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Abstract. Polar mesosphere winter echoes (PMWE) werel Introduction

detected by two radars, ESRAD at 52 MHz located near

Kiruna, Sweden, and EISCAT at 224 MHz located near

Tromsg, Norway, during the strong solar proton event onRemarkable and strong radar mesospheric echoes called
11-12 November 2004. PMWE maximum volume reflec- Polar mesosphere summer echoes (PMSE) are detected in
tivity was estimated to be 8 10-15m~1 for ESRAD and summertime in the polar regions. Discovered in the late
2x10-18m~1 for EISCAT. It was found that the shape of the 1970s/early 1980s (Czechowsky et al., 1979; Ecklund and
echo power spectrum is close to Gaussian inside the pMwBalsley, 1981), PMSE have been intensively studied for more
layers, and outside of them it is close to Lorentzian, as forthan 30 years. It is now commonly accepted that PMSE are
the standard ion line of incoherent scatter (IS). The EISCATAUe to a combination of neutral atmospheric turbulence and
PMWE spectral width is about 5-7 m%at 64-67 km and charged nanometre-sized ice particles. For a review on PMSE
7-10ms? at 68—70km. At the lower altitudes the PMWE Se€e €.g. Rapp andibken (2004).

spectral widths are close to those for the IS ion line derived N the high-latitude mesosphere, another type of strongly
from the EISCAT data outside the layers. At the higher al- enhanced radar return, different from PMSE, is sometimes
titudes the PMWE spectra are broader by 2—4#than found at altitudes below 80 km in the winter and equinox sea-
those for the ion line. The ESRAD PMWE spectral widths SONs. By analogy with PMSE these have been named polar
at 67-72km altitude are 3-5m% that is, 2-4 ms! larger mesosphere winter echoes, PMWE (Kirkwood et al., 2002b).
than ion line spectral widths modelled for the ESRAD radar. PMWE have been studied with radars (e.g. Kirkwood et al.,
The PMWE spectral widths for both EISCAT and ESRAD 2002a; Belova et al., 2005; Zeller et al., 2006), using in situ
showed no dependence on the echo strength. It was foun@€asurements by rockets (e.gitken et al., 2006; Brattli
that all these facts cannot be explained by turbulent origin€t al., 2006) and using artificial heating of the mesospheric
of the echoes. We suggested that evanescent perturbations #gsma with radio waves (Kavanagh et al., 2006; Belova et
the electron gas generated by the incident infrasound wavedl- 2008; La Hoz and Havnes, 2008). It has been found that
may explain the observed PMWE spectral widths. However PMWE occurrence rates are much lower than those for sum-
a complete theory of radar scatter from this kind of distur- Mer echoes (Zeller et al., 2006), but PMWE can be as strong

bance needs to be developed before a full conclusion can bs PMSE, reaching volume reflectivity up to#8m~ at
made. 50MHz (Stebel et al., 2004). Though ice particles cannot

) ) . . exist in the warmer winter mesosphere, heating experiments
Keywords. Electromagnetics (Scattering and diffraction) — )3ue shown the presence of smaller charged particles, pre-

lonosphere (lonosphere—atmosphere interactions) — Rad'gumably of meteoric smoke origin (Belova et al., 2008: La
science (General or miscellaneous) 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 (libken et al., 2006; La Hoz and Havnes,
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Table 1. Parameters of the radars. Table 2. Parameters of the experiments.
Radar ESRAD EISCAT VHF ESRAD EISCAT VHF
Geographic coordinates 678 21.1C0E 69.59N19.23 E .
Ope?atisg frequency 52 MHz 224 MHz Eﬁfsi'lrgsntthnarln.e _ fcd500 arcdlayer
Transmitter peak power 72 kW 1.5MW 9 . _(a titude resolution) 600m 300m
Antenna 3-dB beam width %6 1.7° NSx 1.2EW Pulse repetition frequency, Hz 1300 741
Antenna effective area 3740m 5690 nf No. of bits in code 8 64
No. of code permutations 2 128
No. of coherent integrations 16 1
Lag resolution 24.6ms 1.35ms
2008; Havnes et al., 2011). Another hypothesis suggests a Maximum lag 25s 0.17s

non-turbulent origin of winter mesospheric radar echoes and
involves infrasound waves propagated from below (Kirk-
wood et al., 2006). running during 10-12 November, and details of the opera-

Some observed features of PMWE cannot be explained byional modes are presented in Table 2.
neutral air turbulence, with or without the presence of dusty The radar volume reflectivities were calculated for these
particles. The most striking finding is that the strongest echothree days as follows. For the EISCAT radars the volume re-
ing structures move horizontally with the speed of soundflectivity is defined asrp - Ne, Whereop = 4.99 x 10729 m?
rather than with speed of the background wind, the lat-is the effective Thomson scattering cross-section per electron
ter being expected for patches of turbulence (Kirkwood etand s is the electron density (or equivalent electron density
al., 2006). On some occasions PMWE have been detectefbr the case of PMWE where the scattering mechanism is un-
with two radars simultaneously: with the ESRAD 52MHz known) provided by the EISCAT GUISDAP software pack-
radar and the 224 MHz European Incoherent Scatter radaige. For the ESRAD radar the calculation procedure is more
(EISCAT) (e.g. Belova et al., 2005). The surprising feature complicated and based on calibration of the radar against ra-
of PMWE at 224 MHz is that their spectral width appears to diosondes as described by Kirkwood et al. (2010). Following
be about the same as for the incoherent scatter ion line speghis paper one can express ESRAD volume reflectiyigt
tra above and below the PMWE layer (Kirkwood et al., 2006; altitude’ as
Kirkwood, 2007). The ion line spectral width is determined
by the lifetime of highly damped ion-acoustic waves in the n = Ccal- S - h?, 1)
ionospheric plasma and has no relation to neutral turbulence. . ) . ) )

This paper is based on observations of PMWE during theVhere S is the echo received power in arbitrary units and
strong solar proton event on 10-12 November 2004 with theCcal iS the calibration coefficient which is a function of ex-
ESRAD and EISCAT VHF radars. We aim to make an ac- Periment and radar parametefg, is constant for the given
curate derivation and analysis of the spectral characteristic§dar and experiment and can be defined by comparing vol-

of PMWE layers, which might shed light on the generation Ume reflectivity in the troposphere and the mean vertical gra-
mechanism of these echoes. dient of generalised potential refractive indéxdetermined

from radiosonde data (see for details Kirkwood et al., 2010).
It can be shown that

2 PMWE observations on 10-12 November 2004 with 64(2In2) Co- G - M?
the EISCAT and ESRAD radars Ceal = 5 —5 2
(4m) Stropo h

ESRAD is an atmospheric radar situated at Esrange, in northwhere Syopo is received power from the upper tropo-
ern Sweden. The EISCAT facility is located near Tromsg,sphere/lower stratosphere in arbitrary unftsis the antenna
Norway, about 200 km north of ESRAD. The main charac- gain, andCy is the constant of proportionality between the
teristics of ESRAD and the EISCAT VHF radar are sum- radar scatter strength ai?, which was found by Kirkwood
marised in Table 1. PMWE can be seen with ESRAD and theet al. (2010) to be 5 x 10~ for ESRAD. The antenna gain
EISCAT VHF radar when extra ionisation of the D region of can be estimated from the radar transmitting beam wigith
the ionosphere occurs due to precipitating energetic particle@sing the approximate relation
(Kirkwood et al., 2002a, b, 2006; Belova et al., 2005).

In November 2004 there was a strong solar proton even? _ 77_2 3)
(SPE) (see e.g. the proton fluxes measured on the GOES 49%
satellites atvwww.swpc.noaa.gov/ftpmenu/index.hjmvhen
energetic particles of solar origin penetrated deeply into theFor calculations ofM?, we used data from the regular ra-
Earth’s atmosphere, ionised it and produced enhanced elediosondes launched at 12:00 UT on 10-12 November 2004
tron density. Both ESRAD and the EISCAT VHF radar were in Sodankyla, Finland, 350 km SE from ESRAD.

Ann. Geophys., 31, 1177:19Q 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.

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

The top panel of Fig. 1 shows ESRAD volume reflectiv- -1 EISCAT data analysis

ity for 10-12 November. PMWE are seen as very intermit- . . .
y y For the EISCAT experiment the autocorrelation functions

tent, variable, narrow layers. PMWE vary during the day: . :
they appear at lower altitudes during daytime, then move to(ACFS) were formed from 127 lags, W'th alag mcrement of
1.35ms and recorded every 5s. After integration over 20s

higher altitudes during evening hours and disappear by mid- ) X
night. Kirkwood et al. (20022, b) suggested that PMWE di- "% MATLAB FFT function was useq for calculation of the
urnal variations are related to diurnal variations of the freeSPE¢ta- en analysing the Doppler shifls we foun a

electrons which are responsible for radar scatter. Electron¥/2Ves with periods of about 1 min are present in the EISCAT

. Lo ; ; data. As an example, in Fig. 2 the signal power (upper panel)
dominate over negative ions during daytime, when nega- . i i
tive ions are photo-dissociated. With decreasing solar eIeva"—’lnd the Doppler velocity (lower panel) for 12:00-13:30UT

tion the negative ions are reformed, starting from the lower®" 11 November 2004 are presented with 20s time resolu-

heights, reducing the number of free electrons. (Intensifica-t'on' Both quantities show oscillations with periods of 60—

tion of PMWE at 17:00—22:00 UT on 10 November can be 20S Which are more clearly seen at around 13:00 UT, and

related to extra ionisation due to energetic particle precip-.they are probably a signature of waves. The Doppler veloc-

itation.) The bottom panel presents a time—altitude plot ofIty changes from positive to negative and back again over

EISCAT volume reflectivity measured during the same time.abOUt_ a 1-min mte_rval, which will lead tq an apparent spec-
The thin layers of PMWE are seen against the background o ral width broadening when spectra are integrated over 20s.
Jowever, in order to have well-defined spectra from which

slightly enhanced radar backscatter due to the electron de . L o ;
a reliable estimation of spectral width is possible, we need

sity caused by solar proton precipitation. The diurnal varia- | int tion ti f | minutes. Foll

tion of the background electron density, with its increase at?! eg/tenl q;ger n edglr:;':l lon 'ngioo sevgra.(;nlgti es- I? ow-
lower heights during daytime and crucial reduction during Ing Strefnikova and Rapp ( ) we decided 10 make our
nighttime, is clearly seen on this panel analysis using ACFs. The description of the EISCAT ACF

Kirkwood et al. (2006) studied PMWE events on data analysis is given in Appendix A. As is shown there, we

10 November 2004 when the signal measured with the ES_have to use two different methods for integration of ACFs
RAD radar was at its strongest, allowing full correlation over several 5s data records for PMWE signal and for back-

; ; . ; _ground incoherent scatter (IS). However in both cases we use
2223;‘: E)I?;]rl?r?: ,nle?(itaSt\)/v? gsyzpq“lei'ng] ihZISNpci/pe?;t\:\éer CgSr_the magnitude of the ACFs which, unlike their real and imag-
ing daytime (interval from 08:06 UT to 13:00 UT, when,the inary parts, does not oscillate with Doppler velocity (Egs. A3

Sun is above the horizon at mesospheric heights), where thgnd Ad) and is mainly determined by the decay/correlation

strongest echoes were observed with the EISCAT radar. 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, 11779Q 2013
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Fig. 3. Profile of EISCAT radar backscattered power (left panel), ROwer O Sxponen

inside PMWE

experimental (crosses) and fitted (solid line) ACFs at two altitudes: 100
63.6 km (middle panel), where the maximum of PMWE power was _—
observed, and 80.1 km (right panel), where the EISCAT radar mea- g

(&}

sured background incoherent scatter. The parameters of fit: power oy 601

exponent n and decay time tau in seconds are shown in the panels.g 4ol

median=0.01902

num

201

power spectra and estimate the spectral widths, we approxi-  0; 0ol oo 0@ 00 5B 6% oar
mated the absolute value of ACFs for the EISCAT backscat- correlation time, s
tered signals as follows (Jackel, 2000; Moorcroft, 2004;

Strelnikova and Rapp, 2010): Fig. 4. The histograms for the power of exponent for ACF fit outside

(upper panel) and inside (middle panel) PMWE and for correlation
ACF (1) = ACF,_g- exp{—(t/tc)”}, () time inside PMWE (lower panel) measured by the EISCAT VHF
radar on 11 November 2004. Median values of power of exponent

where ACE_g is the magnitude of the autocorrelation func- and correlation time are shown on the respective panels.
tion at zero time lag=€ backscattered power after subtraction

of noise), is th_e time lagyrc is the decay/correlatlop time 54 corresponds to (incoherent) backscatter from the back-
and n characterises the shape of the autocorrelation func-

. . X round plasma. For the PMWE data we firstly calculated ab-
tion and hence the spectrum. Lorentzian and Gaussian speg

i d 1o ACFs with — 1 and 2 tivelv. F olute values of ACFs recorded with 5's time resolution and
fa corresponc to S With = 2 and 2, TeSpectively. For y,q, averaged them over 10 min (method 1 in Appendix A).
such spectra there are also analytical relationships betwe

tral width and ACF d i ol ) € or the ACFs outside PMWE layers we first used averaged
spectralwidth an ecay time as follows. complex ACFs over the same 10-min intervals and then took
N2 absolute values (method 2 in Appendix A). After averaging

we = (5) we fitted for the first 20 lags the logarithm of the resulting
”irc ACFs by a power function as follows:
wL:an’ ©) T\
c IN(ACF) = x1 — (—) , )
X2

wherewg | are the half-maximum half-width in Hz for the

Gaussian and Lorentzian spectra, respectively. Note that, fowherexs, xo andxz are estimates of In(ACEo), tc andn,

the same ACF decay times, the Gaussian spectrum is abouéspectively. In order to find the best fit, we minimised the

1.7 times wider than the Lorentzian one. mean square error between the logarithm of the fitted and
All echoes on 11 and 12 November 2004 were divided intoexperimental ACFs. ACF values at zero lag are less reliable

two bins according to the deviation of their strength from the due to the presence of white noise and were excluded from

mean value calculated by averaging over 81-86 km altitudefitting.

where presumably only incoherent echo occurs. When this In Fig. 3 we present an example of experimental and fit-

deviation is above a chosen threshold, this echo is associatddd ACFs at two altitudes: 63.6 km, where the maximum

with a PMWE layer, while an echo power below the thresh-of PMWE power was observed, and 80.1km, where the

Ann. Geophys., 31, 1177+19Q 2013 www.ann-geophys.net/31/1177/2013/
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Fig. 5. Histograms of half-maximum half-width (HMHW) of power Fig. 6. Scatter plot of EISCAT PMWE spectral width versus

spectra at each altitude inside (left panel) and outside (right panelpackscattered power at 64—-67 km (red *) and 67—70km (blue 0)

PMWE measured by the EISCAT VHF radar on 11 November 2004.altitude for 11 November 2004.

Colour indicates number of cases when HMHW has a value lying

in the particular spectral width bin. Profiles of median HMHWSs are

indicated in magenta. 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
EISCAT radar measured background incoherent scatter. Wg\wfiles™of the spectral width distributions inside and out-

see that the ACF for PMWE is smooth and very closely ap-gjqye pMWE layers, respectively. One can see that inside the

proximated by the exponential function with powes 1.6, p\wE |ayers the median spectral widths are 5-10eid

i.e. close to the Gaussian function, which would have 2. 5 they are somewhat larger that those at the same altitudes
In contrast, the ACF measured at 80.1km is rather noisy, angl o tside the layers. The spectral width for the background
its approximation is not perfect. The best fit for the exponen—p|asma increases slowly from 4 to 6 misin the lower alti-

tiaI.function has a powet of about 0.9, i.e. .close to=1, . tude range of 64—74 km and then grows more quickly up to

which corresponds to incoherent scatter with the Lorentzian, 1 51 by 80km. In Fig. 6 the scatter plot of the spectral

spectral shape. _ _ widths inside the PMWE layers versus backscattered power
In order to study the difference in spectral shapes forig gpown for 64-67 km and 67-70 km altitudes. There is no

PMWE and for background incoherent scatter, all echoes,yio,s dependence of the PMWE spectral width on their
were divided into two bins as described before. Figure 4strength for both altitude ranges evident in this figure.

shows the histograms for the power of the exponent inside

and outside PMWE for 11 November. In most cases the powo 5 ESRAD data analysis

ers of the exponent inside and outside the PMWE layers are

larger and smaller than 1.5, respectively. Thus, indeed the=or the ESRAD radar, firstly, the full correlation analysis
ACFs inside and outside PMWE layers have different shapesgrcA) was applied (Briggs, 1985) using raw data with 25 ms
In Fig. 4 the histogram for the correlation timg inside  time resolution, sampled over 64s time intervals. Intrinsic
PMWE is also presented. The majority of PMWE correla- scatterer lifetimefy » (time to decay to half power) was cal-
tion times are between 10 and 40 ms, with a median value oty|ated for each 64 s interval. Then spectral widths were cal-

19ms. culated according to the formula (Holdsworth et al., 2001)
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 Egs. (5) or (6). w _ In2- 5 ®)

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. Fronvherewesragis the half-power half-spectral width in m¥

this point on the spectral width means the half-maximumandy, is the ESRAD wave length.

half-width of the power spectra of the signal. (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, 11779Q 2013
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flectivity (top panel) and the echo half-life time deduced from ear( ) 12 Hhor 22 o or: (9)

full correlation analysis (middle panel) and the corresponding half- . . . .
maximum half-width of power spectra (lower panel) for 12 Novem- Where6y 2 is the half-maximum half-width of the effective

ber 2004. radar beam (two waysp, is the 3 dB full beam width in ra-
dians andVjo, is the horizontal wind speed. In our experi-
ments the horizontal wind was not measured; however, we

longer (not shown), i.e. these waves cannot affect the spectrajan assume it to be up to 60 mis(Milllemann and [ibken,

width results.) 2005). Then the maximum beam broadening is 2.2 hfer

The results for 12 November 2004, when the ESRAD ESRAD. However, correction for the beam broadening is ap-

echoes were particularly strong, are shown in Fig. 7. Volumeplied to the Doppler method and does not affect the results

reflectivity presented on the upper panel reaches its maxiof the full correlation analysis based on the spaced antenna

mum of 3x 10-°m~! at about 11:50 UT. Half-maximum technique. For the EISCAT VHF radar the maximum beam

half-width of the spectrum varies from 1 up to 8msThe  proadening is at most 0.6 m5and can be neglected com-

better presentation of dependencies of echo spectral widthgared to the measured spectral width values of 4-11ims

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 eithep EXxperimental and theoretical spectral widths

on the altitude or on the echo strength expressed in the radar

volume reflectivity, and the i Spegral s e 3. Spectral width (half-maximum half-width) of the IS ion line

5msL. The results for 11 November 2004 (not shown) alreforthe diffusion limit, _for normal molecular/cluster ions, can

similar to those for the next day in regard to absence of alti-°¢ €XPressed according to the formula (Kofman et al., 1984)

tude and echo strength dependencies and the median values. _ 2

Experimental spectral widths should in general be cor-wincon(ms 1) = ArkeT(2(A1+17) +a7)

rected for instrumental effects such as beam broadening. The

beam broadeningpeamcan be written as (Hocking, 1985)  wherekg is Boltzmann's constant is neutral temperature
(assumed to be equal to the ion and electron temperatures in
this altitude region)), is radar wavelengthg; is the mean

: (10)

Armivin(1+ 012)

Ann. Geophys., 31, 1177+19Q 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). 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

e . . . different values of turbulent dissipation rateshown in the text
posltlve 10N MasSSyin 'S_the_ Ion-neu_tral collision freque_ncy, box. Median spectral widths of PMWE are shown by the follow-
A~ is the ratio of negative ion density to electron density anding symbols: red * correspond to the ESRAD measurements on

a =4r - Ap/Ar With the Debye lengthp as follows: 12 November 2004, and green x and blue o to the EISCAT data
on 11 November 2004 with and without correction for maximum
AD ~ 69 T/Ne, (11) spectral broadening due to averaging and waves, respectively.

HereNg is the electron density.™ 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:

affected by the presence of negative ions there, and hence
depends on the model af . o2 « 1 for ESRAD and the D
region conditions, and henegncon 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-

9 N 05 05 tral width for the EISCAT VHF radar is about 4 times larger
vin=2.6x1077- —- (1-03Mi,'N2 +0'28/’*i,'02)1 (12)  than that for ESRAD XesradAeiscat™ 4.3). In turn, for the

! EISCAT radar and the lower heights? ~ 1 and the term
whereN is the neutral number density ang x are the re- 1+ «? becomes important in the denominator on the right-
duced mass of ions and molecules of dbr O,. For mj = hand side of Eq. (10). Then the ratio of ion line spectral
31amu Eq. (12) can be reducedip~ 4.2 x 10°. N. widths for the EISCAT and ESRAD radars decreases to about
We calculatedwincon for the 60—80 km altitude range us- 2 or less.

ing Eq. (10). The electron density profile was taken from Figure 10 also presents the experimental spectral width
the EISCAT data for 11 November 2004 analysed by theprofiles outside PMWE derived from the EISCAT data for
EISCAT software package GUISDAP, averaged over the in-11 November. When comparing them to the modelled ion
terval from 09:00 UT to 09:15 UT, when PMWE were absent, line spectral widths, one can see that they agree with each
and then smoothed by an exponential fit. Korwe used an  other well not only qualitatively but also quantitatively. They
exponential profile withh™ =200 at 50km and.”" =1 at  both increase with altitude in a similar way and have values
72 km. This profile may be representative for daytime con-of about 5ms? at 70km and 11 mist at 80 km. Thus we
ditions for equinox seasons (Kirkwood and Osepian, 1995).can believe that the spectral widths were correctly derived
Both model profiles fove andA™ are shown in Fig. 9. Neu- from the EISCAT data.
tral temperature and density were taken from the MSISE- In Fig. 10 we also show PMWE median spectral widths
90 model (Hedin, 1991). The calculated profiles of ion line derived from the EISCAT data for 11 November and ESRAD
spectral width for 52 and 224 MHz are presented in Fig. 10.data for 12 November. The EISCAT spectral widths were
As expected for IS spectra, the spectral widths increase witltalculated from the data without correction (blue circles)
height starting from 66—68 km becausg decreases with and with correction (green crosses) for maximum spectral
height. The behaviour of spectral widths at lower heights isbroadening of 9 % as estimated in Appendix A. At 64—68 km
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altitude the EISCAT corrected spectral widths inside PMWE the diffusion speed aBye = Dep/ Az (Mathews and Tanen-
layers are close to those for the ion line. However, belowbaum, 1981), wher®gy is the electron—plasma diffusion co-
64 km and at 68-71km, the PMWE spectral widths are 2—efficient.
4ms1larger than those for the ion line at the same altitudes. In application to the power spectrum of the radar wave
A similar situation is seen for PMWE spectral widths derived scattered from the ionospheric plasma for the lower fre-
from ESRAD data: their values at altitudes of 67—72 km arequency range — that is, the ion line — there are two ion-
larger by 2—4 ms! than those for IS at 52 MHz at the same acoustic maxima at velocities Vi, for the so-called “wave
altitudes. limit”", when the ion-neutral collision frequency is not too
Libken et al. (2006) have suggested that PMWE are ohigh, or one Lorentzian-shaped central maximum, with width
turbulent origin. If so, then the spectral widiiy,p of such equal toVye, for the diffusion limit. For the EISCAT VHF
echoes is related to fluctuating turbulent velodityand can  radar and the real ionosphere the diffusion limit is valid for
be expressed via the turbulent dissipation rads (Hocking,  heights below, say, 100 km. The power spectrum in the wave

1985) limit has a sophisticated shape described by full IS theory
1 e . (Dougherty and Farley, 1960). For the large damping due to
wtzurb =2In2-v?~14. c' o ~29. O (13) collisions with neutrals the edges of the spectrum are sup-

pressed and the shape is reduced to a simpler Lorentzian as
where we have use@ = 0.49 (Weinstock, 1981; Hocking, we have observed at altitudes outside PMWE.
1996) ands2 is the buoyancy angular frequency. We have An acoustic wave in the neutral gas excited e.g. at the
calculatedwyyp for e = 0.01, 0.1, 0.4 or 0.9 Wkg! assum-  lower heights can propagate to the mesosphere, where some
ing it does not change for the 60—80 km altitude raifgyeias  neutral molecules become ionised (e.g. Blanc, 1985; Drob et
calculated using the MSISE-90 model (Hedin, 1991). The al-al., 2003). There the fluctuations in the neutral density are
titude profiles of the modelled turbulent spectral widths areclosely connected to the ion fluctuations via frequent col-
shown in Fig. 10. If PMWE observed on 11 and 12 Novemberlisions. Again, ion fluctuations are transferred to the elec-
are interpreted as turbulent echoes, then they appear to cotrons due to the ambipolar electric field. Thus we can also
respond to turbulent dissipation rates of 60-700mWWikg  call these waves ion-acoustic ones. However there is a clear
However this must be considered more carefully, which will difference between these waves and those described earlier.
be done in the next section. 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
1. PMWE spectral widths for the EISCAT measurements by this wave might differ from the Lorentzian spectrum of
are sometimes the same as the IS ion line spectral widthgighly damped ion-acoustic waves. One would expect that
at the same heights, but sometimes significantly higherthere would be two maxima as for case of no collisions, lo-
For PMWE measured by ESRAD the spectral widths cated at about330 ms®. These maxima cannot be seen
are higher than for IS ion line widths computed using with the acrdlayer experiment for the EISCAT VHF radar,
the model. which has a maximum resolved velocity of 240MsThus
we cannot see incident acoustic waves.

The IS ion line is formed due to scattering of the radar signal Hocking (2003) has proposed that when incident acous-
on perturbations of electron density caused by Ion-acoustiGic \yaves are partially reflected from sharp vertical gradi-

waves. In the ionospheric plasma these waves are excited bé(nts of e.g. temperature or wind, evanescent perturbations

the thermal fluctuations of ions. Electrons, due to the aM-5re formed in the neutral gas in the vicinity of the reflecting

bipolar electric field, follow the ion fluctuations. These den- boundary. They were termed viscosity waves. These waves
sity OSC'".at'O”.S propagate in the pl_asm_a (due 10 qctm_n Ofare highly damped and their perturbations exist only in nar-
the electrical field and ion thermal diffusion) as longitudinal ., layers. Via ion-neutral collisions and the action of the

waves with the lon-acoustic speed ambipolar electric field, perturbations in the electron den-

4 Discussion

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

Via= Vin(1+ Te /Ti)l/Z (14) sity can be excited by these viscosity waves and could form
highly aspect-sensitive scattering layers for the radar waves.
whereViy, is the ion thermal velocity. Perturbations at the length scale matching the radar Bragg

For mesospheric altitudes where ion-neutral collisionslength would be seen as radar echoes. Kirkwood et al. (2006)
play a role, the ion density fluctuation, once formed, decayshas proposed PMWE to be due to scatter from the evanes-
due to collisions and hence does not propagate. Thus the re&ent perturbations in electron density generated by partial
laxation of such perturbations of scale; is determined by  reflection of infrasound waves. Because these evanescent
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disturbances are excited by incident acoustic waves in th&€SRAD on 12 November is about 2.5. It might imply that
vicinity of the border formed by a sharp gradient, their during the measurements the ionospheric conditions at the
“source” moves along the border with the acoustic veloc-radar locations were significantly different.
ity. Indeed, high horizontal velocities up to 500 mswere As mentioned in the Introduction there are some exper-
measured using ESRAD for the case of strong PMWE oc-imental indications of the presence of small-sized charged
curring before midnight on 10 November 2004 (Kirkwood dust, most likely meteoric smoke particles (MSPs), for cases
et al., 2006). (Unfortunately, for 11 and 12 November we of PMWE (e.g. Belova et al., 2008; Havnes et al., 2011). Cal-
cannot derive horizontal velocities using the full correlation culations by Megner et al. (2008), who combined MSP mi-
analysis because the echo strength was relatively low.) crophysics with a circulation model, showed also that MSPs
As stated above, in order for the evanescent perturbationf sizes from 0.2 nm to larger than 3 nm are expected in rela-
to be seen by a radar, its “wavelength” has to match the radatively high concentrations below 80 km in non-summer sea-
Bragg length£ A;/2). Then, based on the dispersion relation sons at polar latitudes. The presence of charged dust parti-
for the viscosity waves (Hocking, 2003), which was mod- cles in plasma in amounts comparable to the electron den-
ified for plasma, Kirkwood et al. (2006) showed that for a sities will affect electron diffusivity and, hence, IS spectral
radar with wave length.; all incident acoustic waves with widths. Positively charged particles and negatively charged
period Ty satisfying the equatioh, = 4(rvS.T5)%° can pro-  large particles (with sizes larger than 1 nm) reduce electron
duce effective scattering structures (evanescent disturbancedjffusivity, which makes the IS spectrum narrower (Cho et
in the electron gas. Heneis the air kinematic viscosity and al., 1998). In turn, the presence of small negatively charged
Sc is the Schmidt numberSg < 1 with the presence of sig- particles leads to increasing electron diffusivity (as negative
nificant number of negative ions, i.e. when > 1). From ions do in the lower D region), which widens the spectrum.
Fig. 14 of Kirkwood et al. (2006), one can see that appro-In order to estimate what effect MSPs would have on spec-
priate periods of acoustic waves at 65—75km altitude rangdral width for PMWE, one has to know their actual den-
are 20—-200 ms for EISCAT radar and 0.3-5s for ESRAD,sity, sizes and charge state. We have no such information for
and these periods decrease with altitude. Then the evanescemtir cases. Moreover, in general, very little is known about
fluctuations should decay on the timescale which is shortesMSP parameters, mainly from a few radar experiments by
between the electron—plasma diffusion time, as in the case afising indirect methods (e.g. Strelnikova et al., 2007; Havnes
thermally induced ion-acoustic waves, and the “evanescentét al., 2011) or from numerical modelling (e.g. Megner et
time, i.e. the period of incident acoustic waves. From Fig. 10al., 2008). However, if PMWE are interpreted as scatter on
we see for EISCAT that, at 64—67 km altitudes, the PMWE ion-acoustic highly damped waves in a background dusty
spectral widths are close to the ion line spectral widths butplasma, then MSPs should influence spectra inside and out-
that at the higher altitudes of 67—71 km the PMWE spectralside PMWE layers in the same way. Thus all considerations
widths are significantly larger than those for the IS ion line. and conclusions discussed above are valid, at least qualita-
We can interpret this as follows: at lower altitudes the PMWE tively, unless there is an unknown mechanism which is able
decay time (and hence the spectral width) is determined byo confine MSPs in narrow layers coinciding with PMWE
the electron—plasma diffusion time because it is shorter thamayers. So far we do not know of such a mechanism.
the wave period, but at the higher altitudes, where the pe- Finally, we would like to refer to the recent paper by Strel-
riod of incident acoustic waves for matching the radar Braggnikova and Rapp (2013), where statistical analysis of PMWE
scale become smaller, the latter determines the PMWE corspectral characteristics has been performed based on 32 h of
relation/decay time (and respectively larger spectral width).EISCAT VHF radar measurements (including 11-12 Novem-
For ESRAD measurements, PMWE were observed at 67-ber 2004). Figure 12 of that paper shows histograms for the
72 km altitudes, where periods for matching incident wavesspectral widths at the same altitudes inside and outside the
are about the same or shorter than the electron diffusion tim&@MWE layers. The maxima of these histograms are at the
(estimated to be about 300 ms), and hence these periods deame spectral width value, which implies that, in many cases,
termine PMWE spectral widths. Moreover, from Fig. 14 of the spectral width of PMWE is equal to that of the incoherent
Kirkwood et al. (2006), one can see that acoustic waves exscatter. This is an argument in favour of the hypothesis that
citing evanescent perturbations which are “visible” for the at least some of the observed PMWE can be associated with
ESRAD radar have longer periods than those for the EISCATion-acoustic waves. The authors pointed to the fact that the
radar. The wave period, is proportional to the radar wave- median value of spectral width inside PMWE is larger than
length A, squared, and spectral width expressed in velocitythat outside the layers, which does not contradict our findings
units (ms 1) should be inversely proportional ta. Thus  (see Fig. 10).
at the same altitudes the PMWE spectral width for EISCAT
should be 4.3 Xesradeiscat~ 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
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From Fig. 10 at 67-70km altitude, the EISCAT PMWE
spectral widths are about 4 mslarger than the 5-6 nt$
width for the IS ion line (i.eW/W; ~ 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 need®ym ~ 3-4ms 1, corresponding to turbulent dis-
sipation rateg of about 100 mWkg?!. This is higher than
the typical values of = 1-10 mWkg* for 60-75km alti-
tude in winter reported byilibken (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-
Fig. 11. Left panel: the power of the exponential fit for the ACF sults in slightly smallez. Therefore, we may consider our es-
resulting from initial Lorentzian spectrum with widih plus con-  timates of the turbulent dissipation rate to be valid in the pres-
tribution from the random Doppler velocities representing turbulenténce of charged dust particles of a few nm radii. This implies
velocities with distribution widthiy,, as a function of théVym, that the possible presence of MSPs would not explain signif-
to Wj ratio. Right panel: the ratio of the resultiig to initial Wj icant differences betweenderived from the PMWE spec-
spectral width as a function of th&y,, to Wj ratio. Thered lineis  tral widths and that from the rocket experiments.) To inter-
a linear fit. pret PMWE spectral width for the ESRAD radar, one needs
¢ smaller than 10 mWkg!, which is a reasonable value for
the winter mesosphere. However if turbulent echoes give the
2. EISCAT PMWE ACF shapes are close to Gaussian, im-main contribution to the PMWE spectral width, then there
plying Gaussian spectra as well. should be dependence of this width on the level of turbu-
lence (Hocking, 1985) and, hence, on the echo strength (see
Libken et al. (2006) suggested that the turbulent echoes dfig. 11). The experimental data show that both EISCAT and
different strengths might occur at mesospheric altitudes inESRAD PMWE spectral widths have only weak or almost no
the wintertime. In order to quantify the effect that the tur- dependence on echo strength (Figs. 6 and 8). Thus, we can
bulent echoes could have on the observed PMWE spectratonclude that the contribution of turbulence to the PMWE
widths, we made a model. We start with the exponential ACFspectral widths, for both EISCAT and ESRAD radars, can-
with powern = 1 and the correlation time corresponding to not be convincingly demonstrated. Therefore the Gaussian
the Lorentzian spectrum (IS ion line) with the spectral width shape of the PMWE autocorrelation functions and spectra
having a valug¥; (see Egs. 4 and 6), apply the Fourier trans- may have another explanation than being of turbulent origin.
form and add randomly distributed Doppler (turbulent) ve- There are other cases when spectra of the radar backscat-
locities (i.e. they have Gaussian distribution with the width tered signal are Gaussian-shaped. For the lower atmosphere
Wiurb corresponding to the strength of turbulence accordingit has been found that the majority of power spectra seen
to Eq. 13). Then we compute the resulting spectrum and estiby Doppler weather radars are Gaussian (Doviak and Zr-
mate its widthWw. Finally, we apply the inverse Fourier trans- nic, 1993). The authors have also shown analytically that,
form to get the resulting ACF and then fit it by an exponen- when several independent mechanisms contribute together
tial function with powems:. We ran the model for different to broadening spectra, then they are well approximated by a
Wiurh, from values which are much less th#ify and up to  Gaussian function. For the strong echoes in the polar meso-
values which are several times more tién The modelling  sphere in summertime (PMSE) it has been shown that power
results are shown in Fig. 11. As can be expected, for the weakpectra are Gaussian (Strelnikova and Rapp, 2010, 2011),
turbulence (smalWy,, in respect towj) the resulting ACFs  and therefore they have been assumed to reflect the distri-
are close to the initial Lorentzian one. Wh#fy,, becomes  bution of turbulent fluctuating velocities. However, Bahci-
comparable to or larger thai, the power of the exponent van et al. (2003) investigated theoretically the scattered field
increases and reaches asymptotically the value of 2; i.e. thtom subsiding turbulent fluctuations and concluded that a
ACF becomes Gaussian. The resulting spectral width is equabaussian form of the turbulent spectrum is only one partic-
to the initial ion line spectral widthV; for weak turbulence ular case. Other spectral forms, e.g. Lorentzian, can be re-
(when Wyyrp < 0.5- W) and shows linear growth (up to the alised too. Sheth et al. (2006) claimed that no first-principle
value Wyrp) with increasing amplitude of the turbulence. model exists for the spectrum of mesospheric radar echoes
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and found that the best fit for the spectra for radar returnsbance needs to be developed before a full conclusion can be

in Jicamarca, Peru, often gives a power of exponent othemade.

than 2.

In order to know the shape of spectra for the evanescent )

perturbations we suggested as a possible generation mecf’(&ppend'x A

nism for PMWE, one should have a theory of radar backscat- .

ter from the coherently excited ion-acoustic fluctuations, Analysis of the EISCAT data

\tl;llglcsm:pgoc:fﬁtedseg:cl:?rﬁg.ier?cv)\;er\:sge\;fafi?yu l&?:ﬁ; (i:;rt]h;;l_n order tq get_spectral charac_teristics _of echoes, we pgrform
an analysis using autocorrelation functions (ACFs), i.e. in the

cause the Loreqt2|an oneisa sp_ecn‘l_c shgp_e of IS _from therfime domain. The Doppler power spectrisrand ACF are re-
mal ion fluctuations under the diffusion limit, as discussed

earlier lated to each other via the direct or inverse Fourier transform

. o as follows:
From Fig. 4 one can see that the distribution of the power

of the exponent for ACF outside PMWE is rather large and S (w) = /ACF(r)eXp(—iwt)dt (A1)
that for some cases the ACF has a Gaussian shape wth.

This may be due to weak, noisy ACFs and also because,
some altitudes, the resulting ACF can be a superposition o

those for the conventional IS echo and PMWE, or there may, . . .
be turbulence affecting the scatter. If a signal has a Doppler shifip = 47 /A;-Vp (A is the radar

wavelength) due to radial wind with veloci¥j, then

CF(r) = % / S (w)expliot)dw (A2)

ACFp (1) = % / S (w+ wp)expliot)dw

5 Summary 1

= / S (o) expli (0" — wp)7)dw’
JT

We have studied spectral characteristics of PMWE measured

by two radars, ESRAD at 52 MHz and EISCAT at 224 MHz, = 1 exp(—iwDr)fS(a/) (cosw't) +isin(w't))do’
on 11 and 12 November 2004 during a strong solar proton 21

event. During daytime both radars detected PMWE layersin = €XX(—iwpT) [Re(ACFp—o) +iIm(ACFp—o)]

the altitude range of 65—75 km. For EISCAT it was found that =[coSwpT) Re(ACFp—g) + Sin(wpt) Im(ACFp—o)]
the spectral shape for the echoes inside the PMWE layers | j[cogwpt)Im(ACFp_g) — Sin(wpt)Re(ACFp_0)]
is close to Gaussian — in contrast to that outside the layers, (A3)

which is close to Lorentzian — as for the standard ion line

of incoherent scatter. The EISCAT PMWE spectral width As a result, the real and imaginary parts of the ACF oscil-
has a dependence on altitude: it is about 5-7hat 64— late with the Doppler frequency. Here AGEo is the ACF

67 km and 7-10ms' at 68—-70km. At the lower altitudes for zero Doppler velocity. The real part of AGEo is deter-

the PMWE spectral widths are close to those for the IS ionmined by a decay (correlation) time which defines the spec-
line derived from the EISCAT data outside the layers. At thetral width, and the imaginary part of AGEo is determined
higher altitudes the PMWE spectra are broader than thos®Y asymmetry of the spectrum (with the presence of noise)
for the ion line by 2—4 mst. Similarly, the ESRAD PMWE  and is O for an ideal spectrum. The real part changes a lit-
spectral widths at 67—72 km altitude are larger than those fofle from one measurement to another (mainly at the origin
the ion line modelled for the ESRAD radar by 2—4mislf t = 0), while the imaginary part may change a lot from one
the EISCAT PMWE are explained as turbulent echoes, therspectrum to another and have both positive and negative val-
strong turbulence dissipation rates of 100 mWkgire re-  Ues.

quired in order to account for the observed PMWE spectral

widths. These values are somehow larger than those knowahlbs('a‘(:':D (t)) = abIACFp=0 (1))
frqm the mesospher@q climatology based on the rocket data — \/Re(ACFD:o (1))2 + (Im(ACFp_o (1)))2
(Lubken, 1997). Additionally, both the ESRAD and EISCAT (Ad)
PMWE spectral widths did not show dependence on the echo

strength as would be expected for echoes of turbulent originThe magnitude of the ACF, as one can see from Eq. (A4), is
We find the observed spectral characteristics of PMWE fornot influenced by the Doppler velocity.

both radars to be consistent with an explanation in terms of Doppler velocity can be modulated by waves as Eg—
evanescent perturbations excited in the electron gas by inVpo.sin(2t/Ty -t + o), WwhereVpg, Tw andgg are the ampli-
frasound waves propagated in the neutral medium from theude, period and initial phase of waves, respectively. In order
lower heights as proposed by Kirkwood et al. (2006). How- to avoid any influence of waves on the spectral width deriva-
ever, a complete theory of scatter from this kind of distur- 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 waveTl hen contribution of noise which is squared, i.e. always pos-
with T, = 60-90's andV/po ~ 15 ms 1 was measured with itive, would grow with an increasing number of integrations
the EISCAT VHF radar (Fig. 2). In the EISCAT adiayer  (averaging time). Finally, it leads to a distorted shape of the
experiment used in our study, the raw experimental ACFsmagnitude of the resulting ACF. In order to check this, we ap-
are computed for each 0.17 s interval with 1.35 ms resolutiorplied method 1 to the echoes detected by the EISCAT VHF
and then averaged as complex numbers over 5s. Accordingadar during daytime on 12 November 2004 for the whole
to Eq. (A3), each raw ACF has slightly different values due altitude range from 60 to 80 km. After averaging over 10 min
to the presence of the wave, and such an averaging leads the magnitudes of ACFs were approximated by the expo-
changing correlation time of the resulting ACF and, conse-nential functions with different parameters as described by
guently, to incorrectly estimated spectral width. Eqg. (4). The parameters were estimated by fitting the loga-

We modelled the effect of averaging ACFs over 5 s dumpsrithm of ACFs as shown by Eq. (7). For the echoes outside
on the resulting width of ACF magnitude, using backgroundthe PMWE layers the median power of the exponent was
and wave parameters derived in the experiment. We assumddund to be 0.1. This is an unrealistically low value com-
the magnitudes of the raw ACFs have a Gaussian shape aspared to 1, which is expected for the standard ion line of

incoherent scatter at these altitudes (see e.g. Strelnikova and
ACF(t) =ACF,—¢- exp{—(t/tc)z} , (A5) Rapp, 2011). When, for the same echoes outside the PMWE

layer, we applied averaging of ACFs as complex numbers,
with correlation timez. of 0.04 and 0.02 s (see Fig. 4) cor- then taking the absolute value (method 2) and after that fitting
responding to half-maximum half-spectral width of about 5 as described before, the median power of the exponent was
and 9ms?, respectively. It was found that averaging over a estimated to be about 1.2 (Fig. 4). Method 2 should be used
5s dump results in narrowing the ACF width at most by 17 % for averaging weak signals when there are no waves. Then,
for the longer correlation time and that changes in the ACFaccording to Eg. (A3), the imaginary parts of ACF (due to
width are negligible for the shorter one. Thus, the expectechoise) of different signs can compensate each other, and the
spectral broadening is 17 % at most (i.e. 0.91s real part (due to signal) will grow. We should mention that

In order to get a good estimate of ACF correlation time we did not find any obvious signature of waves in the back-
and, hence, spectral width, we have to integrate ACFs calcuground signal, at least at altitudes above the PMWE layers.
lated for each 5 s dump, over a relatively long time of several Thus, methods 1 and 2 of averaging ACFs for further anal-
minutes. For each dump, ACFs are modulated by a wave wittysis were applied for the PMWE layers and for the back-
period of about 1 min, and, as shown before, they might expeground plasma outside these layers, correspondingly.
rience different narrowing, which depends on the wave phase
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which is the standard ion line of the incoherent scatter, then tron temperature modulation, Geophys. Res. Lett., 35, L03110,

the signal and noise may be the same order of magnitude. doi:10.1029/2007GL032452008.

References

Ann. Geophys., 31, 1177:19Q 2013 www.ann-geophys.net/31/1177/2013/


http://dx.doi.org/10.1103/PhysRevE.68.021101
http://dx.doi.org/10.5194/angeo-23-1239-2005
http://dx.doi.org/10.1029/2007GL032457

E. Belova et al.: EISCAT and ESRAD radars observations of polar mesosphere winter echoes 1189

Blanc, E.: Observations in the upper atmosphere of infrasonic waves doi:10.1016/j.asr.2007.01.022007.
from natural or artificial sources: a summary, Ann. Geophys., 3,Kirkwood, S. and Osepian, A.: Quantitative studies of energetic

673-688, 1985. particle precipitation using incoherent scatter radar, J. Geomag.
Brasseur, G. and Solomon, S.: Aeronomy of the middle atmosphere, Geoelectr., 47, 783799, 1995.

D. Reidel Publishing Company, Dordrecht, 1986. Kirkwood, S., Barabash, V., Belova, E., Nilsson, H., Rao, N., Stebel,
Brattli, A., Blix, T. A., Lie-Svendsen, &., Hoppe, U.-P.{ibken, K., Blum, U., Fricke, K.-H., Osepian, A., and Chilson, P. B.:

F.-J., Rapp, M., Singer, W., Latteck, R., and Friedrich, M.: Polar mesosphere winter echoes by ESRAD, EISCAT and li-
Rocket measurements of positive ions during polar mesosphere dar, Memoirs of the British Astronomical Society, 45, paper 07,
winter echo conditions, Atmos. Chem. Phys., 6, 5515-5524, September 2002a.

doi:10.5194/acp-6-5515-2008006. Kirkwood, S., Barabash, V., Belova, E., Nilsson, H., Rao, T. N.,
Briggs, B. H.: The analysis of spaced sensor records by correlation Stebel, K., Osepian, A., and Chilson, P. B.: Polar mesosphere
techniques, MAP Handbook, 13, 166168, 1985. winter echoes during solar proton events, Advances in Polar Up-

Cho, J. Y. N., Sulzer, M. P., and Kelley, M. C.: Meteoric dust ef- per Atmosphere Research, 16, 111-125, 2002b.
fects on D-region incoherent scatter spectra, J. Atmos. Solar-TeriKirkwood, S., Chilson, P., Belova, E., Dalin, P.aglgstdm, 1., Ri-
Phys., 60, 349-357, 1998. etveld, M., and Singer, W.: Infrasound — the cause of strong Po-
Czechowsky, P., &ster, R., and Schmidt, G.: Variations of meso- lar Mesosphere Winter Echoes?, Ann. Geophys., 24, 475-491,
spheric structures in different seasons, Geophys. Res. Lett., 6, doi:10.5194/angeo-24-475-2008006.
459-462, 1979. Kirkwood, S., Wolf, I., Nilsson, H., Dalin, P., Mikhaylova, D., and
Dougherty, J. P. and Farley, D. T.: A theory of incoherent scattering Belova, E.: Polar mesosphere summer echoes at Wasa, Antarctica
of radio waves by a plasma, Proc. R. Soc. Lond., 259, 79-99, (73°S): First observations and comparison witli 68 Geophys.

1960. Res. Lett., 34, L15803, ddi0.1029/2007GL03051&007.
Doviak, R. J. and Zrnic, D. S.: Doppler radar and weather observaKirkwood, S., Belova, E., Satheesan, K., Narayana Rao, T., Rajen-
tions, Academic Press, 563 p., 1993. dra Prasad, T., and Satheesh Kumar, S.: Fresnel scatter revis-
Drob, D. P., Picone, J. M., and Gé&s; M. A.: The Global Mor- ited — comparison of 50 MHz radar and radiosondes in the Arc-
phology of Infrasound Propagation, J. Geophys. Res., 108, 4680, tic, the Tropics and Antarctica, Ann. Geophys., 28, 1993—-2005,
doi:10.1029/2002JD003302003. doi:10.5194/ange0-28-1993-2012010.

Ecklund, W. L. and Balsley, B. B.: Long-term observations of the Kofman, W., Bertin, F., Rttger, J., Cremieux, A., and Williams, P.
arctic mesosphere with the MST radar at Poker Flat, Alaska, J. J.S.: The EISCAT mesospheric measurements during the CAMP
Geophys. Res., 86, 7775-7780, 1981. campaign, J. Atmos. Solar Terr. Phys., 46, 565-575, 1984.

Havnes, O., La Hoz, C., Rietveld, M. T., Kassa, M., Baroni, La Hoz, C. and Havnes, O.: Artificial modification of Polar Meso-
G., and Biebricher, A.: Dust charging and density condi- spheric Winter Echoes (PMWE) with an RF heater: Do charged
tions deduced from observations of PMWE modulated by dust particles play an active role?, J. Geophys. Res., 113,
artificial electron heating, J. Geophys. Res., 116, D24203, D19205, doi10.1029/2008JD01046Q008.
doi:10.1029/2011JD016412011. Lubken, F.-J.: Seasonal variation of turbulent energy dissipation

Hedin, A. E.: Extension of the MSIS Thermospheric Model into  rates at high latitudes as determined by in situ measurements
the Middle and Lower Atmosphere, J. Geophys. Res., 96, 1159— of neutral density fluctuations, J. Geophys. Res., 102, 13441
1172, 1991. 13456, 1997.

Hocking, W. K.: Measurement of turbulent energy dissipation ratesLiibken, F.-J., Strelnikov, B., Rapp, M., Singer, W., Latteck, R.,
in the middle atmosphere by radar techniques, Radio Sci., 20, Brattli, A., Hoppe, U.-P., and Friedrich, M.: The thermal and dy-
1403-1422, 1985. namical state of the atmosphere during polar mesosphere winter

Hocking, W. K.: An assessment of the capabilities and limita- echoes, Atmos. Chem. Phys., 6, 13-24, tdab194/acp-6-13-
tions of radars in measurements of upper atmosphere turbulence, 2006 2006.

Adv. Space Res., 17, 37-47, dd):1016/0273-1177(95)00728- Mathews, J. D.: The effect of negative ions on collision-dominated
W, 1996. Thomson scatter, J. Geophys. Res., 83, 505-512, 1978.

Hocking, W. K.: Evidence for viscosity, thermal conduction and dif- Mathews, J. D. and Tanenbaum, B. S.: A plasma wave and electron-
fusion waves in the Earth’s atmosphere, Rev. Sci. Instr., 74, 420— plasma diffusion interpretation of Thomson scattering from a
426, 2003. plasma containing negative ions, Planet. Space Sci., 29, 335-340,

Holdsworth, D. A., Vincent, R. A., and Reid, I. M.: Mesospheric doi:10.1016/0032-0633(81)90021-1081.
turbulent velocity estimation using the Buckland Park MF radar, Megner, L., Siskind, D. E., Rapp, M., and Gumbel, J.:
Ann. Geophys., 19, 1007-1017, did:5194/angeo-19-1007- Global and temporal distribution of meteoric smoke: A two-
2001, 2001. dimensional simulation study, J. Geophys. Res., 113, D03202,

Jackel, B. J.: Characterization of auroral radar power spectra and doi:10.1029/2007JD009052008.
autocorrelation functions, Radio Sci., 35, 1009-1024, 2000. Moorcroft, D. R.: The shape of auroral backscatter spectra, Geo-

Kavanagh, A. J., Honary, F., Rietveld, M. T., and Senior, A.:  phys. Res. Lett., 31, L09802, db0.1029/2003GL019342004.
First observations of the artificial modulation of Polar Meso- Millemann, A. and libken, F.-J.: Horizontal winds in the meso-
sphere Winter Echoes, Geophys. Res. Lett,. 33, L19801, sphere at high latitudes, Adv. Space Res., 35, 1890-1894,
doi:10.1029/2006GL027562006. doi:10.1016/j.asr.2004.11.0,12005.

Kirkwood, S.: Polar Mesosphere WINTER Echoes — a re- Rapp, M. and libken, F.-J.: Polar mesosphere summer echoes
view of recent results, J. Adv. Space Res., 40, 751-757, (PMSE): Review of observations and current understanding, At-

www.ann-geophys.net/31/1177/2013/ Ann. Geophys., 31, 11779Q 2013


http://dx.doi.org/10.5194/acp-6-5515-2006
http://dx.doi.org/10.1029/2002JD003307
http://dx.doi.org/10.1029/2011JD016411
http://dx.doi.org/10.1016/0273-1177(95)00728-W
http://dx.doi.org/10.1016/0273-1177(95)00728-W
http://dx.doi.org/10.5194/angeo-19-1007-2001
http://dx.doi.org/10.5194/angeo-19-1007-2001
http://dx.doi.org/10.1029/2006GL027565
http://dx.doi.org/10.1016/j.asr.2007.01.024
http://dx.doi.org/10.5194/angeo-24-475-2006
http://dx.doi.org/10.1029/2007GL030516
http://dx.doi.org/10.5194/angeo-28-1993-2010
http://dx.doi.org/10.1029/2008JD010460
http://dx.doi.org/10.5194/acp-6-13-2006
http://dx.doi.org/10.5194/acp-6-13-2006
http://dx.doi.org/10.1016/0032-0633(81)90021-0
http://dx.doi.org/10.1029/2007JD009054
http://dx.doi.org/10.1029/2003GL019340
http://dx.doi.org/10.1016/j.asr.2004.11.014

1190 E. Belova et al.: EISCAT and ESRAD radars observations of polar mesosphere winter echoes

mos. Chem. Phys., 4, 2601-2633, d6i5194/acp-4-2601-2004  Strelnikova, |. and Rapp, M.: Statistical characteristics of PMWE
2004. observations by the EISCAT VHF radar, Ann. Geophys., 31,
Sheth, R., Kudeki, E., Lehmacher, G., Sarango, M., Woodman, 359-375, doit0.5194/angeo-31-359-2013013.
R., Chau, J., Guo, L., and Reyes, P.: A high-resolution studyStrelnikova, I., Rapp, M., Raizada, S., and Sulzer, M.: Me-
of mesospheric fine structure with the Jicamarca MST radar, teor smoke particle properties derived from Arecibo incoher-
Ann. Geophys., 24, 1281-1293, dd):5194/angeo-24-1281- ent scatter radar observations, Geophys. Res. Lett., 34, L15815,
2006 2006. doi:10.1029/2007GL030632007.
Stebel, K., Blum, U., Fricke, K.-H., Kirkwood, S., Mitchell, N. Weinstock, J.: Using radar to estimate dissipation rates in thin layers
J., and Osepian, A.: Joint radar/lidar obser vations of possible of turbulence, Radio Sci., 16, 1401-1406, 1981.
aerosol layers in the winter mesosphere, J. Atmos. Solar TerrZeller, O., Zecha, M., Bremer, J., Latteck, R., and Singer, W.:
Phys., 66, 957-970, 2004. Mean characteristics of mesosphere winter echoes at mid-
Strelnikova, |. and Rapp, M.: Studies of polar mesosphere sum- and high-latitudes, J. Atmos. Solar-Terr. Phys., 68, 1087-1104,
mer echoes with the EISCAT VHF and UHF radars: Information  doi:10.1016/j.jastp.2006.02.015, 2006.
contained in the spectral shape, Adv. Space Res., 45, 247-259,
doi:10.1016/j.asr.2009.09.002010.
Strelnikova, |. and Rapp, M.: Majority of PMSE spectral widths
at UHF and VHF are compatible with a single scatter-
ing mechanism, J. Atmos. Solar-Terr. Phys., 73, 2142-2152,
doi:10.1016/j.jastp.2010.11.028011.

Ann. Geophys., 31, 1177:19Q 2013 www.ann-geophys.net/31/1177/2013/


http://dx.doi.org/10.5194/acp-4-2601-2004
http://dx.doi.org/10.5194/angeo-24-1281-2006
http://dx.doi.org/10.5194/angeo-24-1281-2006
http://dx.doi.org/10.1016/j.asr.2009.09.007
http://dx.doi.org/10.1016/j.jastp.2010.11.025
http://dx.doi.org/10.5194/angeo-31-359-2013
http://dx.doi.org/10.1029/2007GL030635

