ilar behaviour of the PMSE. One can notice that layers are
double-peaked and descend slightly in the course of time,
and that they are about the same thickness of 3–4 km. Thus,
we can assume that the properties of the agents causing the
PMSE are the same or similar at these two locations. The
UHF radar, on the other hand, detects a weak and single nar-
row layer of enhanced (equivalent) electron density at about
84 km from about 12:20 UT until 12:28 UT. The data from
this last interval will be considered in more detail.
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We calculate maximum reflectivities for each radar, cor-
responding to altitudes of maximum backscattered power
for the time interval of interest. For the EISCAT radars
this is a straightforward procedure. The volume reflec-
tivity η is defined asσ0·Ne, whereσ0=4.99×10−29 m2 is
the effective scatter cross section per electron andNe is
the electron density (equivalent electron density for the
case of PMSE) measured by the EISCAT radars. For
calculation of ALWIN reflectivity, the radar calibration
method described by Latteck et al. (2005) was used.
The resulting radar reflectivities, averaged over the in-
terval under consideration are:η(ALWIN)=4×10−13 m−1,
η(VHF) = 1.5×10−14 m−1 and η(UHF)=1.5×10−18 m−1.
Combining the results for the different radars, we can
calculate three ratios of radar reflectivities. Thus,
Re1≡η(ALWIN)/ η(VHF)=27; Re2≡η(VHF)/η(UHF) =104

andRe3≡η(ALWIN)/ η(UHF)=2.7×105. These experimen-
tal reflectivity ratios will be compared to those expected from
turbulence theory in the next section.

The ACFs measured by the EISCAT radars can be Fourier-
transformed to give PMSE power spectra. Two examples of
the resulting power spectra (for 12:20 UT) are presented in
Fig. 2. Left-hand panels show equivalent electron density
profiles from EISCAT standard analysis. Power spectra for
the VHF and UHF radars as a function of altitude averaged
over 5 min and normalized by maximum spectral power are
plotted on the right-hand panels. It is clearly seen that spectra
can be resolved only where enhanced backscatter occurs and
that they are rather narrow: about 20 Hz of spectral width for
the UHF radar and less than 10 Hz for the VHF radar. We
attempted to make longer integrations (10 min), in order to
obtain spectra for other heights (e.g. over 90 km) but without
success. The reason for this may be that ordinary incoher-
ent spectra in the E-region are of the order of 200–300 Hz
wide for the VHF radar (see, e.g. Hall et al., 1987), which
implies a few ms coherence time. The pulse-to-pulse cor-
relation method used in this experiment is, in this case, un-
able to provide sufficient time resolution to resolve the spec-
tra (other techniques are generally applied for E-region stud-
ies). In fact, for the “arcdlayer” experiment there are 4 extra
lags with 32µs lag resolution available, but even that is not
enough to resolve accurately the spectrum in the E-region.
Inspection of Doppler shifts as a function of altitude shows
that they do not vary too much, indicating that vertical winds
do not vary significantly with height within the PMSE layer.
Thus, gradients in the vertical winds do not contribute signif-
icantly to additional spectra broadening.

In order to obtain more accurate information about spec-
tral width and Doppler shifts, we focus on spectra from
the altitude where maximum backscattered power was ob-
served. These are shown in Fig. 3 for the interval from about
12:21 UT to about 12:23 UT. The frequency offset from the
origin, and the spectral width, may be interpreted as the mean
of the line-of-sight velocities and their standard deviation in
the scattering volume, respectively. Therefore, instead of fre-
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Figure 1. Overview of radar observations on July 5, 2005 from 12:10 UT to 12:46 UT. Upper 

panel shows radar echo signal to noise ratio for ALWIN, two lower panels show equivalent 

electron density derived from the EISCAT VHF (middle panel) and UHF (the lowest panel) 

radar measurements. 

Fig. 1. Overview of radar observations on 5 July 2005 from
12:10 UT to 12:46 UT. Upper panel shows a radar echo signal-
to-noise ratio for ALWIN, the two lower panels show equivalent
electron density derived from the EISCAT VHF (middle panel) and
UHF (the lowest panel) radar measurements.

quency� we used the Doppler velocityvD as spectral axis,
according to the formula:vD=c · �/2fr , wherec is a speed
of light, fr is the radar frequency. The original data with
0.2-s time resolution give very noisy spectra. We used post-
integration over 6 s as a compromise between high noise level
and spectral broadening due to long post-integration time.
Spectra for the UHF radar have a higher noise level and of-
ten their shapes are far from ideal single Lorentzian or Gaus-
sian functions (where the former is expected for incoherent
spectra in the D-region of the ionosphere and the latter is
expected for a coherent spectrum of turbulent origin). How-
ever, on some occasions, they are well enough defined to be
able to be compared with those for VHF radar. We see from
Fig. 3 that the VHF spectra are almost always wider than the
UHF spectra. We chose two instances and compare them in
more detail in Fig. 4. From this we see that the vertical bulk
velocity defined by the mean Doppler shift is about 2 m/s for
both radars, but the spectral width is 1.5–2 m/s for the UHF
radar and 4 m/s for the VHF radar.

3 Turbulence theory for radar backscatter

Neutral (air) turbulence is usually considered to be the main
cause of irregularities in atmospheric parameters, and hence
the cause of atmospheric radar echoes, at D-region heights.
The parameters of turbulence can be directly determined
from the spectrum of fluctuating velocityu of the air, in
wave number or length-scale space. Alternatively, measure-
ments of a passive tracer such as, for example, temperature,
electron density, or radar refractive index, can be used to
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Figure 2. Left-hand panels show the equivalent electron density profiles calculated from 

EISCAT VHF (upper panel) and UHF (lower panel) radar measurements at 12:20 UT. Right-

hand panels present the spectra normalised by the echo power for VHF (upper panel) and 

UHF (lower panel) radars averaged over 5 minutes. 

Fig. 2. Left-hand panels show the equivalent electron density pro-
files calculated from EISCAT VHF (upper panel) and UHF (lower
panel) radar measurements at 12:20 UT. Right-hand panels present
the spectra normalised by the echo power for VHF (upper panel)
and UHF (lower panel) radars, averaged over 5 min.

derive turbulence parameters. Turbulent energy is primar-
ily found at the largest length scales, from where it cascades
to the smaller length scales and finally is dissipated as heat
by diffusion at the smallest scales, or highest wave num-
bers. The part of the distribution of fluctuating velocity at
large enough wave-numbers to be independent of viscosity
is known as the inertial subrange, and the corresponding part
in a passive scalar distribution, independent of molecular dif-
fusion, is termed the convective subrange. Obuhov (1949)
and Corrsin (1951) found that the spectrumE of a passive
scalar in the convective subrange follows Kolmogorov’s law
for the inertial subrange:E(k)∼k−5/3, for k<<k0, wherek

is a wave number andk0 is a critical wave number corre-

sponding to the Kolmogorov microscaleλ0=(ν3/ε)1/4. Here
ε is the turbulent energy dissipation rate andν is kinematic
viscosity. Fork>k0, the spectrum E decays very rapidly.
This theory was developed forSc=1. Batchelor (1958) sug-
gested that forSc >1 the−5/3 power law is still valid for the
inertial-convective subrange, wherek<<k0. Moreover, for
k≥k0 he introduced viscous-convective and viscous-diffusive
subranges with exponentialk−1

·exp(−D·k2/γ ) law, where
γ =0.5·(ε/ν)1/2. In the viscous-convective range, where
k0≤k<<kB=k0· (Sc)1/2, the spectrum follows ak−1 power
law, producing a flattening in the spectral curve. Using these
subranges, significant turbulent spectral power can extend to
higher wave numbers than in the case whenSc=1. The the-
ory for Sc<1 was developed by Batchelor et al. (1958), as
well. However, no analytical form was proposed for the tran-
sition from inertial to viscous subranges. The gap was filled
by Hill (1978a), who presented four models of the passive
scalar spectrum for arbitrary values ofSc. The models have
the same behaviour for the inertial–convective and viscous-
convective subranges but differ in the diffusive ranges. The
behaviour of the spectra in the viscous-diffusive subrange is
the least certain part, due to the technical problems of mea-
suring turbulence at such short length scales. For example,
some scientists have suggested a more gentle decrease in this
subrange compared to the Gaussian decrease predicted by
Batchelor. All of Hill’s models showed reasonable agree-
ment with experiments in the different ranges. Driscoll and
Kennedy (1985) expanded Hill’s model 1 in a power series
and made it universal in the sense of validity, not only for any
Sc values, but also for different Reynolds numbers. Despite
its complexity (it requires numerical calculations of a power
series), the Driscoll and Kennedy model has been widely
used for deriving the turbulence dissipation rate and Schmidt
numbers for PMSE conditions using the results of sounding-
rocket experiments (e.g. Lübken et al., 1994, 1998).

We want to apply the turbulence-spectrum theory for radar
observations to our three radars described in Sect. 2. The pas-
sive tracer of turbulence in this case will be radar refractive
index fluctuations at length-scales from 0.16 m for the EIS-
CAT UHF radar to 2.8 m for the ALWIN radar, correspond-
ing to wave numbers from 39 rad/m to 2.2 rad/m, respec-
tively. At the relevant altitudes the fluctuations in the refrac-
tive index are produced by those in the electron density. To
decide which form of spectrum to apply to our observations,
we have to define the subrange/subranges to which our radar
data correspond. L̈ubken et al. (1998), on the basis of di-
rect in-situ measurements of the scale-size spectrum of neu-
tral density fluctuations in PMSE, foundλ0=4.2 m, and from
this they derivedε≈67 mW/kg. After fitting the model of
Driscoll and Kennedy (1985) to the measured electron den-
sity fluctuation spectrum, they obtained a Schmidt number
of about 400. This implies that the electron density fluctua-
tions due to turbulence can lie beyond the inertial-convective
subrange, even for the ALWIN radar. We will use one of
Hill’s models in the application to our observations of PMSE
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Figure 3. Normalised spectra from the EISCAT UHF radar (solid line) and VHF radar 

(dashed line) calculated for the altitude of maximum backscattered power (83. 350 km ) for 

the time interval from 12:21:18 UT to 12:23:12 UT. Time in decimal minutes after 12:00 UT 

is shown over each plot. X-axis is in velocity units. 

Fig. 3. Normalised spectra from the EISCAT UHF radar (solid line) and VHF radar (dashed line) calculated for the altitude of maximum
backscattered power (83.35 km) for the time interval from 12:21:18 UT to 12:23:12 UT. x-axis is in velocity units.

with three radars. For simplicity, we adopt Hill’s model 1 in
the following three-dimensional form, valid for radar exper-
iments (which is obtained after multiplying one-dimensional
spectrum byk−2):

EN (k̃) = A · χ · ε−1/3
· λ

11/3
0 · (k̃−11/3

+ Qk̃−3)·

exp

[
−α

Sc

(
1.5k̃4/3

+ Qk̃2
)]

(1)

whereEN is the 3-D-spectrum of the electron density fluc-
tuations,χ is their variance dissipation rate,k̃=k · λ0 is a
non-dimensional wave number, andA, Q andα are factors
determined from comparison of experiments and numerical
models.

Radar reflectivityη for a radar with Bragg wave number
k can be expressed via the 3-D spectrum of electron density
fluctuationsEN (k) as (Tatarskii, 1961):

η[m−1
] = B · N

2
· EN (k), (2)

whereB is a factor including several universal constants and

N
2

is the mean (true) electron density squared. Thus, abso-
lute radar reflectivity is determined by four quantities,ε, χ ,
Sc andN , that are not measured directly. We use the ratio of
the reflectivities, which allows us to decrease the number of
parameters by two. We adoptQ andα values of 2 and 0.83,
respectively, following Driscoll and Kennedy (1985), and use
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Figure 4. Normalised spectra from the EISCAT UHF radar (solid line) and VHF radar 

(dashed line) calculated as for Figure 3 but for two time moments as shown in the titles of 

panels. 

Fig. 4. Normalised spectra from the EISCAT UHF radar (solid line)
and VHF radar (dashed line) calculated as for Fig. 3 but for two
moments of time, as shown in the titles of panels.

a value ofν=0.95 m2/s which is representative for the 85-km
altitude, according to the MSIS90E model (Hedin, 1991).

Using Eqs. (1) and (2) we calculated radar re-
flectivity ratios combining any two radars. We
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Figure 5. Contours of log10 of reflectivity ratios calculated using turbulent theory for different 

turbulent energy dissipation rates and Schmidt numbers. Red lines are for the ALWIN / 

EISCAT VHF radar reflectivity ratio Rt1, green lines are the EISCAT VHF / UHF radar 

reflectivity ratio Rt2 and blue lines are the ALWIN / EISCAT UHF radar reflectivity ratio Rt3. 

Logarithms of the experimental ratios are log10Re1= 1.4 (out of graph); log10Re2= 4 and 

log10Re3= 5.4. 

Fig. 5. Contours of log10 of reflectivity ratios calculated us-
ing turbulent theory for different turbulent energy dissipation rates
and Schmidt numbers. Red lines are for the ALWIN/EISCAT
VHF radar reflectivity ratioRt1, green lines are the EISCAT
VHF/UHF radar reflectivity ratioRt2 and blue lines are the AL-
WIN/EISCAT UHF radar reflectivity ratioRt3. Logarithms of the
experimental ratios are log10Re1=1.4 (out of graph); log10Re2=4
and log10Re3=5.4.

take Sc=400 and ε=0.1 W/kg as a somewhat mod-
erate value for the 80–90 km altitude range during
summertime, according to Lübken (1997). The re-
sults obtained are: Rt1 ≡E(ALWIN)/ E(VHF)=250;
Rt2≡E(VHF)/E(UHF)=6.4×109 and Rt3≡E(ALWIN)/
E(UHF)=1.6×1012.

Let’s now discuss what determines the spectral width for
coherent radar signals. In general, it depends on the scat-
terers’ velocity distribution in the illuminated volume. For
the radars under discussion, the backscattered signal is from
electron density fluctuations with a finite lifetime, so that
spectral width also depends on the fluctuation lifetime. If
the lifetime is long compared to the time used to calculate
the spectrum, then spectra will be properly resolved and pro-
vide a measure of the velocity distribution of the scatters. On
the other hand, if the lifetime is short compare to the time
assigned in the radar experiment for computing the autocor-
relation function (ACF), then the lifetime itself will deter-
mine the signal autocorrelation function and hence the spec-
tral width. The lifetime of electron density fluctuations is
the time required for ambipolar diffusion to destroy irregu-
larities. For the PMSE case, electron diffusion is expected
to be controlled by charged aerosol particles (Hill, 1978b),
which makes the electron fluctuation lifetime very long. For
example, for particles with a radius larger than 15 nm, which
is most likely during PMSE, the decay time of the fluctua-
tions is estimated to be longer than tens of minutes (Rapp et
al., 2003). Thus, the PMSE signal spectral width is a char-

acteristic of the velocity distribution, and according to the
turbulence theory, is proportional to the fluctuating turbulent
velocity. The latter, in turn, is determined by the turbulence
dissipation rateε. The fluctuating velocity observed with a
particular radar at a definite length-scale (Bragg scale) has
an integrated effect on all scales in the turbulence,from the
Bragg scale up to the largest scale (Hocking, 1985). How-
ever, as we described earlier, the amplitude of the velocity
fluctuations is biggest for the larger length scales, thus the
spectral width of a radar signal is determined by fluctuating
velocity at these scales, regardless of the radar wavelength.
Thus for pure turbulent scatter the spectral widths, expressed
in ms−1, should be equal for all radars. In practice, spectral
widths may differ due to beam- and shear spectral broaden-
ing.

4 Discussion on turbulent reflectivities and spectra

Röttger et al. (1990) estimated reflectivities for the CUPRI
46.9-MHz and the EISCAT UHF radars for a case of PMSE
observations. They found for CUPRIη=2×10−12 m−1 and
η=1.2×10−18 m−1 for the UHF radar. These values are close
to those obtained by us in the present study (taking into ac-
count the frequency difference between ALWIN and CUPRI
radars). R̈ottger et al. also estimated PMSE reflectivity for
the EISCAT VHF radar on another occasion to be about
1.5×10−16 m−1 , which is 2 orders of magnitude less than
we obtained. However, it turns out that the latter VHF radar
reflectivity is probably too small to be typical, possibly due
to very quiet geomagnetic conditions during that observa-
tion. Hocking and R̈ottger (1997) obtained a PMSE reflec-
tivity for the EISCAT VHF radar of 1.3×10−15 m−1. So
the value 1.5×10−14 m−1 for radar reflectivity which we ob-
tained seems to be realistic for some conditions.

We can now compare the radar reflectivity ratios obtained
from the experiment with those from turbulence theory. We
see that experimental ratios are much less than the theoret-
ical ones quoted above and the differences are larger when
the highest radar frequencies (radar wave numbers) are con-
sidered. When calculating reflectivities from the theory in
Sect. 3, we assumed the value of the energy dissipation rate
ε to be 0.1 W/kg and the Schmidt number to be 400. Within
the PMSE layer,ε has been estimated to vary from 1 to
1000 mW/kg (L̈ubken et al., 2002) and the Schmidt number
could vary, too. In Fig. 5 we plot the reflectivity ratios for all
three radars as a function ofε andSc. Values of theoretical
ratios that are close to the observed ones lie in the upper right
corner of the figure, i.e. whereε andSc are high enough. If
turbulence theory fits ideally to the experiment, then the con-
tours for the three reflectivity ratios with values equal to the
experimental ones should cross at some point, which would
determine one set ofε andSc. However, the contours with
values ofRt2=104 andRt3=105.4 (equal to the experimental
values) are parallel and some distance from each other. The
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Schmidt numbers and turbulent dissipation rates for these
contours differ by about 1.5 times and 2.3 times, respectively.
As has already been mentioned, the theory is most uncertain
for larger wave numbers, within the viscous-diffusive sub-
range, i.e. forλ<<λ0·(Sc)

−1/2
≈0.21 m. Thus, one can ex-

pect that the EISCAT UHF radar lies within this subrange,
which might result in large uncertainties in the estimation of
the Rt2 andRt3 values. However, it turns thatRt1, which
should be estimated most reliably, is about 4 times larger
thanRe1, even for extremely high energy dissipation rates,
such as 5 W/kg andSc=1000. In order for theoretical reflec-
tivity ratios to match the experimental, unrealistically high
values ofSc are needed. Thus, we cannot find one set ofε

andSc within reasonable limits, which would give us the-
oretical reflectivity ratios close to those obtained from the
observations.

We see at least two possibilities to explain our results con-
cerning radar reflectivities. The first is that the existing theo-
ries of turbulence for high the Schmidt number, which have
been widely used in numerous PMSE studies, are not correct
for the viscous-convective and viscous-diffusive subranges.
More work is needed in this direction. Another possible ex-
planation is that parameters of turbulence were very different
in the ALWIN and EISCAT radar scattering volumes. Three
collocated radars are needed to check our results. This may
be possible in the future when a new MST radar will be in-
stalled near EISCAT (Ove Havnes, Tromsø University, per-
sonal communication). (If the present results are confirmed,
this may be an argument against the hypothesis of a turbu-
lent origin of PMSE.) However, there is one significant fac-
tor which does not allow us to draw a convincing conclusion
about the turbulent origin of echoes on the bases of radar
reflectivities only. That is the “filling factor” (F ), which is
the fraction of the scattering volume, which is filled by tur-
bulence. When calculating experimental radar reflectivities,
F has been assumed to be 1 or at least the same for each
radar. This assumption cannot be proved because the scat-
tering volumes are very different, not only between the AL-
WIN and EISCAT radars located at different places, but also
for the collocated VHF and UHF radars which have differ-
ent radiated beams (see Table 1). Therefore, we have to also
consider radar backscatter spectral widths.

When considering the radar backscatter spectral widths for
different radars, care must be taken to accurately separate
the turbulent part from the nonturbulent contribution (Hock-
ing, 1983). For a vertical beam the latter is primarily due
to beam-width spectral broadening. Antenna beam widths
for the 3 radars can be found in Table 1. For the EISCAT
UHF radar the antenna beams width of 0.5◦ (circular beam) is
rather small and spectral broadening can be neglected. How-
ever, strong horizontal winds could contribute to (nonturbu-
lent) spectral broadening for the other two radars, mainly
for the ALWIN radar, but also for the EISCAT-VHF radar.
Here we use only the EISCAT radars because the beam-
width broadening for ALWIN would make for much higher
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Figure 6. Half power spectral width of PMSE on July 5, 2004, calculated from the EISCAT 

VHF radar spectra with 6 s integration. Colorbar shows spectral width scale in m/s.  

Fig. 6. Half-power spectral width of PMSE on 5 July 2004, cal-
culated from the EISCAT VHF radar spectra with 6-s integration.
Colorbar shows spectral width scale in m/s.

uncertainty. We have obtained estimates for the horizontal
winds from the measurements over Esrange (68◦ N, 21◦ E)
by the SkiYMET meteor radar operated by University of
Bath, UK and have then calculated the turbulent spectral
widths for the radars using a procedure described by Hocking
(1985). First, we calculate the “nonturbulent spectral width”
1wnont, due to spectral broadening, for the different beam-
widths of the VHF and UHF radars (Atlas, 1964; Hock-
ing, 1985):1wnont(m/s)≈0.6·θ ·Vhor, whereVhor≈37 m/s is
the horizontal wind derived from SkiYMET measurements,
for the 82–86 km altitude range, between 12:00 UT and
12:30 UT, andθ is the half-power full-width for the trans-
mission (or reception) polar diagram in the direction ofVhor.
Because the zonal component ofVhor is more than 5 times
larger than the meridional component, we can neglect the
latter. Thenθ=1.2◦, 1wnont(VHF)≈0.5 m/s, for the VHF
radar andθ=0.5◦, 1wnont(UHF)=0.2 m/s for the UHF radar.
Turbulent spectral widths are computed according to the for-
mula (1wtur)

2
≈(1wobs)

2
−(1wnont)

2. Finally, we obtain
1wtur(VHF)=3.97 m/s and1wtur(UHF)=1.99 m/s. Thus, the
PMSE spectra for the VHF radar are almost twice as broad
as those for the UHF radar, which is in contradiction to the
concept that they are determined purely by turbulence.

La Hoz et al. (2006) have shown that the spectral width
of the PMSE signal measured with the EISCAT UHF can
be rather variable. It changed from 4 m/s to 16 m/s within
20 min. During the 7 min of our PMSE UHF observations,
the spectral widths of the echoes do not show significant
changes. In order to see how typical the values are that we
obtained for the VHF radar, we have calculated and plotted in
Fig. 6 the PMSE spectral widths for this radar for the longer
period from 12:10 to 12:46 UT. We see that for the strongest
lower layer, the spectral width is about 4 m/s most of the
time, but can reach up to about 7 m/s. UHF PMSE occurred
at altitudes close to the maximum of this layer. For the up-
per layer the spectra are generally broader than for the lower
layer. However, during the entire interval the spectral width
is never as narrow as the 2 m/s obtained for the UHF radar.
Additionally, at altitudes and times when the strongest PMSE
were observed (from 12:15 UT to 12:28 UT, see Fig. 1, the
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middle panel) the spectra are no broader, as might be ex-
pected if some nonlinearity in the receiver was artificially
broadening the spectra.

Hocking (1985) has suggested that, for scatters well within
dissipation subrange, the eddies with scales in this region
could be intermittent and decouple from the larger eddies.
Then the fluctuating velocity measured by the radar would be
due only to contributions from eddies with the radar Bragg
scale, or close to it, rather than the integrated effect of the
fluctuating motions at all length scales. In this case spectral
widths might be different for radars of different frequencies.
The eddies at the Bragg-scale for the EISCAT UHF radar can
lie deeply in the viscous-diffusive subrange, ifSc andε are
not big enough; however, then we would not expect to ob-
serve PMSE with the UHF radar at all.

5 Incoherent scatter spectra for complex dusty plasma

Normal incoherent scatter echoes measured by the EISCAT
radars are due to thermal fluctuations in electron density. The
summer mesopause, a region in the neutral atmosphere be-
tween 80 and 90 km, where the neutral temperature reaches
its global minimum and ice particles are formed, corresponds
to the D-region in the ionized part of the atmosphere – the
ionosphere. Here fluctuations in electron density are af-
fected by those in other ionized constituents such as ions and
charged particles. The standard procedure used for deriv-
ing incoherent scatter spectra for EISCAT takes into account
only the contribution of ions and hence cannot be applicable
for the case of PMSE. We use the model by Cho et al. (1998),
based on the fluid-equation approach originally proposed by
Tanenbaum (1968), for the incoherent scatter spectrum for
the complex dusty plasma observed in the PMSE region in
the following form:

S(ω0 + ω)dω =
r2
e Nedω

πω

∣∣∣∣∣∣ 1

α2
e + ze

[
1 +

∑
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]
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2
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s
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e
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∑
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s

zs∗

 , (3)

whereω is the Doppler frequency shift from the radar fre-
quencyω0, re – the classical electron radius,Ne – the elec-
tron number density,αe and αs – the radar Bragg length
normalized by the Debye lengths of electron and plasma
constituents, respectively,zs (ze) – functions of the con-
stituent (electron)-neutral collision frequency and mass, and
the mean thermal velocity of plasma constituents,Te andTs

– temperatures of electron and plasma constituents. The as-
terisk denotes the complex conjugate.

The electron-neutral collision frequency and non-electron
constituent collision frequency are calculated by Banks and
Kockarts (1973) and by Schunk (1975). Temperatures of

electron and plasma constituents are considered to be equal
to the neutral temperature of the atmosphere. The neu-
tral temperature, as well as neutral number density of the
atmosphere, are obtained from the MSISE90 model (http:
//modelweb.gsfc.nasa.gov/models/msis.html).

In the present modelling we assume that plasma in the D-
region is composed of the following constituents: free elec-
trons, positive ions and positively charged meteoric dust or
ice particles. We choose positively charged particles be-
cause the introduction of negatively charged particles into the
model leads to unrealistic model spectra, which do not match
the experimental ones under the expected prevailing condi-
tions. The negative ion number density under summer meso-
sphere conditions is expected to be negligibly small (Kirk-
wood and Osepian, 1995). The model is self-consistent in
the sense that the positive ion number density is computed
in such a way as to preserve the quasi-neutrality of the mul-
ticomponent plasma. The mean mass of the positive ions
is 31 A.M.U., corresponding to a mixture of NO+ and O+

2 .
We do not take into account cluster ions (their possible in-
fluence will be considred in future work). The mass density
for the charged dust component of the plasma is assumed to
be 2 g/cm3 (Hunten et al., 1980). As an input parameter for
the model (applied for the altitude of maximum backscatter
for the 80–90 km altitude range), we use the electron density
at this height. This has been calculated using the electron
density above and below the PMSE layer (as given by stan-
dard EISCAT data analysis) and then interpolating over the
PMSE region. We assume that aerosol particles have a single
positive charge (Rapp and Lübken, 1999), which, according
to Cho et al. (1998), is a good assumption for aerosols of up
to about a 10-nm radius. We compute the dust particle num-
ber density and size to give the best fit of the model to the
experimental spectra. In Fig. 7 the modelled and experimen-
tal spectra are shown for the EISCAT VHF and UHF radar
at 12:23 UT. Single positively charged particles with number
density of 2.7×109 m−3 and a 2.1-nm radius provide the best
fit to the experimental spectrum for the UHF radar; however,
particles with the same density but with a 0.8-nm radius are
the best for the VHF radar, i.e. charged dust particles of the
same size have an impact in different ways on the amplitude
and shape of the VHF and UHF incoherent scatter spectra.

6 Conclusions

We have analysed PMSE spectra and radar reflectivities at
three Bragg scales: 3 m, 0.67 m and 0.16 m, that is for the
ALWIN, EISCAT VHF and EISCAT UHF radars, respec-
tively. We have calculated reflectivity ratios for each pair of
radars and compared to ratios obtained from the turbulence-
theory model appropriate to our radars’ wave numbers. We
cannot find any set of values for turbulent energy dissipa-
tion rateε and Schmidt numberSc for which the theoret-
ical reflectivity ratios are close to those obtained from the
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Figure 7. Normalized spectra for EISCAT VHF (upper panel) and UHF (lower panel) radars.  

Solid curves are for experimental data at 12:23 UT averaged over 1 minute. Dashed curves 

are model spectra (Cho et. al., 1998) assuming singly positively charged particles with 2.1 nm 

radius and dotted curves are those with 0.8 nm radius. For both cases: the electron number 

density is 3000 cm
-3

, concentration of singly positively charged particles is 2700 cm
-3

, 

concentration of positive ions is 300 cm
-3

. The ratio of negative ions to electron number 

density is 4·10
-5

. 
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Fig. 7. Normalized spectra for EISCAT VHF (upper panel) and
UHF (lower panel) radars. Solid curves are for experimental data
at 12:23 UT, averaged over 1 min. Dashed curves are model spec-
tra (Cho et al., 1998), assuming singly positively charged particles
with a 2.1-nm radius and dotted curves are those with a 0.8-nm ra-
dius. For both cases: the electron number density is 3000 cm−3,
concentration of singly positively charged particles is 2700 cm−3,
concentration of positive ions is 300 cm−3. The ratio of negative
ions to electron number densities is 4×10−5.

experiment. This could be due to inadequacies in the turbu-
lence theory for the high wave numbers and high Schmidt
numbers relevant to our experimental data. Another possi-
bility is that the parameters of the turbulence causing PMSE
were very different in the two observation volumes.

Spectral widths for the EISCAT VHF radar (in ms−1) are
found to be twice those for the UHF radar, in contradiction
to what is expected from turbulence theory.

An incoherent scatter (IS) model of spectral shape requires
very different sizes of particles to explain the spectra mea-
sured by the VHF and UHF radars, respectively, when the

models are adjusted to fit the experimental spectra as closely
as possible. This implies that the IS model cannot explain the
PMSE spectra, at least not for a mono-disperse distribution
of particles.
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