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Abstract. A 31 MHz meteor radar located in Svalbard has been used tawabpelar mesospheric echoes (PMSE) during
summer 2020. Data from 19 July was selected for detailedysisalwith a focus on extracting additional information to
characterize the atmosphere in the PMSE region. The useadfsky meteor radar adds an additional use to data cotldote
meteor observations and enables the detection of PMSEslageoss a wide field of view. Comparison with data from a 53.5
MHz narrow-beam MST radar shows good agreement in the mtoghof the layer as detected between the two systems.
Doppler spectra of PMSE layers reveal fine structure, inolyicegions of enhanced return that move across the radaldsofi

view. The relationship between range and Doppler shift zehith portions of the layer enable the estimation of wspdeds

with high temporal resolution during PMSE conditions. Tgidemonstrate good agreement between wind speeds obtained
from PMSE Doppler spectra and those calculated from spemégeor trail radial velocities. Combined with the antepokar
diagram of the radar, this same relationship was used to tiideaspect sensitivity of observed PMSE backscattediyigla
mean backscatter angular width®6 4+ 2.8°. A comparison of underdense meteor radar echo decay timmegdand outside

of PMSE conditions did not demonstrate a strong correldigween the presence of PMSE and shortened underdense meteo
radar echo durations.

1 Introduction

Temperatures in the summer polar mesosphere can fall betledal sublimation point of water vapor, allowing ice ¢afs to
form, particularly when other types of aerosols contritageondensation nuclei. Larger ice crystals have long besereed

as noctilucent clouds (NLC) at high latitudes (Leslie, 18&&adar can detect these layers as what Hoppe et al. (198®)dco
polar mesospheric summer echoes (PMSE) (see e.g. Cho alyg@R(it997), Rapp and Lubken (2004)). Polar mesospheric
clouds (PMC) in general are of particular interest to atrhesig studies, as they can be a proxy for changes in climate an
the impact of solar activity on the middle atmosphere (Theni®96; DelLand et al., 2006). Kirkwood et al. (2002) found
that temperature perturbations from 5-day planetary wanagsbe responsible for the low temperatures necessaryitivefisec
PMSE.
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Since the initial detection of PMSE with VHF radar reportgddzechowsky et al. (1979) at 53.5 MHz and Ecklund and Balsley
(1981) at 50 MHz, there have been numerous radar studies &HP(dee e.g. Hocking (2011)). Hoppe et al. (1988) found
PMSE detectable by a 224 MHz incoherent scatter radar,atidig that the Bragg scatter condition is satisfied over aewid
range of physical scales. Klekociuk et al. (2008) conductedmon-volume measurements in Antarctica of polar messg&ph
clouds using lidar and PMSE using a 55 MHz MST radar, finding @erlap between the different sensors’ detections of
the two phenomena. Kaifler et al. (2011) presented a sinilalysn the northern hemisphere including a decade of lidar a
MST radar observations of NLC and PMSE. Morris et al. (200w) Korris et al. (2006) observed PMSE using an MST radar
in Antarctica, confirming that southern hemishpere PMSEsiragar morphology to that seen in the northern hemisphere.

There has also been interest in observing PMSE using metdars. These systems are usually comprised of 6 antennas in
total with a much smaller array footprint than the more d@msharrow beam mesospheric-stratospheric-tropospiis T)
radars. Typically used for the determination of winds amdgeratures in the 80-100 km region, there is also the pdispibi
using them for PMSE study. Swarnalingam et al. (2009) useskglmeteor radars in and around the arctic circle to eséma
the effective radar cross section of PMSE scatter. MosttégeHall et al. (2020) provided an initial report of simaifteous
detections of PMSE by the same narrow beam MST radar an#yathsteor radar used in this study.

2 Radars

Data from two radars near Longyearbyen in the Svalbard petégo (UTC +1) are used in this study to compare obsenation
of PMSE return. An all-sky meteor radar is the primary instemt for exploring new methodologies and a narrow beam MST
system is used for complementary higher resolution measemts across a restricted field of view and as direct comparis
between narrow beam and all-sky observations.

2.1 NSMR

The Nippon/Norwegian Svalbard Meteor Radar (NSMR) at 786 15.994E is a 31 MHz all-sky interferometric meteor
radar transmitting with a peak power of 8kW. NSMR transmitslait complimentary code at a PRF of 430 Hz and samples
at a 1.8 km range resolution. Originally installed in 20@lyas upgraded in December 2019 to use the ATRAD Enahanced
Meteor Radar (EMDR) transmitter and digital tranceivee(eqy. Rao et al. (2014)).

NSMR uses a single circularly polarized three-elementsgd¥/agi transmit antenna (4€ull-width at half maximum) and
five receive antennas of the same design in a standard Jarsss(dones et al., 1998). In this configuration, two perperali
baselines of three antennas are spaced at 2 and 2.5 wavslémgh a shared central antenna. The angle of arrival ofiémti
scatter from meteor trails is determined by comparing thaspldifferences between different antenna pairs (Holdswor
2005).

Primary uses of all-sky meteor radar include using metetaatien radial velocities to infer wind speed and direciiothe
80-100 km meteor region, as well as using the echo duratiem@érdense meteors to estimate the local ambipolar diffusi
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coefficient and hence, temperature (Hocking, 1999; CeredaReid, 2000). More recently, meteor radar has also besh us
to infer atmospheric density in the mesospher/lower thephere (Younger et al., 2015; Yi et al., 2018)

Analysis of return from PMSE was conducted using complextsaries records assembled from in-phase and quadrature
components measured for the received signal on each anteRaeoeption channels for each antenna were added incolyerent
to maintain the wide central beam pattern of the individueibanas. Meteor detection data were characterized usiRABT
analysis software as described by Holdsworth et al. (2004).

2.2 SSR

The Svalbard SOUSY Radar (SSR) is a narrow-beam MST radatddat 78.170N, 15.990 that transmits at 53.5 MHz
with a peak power of 8kW. SSR transmits a 16-bit complimgntaxde at a PRF of 1400 Hz and samples at a 0.5 km range
resolution. Based on the mobile SOUSY design (Czechows#l,€lt984), it has undergone a number of upgrades and changes
to configuration (Zecha et al., 2001; Hall et al., 2009), ntesently being the installation of a new transmitter andtaig
transceiver of the same design as NSMR in April 2019. SSReatlyruses 356 linearly polarized four-element Yagi anésnn
to transmit a single Sfull-width at half maximum vertical beam.

Typically, observation time is split between mesospherid ttopospheric observations in one minute intervals. Ah wi
NSMR, complex time-series data were searched for possMBHPreturn. It should be noted that results from SSR data are
only shown in Fig. 2, with all other results being from NSMReass otherwise specified.

3 PMSE detection

Following the initial investigation by Hall et al. (2020),9MR and SSR data for 18-20 July, 2020 were analyzed to study
PMSE detections in more detail. Weak PMSE was intermityesrgtected on 18 July between 0600-1100 (all times UTC) and
between 0730-1130 on 20 July. In addition to the low PMSEaligtrength and intermittent occurrence, both these detect
periods also displayed significant interference. PMSE viearly detected on 19 July, including over two hours witlgéar
signal strength. Data from 19 July is used for illustrativegmses throughout this paper.

Detection of PMSE by NSMR peaked in the 85.5-87.3 km rangedsross different times and with different strengths,
as can be seen in Fig. 1. At 0500-0530 a small PMSE-like featas detected. One minute Doppler profiles (described in
section 3.2) for 0647-0738 showed sporadic detections @fnaweak PMSE-like feature around 90 km that is not apparent
in the range-time intensity plot. A period of strong PMSEedtibn started at 0901 and continued until 1220, with sévera
sub-peaks. The intensity of the main PMSE detection graddaklined from about 1100, with a low-intensity period isee
until around 1220. PMSE detections by NSMR exhibited vattitnearing on the range-time intensity plot above the pgima
detection range, which is due to off-zenith detection ofapproximately constant height PMSE layer at greater rargjesng

ionospheric return was also detected by NSMR from 1410 t& 284t shown).
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Figure 1. NSMR all-sky received power (incoherently averaged across albfitennas) for 19 July, 2020. 30 second averages in 1.8 km
range bins. Plot intensity has been capped at 8 dB to enhance the visibigaéffeatures. The bright vertical segments above 85 km are

meteor echoes.

3.1 Comparison of all-sky and narrow beam observations

The observations of PMSE by SSR’s narrow vertical beam seé€igi 2 strongly correlate with the observations by NSMR.
SSR detected the 0500-0530 PMSE-like feature more strahgly NSMR and displayed split layer behavior that was not
seen in NSMR data. SSR’s detection of the 0647-0738 layeigasmuch stronger than what was seen by NSMR, with two
layers clearly visible on the range-time intensity ploteThain PMSE detection by SSR shares a similar time evolubidimait
seen by NSMR, with transient layer splitting detected betw&3-88 km. SSR observations do however exhibit a more gfadu
decrease from 1100-1200, as opposed to the decrease to &lRwwI&teau seen by NSMR.

SSR has the advantage of having a 0.5 km range resolutioppased to 1.8 km for NSMR. Combined with the focusing
of power into a narrower beam, this allows finer details inRIMSE layer to be seen, including split layers and dynamieupp
and lower edges. One key difference to NSMR observatiorseisaick of vertical smearing above the layer, which supports
the interpretation that the vertical smearing in NSMR’sgedtime intensity plot is due to off-zenith detection of atlayer.

The split layers seen by SSR are consistent with higherutsnlmeasurements produced by the MAARSY narrow beam
VHF radar (Czechowsky et al., 1989) and the EISCAT VHF incehescatter radar (Rottger et al., 1988). The observations
of Cho and Réttger (1997) in particular also show periodsptit sayer PMSE, in addition to periods of continuous return
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Figure 2. SSR narrow vertical beam received power for 19 July, 2020. Onetmiwverages in 0.5 km range bins. Plot intensity has been
capped at 10 dB to enhance the visibility of weak features. Vertical strigimiyie to interleaving mesospheric observations with other

experiments at one minute intervals.

across the entire PMSE region. The presence of split PMSE/Riyers may be further evidence of complex mesopause
structures, with multiple distinct local temperature miai (She and Von Zahn, 1998; Thulasiraman and Nee, 2002)iatiow

100 for the formation of PMC at multiple heights.
3.2 Meteor radar PMSE Doppler profiles

The observation of PMSE layers by a wide field-of-view radas the advantage that different portions of the horizontal
extent of the layer may be detected at differing ranges ampl@o shifts. The curvature of the range-Doppler profile ISE
detection is related to the speed of the background windwtiilch the layer is moving. For each Doppler frequency congpbn
105 the minimum detected range corresponds to return from alwmgenith-wind vector plane. Figure 3 shows several exasnpl
of Doppler profiles associated with PMSE layers. PMSE mastigents in the Doppler profiles as arcs curving upward from
the 0-Doppler detection of the layer, the point which cquoesls to return from around zenith.
The first two profiles from 0506 and 0514 are from the weak tesmi$*MSE layer detected by NSMR and SSR. These two
profiles differ from the profiles seen for the main detectieniqd in that they exhibit a pronounced asymmetry and an sttmo
110 linear range-Doppler relation. This may indicate that tegtering geometry for the early transient PMSE detectiag differ
from that of the main PMSE detection.
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Figure 3. NSMR range-Doppler profiles for 19 July, 2020, constructed from minute observation periods. Top left: transient PMSE
detection. Top right: Asymmetric transient PMSE. Middle left: Asymmetrisediof strong PMSE return. Middle right: strong PMSE return
exhibiting fine structure. Bottom left: end of strong PMSE period displayg&ygremetric intensity distribution. Bottom right: End of PMSE
detection period primarily around 0-Doppler. Dashed lines show theceegheange-Doppler profile of a thin layer, based on speed calculated

from meteor trail detection radial velocities.

The 0943 profile displays an asymmetric Doppler profile atahset of strong PMSE return. This is indicative of an
anisotropic wind field, as the layer is seen as a region of slavds (more vertical, negative portion of the profile) which
is being replaced as wind speed increases above the rada@2&tthere is strong detection during the main PMSE layer

115 period, with fine structure apparent including layer sipigtvisible near the edges and multiple small, persisteatufes. The
profile for 1112 shows the main layer detection as it deceesamplitude. The mostly negative Doppler asymmetric [gofi
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is consistent with the scattering layer leaving the rad#ld of view. At 1147, PMSE SNR is decreasing towards the &nd o
the detection period and significant SNR is limited to aroQ+ioppler.

3.3 Estimating wind speed from range-Doppler profiles

If it is assumed that PMSE occurs in a thin layer of approxatyatonstant height, then range-Doppler profiles can be tesed
estimate the wind speed in the PMSE region.
The rangeR to a point at zenith anglé and height: above the approximately spherical surface of Earth is gbyen

_ Rg+h . . 1 . sind
R= g sin [9 sin (R@sm R@—l—h)] D)

where Rg, is Earth’s local radius. Here, the oblateness of Earth iseséed, which is justified on the ground that PMSE is
detected primarily at zenith angles with#t80° at around 86.4 km. This means that the horizontal extent ddPMetected by
meteor radar is not more than 100 km, so there will not be tiarian R, sufficient to significantly affect equation 1.

The basic radar Doppler equation for a radar transmittirfigegtuencyf, and wind speed” with radial component,.

— 2f0U7‘ ~ 2f0v7‘

~

Cc— Uy c

Af )

can be rearranged, assuming a horizontal wind, to infer ¢inélz angle of a component of the spectrum with Doppler shift
Af,as

0 =sin"! (20?()%0/) , (3

wherec is the speed of light.

Considering the return from the zenith-wind vector plabwli form a distinct bottom edge to the range-Doppler pebf
PMSE return. Therefore, the angular dependence of equatiam be used to describe the relationship between zenita ang
and Doppler shift in the zenith-wind vector plane. Inseytinen equation 3 into equation 1, we have a funcfitil\ f, h, V'),
that specifies the curve of the range-Doppler profile of asiag layer moving horizontally at heightwith speed/, resulting
in Doppler shifts ofA f.

For NSMR range-Doppler profiles, a least squares fit was egpdi determine the wind speed parameteROA f, 2, V)
for observation periods where the peak PMSE layer SNR wasaat b dB. Overall, PMSE-based estimates of wind speed,
assumingV’ is purely horizontal, were mostly in keeping with estimabégained from the more conventional meteor trail
radial velocity technique. This comparison is discussediither detail in section 4.2.

3.4 PMSE Doppler profile sub-structures

Beyond the range-Doppler relationship due to backgroumdisyithe spectra in Fig. 3 also display smaller scale rehatretre
indicative of scattering from sub-structures within the Blayer. In some cases, it can also be seen that the backignoih
moves regions of enhanced scatter through the field of vieleofadar.
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Figure 4. Movement of a perturbation in profiles of spectral peak power of PiE&Ection for NSMR on 19 July, 2020. Solid line is spectral

power smoothed with a 0.5 Hz window.

Figure 4 shows the peak power for one minute PMSE range-Bogpkectra. In this series of plots, it can be seen that a
region of enhanced signal return moves from positive to tnag®oppler. Furthermore, a cursory examination revdasthe
speed at which the enhanced return travels from positivegative Doppler is consistent with the background windweeti
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from meteor detections and fits to the range-Doppler profies demonstrates that the PMSE layer is not homogeneots, bu
contains moving regions of enhanced reflectivity that dtiershape of the spectral power distribution over time.

4 Comparison with meteor detections

The use of a meteor radar to observe PMSE also presents theupipy to use conventional meteor radar detections teigeo
additional information about the state of the atmospherandwand around PMSE detection periods. Meteor radar detect
are commonly used to estimate winds in the 80-100 km heigigagaPMSE derived wind speeds provide an opportunity
to verify the accuracy of meteor derived wind estimatestitarmore, PMSE has been implicated in the anomalously short
decay times of underdense meteor echoes below 90 km. Ttot détection of PMSE by meteor radar simplifies the process of
assessing the effect of PMSE on meteor echo decay timesh alsic relates to the broader study of middle atmospherenplas
chemistry (see e.g. Rapp and Libken (2001), Murray and R2088), Murray and Plane (2005), Friedrich et al. (2011)).

4.1 Meteor winds

Winds were estimated in a conventional manner using metetaction radial velocities to produce wind profiles with 30
minute and 2 km vertical resolutions. Meteor-based windsevealculated (assuming the vertical wind= 0) using a least
squares fit to the relation

v =ul +vm (4)

whereu, is the radial velocity of the meteor trail,andv are the zonal and meridional components, kenadm are the direction
cosines (see e.g. Holdsworth et al. (2004)). Prior to wirtohegion, the observed zenith anglé®f meteor detections were

converted to local zenith,. angles using the relation

. 0
B0 = sin ™ (R@—l—h)' (5)

Rg, was calculated at NSMR'’s latitude using the WGS84 ellipsbieloker, 1986).

Ouitlier rejection was implemented by checking the predietefor each meteor and rejecting any detections differing by

more than 30 ms'. Wind components were then recalculated with the remaimiatgors and the process was repeated until
all predictedv,. were within tolerance. If less than 6 meteors were presettiérheight/time bin or were left after outlier
rejection, it was considered an empty bin.

Seen in Fig. 5, the meteor wind profiles show that the main PEI&Ection from 0901-1220 coincides with the semi-diurnal
tide maximizing the eastward wind just above the layer heagld the northward meridional wind maximizing around thesta
height.

Vertical wind shear was also calculated as the magnitudaeot/éctor difference between winds in adjacent height bins.
The main PMSE detection period at 0901-1220 occurred dunioderate vertical shear, but an examination of the relstign
between shear conditions and the occurrence of earliesitatnlPMSE layers was inconclusive.
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Figure 5. 30 minute averages of zonal (top) and meridional (middle) comporedgntsnd and vertical wind shear magnitude (bottom)
calculated from NSMR meteor detection radial velocities in 2 km height bine.dashed line shows the approximate height (range bin of

maximum intensity) of PMSE detection by NSMR. Gray squares denotdicisaf data.

4.2 Comparison of meteor and PMSE Doppler winds

In order to compare the observed Doppler profiles of PMSEctietes with local wind conditions, winds were estimatechgsi
meteor detections for each range-Doppler profile. The winthé layer region was estimated for each PMSE profile using
meteors detected withir 15 minutes of the profile time and withift1 km height of the layer’s 0-Doppler maximum intensity
range.

Seen as dashed lines in Fig. 3, the meteor wind estimateslylogtch the peak power of the range-Doppler profiles of
PMSE return. This is consistent with the interpretatiort thi@served scatter from PMSE seen by NSMR is from a thin layer
as seen across a wide field-of-view. The asymmetric ranggleo profile for 0943 shows good agreement for the negative
Doppler portion of the spectrum, but not the positive Doppl¢éhich is again consistent with a changing wind field in the
radar’s field of view.

When wind speed estimates from PMSE Doppler and meteor adiglrvelocities are directly compared, as shown in Fig.
6, it is seen that the range-Doppler estimates of horizawitad at the height of maximum PMSE return power are mostly in
good agreement with the estimates obtained from metebrarhial velocities during the main PMSE detection period.

10
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Figure 6. Top panel: Horizontal wind estimates made using one minute PMSE raogphd® fitting (diamonds) and a moving 30-minute

window of meteor trail detections (solid line). Bottom panel: Deviation betweeteor and PMSE range-Doppler wind estimates.

Meteor and range-Doppler estimates of horizontal wind dpi® not, however, agree at the beginning and end of the
primary PMSE detection period for differing reasons at e@wle. At the beginning of the PMSE detection period, the wind
field exhibits significant anisotropy, as evidenced by therametry of the range-Doppler profile at 0943 in Fig. 3. Durihiz
time, horizontal wind speed is increasing with the semithili tide, resulting in a divergent wind field with incominggh
speed (positive Doppler) winds impinging on a region of #owinds leaving the radar’s field of view (negative Doppler)

It should however be noted that at NSMR'’s latitude of 78189 the semidiurnal tide’s zonal wavelength is approximatel
4095 km. Compared with the horizontal extent of detected BMBabout 100 km, this indicates that the observed Doppler
asymmetry is not strictly tidal in nature, but more likelyedio local transient features of the wind field.

A similar reversed situation, albeit with a smaller efféstseen in the 1112 example, where the high speed region of the
wind field is departing with the incident positive Dopplengoonent displaying a noticeably smaller Doppler. It is qsssible
that the negative excursion around 0925 in the meteor witichate is due to the same causal factor as the similar negativ
excursion in the range-Doppler wind speed estimate apmately ten minutes later. In this case, it is useful to poirnttbat
meteor detections occur across a substantially larger dieliew than PMSE, encompassing a radius of approximately 30
km, as opposed to an approximately 50 km maximum radius &détected horizontal extent of PMSE.

As wind speed estimates based on meteor trail radial vedecitre dependent on the distribution of meteors within the
radar’s field of view, there can be times when meteor detestame concentrated more in some parts of the field of view than

11



210

215

220

225

230

235

https://doi.org/10.5194/amt-2021-14 Atmospheric
Preprint. Discussion started: 25 January 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

others. In an anisotropic wind field, this may lead to excesiglt being placed on regions of the sky where meteors happen
to be detected for a particular observation period. When esimg wind estimates made from the range-Doppler profiles of
thin PMSE scattering layer in a smaller region of the sky withd estimates made from meteor detections scatteredsacros
a larger area, it may be that wind speed estimate perturtzatieen by the different methods may be the result of sampling
different regions of a divergent wind field.

The disagreement between meteor and range Doppler wind sgémates at the end of the primary PMSE detection period
is due to a different mechanism. From about 1140-1200, thdfgiant PMSE SNR in the range-Doppler profile is limited to
a narrow spectral region around the 0-Doppler componendeUthis condition, the applied fit does not produce an ateura
range-Doppler curve. The result is an erroneously flat fiictvisorresponds to an overestimate of wind speed. It shaaild b
noted that the narrow, flat return at O-Doppler is also intilieaof a more aspect sensitive scatter mechanism, wheetatbd
backscatter is only visible near zenith.

4.3 Meteor echo decay times

Underdense meteor trails, with linear electron densitiésss thar2.4 x 10'4 electrons m!' (McKinley, 1961), produce radar
echoes that decay at an exponential rate governed by tHelobépolar diffusion coefficienb (Lovell et al., 1947). The time,
7, for an underdense meteor trail’'s radar echo to decay tatarfate=! of the initial maximum is given by

)\2
"~ 16D ©
where) is the frequency of the radar. This relation is the basis dhods to estimate temperature in the meteor ablation region
either by using the slope é&fg 7 as a function of height (Hocking, 1999) or by supplying puess to the relation
D =6.39 x 10_2K0T—2 =223 x 10‘4K0z, (7)

P p

where K|, is the zero field mobility of the diffusing ions (Mason and Mafdel, 1988), and”, p, andp are the atmospheric
temperature, pressure, and density, respectively (Cearat Reid, 2000).

It should be noted that this relation only holds for the cabens only ambipolar diffusion is responsible for the evioluibf
meteor trail plasma. It has been observed that meteorstddtatiower altitudes, especially below 85 km, have sigaifity
shorter decay times than is predicted by diffusion alonen(Kt al., 2010). Lee et al. (2013) and Younger et al. (2014)vskio
that this is most likely due to the neutralization of metegliasma initiated by the attachment of free electrons tarakQ;
and N, in a three-body process. It is possible that the ice cry#taisght to be responsible for PMSE also affect the observed
decay time of meteor trail echoes, as electrons can attaicte torystals, leading to additional crystal growth and rogte
plasma neutralization. If this mechanism plays a significale on meteor trail evolution, then meteor trail decayeishould
differ in the presence of PMSE.

The meteor trail echo decay times seen in Fig. 7 show somelation between anomalous decay times and PMSE oc-
currence as minor negative excursions to decay time. Tlkeoba more dramatic correlation could be due to the dominance
of neutral three-body attachment removing free electroms fthe trails, as compared to the removal rate due to aeabsol
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Figure 7. 30 minute averages of echo decay times of underdense meteors diéeddSMR in 2 km bins. The dashed line in the upper
panel shows the height of the range bin that PMSE return is maximum.rBp@#nel shows the 30 minute averaged decay time of meteors
around the PMSE height. Shaded boxes denofe @nfidence interval.

tachment to PMC ice crystals. The small negative excursiorecay time coincident with PMSE around 0530-0630 and
0930-1300 may be consistent with the findings of Laskar €2all9), who estimated an approximately’d@ecrease in me-
teor decay times in the presence of PMC, although more wankésled to determine if the variation observed by NSMR is
due to PMC effects or geophysical variability.

It should be noted that Laskar et al. (2019)’s use of NLC oecce differs from our use of PMSE in that PMC/NLC ice
crystals are thought to be larger and concentrated at therledge of the PMSE region. An examination of NSMR data
showed that meteor decay times in lower height bins displaere temporal stability than meteor detections in the 86-8
km height bin, which suggests that distortion of meteor gdiraes is not significant at the lower edge of the detected EMS
region. Furthermore, previous work has indicated that tiesgnce of PMC may actually slow the neutralization of meteo
trails by the depletion of mesospheric atomic oxygen (Mpaad Plane, 2003). Whatever the precise details of the tttera
between PMC particles and meteoric plasma, the presen@&eaiftdd PMSE cannot conclusively be proven or ruled outeas th
primary causal factor in reducing meteor radar echo deoaggtin this case. An examination of NSMR data across all ssaso
including a cross-comparison with PMSE detection and neteation periods is required to definitively answer the tjaes
with appropriate statistical rigour.
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5 Aspect sensitivity

The detection of Doppler components of the PMSE layer awam fzenith present an opportunity to estimate the angular
dependence of observed backscatter from PMSE. There areveowome limitations that the large beamwidth of NSMR
imposes on attempts to infer the aspect sensitivity of aleskPMSE. The narrow beam expression for the aspect sétysitiv
parametep, as in Hocking et al. (1986) is not applicable in this case,sisgiequation 3 with range-Doppler profiles allows
us to directly sample received power within the beam at @hfie zenith angles, rather than tilting the beam. SimilaHg
sparse, widely spaced interferometer array makes the ube @apon method (Sommer et al., 2014) impractical due to the
complex beam pattern of the cumulative array. Furtherntbeswide central beam angle of the individual antennas istiqe

in comparison the diffraction pattern of individual scatts to apply spatial correlation analysis (SCA) as in Somehal.
(2016).

The significant Doppler information available does, howgpeesent an opportunity to gain at least a qualitative mijgtsen
of the aspect sensitivity of PMSE. As described in secti@) e zenith angle of return from a thin layer in the zenithdv
vector plane can be converted to Doppler frequencyarelersa. The return from PMSE shown in the range-Doppler profiles
of Fig. 3 presents as an arc with a partially filled interior. \&meturn from regions away from the zenith-wind vectorngda
fills in the interior of the arc, the lower edge of the PMSE retarc corresponds to scatter from within the zenith-winctee
plane.

Hence, the peak powers observed in each frequency bin, velneein good agreement with the lower range boundary of
PMSE return, provides an opportunity to translate obseB®egpler shift into an estimate of zenith angle along the wind
vector. The peak power at each zenith angle can then be us#értthe angular dependence of PMSE backscatter strength.

To do this for each profile, the PMSE range-Doppler estimatérad speed was applied to equation 3 to produce an estimate
of zenith angle. The peak power in each zenith (frequeneyjais estimated from the amplitude of a Gaussian curve fitted t
power in the bin as a function of range. A Gaussian distrilmutvas then fit to the peak powers of PMSE Doppler as a function
of estimated zenith angle, corrected for antenna gain. Titlthvef the fitted Gaussian curve is the PMSE aspect sergitivi
parameterd,, and the center of the fitted curve is the offset from zenittiltoangle.

In order to minimize contamination from meteor echoes, thepéak power profiles were limited those with maximum
average power less than 600 (arbitrary hardware unitsjiléravere also required to have successful Gaussian raowgerp
fits with peak Doppler SNR between 3 and 30 dB in at 1da$t of zenith (frequency) bins. Finally, only Doppler bins ireth
frequency range of -2.5 to 2.5 Hz were used to exclude thenta@d meteor detections that occur with higher Doppletues
closer to the horizon.

Applying this procesd], was successfully estimated for 76 of the one minute obdervptriods between 0900-1300. The
fitting process additionally provided the offset from veali which gives some indication of the preferential scatteor tilt
angle of the observed PMSE. Seen in Figf 8+ 6.6 = 2.8°. The estimated aspect sensitivity showed considerabiaticar
throughout the primary PMSE detection period. The offsg¢hefzenith angle was close to zero with predominantly negati
excursions, indicating that the observed PMSE scatterefeéq@ntially in the negative Doppler direction.
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Figure 8. Aspect sensitivity of PMSE in the zenith-wind vector plane as observad$MMR. Top panel: Aspect sensitivity, of PMSE
return obtained from Gaussian curve fitted to PMSE Doppler power awtidn of Doppler estimated zenith angle. Middle panel: Center of
Gaussian fitted to PMSE return peak power as a function of Doppler estimatéith angle. Bottom panel: Histogram of PMSE backscatter

0 estimates. Gaussian fit to the distribution of estimates shown as a solid line.

The mean and range of estimated aspect sensitivity valwgsise-ig. 8 are consistent with other studies (see e.g. Reid
(1990)). For comparison, Czechowsky et al. (1988), exiplpithe sidelobes of a radar with similar configuration to S8R
290 Andenes, found values of 2-1@vith typical values in the range of 5*6Swarnalingam et al. (2011) found a median value
of 8-11° using a 51.5 MHz MST radar, with significant dependence orh#ight of the scattering layer. Larger values were
estimated at higher altitudes, which is indicative of irgiag isotropy with height. Smirnova et al. (2012), usingRaViHz
MST radar, found two populations of scatterers with aspeasisivities of 2.9-3.7 and 9-12, also showing an increase with
altitude. Both these studies yielded similar results toetiier work by Huaman and Balsley (1998) that gave mearegad(
295 10° at 80 km and 124 at 90 km, but with substantial differences between radafsidenes (5-6) and Poker Flat (12-T3.
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This study did not show a clear correlation between layegliteand aspect sensitivity. However, it should be notedttiet
method used is only applicable to the height of maximum sdatj intensity, so does not capture the full behavior okasp
sensitivity in different parts of the PMSE layer.

6 Conclusions

This study demonstrates that all-sky radars provide a usefaplement to the more common narrow-beam studies of PMSE.
The key advantage of all-sky systems is that they are ablagtuce Doppler contributions from PMSE continuously asros
a wide range of zenith angles. This reveals fine structureM8[P layers and provides an immediate opportunity to infer th
motion of the scatterers. The use of a 31 MHz radar is alsonmothBy, given that most previous radar observations of PMSE
have been conducted with MST radars with transmission &egies above 50 MHz. This indicates that ty scattering
condition is also fulfilled at larger spatial scales thantf@ more common 50 MHz and above observations. Thus, it kas al
been shown that the longer wavelength, which is optomizednfeteor trail detection, is not a significant impedimenttte t
detection of PMSE layers.

In particular, the range-Doppler profile of thin layer retabtained by wide field-of-view radars can be used to inferdwi
speed in the layer and the aspect sensitivity of the layeatering mechanism. A comparison of wind speeds obtamedgh
this method and more conventional meteor echo based wirdagss shows good agreement for fully developed PMSE, an
assessment that is also supported by the apparent moticeneityl perturbations within the distribution of receivealygr
from the layer. Aspect sensitivity estimated using ranggiider profiles is consistent with previous estimates magiegu
51-52 MHz narrow-beam MST radars.

While this study was necessarily limited in its scope, thehmés presented should in future be applied to longer dasa set
Ideally, this will take the form of a campaign over summer abéar location where frequent PMSE is observed. Additional

data, such as lidar temperatures could also facilitate @ tharough interpretation of the results of the methodsriteesat.

Data availability. NSMR meteor detection data is available from http://radars.uit.no/MWR/NTMRimwyndd_met.met where yyyymmadd
is the date. Processed data and NSMR Doppler profiles are included upghleimentary data. Raw time series data is available upon request
from The Arctic University of Norway.
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