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Abstract

Radar echoes from mesospheric altitudes have been observed at polar latitudes since
the early 80's and are called, due to their occurrence, polar mesospheric summer echoes
(PMSE). These echoes occur between 78 km to 90 km altitude and between May and
August. At polar latitudes, the occurrence rate is > 95%. The physical mechanism
behind these echoes is mainly understood and involves the existence of charged ice
particles, turbulence and free electrons. In this thesis, the structure of PMSE is inves-
tigated using the Middle Atmosphere Alomar Radar System (MAARSY). MAARSY
allows multi beam, spaced antenna, narrow and wide beam as well as imaging exper-
iments, which were used in this thesis. Observing PMSE on short time scales (2ms)
indicate random �uctuations. Such �uctuations are simulated in this thesis and their
e�ects on measurement techniques and PMSE characteristics are discussed. The angu-
lar dependence of PMSE is investigated, taking the behavior of PMSE at short time
scales into account. It was found that PMSE scattering is, in general, isotropic, while
previous �ndings of an apparent high aspect sensitivity could be reproduced and ex-
plained by localized isotropic scattering. Furthermore, imaging is used to study the
horizontal structure of PMSE on time scales of ∼30 s, revealing that PMSE appear to
be patchy. The patch size varies between < 1 km and > 5 km. This observation is also
discussed with regard to measurement techniques such as a spatial correlation analysis
or Doppler beam swinging that assume a homogenously �lled observation volume. In
summary, this thesis shows a major improvement of the understanding of the angular
dependence and horizontal structure of PMSE.

Zusammenfassung

Radarechos aus der Mesosphäre werden in polaren Breiten seit den frühen 80er Jahren
beobachtet und werden aufgrund ihres Auftretens polare mesosphärische Sommerechos
(PMSE) gennant. Diese Echoes kommen im Zeitraum von Mai bis August in einem
Höhenbereich zwischen 78 km to 90 km vor. In polaren Breiten liegt die Auftrittshäu-
�gkeit bei über 95%. Der zugrundeliegende physikalische Zusammenhang von diesen
Echos ist gröÿtenteils verstanden und beinhaltet geladende Eisteilchen, Turbulenz und
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Abstract

freie Elektronen. In dieser Arbeit wird die Struktur von PMSE mit Hilfe des Mid-
dle Atmosphere Alomar Radar System (MAARSY) untersucht. MAARSY erlaubt die
Durchführung von Experimenten mit mehreren Radarstrahlen, räumlich getrennten
Empfangsantennen, schmalen und breiten Radarstrahlen sowie bildgebenden Radarver-
fahren, die auch in dieser Arbeit eingesetzt wurden. Die Beobachtung von PMSE auf
kurzen Zeitskalen (2ms) deutet auf zufällige Fluktuationen hin, die in dieser Arbeit
simuliert und deren Auswirkungen auf Messmethoden diskutiert werden. Die Winke-
labhängigkeit von PMSE wird untersucht, wobei die Struktur von PMSE auf kurzen
Zeitskalen berücksichtigt wird. Es wird gezeigt, dass PMSE als isotroper Rückstreuer
betrachtet werden können, wobei die Ergebnisse vorhergehender Arbeiten, hindeutend
auf eine scheinbar starke Winkelabhängigkeit, reproduziert werden können. Dies wird
in dieser Arbeit mittels eines lokalisierten und isotropen Streuprozesses erklärt. Weit-
erhin werden bildgebende Radarverfahren eingesetzt, um die Struktur der PMSE auf
Zeitskalen von ∼30 s zu untersuchen. Dabei treten PMSE ungleichförmig und in zusam-
menhängenden Gebieten auf. Die Gebietsgröÿe reicht von unter 1 km bis über 5 km.
Die Auswirkungen dieser Unregelmäÿigkeiten auf verschiedene Messmethoden, wie die
räumliche Korrelationsanalyse oder das sogenannte Doppler beam swinging, bei denen
von einem homogen gefüllten Beobachtungsvolumen ausgegangen wird, wird diskutiert.
Zusammengefasst beschreibt diese Arbeit einen Fortschritt im Verständnis der Winke-
labhängigkeit und horizontalen Struktur von PMSE.
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Chapter 1 Introduction

The (polar) mesosphere (50 km � 90 km) has come more and more into focus of sci-
enti�c interest in the last couple of decades. The physical processes in this region of
the atmosphere are not fully understood, although the mesosphere, which is coupled
through the stratosphere to the troposphere, has an impact on tropospheric climate and
hence, the weather (Baldwin and Dunkerton, 2001; Matthias et al., 2012). Especially,
measurements of atmospheric parameters from the mesosphere are rare, as it is quite
hard to investigate the atmosphere above 50 km and below 90 km. These altitudes are
di�cult to observe with in situ techniques. It is too high to be reached with balloon
borne instruments and too low for satellites. Rocket borne instruments are occasionally
used, but are expensive and take only "snapshots" of the atmosphere. Ground based
instruments such as lidar, optical imager or radar can be used to observe the meso-
sphere, but unlike radar, optical imager and lidar are limited by tropospheric clouds.
Radar observations are therefore an excellent method to observe the mesosphere con-
tinuously.
The middle atmosphere is not only necessary to observe and understand because it is
coupled to the layers above and below, but exhibits itself interesting dynamics, as grav-
ity waves break, deposit momentum and create turbulence. Especially turbulence and
wind estimations from the middle atmosphere are rare but crucial for climate models
to reproduce the physical processes in the atmosphere. Additionally, the density of the
atmosphere decreases exponentially with height, therefore trends should be easier to
be observed in the mesosphere than in the troposphere.
The polar middle atmosphere shows several interesting features, for example, the meso-
pause region around ∼ 85 km is the coldest region in the atmosphere. Unlike the tropo-
sphere, that it is warm in summer and cold in winter, the mesosphere is cold in summer
and warm in winter. The temperatures in summer are extremely cold and can be as
low as 130K (e.g.,Witt et al., 1965; Lübken et al., 1993; Hö�ner and Lübken, 2007) and
deviate from the radiative equilibrium by more than 100K. These cold temperatures
are caused by breaking gravity waves, inducing a residual circulation from the summer
to the winter pole and a resulting adiabatic cooling at the summer pole. These cold
temperatures, below the frost point, lead to some phenomena at polar regions. Fig.
1.1 shows a sketch of the temperature pro�les in summer and winter at polar latitudes
(69°N) from the empirical MSIS (Mass-Spectrometer-Incoherent-Scatter) model (Pi-
cone et al., 2002). In summer conditions, the temperature falls below the water vapor
frostpoint.
The most prominent phenomenon is probably noctilucent clouds (NLC), the highest
clouds in the atmosphere. These ice clouds at ∼ 82 km altitude can be observed by the
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Chapter 1 Introduction

Figure 1.1 Sketch of temperature pro�les of the atmosphere up to 100 km for summer
and winter conditions derived from NRLMSISE-00. In summer, the polar mesosphere
can reach temperatures below the water vapor frostpoint, indicated by a black line
(after Rapp and Lübken (2004), Fig. 1, left panel).

Figure 1.2 Range-time-intensity plot of PMSE. These echoes occur between 78 km
to 90 km altitude during summer.

naked eye around Solstice. NLC are still illuminated by the setting sun when tropo-
spheric clouds are already dark as the sun is already below the horizon. Such ice clouds
are visible at mid latitudes but are also present at polar latitudes, although the sun
does not set during the summer month, but the ice particles can be detected by lidars.
Closely related to the optical phenomenon of NLC are polar mesospheric summer echoes
(PMSE), which is radar scatter that can be observed from a few MHz up to a few hun-
dred MHz. The PMSE occur, and hence the name, at polar latitudes during summer
time in the mesosphere between 78 km to 90 km altitude. A range-time-intensity plot of
PMSE occuring during 24 h is shown in Fig. 1.2. The microphysical processes leading
to the occurrence of PMSE is closely related to the background conditions, as turbu-
lence, ice particle and free electrons have to be present at the same time to observe
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these echoes (Rapp and Lübken, 2004). PMSE provide information about the back-
ground condition of the atmosphere but can also be used as a tracer for wind and to
derive dynamics, e.g., waves and turbulence.
As the general generating mechanisms for PMSE are understood, however, the small
scale features of these echoes came into focus during the last couple of years. Such
small scale structures might be generated by gravity waves or turbulence. To investi-
gate the small scale features, the Middle Atmosphere Radar System (MAARSY) was
build and become operational in 2011. MAARSY is one of the largest radar systems in
polar regions for atmospheric research, with an observation volume of 5 km at 85 km.
Standard measurement techniques, also applied at MAARSY, assume a homogenous
�lled beam volume. It is known from NLC observations, that small scale features exist
at mesospheric altitudes (Baumgarten and Fritts, 2014), raising the question if features
smaller than the beam volume can be observed by radar?
The resolution of a radar system can be improved by increasing the aperture but this
solution is expensive. Another approach to increase the resolution of a radar system
is imaging. Here, only sparse arrays are necessary to improve the resolution and the
algorithms were �rst introduced in astrophysics but adapted to atmospheric radar in
the early 1990's (Kudeki and Sürücü, 1991).
This thesis will analyze PMSE using imaging to investigate small scale structures in
PMSE, as observed by radar. Therefore, an improved technique will be presented and
the homogeneity assumption is reviewed. The implications on measurement techniques,
especially of the angular dependency, of the found inhomogeneities will be discussed
and concluded that PMSE are mostly caused by isotropic scattering. Additionally,
maps of radial velocity and spectral width will be presented to show the improved
radar resolution with imaging.
This thesis is structured as follows: the current understanding of PMSE with emphasis
on the angular dependence and PMSE as a tracer for neutral dynamics is described
in Ch. 2. The applied methods are brie�y summarized in Ch. 3. The objective of
this thesis is described in Ch. 4. The results are presented in Chs. 5 and 6. Ch. 5
summarizes the results regarding power �uctuations and apparent high velocities on
short time scales. Ch. 6 deals with the horizontal structure of PMSE at di�erent time
scales, including an analysis of the angular dependence with di�erent radar techniques
and an estimate of the PMSE patch size. A summary of the thesis can be found in Ch.
7.
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Chapter 2 Polar mesospheric summer echoes
and their general characteristics

2.1 Current understanding of PMSE

Radar echoes have been used in atmospheric physics since the 1920's (see Fukao and

Hamazu, 2014, Ch. 1.2, for a short summary), but it took another 50 years to dis-
cover backscatter from mesospheric altitudes. Coherent backscatter from mesospheric
heights at polar latitudes were �rst reported by Ecklund and Balsley (1981). These
echoes occur at polar latitudes, between 78 km to 90 km and only during summer time,
hence the name polar mesospheric summer echoes (Röttger et al., 1988; Hoppe et al.,
1988). The observation of these echoes were quite surprising, as only weak echoes from
neutral turbulence (e.g. like the mesospheric echoes over Jicamarca (Woodman and

Guillén, 1974)) or incoherent scatter was expected, but not the strong signal, which
had to come from coherent scatter with changes in the radio re�ective index at half
the wavelength of the radar (3m at 50MHz). Over time, the properties of PMSE have
been investigated to understand the physics behind the scatter. Since their discovery,
PMSE have been analyzed regarding seasonal (Balsley et al., 1983; Ho�mann et al.,
1999; Bremer et al., 2003; Latteck et al., 2007; Latteck and Strelnikova, 2015), diurnal
(Balsley et al., 1983; Czechowsky et al., 1988; Barabash et al., 1998; Ho�mann et al.,
1999; Latteck et al., 2007), altitudinal variations (Ho�mann et al., 2005; Latteck and

Bremer , 2013) and interhemispheric di�erences (Balsley et al., 1995; Woodman et al.,
1999; Huaman and Balsley , 1999; Kirkwood et al., 2007; Latteck et al., 2007; Nilsson
et al., 2008; Latteck et al., 2008) as well as radar frequency dependence from MF to
UHF (Hoppe et al., 1988, 1990; Bremer et al., 1996; Karashtin et al., 1997; Li and Rapp,
2013).
This type of radar echo is not limited to polar latitudes but occurs also at mid-latitudes
(Czechowsky et al., 1979; Reid et al., 1989; Thomas et al., 1992), then called meso-
spheric summer echoes (MSE). The creating mechanism of MSE is the same as in
PMSE (Thomas and Astin, 1994), although the occurrence rate of MSE is lower (Lat-
teck et al., 1999). The di�erences in the occurrence rate might be due to temperature
and hence, fewer ice particles but also the presence of free electrons, as the sun sets,
unlike as at polar latitudes, at mid-latitudes in summer (Chilson et al., 1997; Zecha
et al., 2003).

The radar refractive index at mesospheric altitudes is mainly determined by the elec-
tron number density (Woodman and Guillén, 1974). The altitudes, where PMSE occur,
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2.1 Current understanding of PMSE

Figure 2.1 Power spectral density of neutral air turbulence as tracer θ in mesospheric
altitudes. Figure taken and adapted from Rapp and Lübken (2004).

are part of the D-region of the ionosphere, so free electrons do exist at these altitudes.
Still, the strong backscatter from PMSE cannot be explained by incoherent scatter and
neutral turbulence, as the frequency spectra of PMSE and incoherent scatter are dif-
ferent (Hoppe et al., 1988; Röttger and LaHoz , 1990). So, the longtime controversially
discussed question was: what causes PMSE?
Several mechanism have been proposed, from non-turbulent theories with a steep elec-
tron density gradient (Röttger et al., 1990) to scattering caused by turbulence (Kelley
et al., 1987; Cho et al., 1992; Rapp and Lübken, 2004) (see also Sec. 2.2). The current
understanding of the formation of PMSE includes turbulence, charged ice particles and
hence very low temperatures and free electrons, and will be explained in the following
paragraphs.

Earlier studies showed that neutral air turbulence can cause radar backscatter at the
Bragg wave length. This was already noted in the early stages of investigation of PMSE
(Balsley et al., 1993). The turbulence is created by breaking gravity waves, which can,
depending on the background conditions, reach mesospheric heights and break due to
their growing amplitude as the pressure decreases (e.g., Lindzen, 1985).
The power spectrum of a tracer, shown in Fig. 2.1 in the middle atmosphere, e.g.
neutral air turbulence, can be divided in two parts: the inertial subrange with a k−5/3

wavenumber dependency and the viscous subrange with a k−7 dependency. In the �rst
part, the dominating force is inertia, allowing �uctuation at these scales to sustain. The
second part with the larger spectral power drop is dominated by molecular di�usion,
destroying variations in the tracer (Heisenberg , 1948). Hence, no radar signal would be
expected from the viscous subrange. The signi�cant backscatter has to come at least
from the minimum scale of the inertial subrange, called inner scale. Using the inner
scale to calculate the turbulence strength necessary for signi�cant PMSE backscatter
at 3m, just caused by neutral air turbulence, would cause extreme heating rates in
mesospheric altitudes due to energy dissipation (Lübken, 1997). These heating rates
have not been observed, hence, neutral air turbulence alone cannot be the cause for
PMSE.

5



Chapter 2 Polar mesospheric summer echoes and their general characteristics

During the progression in understanding PMSE, the common observation of PMSE
and NLC was noted (Nussbaumer et al., 1996; von Zahn and Bremer , 1999; Lübken
et al., 2004). The presence of ice particles at mesopause altitudes alone is surprising,
as very cold temperatures are necessary to form ice. The residual circulation, caused
by momentum deposition of breaking gravity waves in the middle atmosphere at the
summer and winter pole (e.g., Holton and Alexander , 2000), lead to an adiabatic heat-
ing at the winter pole and thus an adiabatic cooling at the summer pole. Temperatures
around or even below 130K can be reached (Witt et al., 1965; Lübken et al., 1990) and
fall below the frost point of water vapor at these altitudes although the concentration is
only a few part per million by volume (Seele and Hartogh, 1999). The nucleation pro-
cess of these ice particles is still a current �eld of interest (Rapp and Thomas, 2006),
but meteor smoke particles are the most probable nucleation source (Hunten et al.,
1980; Plane, 2000; Strelnikova, 2009; Rapp et al., 2010; Asmus et al., 2014). As ice
particles are present in the D-region of the ionosphere, ice particles get charged (Rapp
and Lübken, 2003).

The current explanation of the formation of PMSE is therefore as follows (Rapp
and Lübken, 2004): The variations at the 3m scale in the electron number density
is caused by neutral air turbulence. As such, these wavenumbers are situated in the
viscous subrange and would di�use instantly due to the high viscosity. On the other
hand, charged ice particles are present in the same volume as PMSE. These charged ice
particles reduce the di�usivity of the free electrons due to ambipolar forces and longer
lasting structures in the electron density can persist. Hence, small scale structures, in-
duced by turbulence, can persist much longer than without ice particles. Summarized,
free electrons, turbulence and charged ice particles are necessary for the formation of
PMSE.
The Schmidt number Sc = ν

D can express that relationship between the kinematic
viscosity ν and di�usivity D. Usually, Sc ≈ 1 is assumed. By increasing the Schmidt
number, �uctuations can persist at much smaller scales. The ice particles reduce the
di�usivity of the free electrons, resulting in Sc� 1.
The in�uence of the free electrons and dust is discussed by Varney et al. (2011). Ob-
serving PMSE under di�erent electron densities, they showed that the re�ectivity of
PMSE does not scale with electron density as suggested by Rapp et al. (2008), but dust
densities and dust gradients and the relative densities of electrons and dust.

The microphysical processes leading to the formation of PMSE are generally un-
derstood and PMSE can also be used as a tracer for atmospheric conditions. In the
literature, PMSE have been used to study long term temperature changes in meso-
spheric altitudes, although the results are controversial (von Zahn, 2003; Thomas,
2003). Energy dissipation rates measurement at mesospheric altitudes can contribute
to understand the energy budget of the middle atmosphere (Lübken et al., 1993). The
derivation of energy dissipation rates with radar has several advantages: Radar can
measure independent from tropospheric clouds, unlike Lidar, and continuously, unlike
rocket borne measurements. Energy dissipation rates have been derived from PMSE
observations, although several instrumental e�ects have to be considered (see Sec. 2.3.2
for further discussion). Solar precipitation is crucial for PMSE, as free electrons must
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2.2 Angular dependence

be present. At polar latitudes, the sun does not set during summer and hence, so-
lar precipitation is always present. Trends can be found in PMSE depending on the
strength of the solar Ap index or Lyman α (Latteck and Bremer , 2013).

2.2 Angular dependence

The dependence of returned power on the o�-zenith angle is commonly called aspect
sensitivity. Here, we refer to this e�ect as angular dependence, as aspect sensitivity
implies a drop in power due to the scattering mechanism. The angular dependence in-
creases when the received power decreases with increasing o�-zenith angles. Isotropic
scattering shows no drop in power, while a quasi-specular backscatter would only return
power from the zenith or from tilted structures, if the incident beam is perpendicular
to the re�ective layer. Composites of both mechanisms would show also a drop in
power, but not as large as for specular re�ection. Hence, the angular dependence can
be considered as an indicator for the scattering mechanism of PMSE (Swarnalingam
et al., 2011, and references therein).
Hocking et al. (1986) introduced the aspect sensitivity angle θs, which indicates the
width of the polar backscatter diagram. Under the assumption, that the polar backscat-
ter diagram can be described as a Gaussian function, small θs indicate a high angular
dependence while large θs indicate a small angular dependence. The angular depen-
dence of PMSE are investigated by several studies with di�erent methods. The �rst
method described here is the Doppler beam swinging (DBS) method (Hocking et al.,
1986, 1990). The angular dependence can be determined with two di�erent beam point-
ing positions, again under the assumption, that the shape of the curve is prede�ned.
Usually, a Gaussian shaped polar backscatter diagram is used. By comparing the re-
turned power with a beam pointing o�-vertical, the ratio is used to calculate angular
dependence. The aspect sensitivity angle can be calculated by

θs = arcsin

√
sin2 θt

ln (P (0)/P (θt))
− sin2 θ0 (2.1)

with P (0)/P (θt) as the ration of the returned power from the vertical beam and a beam
pointing to an o�-zenith angle θt and θ0 represents the beam width (Hocking et al.,
1990). The aspect sensitivity angle θs can be derived with DBS under the assumption,
that the scatter is homogeneous within the entire scan volume. Czechowsky et al. (1988)
used DBS with the mobile SOUSY radar and reported θs values of 5◦-6◦. Following
studies reported a range of values: 6.6◦ (Hoppe et al., 1990), 10◦-14◦ (Huaman and

Balsley , 1998), 7◦-10◦ (Zecha et al., 2001), and 8◦-15◦ (Swarnalingam et al., 2011) at
VHF. At UHF, Nicolls et al. (2007) reported no angular dependence of PMSE.
A disadvantage of the DBS technique is that each beam observes a di�erent volume
and localized changes in PMSE strength due to background conditions in�uence the
measurement (Chilson et al., 2002). Recently, Latteck et al. (2012) and Stober et al.

(2013) showed that PMSE can vary in strength and appearance within a scanned vol-
ume and that temporal variations within minutes can occur.
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Chapter 2 Polar mesospheric summer echoes and their general characteristics

To overcome the problem with the di�erent observation volumes, other studies inves-
tigated the angular dependence with in-beam methods. Usually, the zenith beam is
used in conjunction with spatially separated receivers. The spatial correlation analysis
(SCA) or full correlation analysis (FCA) method take the spatial correlation between
at least two antennas into account, where increased correlation values would indicate
a more angular dependent backscatter. This method is limited as the beam width of
the zenith beam determines the largest aspect sensitivity angle θs. Large θs can only
be determined with a large uncertainty and, hence, the beam size limits θs estimations
(Smirnova et al., 2012). Following θs values, measured with FCA, have been reported:
3.5◦ (Zecha et al., 2001) and 2◦-3◦ by Smirnova et al. (2012).
Comparing the DBS and FCA method, the FCA method tends to result in smaller θs
than the DBS method and hence, the scattering appears to be more angular depen-
dent compared to the DBS results. This contradiction is noted in the literature (Rapp
and Lübken, 2004) and is a still an ongoing topic of interest in PMSE research. The
apparent large angular dependent nature of PMSE would suggest a rather specular
re�ection backscatter type, which is in contradiction to the common accepted theory
of turbulence caused PMSE. In conjunction with turbulence, an isotropic backscatter
would be expected, but have not been reported for PMSE at VHF before. Determin-
ing and understanding the angular dependency can help to understand the underlying
backscatter type of PMSE.

2.3 Neutral dynamics from PMSE

Although PMSE themselves are a phenomenon worth exploring and understanding the
microphysics, PMSE can also be used to derive dynamical parameters. This section
describes shortly the main two dynamical parameters used in this thesis, wind and
turbulence

2.3.1 Wind

An estimation of the wind in mesospheric regions by radar can be performed if a tar-
get scatters the radar signals. In mesospheric altitudes, clear air turbulence (Ecklund
et al., 1979), scatter from PMSE, polar mesospheric winter echoes (PMWE), changes
in electron density or meteors can be used. Reviews of wind estimations in mesospheric
altitudes can be found in Balsley and Gage (1980b) and Rüster (1994).
In the case of PMSE, two methods are usually used to derive the zonal, meridional
and vertical wind components u, v and w: DBS and FCA (see also Ch. 3). Both
methods have in common, that PMSE are assumed to be moved with the background
wind. While DBS makes use of the Doppler shift from at least 3 di�erent beam point-
ing directions, the FCA method analyzes the ground di�raction pattern of spatially
separated antennas. Comparing results from both methods yields that FCA tends to
underestimate the wind velocities compared to DBS (Van Baelen et al., 1990; Tsutsumi
and Aso, 2005).
The derived wind velocities can be analyzed to understand PMSE itself or �nd possible
relationships between PMSE occurrence and strength to wave activity (e.g., Czechowsky
et al., 1989; Röttger et al., 1990; Barabash et al., 1998; Chilson et al., 2000; Yu et al.,
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2.3 Neutral dynamics from PMSE

2001; Zecha et al., 2001). The derived winds can also be used to study the dynamics
of the mesosphere region. By scanning the observation volume systematically and de-
riving the radial velocities for several beam pointing positions, the wind �eld can be
resolved in space and time and, furthermore, the assumption of a homogenous wind
velocity within the observation volume can be relaxed (Browning and Wexler , 1968;
Waldteufel and Corbin, 1979). The deviation from the mean wind �eld u′,v′ and w′

can be analyzed regarding wave activity at mesospheric altitudes.
A feature of MAARSY is fast beam steering which can be used to scan an observation
volume of ∼ 100 km and to observe small changes in the background wind. Stober et al.
(2013) found in a study of short scale monochromatic gravity waves, using PMSE as a
tracer, gravity waves with horizontal wavelengths of 23 km < λh < 47 km and vertical
wavelengths of 14 km < λz < 18 km. Small scale waves with horizontal wavelength
of 8 km to 20 km had already been observed with airglow imagers (Hecht et al., 2007)
and in numerical models (Horinouchi et al., 2002), but airglow imagers do not resolve
the vertical structure of waves in the mesosphere. The properties of these small scale
waves, also called "ripples" have been studied very recently by Stober et al. (2016).
The wind estimation using PMSE as a tracer is a good method to study not only large
scale wave activity but also small scale waves and instabilities during summer time .

2.3.2 Turbulence

During the progress of understanding the formation of PMSE, the role of turbulence in
this process was investigated. Neutral air turbulence is part of the formation process,
hence, it was expected, that the backscatter become stronger if turbulence increases.
Such correlation could not be found in PMSE observations (Röttger and LaHoz , 1990;
Hoppe and Fritts, 1995) and was used as an argument against the turbulence-based
theory. However, it was shown by Rapp and Hoppe (2006), that PMSE can even
show an anti-correlation between signal strength and spectral width which can still be
explained by turbulence-based PMSE. The signal strength does not depend only on
turbulence, but also on charge number density |ZA|NA (ZA: dust charge, NA: particle
number density) and particle radius rA. A proxy P was found by Rapp et al. (2003)
as P = |ZA|NAr

2
A, which does not depend directly on the turbulence strength. An

ongoing topic is whether turbulence strength has an impact on particle growth.
However, the turbulence strength can be seen as the random velocity �uctuations vrms
of the tracer, which can be used to derive the corresponding energy dissipation rates.
Turbulence strength and energy dissipation rates ε in the middle atmosphere are im-
portant, as turbulence transports constituents and heat and contributes to the thermal
budget (Lübken, 1997). Hence, it is important for climate models to estimate the turbu-
lence strength correctly, but measurements of the turbulence in mesospheric altitudes
are rare. In situ measurements with rocket borne instruments have been performed,
but can only measure snapshots as the sounding rocket �ies through the mesosphere
(Lübken et al., 1993; Lübken, 1997; Lübken et al., 2002; Rapp et al., 2004; Strelnikov
et al., 2006).
Radars can contribute to energy dissipation rate measurements, as they are sensitive
to turbulence (although only for a certain wavenumber) and can provide continuous
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measurements independent on ground weather conditions. PMSE is an almost con-
tinuous tracer in mesospheric altitudes with occurrence frequencies > 95% with high
power large aperture (HPLA) radar systems (Latteck and Strelnikova, 2015). To esti-
mate the turbulence strength from the width of the spectrum of the radar signal ωturb,
several e�ects have to be considered as the beam is not in�nitely small but illuminates
a certain volume (Hocking , 1986). A review of turbulence estimations by radar is given
by Hocking (1985). Usually, the beam broadening e�ect of the spectrum ωbeam due to
the background wind is considered, as the tracer PMSE have a di�erent Doppler shift
in di�erent parts of the beam volume, resulting in a broader spectrum than for turbu-
lence alone. Murphy et al. (1994) and Nastrom and Eaton (1997) considered additional
e�ects: shear broadening, ωshear due to a vertical wind gradient and wave broadening,
ωwave due to short gravity waves. All these corrections have to be taken into account
for deriving the energy dissipation rates:

ω2
turb = ω2

obs − ω2
beam − ω2

shear − ω2
wave. (2.2)

Energy dissipation rate estimations by radar have been studied by several authors (Hall
et al., 2000; Latteck et al., 2005), but only a few using PMSE as tracer (Engler et al.,
2005; Li et al., 2010).
However, the authors of these studies estimate the corrections based on the main
beam size of the radar, usually the half power full width (HPFW) beam size (3.6°
for MAARSY, corresponding to a diameter of 5.4 km at 85 km). Side lobe suppression
of HPLA radar systems is larger than for older systems (MAARSY: =17 dB, ALWIN:
=13 dB), but PMSE backscatter power can reach over 35 dB, resulting in signi�cant
backscatter from side lobes. These side lobe contributions leads to an underestimation
of the corrective terms introduced by Hocking (1985) and Nastrom and Eaton (1997).
The derived energy dissipation rates by radar might therefore be overestimated.
In Ch. 6.3, we identify the side lobe contribution using a synthetic narrow beam and
estimate the turbulence strength from such synthetic maps.
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Chapter 3 Radar observation methods for
PMSE

Range detection and ranging (radar) is based on pulsed electromagnetic waves with a
wide frequency range, transmitted into the atmosphere. Electromagnetic waves can be
scattered or re�ected at changes of the electromagnetic refractive index. The traveled
distance between radar and scatterer can be calculated by counting the time between
pulse transmission and reception, as electromagnetic waves travel with the speed of
light.
In atmospheric physics, �rst radar signals from the ionosphere had been found in 1925
(Appleton and Barnett , 1925). Following radar studies can be divided in mainly two
parts: meteorological radar for precipitation detection at the GHz range and clear air
radar at lower frequencies (Fukao and Hamazu, 2014). Nowadays, the term mesosphere-
stratosphere-troposphere (MST) radars is common for systems at VHF frequencies due
to their ability to detect echoes from the troposphere up to mesospheric heights and
above.
The radar system MAARSY was built and optimized to study echoes from the MST.
Free beam steering capabilities on a pulse-to-pulse basis, transceiver modules for each
antenna and several receiving channels allows to investigate echoes from mesospheric
altitudes with an unprecedented temporal and spatial resolution. This thesis focuses
on PMSE detected by a MST radar, therefore the following part will describe radar
scattering and measurement techniques that can be applied (but not limited) to MST
radars and PMSE.

3.1 The Middle Atmosphere Alomar Radar System
(MAARSY)

PMSE observations in this thesis were made with the Middle Atmosphere Alomar Radar
System (MAARSY) on the island of Andøya in Northern Norway (69.30◦ N, 16.04◦ E),
shown in Fig. 3.1. MAARSY is an active phased array antenna system at 53.5 MHz
with 433 Yagi antennas, each with its own transceiver module. The peak power is
866 kW with 5% duty cycle. The HPFW beam size is 3.6◦ but can be in�uenced to
phase and/or amplitude changes at each antenna, i.e. antenna compression techniques,
similar to those applied by Chau et al. (2009). Additional to the beam broadening
capabilities, the radar beam of MAARSY can be steered arbitrary by adding a linear
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Chapter 3 Radar observation methods for PMSE

Figure 3.1 MAARSY is an active phased array
with 433 antennas, located at Andenes, Norway,
above the polar circle. Photo: Ralph Latteck.

Figure 3.2 Positions of the
smallest possible sub-arrays
(sevens antennas), so called
hexagons.

phase front while transmitting. That way, MAARSY is able to scan large areas in a
short time without creating grating lobes up to θ > 30°. Furthermore, the capability
of 16 receiving channels allows to perform interferometry (Schult et al., 2013) and
imaging (Sommer et al., 2013) as MAARSY can be divided in sub-arrays (Fig. 3.2).
Further technical details can be found in Latteck et al. (2012). Combining the large area
scans, wide and narrow beam and imaging/interferometric observations, MAARSY is
a remarkable tool to investigate PMSE and to distinguish between instrumental and
geophysical e�ects, e.g., for PMSE observations.

3.2 Scattering mechanisms for radar signals

Radar scattering in clear air is generally caused by changes in the radio refractive
index n = 7.76 · 10−5 pT + 0.373 e

T 2 with the total pressure p, the partial pressure of
water vapor e and the absolute temperature T (Smith and Weintraub, 1953). At PMSE
altitudes, the atmosphere cannot be considered as neutral and free electrons are present,
causing dispersion (Balsley and Gage, 1980a). Hence, the radio refractive index at these
altitudes depends also on the refractive index of plasma:

n = 7.76 · 10−5
p

T
+ 0.373

e

T 2
− Ne

Nc
(3.1)
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where Ne is the electron number density and Nc the critical electron number density.
For typical mesospheric conditions in summer,

p = 0.05 mbar (Taubenheim, 1972), (3.2)
e

p
= 3 ppmv (Grossmann et al., 1987), (3.3)

T = 150 K (Lübken et al., 1990), (3.4)

Ne = 3000 cm−3 (Taubenheim, 1972), (3.5)

Nc = 2π
ε0me

e2
f2 with ε0 as permittivity of free space, (3.6)

me electron mass, e electron charge

and f as wave frequency,

the dominating term is the plasma term. Hence, radar backscatter at mesospheric
heights is mainly caused by free electrons. Two types of scattering in these altitudes
exist due to free electrons: incoherent scattering, caused by the motion of the free elec-
trons itself (Thompson scattering) and coherent scattering at structured irregularities
of the refractive index (Fresnel or Bragg scattering). Fresnel scattering is caused by
layered changes in the electron density, while Bragg scattering, the most likely cause
for PMSE, is caused by structures at half the wavelength of the radar system and con-
structive interference of the scattered signal occurs. Fresnel scattering is very aspect
sensitive, while Bragg scattering is isotropic. See Lübken (2013) for more details on
turbulent radar scattering.

3.3 Space-time ambiguity

Radars operate by emitting radio waves and measuring the time between transmission
and reception of the radar pulse. The range information is thus gained from a time
measurement and covers an altitude range depending on the beam size. Furthermore,
the radar beam is not in�nitely small, which would require a inde�nitely large array,
and hence, a certain area above the radar is illuminated. The received power is an
integration of the whole beam volume. Additionally, radar is used to determine the
Doppler velocity of the tracer, but radar measures only the radial velocity. As shown in
Fig. 3.3, left, the radial velocity (red arrows, the length represents the magnitude) of a
tracer with a continuous background wind (blue arrows) depend on the angles of arrival
in one range gate. The received radial velocity information is, again, an integration
of all the radial velocities. The di�erent radial velocities widen the spectrum of the
signal. If the antenna beam pattern is known, the background wind and spectral width
due to turbulence can be derived from the spectrum. An exaggerated example with
wind shear and two layers is shown in Fig. 3.3, right. Without resolving the space-time
ambiguity, neither the di�erent wind speeds nor the spectral width in both layers can
be determined.
To solve the ambiguity of space and time, the angular dependence of scattered power,
radial velocity and spectral width has to be eliminated. As small scale structures should
be resolved, it is crucial to break up the space-time ambiguity. In this thesis, the space-
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Chapter 3 Radar observation methods for PMSE

Figure 3.3 Left: Several radial velocities (red arrows) are received within a beam
from a tracer on a continuous background wind (blue arrows). Right: Exaggerated
example with two layers with di�erent background winds covered by one range gate.

time ambiguity is resolved by using spatially separated receivers and applying imaging
techniques.

3.4 Measurement techniques

Radar signals can be analyzed regarding power, or signal-to-noise ratio (SNR), and
spectral shape. The spectral shape can be divided in two parts: the mean Doppler shift
and the spectral width of the signal. Usually, MST radars are used to determine wind
speed and direction as well as to estimate the energy dissipation rate from these signal
properties. Di�erent measurement techniques were developed to derive atmospheric
parameters from radar signal.

Doppler beam swinging (DBS)

Doppler beam swinging is based on the property of radar measurements, that radars
observe the radial velocity (see, e.g., Fukao and Hamazu (2014, Ch. 7.2.1) and for
a brief historical overview Van Zandt (2000)). The spectrum of the time series s(t)
of a radar signal received from one range gate is analyzed and spectral parameters
can be estimated by �tting a Gaussian function, assuming a Gaussian shaped beam
and homogenous scattering. From the Gaussian function, the noise level N , signal
strength S, the Doppler velocity vr and spectral width σ can be derived. Radar beams
pointing in di�erent directions will receive di�erent signals and therefore di�erent radial
velocities. The radial velocity vr of a radar beam is determined by the meridional wind
u, zonal wind v and vertical wind w. Vector decomposition along x-, y- and z-axis
yields for a radar beam with zenith angle Θ and azimuth ϕ:

vr = u sin Θ cosϕ+ v sin Θ sinϕ+ w cos Θ. (3.7)

With at least 3 unique beam pointing directions, the wind vector can be determined un-
der the assumption, that the wind �eld is homogeneous and does not change during the
scan. More sophisticated approaches such as volume velocity processing (VVP) (Wald-

teufel and Corbin, 1979) or volume azimuth display (VAD) (Browning and Wexler ,
1968) permit to access higher order kinetic properties in the wind �eld by introducing
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also the �rst-order gradient terms, but require a larger amount of unique beam pointing
directions:

u = u0 +
∂u

∂x
x+

∂u

∂y
y (3.8)

v = v0 +
∂v

∂x
x+

∂v

∂y
y. (3.9)

The di�erence between VAD and VVP is the way to solve for the wind �eld. VAD
decomposes Eq. 3.7 into its Fourier components, while VVP �ts the set of equations
directly. As the beam is physically tilted, a larger amount of di�erent directions require
more time to scan the desired observation volume.
Additional to the wind estimation, DBS can be used to investigate the angular depen-
dence of a scatterer. The angular dependence can be directly derived by comparing
the backscattered power from beams pointing towards di�erent zenith angles

Si
S0

=
(Pi −Ni) γi
(P0 −N0) γ0

, (3.10)

where Si is the signal, Pi the power, Ni the noise and γi the gain correction value from
direction i. The subscript 0 represents the vertical direction.
This thesis presents an updated DBS method, taking changes in the scattering mecha-
nism into account by integrating over long time periods and ranges. A further descrip-
tion of the improved DBS method for aspect sensitivity estimations can be found in
Sommer et al. (2016b).

Spatial correlation analysis (SCA)

The problem of the comparison of di�erent observation volumes, occurring with DBS,
is not a problem of SCA, as it estimates the parameters within the beam volume. This
is achieved by receiving the radar signal with spatially separated receivers. The SCA
or FCA method (Briggs, 1968; Doviak et al., 1996; Holloway et al., 1997; Holdsworth,
1999; Chau et al., 2000; Hassenp�ug et al., 2003) consider the correlation between
two antennas and the autocorrelation of each receiver. The derivation of atmospheric
parameters with a correlation analysis is done under the assumption that the scatter
is statistically homogeneous distributed within the beam volume but can be relaxed to
allow for vertical anisotropy (Doviak et al., 1994) or additionally anisotropy in x- and
y-direction (Holloway et al., 1997).
The ground di�raction pattern of an antenna pair ij separated by ∆xij (∆yij) in east-
west (north-south) direction can be approximated by an ellipse. The parameters A,
B and H described by Holloway et al. (1997, Eq. (30)) de�ne the elliptical horizontal
correlation function. The zero time-lag cross-correlation |Cij | between each antenna
pair is

|Cij | = exp

(
−1

4

(
A∆x2ij +B∆y2ij + 2H∆xij∆yij

))
. (3.11)

Using at least three di�erent antennas, the three parameters A, B andH can be derived.
Using a rotated, counterclockwise by Ψ, coordinate system, the pattern correlation
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length ξ′x and ξ
′
y along the ellipse major and minor axis (x′ and y′) can be estimated.

The antenna aperture contribution ah can be written after Doviak et al. (1996) as

ah = k0
√

2
σθT σθR√
σθT + σθR

, (3.12)

where σθT and σθR are Gaussian angular half beam widths of the transmitting and
receiving beams, respectively, and k0 is the radar wave number.
The aspect sensitivity angle Θs of an anisotropic scattering process can then be ex-
pressed as

Θ′x = arcsin
((√

2k0ρ
′
x

)−1)
(3.13)

Θ′y = arcsin
((√

2k0ρ
′
y

)−1)
. (3.14)

Here, ρ′x and ρ′y denote the scatterer medium correlation length calculated from the
di�raction pattern correlation length ξ′x and ξ

′
y. See Sommer et al. (2016b) for further

description of the SCA method.

Mean angle of arrival (MAOA)

The angle of arrival of a radar signal is commonly used to derive the direction of the
scatterer. Depending on the type of the scattering mechanism, re�ective or isotropic,
the angle of arrival is either the point of the re�ection or a weighted (by the antenna
gain) mean of all scatterers in the observation volume. Meteor radar systems use the
angle of arrival to determine the specular re�ection point of the plasma trail, generated
by meteors entering the atmosphere. In the case of PMSE, the scattering type is
probably more beam �lling and, hence, a weighted mean of all scatter points in the
beam volume. This theses refers therefore to the mean angle of arrival (MAOA) in
conjunction with PMSE.
The MAOA in zenith angle α and azimuth angle β can be derived for a range gate
with three spatially separated antennas. Based on the assumption, that the phase lines
of scattered radio waves are parallel (the distance D between the scattering location
and the radar is far larger than the antenna spacing d), the location of the scattering
can be calculated by the phase received by the antennas. The MAOA can be found by
solving the linear equation set (following Lau et al. (2006))




ϕ12

ϕ13

ϕ23

...




︸ ︷︷ ︸
p

= −k0




dx12 dy12

dx13 dy13

dx23 dy23
...




︸ ︷︷ ︸
D

·


sin (α) cos (β)

sin (α) sin (β)




︸ ︷︷ ︸
r

. (3.15)

where α is the zenith angle and β the azimuthal angle of the scatterer, measured
counter-clockwise from the x-axis. The phase di�erences are denoted by ϕij , dxij and
dyij denote the spacing in x- and y-direction between antennas i and j, respectively.
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The radar wave number is k0 = 2π
λ and λ is the radar wavelength.

Solving for the location vector r, yields, using the least square method,

r =
(
D>D

)−1
D>p, (3.16)

where D> denotes the transpose and D−1 the pseudoinverse of matrix D. Eventually,
it yields for α and β:

α = sin−1
√

(r21 + r22) (3.17)

β = tan−1
(
r2
r1

)
. (3.18)

The MAOA is determined by phase di�erences in the signals. Additionally to the phase
di�erences due to the antenna positions, phases can alter by di�erent wire length from
the antenna to the acquisition or due to electronics. Although it should be the same for
all antenna groups, minor di�erences due to imperfections in the constructions might
lead to a phase set o�. Hence, phase calibration is crucial for determining the MAOA.
Results presented here for MAOA as well as imaging have been phase calibrated as
described by Chau et al. (2014).
The measured phase di�erences ϕij are ambiguous, as it cannot exceed 2π. Hence, it is
possible that ϕij was measured while the actual phase di�erence was ϕij + 2πn, where
n is an integer. It results for the MAOA method in ambiguity zones that depends on
the baseline length between receivers i and j. The angular size α of the ambiguity
zones can be calculated by

α = arcsin
λ

2d
. (3.19)

Longer baselines result in a higher precision, while shorter baselines have larger unam-
biguous zones.

Coherent radar imaging (CRI)

Imaging in radar is used to map the received signal resolved in space. A rough image
can be obtained by scanning the area above the radar by tilting the radar beam (Lat-
teck et al., 2012). Stober et al. (2013) used this rough kind of imaging to determine
radial velocity maps. The resolution of this kind of imaging is limited to the beam size.
To improve the resolution, in-beam estimation methods are necessary. With coherent
radar imaging (CRI), the angular power, Doppler shift and spectral width distribution
can be derived within the beam volume. It can be used to improve the radar reso-
lution in both space, using several spatially separated antennas (Palmer et al., 1998;
Yu et al., 2001; Chilson et al., 2002; Chen et al., 2004, 2008; Sommer et al., 2013),
and range, using di�erent radar wavelengths (Kudeki and Stitt , 1987; Palmer et al.,
1999; Chilson et al., 2000; Yu and Palmer , 2001; Chen and Zecha, 2009). The focus oo
this thesis is the horizontal structure of PMSE and imaging was performed in space,
using Capon's method (Capon, 1969; Palmer et al., 1998) of imaging. Comparisons
between radar images using Capon's method and Maximum Entropy for di�erent parts
of the spectrum, applied on PMSE data, showed that both methods yield similar re-
sults. However, Capon's method is, unlike Maximum Entropy, capable of yielding the
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spectrum for a certain angle. Capon's method was found to be better than Fourier's
method and faster than the Maximum Entropy (Kudeki and Sürücü, 1991; Hysell and
Chau, 2006) method while yielding similar results for high SNR cases (Yu et al., 2000).
Capon's method was developed for a phased array in general, but �rst used to detect

seismic activity using the large aperture seismic array in Montana, USA. Later, it
was adapted to astrophysics (e.g., Ben-David and Leshem, 2008) and also applied in
atmospheric physics.
The angular power distribution, called brightness B, is calculated by weighting each
receiver signal s(t) with a linear �lter y(t) = w†s(t) to minimize possible interference
by reducing side lobes. The weighting vector w(k) for a certain wavenumber vector
k = [kx ky kz] can be shown to be (Palmer et al., 1998):

wC =
V−1e

e†V−1e
. (3.20)

The normalized cross-correlation matrix V with elements Vij =
〈SiS

∗
j 〉√

〈|Si|2〉〈|Sj |2〉
for re-

ceivers i and j is de�ned as

V =




V11 V12 . . . V1n

V21 V22 . . . V2n
...

...
...

Vn1 Vn2 . . . Vnn




(3.21)

and
e =

[
eik·D1 eik·D2 . . . eik·Dn

]
, (3.22)

where Di represents the center of receiving array i.
The resulting brightness distribution is

BC(k, f) =
1

e†V−1e
. (3.23)

The radial velocity and spectral width distributions can be derived, assuming quasi-
stationarity during the observation period, by obtaining the spectrum for each desired
k. Hence, we apply the weighting vector, obtained with the average of the time series,
on the time series signals s of the n receivers:

y(t) = w†Cs(t) (3.24)

That way, CRI allows to scan a beam volume in software, reducing the time for a
scan, necessary for, e.g., DBS wind measurements. If the beam volume illuminates a
large area, the beam steering and parameter estimation can be performed in software
and not by physically tilting the radar beam. That way, the number of beam pointing
directions for the physical scan is reduced and, hence, the time necessary for a complete
scan. Using the receiving con�guration used in Sommer et al. 2016b and Sommer and

Chau, 2016, the typical angular resolution is ∼ 1° HPFW.
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Narrow and wide beam experiment

Determined by the antenna aperture, MST radars employ usually a certain beam size.
A larger aperture leads to a more focused beam (Fenn, 2007) and instrumental e�ects,
e.g., beam broadening in spectral width estimations, are reduced. On the other hand,
the e�ect of the beam size can be estimated by employing di�erent beam sizes while
observing the same target. As PMSE can change quickly over time, the observation
with di�erent beam sizes has to be done in a very short time. As stated before, the
beam size is determined by the antenna aperture. To widen the beam, the antenna
aperture could be decreased which results in a less powerful beam, as less antennas
transmit. Another possibility is to use di�erent phasing for each antenna and widen
the beam by interference (e.g. Chau et al., 2009). That way, all antennas transmit and
the power is retained, although spread over a larger area. For this thesis, a narrow and
wide beam experiment was performed with MAARSY for the �rst time. Two beam
sizes, 3.6° HPFW without phasing, and 12.6° with phasing1, have been transmitted
interleaved, changing the pulse size every 2ms and allowing to observe the same PMSE
with two di�erent beam sizes.

1Phasing and beam size estimation courtesy of Toralf Renkwitz
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Chapter 4 Open questions and objectives
of this thesis

The microphysics of PMSE is well understood, although some open question still remain
(Rapp and Lübken, 2004). For example, the simultaneous observation of mesospheric
turbulence strength and aerosol particle size, the microphysics behind the origin of the
ice particles or active heater experiments are still under investigation. Among the open
questions, the question of the small scale structure of PMSE is still unanswered, and
Rapp and Lübken (2004) suggested sounding rocket observations with several "daugh-
ter" payloads. Such a payload is currently being developed at IAP, called Turb3D
(Strelnikov et al., 2015). By ejecting several small payloads from a rocket, the struc-
ture of turbulence and aerosols will be investigated in situ.

Small scale structures are currently not only under investigation in PMSE but also
in NLC. With Lidar, the structure of NLC are analyzed as they move trough the Lidar
beam and change altitude due to small scale gravity waves (Kai�er et al., 2013; Ridder ,
2014). Additionally, the structure of NLC are observed with high resolution cameras.
From these images, gravity waves with wavelength smaller than 10 km are observed
(Baumgarten and Fritts, 2014).
As PMSE and NLC are closely related, small scale structures should also be present
in PMSE. It has been shown that PMSE are not uniform on large scales (observation
volume > 50 km (Latteck et al., 2012; Stober et al., 2013)), but observations for small
scale �uctuation are rare. Röttger and LaHoz (1990) concluded, from spectrum mea-
surements using the EISCAT VHF radar, that PMSE consist of patches smaller than
their observation volume (∼ 1 km × 2 km). Nicolls et al. (2007) found PMSE patches
with sizes of few kilometers at UHF.
Direct small scale measurement of PMSE at VHF have not been reported yet. Measur-
ing the patch size of PMSE will help to investigate both geophysics, i.e., short gravity
waves, turbulence distribution or aspect sensitivity, and methodological e�ects on the
measurement, i.e., beam �lling e�ect or the assumption of statistical homogeneity.
Additionally, the aspect sensitivity of PMSE is still under investigation. As mentioned
in Rapp and Lübken (2004), the measured aspect sensitivity, at least in the lower part
of PMSE, is too large to be explained with current theory (Swarnalingam et al., 2011;
Smirnova et al., 2012). Furthermore, di�erent measurement techniques leads to dif-
ferent degrees of aspect sensitivity. While in-beam estimation methods (SCA, FCA)
yield very high aspect sensitive scattering, DBS results have reported lower, but still
aspect sensitive, values. This contradiction between theory and measurement has not
been resolved yet. Wind estimates derived from FCA, DBS and meteor observation do
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also not agree. FCA tends to underestimate the wind velocity compared to the DBS
or meteor wind estimations (Tsutsumi and Aso, 2005). This indicates also, that the
assumptions of at least one of the measurement techniques is not ful�lled.
In this thesis, the structure of PMSE, observed by radar, will be investigated with

radar imaging. Using the high �exibility of MAARSY, the scattering mechanism at a
millisecond scale, as observed by radar will be explained and simulated and the aspect
sensitivity of PMSE measured with di�erent radar techniques. The DBS method will
be improved to overcome the problem of di�erent observation volumes. Measurement
techniques such as FCA can only be applied correctly, if the assumptions made in the
derivations of these techniques, are ful�lled. This thesis will investigate PMSE also
regarding the applicability of wind measurement techniques. Furthermore, in-beam
estimation techniques for Doppler velocity and spectral width will be implemented to
show a way how radar systems can be improved to measure spectral parameters.
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Chapter 5 PMSE on very short time scales

Summary of:

Sommer et al. (2016a): On high time-range resolution observations of PMSE:
statistical characteristics

Understanding the radar scattering mechanism on a statistical basis, that can be pro-
vided by highly temporal resolved PMSE, will help to distinguish between instrumental
e�ects like beam size, PRF or range resolution, and geophysical e�ects, such as ambient
wind, aspect sensitivity or turbulence. As long as the e�ects are not carefully sepa-
rated, the derived geophysical parameters are compromised by instrumental e�ects.
Sommer et al. (2016a) studied PMSE with an e�ective sampling period of 2ms. A
RTI of such a highly resolved data set of a 32 s observation period is shown in Fig.
5.1. Surprisingly, the returned SNR shows a strong �uctuation in time for each range
gate. The received SNR varies between values at the noise level and strong SNR values
of over 25 dB in periods below 2 s. These �uctuations are in the frequency range of
infrasonic waves. These �uctuations have not been reported before, as previously used
longer integration periods averaged these �uctuations. Previous studies with high tem-
poral resolution (Rüster , 1997; Lee et al., 2014) did not investigate the SNR but only
derived parameters, although these �uctuations should also be visible in these data
sets. Furthermore, a spatial correlation, evolving over time, can be seen in the data set
by analyzing the MAOA with interferometry (Fig. 5.2). Tracking these motions, the
MAOA show velocities > 500 m s−1 and hence, apparently supersonic velocities.
We interpreted the �uctuations not as an actual oscillation in time but as correlation
time of the scattering mechanism. The spectral width is the Fourier inverse of the
correlation time, which is the width of the auto correlation function.
We used this interpretation also to simulate backscattering of PMSE. The occurrence
of the �uctuations are relatively random but modulated by the coherence time. There-
fore, our simulation is based on a spatial model of a random density �uctuation �eld
modulated with a Gaussian function. In our observations, we have correlation not only
in time, but also in range. According to those observations, the density �uctuation
�eld in space k = [kx, ky, kz] and frequency ω can then be written as

F (k,ω) ∝ exp

(
−1

2

(
(ω − ukx)2

σ2ω
+
k2z
σ2ζ

))
, (5.1)

with geophysical parameter u and σω as wind speed and spectral width, S and N
as signal and noise, and σζ as range correlation, respectively. The radar does not
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Figure 5.1 RTI of two layers of PMSE with a high temporal resolution of 2ms and
a range resolution of 75m. The power appears to be �uctuating in the order of 2 s.
Figure taken from Sommer et al. (2016a), Fig. 1.

Figure 5.2 Track of the MAOA of one range gate of the �rst 5 s of range 82.875 km
of the data set presented in Fig. 5.1. The location for each point in time is indicated
by a dot, while the color indicates the temporal progression. The black line indicates
the 3 dB beam width. The MAOA appears to be coming from larger angles than
the beam width and show a correlation in time. Figure taken form Sommer et al.

(2016a), Fig. 2, right.

observe the whole PMSE volume but illuminates only a certain area. Hence, the density
�uctuation �eld F has to be multiplied by the antenna gain G, which we assume to be
Gaussian shaped. The resulting simulated brigthness B, obsereved by the radar, is

B ∝ exp

(
−1

2

(
λ2

4π2

(
k2x + k2y
σ2θ

)
+

(ω − ukx)2

σ2ω
+
k2z
σ2ζ

))
, (5.2)

adding a correlation in space due to the antenna beam width σθ as an instrumental
e�ect.
We adapted the parameters to represent the observations and compared them to an
experiment, where the same PMSE was observed with a narrow (3.6° HPFW) and wide
(12.6° HPFW) beam.
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Chapter 5 PMSE on very short time scales

Based on the simulations, we concluded that apparent oscillations in power are caused
by the correlation time of the scattering process and not by infrasonic waves. The
correlation in space is dominated by the antenna beam pattern and the motion of the
MAOA is only an apparent motion. This fact and the underlying assumption of ran-
domly �uctuating density �elds let us conclude, that the underlying physical process
is in�uenced by turbulence, which is in agreement with the current understanding of
PMSE (Rapp and Lübken, 2004). Furthermore, as the correlation in space is domi-
nated by the antenna beam pattern, the underlying scattering process is horizontally
isotropic.
We also like to stress that the random �uctuation have implications on wind measure-
ments if short integration periods are chosen. If the integration time for wind estimation
with FCA is below ∼ 16 s, the apparent motion of the MAOA is dominant, resulting in
high apparent wind speeds. This should be considered in future observations of wind
using PMSE as a tracer.
Our simulation can be used in the future to derive geophysical parameter, such as tur-
bulence, without the contamination of instrumental e�ects such as beam broadening
in conjunction with a nested beam experiment. Here, the PMSE observations should
be �tted to the 4D model to derive the geophysical parameters.
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Chapter 6 Horizontal structures of PMSE
and their in�uence on measure-
ments

Summary of:

Sommer et al. (2014b): Geometric considerations of polar mesospheric summer

echoes in tilted beams using coherent radar imaging

Sommer et al. (2016b): On the angular dependence and scattering model of polar

mesospheric summer echoes at VHF

Sommer and Chau (2016): Patches of polar mesospheric summer echoes charac-
terized from radar imaging observations with MAARSY, unpublished manuscript

This chapter summarizes the three papers mentioned above with regard to the angular
dependency of PMSE, taking the beam �lling e�ect into account and investigating the
small scale structure of PMSE with imaging. Finally, wind and spectral width maps,
derived with imaging, are presented.

6.1 Beam �lling e�ect and angular dependency

The DBS method is used to derive the 3D wind out of the Doppler shift from at least
3 di�erent beam pointing positions under the assumption, that the wind speed is con-
stant within the observed volume. More sophisticated approaches such as VVP relax
that assumption, but require several di�erent beam pointing directions (see also Sec.
3.4). All methods have in common, that they assume that the nominal beam pointing
direction is the same as the actual beam pointing direction.
Sommer et al. (2014b) studied the deviation from the nominal beam pointing direc-
tions in tilted beams. We found that the sharp gradient of SNR at the upper and
lower boundary of PMSE a�ects the actual beam pointing direction. Applying CRI,
we showed that a systematic deviation ∆α = α−θ of the mean beam pointing α direc-
tion from the nominal beam pointing direction θ occur. Moreover, the magnitude of the
deviations become larger with increasing o�-zenith angle, and does not depend on the
azimuth angle. The deviations at the lower boundary of PMSE were shifted towards
zenith, while the deviations at the top of PMSE were shifted away from zenith (Som-
mer et al., 2014b, Figs. 5 and 6). This feature starts to become visible at o�-zenith
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Chapter 6 Horizontal structures of PMSE and their in�uence on measurements

Figure 6.1 Sketch of the deviation from the nominal beam pointing direction at the
upper and lower boundary. The left illustration shows the vertical beam, the right
a tilted beam where systematic deviations occur. At the upper edge, the deviation
(red dot) is towards larger o�-zenith angles and towards smaller o�-zenith angles at
the lower boundary. d is the width of the layer, θ the nominal beam pointing angle
and ∆αi the deviation of the MAOA for range gate i.

angles of 5° and larger. We interpreted the result as follows: due to the strong decrease
in backscatter at the upper and lower boundary, the beam volume is not completely
or homogeneously �lled. This e�ect is sketched in Fig. 6.1, where the e�ect of the
partially �lled beam volume of a tilted beam is illustrated. The blue layer demonstrate
the horizontally layered PMSE with sharp gradients in SNR at the upper and lower
boundary. The red dots show the actual beam pointing direction. Here, the width of
the layer d, the nominal beam pointing direction θ and the deviation ∆α is also shown.
The deviation of the nominal beam pointing direction has implications on measure-

ments with tilted beams such as wind estimations with DBS or VVP. The e�ective
beam pointing position can be estimated by using the MAOA or estimating the devia-
tion with CRI. The e�ective beam pointing position estimation is already implemented
in wind estimation algorithms developed at IAP (Stober et al., 2016). Such estimations
should be implemented routinely in future developments, as it is relatively simple to
estimate the MAOA, when at least 3 spatially separated receivers are available.
The incomplete �lling of the beam volume does not only have implications on wind es-
timations, but also in scattered power estimation. Comparing the returned power from
an isotropic scattering mechanism of a beam, which is completely �lled by isotropic
scattering, with a beam that is only partially �lled, due to tilting, result in a decreased
received power from the oblique beam. This e�ect was modeled for di�erent o�-zenith
angles by Sommer et al. (2016b), where di�erent widths for the PMSE layer were con-
sidered. The power drop due to the geometry of the measurement varies depending on
the size of the layer. This implies, that the thickness of the layer has an impact on
measured reduced power.
As pointed out in Sommer et al. (2014b) and calculated in Sommer et al. (2016b), the
drop in power due to the layered phenomenon of PMSE has to be considered as it can
reach up to =8 dB for thin PMSE. Therefore, we reviewed the angular dependency of
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6.1 Beam �lling e�ect and angular dependency

Figure 6.2 Aspect sensitivity map of PMSE with o�-zenith angles up to 25°. The
received power is nominated to the zenith and the drop in power from 80 unique
o�-zenith angles is color coded. The azimuthal mean drop at 25° is =3.5°, indicating
isotropic scattering. Figure similar to Fig. 4, right, from Sommer et al. (2016b).

PMSE with an enhanced DBS analysis. Instead of comparing the returned backscat-
ter directly, we separated the PMSE in core and edge region due to the beam �lling
e�ect. Still, the problem with di�erent observation volumes remain (Chilson et al.,
2002). Assuming that the mechanisms responsible for the formation are not dominated
by spatial in�uences, the occurrence frequency of PMSE should be the same for the
di�erent observation volumes. We suggested to integrate the power over a long period
of time (> 10 s) to compensate for short time scale di�erences in PMSE strength due
to geophysical in�uences. Thus, Sommer et al. (2016b) calculated the angular depen-
dency separated into core or edge region due to the beam �lling e�ect. Furthermore,
due to the high �exibility of MAARSY, no assumptions regarding the shape of the po-
lar backscatter diagram was necessary, as several di�erent o�-zenith angles have been
considered. The resulting aspect sensitivity map is shown in Fig. 6.2. The nominated
drop in power is symmetrical around zenith and shows a mean drop in power at 25° of
=3.5 dB. The small drop in power might be due to an insu�cient separation between
core and edge region but is signi�cantly smaller than values reported before and in the
range of the modeled drop in power (see Sommer et al. (2016b), Fig. 6).
We found almost no decrease in power with increasing o�-zenith angle, indicating
isotropic scattering. The values correspond to θs > 30°, but the usage of θs is not
meaningful here, as it is de�nded for a Gaussian shaped polar backscatter diagram.
However, for comparison purposes to previous studies, θs was estimated. Such large
values of θs > 30° have not been reported in the literature before. On the other hand,
previous studies did not consider the e�ects described in Sommer et al. (2016b). Fur-
thermore, isotropic scattering of PMSE is in accordance with the current accepted
theory of non-strati�ed turbulence. Further discussion can be found in Sommer et al.

(2016b).
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Chapter 6 Horizontal structures of PMSE and their in�uence on measurements

6.2 Horizontal structure at small scales

Sommer et al. (2016b) also investigated the angular dependency of PMSE with SCA.
Contrary to the DBS method described above, this method uses only a vertical beam
and makes use of spatially separated receivers. The aspect sensitivity angles θs can be
derived under the assumption, that the scatter �lls the beam volume homogeneously on
a statistical basis, based on the cross-correlation of the receivers. Enhanced correlation
is usually interpreted as strong angular dependency. Previous studies derived θs using
SCA or FCA, deriving extremely low values for θs, i.e., suggesting a strong angular
dependence (large aspect sensitivity). We applied SCA on the same data set as the
DBS method described above, but on a 32 s basis instead of averaging over one day
or month. This study con�rmed extremely low values, with a median of 5.6°. This
is in contradiction to the �ndings described in Sec. 6.1, where large values of θs have
been found and pointed towards isotropic scattering. The small values of θs found with
SCA would suggest that weak or no backscatter of PMSE at large o�-zenith angles
would be expected. But as already shown by Latteck et al. (2012) and Stober et al.

(2013), signi�cant backscatter of PMSE can be received from large o�-zenith angles.
Additionally to the short integration time of 32 s, we used also long integration times of
10min. Comparing the short and long integration time results, the correlation values
for the 10min data set is signi�cantly decreased, resulting in larger values for θs. The
median value was found to be θs = 8.5° which was interpreted in the literature as less
angular depending scattering.
This contradiction between low (or no) angular dependency observed with DBS and
very strong angular dependency measured with SCA, is already described in the liter-
ature. Increased correlation values not only can be explained by strong angular depen-
dency but also by a partially �lled beam volume. Putting the results from DBS and
SCA together, we concluded, that the increased correlation values indicate a non-beam
volume �lling scattering process. On short time scales, the beam volume is not homoge-
neously �lled with isotropic scattering, resulting in an increased correlation. Applying
longer integration periods, the scatter mechanism is statistically more homogeneous,
as patches of PMSE drift through the beam volume. Hence, the correlation values
decrease, resulting in larger values of θs even with SCA, indicating a more isotropic
scattering. From the observations of PMSE with DBS and SCA, PMSE might consist
of isotropic scattering but do not �ll the beam volume homogenously on time scales of
∼ 30 s.
These small patches of PMSE were investigated further by Sommer and Chau (2016).
Applying CRI with Capon's method, we showed that PMSE, observed by radar, are
patchy. Capon's method of imaging minimizes side lobe detection by weighting each
receiver according to the data. To estimate the patch size, we �tted N Gaussian shaped
patches after converting the brightness from range to altitude. The patch size varies,
depending on the integration period, beam size and geophysics. A statistic of ∼ 9 h
measurement time is shown in Fig. 6.3. Di�erent beam sizes and integration periods
are considered. Longer integration periods lead to larger patches, as the isotropic scat-
tering mechanism will be more homogeneously present at the whole beam volume. The
beam size has also an in�uence on the patch size, as a larger beam would lead to the
detection of larger patches. On the other hand, antenna side lobe contributions and
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6.3 In-beam spectral parameter estimation

Figure 6.3 Patch size estimations of the brightness distributions. Shown are his-
tograms of �tted widths in x- and y-direction (top row) and center locations (bot-
tom row) of 2D-Gaussian function for all data sets and altitudes containing PMSE.
Parameters described in Sommer and Chau (2016). For each �gure, 3 histograms
for two beam width and integration periods are shown. Blue: 32 s, 3.6° narrow
beam, yellow: 32 s, 12.6° wide beam, red: 32min,3.6° wide beam. Figure taken from
Sommer and Chau (2016), Fig. 6.

non-Gaussian antenna beam pattern lead to the detection of smaller patches of PMSE
than the antenna beam volume would suggest. The geophysical component of the small
patches is more interesting. Small scale gravity wave activity can change the altitude
of PMSE within the beam volume, leading to a not homogenously �lled beam volume
or patches of fossil or active turbulence can drift through the beam volume (Cho et al.,
1996).
Sommer et al. (2016b) and Sommer and Chau (2016) discussed the implication of the
patchy PMSE observations on di�erent measurement techniques. One �nding was,
that on short time scales, the assumption of SCA and FCA of a statistically homoge-
neously �lled beam volume is not ful�lled. Another important result is that the aspect
sensitivity of PMSE is strongly overestimated.

6.3 In-beam spectral parameter estimation

As presented above, small scale �uctuation in PMSE backscatter exist. These small
changes in brightness can be estimated with imaging. Furthermore, imaging can be
used to estimate Doppler shift and spectral width as well. A method to estimate SNR,
Doppler velocity and spectral width within the beam volume, using PMSE as a tracer,
is demonstrated by Sommer and Chau (2016). This is especially important with re-
gard to the inhomogeneous nature of PMSE. Without imaging, parts of the beam not
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Chapter 6 Horizontal structures of PMSE and their in�uence on measurements

illuminating PMSE would equally weighted as parts �lled with PMSE. We showed that
imaging can be used to derive maps of all spectral parameters with a higher spatial
resolution than conventional DBS scans. An example of the maps are shown in Fig.
6.4, obtained by a wide beam experiment. Using the Doppler velocity maps, we ap-
plied a simple DBS approach to derive the horizontal wind component. So imaging
can be used do derive maps of all three spectral components. Illuminating a large area
and decompose the data regarding space in software, the necessary time for a scanning
experiment can be signi�cantly reduced. An example can be found in Sommer et al.

(2014a), where wide beam scan experiments have been used in conjunction with imag-
ing to improve the temporal resolution compared to a standard scanning experiment
by a factor of 4.
Combining the wide beam experiment to derive the winds with a narrow beam ex-

periment to derive the spectral width, Sommer and Chau (2016) showed that energy
dissipation rate estimations can be improved with imaging. Since Hocking et al. (1986)
described the energy dissipation derivation based on spectral width estimations by
radar, the antenna beam pattern is approximated by the main beam described as a
Gaussian function. On the other hand, even HPLA radar systems have a signi�cant
side lobe contribution on the spectral width estimation, which was ignored by the ap-
proach of Hocking et al. (1986). These side lobe contribution widen the spectra and
the corrective terms underestimate the beam broadening e�ect (Hocking et al., 1986;
Nastrom and Eaton, 1997). This leads to systematically larger derived energy dissipa-
tion rates.
In Sommer and Chau (2016), we used imaging by composing a synthetic beam, cor-
responding to the width of the main beam of MAARSY. By identifying and removing
side lobe contributions in the spectrum, the spectral width decreases as beam broad-
ening due to side lobes is removed. The correction terms for energy dissipation rates
without and with e�ective narrow beam are the same, as only the main beam is con-

Figure 6.4 Spectral parameter maps of PMSE after converting the image to cartesian
coordinates. The brightness distribution is shown in the left panel. It can be used to
estimate the patch size of PMSE. The middle panel shows the corresponding radial
velocity, derived with imaging. Using a DBS approach, the horizontal wind �eld
could be derived. The right panel shows the spectral width, which can be used to
derive energy dissipation rates. Figures similar to Sommer and Chau (2016), Figs.
4 and 5.
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6.3 In-beam spectral parameter estimation

sidered here. Hence, the derived energy dissipation rates show a decrease of strong
events before removing side lobe contribution, leading to a more reliable estimation of
the turbulence strength.
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Chapter 7 Summary & outlook

Highly resolved observations of PMSE have been made with MAARSY. Combining
the di�erent capabilities of a high time and range resolution, fast beam steering and
several receiving channels permit to investigate the small scale structure of PMSE as
seen by radar. This thesis investigated PMSE on short time scales and their horizontal
structure.
PMSE were observed with unrepresented temporal resolution of 2ms. On these time
scales, PMSE showed a surprising behavior of appearing and disappearing power. Fur-
ther, the observed MAOA showed an apparent rapid motion. All the e�ects could be
observed with two di�erent beam widths, a narrow and a wide beam, which observed
quasi-simultaneously the same PMSE. These observations could be explained by an
underlying random process, which is modulated by both geophysical and instrumental
e�ects. That was veri�ed with a statistical simulation, which represented the observed
data very well. That way, one could distinguish between instrumental in�uences and
geophysical parameters such as turbulence strength.
Furthermore, the angular dependence of PMSE has been investigated. It was shown,

considering the beam �lling e�ect and short changes in PMSE strength, that PMSE
are caused by mainly isotropic scattering. In addition, the former contradictions of
di�erent measurement techniques with isotropic scattering on one side and specular re-
�ection on the other, was resolved. The cause for that is the inhomogeneous nature of
PMSE, which was shown. Using in-beam imaging techniques, this thesis demonstrated
that PMSE consist generally of patches with sizes of few kilometers, sometimes even
smaller than 1 km.
It was shown in this thesis, that di�erent integration times have an impact on the
analysis due to the scattering process and patchy nature of PMSE. Very short inte-
gration times (< 1 s) show an apparent oscillation in power and apparent high wind
velocities. For short integration times (∼ 10 s � 40 s), a high correlation in space would
suggest a strong angular dependence but is probably due to localized scattering pro-
cesses. Long integration times (> 10min) suggest an isotropic scattering process for
PMSE.
In addition, in-beam measurement techniques have been used to create maps of SNR,

Doppler velocity and spectral width. With such techniques, the amount of time to scan
large areas decreases, since the radar beam does not have to be tilted electronically,
the tilting is done instead in software. This leads to a shorter scanning time. The
spatial information was not only used to derive maps but also to identify side lobe con-
tributions on spectral width estimation. It was shown, that identifying and removing
side lobe contribution improves energy dissipation rate estimations by radar and the

32



estimates are in agreement with in situ measurements and models (Sommer and Chau,
2016).

In future, the simulation presented in Sommer et al. (2016a) can be used to improve
energy dissipation rate estimations by radar. The simulation considers the beam broad-
ening as well as a not completely �lled beam volume at the lower edge of PMSE, as
radar observes in range and not altitude. By �tting the whole spectrum over all range
gates, the background wind, the resulting beam broadening as well es the antenna side
lobes are identi�ed, resulting in the turbulence intensity as a �tting parameter. That
model should be enhanced by introducing a non-homogenously �lled beam volume, in
order to consider the �ndings of Sommer et al. (2016b) and Sommer and Chau (2016).
The wind estimation can be improved also in another way as shown in Sommer and

Chau (2016) by using virtual beam pointing positions. The scanning time can be
reduced signi�cantly (e.g., Sommer et al., 2014a), so this technique, in conjunction
with wide beam experiments and very recently installed technical improvements at
MAARSY, should be used to derive complete spectral parameters (radial velocity, spec-
tral width), that can then be used to identify short period gravity waves and derive the
energy dissipation rates with radar in a continuous way with a better resolution than
before. The high resolution of radar imaging might also be used to investigate di�erent
turbulence strength in the upper and lower part further. Additionally, more antennas
and other techniques could further improve the imaging resolution.
Since this thesis claims, that PMSE is patchy in radar observations, comparison with
rocket borne observations should be used to investigate the cause for these small scale
�uctuations and highly resolved NLC observations compared to the small scale struc-
tures seen in radar observations.
The approaches described here, especially the high range and temporal observations,
might also be utilized to investigate polar mesospheric winter echoes further, as their
formation is yet not completely understood (Latteck and Strelnikova, 2015).
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Abstract. We present observations of polar mesospheric
summer echoes (PMSE) using the Middle Atmosphere Alo-
mar Radar System in Northern Norway (69.30◦ N, 16.04◦ E).
The radar is able to resolve PMSE at high spatial and tempo-
ral resolution and to perform pulse-to-pulse beam steering.
In this experiment, 81 oblique beam directions were used
with off-zenith angles up to 25◦. For each beam pointing di-
rection and range gate, coherent radar imaging was applied
to determine the mean backscatter location. The location of
the mean scatterer in the beam volume was calculated by the
deviation from the nominal off-zenith angle of the brightest
pixel. It shows that in tilted beams with an off-zenith angle
greater than 5◦, structures appear at the altitudinal edges of
the PMSE layer. Our results indicate that the mean influence
of the location of the maximum depends on the tilt of the
beam and on the observed area of the PMSE layer. At the
upper/lower edge of the PMSE layer, the mean backscatter
has a greater/smaller off-zenith angle than the nominal off-
zenith angle. This effect intensifies with greater off-zenith
beam pointing direction, so the beam filling factor plays an
important role in the observation of PMSE layers for oblique
beams.

1 Introduction

Strong VHF backscatter at mesospheric heights in polar re-
gions were described byEcklund and Balsley(1981) for
the first time. As these echoes occur only during the sum-
mer months, they were named polar mesospheric summer
echoes (PMSE). PMSE are caused by inhomogeneities in
the electron density of a size comparable to the radar Bragg
wave length (3 m at 50 MHz radar frequency) in the pres-
ence of negatively charged aerosol particles. Different as-
pects of PMSE have been studied with radars around 50 MHz
since their first observation, in particular the spectral width

(Czechowsky and Rüster, 1997; Blix , 1999) or aspect sen-
sitivity (Röttger and Vincent, 1978; Hocking et al., 1986)
to understand the formation of these echoes. A review of
the understanding of PMSE was done byRapp and Lübken
(2004), where the formation was explained by the presence
of heavy charged ice particles. These ice particles lead to a
significantly reduced electron diffusivity and explain the ex-
istence of PMSE in the presence of neutral air turbulence.
This widely accepted theory explains the overall formation,
but still the inner structure of the PMSE is mostly unknown.
The limiting factor of the observation of the small scale struc-
tures is the relatively wide beam width, so interferometric
techniques has been applied to gain insight into finer struc-
tures of PMSE.

In the last two decades, imaging methods developed for
astronomical applications have been applied to atmospheric
studies (Kudeki and Sürücü, 1991; Hysell and Chau, 2006).
Together with flexible radar systems with interferometric ca-
pabilities, in-beam estimates have been done with different
radars (Yu et al., 2001; Chilson et al., 2002; Chen et al., 2004;
Sommer et al., 2013) to investigate PMSE. Coherent Radar
Imaging (CRI) of PMSE has been usually applied with a ver-
tical radar beam and method called Capon (e.g.,Palmer et al.,
1998). CRI weights the signal of several spatially separated
receivers to resolve different backscatter locations within the
beam volume. In the last few years, multiple beam experi-
ments were combined with CRI to understand PMSE (Chen
et al., 2008), to improve wind measurements (Sureshbabu
et al., 2013) and to measure aspect sensitivity in the tropo-
sphere (Chen and Furumoto, 2013). The combination of mul-
tiple beam experiments with CRI allows to cover a large area
at a high angular resolution.

In this study we present results obtained with the Middle
Atmosphere Alomar Radar System (MAARSY) at Andøya
in Northern Norway (69.30◦ N, 16.04◦ E). The purpose of
MAARSY is to investigate the dynamics of the mesosphere
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Figure 1. Left: Sketch of the antenna array. The 7 anemones in-
dicated by different colors were used for reception. Right: Beam
pointing directions of the CRI experiment setup. The black lines
indicate the coast of Northern Norway, the red circles indicate the
areas illuminated by the radar beams at about 85 km altitude.

by studying wind and waves on a high spatial and tempo-
ral resolution and also the inner structure of PMSE, such as
thin layers, that cannot be resolved by standard measurement
techniques. For example, PMSE can be used as a tracer for
wind measurements. In order to improve the derivation of
gravity wave parameter out of wind measurements (Stober
et al., 2012), the experiment should have a better spatial res-
olution. We have used MAARSY with a vertical and several
oblique beams and applied CRI for different range gates and
beam pointing directions. This allows us to determine the fine
structure of PMSE in the vertical as well as in the oblique
beams and estimate the deviation of the mean scatterer from
the beam pointing direction.

2 Experimental configuration

MAARSY is a powerful tool to observe the troposphere up
to the mesosphere at polar latitudes. It employs an active
phased array antenna system at 53.5 MHz consisting of 433
linear polarized Yagi antennas arranged in a circular shape
with a diameter of 90 m. The system reaches a half power
beam width of 3.6◦ and yields a peak power of about 800 kW.
It has pulse-to-pulse beam steering capabilities with 16 re-
ceiving channels allowing the observations of PMSE at high
spatial and temporal resolutions. For further system descrip-
tions, seeLatteck et al.(2012).

The flexible setup of MAARSY can be used to assign
receiving channels to different antenna sub-arrays allowing
different baseline lengths and directions. The smallest sub-
array consists of seven antennas in the shape of a hexagon.
Seven adjacent hexagons can be combined to an antenna sub-
structure consisting of 49 single antennas called anemone.
A sketch of the locations of the seven possible anemones is
shown in Fig.1 (left panel). MAARSY can be used for in-
terferometry and imaging experiments by selecting up to 16
receiving channels out of the 55 hexagons or 7 anomenes,
revealing information within the beam volume. In this ex-
periment, MAARSY transmitted with the whole array and

Table 1.Experiment parameters

Parameter Value

PRF 1250 Hz
Pulse length 1 µs
Code 16-bit complementary code
Sampling range 75–111 km
Range resolution 150 m
Data points 256
Nyquist frequency 34.72 Hz

7 anemones were used for reception. These seven receiving
channels have been phase calibrated using radio sources as
described inChau et al.(2013).

During the PMSE season in summer 2012, MAARSY was
operated in a multi-beam mode using 81 different beam di-
rections. In this experiment, 16 azimuth angles from 0 to
360◦ with an azimuthal step width of 22.5◦ and an off-zenith
step width of 5◦ from 0 to 25◦ were used. The experiment
was divided into sub-experiments, each consisting of 9 beam
pointing directions and including the vertical beam. During
a sub-experiment, the beam pointing position was changed
along a straight line on a pulse-to-pulse basis. The coher-
ent integration time for each sub-experiment was 7.3 s and
the whole sequence took 2.4 min (including sub-experiments
probing the troposphere and therefore not used here). The
beam pointing directions are visualized in Fig.1 (right panel)
where the red circles indicate the areas illuminated by the
radar beams at about 85 km altitude. The sampling range was
from 75 to 111 km with a range resolution of 150 m. Addi-
tional experiment parameters are summarized in Table1.

3 Coherent radar imaging (CRI)

Radar systems with multiple receiver channels attached to
different spatially separated antennas can be used to per-
form interferometric experiments. The first basic interfero-
metric experiments were performed byFarley et al.(1981)
andKudeki et al.(1981). This was later generalized for more
receivers and baselines (Kudeki and Sürücü, 1991). Since the
seminal paper byWoodman(1997), the technique is called
coherent radar imaging. CRI allows to process the data in
a way to derive a finer angular resolution within the illu-
minated beam volume. Several inversion algorithms can be
used, such as Capon (Palmer et al., 1998), Maximum En-
tropy (MaxEnt) (Hysell and Chau, 2006) or Compressed
Sensing (Harding and Milla, 2013). Yu et al.(2000) showed
that the results with Capon are comparable to MaxEnt in
high signal-to-noise-ratio (SNR) cases, and are computa-
tional faster. However, for lower SNR, MaxEnt gives bet-
ter results at the expense of significantly higher processing
time. Another possible algorithm is the Fourier-based algo-
rithm (Palmer et al., 1998), but it results in a much broader

Adv. Radio Sci., 12, 1–7, 2014 www.adv-radio-sci.net/12/1/2014/
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Fig. 2. Brightness distribution of the zenith beam and a beam tilted 20° off-zenith and φ = 90° using Capon’s

method in one range gate. The color coded brightness shows a superposition of the echo and the hexagonal

receiving structure due to the alignment of the sub arrays. Furthermore, aliasing due to phase ambiguity can be

seen at the outer edges of figures.
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in Fig. 4. For a vertical beam, shown in the left panel of Fig. 4, the deviation is calculated with110
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and such deviations emerge at the outer parts of the PMSE layer. Moreover, sub-structures125

indicated by the deviations of echo centers appear in some beams with Θ≥10°. More than one

layer can be seen in tilted beams in contrast to the RTI plots. An example for this occurs at about
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Figure 2. Brightness distribution of the zenith beam and a beam tilted 20◦ off-zenith andφ = 90◦ using Capon’s method in one range gate.
The color coded brightness shows a superposition of the echo and the hexagonal receiving structure due to the alignment of the sub arrays.
Furthermore, aliasing due to phase ambiguity can be seen at the outer edges of figures.

brightness distributions than Capon’s algorithm. In this work
we present results using Capon’s method.

This method makes use of visibility dataRij of n spatially
separated antennasi and j . The visibility data is obtained
from the normalized cross-correlation estimation:

Rij (t) =
〈νi(t)ν

?
j (t)〉√

〈|νi(t)|2〉〈|νj (t)|2〉

, (1)

whereν are the complex voltage samples,|. . . | is the abso-
lute value of the complex data and〈. . . 〉 denotes the time av-
erage. This can be done for all receiver pairs andRij can be
arranged in a matrix, containing the visibility data

R(t) =


R11(t) . . . R1n(t)

R21(t) . . . R2n(t)
...

...

Rn1(t) . . . Rnn(t)

 . (2)

The resulting brightness distribution is

Bc(t,k) =
1

e†R−1e
(3)

with

e =


ejk·D1

ejk·D2

ejk·D3

...

ejk·Dn

 , (4)

wherek represents the wavenumber vector andDi the dis-
tance vector in meters of the receiveri with respect to the
origin, t is the time,e† denotes the conjugate transpose ofe,
andR−1 is the inverse of the matrixR.

Capon’s algorithm does not consider the beam pattern, nei-
ther during transmission nor reception. As Capon’s algorithm

cannot contain a priori information, the beam weighting ef-
fects cannot be removed easily (Hysell and Chau, 2006).
An example of the beam weighting effect on data is shown
in Fig. 2 for the brightness in a vertical and in a 20◦ off-
zenith beam. Due to aliasing, the pattern is repeated which
can be seen at the corners of Fig.2 (left panel). The ef-
fect of the antenna pattern of the transmitting and receiving
beams are qualitatively in good agreement with the theoreti-
cal antenna pattern. Differences are attributed to the integra-
tion time used. Trying to remove the beam pattern afterwards
may lead to an overestimation at the image periphery. This
happens because it implies dividing by small numbers at the
outer edges of the beam pattern.

However, the resulting brightness, i.e. the antenna pattern
plus PMSE brightness, can be measured. From this bright-
ness we can estimate the deviations of echo center from the
beam pointing direction. For our analysis below, we selected
the brightest pixel to be the mean echo center.

4 Results

To avoid the analysis of low SNR data, we set the thresh-
old for the detection of PMSE to a SNR of 8 dB. When the
signal becomes noisy outside a PMSE layer due to the cos-
mic background, the mean scatter location is randomly dis-
tributed. Most of the time, more than one center of brightness
appear in these noisy images.

The range-time-intensity (RTI) plots of the SNR for one
day using the zenith and a 25◦ off-zenith beam pointing
northward (φ = 90◦) are shown in Fig.3. PMSE occur in
the altitudinal interval of 80–90 km, viz. for oblique beams,
these altitudes corresponds to ranges of 88–100 km in a 25◦

off-zenith beam. Comparing both RTI plots, it can be seen
that the PMSE layer occurs in the tilted beam (right panel)
at a longer and wider range than in the zenith beam (left
panel), as expected. Besides, the two layers observed around

www.adv-radio-sci.net/12/1/2014/ Adv. Radio Sci., 12, 1–7, 2014
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Figure 4. Deviation of the brightness peak from the beam pointing directions. Zenith (left) and 25◦ off-zenith (right). The echo center is
determined from brightest pixel. In the tilted beam the mean center deviates significantly from the pointing directions.

12:00 UTC in the vertical beam were not detected by the
tilted beams.

The brightness for each range gate and pointing direc-
tion was gridded with a meridional and zonal step width of
0.01 rad. Next, the off-zenith anglesα for the brightest pixel
was calculated. The results for the zenith beam and the off-
zenith beam using the brightest pixel are shown for one day
in Fig. 4. For a vertical beam, shown in the left panel of
Fig. 4, the deviation is calculated with respect to the swivel
direction. Deviations up to±3◦ occur, but no pattern with the
same direction of the deviation can be identified. Therefore
we do not see evidence of tilted layers during the time of our
observation.
In the right panel of Fig.4, the deviation of the mean
backscatter from the nominal beam pointing angle 25◦

off-zenith is shown. It can be seen that deviations away
from/towards the zenith (positive/negative values) occur in
the upper/lower part of the PMSE layer. In between, the off-
zenith angle of the mean backscatter location is almost the
same as the nominal beam pointing angle. Comparing this
with the SNR of the range gate, especially for the large off-
zenith angles, the large deviations belong to low SNR values
resulting from a low beam filling factor. Higher SNR values
occur mostly in the middle of the PMSE layer, where the de-
viations from the nominal pointing directions are small and
the beam volume appears to be homogeneously filled.

In Figs.5 and6 a swivel from North to South and East to
West, respectively, is shown for the same date. Greater off-
zenith pointing beams show deviations of echo centers from
the beam directions and such deviations emerge at the outer
parts of the PMSE layer. Moreover, sub-structures indicated
by the deviations of echo centers appear in some beams with
2 ≥ 10◦. More than one layer can be seen in tilted beams in
contrast to the RTI plots. An example for this occurs at about
12:00 UTC in the beam pointing towardsφ = 90◦ with 2 ≥

10◦. From the SNR plot in Fig.3 (right panel), the PMSE
appears to consist of one thick layer, however two layers are
visible after the CRI analysis (see Fig.5). Using CRI, the two
layers observed in the vertical beam (left panel of Fig.3) can
now be observed in the tilted beams.

MAARSY’s half power beam width of 3.6◦ corresponds
to a horizontal extension of 5 km at 80 km altitude, a titled
beam pointing 25◦ off-zenith spans a height of 2.4 km. If
the beam volume is inhomogeneously filled with PMSE, the
mean backscatter location shifts toward the filled part of the
beam volume. Due to the larger height coverage at great off-
zenith angles, the beam volume is only partly filled at the
outer areas of the PMSE layer. Therefore in the upper/lower
part of the PMSE layer the mean backscatter location shifts
downwards/upwards, indicated by positive/negativeα. The
small deviations in the middle part of the PMSE region in-
dicate that such regions are homogenously filled. No large

Adv. Radio Sci., 12, 1–7, 2014 www.adv-radio-sci.net/12/1/2014/



S. Sommer et al.: Geometric effects in tilted beams on PMSE 5

80

85

90

95

R
a

n
g

e
 [

k
m

]

φ = 90°, Θ = 20° φ = 90°, Θ = 15° φ = 90°, Θ = 10°

 

 

α
 [

°]

−2

0

2

80

85

90

95

R
a

n
g

e
 [

k
m

]

φ = 90°, Θ = 5° φ = 0°, Θ = 0° φ = 270°, Θ = 5°

 

 

α
 [

°]

−2

0

2

00:00 06:00 12:00 18:00 00:00
80

85

90

95

07/07/2012, UTC

R
a

n
g

e
 [

k
m

]

φ = 270°, Θ = 10°

00:00 06:00 12:00 18:00 00:00

07/07/2012, UTC

φ = 270°, Θ = 15°

00:00 06:00 12:00 18:00 00:00

07/07/2012, UTC

φ = 270°, Θ = 20°

 

 

α
 [

°]

−2

0

2

Figure 5. Similar to Fig.4, but showing nine beams from North to South with different off-zenith angles.
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Figure 6. Same as Fig.5, but with a scan from East to West.

deviation of the mean scatterer location from the nominal
beam pointing direction.

5 Conclusions

Our PMSE observations applying CRI in tilted beams show
a deviation of the mean scatter location depending on the tilt
angle of the beam. To determine the mean backscatter loca-
tion, we assumed a single center distribution and used the
brightest pixel as a proxy of the mean backscatter location.
Using tilted beams, sub-structures like small layers appear
sometimes in oblique beams that cannot be seen in the SNR.

This analysis might be used in the future to investigate the
inner structures such as sub-layers on a higher spatial resolu-
tion.

Taking into account the smearing effect over height and
also the fact, that the mean scattering center in the up-
per/lower part is less/greater than the beam pointing direc-
tion, we conclude that the radar volume of the tilted beam at
the edge regions of PMSE is not homogenously filled. Only if
the beam volume is homogenously filled, the deviation from
the nominal off-zenith angle of the beam is around zero. As
the beam volume is not totally filled at large off-zenith angles
at the edges of the PMSE, the backscattered power is smaller
compared to the vertical beam.Woodman and Chu(1989)

www.adv-radio-sci.net/12/1/2014/ Adv. Radio Sci., 12, 1–7, 2014
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suggest a scattering mechanism for turbulent atmospheric
layers which are discrete over height. The sharp boundaries
described in their layer model are consistent with our mea-
surements, although they investigated echoes in the lower lat-
itudes.

So far, we can not distinguish between a homogeneous
filled beam volume and several thin layers. But in some
cases, our method reveals sub-layers in tilted beams which
are hard to detect using only the power as an indicator.

The deviation of the mean scatterer from the beam point-
ing direction should also be considered in wind calculations
using PMSE as a tracer as already indicated byStober et al.
(2013). Using CRI to locate the scattering center can lead to
better results since we showed that significant deviations of
echo centers from the beam direction occur systematically
at the PMSE edges. AsHuaman and Balsley(1998) pointed
out, the aspect sensitivity of PMSE has also to be taken into
account for measuring the wind velocities, but our results in-
dicate that this is only true at the lower and upper regions of
the PMSE. The necessary corrections are more complicated
and depend on the probed part of the PMSE layer and there-
fore alter with altitude and time.
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Abstract. A recent study has hypothesized that PMSE might
consist mainly of localized isotropic scattering. These results
have been inferred from indirect measurements. Using radar
imaging with the Middle Atmosphere Alomar Radar System
(MAARSY), we observed horizontal structures that support5

our previous findings. We find that patches of PMSE, as ob-
served by the radar, are usually smaller than 1 km. These
patches occur throughout the illuminated volume, support-
ing that PMSE are caused by localized isotropic or inhomo-
geneous scattering. Furthermore, we show that imaging can10

be used to identify side lobe detections, which have a signifi-
cant influence even for narrow beam observations. Improved
spectra estimations are obtained by selecting the desired vol-
ume to study parameters such as spectral width and to esti-
mate the derived energy dissipation rates. In addition, a com-15

bined wide beam experiment and radar imaging is used to
resolve the radial velocity and spectral width at different vol-
umes within the illuminated volume.

1 Introduction

Polar mesospheric summer echoes (PMSE) are nowadays a20

well understood phenomenon in the mesopause region where
turbulence plays a major role for the existence of these
echoes in conjunction with charged ice particles and free
electrons (Rapp and Lübken, 2004). These echoes are com-
monly used as tracers for wind in polar regions in the mid-25

dle atmosphere (e.g., Czechowsky et al., 1989; Stober et al.,
2013) and are used to estimate the energy dissipation rate at
mesospheric heights (Kelley et al., 1990).
Although these echoes are known since the late 70’s, some
aspects of their existence, such as their aspect sensitivity30

(Hocking et al., 1986; Zecha et al., 2001; Chilson et al.,
2002), have been explained only recently with modern, flex-

ible radar systems. As the contradicting preceding studies
regarding aspect sensitivity came to different conclusions,
Sommer et al. (2016b) hypothesized that instrumental ef- 35

fects have to be considered together with a localized isotropic
scattering mechanism. The existence of small scale waves
in the polar mesosphere is well known in noctilucent clouds
(NLC) (Baumgarten and Fritts, 2014). As NLC and PMSE
are closely related, small scale structures might also exist in 40

PMSE which might be resolved using radar imaging. Röttger
et al. (1990) already concluded that PMSE are unlikely to
fill the observed volume homogenously at 224 MHz. If these
small scale structures exist, that finding might also have im-
pact on wind measurement techniques such as the full corre- 45

lation analysis (FCA). This technique assumes a statistically
homogenous scatter (Briggs, 1968; Doviak et al., 1996; Hol-
loway et al., 1997). Here, we show that the horizontal homo-
geneity is not always satisfied since PMSE are either local-
ized or not homogenous in power the beam volume, similar 50

to NLC observations. On the other hand, the observation of
PMSE on short time scales is limited by statistical effects
of the scattering process. The statistical scattering properties
of PMSE on short time scales were investigated by Sommer
et al. (2016a), also showing the instrumental influences on 55

PMSE measurements. In this paper, we resolve the horizon-
tal structure of PMSE directly, and discuss the observations
in relation to Sommer et al. (2016a) findings.

The observation of PMSE depends on the antenna beam
pattern and hence, the transmitting and receiving antenna. 60

Large aperture radars such as MAARSY have a strong
side lobe suppression of -17 dB (Latteck et al., 2012) but
PMSE can be stronger than that, and hence, they can also be
detected by side lobes (Chen et al., 2008). On the other hand,
wind and turbulence estimation algorithms usually assume, 65

that the received signals come from the main beam (Hocking
et al., 1986), which is not necessarily the case, especially if
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PMSE are not equally distributed in the observation volume
and/or they are stronger than the peak-to-side lobe level.
Imaging techniques such as Capon (Palmer et al., 1998; Yu
et al., 2001) or Maximum Entropy (Hysell and Chau, 2006)
are capable to resolve the scatter location within the beam5

volume and are able to determine spectral parameters with
their dependence on incident angle (Kudeki and Sürücü,
1991). This allow us to use the information: either to
identify what is really coming from the main beam or to
lose the side lobe information to determine neutral dynamics.10

In this paper, we present studies of PMSE with radar imag-
ing using Capon’s method. First, we show that PMSE are ob-
served as isotropic patches that are usually smaller than the
beam volume and in the second part, we show how imag-15

ing can be used to identify side lobe detections and apply an
synthetic narrow beam for spectral analysis and energy dis-
sipation rate determination.

2 Experimental setup and methods

The Middle Atmosphere Alomar Radar System (MAARSY)20

is the only VHF (53.5 MHz) high power-large aperture (866
kW) radar in northern polar regions capable of radar imaging.
Its 433 Yagi antennas, each with its own transceiver module,
are combined in groups of seven in a hexagonal structure.
The whole array and 15 sub-arrays (or 16 sub-arrays) can be25

sampled at once. To optimize the receiver configuration for
radar imaging, a maximum of non-redundant baselines be-
tween all receivers is desirable. On 9 June 2015, MAARSY
ran in the receiver configuration shown in Fig. 1, left side,
with 145 unique baselines. The visibility of the configuration30

is shown on the middle panel of Fig. 1. The right panel of
Fig. 1 shows the antenna beam pattern of the combined 15
sub-arrays used for reception, i.e., the instrument function.
For further MAARSY description, see Latteck et al. (2012).
Our radar imaging experiment was complemented with a35

narrow-wide beam configuration, meaning that two beam
sizes of 3.6◦ and 12.6◦ (half power full width (HPFW)) were
transmitted almost simultaneously. The beam direction was
vertical with a range resolution of 150 m. The experiment
had an interpulse period of 2 ms for each beam. Data was40

recorded after 4 coherent integration, resulting in an effective
time resolution of 8 ms. Continuous 32 s data blocks were
recorded. Spectra estimation was done with additional 2 co-
herent and 4 incoherent integrations. For further experiment
details and parameters of the narrow-wide beam experiment,45

see Sommer et al. (2016a).
For this study, the data was analyzed using Capon’s method
(Capon, 1969; Palmer et al., 1998), as Capon’s method al-
lows to directly access the angular resolved spectral informa-
tion. The angular power distribution, called brightnessB, can50

be achieved by weighting each receiver signal with a linear
filter to minimize side lobes adaptively and therefore possible

interference. The resulting weighting vector w(k) for a cer-
tain wavenumber vector k =

[
θx θy θz

]
, where θi is the

direction cosine in x-,y-, and z-direction, respectively, can be 55

shown to be (Palmer et al., 1998):

wC =
V−1e

e†V(0)−1e
. (1)

V =




V11 V12 . . . V1n
V21 V22 . . . V2n

...
...

...
Vn1 Vn2 . . . Vnn


 (2)

is the normalized cross-correlation matrix with the elements 60

Vij =
〈SiS

∗
j 〉√

〈|Si|2〉〈|Sj |2〉
as the normalized cross correlation be-

tween the signals Si for receivers i and j, and

e =
[
eik·D1 eik·D2 . . . eik·Dn

]
, (3)

where Di represents the center of receiving array i.
The resulting brightness distribution is 65

BC(k) =
1

e†V−1e
. (4)

Capon’s method can be used not only for the angular power
distribution but also to obtain radial velocities and spectral
widths inside the beam volume, assuming quasi-stationarity
during the observation period. For PMSE, we obtain the 70

spectrum for a certain k. Hence, we apply the weighting vec-
tor, obtained with the average of the time series, on the time
series signals s of the n receivers:

y(t) = wC
†s(t) (5)

The power spectral density for the parameter analysis 75

is calculated by Fourier transforming each weighted time
series for each pointing direction k and fitting a truncated
Gaussian function, yielding in maps for the signal, Doppler
velocity shift and spectral width.
The resulting radial velocities can be used to map the wind 80

field. A simple approach such as a Doppler beam swinging
(DBS) analysis could be applied, as well as more sophis-
ticated approaches such as volume velocity processing,
allowing for inhomogeneities in the wind field (Waldteufel
and Corbin, 1979). 85

2.1 Results

The signal-to-noise ratio (SNR) obtained from the narrow-
wide beam experiment on 9 June 2015 is shown in Fig. 2.
The top panel of Fig. 2 shows the SNR of the narrow beam 90

with a beam width of 3.6◦ HPFW. The lower panel of the
same figure shows the SNR of the wide beam (12.6◦ HPFW)
experiment. During the observation time, PMSE occurrence
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was almost continuous at least in the narrow beam. Com-
paring the results from both beams, the main features of the
stronger PMSE are observed in both beams but the SNR of
the wide beam is weaker than the SNR of the narrow beam.
The most important reason is the geometry of the observa-5

tions: in the wide beam experiment, the power is spread over
a larger solid angle, leading to less gain at zenith. If the beam
is wider, more energy will be transmitted to large off-zenith
angles and scattered by PMSE, but PMSE appear in larger
range gates at large off-zenith angles compared to a narrow10

beam. Decreasing the gain at zenith decreases therefore the
SNR.
Due to the decreased SNR, some PMSE cannot be detected
(e.g., 07:30-08:30 UTC, 78 km - 82 km) by the wide beam
but can be seen in the narrow beam. On the other hand, sig-15

nal can be detected at larger ranges in the wide beam observa-
tions than in the narrow beam observations (e.g., 00:30-01:00
UTC, 88 km - 89.5 km).
The spectral parameters of the narrow beam experiment are
shown in Fig. 3: (a) SNR, (b) radial Doppler velocity, (c)20

spectral width, (d) expected uncertainties for the Doppler
velocity and (e) uncertainties for the spectral width, respec-
tively. All the parameters are obtained from a truncated Gaus-
sian fit like that used by Sheth et al. (2006). The red lines in-
dicate two time intervals that are analysed later in detail with25

imaging. The Doppler velocity of the narrow beam varies
mainly between ±15m s−1 and are quite large compared to
the expected vertical wind component of only a few meters
per second (Hoppe and Fritts, 1995). Particularly large values
(> 15m s−1) can be observed around 01:00 UTC above 8830

km. The spectral width is sometimes enhanced during certain
periods of time, e.g., 08:30-09:00 UTC, 83 km to 85 km and
00:30-01:00 UTC, 85 km and above. The enhanced spectral
width at the top of PMSE together with the increased cor-
responding radial velocity are likely due to echoes coming35

from antenna side lobes, as we show below.

2.2 PMSE patch sizes

Side lobe detection can influence the observations of PMSE
and the illuminated volume cannot be assumed to be the ex-
pected main beam (e.g., Hocking et al., 1986). Hence, side40

lobe contributions have an influence on wind analysis meth-
ods, like DBS or FCA, but these side lobe contributions could
be estimated if the antenna beam pattern is known.
The remaining problem might be, that the illuminated area
is large and changes in PMSE within the observed volume45

can occur. Therefore, using radar imaging, we analyze the
sizes of PMSE patches for different beam sizes and integra-
tion times. Such patches have been hypothesized by Sommer
et al. (2016b).
Fig. 4 shows the obtained brightness (first row), radial veloc-50

ity (second row) and spectral width (bottom row) for three
adjunct altitudes after converting the image from angular
space and range into cartesian coordinates and altitude with

MAARSY at (0,0,0) for a 32 s wide beam data set. The white
lines indicate fitted 2D Gaussian ellipsoids. The point in time 55

00:33:58 UTC is marked by the first vertcial red line in Fig.
3. The PMSE were strong at the time and the observation vol-
ume was filled with PMSE which can be seen in the bright-
ness distribution. Although PMSE occur in the whole beam
volume, the strength varies. If PMSE would homogeneously 60

fill the beam volume, the antenna beam pattern could be seen,
which is not the case. In the lowest altitude, PMSE fill al-
most homogeneously the beam volume while at the highest
altitude displayed here, PMSE are strongest in the upper left
quadrant. In order to quantify the inhomogeneity, we fitted 65

the peaks with N 2D Gaussian ellipsoids (following Chau
and Woodman (2001)) of the form

f (x,y) =
N∑

i=1

Ai exp

(
−
[
x−x0
y− y0

]>
T>i Σ−1i Ti

[
x−x0
y− y0

])
+AN+1

(6)

with

Σi =

[
2σx 0
0 2σy

]
(7) 70

Ti =

[
cosθ sinθ
−sinθ cosθ

]
(8)

where Ai is the amplitude, x0 and y0 are the center coor-
dinates, θ the anti-clockwise rotation angle and σx and σy
the width along major and minor axis. The fitted ellipses
are summed up and indicated by white lines. AN+1 is the 75

background brightness. The number N is determined by the
number of peaks above a certain threshold.
The Doppler velocity is shown in the middle row of Fig. 4.
The radial velocity becomes larger with increasing distance
from the origin along the wind direction. This is reasonable 80

with a horizontal wind component, given that the projected
radial velocity depends on the off-zenith angle. The increase
in radial velocity is not steady, indicating wind variability
within the observed area.
The spectral width is also not uniform (Fig. 4, bottom). 85

Areas with with increased brightness show a small spectral
width while areas with increased spectral width occur mostly
at larger distances from zenith, leading to an apparent larger
spectral width.
A second example of PMSE images is shown in Fig. 5. It is 90

similar to Fig. 4 but at 04:29:55 UTC. In contrast to Fig. 4,
PMSE are weaker and the beam volume is not completely
filled. The radial velocities also indicate a horizontal wind
field but show less variations as the wind field shown in Fig.
5. The spectral width maps do not show increased spectral 95

width.
Furthermore, as in Fig. 4, the brightness distribution in Fig.
5 is neither homogeneous nor similar to the antenna beam
pattern. Again, the fitted brightness peaks are indicated
by white lines and several peaks can be identified at one 100
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altitudes. Although the brightness distribution is influenced
by the antenna beam pattern, the patches of brightness allow
us to determine the observed patch size by radar. To compare
the different observation volumes, the fitted width σx, σy and
centers x0, y0 of all Gaussian ellipsoids are shown in Fig.5

6. Although a similar approach was shown by Chilson et al.
(2002) and Chen et al. (2008), our imaging configuration,
i.e., longer and higher number of unique baselines than
previously used, allows to detect several patches and we
interpret our results as patches and not as aspect sensitivity10

as Chen et al. (2008) had done. Furthermore, we use different
beam sizes and integration times given that Sommer et al.
(2016b) showed that longer integration times lead to a more
homogeneously filled beam volume. The width is shown in
the first row for x (left) and y (right) and the count number15

for each bin is normalized to the total count number. Color
coded are the different beam sizes and integration times.
Yellow indicates the 3.6◦ narrow beam with 32 s integration
time. The 12.6◦ wide beam is shown in blue for 32 s and in
red for 30 min integration time. The two black vertical lines20

indicate the 3 dB beam sizes at 85 km for the narrow (2.2
km) and wide beam (7.4 km), respectively. The bottom row
shows the center locations in x- and y-direction.
The patch sizes of the 32 s narrow and wide beams are rather
similar with the peak of the size distribution under 2 km25

and therefore smaller than the narrow main beam in x- as
well y-direction. The wide beam patch distribution shows
a shift to slightly larger values than the narrow beam patch
distribution in both directions. This is probably due to the
antenna beam pattern influence. The 30 min wide beam30

distribution does not show a distinct peak, but a rather wide
distribution of patch sizes. This wider distribution might
result from a non-homogeneous antenna beam pattern. The
second row shows the center locations. All distributions
are almost centered around the zenith but show different35

widths. The 32 s narrow beam center distributions in
x- and y-direction have the smallest width as the center
location is limited by the antenna beam pattern. The 32 s
wide beam center distributions have the broadest width, as
patches of PMSE can occur in a larger beam volume and40

hence, the spread is larger than in the narrow beam center
distribution. On the other hand, the 30 min wide beam center
distributions are narrower than the 32 s distribution. With
longer integration time, the antenna beam pattern should
become more dominant and reduces the patchiness of PMSE,45

resulting in a more centered distribution for the narrow beam.

2.3 Enhanced spectral width

The distinction between main beam and side lobe detection
is crucial. Even with a strong side lobe attenuation of -17 dB50

of the first side lobe for its standard narrow beam, MAARSY
is able to receive signals from the side lobes when strong
PMSE occur. Therefore, we show a way to identify the side

lobe signals and therefore improve the estimates of radial ve-
locity and spectral width. 55

To identify main beam and side lobe detections, we apply
radar imaging as described above, resulting in a spectrum for
each virtual beam pointing direction k. Each spectrum was
analyzed regarding Doppler velocity and spectral width.
In order to avoid large angle contributions, we use imaging 60

and compare the results to the standard narrow beam, for
which we assume that all echoes come from the main beam.
We imaged the spectra for certain area only, namely between
-1.8◦ and 1.8◦, hereafter called synthetic narrow beam. This
area corresponds to the HPFW main beam of MAARSY. Fig. 65

7 shows RTIs of the SNR and spectral width for the stan-
dard narrow beam (left column) and the synthetic narrow
beam (right column). It can be seen that the spectral width
of the standard narrow beam shows sometimes an increase
at the upper edge of PMSE. These features vanishes when 70

the spectrum is only obtained from the synthesized narrow
beam. This can be clearly seen around 01:00 UTC above 85
km. However, there are periods with increased spectral width
in the synthetic narrow beam, possibly related to increased
turbulence, e.g., around 08:00 UTC. 75

We used the approach of Hocking (1985) to estimate the tur-
bulence strength in a simple approach by neglecting shear
and wave broadening (Murphy et al., 1994; Nastrom and
Eaton, 1997). We estimated the horizontal wind velocity us-
ing the derived radial velocity maps presented above using 80

a DBS approach. The resulting wind magnitude of the hor-
izontal wind is presented in Fig. 8, top. Throughout the ob-
servation period, increased periods of wind can be detected,
leading to an increased spectral width due to beam broaden-
ing. Following Hocking (1985), the turbulence strength ε can 85

be derived from the half power half width of the spectrum by

f2turb = f2obs− f2bb, (9)

where fturb is the increase in spectral width due to turbu-
lence, fobs is the measured half power half width of the spec-
trum and fbb = 2

λf3dBV the increase in spectral width due to 90

a horizontal wind V (i.e., so called beam broadening effect),
calculated by using the 3 dB half power half width beam size.
The two-way beam width for the narrow beam of MAARSY
is f3dB = 1.3◦. Theoretically, the two-way beam width for
the narrow beam, and therefore the beam broadening effect, 95

would increase if the side lobe contributions are significant.
We calculated f3dB = 0.95◦ for the synthetic narrow beam
with the second moment and assuming the standard narrow
beam shape, but which is zero outside the MAARSY main
beam(i.e., > 1.8◦). 100

The mean square fluctuation velocity v2rms is given by

v2rms =
λ2

4

f2turb
2ln2

(10)
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yielding for ε:

ε= CNv2rms (11)

where C is a numerical constant and N the Brunt-Väisäla-
frequency. Here, we use typical values for the polar meso-
sphere, i.e., C = 0.47 and N = 0.0134 rad s−1 (Gibson-5

Wilde et al., 2000). The results for ε are presented in Fig.
8, middle, for the standard narrow beam, including side lobe
contributions, and in bottom panel for the synthetic narrow
beam after removing the side lobe contributions. The ob-
served spectral widths for the standard narrow beam are usu-10

ally larger than for the synthetic narrow beam and, hence,
the energy dissipation rates for the synthetic narrow beam
are smaller. The turbulence strength varies in both, the nar-
row beam with side lobe contribution and the synthetic nar-
row beam without side lobe contribution, with increased tur-15

bulence strength at some parts of PMSE, especially around
00:00-01:00, 03:00-07:00 for some parts and 08:30-09:00,
with ε > 500mW kg−1. Identifying the side lobes leads to a
decrease in energy dissipation rate. This can be seen in Fig. 9,
where the energy dissipation rate is plotted as a 2D histogram20

(upper left panel), especially for small ε, where the 2D cor-
relation deviates from the line of equality. The upper right
and lower panel shows the cumulative histograms in blue for
the synthetic narrow and red for the standard narrow beam.
For better comparison, the other histogram is shown with a25

dashed line. For low energy dissipation rates, comparing the
standard narrow beam and the synthetic narrow beam, a shift
towards lower energy dissipations rates can be seen here also.
That means, that correcting for side lobe contribution affects
mainly low turbulence cases.30

2.3.1 Discussion

The horizontal variation on larger scales have been inves-
tigated by multi-beam experiments (Latteck et al., 2012;
Stober et al., 2013). They showed that PMSE can vary
within observation volumes of 80 km diameter by 40 dB in35

SNR. Multi-beam experiments take time and the resolution
is limited by the beam size. Röttger et al. (1990) concluded
from spectral observations, that PMSE at 224 MHz must be
smaller than their observation volume, i.e., 1 km in vertical
and horizontal extend. To investigate the horizontal structure40

of PMSE further and quantify the localized scattering,
we applied Capon’s method of imaging. As shown in the
results section above, PMSE vary in altitude, horizontal
location and extend. Sometimes, the beam volume is filled
completely with PMSE, but the angular power distribution is45

not homogeneous (Fig. 4). In other cases, PMSE appear in
patches that are asymmetric and can be smaller than 1 km.
Even with the narrow beam experiment with a beam width
of 3.6◦, the brightness distribution within the observation
volume is not homogeneously. It can be seen in Fig. 6, that50

the narrow and wide beam patches for 32 s integration time

are in the same order of magnitude, although one would
expect that the antenna beam pattern would have a major
influence. This might be due to the receiving antenna pattern,
which is limited by the receiver configuration (compare to 55

Fig. 1). Furthermore, a the center location of, especially for
the wide beam patches, is slightly shifted towards negative
y0. This is probably due to a small phase calibration offset
but the main features of PMSE a preserved.
The hypothesis that PMSE are non-homogenous and some- 60

times localized are already stated in Röttger et al. (1990)
at 224 MHz or Sommer et al. (2016b) at 53.5 MHz but
without imaging. Here, we can support that statement and
furthermore, also show that PMSE composed of localized
structures of few kilometers. If PMSE would be highly 65

aspect sensitive, imaging of wide beam experiments would
show an increased brightness around zenith and almost no
scatter at larger off-zenith angles. In our images, we do not
see this, the images are only weighted by the antenna gain
and therefore the scattering process should be isotropic. This 70

is similar to Chen et al. (2008) who studied mesospheric
echoes using imaging with the OSWIN radar and find also
sometimes several backscatter locations. They interpreted
their results as several reflection points from wave structures
and not as isotropic scattering. Still, the structure of the 75

isotropic scattering can be influenced by gravity waves as
suggested by Chen et al. (2008) for the reflection type of
scattering.
The inhomogeneous structure is due to the nature of PMSE.
As Rapp and Lübken (2004) pointed out, three major compo- 80

nents must be present for PMSE to exist: negatively charged
ice particles, free electrons and turbulence. Baumgarten and
Fritts (2014, Fig. 2) showed on NLC observations, that ice
particles in mesospheric altitudes also show wave structures
with small wave lengths (< 20 km) when ice particles are 85

moved to different altitudes. Hence, it is not surprising that
PMSE, bound to the existence of these ice particles, display
also wave structures on the small scale.
Additionally to the patchy structure, we observe enhanced
brightness within the observation volume, when PMSE 90

fill the complete beam volume. This might be caused by
localized enhanced turbulence or electron density but needs
further investigation.
The non-homogenous PMSE distribution in space have ef-
fects on measurement techniques for wind and/ or turbulence 95

estimations such as DBS or FCA. FCA is as an in-beam
estimation method especially influenced by small scale wave
activity, as the ground diffraction pattern is used to determine
atmospheric parameters. Usually, the derivation required a
statistically homogenous scatter distribution with a vertical 100

anisotropy (Doviak et al., 1996) or additionally anisotropy
in x- and y-direction (Holloway et al., 1997). Additional
to the anisotropy of the scattering mechanism, the scatter
itself might not be statistically homogeneously distributed
in the observation volume. This might be due to localized 105

enhancements, patches or waves. Usually, the sampling time
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used for FCA is about 30 s as used in the results presented
here. We showed that on these time scales, the distribution
of PMSE in the beam volume is not homogenous. The non-
homogeneity leads to an increased correlation compared to a
statistically homogeneous scattering process and was previ-5

ously interpreted as aspect sensitivity. Sommer et al. (2016b)
compared aspect sensitivity values obtained from multiple
beam experiments to values obtained by a spatial correlation
analysis and concluded, that the DBS method requires long
integration time for aspect sensitivity measurements and that10

the enhanced correlation values on short time scales are due
to localized scattering mechanisms. Here, we can support
this hypothesis by showing the non-homogeneity of PMSE
on the 30 s time scale in the observation volume.
To study PMSE with different radar systems, the volume15

reflectivity is commonly used (Hocking, 1985; Li et al.,
2010; Smirnova et al., 2011; Latteck and Bremer, 2013).
The assumption is, that the scattering mechanism is isotropic
and also homogeneous. We have shown above, that on short
time scales the assumption of a homogeneous scattering20

process is not necessary given, resulting in a smaller volume
reflectivity factor. This can be solved by calculating a beam
filling factor for the volume reflectivity, or, following the
approach of Sommer et al. (2016b), to use long integration
periods. Latteck and Bremer (2013) used integration times of25

5 min, which smoothes the localized signals and is already
10 times longer than the data sets presented here, while even
longer integration periods would be more favorable.

In the second part of the discussion, we discuss radar30

imaging to remove side lobe detections. MST radars like
MAARSY are used to study atmospheric parameters such as
radial velocities for wind estimations and spectral width for
turbulence estimations. Sensitive radar systems have a good
side lobe suppression (e.g., MAARSY -17 dB one way, Lat-35

teck et al. (2012)). The suppression of MAARSY is better
than older systems like ALWIN (Alomar wind radar) (-13 dB
one way, Latteck et al. (1999)), but MAARSY still receives
significant backscatter from the side lobes. If these side lobe
detections are not separated from the main beam detections,40

the results are compromised. In this paper, we showed that
with the help of imaging, side lobe detections of PMSE could
be reduced significantly. The cleaned spectrum, only for the
main beam, can now be analyzed regarding the spectral pa-
rameters. As shown above, the side lobe detections have a45

major influence on the spectral width and therefore on tur-
bulence estimations. On the other hand, we can use the in-
formation from the side lobes with imaging to resolve the
the spectral width and Doppler velocity in space as shown in
Sec. 2.2.50

Although many PMSE with apparent large spectral width
could be identified as side lobe contributions, sometimes the
spectral width of the remaining PMSE is enhanced, indi-
cating increased turbulence or beam broadening due to in-
creased horizontal winds or other effects (Hocking, 1985).55

We estimated the turbulence strength from an synthetic nar-
row beam of 3.6◦ with imaging as well as the standard nar-
row beam. Different derived turbulence strengths in PMSE
can be identified. The derived turbulence strength ε is es-
pecially in the lower part of PMSE rather small with ε∼ 60

10mW kg−1. This is in the order of expected values of tur-
bulence in the mesopause region. Rapp and Lübken (2004)
expected ε= 5mW kg−1, while Gibson-Wilde et al. (2000)
simulated values up to ε= 150mW kg−1 using a direct nu-
merical simulation. Li et al. (2010) found energy dissipation 65

rates using the European Incoherent Scatter Svalbard Radar
at 500 MHz (Bragg wavelength 30 cm) of ε= 5mW kg−1−
200mW kg−1. Our observations agree also well with in-situ
measurements. Sounding rocket flights conducted by Lübken
et al. (2002) measured values between ε= 0mW kg−1 and 70

ε∼ 2400mW kg−1 in the mesosphere. The mean value,
where PMSE and turbulence coincided in the flights was
ε= 390mW kg−1 with a rather large standard deviation of
190mW kg−1.
We also found strong turbulent events within PMSE, even 75

after removing side lobe contribution and beam broadening.
Strong turbulent events showed ε > 500mW kg−1, which ex-
ceeds the expected theoretical values, but still agrees with the
sounding rocket measurements of Lübken et al. (2002). Fur-
thermore, we showed that the corrections made in this paper 80

are affecting the majority of low turbulence cases. For high
turbulence values, the synthetic narrow beam and the stan-
dard narrow beam values correlate well.
In this calculation, we neglected shear broadening as the
range resolution is high and the shear contribution probably 85

small compared to the other effects (Strelnikova and Rapp,
2011). We neglected also wave broadening, which would
allow for high frequency gravity waves. Still, the observed
spectral width should exceed the contribution of shear and
wave broadening and is therefore an indicator for strong tur- 90

bulence. The analysis presented here should be expanded in
future to include shear and beam broadening effects which
might have a significant contribution in weak turbulence
measurements.

3 Conclusions 95

In this paper, we showed that PMSE appears sometimes in
patches smaller than even 1 km and during other times com-
parable in size to the observed volume (∼ 20 km) using radar
imaging. Large patches of PMSE can be observed on some
occasions, but also PMSE occur in large patches, but these 100

patches are not homogenous. These inhomogeneities can be
explained by an isotropic scattering mechanism that is prob-
ably influenced by the background dynamics, creating the
patchiness. Long integration periods could be used to smooth
out the patchy nature of PMSE for experiments that do not 105

require a high temporal resolution. The patchy structure of
PMSE might be misinterpreted as aspect sensitivity, which
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should be considered in future investigations of PMSE.
Furthermore, we showed that radar imaging can be used to
identify side lobe contributions in spectral width, that occur
even in modern radar systems like MAARSY. The method
presented here can be used to improve turbulence measure-5

ments with MST radars. We found that the correction is sig-
nificant most of the time in the analyzed data. Events charac-
terized by high spectral width show similar turbulence values
before and after the beam broadening corrections.
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Figure 1. Left: The receiving configuration of the imaging configuration in June 2015 is indicated by green circles. All possible receiving
locations are indicated by black crosses. Middle: Visibility function for the imaging configuration. All possible baselines are indicated by
black dots and color coded is the number of redundant baselines of the configuration used for imaging. Right: Instrument function of the 15
hexagons indicated in the left panel.

Figure 2. RTI of the SNR from (top) narrow (3.6◦) and (bottom)
wide (12.6◦) beam of the nested beam experiment on 9 June 2015.
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Figure 3. Analyzed parameters of the narrow beam (3.6◦). a) SNR: The PMSE was strong during the observation time but got weaker in the
last two hours. b): Doppler velocity: The radial velocity varies between ±15m s−1. c): The spectral width appears to be increased sometimes
at the top of PMSE (00:00-01:00 UTC) or in the whole PMSE (08:00-09:00 UTC). d) Doppler velocity error: Error of the radial velocity
estimation from the Gaussian fit. e): Spectral width error: Error of the width estimation from the Gaussian fit.
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Figure 4. Spectral parameters of PMSE after converting the image
to cartesian coordinates and altitude at 9 June 2015 00:33:58 UTC.
The columns show three adjunct altitudes around the strongest
PMSE altitude of 82.85 km. The brightness distributions are shown
in the top row and are color coded. The withe lines indicated the fit-
ted Gaussian ellipsoids. The middle row shows the radial velocities,
indicating a horizontal wind and the bottom row shows the imaged
spectral width.

Figure 5. Same as Fig. 4, but for 04:29:55 UTC and around 83.45
km.

Figure 6. Histograms of the widths in x- and y-direction (top row)
and center locations (bottom row). For each figure, 3 histograms
are shown. Blue: 32 s narrow beam, yellow: 32 s wide beam, red:
32 min wide beam.
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Figure 7. Comparison of spectral parameters obtained from the standard narrow beam, including side lobes (left column), and the synthetic
narrow beam (right column). Comparing the SNR (first row), the echoes from the upper edges of PMSE are removed in the main beam while
the lower edges are in the same range. Signals with large spectral width (second row) due to side lobe detections are removed from the beam
and increased spectral width to turbulence remains.

Figure 8. Top: Magnitude of the horizontal wind velocity derived by DBS from Doppler velocity maps. Middle: Derived energy dissipation
rate for the standard narrow beam. Bottom: Derived turbulent energy dissipation rate for a synthetic narrow beam.
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Figure 9. Histogram for the energy dissipation rate for ε derived by the narrow beam and the synthetic narrow beam. Top left: 2D correlation
in ε between the standard narrow beam and the synthetic narrow beam. The red line indicates x= y. A deviation can be seen especially for
small ε. The cumulative histograms along x- and y- direction are shown in the top right and lower panels, respectively. The red line shows
the cumulative histogram for the standard narrow beam and the blue line for the synthetic narrow beam.
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