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Abstract. Polar mesosphere winter echoes (PMWE) were
detected by two radars, ESRAD at 52 MHz located near
Kiruna, Sweden, and EISCAT at 224 MHz located near
Tromsø, Norway, during the strong solar proton event on
11–12 November 2004. PMWE maximum volume reflec-
tivity was estimated to be 3× 10−15 m−1 for ESRAD and
2×10−18 m−1 for EISCAT. It was found that the shape of the
echo power spectrum is close to Gaussian inside the PMWE
layers, and outside of them it is close to Lorentzian, as for
the standard ion line of incoherent scatter (IS). The EISCAT
PMWE spectral width is about 5–7 m s−1 at 64–67 km and
7–10 m s−1 at 68–70 km. At the lower altitudes the PMWE
spectral widths are close to those for the IS ion line derived
from the EISCAT data outside the layers. At the higher al-
titudes the PMWE spectra are broader by 2–4 m s−1 than
those for the ion line. The ESRAD PMWE spectral widths
at 67–72 km altitude are 3–5 m s−1, that is, 2–4 m s−1 larger
than ion line spectral widths modelled for the ESRAD radar.
The PMWE spectral widths for both EISCAT and ESRAD
showed no dependence on the echo strength. It was found
that all these facts cannot be explained by turbulent origin
of the echoes. We suggested that evanescent perturbations in
the electron gas generated by the incident infrasound waves
may explain the observed PMWE spectral widths. However,
a complete theory of radar scatter from this kind of distur-
bance needs to be developed before a full conclusion can be
made.

Keywords. Electromagnetics (Scattering and diffraction) –
Ionosphere (Ionosphere–atmosphere interactions) – Radio
science (General or miscellaneous)

1 Introduction

Remarkable and strong radar mesospheric echoes called
polar mesosphere summer echoes (PMSE) are detected in
summertime in the polar regions. Discovered in the late
1970s/early 1980s (Czechowsky et al., 1979; Ecklund and
Balsley, 1981), PMSE have been intensively studied for more
than 30 years. It is now commonly accepted that PMSE are
due to a combination of neutral atmospheric turbulence and
charged nanometre-sized ice particles. For a review on PMSE
see e.g. Rapp and Lübken (2004).

In the high-latitude mesosphere, another type of strongly
enhanced radar return, different from PMSE, is sometimes
found at altitudes below 80 km in the winter and equinox sea-
sons. By analogy with PMSE these have been named polar
mesosphere winter echoes, PMWE (Kirkwood et al., 2002b).
PMWE have been studied with radars (e.g. Kirkwood et al.,
2002a; Belova et al., 2005; Zeller et al., 2006), using in situ
measurements by rockets (e.g. Lübken et al., 2006; Brattli
et al., 2006) and using artificial heating of the mesospheric
plasma with radio waves (Kavanagh et al., 2006; Belova et
al., 2008; La Hoz and Havnes, 2008). It has been found that
PMWE occurrence rates are much lower than those for sum-
mer echoes (Zeller et al., 2006), but PMWE can be as strong
as PMSE, reaching volume reflectivity up to 10−12 m−1 at
50 MHz (Stebel et al., 2004). Though ice particles cannot
exist in the warmer winter mesosphere, heating experiments
have shown the presence of smaller charged particles, pre-
sumably of meteoric smoke origin (Belova et al., 2008; La
Hoz and Havnes, 2008).

So far two main hypotheses have been suggested to ex-
plain the winter echoes. The first one explains PMWE by
neutral turbulence with or without the presence of small
charged particles (L̈ubken et al., 2006; La Hoz and Havnes,
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Table 1.Parameters of the radars.

Radar ESRAD EISCAT VHF

Geographic coordinates 67.87◦ N 21.10◦ E 69.59◦ N 19.23◦ E
Operating frequency 52 MHz 224 MHz
Transmitter peak power 72 kW 1.5 MW
Antenna 3-dB beam width 6◦ 1.7◦ NS× 1.2◦EW
Antenna effective area 3740 m2 5690 m2

2008; Havnes et al., 2011). Another hypothesis suggests a
non-turbulent origin of winter mesospheric radar echoes and
involves infrasound waves propagated from below (Kirk-
wood et al., 2006).

Some observed features of PMWE cannot be explained by
neutral air turbulence, with or without the presence of dusty
particles. The most striking finding is that the strongest echo-
ing structures move horizontally with the speed of sound
rather than with speed of the background wind, the lat-
ter being expected for patches of turbulence (Kirkwood et
al., 2006). On some occasions PMWE have been detected
with two radars simultaneously: with the ESRAD 52 MHz
radar and the 224 MHz European Incoherent Scatter radar
(EISCAT) (e.g. Belova et al., 2005). The surprising feature
of PMWE at 224 MHz is that their spectral width appears to
be about the same as for the incoherent scatter ion line spec-
tra above and below the PMWE layer (Kirkwood et al., 2006;
Kirkwood, 2007). The ion line spectral width is determined
by the lifetime of highly damped ion-acoustic waves in the
ionospheric plasma and has no relation to neutral turbulence.

This paper is based on observations of PMWE during the
strong solar proton event on 10–12 November 2004 with the
ESRAD and EISCAT VHF radars. We aim to make an ac-
curate derivation and analysis of the spectral characteristics
of PMWE layers, which might shed light on the generation
mechanism of these echoes.

2 PMWE observations on 10–12 November 2004 with
the EISCAT and ESRAD radars

ESRAD is an atmospheric radar situated at Esrange, in north-
ern Sweden. The EISCAT facility is located near Tromsø,
Norway, about 200 km north of ESRAD. The main charac-
teristics of ESRAD and the EISCAT VHF radar are sum-
marised in Table 1. PMWE can be seen with ESRAD and the
EISCAT VHF radar when extra ionisation of the D region of
the ionosphere occurs due to precipitating energetic particles
(Kirkwood et al., 2002a, b, 2006; Belova et al., 2005).

In November 2004 there was a strong solar proton event
(SPE) (see e.g. the proton fluxes measured on the GOES
satellites atwww.swpc.noaa.gov/ftpmenu/index.html) when
energetic particles of solar origin penetrated deeply into the
Earth’s atmosphere, ionised it and produced enhanced elec-
tron density. Both ESRAD and the EISCAT VHF radar were

Table 2.Parameters of the experiments.

ESRAD EISCAT VHF

Experiment name fca4500 arcdlayer
Pulse length (altitude resolution) 600 m 300 m
Pulse repetition frequency, Hz 1300 741
No. of bits in code 8 64
No. of code permutations 2 128
No. of coherent integrations 16 1
Lag resolution 24.6 ms 1.35 ms
Maximum lag 25 s 0.17 s

running during 10–12 November, and details of the opera-
tional modes are presented in Table 2.

The radar volume reflectivities were calculated for these
three days as follows. For the EISCAT radars the volume re-
flectivity is defined asσ0 · Ne, whereσ0 = 4.99× 10−29 m2

is the effective Thomson scattering cross-section per electron
andNe is the electron density (or equivalent electron density
for the case of PMWE where the scattering mechanism is un-
known) provided by the EISCAT GUISDAP software pack-
age. For the ESRAD radar the calculation procedure is more
complicated and based on calibration of the radar against ra-
diosondes as described by Kirkwood et al. (2010). Following
this paper one can express ESRAD volume reflectivityη at
altitudeh as

η = Ccal · S · h2, (1)

whereS is the echo received power in arbitrary units and
Ccal is the calibration coefficient which is a function of ex-
periment and radar parameters.Ccal is constant for the given
radar and experiment and can be defined by comparing vol-
ume reflectivity in the troposphere and the mean vertical gra-
dient of generalised potential refractive indexM determined
from radiosonde data (see for details Kirkwood et al., 2010).
It can be shown that

Ccal =
64(2ln2)

(4π)2

C0 · G · M2

Stropo · h2
, (2)

where Stropo is received power from the upper tropo-
sphere/lower stratosphere in arbitrary units,G is the antenna
gain, andC0 is the constant of proportionality between the
radar scatter strength andM2, which was found by Kirkwood
et al. (2010) to be 1.5× 10−3 for ESRAD. The antenna gain
can be estimated from the radar transmitting beam widthθT
using the approximate relation

G =
π2

4θ2
T

. (3)

For calculations ofM2, we used data from the regular ra-
diosondes launched at 12:00 UT on 10–12 November 2004
in Sodankyla, Finland, 350 km SE from ESRAD.

Ann. Geophys., 31, 1177–1190, 2013 www.ann-geophys.net/31/1177/2013/
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Fig. 1. Time–altitude maps of ESRAD (upper panel) and EISCAT
VHF volume reflectivities during the SPE on 10–12 Novem-
ber 2004.

The top panel of Fig. 1 shows ESRAD volume reflectiv-
ity for 10–12 November. PMWE are seen as very intermit-
tent, variable, narrow layers. PMWE vary during the day:
they appear at lower altitudes during daytime, then move to
higher altitudes during evening hours and disappear by mid-
night. Kirkwood et al. (2002a, b) suggested that PMWE di-
urnal variations are related to diurnal variations of the free
electrons which are responsible for radar scatter. Electrons
dominate over negative ions during daytime, when nega-
tive ions are photo-dissociated. With decreasing solar eleva-
tion the negative ions are reformed, starting from the lower
heights, reducing the number of free electrons. (Intensifica-
tion of PMWE at 17:00–22:00 UT on 10 November can be
related to extra ionisation due to energetic particle precip-
itation.) The bottom panel presents a time–altitude plot of
EISCAT volume reflectivity measured during the same time.
The thin layers of PMWE are seen against the background of
slightly enhanced radar backscatter due to the electron den-
sity caused by solar proton precipitation. The diurnal varia-
tion of the background electron density, with its increase at
lower heights during daytime and crucial reduction during
nighttime, is clearly seen on this panel.

Kirkwood et al. (2006) studied PMWE events on
10 November 2004 when the signal measured with the ES-
RAD radar was at its strongest, allowing full correlation
analysis (Briggs, 1985) to be applied. In this paper we con-
centrate on the next two days, 11 and 12 November, dur-
ing daytime (interval from 08:00 UT to 13:00 UT, when the
Sun is above the horizon at mesospheric heights), where the
strongest echoes were observed with the EISCAT radar.

Fig. 2.EISCAT radar echo power (upper panel) and Doppler veloc-
ity (lower panel) on 11 November 2004.

2.1 EISCAT data analysis

For the EISCAT experiment the autocorrelation functions
(ACFs) were formed from 127 lags, with a lag increment of
1.35 ms and recorded every 5 s. After integration over 20 s
the MATLAB FFT function was used for calculation of the
spectra. When analysing the Doppler shifts we found that
waves with periods of about 1 min are present in the EISCAT
data. As an example, in Fig. 2 the signal power (upper panel)
and the Doppler velocity (lower panel) for 12:00–13:30 UT
on 11 November 2004 are presented with 20 s time resolu-
tion. Both quantities show oscillations with periods of 60–
90 s which are more clearly seen at around 13:00 UT, and
they are probably a signature of waves. The Doppler veloc-
ity changes from positive to negative and back again over
about a 1-min interval, which will lead to an apparent spec-
tral width broadening when spectra are integrated over 20 s.
However, in order to have well-defined spectra from which
a reliable estimation of spectral width is possible, we need
an even longer integration time of several minutes. Follow-
ing Strelnikova and Rapp (2010) we decided to make our
analysis using ACFs. The description of the EISCAT ACF
data analysis is given in Appendix A. As is shown there, we
have to use two different methods for integration of ACFs
over several 5 s data records for PMWE signal and for back-
ground incoherent scatter (IS). However in both cases we use
the magnitude of the ACFs which, unlike their real and imag-
inary parts, does not oscillate with Doppler velocity (Eqs. A3
and A4) and is mainly determined by the decay/correlation
time of the signal.

It appears that, after integration over 10 min, the mag-
nitudes of ACFs are still noisy, especially for the back-
ground signal beyond PMWE. Therefore, before applying
the Fourier transform to them, in order to determine signal

www.ann-geophys.net/31/1177/2013/ Ann. Geophys., 31, 1177–1190, 2013
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Fig. 3. Profile of EISCAT radar backscattered power (left panel),
experimental (crosses) and fitted (solid line) ACFs at two altitudes:
63.6 km (middle panel), where the maximum of PMWE power was
observed, and 80.1 km (right panel), where the EISCAT radar mea-
sured background incoherent scatter. The parameters of fit: power of
exponent n and decay time tau in seconds are shown in the panels.

power spectra and estimate the spectral widths, we approxi-
mated the absolute value of ACFs for the EISCAT backscat-
tered signals as follows (Jackel, 2000; Moorcroft, 2004;
Strelnikova and Rapp, 2010):

ACF(τ ) = ACFτ=0 · exp
{
−(τ

/
τc)

n
}
, (4)

where ACFτ=0 is the magnitude of the autocorrelation func-
tion at zero time lag (= backscattered power after subtraction
of noise),τ is the time lag,τc is the decay/correlation time
and n characterises the shape of the autocorrelation func-
tion and hence the spectrum. Lorentzian and Gaussian spec-
tra correspond to ACFs withn = 1 and 2, respectively. For
such spectra there are also analytical relationships between
spectral width and ACF decay timeτc as follows:

wG =

√
ln(2)

π · τc
(5)

wL =
1

2π · τc
, (6)

wherewG,L are the half-maximum half-width in Hz for the
Gaussian and Lorentzian spectra, respectively. Note that, for
the same ACF decay times, the Gaussian spectrum is about
1.7 times wider than the Lorentzian one.

All echoes on 11 and 12 November 2004 were divided into
two bins according to the deviation of their strength from the
mean value calculated by averaging over 81–86 km altitude,
where presumably only incoherent echo occurs. When this
deviation is above a chosen threshold, this echo is associated
with a PMWE layer, while an echo power below the thresh-

Fig. 4.The histograms for the power of exponent for ACF fit outside
(upper panel) and inside (middle panel) PMWE and for correlation
time inside PMWE (lower panel) measured by the EISCAT VHF
radar on 11 November 2004. Median values of power of exponent
and correlation time are shown on the respective panels.

old corresponds to (incoherent) backscatter from the back-
ground plasma. For the PMWE data we firstly calculated ab-
solute values of ACFs recorded with 5 s time resolution and
then averaged them over 10 min (method 1 in Appendix A).
For the ACFs outside PMWE layers we first used averaged
complex ACFs over the same 10-min intervals and then took
absolute values (method 2 in Appendix A). After averaging
we fitted for the first 20 lags the logarithm of the resulting
ACFs by a power function as follows:

ln(ACF) = x1 −

(
τ

x2

)x3

, (7)

wherex1, x2 andx3 are estimates of ln(ACFτ=0), τc andn,
respectively. In order to find the best fit, we minimised the
mean square error between the logarithm of the fitted and
experimental ACFs. ACF values at zero lag are less reliable
due to the presence of white noise and were excluded from
fitting.

In Fig. 3 we present an example of experimental and fit-
ted ACFs at two altitudes: 63.6 km, where the maximum
of PMWE power was observed, and 80.1 km, where the

Ann. Geophys., 31, 1177–1190, 2013 www.ann-geophys.net/31/1177/2013/
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Fig. 5.Histograms of half-maximum half-width (HMHW) of power
spectra at each altitude inside (left panel) and outside (right panel)
PMWE measured by the EISCAT VHF radar on 11 November 2004.
Colour indicates number of cases when HMHW has a value lying
in the particular spectral width bin. Profiles of median HMHWs are
indicated in magenta.

EISCAT radar measured background incoherent scatter. We
see that the ACF for PMWE is smooth and very closely ap-
proximated by the exponential function with powern = 1.6,
i.e. close to the Gaussian function, which would haven = 2.
In contrast, the ACF measured at 80.1 km is rather noisy, and
its approximation is not perfect. The best fit for the exponen-
tial function has a powern of about 0.9, i.e. close ton = 1,
which corresponds to incoherent scatter with the Lorentzian
spectral shape.

In order to study the difference in spectral shapes for
PMWE and for background incoherent scatter, all echoes
were divided into two bins as described before. Figure 4
shows the histograms for the power of the exponent inside
and outside PMWE for 11 November. In most cases the pow-
ers of the exponent inside and outside the PMWE layers are
larger and smaller than 1.5, respectively. Thus, indeed the
ACFs inside and outside PMWE layers have different shapes.
In Fig. 4 the histogram for the correlation timeτc inside
PMWE is also presented. The majority of PMWE correla-
tion times are between 10 and 40 ms, with a median value of
19 ms.

Because the powers of the exponent of the fits are not ex-
actly equal to 1 or 2, we cannot directly derive the spectral
widths from the decay times by applying Eqs. (5) or (6).
Therefore, we first apply the Fourier transform (the MAT-
LAB FFT function) to the exponential fits of ACFs and then
deduce spectral widths for the resulting power spectra. From
this point on the spectral width means the half-maximum
half-width of the power spectra of the signal.

Fig. 6. Scatter plot of EISCAT PMWE spectral width versus
backscattered power at 64–67 km (red *) and 67–70 km (blue o)
altitude for 11 November 2004.

Figure 5 presents the results for fitting for 11 November
when PMWE measured by EISCAT were especially strong
and long-lasting. The left and right panels present the altitude
profiles of the spectral width distributions inside and out-
side PMWE layers, respectively. One can see that inside the
PMWE layers the median spectral widths are 5–10 ms−1 and
that they are somewhat larger that those at the same altitudes
but outside the layers. The spectral width for the background
plasma increases slowly from 4 to 6 ms−1 in the lower alti-
tude range of 64–74 km and then grows more quickly up to
11 ms−1 by 80 km. In Fig. 6 the scatter plot of the spectral
widths inside the PMWE layers versus backscattered power
is shown for 64–67 km and 67–70 km altitudes. There is no
obvious dependence of the PMWE spectral width on their
strength for both altitude ranges evident in this figure.

2.2 ESRAD data analysis

For the ESRAD radar, firstly, the full correlation analysis
(FCA) was applied (Briggs, 1985) using raw data with 25 ms
time resolution, sampled over 64 s time intervals. Intrinsic
scatterer lifetimeT1/2 (time to decay to half power) was cal-
culated for each 64 s interval. Then spectral widths were cal-
culated according to the formula (Holdsworth et al., 2001)

wesrad=
ln2 · λr

2πT1/2
, (8)

wherewesradis the half-power half-spectral width in ms−1,
andλr is the ESRAD wave length.

(From the Doppler shifts vertical winds were also derived.
They have a signature of waves with a period of 1 h and

www.ann-geophys.net/31/1177/2013/ Ann. Geophys., 31, 1177–1190, 2013
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Fig. 7. The altitude-time maps of the ESRAD radar volume re-
flectivity (top panel) and the echo half-life time deduced from
full correlation analysis (middle panel) and the corresponding half-
maximum half-width of power spectra (lower panel) for 12 Novem-
ber 2004.

longer (not shown), i.e. these waves cannot affect the spectral
width results.)

The results for 12 November 2004, when the ESRAD
echoes were particularly strong, are shown in Fig. 7. Volume
reflectivity presented on the upper panel reaches its maxi-
mum of 3× 10−15 m−1 at about 11:50 UT. Half-maximum
half-width of the spectrum varies from 1 up to 8 ms−1. The
better presentation of dependencies of echo spectral widths
on altitude and echo strength is in Fig. 8, where the his-
tograms for the spectral widths and their median values are
shown. There is no clear dependence of spectral width either
on the altitude or on the echo strength expressed in the radar
volume reflectivity, and the median spectral widths are 3–
5 ms−1. The results for 11 November 2004 (not shown) are
similar to those for the next day in regard to absence of alti-
tude and echo strength dependencies and the median values.

Experimental spectral widths should in general be cor-
rected for instrumental effects such as beam broadening. The
beam broadeningwbeamcan be written as (Hocking, 1985)

Fig. 8. Histograms of half-maximum half-width of power spec-
tra at each altitude (left panel) and each value of logarithm of the
ESRAD volume reflectivity (right panel) for PMWE measured on
12 November 2004. Colour indicates number of cases when half-
maximum half-width has a value in the particular spectral width
bin. The median HMHWs are indicated in magenta.

wbeam(ms−1) = θ1/2·Vhor =
1

2
√

2
·θ ·Vhor ≈ 0.35·θ ·Vhor, (9)

whereθ1/2 is the half-maximum half-width of the effective
radar beam (two ways),θ is the 3 dB full beam width in ra-
dians andVhor is the horizontal wind speed. In our experi-
ments the horizontal wind was not measured; however, we
can assume it to be up to 60 ms−1 (Müllemann and L̈ubken,
2005). Then the maximum beam broadening is 2.2 ms−1 for
ESRAD. However, correction for the beam broadening is ap-
plied to the Doppler method and does not affect the results
of the full correlation analysis based on the spaced antenna
technique. For the EISCAT VHF radar the maximum beam
broadening is at most 0.6 ms−1 and can be neglected com-
pared to the measured spectral width values of 4–11 ms−1.

3 Experimental and theoretical spectral widths

Spectral width (half-maximum half-width) of the IS ion line
for the diffusion limit, for normal molecular/cluster ions, can
be expressed according to the formula (Kofman et al., 1984)

wincoh(ms−1) =
4πkBT (2(1+ λ−) + α2)

λrmiυin(1+ α2)
, (10)

wherekB is Boltzmann’s constant,T is neutral temperature
(assumed to be equal to the ion and electron temperatures in
this altitude region),λr is radar wavelength,mi is the mean

Ann. Geophys., 31, 1177–1190, 2013 www.ann-geophys.net/31/1177/2013/
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Fig. 9.Profiles of the modelled electron density (left panel) and the
ratio of negative ion to electron density (right panel).

positive ion mass,νin is the ion-neutral collision frequency,
λ− is the ratio of negative ion density to electron density and
α = 4π · λD/λr with the Debye lengthλD as follows:

λD ≈ 69
√

T
/
Ne. (11)

HereNe is the electron density.λ− can be larger than 1 at al-
titudes below 75 km during winter conditions (e.g. Brasseur
and Solomon, 1986).

According to Banks and Kockarts (1973), and with as-
sumptions made by Mathews (1978), the ion-neutral colli-
sion frequency can be written as follows:

νin = 2.6× 10−9
·
N

mi

(
1.03µ0.5

i,N2
+ 0.28µ0.5

i,O2

)
, (12)

whereN is the neutral number density andµi,X are the re-
duced mass of ions and molecules of N2 or O2. For mi =

31 amu Eq. (12) can be reduced toνin ≈ 4.2× 1010
· N .

We calculatedwincoh for the 60–80 km altitude range us-
ing Eq. (10). The electron density profile was taken from
the EISCAT data for 11 November 2004 analysed by the
EISCAT software package GUISDAP, averaged over the in-
terval from 09:00 UT to 09:15 UT, when PMWE were absent,
and then smoothed by an exponential fit. Forλ− we used an
exponential profile withλ−

= 200 at 50 km andλ−
= 1 at

72 km. This profile may be representative for daytime con-
ditions for equinox seasons (Kirkwood and Osepian, 1995).
Both model profiles forNe andλ− are shown in Fig. 9. Neu-
tral temperature and density were taken from the MSISE-
90 model (Hedin, 1991). The calculated profiles of ion line
spectral width for 52 and 224 MHz are presented in Fig. 10.
As expected for IS spectra, the spectral widths increase with
height starting from 66–68 km becauseνin decreases with
height. The behaviour of spectral widths at lower heights is

Fig. 10.Profiles of modelled half-maximum half spectral widths for
incoherent scatter ion line at 224 MHz (blue), at 52 MHz (red) and
for turbulent scatter (black). Different black curves correspond to
different values of turbulent dissipation ratesε shown in the text
box. Median spectral widths of PMWE are shown by the follow-
ing symbols: red * correspond to the ESRAD measurements on
12 November 2004, and green x and blue o to the EISCAT data
on 11 November 2004 with and without correction for maximum
spectral broadening due to averaging and waves, respectively.

affected by the presence of negative ions there, and hence
depends on the model ofλ−. α2

� 1 for ESRAD and the D
region conditions, and hencewincoh is inversely proportional
to the radar wavelength. This is also valid for the EISCAT
VHF radar for altitudes above about 70 km. There the spec-
tral width for the EISCAT VHF radar is about 4 times larger
than that for ESRAD (λesrad/λeiscat≈ 4.3). In turn, for the
EISCAT radar and the lower heights,α2

∼ 1 and the term
1+ α2 becomes important in the denominator on the right-
hand side of Eq. (10). Then the ratio of ion line spectral
widths for the EISCAT and ESRAD radars decreases to about
2 or less.

Figure 10 also presents the experimental spectral width
profiles outside PMWE derived from the EISCAT data for
11 November. When comparing them to the modelled ion
line spectral widths, one can see that they agree with each
other well not only qualitatively but also quantitatively. They
both increase with altitude in a similar way and have values
of about 5 ms−1 at 70 km and 11 ms−1 at 80 km. Thus we
can believe that the spectral widths were correctly derived
from the EISCAT data.

In Fig. 10 we also show PMWE median spectral widths
derived from the EISCAT data for 11 November and ESRAD
data for 12 November. The EISCAT spectral widths were
calculated from the data without correction (blue circles)
and with correction (green crosses) for maximum spectral
broadening of 9 % as estimated in Appendix A. At 64–68 km

www.ann-geophys.net/31/1177/2013/ Ann. Geophys., 31, 1177–1190, 2013
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altitude the EISCAT corrected spectral widths inside PMWE
layers are close to those for the ion line. However, below
64 km and at 68–71 km, the PMWE spectral widths are 2–
4 ms−1 larger than those for the ion line at the same altitudes.
A similar situation is seen for PMWE spectral widths derived
from ESRAD data: their values at altitudes of 67–72 km are
larger by 2–4 ms−1 than those for IS at 52 MHz at the same
altitudes.

Lübken et al. (2006) have suggested that PMWE are of
turbulent origin. If so, then the spectral widthwturb of such
echoes is related to fluctuating turbulent velocityV and can
be expressed via the turbulent dissipation rateε as (Hocking,
1985)

w2
turb = 2ln2· V 2

≈ 1.4 ·
1

C
·

ε

�
≈ 2.9 ·

ε

�
, (13)

where we have usedC = 0.49 (Weinstock, 1981; Hocking,
1996) and� is the buoyancy angular frequency. We have
calculatedwturb for ε = 0.01, 0.1, 0.4 or 0.9 Wkg−1 assum-
ing it does not change for the 60–80 km altitude range.� was
calculated using the MSISE-90 model (Hedin, 1991). The al-
titude profiles of the modelled turbulent spectral widths are
shown in Fig. 10. If PMWE observed on 11 and 12 November
are interpreted as turbulent echoes, then they appear to cor-
respond to turbulent dissipation rates of 60–700 mWkg−1.
However this must be considered more carefully, which will
be done in the next section.

4 Discussion

The results of the EISCAT and ESRAD PMWE experiments
and modelling can be summarised as follows:

1. PMWE spectral widths for the EISCAT measurements
are sometimes the same as the IS ion line spectral widths
at the same heights, but sometimes significantly higher.
For PMWE measured by ESRAD the spectral widths
are higher than for IS ion line widths computed using
the model.

The IS ion line is formed due to scattering of the radar signal
on perturbations of electron density caused by ion-acoustic
waves. In the ionospheric plasma these waves are excited by
the thermal fluctuations of ions. Electrons, due to the am-
bipolar electric field, follow the ion fluctuations. These den-
sity oscillations propagate in the plasma (due to action of
the electrical field and ion thermal diffusion) as longitudinal
waves with the ion-acoustic speed

Via = Vith(1+ Te/Ti)
1/2, (14)

whereVith is the ion thermal velocity.
For mesospheric altitudes where ion-neutral collisions

play a role, the ion density fluctuation, once formed, decays
due to collisions and hence does not propagate. Thus the re-
laxation of such perturbations of scale1z is determined by

the diffusion speed asVde = Dep/1z (Mathews and Tanen-
baum, 1981), whereDep is the electron–plasma diffusion co-
efficient.

In application to the power spectrum of the radar wave
scattered from the ionospheric plasma for the lower fre-
quency range – that is, the ion line – there are two ion-
acoustic maxima at velocities±Via for the so-called “wave
limit”, when the ion-neutral collision frequency is not too
high, or one Lorentzian-shaped central maximum, with width
equal toVde, for the diffusion limit. For the EISCAT VHF
radar and the real ionosphere the diffusion limit is valid for
heights below, say, 100 km. The power spectrum in the wave
limit has a sophisticated shape described by full IS theory
(Dougherty and Farley, 1960). For the large damping due to
collisions with neutrals the edges of the spectrum are sup-
pressed and the shape is reduced to a simpler Lorentzian as
we have observed at altitudes outside PMWE.

An acoustic wave in the neutral gas excited e.g. at the
lower heights can propagate to the mesosphere, where some
neutral molecules become ionised (e.g. Blanc, 1985; Drob et
al., 2003). There the fluctuations in the neutral density are
closely connected to the ion fluctuations via frequent col-
lisions. Again, ion fluctuations are transferred to the elec-
trons due to the ambipolar electric field. Thus we can also
call these waves ion-acoustic ones. However there is a clear
difference between these waves and those described earlier.
The former are spontaneously excited plasma waves, and the
latter are forced waves in plasma. For collision-dominated
plasma in the mesosphere (diffusion limit) the former ones
are highly damped due to ion-neutral collisions. In contrast,
the latter ones are excited due to collisions. Therefore the
power spectrum of radar signal scattered from electron ir-
regularities of half-radar-length scale (Bragg scale) caused
by this wave might differ from the Lorentzian spectrum of
highly damped ion-acoustic waves. One would expect that
there would be two maxima as for case of no collisions, lo-
cated at about±330 ms−1. These maxima cannot be seen
with the acrdlayer experiment for the EISCAT VHF radar,
which has a maximum resolved velocity of 240 ms−1. Thus
we cannot see incident acoustic waves.

Hocking (2003) has proposed that when incident acous-
tic waves are partially reflected from sharp vertical gradi-
ents of e.g. temperature or wind, evanescent perturbations
are formed in the neutral gas in the vicinity of the reflecting
boundary. They were termed viscosity waves. These waves
are highly damped and their perturbations exist only in nar-
row layers. Via ion-neutral collisions and the action of the
ambipolar electric field, perturbations in the electron den-
sity can be excited by these viscosity waves and could form
highly aspect-sensitive scattering layers for the radar waves.
Perturbations at the length scale matching the radar Bragg
length would be seen as radar echoes. Kirkwood et al. (2006)
has proposed PMWE to be due to scatter from the evanes-
cent perturbations in electron density generated by partial
reflection of infrasound waves. Because these evanescent
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disturbances are excited by incident acoustic waves in the
vicinity of the border formed by a sharp gradient, their
“source” moves along the border with the acoustic veloc-
ity. Indeed, high horizontal velocities up to 500 ms−1 were
measured using ESRAD for the case of strong PMWE oc-
curring before midnight on 10 November 2004 (Kirkwood
et al., 2006). (Unfortunately, for 11 and 12 November we
cannot derive horizontal velocities using the full correlation
analysis because the echo strength was relatively low.)

As stated above, in order for the evanescent perturbation
to be seen by a radar, its “wavelength” has to match the radar
Bragg length (= λr/2). Then, based on the dispersion relation
for the viscosity waves (Hocking, 2003), which was mod-
ified for plasma, Kirkwood et al. (2006) showed that for a
radar with wave lengthλr all incident acoustic waves with
periodTa satisfying the equationλr = 4(πνScTa)

0.5 can pro-
duce effective scattering structures (evanescent disturbances)
in the electron gas. Hereν is the air kinematic viscosity and
Sc is the Schmidt number (Sc < 1 with the presence of sig-
nificant number of negative ions, i.e. whenλ− > 1). From
Fig. 14 of Kirkwood et al. (2006), one can see that appro-
priate periods of acoustic waves at 65–75 km altitude range
are 20–200 ms for EISCAT radar and 0.3–5 s for ESRAD,
and these periods decrease with altitude. Then the evanescent
fluctuations should decay on the timescale which is shortest
between the electron–plasma diffusion time, as in the case of
thermally induced ion-acoustic waves, and the “evanescent”
time, i.e. the period of incident acoustic waves. From Fig. 10
we see for EISCAT that, at 64–67 km altitudes, the PMWE
spectral widths are close to the ion line spectral widths but
that at the higher altitudes of 67–71 km the PMWE spectral
widths are significantly larger than those for the IS ion line.
We can interpret this as follows: at lower altitudes the PMWE
decay time (and hence the spectral width) is determined by
the electron–plasma diffusion time because it is shorter than
the wave period, but at the higher altitudes, where the pe-
riod of incident acoustic waves for matching the radar Bragg
scale become smaller, the latter determines the PMWE cor-
relation/decay time (and respectively larger spectral width).
For ESRAD measurements, PMWE were observed at 67–
72 km altitudes, where periods for matching incident waves
are about the same or shorter than the electron diffusion time
(estimated to be about 300 ms), and hence these periods de-
termine PMWE spectral widths. Moreover, from Fig. 14 of
Kirkwood et al. (2006), one can see that acoustic waves ex-
citing evanescent perturbations which are “visible” for the
ESRAD radar have longer periods than those for the EISCAT
radar. The wave periodTa is proportional to the radar wave-
lengthλr squared, and spectral width expressed in velocity
units (ms−1) should be inversely proportional toλr. Thus
at the same altitudes the PMWE spectral width for EISCAT
should be 4.3 (λesrad/λeiscat≈ 4.3) times larger than that for
ESRAD given the same ionospheric conditions (e.g. electron
and negative ion concentrations). From Fig. 10 the spectral
width ratio for PMWE at EISCAT on 11 November and at

ESRAD on 12 November is about 2.5. It might imply that
during the measurements the ionospheric conditions at the
radar locations were significantly different.

As mentioned in the Introduction there are some exper-
imental indications of the presence of small-sized charged
dust, most likely meteoric smoke particles (MSPs), for cases
of PMWE (e.g. Belova et al., 2008; Havnes et al., 2011). Cal-
culations by Megner et al. (2008), who combined MSP mi-
crophysics with a circulation model, showed also that MSPs
of sizes from 0.2 nm to larger than 3 nm are expected in rela-
tively high concentrations below 80 km in non-summer sea-
sons at polar latitudes. The presence of charged dust parti-
cles in plasma in amounts comparable to the electron den-
sities will affect electron diffusivity and, hence, IS spectral
widths. Positively charged particles and negatively charged
large particles (with sizes larger than 1 nm) reduce electron
diffusivity, which makes the IS spectrum narrower (Cho et
al., 1998). In turn, the presence of small negatively charged
particles leads to increasing electron diffusivity (as negative
ions do in the lower D region), which widens the spectrum.
In order to estimate what effect MSPs would have on spec-
tral width for PMWE, one has to know their actual den-
sity, sizes and charge state. We have no such information for
our cases. Moreover, in general, very little is known about
MSP parameters, mainly from a few radar experiments by
using indirect methods (e.g. Strelnikova et al., 2007; Havnes
et al., 2011) or from numerical modelling (e.g. Megner et
al., 2008). However, if PMWE are interpreted as scatter on
ion-acoustic highly damped waves in a background dusty
plasma, then MSPs should influence spectra inside and out-
side PMWE layers in the same way. Thus all considerations
and conclusions discussed above are valid, at least qualita-
tively, unless there is an unknown mechanism which is able
to confine MSPs in narrow layers coinciding with PMWE
layers. So far we do not know of such a mechanism.

Finally, we would like to refer to the recent paper by Strel-
nikova and Rapp (2013), where statistical analysis of PMWE
spectral characteristics has been performed based on 32 h of
EISCAT VHF radar measurements (including 11–12 Novem-
ber 2004). Figure 12 of that paper shows histograms for the
spectral widths at the same altitudes inside and outside the
PMWE layers. The maxima of these histograms are at the
same spectral width value, which implies that, in many cases,
the spectral width of PMWE is equal to that of the incoherent
scatter. This is an argument in favour of the hypothesis that
at least some of the observed PMWE can be associated with
ion-acoustic waves. The authors pointed to the fact that the
median value of spectral width inside PMWE is larger than
that outside the layers, which does not contradict our findings
(see Fig. 10).
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Fig. 11. Left panel: the power of the exponential fit for the ACF
resulting from initial Lorentzian spectrum with widthWil plus con-
tribution from the random Doppler velocities representing turbulent
velocities with distribution widthWturb as a function of theWturb
to Wil ratio. Right panel: the ratio of the resultingW to initial Wil
spectral width as a function of theWturb to Wil ratio. The red line is
a linear fit.

2. EISCAT PMWE ACF shapes are close to Gaussian, im-
plying Gaussian spectra as well.

Lübken et al. (2006) suggested that the turbulent echoes of
different strengths might occur at mesospheric altitudes in
the wintertime. In order to quantify the effect that the tur-
bulent echoes could have on the observed PMWE spectral
widths, we made a model. We start with the exponential ACF
with powern = 1 and the correlation time corresponding to
the Lorentzian spectrum (IS ion line) with the spectral width
having a valueWil (see Eqs. 4 and 6), apply the Fourier trans-
form and add randomly distributed Doppler (turbulent) ve-
locities (i.e. they have Gaussian distribution with the width
Wturb corresponding to the strength of turbulence according
to Eq. 13). Then we compute the resulting spectrum and esti-
mate its widthW . Finally, we apply the inverse Fourier trans-
form to get the resulting ACF and then fit it by an exponen-
tial function with powernfit . We ran the model for different
Wturb, from values which are much less thanWil and up to
values which are several times more thanWil . The modelling
results are shown in Fig. 11. As can be expected, for the weak
turbulence (smallWturb in respect toWil ) the resulting ACFs
are close to the initial Lorentzian one. WhenWturb becomes
comparable to or larger thanWil , the power of the exponent
increases and reaches asymptotically the value of 2; i.e. the
ACF becomes Gaussian. The resulting spectral width is equal
to the initial ion line spectral widthWil for weak turbulence
(whenWturb ≤ 0.5 · Wil ) and shows linear growth (up to the
valueWturb) with increasing amplitude of the turbulence.

From Fig. 10 at 67–70 km altitude, the EISCAT PMWE
spectral widths are about 4 ms−1 larger than the 5–6 ms−1

width for the IS ion line (i.e.W/Wil ≈ 1.6–1.8). If we inter-
pret this difference as due to turbulence, then according to
Fig. 11, to account for the PMWE observed spectral width,
one needsWturb ≈ 3–4 ms−1, corresponding to turbulent dis-
sipation ratesε of about 100 mWkg−1. This is higher than
the typical values ofε = 1–10 mWkg−1 for 60–75 km alti-
tude in winter reported by L̈ubken (1997), which were based
on numerous rocket measurements. (We should mention that
the validity of Eq. (13), which relates the spectral width of
the radar echo to the turbulent dissipation rate, has been dis-
cussed by Strelnikova and Rapp (2013) for the EISCAT VHF
radar for the case when MSPs are present. They noted that
there is no theoretical justification for the equation in this
case. However, they believe that probably some subtle cor-
rections have to be introduced in this equation that will re-
sults in slightly smallerε. Therefore, we may consider our es-
timates of the turbulent dissipation rate to be valid in the pres-
ence of charged dust particles of a few nm radii. This implies
that the possible presence of MSPs would not explain signif-
icant differences betweenε derived from the PMWE spec-
tral widths and that from the rocket experiments.) To inter-
pret PMWE spectral width for the ESRAD radar, one needs
ε smaller than 10 mWkg−1, which is a reasonable value for
the winter mesosphere. However if turbulent echoes give the
main contribution to the PMWE spectral width, then there
should be dependence of this width on the level of turbu-
lence (Hocking, 1985) and, hence, on the echo strength (see
Fig. 11). The experimental data show that both EISCAT and
ESRAD PMWE spectral widths have only weak or almost no
dependence on echo strength (Figs. 6 and 8). Thus, we can
conclude that the contribution of turbulence to the PMWE
spectral widths, for both EISCAT and ESRAD radars, can-
not be convincingly demonstrated. Therefore the Gaussian
shape of the PMWE autocorrelation functions and spectra
may have another explanation than being of turbulent origin.

There are other cases when spectra of the radar backscat-
tered signal are Gaussian-shaped. For the lower atmosphere
it has been found that the majority of power spectra seen
by Doppler weather radars are Gaussian (Doviak and Zr-
nic, 1993). The authors have also shown analytically that,
when several independent mechanisms contribute together
to broadening spectra, then they are well approximated by a
Gaussian function. For the strong echoes in the polar meso-
sphere in summertime (PMSE) it has been shown that power
spectra are Gaussian (Strelnikova and Rapp, 2010, 2011),
and therefore they have been assumed to reflect the distri-
bution of turbulent fluctuating velocities. However, Bahci-
van et al. (2003) investigated theoretically the scattered field
from subsiding turbulent fluctuations and concluded that a
Gaussian form of the turbulent spectrum is only one partic-
ular case. Other spectral forms, e.g. Lorentzian, can be re-
alised too. Sheth et al. (2006) claimed that no first-principle
model exists for the spectrum of mesospheric radar echoes
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and found that the best fit for the spectra for radar returns
in Jicamarca, Peru, often gives a power of exponent other
than 2.

In order to know the shape of spectra for the evanescent
perturbations we suggested as a possible generation mecha-
nism for PMWE, one should have a theory of radar backscat-
ter from the coherently excited ion-acoustic fluctuations,
which is not yet developed. However, we could expect that
the shape of the spectrum is not necessarily Lorentzian be-
cause the Lorentzian one is a specific shape of IS from ther-
mal ion fluctuations under the diffusion limit, as discussed
earlier.

From Fig. 4 one can see that the distribution of the power
of the exponent for ACF outside PMWE is rather large and
that for some cases the ACF has a Gaussian shape withn = 2.
This may be due to weak, noisy ACFs and also because, at
some altitudes, the resulting ACF can be a superposition of
those for the conventional IS echo and PMWE, or there may
be turbulence affecting the scatter.

5 Summary

We have studied spectral characteristics of PMWE measured
by two radars, ESRAD at 52 MHz and EISCAT at 224 MHz,
on 11 and 12 November 2004 during a strong solar proton
event. During daytime both radars detected PMWE layers in
the altitude range of 65–75 km. For EISCAT it was found that
the spectral shape for the echoes inside the PMWE layers
is close to Gaussian – in contrast to that outside the layers,
which is close to Lorentzian – as for the standard ion line
of incoherent scatter. The EISCAT PMWE spectral width
has a dependence on altitude: it is about 5–7 ms−1 at 64–
67 km and 7–10 ms−1 at 68–70 km. At the lower altitudes
the PMWE spectral widths are close to those for the IS ion
line derived from the EISCAT data outside the layers. At the
higher altitudes the PMWE spectra are broader than those
for the ion line by 2–4 ms−1. Similarly, the ESRAD PMWE
spectral widths at 67–72 km altitude are larger than those for
the ion line modelled for the ESRAD radar by 2–4 ms−1. If
the EISCAT PMWE are explained as turbulent echoes, then
strong turbulence dissipation rates of 100 mWkg−1 are re-
quired in order to account for the observed PMWE spectral
widths. These values are somehow larger than those known
from the mesospheric climatology based on the rocket data
(Lübken, 1997). Additionally, both the ESRAD and EISCAT
PMWE spectral widths did not show dependence on the echo
strength as would be expected for echoes of turbulent origin.
We find the observed spectral characteristics of PMWE for
both radars to be consistent with an explanation in terms of
evanescent perturbations excited in the electron gas by in-
frasound waves propagated in the neutral medium from the
lower heights as proposed by Kirkwood et al. (2006). How-
ever, a complete theory of scatter from this kind of distur-

bance needs to be developed before a full conclusion can be
made.

Appendix A

Analysis of the EISCAT data

In order to get spectral characteristics of echoes, we perform
an analysis using autocorrelation functions (ACFs), i.e. in the
time domain. The Doppler power spectrumS and ACF are re-
lated to each other via the direct or inverse Fourier transform
as follows:

S (ω) =

∫
ACF(τ )exp(−iωτ)dτ (A1)

ACF(τ ) =
1

2π

∫
S (ω)exp(iωτ)dω (A2)

If a signal has a Doppler shiftωD = 4π/λr ·VD (λr is the radar
wavelength) due to radial wind with velocityVD, then

ACFD (τ ) =
1

2π

∫
S (ω + ωD)exp(iωτ)dω

=
1

2π

∫
S

(
ω′

)
exp(i(ω′

− ωD)τ )dω′

=
1

2π
exp(−iωDτ)

∫
S

(
ω′

)(
cos(ω′τ) + i sin(ω′τ)

)
dω′

= exp(−iωDτ) [Re(ACFD=0) + iIm(ACFD=0)]

= [cos(ωDτ)Re(ACFD=0) + sin(ωDτ)Im(ACFD=0)]

+ i [cos(ωDτ)Im(ACFD=0) − sin(ωDτ)Re(ACFD=0)]
(A3)

As a result, the real and imaginary parts of the ACF oscil-
late with the Doppler frequency. Here ACFD=0 is the ACF
for zero Doppler velocity. The real part of ACFD=0 is deter-
mined by a decay (correlation) time which defines the spec-
tral width, and the imaginary part of ACFD=0 is determined
by asymmetry of the spectrum (with the presence of noise)
and is 0 for an ideal spectrum. The real part changes a lit-
tle from one measurement to another (mainly at the origin
τ = 0), while the imaginary part may change a lot from one
spectrum to another and have both positive and negative val-
ues.

abs(ACFD (τ )) = abs(ACFD=0 (τ ))

=

√
Re(ACFD=0 (τ ))2 + (Im(ACFD=0 (τ )))2

(A4)

The magnitude of the ACF, as one can see from Eq. (A4), is
not influenced by the Doppler velocity.

Doppler velocity can be modulated by waves as e.g.VD =

VD0·sin(2π /Tw ·t +ϕ0), whereVD0, Tw andϕ0 are the ampli-
tude, period and initial phase of waves, respectively. In order
to avoid any influence of waves on the spectral width deriva-
tion, one should use the magnitude of the ACF (Eq. A4).
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On 11 November 2004 at heights 60–68 km, a strong wave
with Tw = 60–90 s andVD0 ≈ 15 ms−1 was measured with
the EISCAT VHF radar (Fig. 2). In the EISCAT arcdlayer
experiment used in our study, the raw experimental ACFs
are computed for each 0.17 s interval with 1.35 ms resolution
and then averaged as complex numbers over 5 s. According
to Eq. (A3), each raw ACF has slightly different values due
to the presence of the wave, and such an averaging leads to
changing correlation time of the resulting ACF and, conse-
quently, to incorrectly estimated spectral width.

We modelled the effect of averaging ACFs over 5 s dumps
on the resulting width of ACF magnitude, using background
and wave parameters derived in the experiment. We assumed
the magnitudes of the raw ACFs have a Gaussian shape as

ACF(τ ) = ACFτ=0 · exp
{
−(τ

/
τc)

2
}
, (A5)

with correlation timeτc of 0.04 and 0.02 s (see Fig. 4) cor-
responding to half-maximum half-spectral width of about 5
and 9 ms−1, respectively. It was found that averaging over a
5 s dump results in narrowing the ACF width at most by 17 %
for the longer correlation time and that changes in the ACF
width are negligible for the shorter one. Thus, the expected
spectral broadening is 17 % at most (i.e. 0.9 ms−1).

In order to get a good estimate of ACF correlation time
and, hence, spectral width, we have to integrate ACFs calcu-
lated for each 5 s dump, over a relatively long time of several
minutes. For each dump, ACFs are modulated by a wave with
period of about 1 min, and, as shown before, they might expe-
rience different narrowing, which depends on the wave phase
at each dump. This should be taken into account when av-
eraging over several dumps. We modelled averaging of ACF
magnitude over different time intervals (from tens of seconds
to several minutes), assumingτc = 40 ms. It was found that
the ACF width decreases by at most 8–9 % and the initial
Gaussian shape with the power of the exponent being equal
to 2 is distorted to a curve with the power of the exponent of
1.9.

We can conclude that averaging complex ACFs over 5 s
dumps followed by averaging magnitudes of ACFs over sev-
eral minutes (finally, we used 10-min integration) with the
presence of waves with a period of 60–90 s leads to broaden-
ing of spectra by 9 % at the very most for spectral widths of
about 5 ms−1 and no spectral broadening for spectral widths
of about 9 ms−1 or larger.

We applied this method of averaging magnitudes of ACFs
(method 1) to the PMWE layer, where the signal is strong
enough compare to the noise. Then the real part of the ACFs,
containing information about the correlation time of the sig-
nal, would make the main contribution when averaged ac-
cording to Eq. (A4).

However, if we apply Eq. (A4) to the echoes at other al-
titudes than those for PMWE, i.e. to the background signal,
which is the standard ion line of the incoherent scatter, then
the signal and noise may be the same order of magnitude.

Then contribution of noise which is squared, i.e. always pos-
itive, would grow with an increasing number of integrations
(averaging time). Finally, it leads to a distorted shape of the
magnitude of the resulting ACF. In order to check this, we ap-
plied method 1 to the echoes detected by the EISCAT VHF
radar during daytime on 12 November 2004 for the whole
altitude range from 60 to 80 km. After averaging over 10 min
the magnitudes of ACFs were approximated by the expo-
nential functions with different parameters as described by
Eq. (4). The parameters were estimated by fitting the loga-
rithm of ACFs as shown by Eq. (7). For the echoes outside
the PMWE layers the median power of the exponent was
found to be 0.1. This is an unrealistically low value com-
pared to 1, which is expected for the standard ion line of
incoherent scatter at these altitudes (see e.g. Strelnikova and
Rapp, 2011). When, for the same echoes outside the PMWE
layer, we applied averaging of ACFs as complex numbers,
then taking the absolute value (method 2) and after that fitting
as described before, the median power of the exponent was
estimated to be about 1.2 (Fig. 4). Method 2 should be used
for averaging weak signals when there are no waves. Then,
according to Eq. (A3), the imaginary parts of ACF (due to
noise) of different signs can compensate each other, and the
real part (due to signal) will grow. We should mention that
we did not find any obvious signature of waves in the back-
ground signal, at least at altitudes above the PMWE layers.

Thus, methods 1 and 2 of averaging ACFs for further anal-
ysis were applied for the PMWE layers and for the back-
ground plasma outside these layers, correspondingly.
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etveld, M., and Singer, W.: Infrasound – the cause of strong Po-
lar Mesosphere Winter Echoes?, Ann. Geophys., 24, 475–491,
doi:10.5194/angeo-24-475-2006, 2006.

Kirkwood, S., Wolf, I., Nilsson, H., Dalin, P., Mikhaylova, D., and
Belova, E.: Polar mesosphere summer echoes at Wasa, Antarctica
(73◦ S): First observations and comparison with 68◦ N, Geophys.
Res. Lett., 34, L15803, doi:10.1029/2007GL030516, 2007.

Kirkwood, S., Belova, E., Satheesan, K., Narayana Rao, T., Rajen-
dra Prasad, T., and Satheesh Kumar, S.: Fresnel scatter revis-
ited – comparison of 50 MHz radar and radiosondes in the Arc-
tic, the Tropics and Antarctica, Ann. Geophys., 28, 1993–2005,
doi:10.5194/angeo-28-1993-2010, 2010.

Kofman, W., Bertin, F., R̈ottger, J., Cremieux, A., and Williams, P.
J. S.: The EISCAT mesospheric measurements during the CAMP
campaign, J. Atmos. Solar Terr. Phys., 46, 565–575, 1984.

La Hoz, C. and Havnes, O.: Artificial modification of Polar Meso-
spheric Winter Echoes (PMWE) with an RF heater: Do charged
dust particles play an active role?, J. Geophys. Res., 113,
D19205, doi:10.1029/2008JD010460, 2008.
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