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Abstract

During the years between 2003 - 2007 and in June 2006 measurements of polar mesosphere
summer echoes (PMSE) have been performed with the EISCAT VHF and UHF radar (69°N,
19°E) and with the EISCAT Svalbard radar (ESR) and the SOUSY Svalbard radar (SSR,
78°N, 16°E), respectively. Based on these measurements, this thesis concentrates on the
frequency dependence of PMSE properties. It starts with an investigation of statistical
properties of PMSE at the considered frequencies and then turns to a test of our current
understanding and to the determination of microphysical parameters from the observations.
The currently most widely accepted theory of PMSE assumes that the echoes originate from
turbulence-induced scatter in combination with an enhanced Schmidt number due to the
presence of charged ice particles. Therefore, the radar scattering should either come from
a spectral range dominated by a k~3-dependence (where k is the wavenumber) or from a
spectral range which is dominated by an exponential decay at the smallest spatial scales (i.e.,
the viscous-convective subrange or the viscous-diffusive subrange). This means that the re-
flectivity ratio of measurements at two frequencies should be equal to or larger than the ratio
of the radar frequencies to the third power. Our experimental results show that more than
94% of the observations are in full accord with this expectation. Based on the above men-
tioned theory, a new algorithm has been developed to calculate Schmidt numbers and hence
radii of the charged ice particles from the volume reflectivity ratios of PMSE simultaneously
observed at two well-separated frequencies. We have applied this exercise to the calibrated
observations with the above mentioned radars. The resulting particle radii display excellent
agreement with expectations from microphysical models and independent observations with
satellite and ground-based lidar instruments.



Zusammenfassung

Im Zeitraum von 2003 - 2007 bzw. im Sommer 2006 wurden Beobachtungen von polaren
mesosphérischen Sommerechos (PMSE) mit dem EISCAT VHF- und UHF-Radar (69°N,
19°0) bzw. dem EISCAT Svalbard-Radar (ESR) und dem SOUSY Svalbard-Radar (SSR,
78°N, 16°0) durchgefithrt. Im Fokus dieser Untersuchungen steht die Frequenzabhéngigkeit
der Eigenschaften von PMSE. In einem ersten Schritt werden statistische Eigenschaften der
Echos bei verschiedenen Frequenzen bestimmt, wonach der Fokus dann auf die Uberpriifung
unseres physikalischen Verstandnisses und der Ableitung mikrophysikalischer Parameter gelegt
wird. Im Rahmen einer derzeit allgemeinen akzeptierten Theorie von PMSE wird angenom-
men, dass die Echos aus turbulenzinduzierter Streuung in Kombination mit einer erhohten
Schmidt-Zahl aufgrund der Anwesenheit von geladenen Eispartikeln entstehen. Demzufolge
sollte die Radarstreuung entweder aus einem spektralen Bereich herrithren, der von einer
k~3-Abhiingigkeit dominiert wird (dem sogenannten viskos-konvektiven Unterbereich), oder
von einem Spektralbereich, der von einem exponentiellen Abfall bei den kleinsten réaumlichen
Skalen (dem sogenannten viskos-diffusen Unterbereich) dominiert wird (dabei ist k die Wellen-
zahl). Dies bedeutet, dass das Reflektivitatsverhdltnis von Messungen bei zwei Frequen-
zen gleich dem oder grofler als das Verhéltnis der Radarfrequenzen zur dritten Potenz sein
sollte. Unsere experimentellen Ergebnisse zeigen, dass mehr als 94% der Beobachtungen
in Ubereinstimmung mit dieser Erwartung sind. Basierend auf der zuvor erwihnten Theorie
wurde ein neuer Algorithmus entwickelt, um Schmidt-Zahlen und somit Radien der geladenen
Eispartikel aus den Volumenreflektivitatsverhaltnissen von PMSE zu berechnen, die bei zwei
wesentlich unterschiedlichen Frequenzen simultan beobachtet wurden. Diese Methode wurde
auf kalibrierte Beobachtungen mit den oben erwéhnten Radars angewandt. Die resultieren-
den Partikelradien zeigen sowohl eine ausgezeichnete Ubereinstimmung mit den Erwartungen
aus mikrophysikalischen Modellen als auch mit unabhéangigen Beobachtungen von Satelliten
und bodengestiitzten Lidargeraten.
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Chapter 1

Introduction

1.1 Vertical structure of the atmosphere

The terrestrial atmosphere surrounding the Earth is a complex natural laboratory composed
of a variety of gases and suspended aerosols which is essential for respiration and protects
life from outer space. In the atmosphere, molecular nitrogen (N2) and molecular oxygen
(O2) predominate by volume — they occupy 78% and 21%, respectively — whereas the minor
constituents e.g., carbon dioxide, water vapor, ozone and aerosols play a crucial role in the
thermal and dynamical structure of the atmosphere. In addition, the atmosphere is host to
various physical and chemical processes that determine the distribution of the atmospheric

constituents.
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Figure 1.1: Profiles of temperature (lower abscissa) and electron densities (upper abscissa) derived
from IRI-2001 model [Bilitza, 2001] for high latitude (69°N). The solid lines show the results in summer
whereas the dashed lines in winter. The different layers of the atmosphere and the ionospheric regions
(D, E, and F) are indicated in the insert.

One of the pronounced properties of atmosphere is its layered structure characterized by
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variation in temperature. According to the variation of temperature against altitude, the at-
mosphere is conventionally divided into four layers as troposphere, stratosphere, mesosphere,
and thermosphere. A typical example at high latitudes is shown in Figure 1.1 (lower ab-
scissa). The upper boundary of each layer is termed as ‘pause’ which is characterized by the
maximum in the temperature variation.

The troposphere, also called the lower atmosphere, starts from the ground up to ~8 km
at the poles and to ~15 km at the equator and is bounded above by the tropopause. The
troposphere is mostly heated from below by transport of energy from the earth surface and
hence the temperature reveals a decrease with altitude. The layers above the tropopause up
to ~90 km are the stratosphere and mesosphere which are referred to as the middle atmo-
sphere and separated by the stratopause at ~50 km. The temperature in the stratosphere
increases with altitude due to absorption of solar ultraviolet radiation by ozone (O3). The
temperature in the mesosphere, however, decreases with altitude due to decreasing absorp-
tion of solar radiation and increasing cooling by CO3 radiative emission. Temperature profiles
shown in Figure 1.1 reveal a pronounced seasonal variation with a temperature anomaly near
mesopause. l.e., there is an extreme thermal structure with mean minimum temperatures
of ~130 K above the summer pole [e.g., Libken, 1999] which are below the frost point and
freeze water vopar into ice clouds. The thermosphere extending from the mesopause (near
~90 km) up to ~1000 km along with the mesosphere is called the upper atmosphere that
consequently extends from ~50 km to 1000 km. The temperature in the thermosphere starts
to dramatically increase with altitude. The energy balance of the thermosphere is primarily
controlled by external sources: heating from absorption of solar radiation and auroral particle
precipitation, collisions between thermal electrons, ions, and neutrals, heating from exother-
mic ion-neutral chemistry and neutral-neutral chemistry, energy conversion and transport
processes including Joule heating, heating from atomic oxygen recombinations, and heating
from Os absorption in the Schumann-Runge continuum and bands. In addition, the atmo-
sphere can also be divided into homosphere and heterosphere according to the fact whether
the atmospheric constituents are well mixed by turbulence. The boundary between them is
called turbopause which lies near the mesopause.

The ionosphere extending from ~60 km to more than 1000 km is a natural laboratory of
plasma. The ionosphere is of practical importance since it is the source of plasma for the
magnetosphere and serves as medium for shortwave broadcasting and long-range communi-
cation. According to the electron number density, the ionosphere can be divided into regions
D, E, and F (also well known as subdivision of F; and Fj region) shown in Figure 1.1 (upper
abscissa). From Figure 1.1, the electron density increases from ~ 10® electrons/m? at 60 km
to ~ 10! electrons/m? at 100 km and reveals a strong seasonal variation, i.e., larger electron
density in the summer than in the winter. However, the peak electron density of the Fs region
at middle latitudes is larger in winter than in summer [Appleton, 1937; Appleton and Piggott,
1954]. Furthermore, D and F; region will disappear during night whereas D region at high lat-
itudes can retain due to the ionisation by particle precipitation [e.g., Friedrich and Kirkwood,
2000]. Ionospheric D-region at high latitudes is very important for our current study since
it covers the altitudes of the mesopause region where the ice particles exist and hence be-
come charged due to electron attachment which plays a crucial role on the creation of polar
mesosphere summer echoes (PMSE) [e.g., Rapp and Liibken, 2004].

1.2 Mesosphere and lower thermosphere region

The mesosphere and lower thermosphere (MLT) region, extending from ~50 to 120 km and
covering ionospheric D-region and lower E-region, contains the coldest part of the terrestrial
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atmosphere (i.e., the polar summer mesopause) where a number of fascinating geophysical
phenomena, e.g., polar mesosphere summer echoes (PMSE) and noctilucent clouds (NLC),
have been observed. The MLT region has long been of considerable scientific interest since the
last several decades and even today under increasing concern due to its unique properties. On
the one hand, scientists have suggested that the mesosphere is a more sensitive indicator of
the global climate change than the troposphere, which has been suspected to be attributed to
anthropogenic activities [e.g., Thomas, 1996]. On the other hand, the MLT region is a transi-
tion region influenced by the dynamical processes from above and below and contains a variety
of physical processes, namely, that gravity waves propagating from below break and produce
turbulence [e.g., Lindzen, 1981]; solar radiation and high-energy particle precipitation cause
the variation of ionization and affects the composition [e.g., Friedrich and Kirkwood, 2000];
meteors from outer space ablate and produce condensation nuclei for mesospheric ice forma-
tion [e.g., Rapp and Thomas, 2006]. These processes are of considerable importance for this
study since they are a prerequisite for the creation of PMSE which will be shown in detail
later.
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Figure 1.2: Latitudinal variations of atmospheric temperatures and zonal winds derived from
the CIRA-86 [Fleming et al., 1988] for middle July: (left) mean temperature in K; (right)
mean zonal wind in m/s, positive numbers indicating eastward wind.

The mesopause region around 88 km is characterized by the lowest temperatures of the ter-
restrial atmosphere reaching ~130 K above the summer pole which is about 60 K colder than
above the winter pole. This thermal structure is contrary to the expectation from standard
radiative equilibrium theory since the atmosphere at polar latitudes is continually sunlit in
mid-summer whereas totally in dark in mid-winter. The cause of the mesopause inversion was
suggested as adiabatic cooling and/or warming associated with vertical movements induced
by dynamical processes such as gravity waves [e.g., Garcia, 1989]. A global circulation as-
sumed to be forced by gravity waves results in the process that air masses well up and expand
adiabatically above the summer pole leading to a temperature drop, flow towards the winter
pole somewhere above the mesopause, and then sink adiabatically into the lower altitudes
above the winter pole leading to a temperature rise [e.g., Becker and Schmitz, 2003]. Gravity
waves that are thought to be excited, for example, by tropospheric winds flowing over steep
orography propagate from below with increasing amplitude until they become unstable and
break just below the mesopause [e.g., Reid et al., 1988; Fritts and Alexander, 2003]. As a
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consequence, this process deposits energy and momentum in the region of wave breaking and
induces a drag force on the flow of the mesosphere. l.e., this drag force reverses the natural
eastward flow of the zonal wind induced by the thermal wind balance [Thomas, 1991]. Fig-
ure 1.2 shows latitudinal variations of mean temperatures and zonal winds deduced from the
model results of CIRA-86 (the COSPAR International Reference Atmosphere), an empirical
model which is also based on a collection of many observations and provides monthly mean
values of atmospheric temperature and zonal wind with global coverage [Fleming et al., 1988].
In line with the physical process of energy and momentum deposition at the mesopause de-
scribed above, comparison between the two panels of Figure 1.2 reveals that the polar summer
mesopause with the lowest temperatures is also the place where the zonal wind changes its
directions, i.e., from eastward flow to westward flow above the polar summer mesopause.
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Figure 1.3: Altitude profiles of falling sphere (FS) temperatures: (left) A total of 64 FS
temperature profiles observed at Andgya (69°N, 16°E) between mid-May and mid-August
in various years (1987, 1991, 1992, 1993, 1995, 1997) with the standard deviation AT indi-
cated at the corresponding altitudes [from Libken, 1999]; (right) A total of 17 FS temper-
ature profiles observed at Spitsbergen (78°N, 16°E) from 16 July to 23 August 2001 [from
Liibken and Millemann, 2003b]. The temperature of 150 K at 82 km is marked by a cross
for comparison.

The above description of the thermal structure in the MLT region provides a global sense.
We now turn to an in situ measurements with sounding rockets in the Arctic regions where our
observations were obtained. In order to derive the seasonal variation of temperatures in the
polar middle atmosphere, a total of 89 falling sphere flights at Andgya (69°N, 16°E) as well as
later a total of 24 falling sphere flights at Spitsbergen (78°N, 16°E) were carried out [Libken,
1999; Libken and Miillemann, 2003b]. The individual temperature profiles observed in the
core summer months are shown in Figure 1.3. Comparisons between each other show very
small variations in temperatures. When comparing the temperatures at the mesopause, one
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should recognize the ~10° difference between Andgya and Spitsbergen since the transition
from summer to winter at 78°N occurs after approximately the end of August which is
significant later compared to at 69°N. After a detailed comparison, Libken and Millemann
[2003a] summarized that in the summer season the mesopause at 78°N is somewhat higher (by
~1 km) and at the end of the summer season somewhat colder (by ~5-6 K) compared to 69°N.
These findings are consistent with the model calculations by von Zahn and Berger [2003] with
COMMA /IAP (the Cologne Model of the Middle Atmosphere/Version of Leibniz Institute
of Atmospheric Physics [Berger and von Zahn, 1999]). The calculation of the temperature
using COMMA /TAP is shown in Figure 1.4 (see caption for details). The mesopause altitudes
show an increase with increasing latitudes (i.e., tending to increase from the mid latitudes to
the polar latitudes) whereas the mesopause temperatures drop with increasing latitudes.

temperature [K]

altitude [km]

latitude [N]

Figure 1.4: Calculated zonal mean temperature versus latitude and altitude for the mesopause
region at mid and polar latitudes on 21 June using COMMA /IAP [von Zahn and Berger,
2003]. The mesopause indicated as grey line increases from ~87 km at 55°N to 90 km at
80°N whereas the temperatures decrease from 150 K to as low as 110 K.

1.3 Overview of PMSE

In the late 1970s, VHF radars operating at frequencies of about 50 MHz observed extremely
strong radar echoes from around the summer mesopause regions at polar as well as, to a
lesser extent, at mid latitudes [Ecklund and Balsley, 1981; Czechowsky et al., 1979]. These
are later termed polar mesosphere summer echoes or PMSE [Réttger et al., 1988; Hoppe et al.,
1988]. Since the first detection, PMSE have been intensely investigated during the last three
decades since they are not only a fascinating geophysical phenomenon intriguing numerous
experimental and theoretical developments but also a suitable tool for monitoring physical
processes and their variability in the middle atmosphere [see Rapp and Libken, 2004, for a
review|.

As of today, observations of PMSE have been conducted with radars operating at different
frequencies ranging from 2.78 MHz to 1.29 GHz. When surveying the literature, however, it
appears that most systematic studies of PMSE conducted to date were made with radars at
the ‘standard’ frequency of ~50 MHz [e.g., Ecklund and Balsley, 1981; Hoffmann et al., 1999;
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Huaman et al., 2001; Bremer et al., 2003; Morris et al., 2004, 2007; Kirkwood et al., 2007a;
Zecha and Rottger, 2009] whereas systematic studies of PMSE at other frequencies are rather
scarce and mainly restricted to a few case studies [see Rapp and Libken, 2004, for an overview
of PMSE observations at different frequencies]. A large number of observations confirmed that
PMSE exclusively occur during summer and exist in the mesopause region, more precisely,
within the altitude range between ~80 and ~92 km. The occurrence in distinct layers is one
of the striking properties of PMSE which frequently occur in double or even multiple layers.
The available experimental record impressively demonstrates that the absolute scattering
cross section of PMSE (more typically expressed as the radar volume reflectivity which is
the scattering cross section per unit volume) reveals an enormous frequency dependence such
that simultaneous and common-volume observations at more than one frequency should also
be an ideal tool for studying the validity of theoretical expectations. Furthermore, PMSE
are closely correlated with other phenomena in the mesosphere such as noctilucent clouds
(NLC), gravity waves and tidal waves, and electron densities.

It is common belief that charged ice particles in the nanometer size range play a crucial role
in the creation of PMSE. These ice particles form in the polar summer mesopause environ-
ment that is characterized by an extreme thermal structure. Mean minimum temperatures
of about 130 K are attained at ~88 km resulting in substantial supersaturation with respect
to ice [Libken, 1999]. This close relation of PMSE to ice particles is considerably proved
by a multitude of independent observations: i.e., temperature measurements within PMSE
consistently show that the echoes occur in just the altitude range where the air is indeed
supersaturated [Libken et al., 2002, 2004]. Furthermore, simultaneous and common-volume
observations of PMSE with radars and noctilucent clouds with optical instruments have
shown that NLC typically occur at the lower edge of a PMSE layer [e.g., Nussbaumer et al.,
1996; von Zahn and Bremer, 1999; Libken et al., 2004; Klekociuk et al., 2008; Hervig et al.,
2011]. Note that NLC have long been known to be direct evidence for ice particles at
mesopause levels which can even be observed with the naked eye under favorable condi-
tions [see Thomas, 1991, for a comprehensive review]. These common volume observations
indicate that PMSE are indicative of the total population of ice particles whereas the visible
NLC require that the particles have grown to sizes in excess of ~20 nm [see Rapp and Libken,
2004; Rapp and Thomas, 2006, for more details regarding ice microphysics and PMSE and
NLC]. Finally, in situ observations of (charged) ice particles in PMSE-layers have unequiv-
ocally demonstrated that the presence of these particles is the primary prerequisite for the
existence of PMSE [e.g., Havnes et al., 1996, 2001; Mitchell et al., 2001; Croskey et al., 2001;
Bliz et al., 2003; Smiley et al., 2003].

Due to the extremely large signal strength, assumptions attributing PMSE to incoherent
scatter from the plasma of the ionospheric D-region as well as to the conventional turbulent
backscatter from ionisation irregularities in the mesosphere are easily ruled out. In the
frame of the Bragg condition, efficient radio backscatter only occurs when irregularities in
the refractive index (mainly given by the electron number density in the mesosphere) possess
a scale equal to half the radar wavelength, i.e., the Bragg wavelength for monostatic radars.
There is now strong evidence that the creation of these irregularities in the electron densities
results from turbulent transport of charged ice particles. At PMSE-altitudes (~80-90 km),
the Bragg wavelengths of typically used VHF radars is in the range of some meters (e.g., 3 m
for radars operating at 50 MHz) which falls into the viscous subrange of neutral turbulence
where any irregularities of electron density should be rapidly destroyed by molecular diffusion.
It was proposed by Kelley et al. [1987] and Cho et al. [1992], however, that the existence of
large cluster ions and charged ice particles should result in the reduction of electron diffusivity
due to ambipolar forces. The destruction of small scale irregularities should hence be reduced



such that Bragg-scale irregularities may still exist and lead to strong backscatter observed
as PMSE. This process can be described by means of an enhanced Schmidt-number, i.e.,
Sc = v/D, > 1, where v is the kinematic viscosity of air, and D, is the electron diffusion
coefficient, which in turn quadratically depends on the particle radius . From the studies
of Batchelor [1959], the power spectrum of the tracers extends to much smaller scales than
the spectrum of turbulence itself and hence reveals a so-called viscous convective subrange
characterized by a k~!-dependence (in the one-dimension case) in the presence of charged
ice particles. Importantly, in situ measurements of neutral and plasma density fluctuations
have since proven the occurrence of larger Schmidt numbers of up to 4000 [Libken et al.,
1994, 1998; Strelnikov et al., 2009].

The above described theory regarding the creation of PMSE can be summarized that the
echoes originate from turbulence-induced scatter in combination with a large Schmidt num-
ber caused by the presence of charged ice particles. This has since been further extended by
several authors [Rapp and Libken, 2003, 2004; Lie-Svendsen et al., 2003; Rapp et al., 2008;
Nicolls et al., 2009; Strelnikova and Rapp, 2011; Varney et al., 2011] and will be referred to
as the ‘turbulence with large Schmidt-number’-theory (termed as the TWLS-theory in short)
in the remainder of this thesis. Note further that alternative theories invoking plasma insta-
bilities due to large electric fields [e.g., D’Angelo, 2005] or metal coatings on the ice particles
[Bellan, 2008] have been seriously questioned based on independent observations and theoreti-
cal arguments [Shimogawa and Holzworth, 2009; Rapp and Libken, 2009]. In addition, earlier
theoretical attempts and/or objections against this turbulence-based theory e.g., dust hole
scatter [Havnes et al., 1990], opalescence | Trakhtengerts, 1994; Trakhtengerts and Demekhov,
1995], charged dust diffusive waves [Hocking and Rdttger, 1983], vertical convergence [Reid,
1997], plasma instability [Bliz, 1999] have previously been ruled out based on available exper-
imental facts and/or theoretical arguments as discussed in detail in Cho and Réttger [1997],
Rapp and Libken [2004], and Rapp et al. [2008].

1.4 Objectives and structure of this thesis

This thesis is dedicated to the experimental investigation of PMSE with the EISCAT radars
and SOUSY radar in the frame of the CAWSES (Climate And Weather of the Sun-Earth
System) priority program. The major subject is to further fill the gap of systematic PMSE
studies at higher frequencies than 50 MHz, i.e., 224, 500, and 930 MHz and to study the
dependence of PMSE on different radar frequencies (hence different Bragg wavelengths) based
on simultaneous and common-volume observations. In addition, we test the standard theory
of PMSE (i.e., the TWLS-theory) [Rapp and Libken, 2004; Rapp et al., 2008] using calibrated
signals and apply this theory to observations to derive the microphyisical parameters of the
involved ice particles.

The main objectives of this thesis are to achieve

e Statistical properties of PMSE at frequencies of 224, 500, and 930 MHz including volume
reflectivities, occurrence rates and their frequency dependence.

e Factors leading to the occurrence of PMSE in the UHF range (i.e., at very small spatial
scales).

e Test of the TWLS-theory of PMSE with simultaneous and common-volume observations
at two well-separated frequencies and application of the theory to derive microphysical
parameters of the involved ice clouds.



e Statistics of electron density depletion at PMSE layers.

This thesis is organized as follows: Chapter 2 and 3 review our current knowledge of PMSE
regarding experiment and theory, respectively. Chapter 4 gives a short description of the ex-
perimental details and data sets. The main results are then presented in the subsequent
chapters (Chapters 5-8). In Chapter 5 we analyze the PMSE observations with respect to
occurrence rates and probability distributions of volume reflectivities and compare them at
different frequencies (Sections 5.2 and 5.3). In addition, the rather large data base of PMSE
observations with the EISCAT VHF radar at 224 MHz is used to study the temporal vari-
ability of PMSE, i.e., year-to-year, seasonal as well as diurnal variations (Section 5.4). In
Chapter 6 the factors involved in the occurrence of PMSE in the UHF range (here at 500
and 930 MHz) are considered by comparing electron densities and spectral widths (indicative
of turbulence) in the presence and absence of UHF-PMSE. In Chapter 7 we first test the
TWLS-theory of PMSE with a large number of simultaneous and common-volume observa-
tions (Section 7.1). We then apply this theory to the observations to derive microphysical
parameters of the involved ice clouds (Section 7.2). The derived results are further compared
to independent measurements with the Solar Occultation For Ice Experiment (SOFIE) on-
board the Aeronomy of Ice in the Mesosphere (AIM) spacecraft as well as with the ALOMAR
RMR lidar (Section 7.3). In Chapter 8 the statistics of electron density depletions in PMSE
layers are derived from radar observations. Finally, Chapter 9 concludes this study with a
presentation of the main results of this thesis as well as suggestions for future work.
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Chapter 2

Observational results regarding
PMSE

2.1 History

In the end of 1970s, the Poker Flat MST (Mesosphere-Stratosphere-Troposphere) radar at a
frequency of 50 MHz observed very strong echoes at the altitudes between ~78 and 95 km
with a maximum reaching an average of 30 dB at ~86 km in summer [Ecklund and Balsley,
1981]. These radar echoes were later termed polar mesosphere summer echoes or PMSE
[Rottger et al., 1988; Hoppe et al., 1988]. Since the initial observation, PMSE have subse-
quently been studied in details with radars operating at a variety of frequencies between 2.78
MHz and 1.29 GHz [Rapp and Libken, 2004] whereas most systematic studies of PMSE were
carried out with radars at the ‘standard’ frequency of ~50 MHz. After three decades of mea-
surements there are a number of long-term observational data sets around the world available
for the studies of PMSE (Table A.1 lists the MST radars dedicated to study PMSE as well as
incoherent scatter (IS) radars used to study PMSE). The CEDAR (Coupling, Energetics, and
Dynamics of Atmospheric Regions) data base contains the 7-year original data set conducted
with the Poker Flat MST radar which goes back to as far as 1979 [Ecklund and Balsley,
1981]. The ALOMAR (Arctic Lidar Observatory for Middle Atmosphere Research) SOUSY
radar installed in July 1994 along with its successor the ALWIN (ALOMAR Wind) radar
has been run for more than 10 years and achieved a rich source of continuous observations of
PMSE. Long-term observations with other MST radars e.g., ESRAD (Esrange MST radar),
OSWIN (Ostsee wind radar), SSR (SOUSY Svalbard radar) et al., are now also available for
the systematic studies of PMSE. Furthermore, PMSE observations with the EISCAT radars
have been performed using appropriate programs, e.g., ‘arcdlayer’-experiment, and achieved
sufficient data set based on very intensive PMSE campaigns at Tromsg. In this chapter,
we will present the statistical properties of PMSE and their connections with turbulence,
noctilucent clouds (NLC) and other phenomena in the ambient environments based on the
observational results.

2.2 Morphology

Figure 2.1 shows a typical example of PMSE observations conducted with the SOUSY Sval-
bard radar on 20 July 2001. During this 24-hour period, very strong echoes were observed in
approximately the same altitude range between ~80 and 92 km with the signal-to-noise ratio
(SNR) up to 30 dB. These echoes reveal some pronounced variations in their morphology,
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Figure 2.1: Height-time-intensity plot of PMSE observed with the SOUSY Svalbard radar
at 53.5 MHz during an entire day. The color scales indicate the signal-to-noise ratio (SNR)
whereas white gaps mark short interruptions resulting from transmitter inhabits due to local
air traffic security. This figure is reproduced from Zecha and Réttger [2009)].

such as wave-like variations. In addition, PMSE appear in one continuous layer as well as,
more frequently, in two or more vertically separated layers.

As already evident from the first detection of PMSE by Ecklund and Balsley [1981], these
echoes are much stronger in summer than in other seasons and hence reveal a pronounced sea-
sonal variation [Balsley et al., 1983; Bremer et al., 2003]. PMSE exist near mesopause region,
more precisely, within the altitude range between ~80 and 92 km. Recently, Libken et al.
[2009Db] presented that PMSE were seldom detected above ~92 km. This has been attributed
to the effect of large values of molecular viscosity which effectively destroys any small-scale
structures at these altitudes. After surveying the literature, we thereby give a short summary
of the most pronounced properties of PMSE as follows:

e The occurrence in distinct layers is one of the striking properties of PMSE and the
layers of PMSE reveal double or multiple structures separated by a few kilometers (see
Figure 2.1) [e.g., Zecha and Réttger, 2009].

e Generally, PMSE occur in layers as thin as the best radar range resolution of 150 m
and up to a few kilometers in thickness [Franke et al., 1992].

e PMSE layers are frequently lifted up and down in height up to a few kilometers with a
vertical velocity up to 8-10 m/s [Réttger and LaHoz, 1990]. Réttger and LaHoz [1990]
also found abrupt jumps in the Doppler spectra.

e The backscatter cross section of PMSE can change by 2 orders of magnitude within a
few minutes [Bremer et al., 1996b].

e The wave-like structure of PMSE can most likely be attributed to the modulation of
gravity waves as well as tidal waves [Hoffmann et al., 2005, 2008].

e PMSE observations reveal aspect sensitivity. There are large aspect sensitivities in the
lower part of the PMSE layer and small aspect sensitivities in the upper part of the
PMSE layer [e.g., Czechowsky et al., 1988].

e Very strong radar echoes are observed not only at polar latitudes but also at middle
latitudes and hence reveal a pronounced latitudinal dependence as well as longitudinal
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dependence [Rapp and Libken, 2004; Latteck et al., 2008]. Furthermore, debates have
long been existing on the interhemisphere difference of PMSE [Latteck et al., 2007,
Morris et al., 2009].

2.3 Climatology

As the name says, PMSE occur exclusively in summer and hence reveal a pronounced sea-
sonal variation, which has long been derived from the first detection [Ecklund and Balsley,
1981]. This is very similar with the case of NLC, a direct evidence of existing ice particles
due to the extremely low temperatures of the mesopause region in the period between the
end of May and mid August. Intrigued by this similarity, several authors have tried to re-
late the occurrence of PMSE to the occurrence of ice particles and found that PMSE occur
where the degree of water ice saturation S is larger than 1 [Libken, 1999; Libken et al.,
2004]. Here S is the ratio between the actual water vapor partial pressure and the saturation
vapor pressure over ice. Figure 2.2 shows the typical seasonal variation of the occurrence
rate of PMSE observed with the 53.5 MHz ALWIN radar at Andenes (69°N, 16°E) dur-
ing the years 1999, 2000, and 2001 [Bremer et al., 2003]. The main characteristics show a
steep increase in occurrence during end of May/beginning of June, a rather high level near
90% in the middle of June until the middle/end of July, and a moderate decrease during
August. The observations shown in Figure 2.2 are in general agreement with independent
observations with radars at ~50 MHz from different geophysical latitudes [Zecha et al., 2003;
Bremer et al., 2006; Zecha and Rdéttger, 2009] and different longitudes [Balsley and Huaman,
1997; Kirkwood et al., 1998] as well as with radar at 224 MHz [Palmer et al., 1996].
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Figure 2.2: Seasonal variation of the occurrence rate of PMSE with SNR larger than 10 dB
from observations with the ALWIN radar at Andenes during the years 1999, 2000, and 2001.
The straight lines indicate the gradients at the beginning and end of the PMSE seasons. This
figure is reproduced from Bremer et al. [2003].

In addition, statistical observations reveal that PMSE are characterized with other tem-
poral variations than seasonal variation, e.g., year-to-year (long-term) variation and semid-
iurnal variation. The long-term variation of the PMSE occurrence was firstly derived by
Bremer et al. [2003] who analyzed the observations conducted with the ALOMAR SOUSY
radar during the years 1994-1997 and with the ALWIN radar during the years 1999-2001.
Recently, Bremer et al. [2009] extended the data set from 1994 to 2008 and reconsidered the
long-term variation of the PMSE occurrence at polar latitudes as well as at mid latitudes
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with the OSWIN radar at Kiithlungsborn (54°N, 12°E). The authors compared the occurrence
rates of PMSE at 53.5 MHz with the solar Ly-a radiation and geomagnetic Ap index and
found a positive correlation for both cases (see Figure 2.3), which indicates that the long-term
variations of PMSE mainly depend on the variations in the background ionization. Please
note that the dominant ionization sources at the PMSE altitudes are from the ionization of
NO due to Ly-a and high-energy particle precipitation indicated by Ap index.
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Figure 2.3: Comparison of year-to-year variations between the occurrence rates of PMSE at
53.5 MHz (upper panel) and corresponding variations of the solar radiation (Ly-« and 10.7
cm radio flux in the middle panel) and geomagnetic activity (global Ap index and local ¥K
index in the lower panel). This figure is reproduced from Bremer et al. [2003].

As for shorter time scales, diurnal and/or semidiurnal variations are one of the prominent
characteristics of PMSE. L.e., diurnal variations are dominated by a maximum around lo-
cal noon and a minimum around 19:00-20:00 LT which is in phase with similar semidiurnal
variations in NLC properties. It is suggested that the diurnal pattern is caused by a super-
position of temperature variations due to the semidiurnal tide [Hoffmann et al., 1999] as well
as the diurnal variation of ionization caused by both solar Ly-a radiation as well as particle
precipitation [Klostermeyer, 1999]. PMSE also show some variations with a period of about
5 days. These variations have been shown in the observations of temperature, zonal wind and
NLC (or polar mesosphere clouds, the layer of ice particles observed from above with optical
instruments onboard satellite) which are correlated with the passage of 5-day planetary waves
[Kirkwood and Stebel, 2003; von Savigny et al., 2007; Merkel et al., 2008]. These waves could
also modulate PMSE resulting in strong 5-day variations in occurrence [Zecha and Réttger,
2009]. Furthermore, other short-term variations of PMSE have been identified to be corre-
lated with solar and geomagnetic activities as well as dynamical phenomena, e.g., gravity
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waves [Bremer et al., 2001; Hoppe and Fritts, 1994, 1995].

2.4 Frequency dependence

In the frame of classical turbulence, any structures smaller than the inner scale (the transi-
tion region between the inertial subrange and the viscous subrange, which is tens of meters in
the mesosphere) should be rapidly destroyed by molecular diffusion. The detection of strong
echoes with radars at ~50 MHz (3-m Bragg scale) did surprise the researchers and intrigued
them to investigate PMSE in more frequency ranges. So far, PMSE have been observed
at a variety of frequencies between ~2.78 MHz and 1.29 GHz. However, it appears that
most systematic studies of PMSE were carried out at ~50 MHz [e.g., Ecklund and Balsley,
1981; Bremer et al., 2003; Kirkwood et al., 2007b; Latteck et al., 2008; Morris et al., 2009;
Zecha and Rottger, 2009] whereas systematic studies of PMSE at other frequencies are rather
scarce and mainly restricted to a few case studies [see Rapp and Libken, 2004, for an overview
of PMSE observations at different frequencies]. Note that it is very difficult to detect PMSE
with MF (medium frequency) and HF (high frequency) radars due to the low system power,
the rough height resolution, and other scattering processes contributing to the overall received
power-values. However, PMSE-like echoes in the MF and HF ranges have been determined
by the close relation with the simultaneous VHF (very high frequency) PMSE as well as
the similarity of their general features with PMSE [Bremer et al., 1996a; Karashtin et al.,
1997; Kelley et al., 2002; Liu et al., 2002; Ramos et al., 2009]. For the case of measure-
ments at higher frequencies, PMSE have been reported on VHF at 224 MHz [Hoppe et al.,
1988; Palmer et al., 1996; Hocking and Réttger, 1997; Réttger and LaHoz, 1990] as well as
on UHF (ultra high frequency) at 430 MHz [Varney et al., 2007; Nicolls et al., 2009], 500
MHz [Hall and Rdéttger, 2001; Réttger, 2001], 930 MHz [Rdéttger et al., 1990; La Hoz et al.,
2006; Rapp et al., 2008], and 1290 MHz [Cho and Kelley, 1992]. However, the reason for this
poor statistics of PMSE in the UHF range is indeed of geophysical origin. Especially, the
PMSE occurrence at 930 MHz is extremely rare and mainly restricted to the core summer
seasons and PMSE at 1290 MHz have only been reported once by Cho and Kelley [1992].
The available observations imply that the VHF range is the most favorable frequency band
for the detection of PMSE.

According to theory and based on several data points, PMSE reveal a tremendous de-
pendence of the observed volume reflectivities (= the backscattering cross section per unit
volume) on the radar frequency. Figure 2.4 shows altitude profiles of volume reflectivities si-
multaneously measured with the ALWIN radar (53.5 MHz) and the EISCAT VHF and UHF
radar (224 MHz and 930 MHz, respectively). The comparison between the volume reflec-
tivities at three frequencies clearly demonstrates a strong frequency dependence of PMSE:
from the minimum frequency of 53.5 MHz to the maximum frequency of 930 MHz, the vol-
ume reflectivities vary by as much as six orders of magnitude [Rapp et al., 2008]. The same
finding has been mentioned by Rdttger et al. [1990] who compared the simultaneous measure-
ments of PMSE with the CUPRI (Cornell University Portable Radar Interferometer) radar
at 49 MHz and the EISCAT UHF radar at 930 MHz. Table A.2 gives an overview of PMSE
studies with calibrated radars at different frequencies together with the derived absolute vol-
ume reflectivities. Please note that the listed different measurements of volume reflectivities
were not performed at the same time and same location and hence at different geophys-
ical situation. However, the available experimental record impressively demonstrates that
the volume reflectivities at different frequencies clearly reveal an enormous decrease with in-
creasing frequencies (or decreasing Bragg scales) such that simultaneous and common-volume
observations at more than one frequency should be an ideal tool for studying the validity of
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theoretical expectations of PMSE. Along that line, Rapp et al. [2008] and Belova et al. [2007]
considered case studies of PMSE observations with a radar operating at 53.5 MHz (ALWIN)
and the EISCAT VHF and UHF radar at 224 MHz and 930 MHz. It is also one of the
objectives of this thesis to test theory of PMSE and quantify the frequency dependence of
PMSE based on such large number of observations that reliable statements on the statistical
behavior of the phenomenon can be made (see Chapter 3 for details).
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Figure 2.4: Altitude profiles of volume reflectivities observed with the ALWIN radar (black
lines) and the EISCAT VHF and UHF radar (blue and red lines) on 5 July 2006. EISCAT
measurements were obtained at 12:45 UT. ALWIN data are shown as mean plus/minus one
standard deviation of the signal measured in the period from 13:15 to 13:45 UT. This figure
is reproduced from Rapp et al. [2008].

2.5 Factors leading to PMSE

Observational facts show that PMSE reveal the similar properties, e.g., seasonal variations
and existing altitude ranges, with another mesospheric phenomenon NLC. The latter has long
been known as direct evidence of existing ice particles whereas the creation of PMSE is much
more complicated and depends on other factors in addition to ice particles. According to
the currently most widely accepted theory of PMSE which assumes that the echoes originate
from turbulence-induced scatter aided by a large Schmidt number caused by the presence
of charged ice particles (termed the TWLS-theory), PMSE are closely correlated with the
turbulence strength, the electron density, and the properties of the ice particles involved.

2.5.1 Ice particles

The mesopause region in summer is the coldest part of the terrestrial atmosphere with mean
minimum temperatures of ~130 K which are already below the frost point allowing ice par-
ticles to form and grow at altitudes between ~80 and 90 km. Measurements of the falling
sphere temperatures with sounding rockets have been conducted in the PMSE layers and
the comparison between the PMSE and temperatures shows that these radar echoes indeed
occurred in exactly the altitude range where the degree of saturation of water vapor over ice
S is larger than 1 due to the low temperatures [Inhester et al., 1994; Libken et al., 2002].
The ice particles on the order of nanometers existing in the vicinity of PMSE have been
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confirmed from both direct and indirect evidence. Electron density depletion (or biteout) is
one of the most pronounced properties of the PMSE environment that the electron density
is depleted as much as, typically, one order of magnitude below the undisturbed background.
The occurrence of electron density depletion is considered as evidence of the existence of ice
particles which act as an efficient sink for electrons [e.g., Ulwick et al., 1988]. Noctilucent
clouds (NLC), occurring between 80 and 85 km, have long been known as a direct manifest
of the available ice particles with the size in excess of ~20 nm [Witt, 1969; Libken, 1999;
Hervig et al., 2001]. NLC are a summer-time phenomenon in both hemispheres from about
5 weeks before solstice to 7 weeks afterwards [see Thomas, 1991, for an overview|. Therefore,
NLC reveal a similar seasonal variation as PMSE. The potential relationship between PMSE
and NLC has been noticed since the initial observations of PMSE [Ecklund and Balsley, 1981]
and further studied with common-volume observations of PMSE and NLC [Nussbaumer et al.,
1996; von Zahn and Bremer, 1999; Liibken et al., 2004]. Figure 2.5 shows the first common-
volume observations of PMSE with the ALOMAR SOUSY radar and NLC with the ALOMAR
RMR lidar at Andenes, Norway (69°N) [Nussbaumer et al., 1996]. Evidently, there is a close
relationship between the two phenomena with the NLC layer located at the lower edge of the
PMSE layer. The finding was later confirmed as a common scenario (63% of all observations)
by von Zahn and Bremer [1999] based on more sufficient statistics. In addition, this close
coupling between PMSE and NLC was also obtained in Spitsbergen (78°N) [Libken et al.,
2004].

90 ' ' 30

altitude [km]

80 : . 0
23:00  23:30 00:00 00:30 01:00 01:30 02:00
time [UT]

Figure 2.5: Common-volume observations of PMSE and NLC on 30-31 July 1994 at Andenes.
PMSE detected with the ALOMAR SOUSY radar are shown as a function of altitude and time
(in dB, see color bar) whereas NLC detected with the ALOMAR RMR lidar locate exactly at
the lower edge of the radar echoes (see black contour lines). This figure is reproduced from
Nussbaumer et al. [1996].

The first direct in situ measurements of (charged) ice particles in the PMSE environ-
ment have been carried out with a Faraday-cup-like instrument (known as the ‘DUSTY’-
detector) which is used to measure the charge number density associated with the particles
[Havnes et al., 1996]. The close coupling between the radar backscatter profile and the charge
density of ice particles as a function of altitude has been obtained with the first common-
volume observations of PMSE with the ALWIN radar and of charge density of ice particles
with the rocket (MD-06, see Figure 2.6) [see Havnes et al., 2001, for the details]. The exis-
tence of charged ice particles has been further confirmed by several independent observations
[Mitchell et al., 2001, 2003; Smiley et al., 2003]. Recently, Megner et al. [2009] reported the
presence of large ice particles with rocket photometers during the ECOMA /MASS campaign
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at Andgya in 2007 and independent observations on the same sounding rocket allowed deter-
mination of corresponding particle radii in the range of 20-30 nm [Rapp et al., 2009].
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Figure 2.6: Altitude profiles of the radar SNR measured with the ALWIN radar for the time
closest to the payload passage (full line) and ~1-2 min before and after (dashed line and
dotted line, respectively). Altitude profiles of charged ice particles given by the value of
|Z4|N 4 are shown for comparison. This figure is reproduced from Havnes et al. [2001].

2.5.2 Electron number density

It is well known that PMSE are the radio backscatter originating from irregularities in the re-
fractive index which is mainly controlled by the electron number density in the mesosphere.
Hence, sufficient electron number density is one of the prerequisites for the occurrence of
PMSE. In addition, the occurrence of PMSE is closely correlated with the ratio between
the charge number density of ice particles |Z4|N4 and the free electron density ne, i.e.,
|Z4|Na/ne. The increase of n. (hence the decrease of |Z4|Na/n.) results in the increase of
electron diffusivity. The irregularities in electron density, due to ambipolar forces between
electron density and charged ice particles, should be destroyed and PMSE should vanish.
Therefore, PMSE layers reveal a complex dependence on electron densities. There are sev-
eral independent indications that a lower electron density exists below which PMSE cannot
occur [von Zahn and Bremer, 1999; Latteck et al., 1999b; Goldberg et al., 2001]. Rapp et al.
[2002] quantified the lower limit of the electron density for PMSE occurrence as ~300-500
electrons/cm®, which can be understood in terms of the standard theory of the scattering
of VHF waves in the D region. On the other hand, there might be also a limit of electron
density above which PMSE cannot occur [e.g., Rapp et al., 2002]. However, this is far more
complicated to be conclusive.

The free electrons existing near mesopause regions play an important role on the occurrence
of PMSE. A direct proof comes from the active modulation of PMSE using HF-heating. Dur-
ing the artificially induced modulation of PMSE, these radar echoes immediately disappeared
when the heater was switched on and immediately reappeared when the heater was switched
off [e.g., Chilson et al., 2000]. These observations have been explained by Rapp and Liibken
[2000, 2003] in the scope of temperature dependence of electron diffusion in the PMSE envi-
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ronment consisting of electrons, ions, and charged ice particles. With the heater on, heating
electrons increase the electron diffusivity resulting in the destruction of irregularities in the
electron density and the absence of PMSE. With the heater off, the electron temperatures
immediately fall back immediately and return to the previous diffusion state thereby leading
to the recovery of PMSE. Furthermore, several independent investigations show that PMSE
reveal a clear dependence on the electron density enhancements which are caused by solar
and geomagnetic activities [e.g., Bremer et al., 2006, 2009].

2.5.3 Turbulence

It is explained in detail for example in Hocking [1989] that the Doppler spectral width yields
information regarding the velocity variance of the detected scatterers in the radial direction
which is closely dependent on the turbulent energy dissipation rate. A comparison of the
spectra of incoherent signals from the ionospheric plasma and coherent scatter from PMSE
layers [Rottger and LaHoz, 1990] demonstrates that the coherent spectra in the condition of
PMSE are much narrower than those for the case of incoherent scatter signals. In addition,
the spectral widths (hence the turbulent energy dissipation rates) of PMSE layers reveal
an increase with increasing altitudes [e.g., Czechowsky et al., 1988] which indicates that the
enhanced neutral air turbulence is one of the prerequisites of PMSE at higher altitudes.

Aspect sensitivity describes the dependence of the radar echoes on the zenith angle of the
tilted radar beam. If the target media is specular, backscatter (for a monostatic radar) can
only be observed when the zenith angle is zero indicating large aspect sensitivity. In con-
trast, if the target media is isotropic (i.e., turbulent), backscatter can be observed equally
at any direction indicating small aspect sensitivity. First measurements used to study as-
pect sensitivity of PMSE with the ALOMAR SOUSY radar at 53.5 MHz was reported by
Czechowsky et al. [1988] who show large aspect sensitivity in the lower part of the PMSE
layers and small aspect sensitivity in the upper part of the PMSE layers. This is in full
agreement with the spectral width of PMSE, i.e., more turbulent (isotropic) in the upper
part of the PMSE layers and more specular (anisotropic) in the lower part of the PMSE
layers.

The best way to investigate the correlation between turbulence and PMSE is to perform
direct measurements of turbulent energy dissipation rates in the PMSE layers. The pioneer
studies have been carried out by Libken et al. [1993] who performed the first direct mea-
surement of turbulent energy dissipation rate in a PMSE layer as well as by Libken et al.
[2002] who summarized the first 8 sounding rocket flights. Rapp and Liibken [2003] extended
the data set presented by Libken et al. [2002] and compared the occurrence rates of PMSE
observed with the ALOMAR VHF radar and neutral air turbulence from the sounding rocket
flights in a climatological sense. Figure 2.7 from the study of Rapp and Libken [2003] shows
that turbulence indeed occurs in the entire altitude range in the presence of PMSE. In addi-
tion, the turbulence occurrence rate is larger at altitudes above ~86 km but smaller below
that altitude compared to the PMSE occurrence rate. It is well estimated that the PMSE lay-
ers comprise charged ice particles in the nanometer size range which quadratically determine
the decay time of irregularities (see Chapter 3 for details). Hence, irregularities can retain
for quite a while due to the presence of charged ice particles after neutral air turbulence has
ceased (‘fossil’-turbulence).

For the case that the turbulence occurrence rate is smaller than the PMSE occurrence rate
at altitudes below ~86 km, one should notice the fact that the radar receives backscatter
from a volume of ~7 km in diameter whereas the rocket probes a much smaller volume with
a diameter of ~5 cm at 85 km. From Figure 2.8, very strong turbulence (no turbulence)
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Figure 2.7: Comparison between the occurrence rates of PMSE (solid line) and neutral air
turbulence (histogram and dashed line). The figure is reproduced from Rapp and Libken
[2003].

will be measured if the rocket flies through Point A (B) whereas the measurement of PMSE
is an average value of backscatter from the entire radar volume, which results in the biased
observations of lower occurrence rate of turbulence than PMSE.
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Figure 2.8: Comparison of the volume dimension between radars and sounding rockets. The
area ratio is as small as ~be-11. Courtesy of M. Rapp.
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Chapter 3

Theory

Since the initial observations of PMSE, numerous experimental and theoretical investigations
in the research community were carried out to resolve the physical processes responsible for
the creation of this intriguing phenomenon. There are two evident mechanisms assumed to
cause radar scatter from the PMSE altitudes, i.e., (1) incoherent scatter from the plasma
of ionospheric D-region due to the motion of the electrons highly coordinated by damped
ion-acoustic waves and coherent scatter, (2) the scatter from the irregularities in the electron
density distributions. According to the Bragg scatter condition, coherent scatter only occurs
when the irregularities in the refractive index (mainly given by the electron density in the
mesosphere) possess a scale corresponding to half the radar wavelength which is 3 m for a 50
MHz radar [Tatarskii, 1971].

The refractive index n of the atmosphere is a function of atmospheric temperature, pressure,
electron density, and an appropriate humidity variable, such as partial pressure of water
vapor. An empirical expression of n at radio frequencies between HF and UHF is written in
the following equation:

_0.373pu,0 | 77.6 x 107%p,  40.3n. a1
- T2 + T - fCQ ( : )

where pp,o is the partial pressure of water vapor in mb, p, is the atmospheric pressure
in mb, T is the absolute temperature in K, n. is the electron density in m~ and f. is the
critical frequency and given by f. = 9 x 107%,/n. in MHz [Balsley and Gage, 1980]. At
the right side of Equation 3.1, the first two terms represent the contributions due to bound
electrons inherent in density fluctuations of water vapor and dry air, respectively. They are
normally more important in the troposphere and stratosphere (below ~50 km). The third
term, however, only begins to become significant at altitudes above 50 km and dominant at
PMSE altitudes. I.e., the irregularities in the refractive index for PMSE observations are
mainly given by the electron density fluctuations caused by neutral air turbulence which in
turn is produced by gravity waves propagating from the troposphere as well as by the presence
of large positive ion clusters and charged aerosols due to ambipolar forces [Kelley et al., 1987,
Cho et al., 1992].

The assumption that PMSE originate from incoherent scatter was easily ruled out due
to the low electron densities of ionospheric D-region (equivalent reflectivities of 5 x 1071
m~! for incoherent scatter compared with 107!2 m~! for PMSE signals at 50 MHz). On
the other hand, PMSE must be a consequence of coherent scatter due to the large echo
intensities as well as the very narrow Doppler spectra [Réttger and LaHoz, 1990]. However,
the early efforts to attribute the generation mechanism of PMSE to neutral air turbulence
led to a paradox that the typical mesospheric turbulence is not strong enough to account

n—1
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for the observed radar cross sections [Balsley et al., 1983; Hocking, 1985]. Figure 3.1 shows
the energy spectrum of turbulence (or a tracer for turbulent motion) for typical mesospheric
condition. This spectrum can be split into several parts based on the physical processes
that dominate at the corresponding scales. According to the prediction by Kolmogorov
[1941], the process of turbulent motions in the atmosphere is described as follows: (1) energy
from large-scale mean flows and waves (energy subrange) is converted to turbulent eddies
by instabilities, and (2) the eddy kinetic energies are transferred to smaller eddies by vortex
stretching mechanism (buoyancy subrange and inertial subrange) until (3) the eddies become
so small to be destroyed by molecular viscosity (viscous subrange). In this thesis, the inertial
subrange (where the inertial forces are dominating) and viscous subrange (where the kinetic
energies are dissipated to heat by viscous forces) are under our interest. For one-dimension
velocity fluctuations, the spectrum is characterized by a wavenumber dependence of k~5/3
in the inertial subrange whereas by a much faster drop off (a dependence of ~ k~7) in the
viscous subrange. The Bragg wavelength has to be larger than the inner scale of turbulence
(marked in Figure 3.1) in order to avoid rapid destruction of the irregularities in the electron
density distribution. In the classical turbulence theory, the inner scale can be calculated as
15 =9.90-nx =9.90 - (v3/e)'/4, where nx = (v3/€)'/4 is termed as Kolmogorov microscale,
v is the kinematic viscosity, and € is the turbulent energy dissipation rate [Heisenberg, 1948;
Liibken, 1997]. In order to satisfy [f = 3 m (for a radar frequency of 50 MHz), we use v =
1 m?/s as an appropriate value at the summer mesopause and arrive at an energy dissipation
rate of e ~ 100 W /kg, corresponding to a heating rate of 8640 K/d (dT'/dt = 0.0864 - €, where
dT'/dt on K/d and € on mW /kg) which is far too large and unrealistic in comparison to
the typical values on the order of 10-20 K/d based on the experimental data [Libken et al.,
2002].

Since there is no doubt that the occurrence of PMSE is strongly dependent on the exis-
tence of structures in the electron density distribution [e.g. Libken et al., 1993], the major
tasks to explain the generation mechanisms of PMSE are to identify the physical processes
responsible for the creation of these structures which are unlikely produced by the neutral air
turbulence alone. However, it was proposed by Kelley et al. [1987] and Cho et al. [1992] that
the existence of large cluster ions and charged ice particles should result in the reduction of
electron diffusivity due to ambipolar forces. The destruction of these small-scale irregularities
should hence be restrained such that irregularities possessing Bragg scales of the VHF radars
have the opportunity to exist thereby leading to strong backscatter observed as PMSE. This
situation is described by a parameter termed Schmidt number Sc¢ = v/ D, where v is the kine-
matic viscosity of air and D is the electron diffusion coefficient. If Sc is significantly larger
than 1, the power spectrum can extend to much smaller scales and hence should reveal a
so-called viscous convective subrange between the inertial subrange and the viscous subrange
which is characterized by a k~! dependence (see Figure 3.2) [Batchelor, 1959, i.e., the power
spectrum of such tracers extends to much smaller scales than the spectrum of the turbulent
velocity field itself. In other words, if the electron diffusion coefficient is much smaller than
the kinematic viscosity of air, the irregularities in the electron density distribution at the
Bragg scale of a VHF or even UHF radars could have the chance to persist and lead to the
radar backscatter observed as PMSE.

In summary, there are two prerequisites, i.e., charged ice particles and neutral air turbu-
lence responsible for the creation of PMSE according to the work by Cho et al. [1992]. Im-
portantly, it was well confirmed that PMSE are closely correlated with another mesospheric
phenomenon, i.e., noctilucent clouds (NLC) which have long been known as direct evidence
for ice particles of nanometer size existing near the summer polar mesopause from the optical
observations [Nussbaumer et al., 1996; von Zahn and Bremer, 1999]. Furthermore, electron

24



wave number [1/m]

) 0.001 0.010 0.100 1.000
107 L e o o
i Si o S
10° : o! @l o'
energy | o E’: 3
L ! buoyancy ! | E -
— 10* : subrange : : Q _
S, L ! ! inertial | .
10°® : : subrange | _
| i i | ,
i i |
107 ; ; |
i i |
i i '
107 - ! ! : viscous y
! ! | subrange
10-12 L L [ N [ L i
10000 1000 100 10 1

spatial scales [m]

Figure 3.1: Energy spectrum of a passive turbulent tracer for typical mesospheric conditions.
The spectrum was derived using the spectral model of Heisenberg [1948] for the altitude of
~85 km (i.e., kinematic viscosity v = 1m?/s) and mean dissipation rate (¢ = 0.7mW/kg)
as measured by Libken et al. [2002]. The upper abscissa represents the spatial scales of a
turbulent structure [, which is converted from the wavenumber k, i.e., [ = 27 /k. This Figure
is reproduced from Strelnikov [2006].

density depletion or biteout at the PMSE altitudes were observed with sounding rockets
[Ulwick et al., 1988; Inhester et al., 1990; Libken et al., 1998] as well as with the EISCAT
UHF radar [Rdttger et al., 1990] which was interpreted as the electron attachment on the sub-
visible ice particles with typical radii of ~10 nm [Reid, 1990; Rapp and Liibken, 2001]. In ad-
dition, the assumption of the existing subvisible ice particles was directly proven with rocket-
borne observations [Havnes et al., 1996; Mitchell et al., 2001; Smiley et al., 2003; Rapp et al.,
2009] and further supported by an active HF heating experiment |[Chilson et al., 2000]. The
heating experiments were theoretically explained by Rapp and Libken [2000, 2003] that the
enhanced electron temperature counteracted the reduction of electron diffusion due to the
charged ice particles. However, the coexistence of neutral air turbulence and PMSE was par-
tially doubted by, for example, Libken et al. [1993, 2002] who carried out common-volume
measurements of neutral air turbulence with sounding rockets and PMSE revealing that neu-
tral air turbulence only existed in the upper part of the altitude ranges with PMSE and
concluded that other physical processes than neutral air turbulence must be involved in the
generation mechanism of PMSE.

It is a common feature of PMSE conditions that the lower part of PMSE does not coexist
with neutral air turbulence but with large ice particles optically observed as NLC (radius
> 20 nm) [Rapp et al., 2003b]. The existence of charged ice particles can compensate the
PMSE-favorite condition in the absence of neutral air turbulence since the lifetime of the
irregularities strongly depends on the radii of ice particles. Figure 3.3 shows the decay time
for a decay by 10 dB as a function of ice particle radii in the scope of electron diffusion in
the vicinity of charged ice particles. Evidently, for ice particles smaller than 10 nm the decay
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Figure 3.2: Power spectral density of a passive tracer 6 for two different Schmidt number
of Sc =1 and Sc = 100, respectively. The upper abscissa represents wavelengths converted
from wavenumbers. The numbers -5/3’ and ‘-1’ indicate the wavenumber dependence at
the scales shown. The vertical dashed line indicates the inner scale and the vertical dashed-
dotted line indicates the Bragg scale of a 50 MHz radar. This Figure is reproduced from
Rapp and Libken [2004].

time is rather short (< 10 min). Due to the quadratic dependence of the decay time on the
ice particle radii, the decay time is already 40 min for ice particles with a radius of 20 nm and
even ~4 hours for ice particles with a radius of 50 nm which do exist in an NLC environment.
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Figure 3.3: Radar scatter decay time for a relative reflectivity decrease by 10 dB after the
PMSE generation mechanism has ceased. This figure is reproduced from Rapp and Libken
[2003].

Having this relation at hand, we may go back to the dilemma presented by Libken et al.
[1993, 2002] who found there was no neutral air turbulence present at the lower part of PMSE
(say below ~85 km) and hence no generation mechanisms for the creation of the small scale
fluctuations in the electron densities. For particles with a radius larger than say 15 nm, their
long lifetime (~22.5 min) ‘freezes’ in the plasma structures (they originate from turbulent
advection and are hence termed as ‘fossil’ turbulent structures [Woods et al., 1969; Cho et al.,
1996]) such that PMSE also occur in the absence of neutral air turbulence. Furthermore, the
model ideas presented by Rapp and Libken [2003] can indeed explain the statistics of PMSE
observations based on the available data of turbulence observations [Rapp et al., 2003a].
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Therefore there is a consensus among the researchers regarding the scattering mechanisms
of PMSE that the charged ice particles in a nanometer size range play a crucial role on the
generation of PMSE. The current standard theory of PMSE with the largest acceptance in the
scientific community can be summarized that the echoes originate from turbulence-induced
scatter in combination with a large Schmidt number caused by the presence of charged ice
particles (the TWLS-theory). This theory has since been further extended by several authors
[Rapp and Liibken, 2004; Lie-Svendsen et al., 2003; Rapp et al., 2008; Nicolls et al., 2009;
Strelnikova and Rapp, 2011; Varney et al., 2011].

In the frame of the TWLS-theory of PMSE, Rapp et al. [2008] have deduced the theoretical
expression of the radar volume reflectivities in the viscous convective subrange of turbulence:

T
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where € is the turbulent energy dissipation rate, v is the kinematic viscosity, N is the buoy-
ancy frequency, k = 47/ is the Bragg wavenumber of the radar, ng = (13 /e)i is the
Kolmogorow microscale, r. is the classical electron radius, and Sc¢ = v/D, is the Schmidt
number introduced in Chapter 1. ]\Afe is the reduced potential refractive index gradient, i.e.,

]\76 = ”CTNQ — % — ;‘I—i which depends on the electron number density n., the buoyancy

frequency, and the density scale height H,,. Finally, f., ¢, Ri and Prt are all ‘constants’ (i.e.,
they are constant for a given event) derived from either theory or by comparison with obser-
vations (see Appendix A in Rapp et al. [2008] for more details).
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Figure 3.4: Left panel: calculated volume reflectivities for turbulent backscatter for a tur-
bulent energy dissipation rate of 0.1 W/kg and electron number densities ne and electron
number density gradients dne/dz indicated in the insert. Solid, dashed and dashed-dotted
lines were calculated for Sc = 1, 50 and 1000, respectively. The grey vertical bar indicates
the range of values observed by the ALWIN radar (Bragg wavelength of ~3 m). Right panel:
same as left panel, but for different values of the turbulent energy dissipation rate € and fixed
electron number densities ne and electron number density gradients dne/dz. This figure is
reproduced from Rapp et al. [2008].

With further consideration on Equation 3.2, please note that the radar volume reflectivity
at a given wavenumber is mainly determined by three important parameters, i.e., ¢ is the
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turbulent energy dissipation rate and the Kolmogorov microscale nx = (v /€)'/* depends on
€; ]\Afe can be derived from the electron number densities and the electron number density
gradients; Schmidt number Sc is closely correlated with the size of ice particles, given by
Sc=6.5- ri where r4 is the radii of charged ice particles involved. Figure 3.4 illustrates
the spectral dependence of the volume reflectivities for different combinations of the Schmidt
number, the turbulent energy dissipation rate, and the electron density and its gradient. We
note that the Schmidt number plays an overwhelming role that it can change the volume
reflectivities at a given wavenumber k by several orders of magnitude, an effect which is more
significant for smaller scales (i.e., higher frequencies of radars). For a fixed Schmidt number,
however, also the turbulent energy dissipation rate and the electron density and its gradient
may modify the volume reflectivities by considerable factors.

The first experimental test of this theory was presented by Rapp et al. [2008] who analyzed
the simultaneous and common-volume observations of PMSE with the EISCAT VHF and
UHF radar operating at 224 MHz and 930 MHz, respectively. During a short period of 5
minutes when both radars observed PMSE, they argued that the Schmidt number Sc was
about constant with a value larger than 1000. Please note that this assumption of Sec is
geophysically reasonable since it has long been well confirmed that the charged ice particles
with radii 74 up to 100 nm do exist near the polar summer mesopause (Sc = 6.5 -r%). They

finally found the volume reflectivities n are proportional to the factor /e x ]\Afe2 as expected
from the TWLS-theory. In addition, the simultaneous observations with the ALWIN and
the EISCAT VHF /UHF radar at three different frequencies allowed to compare the observed
volume reflectivities 1 to theory assuming an appropriate value of Schmidt number. With an
assumption of a Schmidt number Sc = 2500 Rapp et al. [2008] reached the best fit between
the simulations and observations (see their Figure 8).
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Chapter 4

Experimental facilities and data
sets

In this thesis, measurements of PMSE were carried out using the EISCAT radars and the
SOUSY radar at different frequencies. The EISCAT Svalbard radar (ESR) and the SOUSY
Svalbard radar (SSR), collocated in Spitsbergen (78°N, 16°E), are operating at 500 and 53.5
MHz, respectively, whereas the EISCAT VHF and UHF radar, collocated in Tromsg (69°N,
19°E), are operating at 224 and 930 MHz, respectively. The aim of this section is to present
a short description of the corresponding experimental details. This chapter begins with an
introduction of incoherent scatter and the available incoherent scatter radars around the
world as well as the highlight of the EISCAT radars (Section 4.1). This part is followed by
a description of the configuration of the radars and the layout of the data set (the EISCAT
VHF and UHF radar in Section 4.2 and the ESR and SSR in Section 4.3, respectively).

4.1 Incoherent scatter radars

Incoherent scatter (IS) or Thomson scatter is the scatter of electromagnetic radiation from free
electrons in the ionospheric plasma which are mainly coupled with the much slower, massive
positive ions. Hence the parameters such as their temperature and velocity can be derived
from the spectra of the received signals. When an electromagnetic wave is transmitted, e.g.,
by a radar, into ionosphere, the electric field of the incident wave accelerates the electrons
or/and ions, consequently causing them emit radiation at the same frequency as the incident
wave and thus the wave is scattered. For an electron, the cross section of incoherent scatter is
only 075 = 6.65 x 10727 m2. With the electron density of 10! m~3 at 85 km, the equivalent
volume reflectivity is 6.65 x 10719 m~! which is much weaker compared with the coherent
scatter of PMSE (107!2 m~! at a frequency of 50 MHz). Hence it has been assumed that
incoherent scatter is undetectable for a very long time. It is proposed by Gordon [1958],
however, that incoherent scatter from the ionospheric plasma should be detectable using
high-power and large-aperture radars, leading to the possibility to probe ionosphere based
on incoherent scatter. This idea was soon confirmed by Bowles [1958] who recorded the very
first incoherent scatter echoes from the ionosphere using a radar with a frequency of 41 MHz
and a peak power of 4-6 MW. In addition, the observed signals were much stronger than
expected and the bandwidth was less than the receiving filter bandwidth, which is attributed
to the influence of ions in the plasma. The unexpected findings demonstrated the profound
potential of incoherent scatter radars (ISR) in the exploration of the atmosphere. It is now
well known that a number of parameters of ionospheric plasma, e.g., electron density, ion
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temperature, plasma velocity etc, can be deduced from the spectra of incoherent scatter
signals. Today, there are a handful of ISRs built around the world, i.e., Arecibo, Jicamarca,
Sondrestrom, Millstone Hill, Irkutsk, Kharkov, MU, EAR, ALTAIR, AMISR and EISCAT
ISR, making a network of the powerful ground-based sounding instruments for the study of
the atmosphere.

The European Incoherent Scatter scientific association (EISCAT) is an international as-
sociation supported by research organizations in China, Finland, France (until end 2006),
Germany, Japan, Norway, Sweden and the United Kingdom. The EISCAT operates three In-
coherent Scatter radar systems, i.e., the ESR located near Longyearbyen (78°N, 16°E) on the
north polar island of Spitsbergen which is part of the archipelago Svalbard and the EISCAT
VHF and UHF radar at Ramfjordmoen near Tromsg, Norway (69°N, 19°E) with two addi-
tional UHF (930 MHz) receiver stations located in Kiruna, Sweden, and Sodankyla, Finland,
respectively. See Figure 4.1 for the locations of the here operated radars. The EISCAT radars
are generally used to study the interaction between the Sun and the Earth as revealed by
disturbances in the ionosphere and magnetosphere. Due to their locations at high latitudes,
nevertheless, they have been used to observing PMSE with appropriate programs (mainly the
modulations termed ‘arc-dlayer’ and ‘manda’) in the last decades [e.g., Réttger et al., 1988;
Hoppe et al., 1988; Rdttger et al., 1990; Rapp et al., 2008].
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Figure 4.1: The locations of the here used radars: the ESR and SSR collocated near
Longyearbyen (78°N, 16°E) on Svalbard; the EISCAT VHF and UHF radar collocated near
Tromsg (69°N, 19°E), Norway.

4.2 The EISCAT VHF and UHF radar

The EISCAT VHF radar operates at 224 MHz corresponding to a Bragg wavelength of 67
cm, using four 30mx40m steerable parabolic cylinder antennas. The full antenna has a half-
power full-width of 1.2°x0.85° and maximum peak power of 3 MW. During the period of
all here described observations, half of the antennas were working and hence the VHF radar
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was run with a peak power of 1.5 MW and a 3-dB beam width of 1.2°x1.7° corresponding
to an oval diameter of 1.8kmx2.5km at the altitude of 85 km. The EISCAT UHF radar
operates at 930 MHz corresponding to a Bragg wavelength of 16 cm, using a fully steerable
parabolic dish with a diameter of 32 meters. It was run with a peak power of 2 MW and
the 3-dB beam width is 0.5° corresponding to a diameter of 0.7 km at the altitude of 85 km.
Detailed descriptions of the EISCAT VHF and UHF radar can be found in Baron [1986] and
Folkestad et al. [1983], respectively. PMSE were successfully detected for the first time with
the EISCAT VHF radar in the summer of 1987 [Hoppe et al., 1988; Rdttger et al., 1988] and
with the EISCAT UHF radar in the summer of 1988 [Réttger and LaHoz, 1990).

4.2.1 Configuration

EISCAT designed 7 pulse modulation schemes for common programs (CP). Based on them,
different experiment programs (special programs or SP) were designed and run for different
scientific desires. These special programs yield different time and altitude resolution and
different range coverage (see Turunen et al. [2002] and www.eiscat.com for details). In order
to deal with a homogeneous data set, we only consider PMSE observations from the year
2003 onward. All corresponding observations with the EISCAT VHF and UHF radar were
conducted using the so-called ‘arc-dlayer’ modulation. This is designed for the study of the
ionospheric D-region and lower E-region covering the PMSE altitudes which is poorly studied
with incoherent scatter radars due to the low electron density. Note that ‘arc-dlayer’ is a
further development of another low altitude modulation described in detail in Turunen et al.
[2002]. For special periods we also consider observations made with a special version of ‘arc-
dlayer’ termed as ‘arc-dlayer-ht’. This special version has a higher time resolution but covers
the same height range and has the same height resolution as ‘arc-dlayer’. Further technical
parameters of our observations as well as more details on the experiment configuration are
summarized in Table 4.1 and 4.2, respectively.

4.2.2 Data

The primary data deduced from the experiment programs with the EISCAT VHF and UHF
radar is the autocorrelation function (ACF) that is the Fourier transform of the power spectral
density (PSD). The ACF has 127 lags with a lag interval of 1.35 ms for ‘arc-dlayer’ and 1.56
ms for ‘arc-dlayer-ht’ (see Table 4.2 for more details) giving a frequency resolution of 2.89
Hz for ‘arc-dlayer’ and 2.51 Hz for ‘arc-dlayer-ht’ (see Table 4.2 for more information). The
data acquisition channels of both radars cover altitudes from 59.7 to 139.5 km with a range
resolution of 300 m (i.e., height resolution owing to the radar beam vertically pointing for all
the observations). The integration time depends on the experiment and analysis, but was 5
sec for ‘arc-dlayer’-experiment and 2 sec for ‘arc-dlayer-ht’-experiment.

The measurements analyzed in this thesis were carried out with the EISCAT VHF radar
during 2003-2007 (total of 523 hours with more than 300 hours of PMSE-detection) and
also with the UHF radar in July 2004-2005 (total of 76 hours). A detailed list of the si-
multaneous VHF- and UHF-observations is presented in Table A.4. Note that there are
only a handful of PMSE observations with the EISCAT UHF radar reported in the litera-
ture so far [Turunen et al., 1988; Collis et al., 1988; Réttger et al., 1990; La Hoz et al., 2006;
Belova et al., 2007; Rapp et al., 2008; Naesheim et al., 2008]. Since the two radars are col-
located, these measurements are very well suited for investigating the frequency dependence
of PMSE and provide an excellent experimental possibility to test any potential theory of
PMSE.
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Table 4.1: Radar system parameters

EISCAT VHF EISCAT UHF
Frequency (MHz) 224 930
Wavelength A (m) 1.34 0.32
Bragg wavelength \/2 (m) 0.67 0.16
Bragg wavenumber 47/ (m~!) 9.38 39.27
Antenna gain (dBi) 46 48
Half-power beam width (°) 1.2x1.7 (half antenna) 0.5
Peak power (MW) 1.5 (half antenna) 2
Range resolution (m) 300 300
System temperature (K) 250-350 110

Table 4.2: Experiment configuration

arc_dlayer arc_dlayer_ht

VHF UHF VHF UHF
Time resolution (s) 5 5 2 2
Number of samples 128 128 128 128
Lag resolution (ms) 1.35 1.35 1.562 1.562
Spectral resolution (Hz) 2.9 2.9 2.51 2.51
Velocity resolution (m/s) 1.942 0.47 1.68 0.4

The measurements by the EISCAT radars are routinely analyzed in terms of electron num-
ber densities (or ‘apparent’ electron densities for the case of PMSE) by comparing measured
power values to the measurements of a calibration source of known brightness tempera-
ture and by using IS theory. From previous comparison of pure incoherent scatter echoes
(where the volume reflectivity is directly proportional to electron density) with ionosonde
data this technique is known to yield volume reflectivities within an accuracy of ~10%
[Kirkwood et al., 1986]. In our case, the analysis was done using the well documented ‘GUIS-
DAP’ software package and taking into account measurements with the local ionosonde (see
Lehtinen and Huuskonen [1996] and www.eiscat.se for details). Such derived apparent elec-
tron number densities can be converted to volume reflectivities using the well known relation

n=0oxN, (4.1)

where 0 =5 x 1072 m? is half the scattering cross section o, of an electron (o = o, x (1 +
T./T;)~! = 0./2) and N, is the ‘apparent’ electron number density [e.g., Réttger and LaHoz,
1990]. With ‘apparent’, we mean that the signal is certainly not a measure of real electron
density but due to coherent scatter of PMSE which is superposed to the real electron density
for data acquisition.

4.3 The ESR and the SSR

Just like the EISCAT VHF and UHF radar, the EISCAT Svalbard Radar (ESR) is also an
incoherent scatter radar which is operating at 500 MHz corresponding to a Bragg wavelength
of 30 cm. It comprises two parabolic dish antennas, a fixed field-aligned 42-m antenna and a
fully steerable 32-m antenna, approximately, 130 m apart. During our experiment, however,
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only the 32-m steerable dish was run with a peak power of 0.8 MW and a 3-dB beam width
of 1.2° corresponding to a diameter of 1.8 km at the altitude of 85 km. The SOUSY Svalbard
Radar or SSR is an MST radar operating at 53.5 MHz corresponding to a Bragg wavelength
of 2.8 m. It was constructed on Svalbard in 1998, particularly conceived for the studies of
PMSE. The radar system has been operated by the Max-Planck-Institute for Solar System
Research and by the University of Tromsg with substantial support by the Leibniz-Institute of
Atmospheric Physics at Rostock University. The SSR uses the main basic components of the
mobile SOUSY VHF radar [Czechowsky et al., 1984]. Detailed descriptions of the ESR and
SSR can be found in Wannberg et al. [1997] and Réttger [2001], respectively. Previous studies
of PMSE using the ESR and SSR were published by Hall and Rdéttger [2001] and Rdéttger
[2001] for the case of the ESR and, for example, by Libken et al. [2004] and Zecha and Rdéttger
[2009] for the case of the SSR.

Due to the unique location, the SSR is a very valuable facility since it can continually
monitor PMSE at high polar latitude [e.g., Zecha and Réttger, 2009] attributing to study
the statistical properties and the latitude dependence of PMSE. The SSR is also collocated
with the 31-MHz NSMR radar (Nippon/Norway Svalbard Meteor) and the SPEAR (Space
Plasma Exploration by Active Radar) system which is a new polar cap HF radar facility.
Combined observations hence allow to be carried out to study the properties of PMSE at
different frequencies with the ESR [e.g., Rdttger, 2001] and the correlation of PMSE with
the temperatures and horizontal winds observed with the NSMR [e.g., Hall et al., 2002].
Furthermore, other sounding techniques also can be involved for collocated observations such
as with rockets and lidars [e.g., Libken et al., 2004; Strelnikov et al., 2006].

4.3.1 Configuration

The antenna system of the SSR consists of 356 four-element Yagis in an almost circular array
used for both transmission and reception. Besides the vertical beam direction, the antenna
can also be steered to 5° zenith angle in north-east, south-east, south-west and north-west
azimuths corresponding to a diameter of 7.4 km at the altitude of 85 km, which is much larger
compared to the ESR (a diameter of 1.8 km at 85 km). During the period of our experiment,
only the measurements with the vertical beam were conducted. For the mesosphere study,
a 20-bit complementary code with 2 us baud length was applied, corresponding to a range
resolution of 300 m. During periods of the initial operations 1999-2001 and 2003-2004, the
SSR was run at a peak power around 70 kW and an antenna gain of 33 dB [Zecha and Réttger,
2009]. For the measurements in 2006, however, the SSR was run using the 4-kW driver (pre-
amplifier) but not the final amplifier resulting in a reduced peak power of 4 kW. Furthermore,
due to the damage of half of the antennas assumed the SSR was run with a low antenna gain
of 30 dB (see Table 4.3 for the system parameters of the SSR in details). These are the reasons
why the occurrence rates of PMSE in 2006 were much lower (see Chapter 5) compared to the
results in the earlier years shown by Zecha and Réttger [2009)].

Just like the EISCAT VHF and UHF radar, the ESR also allows different experimental
programs designed for different scientific desires. During the campaign observing PMSE
with the ESR and SSR in June 2006, the observations with the ESR were conducted with
a special program of ‘jurgd’ which is developed by J. Rottger. The ESR was operated in a
special complementary code mode. This for the first time allowed the ESR to be used with
the height resolution of 300 m which is equal to the height resolution of the SSR.

Further technical parameters of the ESR and SSR as well as more details on the experiment
configuration are summarized in Table 4.3.
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Table 4.3: ESR and SSR system parameters. For easier comparison to the earlier study by
[Rdttger, 2001], experiment parameters from this previous study are also listed in brackets.

ESR SSR
Frequency (MHz) 500 53.5
Wavelength (m) 0.60 5.61
Antenna gain (dBi) 42.5 30.0 (33.0)
Half-power beam width (°) 1.23 5 (4.5)
Peak power (MW) 0.8 0.004 (0.06)
Radar code complementary;, complementary,
no phase flip with phase flip
Number of code bauds 128 (32) 20
System efficiency (assumed) 0.8 0.8
Baud length (us) 2 (6) 2
Range resolution (m) 300 (900) 300
Number of coherent integration 4 x 2 16 x 2 x 2
(# x code pairs) (# x code pairs x phase flip)
System temperature (K) 60 3000

4.3.2 Data

The measurements we report here were obtained in June 2006. During this period, the SSR
was run continuously, whereas the ESR was run for 1-4 hours during 18 days around noon.
A detailed list with the exact times of ESR-operation and the hours during which PMSE
were observed is presented in Table A.3. The primary data deduced from the experiment
programs with the ESR are autocorrelation function (i.e., ACF) as well as the undecoded raw
data which were decoded to time series. The ACF has 600 lags (with 4 incoherent integration
done) with a lag interval of 2.5 ms giving a frequency resolution of 0.33 Hz. For the SSR,
the data dumps, each with 128 data points, are ~10 sec long time series with 64 coherent
integration done online to reduce the data flow. From these measurements signal power
values, vertical velocities, and spectral widths were determined from 6 sec long time series
in the case of the ESR, and 10 sec long time series in the case of the SSR, respectively. In
order to compare the ESR and SSR. observations, both data sets were projected onto a joint
time grid with 1 min resolution. That is, 10 (6) spectra of 6 sec (10 sec) long ESR (SSR)
time series were first corrected for their Doppler velocity and then incoherently averaged over
10 (6) spectra. We note that unlike in the study of Zecha and Réttger [2009], the SSR was
constantly pointed vertically, i.e., no Doppler beam swinging experiments were performed
such that no horizontal wind information is available from the PMSE-observations itself. In
addition both radars were calibrated and power values were converted to absolute volume
reflectivities for quantitative comparison to each other and to theory. Corresponding results
are described in the next section.
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Chapter 5

Results: statistical properties of
PMSE

It is introduced in Chapter 2 that studies of PMSE have been most intensely carried out
with radars at about 50 MHz during the last 30 years providing a general picture of the
statistical features of PMSE. However, systematic studies of PMSE at higher frequencies
than 50 MHz are rather scarce leading to poor statistics of PMSE at these frequencies
[see Rapp and Liibken, 2004, for an overview of PMSE observations at different frequencies].
Based on the theoretical expectation as well as the available experimental record, PMSE re-
veal a tremendous frequency dependence, namely, that the PMSE occurrence rate and volume
reflectivity drastically drop with increasing radar frequencies (hence decreasing Bragg wave-
lengths). Furthermore, very few observations of PMSE have been carried out using calibrated
radars and more than one frequency at the same time and same place. A cautionary note
should since be kept in mind when one draws any conclusions on the frequency dependence
of PMSE due to the different configuration of different radar systems (hence operating radars
should be calibrated) as well as the different geophysical situation (hence operating radars
should be collocated). In the current study, the aim is to further fill the gap of systematic
PMSE studies at frequencies higher than the ‘standard’ 50 MHz and also to obtain further
insight into the frequency dependence of PMSE. We hence consider observations of PMSE
with the ESR (500 MHz) and SSR (53.5 MHz) in the summer of 2006 as well as with the
EISCAT VHF radar (224 MHz) in summer seasons between 2003 and 2007 and with the
EISCAT UHF radar (930 MHz) in July 2004 and 2005. With 5 summers of observations with
the EISCAT VHF radar, we proceed with the study of the temporal variability of PMSE
at 224 MHz, which has been frequently done with radars at ~50 MHz [e.g., Bremer et al.,
2006, 2009).

5.1 Observations at frequencies of 53.5 and 500 MHz

In this section, we will proceed with the statistical properties of PMSE in term of occurrence
rate and volume reflectivity derived from the observations at frequencies of 53.5 and 500
MHz.

5.1.1 PMSE occurrence rates

Figure 5.1 shows two typical examples of simultaneous PMSE observations with the ESR
and SSR on 18 and 20 June 2006, respectively. In the two cases shown in Figure 5.1 both
radars show prominent echoes in approximately the same altitude range, where, however, the
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SSR-echoes generally extend over a larger altitude range than the ESR~echoes.
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Figure 5.1: Height-time-intensity plots of the radar echoes observed with the (top) ESR at
500 MHz and (bottom) SSR at 53.5 MHz on (left) 18 and (right) 20 June 2006. White vertical
lines in the top plots indicate times where meteor echoes were removed.

In a first step, all of the observations obtained in 2006 (see Table A.3) were used to infer
occurrence rates as a function of altitude. In this study, occurrence rate is defined as the
percentage of PMSE events in all the observations which possess a time resolution of 1 min.
For the case of the ESR-data set, this analysis was carried out on single power profiles,
where echoes which extended more than three standard deviations above the mean noise
level (equivalent to an SNR-threshold of +0.5 dB) were identified as PMSE. We note that
any choice of a threshold for PMSE is somewhat arbitrary. In this case, our choice was mainly
driven by the detectability of the rather weak echoes observed by the ESR and revealed to
be the optimum compromise between the requirement to miss as few as possible real PMSE
but also to suppress as many as possible false detections. In addition, in order to avoid false
PMSE-detections in the ESR-data due to possible contamination by occasionally detectable
incoherent scatter, we also investigated the corresponding spectral widths. These are expected
to be much larger in the case of incoherent scatter at this frequency and in the 80-90 km
altitude range as compared to the coherent scatter of PMSE [e.g., Réttger and LaHoz, 1990].
For the case of the SSR-data set, we adopted the methodology used by Zecha and Rdttger
[2009] who defined a SNR-threshold of -10 dB for PMSE-detection for similar observing
conditions (see Figure 5.2 and further details provided in the figure caption).

Resulting altitude profiles of the occurrence rates for both frequencies are shown in Fig-
ure 5.3. The occurrence rates for the ESR are much smaller than those for the SSR. Further-
more, ESR PMSE occurred in a considerably narrower altitude range, i.e., between 81 and
88 km whereas SSR PMSE were observed in the entire altitude range between 80 and 92 km.

Since ESR observations were restricted to hours from 9-13 UT, we further compare the
SSR PMSE-occurrence rate observed in the same period to the SSR PMSE-occurrence rate
for all observations. This comparison shows that the SSR PMSE-occurrence rate is actually
significantly larger during the 9-13 UT period than during the entire day. In Figure 5.4,
we show the mean diurnal variation of the PMSE occurrence rate inferred from the SSR
observations in June 2006 as a function of altitude and time. The maximum PMSE occurrence
rate was observed at local noon (i.e., 09:00-10:00 UT) whereas the minimum occurred near
21:00-22:00 UT more or less over all the altitudes. This is in line with the diurnal pattern of
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Figure 5.2: Left: ESR PMSE are defined as the echoes extending more than three standard
deviations above the mean noise level and the power spectrum of the potential PMSE re-
vealing a narrow spectral widths. Hence, the echoes at 81.5 and 81.8 km are PMSE signals
whereas the echo at 82.7 km without revealing any narrow spectrum is assumed due to oc-
casional enhancement of incoherent scatter, i.e., not PMSE. Right: SSR PMSE are defined
as the echoes larger than a SNR-threshold of -10 dB.
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Figure 5.3: Comparison of PMSE occurrence rates at 500 MHz (blue) and 53.5 MHz (red and
green) respectively derived from the ESR and SSR observations in June 2006. In the case of
SSR-observations, the red histogram shows the PMSE occurrence rate during 9-13 UT, i.e.,
during the period when the ESR was run. The green histogram shows the PMSE occurrence
rate observed with the SSR for all observations. The total occurrence rate (TOR), which
indicates whether PMSE occurred in at least one altitude channel, is indicated in the insert.

PMSE occurrence at Svalbard described by Zecha and Réttger [2009] who found a maximum
PMSE occurrence around local noon based on the SSR measurements during the years 1999—
2001 and 2003-2004. According to Zecha and Réttger [2009] this maximum can be explained
by the diurnal variation of solar UV and particle precipitation and corresponding enhanced
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Figure 5.4: Diurnal variation of PMSE occurrence rate at 53.5 MHz as a function of altitude
and time derived from the same observations as in Figure 5.3. The maximum occurrence was
observed over a wide height range at the local noon (09:00-10:00 UT) which is in line with
the work by Zecha and Rdttger [2009].

electron densities at PMSE altitudes during the same period.

We also note in passing the apparent two maxima-structure of these profiles which is likely
related to the influence of long period gravity waves on the layering of the ice particles. The
interested reader is referred to Hoffmann et al. [2005, 2008] for a detailed discussion of this
mechanism including additional references. In addition, Zecha and Réttger [2009] provide a
detailed statistical analysis of the multi-layer occurrence in PMSE observed by the SSR. in
previous years.

5.1.2 Volume reflectivities

For a further quantitative comparison of our measurements with the ESR at a Bragg wave-
length of 30 cm and the SSR at a Bragg-wavelength of 2.8 m, we next converted the mea-
surements to absolute volume reflectivities, i.e., scattering cross sections per unit volume.
In the case of the ESR, this was done on the basis of a noise calibration, i.e., a well known
calibration noise source was switched on during each pulse reception interval and fed into the
receiver system [see Wannberg et al., 1997, their Figure 5]. By normalization of the received
echo power to that of the calibration noise source, measured power-values were converted
to values in units of Watts. Making additionally use of the radar equation and using the
radar system parameters given in Table 4.3 volume reflectivities were finally derived. From
previous comparison of pure incoherent scatter echoes (where the volume reflectivity is di-
rectly proportional to electron density) with ionosonde data this technique is known to yield
volume reflectivities within an accuracy of ~10% [Kirkwood et al., 1986]. Note that the latter
estimate includes the variation of transmitted ESR-power which is routinely measured and
logged during ESR, operation.

In the case of the SSR, a delay line calibration was performed and verified against an
additional noise calibration as described in detail in Latteck et al. [2008]. For the delay line
calibration, the transmitter output itself is fed into the receiver input using a directional
coupler and delaying the transmitted pulse by 100 us (corresponding to a range of 15 km)
using an ultra-sonic delay line. Since the transmitted power can be measured within an
accuracy of less than 1% (i.e., better than 100 W at a transmitter output of a few kilowatts)
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this allows to express any received signal in absolute units within an accuracy of a few percent.
Making again use of the radar equation and using the radar system parameters given in
Table 4.3 volume reflectivities are derived. Unlike in the case of the ESR, a statement on
the accuracy of this calibration procedure is more difficult, since independent measurements
of the volume reflectivity are not available. However, based on the accuracy with which the
delay line calibration can be carried out (accuracy of a few percent, see above) and also
based on the variation of transmitted power which was regularly measured during the radar
experiments described here we estimate the accuracy of this calibration to be on the order of
a few ten percent.

We note that there could be additional systematic errors originating from the radar system
parameters as summarized in Table 4.3 and as needed for the calculation of volume reflec-
tivities. Where not measured directly, stated quantities were derived on a ‘best effort’ basis
(e.g., the SSR antenna gain had to be calculated).

As the final result of this exercise, histograms of the volume reflectivities n obtained from
PMSE observations with the ESR and SSR in June 2006 are presented in Figure 5.5. n-values
obtained from the ESR and SSR observations fall within the range from 2.5x1071 m~! to
1x1071" m~! and from 5x107' m~"! to 6.3x1072 m~!, respectively. This means that SSR
n-values at a Bragg wavelength of 2.8 m are on average more than three orders of magnitude
larger than ESR n-values at a Bragg wavelength of 30 cm. A more detailed comparison of
the volume reflectivities at these two frequencies along with an in depth discussion in terms
of our theoretical understanding of PMSE is presented in Chapter 7.

15 : :
B SSR
B ESR
121 r
S -1
° 91 reflectivity(SSR) > 5.0e—-016 m 3
% reflectivity(ESR) > 2.5e-019 m™t
5 6 »
(&
o
3, L
O L

-19 -18 -17 -16 -15 -14 -13 -12 -11
reflectivity, log(n) [m ]

Figure 5.5: Histograms of absolute volume reflectivities at 500 MHz and 53.5 MHz derived

from ESR (blue) and SSR (red) observations in June 2006. Minimum detectable values for
both radars are indicated on the plot.

5.2 Observations at frequencies of 224 and 930 MHz

In this section, we will deal with the statistical properties of PMSE in occurrence rate and
volume reflectivities derived from observations at frequencies of 224 and 930 MHz.
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5.2.1 PMSE-occurrence rates

In Figure 5.6 we present two typical examples of simultaneous PMSE observed with the
EISCAT VHF and UHF radar on 13 July 2004 and 09 July 2005, respectively. Note that
during these two measurements, the HF heating facilities in the EISCAT Tromsg radar site
were run. The details of the heating experiments were described by Naesheim et al. [2008].
Naesheim et al. [2008] demonstrated that the heating led to identical effects at both frequen-
cies. For the current purpose, however, we are only interested in the undisturbed (i.e., not
affected by heating) state of the echoes. In the current analysis, the heating parts of the
observations were hence excluded from the data sets and the remaining observations were
integrated over 1 min intervals. From Figure 5.6, we see that pronounced echoes were si-
multaneously observed by both radars for a quite long duration. The VHF echoes, however,
generally extend over a larger altitude range than the UHF echoes and show more variations
in the morphology (sometimes appearing with double-layer or even multi-layer structures),
whereas the UHF echoes appear intermittently as a very thin layer.

log(volume reflectivity) [m'1]

5 75 .
07:00 08:00 09:00 : 09:00
iog(voiume refiectivity) [m'1'] iog(voiume refiectivity) [m'1']

EISCAT VHF 224 MHz [ttt
07:00 08:00 09:00
13-Jul-2004, time [UT] 09-Jul-2005, time [UT]

Figure 5.6: Volume reflectivities deduced from the observations with the EISCAT UHF radar
(top) at 930 MHz and the EISCAT VHF radar at 224 MHz (bottom) on 13 July 2004 (left) and
09 July 2005 (right), respectively. The heating parts were removed before being integrated
into 1 min. Blanks in all panels indicate times where meteor echoes were removed.

The EISCAT VHF and UHF radar are both incoherent scatter (IS) radar. The observations
are hence a superposition of coherent scatter from PMSE and incoherent scatter from the
ambient plasma at mesospheric altitudes. In order to isolate altitudes with PMSE, we inferred
the occurrence rate based on power profiles. Following the methodology used by Li et al.
[2010] (or see Section 5.1.1), the analysis was carried out on single power profiles, where
echoes which extended more than three standard deviations above the mean noise level were
identified as PMSE. For the case of UHF PMSE, the echoes are much weaker and most of the
coherent scatter does not stand well out of the incoherent scatter. In order to avoid missing
too many of the already scarce UHF PMSE we derived the threshold manually (effectively
resulting in a PMSE-threshold of slightly below 3 standard deviations above background) and
this analysis was limited to the height range of 80-88 km compared to the height range of 78—
94 km for the case of VHF PMSE. In addition, in order to avoid the occasional contamination
by incoherent scatter we also investigated the corresponding spectral widths of the potential
PMSE derived by the above process, since it is known that the spectral widths are much
smaller in the case of the coherent scatter of PMSE as compared to the incoherent scatter of
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the surrounding electron density [e.g., Rdttger and LaHoz, 1990].

Figure 5.7 shows the resulting altitude profiles of the occurrence rates of VHF PMSE
in different years between 2003 and 2007 and also the overall results for the 5 years of
observations. The total occurrence rates (PMSE occur in at least one altitude channel) are
indicated in the insert, respectively. In every year, VHF PMSE occurred almost in the entire
altitude range between 80 and 91 km with the largest occurrence rate between 84 and 86
km. In addition, the result in 2004 shows the largest value with a total occurrence rate
of 73%, which is consistent with the occurrence rate of NLC observed by the ALOMAR
RMR lidar (69°N, 16°E) [Fiedler et al., 2009]. A comparison between PMSE occurrence and
NLC occurrence as well as a discussion of other factors affecting PMSE occurrence will be
discussed in detail in Section 5.3. For the comparison of the PMSE occurrence rates inferred
from the VHF and UHF observations, we made use of the simultaneous observations with
both radars in July 2004 and 2005 (see also Table A.4), when UHF PMSE were detected
over a considerably long period. Derived altitude profiles of the occurrence rates at both
frequencies are shown in Figure 5.8. UHF PMSE show much smaller occurrence rates than
VHF PMSE. Furthermore, UHF PMSE were observed in a considerably narrower altitude
range, i.e., between 81 and 87 km.

Compared with the occurrence of PMSE observed with the ALWIN radar (53.5 MHz) at
Andenes (69°N, 16°E) which shows up to 80% even in the long term average [Bremer et al.,
2009], the occurrence of PMSE observed with the EISCAT VHF radar at 224 MHz is quite
low. In addition, the occurrence of PMSE observed with the EISCAT UHF radar at 930 MHz
is even much lower than that with the EISCAT Svalbard radar at 500 MHz which reached
16% in June 2006 (see Section 5.1.1).

5.2.2 Volume reflectivities

In Figure 5.9 we present the statistical distribution of all volume reflectivities n as well as
their normalized distribution versus altitude for the PMSE observations during different years
from 2003 to 2007. The overall results of the five years are shown in the lower right panel.
This shows that n values derived from the VHF observations fall within the range from 1
x 1071 m™! to 1.9 x 107! m~!. The maxima of 7, however, are quite different for the
observations in different years. Corresponding 7 values for the years from 2003 to 2007 are
listed in Table 5.1.

Making again use of the observations in July 2004 and 2005 with the EISCAT VHF and
UHF radar, we next compared the volume reflectivities of PMSE observations at these two
frequencies. Histograms of n as well as corresponding altitude-resolved distributions are
presented in Figure 5.10. n-values obtained from the EISCAT VHF and UHF observations
fall within the range from 1.35 x 107 m~! to 1.58 x 10~ m~! with the maximum around
107" m~! and from 1.95 x 107" m~! to 7.01 x 1078 m~! with the maximum smaller than
107" m~1!, respectively. Focusing on the lower panels, we would like to stress that there are
two patches in the distribution of the UHF PMSE which are consistent with corresponding
maxima of the n-distribution for VHF PMSE around 86 km and 82-84 km. In Section 7.1,
comparisons between the PMSE reflectivities at these two frequencies will be discussed further
in terms of our theoretical understanding of PMSE.

5.3 Temporal variability of PMSE at 224 MHz

Unlike the continuously operated MST-radars at ~50 MHz, observations with the EISCAT
radars were only performed on a campaign basis. However, over the years from 2003 to 2007
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Figure 5.7: The occurrence rate of PMSE observed with the EISCAT VHF radar in different
years from 2003 to 2007. The last panel (rightmost and lowermost) shows the statistical
results for all the observations in these 5 years. The total occurrence rate, defined as PMSE
occurred in at least one altitude channel, is indicated in the insert. The lengths of the
observations in 2003-2007 are 124, 173, 65, 76 and 85 hours, respectively. During the five
years, PMSE occurred at 224 MHz in the height range of 80-91 km and the maximum
occurrence is 21% around 85 km.

a total of 523 hours of PMSE observations were carried out with the EISCAT VHF radar.
Figure 5.11 gives an overview of the data coverage with respect to season and time of day.
This reveals that taking all these observations together should allow us to derive reasonable
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Figure 5.8: Comparison of PMSE occurrence rate at 930 MHz (in blue) and 224 MHz (in red)
respectively derived from the EISCAT UHF and VHF observations in July 2004 and 2005.
The total occurrence rates are indicated in the insert.

Table 5.1: 7 values (m~!) derived at different years between 2003 and 2007

Year 2003 2004 2005 2006 2007

max 1.98e-014 1.35e-013 1.97e-014 1.05e-013 1.89e-013
mean 1.30e-016 2.60e-016 1.09e-016 3.45e-016 4.51e-016
median 2.21e-017 1.98e-017 1.32e-017 2.27e-017 2.13e-017
min 1.11e-018 1.01e-018 1.00e-018 1.04e-018 1.10e-018

estimates of both seasonal as well as diurnal variation patterns of PMSE at 224 MHz. Note
that the statistics available to us represent a significant improvement over the only previous
statistical study of PMSE at 224 MHz by Palmer et al. [1996] who only had ~50 hours
of VHF PMSE observations available (compared to the more than 523 hours used in this
study). In contrast, however, Table A.4 shows that the same cannot be said regarding the
UHF-observations, such that a statistical analysis of these measurements will for different
years or months not yield meaningful results. Coming back to the VHF-data, Figure 5.11
shows that measurements in June and July are approximately evenly distributed among the
different years from 2003 to 2007. Hence we will also tentatively investigate year-to-year
variations based on these data, thereby keeping, however, always in mind that the statistics
of year-to-year variations are comparably poor. Corresponding results are presented below.

5.3.1 Year-to-year variation

In Figure 5.12, we show the total occurrence rates of PMSE as seasonal mean values for
the time interval from 1 June to 31 July. This shows that the occurrence rates of PMSE at
224 MHz reveal significant year-to-year variations. One of the intriguing questions regarding
this year-to-year variation is whether this variability is mainly driven by the variability of
mesospheric ice clouds or by the variability of other factors affecting PMSE like ionization.
In order to compare the occurrence rates of PMSE with the occurrence rates of NLC, we
here reproduce the year-to-year variation of seasonal mean NLC occurrence rates as obtained
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Figure 5.9: Relative occurrence of reflectivities (upper panels) and normalized distribution of
the reflectivities along the altitudes (lower panels) obtained with EISCAT VHF radar (from
left to right, from upper to lower) in different years from 2003 to 2007, respectively. The
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results derived from the sum of all the 5-year observations are shown in the last panel.

from observations with the ALOMAR RMR lidar at a horizontal distance of ~130 km from
Tromsg [Fiedler et al., 2009]. Corresponding results have been overplotted in Figure 5.12
in red. The occurrence rates shown here represent the so-called long-term NLC-record at
ALOMAR. This only includes clouds with a brightness in excess of the long-term detection
limit of the ALOMAR RMR lidar (i.e., for backscattering coefficients 3 > 4 x 10~1%m~1sr—1).
It is striking that the occurrence rates of PMSE at 224 MHz show a similar year-to-year
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Figure 5.10: Relative occurrence of reflectivities (upper panels) and normalized distribution
of the reflectivities along the altitudes (lower panels) obtained with EISCAT VHF radar (left
panels) and EISCAT UHF radar (right panels) in July 2004 and 2005.
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Figure 5.11: Distribution of observations during the years 2003-2007 against time (UT) and
season. Large majority of them were carried out during local noon.

variation as the NLC. Furthermore, in order to study the relationship between NLC and
PMSE at different frequencies, we reproduce the year-to-year variation of the occurrence
rates of PMSE observed with the ALOMAR wind (ALWIN) radar (53.5 MHz) [Bremer et al.,
2009](see the black lines with triangles in Figure 5.12). Again, we use seasonal mean values
for the time interval from 1 June to 31 July. Interestingly, the year-to-year variations of the
occurrence rates of PMSE at 53.5 MHz are quite different from those at 224 MHz and hence
are also quite different from the NLC occurrence rate.

We next consider the relation between the year-to-year variation of PMSE at 224 MHz
and D-region ionization. The latter is mainly determined by solar radiation and high-energy
particle precipitation. We make use of the solar Lyman o and geomagnetic Ap index to
derive the dependence of PMSE on the solar activity and geomagnetic activity, since Ly-« is
the dominant ionization source (ionization of NO) in ionospheric D region and Ap index is
an indicator of the high-energy particle precipitation.
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Figure 5.12: Comparison between PMSE occurrence rates (left ordinate) observed with AL-
WIN and EISCAT VHF radars and NLC occurrence rate (right ordinate) with ALOMAR
RMR lidar in different years from 2003 to 2007.

In Figure 5.13, we show the correlations between the mean occurrence rate of PMSE and
the solar Lyman « radiation (upper panel) and between PMSE and the geomagnetic Ap
index (lower panel). Again, we restricted this analysis to data from June and July (8 values
each, since there are no observations in June 2005 and July 2007). On the one hand this
guarantees that the statistics are comparable for different years, and on the other hand this
also makes sure that mesospheric temperatures are rather stable and do not have such large
gradients as in May and in August. Both cases show a positive correlation, which indicates
that the occurrence rate of PMSE at 224 MHz does increase with increasing ionization level.
The deduced correlation of PMSE occurrence and Lyman « is less significant (88%) than with
Ap index (93%). A similar analysis was recently reported by Bremer et al. [2009] for data
obtained with the ALWIN radar at 53.5 MHz. Compared with the results of PMSE at 53.5
MHz, our observations show a less significant correlation between PMSE occurrence and the
ionization level depending on Ly-a radiation and Ap index. The low level of significance for
the correlation between the occurrence rates of PMSE at 224 MHz and the Ap index could
partly be caused by the fact that the data set has poor statistics at local midnight (see upper
panel of Figure 5.16), since it is thought that precipitating particles dominate the ionization
level at midnight.

In summary, we find that PMSE at 224 MHz show a better match with NLC than PMSE at
53.5 MHz whereas the latter appear to show a stronger correlation with ionization. This may
tentatively be interpreted as meaning that the properties (sizes) of ice particles play a more
important role for PMSE at higher frequencies. Clearly, this point will require more attention
in the future and should be reconsidered based on much larger and more homogeneous data
sets than the one presented here.

5.3.2 Seasonal variation

The seasonal variation of PMSE occurrence rate is one of the striking features of PMSE
[Ecklund and Balsley, 1981] and has been shown to be caused by the seasonal variation of
the mesosphere temperature. I.e., PMSE occurrence maximizes when minimum temperature
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Figure 5.13: Correlation of PMSE occurrence rate with the solar Ly-« radiation (upper panel)

and geomagnetic Ap index (lower panel). The correlation coefficients are indicated in the
insert.

occurs and vice versa [e.g., Libken, 1999; Libken et al., 2004]. In Figure 5.14, we present
the numbers of the observations (white histograms) and PMSE events (black histograms)
counted in 1 minute intervals (same in the remainder of this manuscript) in the upper panel,
then the derived total occurrence rate for each day in red crosses (upper panel, see the right
ordinate) and the seasonal variation of PMSE occurrence as a function of the altitude and
the day of year in the lower panel. As mentioned before, the EISCAT radars were not run
continuously. Even with 5 years of observations, there are still big gaps during the entire
PMSE seasons. The seasonal variation of PMSE occurrence, however, is still very clear with
larger occurrence rates during June and July and smaller ones in May and August. The
occurrence rate can be even up to 100% during the main PMSE months and at selected
altitudes. The seasonal variation was also considered for volume reflectivities (the resulting
histogram and the normalized distribution at different months are shown in Figure 5.15). The
maximum values of reflectivity in June and July are much larger than in May and August.
Characteristic i values in different months between May and August are listed in Table 5.2.

Table 5.2: 7 values (m~!) derived at different months

Month May June July August

max 1.42e-014 1.89¢-013 1.05e-013 2.24e-014
mean 1.13e-016 3.14e-016 1.96e-016 8.43e-017
median 1.31e-017 1.84e-017 2.25e-017 1.54e-017
min 1.11e-018 1.01e-018 1.00e-018 1.07e-018

Let us focus again on the close correlation between PMSE and NLC. The existence of ice
particles depends critically on the degree of saturation S = pp,0/Psat, Where pg,o is the

partial pressure of water vapor and ps.: is the saturation pressure of water vapor over ice as
given by Murphy and Koop [2005]:
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Figure 5.14: Upper panel: Seasonal variations of the PMSE occurrence rate observed with
the EISCAT VHF radar from 2003 to 2007, the histograms of the observations (in white,
1-min interval) and PMSE events (in black) and hence the total occurrence rates for each
day (see the right abcissa) are presented; Lower panel: PMSE occurrence as a function of
the altitude and day of year as well as the degree of saturation S (contour lines with values)
are presented. Note, in the lower panel blanks indicate there are no observations the grey
shadings indicate the occurrence rates smaller than 1%.

Psat = exp (9.550426 — 5723.265/T + 3.53068 In(T") — 0.007283327) (5.1)

where pgq is in Pa (=N/m?) and T is in Kelvin. The frost point temperature is defined
as the temperature where S = 1. lLe., if S > 1 ice particles can exist and grow and if S < 1
they will evaporate.

In order to obtain S, we use data from the climatology of falling sphere (FS) temperatures
and mass densities from Libken [1999] (see his Tables 7 and 8), which were derived from a
total of 89 falling sphere measurements performed in the summer seasons between 1987 and
1997. In addition, a seasonal mean and height-independent water vapor mixing ratio of 3
ppmv was used in our calculation for simplicity. The resulting S values are presented by the
contour lines in the lower panel of Figure 5.14. The S = 1 line almost covers all the times
and altitudes when PMSE were observed by the EISCAT VHF radar. Remaining differences
can likely be attributed to our simplistic assumption of a fixed water vapor mixing ratio of 3
ppmv and the use of climatological temperatures and densities. That is, the F'S temperatures
and mass densities represent a mean atmospheric state (only 4 values for one month) and
certainly do not contain potential contributions from gravity waves. The lower edge of the
PMSE patches, which occasionally extend beyond S = 1, can most likely be attributed to
the influence of gravity waves as well as tidal waves [e.g., Hoffmann et al., 2005, 2008|.
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Figure 5.15: Occurrence of reflectivity obtained with EISCAT VHF radar at different months

from 2003 to 2007 (upper panels) and normalized distribution of the reflectivity along the
altitudes (lower panels).

5.3.3 Diurnal variation

As mentioned above, the ‘arc-dlayer’ experiments were normally carried out for several hours
on one individual day. There are only several days when the measurements were run con-
tinuously for 24 hours (e.g., in 15-17 June 2004). The sum of all the observations, however,
covers the complete 24 hours of an entire day, i.e., from 00:00-24:00. We thus are allowed to
obtain the average diurnal variation of PMSE at 224 MHz.

Figure 5.16 shows the diurnal variation of both the total as well as altitude-resolved PMSE
occurrence rates at 224 MHz with the number of the observations and the PMSE events.
During the 5 years of observations, the PMSE measurements with the EISCAT VHF radar
have been carried out mainly from 07:00-12:00 UT, i.e., around the local noon, and secondly
mainly around local midnight. From Figure 5.16, we see that PMSE have been observed
mainly within the height range of 83-88 km with a clear maximum during 10:00-12:00 UT
around 85 km and a minimum during 19:00-22:00 UT. This is consistent with the PMSE
observations by other nearby VHF radars [e.g., Bremer et al., 1996a; Hoffmann et al., 1999;
Klostermeyer, 1999]. A second maximum was observed around 86 km during 00:00-01:00 UT.
This second maximum normally appears near midnight or early morning, but it is not stable
in time [Hoffmann et al., 1997]. In addition, there is also a second minimum just at 04:00
UT, between the two patches of the maximum occurrence rates. Figure 5.17 presents the
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corresponding diurnal variations of maximum (upper panel) and median reflectivities (lower
panel). These are in reasonable accord with the diurnal variations of the PMSE occurrence.
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Figure 5.16: The diurnal pattern of the PMSE occurrence rate observed with the EISCAT
VHF radar in the years between 2003 and 2007.
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Figure 5.17: Diurnal variation of the maximum (upper panel) and median (lower panel) of
volume reflectivities obtained with the EISCAT VHF radar in the years between 2003 and
2007.

We note that the here presented diurnal variations at 224 MHz are in full agreement with
previous similar analysis at 53.5 MHz [e.g., Hoffmann et al., 1999] for which it was shown
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that the diurnal pattern is caused by a superposition of temperature-variations owing to the
semidiurnal tide as well as the diurnal variation of ionization caused by both solar Ly-«
radiation as well as particle precipitation [Klostermeyer, 1999].
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Chapter 6

Results: factors leading to UHF
PMSE

6.1 Introduction

It has been mentioned above that most measurements of PMSE to date have been carried
out at the ‘standard’ frequency of about 50 MHz. As for the case of measurements involving
the radars operating at UHF range, one has to note that the reason for the poor statistics
is indeed of geophysical origin since PMSE at such very large frequencies and small Bragg
wavelengths are very weak. Hence only a handful of observations has been reported in the
literature so far [e.g., Turunen et al., 1988; Collis et al., 1988; Réttger et al., 1990; Cho et al.,
1992; La Hoz et al., 2006; Belova et al., 2007; Rapp et al., 2008; Nicolls et al., 2009]. From
the comparison of the statistical properties of PMSE at different frequencies based on the
simultaneous and common-volume observations, the occurrence of PMSE in the UHF range
(e.g., 500 and 930 MHz) is much rarer compared to PMSE in the VHF range (e.g., 53.5 and 224
MHz). One obvious question is hence which factors lead to the occurrence of UHF PMSE.
The theory with the largest acceptance in the community assumes that PMSE originate
from turbulence-induced scatter in combination with a large Schmidt number caused by the
presence of charged ice particles, which is termed the TWLS-theory of PMSE in this study
(reader refers to Rapp and Libken [2004]; Rapp et al. [2008]). According to this theory, the
volume reflectivity of PMSE depends on the turbulence strength, the electron density, and the
properties of the ice particles involved. Unfortunately, the information on the ice particles
during our measurements was not available from independent observations. Hence in this
section, a comparison between the factors affecting PMSE occurrence in the VHF and UHF
range will be discussed based on the turbulence parameters and electron densities.

6.2 Turbulence parameters

It has been discussed in detail previously, for example, by Hocking [1983, 1985] that Doppler
spectral width yields information regarding the velocity variance of the detected scatterers in
the observing volume which is determined by turbulence, background wind, and atmospheric
waves. The estimate of turbulent energy dissipation rate can hence be made from the spectral
width of the Doppler spectrum observed in PMSE after correcting the influence of beam-,
shear-, and wave-broadening [Hocking, 1985; Nastrom and Faton, 1997]. Spectral width,
here defined as the half power half width of the corresponding Doppler spectra assuming
a Gaussian spectral shape, is proportional to the turbulent energy dissipation rate and,
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therefore, indicates turbulence strength [Hocking, 1985]. In this section, spectral width, an
equivalent turbulence parameter, as well as turbulent energy dissipation rate, are derived from
the Doppler spectrum in PMSE observations and comparisons between turbulence derived
from PMSE observations at different frequencies are carried out.

6.2.1 Comparisons between the ESR and SSR

Before we proceed with the estimate of turbulence parameters, the spectral shape of the
observed Doppler spectrum should be considered. It is common belief that coherent scatter
due to the ordered structure generally caused by turbulence should reveal a Gaussian shape
le.g., Woodman and Guillen, 1974; Réttger, 1984; Hocking, 1985; Strelnikova and Rapp, 2010)
whereas pure incoherent scatter due to the random motion of electron density has been
well established to reveal a Lorentzian shape [e.g., Dougherty and Farley, 1963; Tanenbaum,
1968; Beynon and Willianms, 1978; Rapp et al., 2007; Strelnikova and Rapp, 2010]. In order
to quantitatively verify whether the spectra of PMSE signals are described by a Gaussian
spectral shape, we can fit the magnitude of the corresponding auto-correlation functions
(ACF, which according to the Wiener-Khinchine theorem are just the Fourier transforms of
the power spectra) using the following empirical function introduced by Jackel [2000] and
Moorceroft [2004]:

ACF(t) = ACF,_q - exp (—(t/7))" (6.1)

where t is the lag time at which the ACF is evaluated, 7 is the decay time (which is inversely
related to the spectral width), and n is an exponent describing the shape of the spectrum [e.g.,
Rapp et al., 2007; Strelnikova and Rapp, 2010]. n =1 corresponds to a Lorentzian spectrum
as expected for pure incoherent scatter from the ionospheric D-region and n = 2 corresponds
to a Gaussian spectrum.

In order to demonstrate the excellent quality of the Doppler spectra obtained from the ESR
measurements we show a sequence of 4 min of such spectra at four consecutive range gates in
Figure 6.1. Quite evidently, the spectra are reasonably well described by a Gaussian spectral
shape. This was also verified quantitatively by fitting the magnitude of the corresponding
ACF according to Equation 6.1 yielding an average n of 1.9, i.e., close to n = 2. This, in turn,
implies that the measured signal originates from coherent structures and it is appropriate to
make use of Gaussian function to characterize the spectra for this case. However, we also
note that occasionally, some spectra appear to show multiple peaks that could actually be
indicative of inhomogeneities within the radar beam which has been reported by previous
studies [e.g., Rdttger and LaHoz, 1990].

In Figure 6.2 we compare mean profiles (along with corresponding standard deviations) of
spectral widths from observations with the SSR (black line with grey shading and red lines)
and the ESR (blue line with error bars). First of all, we note that there is one common
feature of all profiles, namely that the mean spectral widths increase with increasing altitude
which is in agreement with many previous PMSE observations [e.g., Czechowsky et al., 1988|.

Besides this general agreement, however, we stress two additional points: when comparing
SSR- and ESR-observations at times when both radars observed PMSE (blue and red lines),
it is striking that the resulting profiles show on average larger values for the SSR below about
85 km while the values agree nicely above that altitude when the profiles show mean values
of up to ~3 m/s.

When comparing spectral widths from different radars with very different beam widths
(see Table 4.3), one has to consider the fact that the observed spectral width o, is actually
the sum of different terms, i.e.,
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Figure 6.1: Normalized Doppler power spectra (PSD) from the ESR observations on 26 June
2006, for four different range gates and four consecutive minutes, all shown for a range of
Doppler velocities (w) between -12 and 12 m/s.
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Figure 6.2: Left panel: Altitude profiles of the spectral widths (means and standard de-
viations) derived from SSR-observations at the times that the ESR was operated but did
not detect PMSE (black line with grey shading), from SSR-observations at times when the
ESR observed PMSE (thick and thin red lines), and from the ESR-observations (blue line
with error bars). Right panel: Corresponding histograms of spectral widths from PMSE
observations at 85-88 km altitude during times of ESR-operation (same color code as in Left
panel).

2 2 2 2 2
Oobs = Oturd + Obeam + O shear + Owave (62)

where oy, is the contribution from turbulent velocity fluctuations in the medium, opeqm
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Figure 6.3: Upper panel: Wind speeds measured with the Nippon/Norway Svalbard Meteor
Radar at the times of PMSE-observations with the ESR. Stars indicate individual data points
whereas thick and thin black lines show corresponding profiles of mean wind speeds and
corresponding standard deviations. Middle panel: Altitude profile of the variance of vertical
winds derived from ESR-observations. Lower Panel: Altitude profiles of beam (black line)
and wave broadening (green line) contributions to the spectral width recorded with the SSR.
The light and dark blue lines show altitude profiles of 0]255 r and O'%S r» respectively, and the

red line shows the sum of O’%S R~ afwb, and o2

Opeam> wave*

is the contribution from beam broadening, ogpeqr is the contribution from shear broaden-
ing, and finally oyqape is the contribution from high frequency gravity waves [Hocking, 1985;
Murphy et al., 1994; Nastrom and Eaton, 1997]. According to Hocking [1985], beam broad-
ening may be quantified as opeam = ﬁ -9 -V where ¢ is the 3 dB full beam width of
the transmitted radar beam (in radian) and V is the horizontal wind speed. Expressions
for shear broadening may be found for example in Nastrom and Faton [1997]. However,
the latter is almost two orders of magnitude smaller than beam broadening for the vertical
measurements considered here. Hence, shear broadening will not be considered any further.
Finally, the broadening contribution owing to high frequency gravity waves was derived by
Nastrom and Eaton [1997] and may be written as 02, = 02 - f(Z,D,T,wg,k,m). Here,
02 is the observed variance of the vertical wind, Z and D are the depth and width of the
observing volume at given height (i.e., 300 m and 7400 m at 85 km in the case of the SSR),
T is the sampling time (i.e., 10 sec for the SSR), w¢ is the circular frequency of the high fre-

quency gravity wave, and k and m are its horizontal and vertical wave numbers (see equations
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A12-A15 in Nastrom and Eaton [1997] for more details).

In order to quantify opeqm, we considered actual wind measurements with the collocated
Nippon/Norway Svalbard Meteor 31-MHz Radar (NSMR). Details regarding this meteor
radar system as well as corresponding scientific results can be found for example in Hall et al.
[2002] and Hall et al. [2003]. The wind data are provided as half-hourly mean values only
such that we did not attempt to correct individual spectral width observations with the ESR
and SSR. Instead, we derived a mean profile of horizontal wind velocities during the times
when the ESR observed PMSE. The latter is shown in the upper panel of Figure 6.3.

Further on, we considered whether or not high frequency gravity waves were present at
the times of our PMSE observations and could have contributed to broadening the spectra.
Indeed, it turns out that the times at which the ESR registered PMSE are characterized by
the prevalent occurrence of gravity waves with typical periods of about 10 min. One typi-
cal example is presented in Figure 6.4 showing the vertical wind variation on 18 June 2006,
as derived from PMSE observations with the ESR and SSR. From all such ESR observa-
tions we derived the variance of the vertical wind over the period of the PMSE observations.
The latter is shown in the mid panel of Figure 6.3. In order to proceed further and es-
timate the broadening contribution owing to these high frequency waves, we further need
information on the horizontal and vertical wavelengths. While these two parameters are not
directly available from our observations, we may constrain reasonable estimates based on
published climatologies of high frequency gravity waves as derived from airglow observations.
Nielsen et al. [2009] have recently published a corresponding climatology for 76° S and found
prevalent periods of about 10 min as in our own observations with corresponding horizontal
wavelengths of about 20 km. Importantly, these values are in reasonable agreement with sev-
eral independent observations at other locations (see the overview of previous observations as
summarized in Table 1 in Hecht [2004]). While this certainly does not prove that the waves
present during our PMSE observations had exactly the same properties, we may still use a
horizontal wavelength of about 20 km in order to estimate the order of magnitude effect of
wave broadening on our own spectral observations. Finally, we used the dispersion relation
for high frequency gravity waves (e.g., equation 30 in Fritts and Alezander [2003]) to derive
a corresponding vertical wavelength.

The overall result of this exercise is presented in the lower panel of Figure 6.3. Here, we
show the altitudes profiles of all relevant terms in Equation 6.2. Note that altitude profiles
of o2, and 02, are only shown for the case of the SSR, since corresponding values for the
ESR are minute and only make a negligible contribution to O'% gp- Hence, we use the latter
as our best estimate of afmb. Figure 6.3 reveals that the broadening contribution from wave
broadening to the spectrum recorded with the SSR exceeds that one from beam broadening
at basically all altitudes. Even more important, we see that the sum of J%S R~ afmb, crfuave,
and ofwm closely reproduces the altitude profile of a%SR. Hence, we tentatively conclude
that the observed difference in ESR and SSR spectral widths below 85 km is likely caused by
the combined effect of wave and beam broadening (with some remaining uncertainty caused
by the need to estimate part of the wave parameters based on climatologies and not direct
observations).

The other striking feature that we would like to stress here is the fact that spectral widths
observed with the SSR in the presence of PMSE in the ESR are significantly larger at altitudes
above 85 km as compared to the cases when PMSE was only observed by the SSR. This can
be clearly seen in the right panel of Figure 6.2 in which histograms of spectral widths from
altitudes of 85-88 km are compared for cases where PMSE was observed by the SSR only (in
grey) and simultaneously by the SSR and ESR (red and blue). Since the histograms of the
simultaneous ESR and SSR-measurements agree nicely indicating that the increased spectral
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Figure 6.4: Upper panel: Height-time cross section of the vertical wind derived from Doppler

spectra recorded in PMSE observed with the ESR on 18 June 2006. Lower panel: Same as
upper panel but for the SSR.
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Figure 6.5: The distribution of turbulent energy dissipation rate at the PMSE altitude derived
from the ESR observations during June 2006: (1) PMSE above 85 km in the upper panel;
(2) PMSE below 85 km in the lower panel. These energy dissipation rates were derived from
spectra with 1 min resolution, see text for details.

widths are due to an increased level of turbulent velocity fluctuations (and not increased
broadening effects owing to large horizontal winds and/or high frequency gravity waves), this
implies that the upper PMSE-layer observed with the ESR occurs in the presence of enhanced
mesospheric turbulence.

Finally, we convert the observed spectral widths from the ESR - which are only marginally
contaminated by artificial broadening effects (see above) - to turbulent energy dissipation
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rates following Hocking [1985] and Réttger et al. [1990]:

_ 0.40°N
~ 2In2

(6.3)

where € is the turbulent energy dissipation rate, A is the wavelength of the radar (e.g., 0.6
m for the ESR), o is the half power half width of the Doppler spectrum (in m/s) and N is
the buoyancy frequency which we take from the MSIS-climatology [Picone et al., 2002]. Note
that we have chosen MSIS rather than a climatology based on actual observations on Svalbard
since corresponding data sets either do not cover the relevant time of the year or the relevant
height range [Libken and Millemann, 2003b; Hdéffner and Libken, 2007]. Histograms of €
for altitudes below and above 85 km are presented in Figure 6.5. Importantly, the spectral
resolution of the ESR-measurements (i.e., 0.167 Hz or 0.05 m/s) and the contribution to the
spectral width by beam and wave broadening (i.e., 0.26 m/s on average) cause corresponding
minimum detectable energy dissipation rates of significantly less than 1 mW /kg and hence
do not significantly influence the here presented values. Figure 6.5 clearly shows that energy
dissipation rates follow a very asymmetric distribution with a long tail towards large values
as expected for intermittent processes like turbulence. Above 85 km most values fall into
a range from 5-200 mW /kg whereas values are significantly smaller (5-50 mW /kg) below
that altitude. We note that these values are in general agreement with the few independent
estimates of turbulent energy dissipation rates based on direct rocket soundings during polar
summer [Libken et al., 2002; Strelnikov et al., 2006].

6.2.2 Comparisons between the EISCAT VHF and UHF radar

As mentioned above, the parameter n in Equation 6.1 describes the shape of the corresponding
ACF. l.e., n = 1 and n = 2 correspond to Lorentzian and Gaussian shapes, respectively.
Furthermore, if incoherent scatter in the D-region is modified by the presence of charged
dust particles n < 1 is expected corresponding to a special shape assumed as a superposition
of two Lorentzians, one depending on the diffusivity of ions and the other on charged heavy
dust particles, hence indicating the presence of charged dust particles [Rapp et al., 2007;
Strelnikova et al., 2007]. Under this theoretical frame, Strelnikova and Rapp [2010] carried
out a statistical study from a total of 86 h of PMSE observations with the EISCAT VHF and
UHF radar during the time period from 2003 to 2007. For the case of the VHF observations,
the distribution of the derived parameter n peaks at 2 inside of PMSE layers whereas at 1
outside of PMSE layers (see Figure 6.6). Most importantly, when the UHF PMSE significantly
exceeded the incoherent scatter signals the spectra revealed a clear Gaussian shape indicative
of a coherent scattering process with identical spectral widths as VHF PMSE. This finding
gives a strong support that PMSE at both frequencies originate from the same coherent
scattering process (likely related to turbulence, see below).

We now proceed with the comparison of the spectral widths derived from the Gaussian-
shape spectra of signals observed with both radars. Note that the experiment configurations
and data acquisition systems of the EISCAT VHF and UHF radar are very similar and
additionally the EISCAT VHF and UHF radar have very similar (and small) beam widths
(see Table 4.1). Back to Equation 6.2, the contributions of beam broadening effects to the
spectral widths are hence expected to be reduced (For the discussion on the broadening
effects in detail, see Strelnikova and Rapp [2011]). In Figure 6.7 we show the distribution of
the derived spectral widths from the simultaneous PMSE observations divided into a subset
for the altitudes below 84 km and the altitudes above 84 km. First of all, the spectral
widths derived at the two different frequencies compare well at all altitudes. In addition,
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Figure 6.6: The statistics of parameter n derived from 86 hours of EISCAT VHF observa-
tions. Left panel: the distribution of n peaking at 1 outside of PMSE layers; Right panel:
the distribution of n peaking at 2 inside of PMSE layers. This figure is reproduced from
Strelnikova and Rapp [2010].
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Figure 6.7: The distribution of spectral widths at the PMSE altitude derived from the PMSE
observations with the EISCAT VHF (right panels) and UHF (left panels) radars in July 2004
and 2005: (1) PMSE above 84 km in the upper panels; (2) PMSE below 84 km in the lower
panels. These spectral widths are in 1 min resolution, see text for details.

there are much larger values above 84 km than below 84 km for both radars. Most values
fall into a range from ~4 to 12 m/s above 84 km whereas from ~0.5 to 6 m/s below 84
km which is comparable with the results by the ESR. In addition, Figure 6.8 shows the
mean profiles (along with standard deviations) versus altitudes from the VHF observations
during cases with and without UHF PMSE (red line with error bars and black line with
grey circles) and from the UHF observations (blue lines), respectively. Roughly speaking
the mean spectral widths increase with increasing altitude which is in agreement with many
previous PMSE observations [e.g., Czechowsky et al., 1988]. Besides that, we can see that
the resulting profiles show almost the same values for both radars when they simultaneously
observed PMSE. We note that this is in contrast to earlier findings by Belova et al. [2007]
who presented a case study involving a few minutes of simultaneous PMSE observations with
the EISCAT VHF and UHF radar and found that spectra recorded with the VHF radar
were systematically larger than those recorded with the UHF radar. Our analysis - which is
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based on a significantly larger data set (more than 10 hours) - clearly does not reproduce this
finding. We note that this finding has recently been corroborated by a more in-depth study
by Strelnikova and Rapp [2011].

VHF: no UHF PMSE ||
—— VHF: with UHF PMSE

altitude [km]

0 2 4 6 8 10 12 14

spectral width [m/s]
Figure 6.8: Altitude profiles of the spectral width (mean and standard deviations) deduced
from the VHF observations at the times that the UHF radar was operated but did not detect
PMSE (black line with grey circles), from the VHF observations at times when the UHF

radar observed PMSE (red line with erro bars), and from the UHF observations (thick and
thin blue lines).

Focusing again on the upper part of our data (say above ~84 km), we see that the spectral
widths are significantly smaller at times when only the EISCAT VHF radar observed PMSE
compared with those when both radars observed PMSE. This implies that UHF PMSE require
enhanced levels of atmospheric turbulence at these altitudes which is in full agreement with
our similar analysis conducted for PMSE observations with the ESR (500 MHz) and the SSR
(53.5 MHz) (see above).

6.3 Electron densities

As mentioned above, the EISCAT radars are incoherent scatter (IS) radars. The measure-
ments are routinely analyzed in terms of electron number densities (or ‘apparent’ electron
densities for the case of PMSE) by comparing measured power values to the measurements
of a calibration source of known brightness temperature and by using IS theory. With ob-
servations by the EISCAT radars, we are hence able to compare the distribution of electron
densities when VHF PMSE and UHF PMSE occurred. We note that there were unfortunately
no electron densities available for the case of the ESR during our experiments. This issue is
hence discussed only for the case of the EISCAT VHF and UHF radar.

For this exercise, we first present a case study. Figure 6.9 shows simultaneous observations
with the EISCAT VHF and UHF radar on 5 July 2005. Again, the heating parts of the
observations (20 sec for heater on and 160 sec for heater off, see Section 5 for details) were
excluded from the dataset and the remaining observations were integrated over 1-min interval.
Both radars observed pronounced echoes at altitudes between 83 and 84 km during a short
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time interval of 12:20-12:26 UT whereas the VHF-echoes extend over a larger altitude range
and reveal more variations in the morphology.
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Figure 6.9: Height-time-intensity of radar echoes observed with the EISCAT VHF (bottom)
and UHF (top) radars on 5 July 2005.
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Figure 6.10: Electron densities from the UHF observations at 90 km (blue) and 80 km (red).
Black bar indicates the time when both radars observed PMSE.

Since the observations with the EISCAT radars are a superposition of coherent scatter
from PMSE and incoherent scatter from the ambient plasma at mesospheric altitudes, it is
hence very difficult to isolate ‘real’ electron densities at the altitudes with PMSE. We hence
derived the electron densities at altitudes of 80 and 90 km from the UHF observations (where
no UHF PMSE occurred) as a reference. The results are presented in Figure 6.10. Roughly
speaking the electron densities are relatively higher when both radars observed PMSE, i.e.,
during the time 12:20-12:26 indicated by black bar in comparison to the observation time of
PMSE observed only with the EISCAT VHF radar.
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Figure 6.11: Distribution of electron densities at 90 km (upper panel) and at 88 km (lower
panel) when VHF PMSE occurred (blue) and when UHF PMSE occurred (red).

We now turn to a statistical investigation based on the simultaneous observations with
both radars in July 2004 and 2005. UHF PMSE were only observed in the altitude range
between 81 and 87 such that the echoes with the EISCAT UHF radar above 87 km are
only due to the incoherent scatter from the ambient plasma. Figure 6.11 shows the electron
densities at 90 km (upper panel) and at 88 km (lower panel) when VHF PMSE (in blue) and
UHF PMSE (in red) occurred, respectively. Both ensembles show a much bigger occurrence
of VHF PMSE. Let us focus on the electron densities at 90 km. VHF PMSE occurred with
the electron densities at 90 km as low as 5x10° m™ whereas UHF PMSE only occurred
when the electron densities at 90 km were larger than 1x10'® m=3. Importantly, a similar
pattern (UHF PMSE only occur for larger electron densities) is also observed at 88 km, i.e.,
even closer to the PMSE layer. This provides a rough indication that the occurrence of UHF
PMSE requires higher electron densities than VHF PMSE.
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Chapter 7

Results: microphysical parameters
derived from radar observations

It is common belief that PMSE are closely correlated with the existence of ice particles
with nanometer size which form and grow at altitudes between ~80 and 90 km due to the
extra-ordinary thermal structure with mean minimum temperatures of ~130 K attained at
the mesopause above the summer polar regions [e.g., Libken, 1999]. As of today, it was
well confirmed that PMSE are closely related to the presence of ice particles. Proof for
this close relation comes from a multitude of independent observations: i.e., temperature
measurements within PMSE consistently show that the echoes occur in just the altitude range
where the air is indeed supersaturated [Libken et al., 2002, 2004]. Furthermore, simultaneous
and common volume observations of PMSE with radars and NLC by lidar have shown that
PMSE exist in the entire altitude range between ~80 and 92 km with NLC occurring at
their lower edge [Nussbaumer et al., 1996; von Zahn and Bremer, 1999; Libken et al., 2004;
Hervig et al., 2011]. Note that NLC have long been known to be direct evidence for ice
particles with radii larger than 20 nm whereas particles can be as small as ~2 nm to create
PMSE [Rapp and Libken, 2003]. In recent years, these high atmospheric ice clouds are
of considerable scientific interest since it was suspected that the mesopause environment
should change due to anthropogenic activity and solar forcing which in turn should give
rise to changes in the properties of mesospheric ice clouds [e.g., Roble and Dickinson, 1989;
Thomas et al., 1989; Garcia, 1989]. One of the topics for the study of these ice clouds is
to estimate the size of those ice particles existing near the mesopause region. Previous
studies to estimate the ice particle radii have been carried out with lidar measurements at
ALOMAR (Arctic Lidar Observatory for Middle Atmosphere Research) as well as satellite
measurements, more sensitive, with SOFIE (Solar Occultation for Ice Experiment) onboard
the AIM-satellite. The results with optical measurements are consistent with the model study
with LIMA, i.e., LIMA /ice, by Libken et al. [2009a] who gave the particle radii ranging 15-
75 nm. However, an excellent way for a continuous monitoring of the mesopause region,
including mesospheric ice clouds, involves radar measurements which are not hampered by
tropospheric weather conditions (such as ground-based optical measurements) and which can
give information with excellent time and altitude resolution. In the frame of the TWLS-
theory of PMSE, we are now in the position to derive the radii of ice particles from the
simultaneous observations of PMSE at two well separated frequencies. In this chapter, we
first test the TWLS-theory of PMSE with simultaneous observations at different frequencies
and apply this theory to the observations to derive the radii of ice particles involved (the
corresponding results are presented).
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7.1 Test of the TWLS-theory

The TWLS-theory of PMSE with the largest acceptance in the community assumes that
PMSE originate from turbulence-induced scatter in combination with a large Schmidt number
caused by the presence of the charged ice particles (see Chapter 3 for details). Following
Rapp et al. [2008], the theoretical expression of the radar volume reflectivities in the viscous
convective subrange of turbulence are given by:

87r3.fa'q’Ri-\F~J\72 ) 1.eXp<_27ﬁ<.k2>

n= Prt N2 e e s Sc
1 22
= C(ene, N, Hy,) X 3 exp <_Z§7'f . k2) (7.1)

For all of the parameters in the above equation, reader refers to Chapter 3 or Rapp et al.
[2008]. It is mentioned in Chapter 3 that the first experimental test of this theory was given
by the same authors [Rapp et al., 2008]. In this study, we further test this theory based
on such large number of simultaneous observations derived with two collocated radars (i.e.,
the ESR/SSR and the EISCAT VHF /UHF radar) that reliable statement on the statistical
behavior of this phenomenon can be made.

In any case, an excellent experimental possibility to test a potential theory is to per-
form PMSE observations at different frequencies and hence different spatial scales in the
D-region plasma, i.e., the radar Bragg wavelengths (=half the radar wavelengths for monos-
tatic radars). Before the exercise, we would like to mention that the absolute scattering cross
section of PMSE (more typically expressed as the radar volume reflectivity which is the scat-
tering cross section per unit volume) is independent of the radar system and configuration,
different from other relative parameters, e.g., signal to noise ratio. Early studies were only car-
ried out with one radar and derived volume reflectivities of PMSE at several data points, if not
measuring PMSE with signal to noise ratio [e.g., Réttger et al., 1990; Hocking and Rdttger,
1997] whereas statistical studies of PMSE with calibrated radars derived the distribution of
PMSE volume reflectivities with large dynamical ranges [Latteck et al., 2008]. When survey-
ing the literature, we note that the available experimental record impressively demonstrates
that the absolute volume reflectivities of PMSE reveal an enormous frequency dependence
such that simultaneous and common volume observations at more than one frequency should
also be an ideal tool for studying the validity of theoretical expectations.

We now turn to a detailed comparison of volume reflectivities 1 observed at the two radar
frequencies (and Bragg wavelengths). In an initial attempt we have tested whether there
is any direct and obvious correlation between 7 at the two Bragg wavelengths of 2.8 and
30 cm. For this direct comparison, the measurements were put on an identical time-grid
of 1 min. Subsequently, times and altitudes were identified during which PMSE occurred
simultaneously in both radar observations. A scatter plot of corresponding reflectivities is
presented in Figure 7.1. At first glance, there is no obvious correlation between the data.

The question, however, is what we may expect to find based on the above-mentioned PMSE
theory according to which PMSE is caused by a combination of neutral air turbulence and
an enhanced Schmidt number (reduced diffusivity) of electron density fluctuations (= fluctu-
ations of the radio refractive index). For looking into this, we may go back to Equation 7.1.

In Figure 7.2 we have plotted various theoretical curves n(k) for different combinations of
the electron density and electron density gradient and the Schmidt number Sc. In addition,
the two vertical bars indicate the Bragg wavenumbers of the SSR (k=2.24 m~!) and the
ESR (k=20.93 m~1), respectively. Figure 7.2 shows two interesting things: if the Schmidt
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Figure 7.1: Scatter plot of the reflectivities of ESR and SSR for all simultaneous observations
during June 2006. The red solid line indicates a reflectivity ratio of 816, i.e., all points where

n(SSR) = (kesr/kssr)® - n(ESR).

number is large, then the ratio between n(SSR) and n(ESR) should be a constant value, i.e.,

the curves of log(n(k)) are parallel to each other. Going back to Equation 7.1 we see that in

this case n(k) o k=3, i.e., for large Sc both n-values fall into the viscous-convective subrange
such that the ratio n(SSR)/n(ESR) is given by (kgsr/kssr)>=(500 MHz/53.5 MHz)3 = 816.

If, however, the Schmidt number is not very large, then n(SSR) would fall into a part of
n(k) where the latter is dominated by the k~3-dependence whereas n(ESR) would already

fall into the part where (k) is dominated by the exponential term. In consequence, the ratio
n(SSR)/n(ESR) should be larger than the minimum value of (kgsr/kssr)>=(500 MHz/53.5 MHz)?
= 816 in those cases (indicated by the red line in Figure 7.1).

In order to investigate this further, we next show histograms of the ratio n(SSR)/n(ESR)
in Figure 7.3. This figure demonstrates that the ratios vary between ~400 and 100000.
Importantly, however, more than 94% are larger than a value of 816 (indicated with the red
vertical bars), i.e., the ratio of the radar frequencies to the third power (see above). This
means that the large majority of our data is consistent with the expectations based on the
here considered theory. The remaining 6% which lie to the left of 816 can likely be explained
by the uncertainty of the calibrations (see above) as well as by the fact that the radar volume
of the ESR is significantly smaller (beam width 1.2°, see Table 4.3) than the radar volume of
the SSR (beam width 5°, see Table 4.3). This means that an incomplete filling of the latter
by scatterers will result in an underestimate of the ‘real’ volume reflectivity. Importantly, we
can find independent support for this explanation by means of a similar analysis of PMSE-
observations with the EISCAT VHF and UHF-radars in Tromsg (see Figure 7.4). From
measurements conducted in the years 2004, 2005 and 2006 we could identify a total of 296 1-
min samples of simultaneous PMSE-observations with these two radars operating at 224 MHz
and 930 MHz (Bragg wavelengths of 67 cm and 16 cm, respectively). Importantly, unlike
in the case of the SSR and ESR, the beam widths and hence observing volumes of these
two radars are near identical such that one would expect to find an even larger percentage
in agreement with theory - provided that the latter is correct. Indeed, this analysis yielded
the result that 99% of derived volume reflectivity-ratios were larger than the corresponding
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Figure 7.2: Calculated volume reflectivities for turbulent backscatter for a turbulent energy
dissipation rate of 0.1 W /kg and electron number density ne and its gradient dne/dz indicated
in the insert. The solid, dashed and dashed-dotted lines were calculated for Schmidt-numbers
Sc = 650, 2600 and 41600, respectively (corresponding to radii r4 = 10, 20 and 80 nm,
respectively). The two vertical bars indicate the Bragg wavelengths of the SSR (left) and
the ESR (right). The black horizontal line indicates the volume reflectivity due to incoherent
scatter for an electron density of 1x10'% m™3 for comparison.

ratio of the radar frequencies to the third power. We note, however, that we can certainly
not exclude that some other, yet unidentified physical process, is responsible for the above
described discrepancy for 6% of the presented data.

We note that the here demonstrated consistency between theoretical expectations and
observations allows us to disregard any theory which predicts a wave number dependence
which is less steep than k3. However, it certainly does not allow us to disregard other
potential theories with functional dependencies steeper than k3. In order to distinguish
such different possible functional dependencies, observations at more than two frequencies
would be required. Hence, our analysis can certainly not prove that the assumed turbulence
theory is correct. Nevertheless, we consider the consistency demonstrated above as sufficient
motivation to proceed further and derive microphysical parameters from our data which may
then be compared to independent observations in order to further corroborate or falsify our
assumptions.

7.2 Microphysical parameters derived from radar measure-
ments

In this section, we apply the TWLS-theory of PMSE to the simultaneous observations with
two radars labeled 1 and 2 (here 1 represents for the SSR or the EISCAT VHF radar and 2
for the ESR or the EISCAT UHF radar) to derive the microphysical parameters in PMSE.
From Equation 7.1 we see that the ratio of volume reflectivities observed with two radars
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Figure 7.3: (top) Distribution of the ratio of the volume reflectivities observed with the SSR
and ESR based on a total of ~300 simultaneous and common volume observations with a
integration of one minute each; (bottom) The same data shown as the cumulative percentage
of the ratio, i.e., indicating which part of the observations showed a reflectivity ratio larger
than the value indicated on the x-axis.

n1/m2 can be written as

ko '\ 2?2
% = (;) X exp (—57175 . (k‘% - k%)) (7.2)

Note that this equation only contains two remaining unknowns, i.e., the Schmidt number
Sc and the Kolmogorow-microscale g = (v3/€)'/4, while all other factors, partly largely
uncertain, contributing to the expression for the volume reflectivity in Equation 7.1 have
canceled. nx can be easily calculated using the energy dissipation rates e estimated from the
spectral widths (from the observations with the ESR and the EISCAT VHF radar, respec-
tively, see below) and an estimate of the kinematic viscosity v using Sutherland’s formula
and densities and temperatures from the MSIS-climatology [Picone et al., 2002]. As a result,
we may solve Equation 7.2 for the Schmidt number Sc¢ and obtain

MBS KD)

In(m . i)
2 k3

Sc (7.3)

Taking further into account that the Schmidt number can be expressed in terms of the
properties of the charged ice particles, corresponding ice particle radii can be derived from
the following relation:

Sc
6.5
where the radius 74 is in nm [Cho et al., 1992; Libken et al., 1998; Rapp and Liibken, 2003].
Note that Equation 7.4 assumes that collisions between the ice particles and the neutral gas,
and hence the corresponding diffusion, can be modeled as hard sphere collisions. The latter

was shown to be a reasonable assumption for particle radii larger than ~0.5 nm by Cho et al.
[1992].

rA = (7.4)
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Figure 7.4: Same as Figure 7.3, but for the case of the EISCAT VHF and UHF radar based
on 296 1-min samples of simultaneous PMSE observations.

7.2.1 Measurements with the ESR and SSR

We now proceed with all of the simultaneous measurements with the ESR and SSR for the
derivation of Sc and r4. In Equation 7.1 and 7.3, the radar 1 represents for the SSR and
2 for the ESR. This exercise results finally in histograms of the Schmidt number and ice
particle radii shown in Figure 7.5. This figure shows that Schmidt numbers vary between a
few hundred and ~32000 with corresponding radii between 10 and 70 nm. Interestingly, we
note that the Schmidt-number distribution appears to show two distinct peaks. We will show
below, that these two peaks correspond to different particle populations below and above
~85 km altitude.

Note that similarly large Schmidt numbers with maximum values of 4000 have recently
been independently reported based on direct in situ observations of the spectral content of
small scale fluctuations in the neutral gas and in charged particles under PMSE-conditions
[Strelnikov et al., 2009]. Importantly, independent observations on the same sounding rocket
proved the presence of large ice particles [Megner et al., 2009] and allowed to determine cor-
responding particle radii in the range of 20-30 nm [Rapp et al., 2009], i.e., in good agreement
with Equation 7.4.

In order to further assess the accuracy of the derived ice particle radii we have plotted
contour lines of particle radii as a function of turbulent energy dissipation rates € and ratios
n(SSR)/n(ESR) according to Equations 7.4 and 7.3 in Figure 7.6. In the same plot we
have marked combinations of these two quantities derived from our simultaneous SSR and
ESR PMSE observations. This comparison confirms that our measurements correspond to
particle radii between ~10 and 70 nm. Furthermore, it also shows that this method to derive
particle radii becomes more and more inaccurate as it approaches the theoretical lower limit of
n(SSR)/n(ESR) corresponding to the largest particle radii. The reason for this behavior can
be easily understood by going back to Figure 7.2: As the ratio n(SSR)/n(ESR) approaches its
smallest possible theoretical value of 816, a further increase of the particle radius and hence
the Schmidt number will hardly lead to any further change in n(SSR)/n(ESR) because for
large Schmidt number it is asymptotically given by ratio of the Bragg wave numbers to the
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Figure 7.5: Schmidt numbers (upper panel) and radii of the charged particles (lower panel)
derived from the ratios of the volume reflectivities between the SSR and ESR PMSE which
occurred simultaneously for the observations in June 2006.

third power. As a next step, the lower panel of Figure 7.6 shows relative errors of the radii
assuming relative errors in e and n(SSR)/n(ESR) of 10% and 50%, respectively. We note
that the 10% error estimate for the accuracy of € only reflects the uncertainty of deriving
the spectral width from measured Doppler spectra and does not take into account possible
systematic problems with Equation 6.5 as suggested on the basis of the direct numerical
simulations presented by Gibson-Wilde et al. [2000]. These authors showed that for the case
of a simulated Kelvin-Helmholtz instability ¢ derived on the basis of Equation 6.5 and using
a constant background buoyancy frequency resulted in an underestimate of the real energy
dissipation rate by a factor of five which would lead to a corresponding systematic shift
of derived particle radii to smaller values. Whether or not this factor does apply to our
observations is difficult to judge since no information is available to us about the type of
instability which led to the observed turbulence events. Furthermore, we note that the only
so far available direct comparison of e-measurements based on the spectral width method
with a well established in situ technique showed overall very good quantitative agreement
[Engler et al., 2005] such that our choice to only consider random errors and ignore potential
systematic errors appears to be justified.

Note further that also other potential systematic effects like an incomplete filling of the
radar beam in the case of the SSR, or a systematic overestimate or underestimate of the SSR
antenna gain can not be excluded and would bias the results shown above to one direction.
However, since we are so far incapable of quantifying these effects, they will not be considered
any further.

In any case, using the above stated assumptions, the lower panel of Figure 7.6 reveals that
derived particle radii have typical uncertainties of 30% and less except for those cases where
n(SSR)/n(ESR) is close to its theoretical lower limit as already mentioned above. We also
note that smaller radii (< 20 nm) have even much smaller uncertainties of less than 15%.

Furthermore, we present full altitude profiles of ice particle radii for one given event to-
gether with the mean of all observations in Figure 7.7. These results demonstrate that both
in a given event as well as in the statistical average, the radii show an increase with de-
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Figure 7.6: Upper Panel: Contour lines of particle radii (in nm) as a function of turbulent
energy dissipation rates € and ratios n(SSR)/n(ESR) according to Equations 7.4 and 7.3. The
grey symbols indicate combinations of these two quantities derived from the simultaneous SSR
and ESR PMSE observations. Lower Panel: relative error (in percent) of the derived particle
radius as a function of € and 7(SSR)/n(ESR) assuming relative errors of 10% in € and 50% in
n(SSR)/n(ESR). Again, grey symbols indicate combinations of € and n(SSR)/n(ESR) derived
from the simultaneous SSR and ESR PMSE observations.

creasing altitude as suggested by independent observations [e.g., von Savigny et al., 2005;
Hervig et al., 2009; Rapp et al., 2009] and our current microphysical understanding [e.g.,
Rapp and Thomas, 2006].

7.2.2 Measurements with the EISCAT VHF and UHF radar

For the analysis of the simultaneous measurements with the EISCAT VHF and UHF radar,
the radar 1 represents for the EISCAT VHF radar and 2 for the EISCAT UHF radar. Please
note that the spectral widths involved for the estimate of energy dissipation rates and hence
calculation of nx can be derived from the VHF observations as well as the UHF observa-
tions. However, the VHF-widths and the UHF-widths given in m/s should be equal accord-
ing to theory as well as to observational facts (see Figure 6.7) which has recently studied
by Strelnikova and Rapp [2011]. We hence make use of the spectral widths from the VHF
observations in the calculation of ngk.

We have analyzed a total of 76-hour simultaneous observations with the EISCAT VHF
and UHF radar in July 2004 and 2005. The derived Schmidt number and corresponding ice
particle radii are shown in histogram in Figure 7.8. Figure 7.8 shows that Schmidt numbers
vary between ~1000 and 20000 and the corresponding ice particle radii between ~12 and
55 nm with only a few values larger than 55 nm. These results are consistent with the in-
dependent measurements with sounding rockets [Strelnikov et al., 2009; Rapp et al., 2009] as
well as with optical instruments [Baumgarten et al., 2008; Hervig et al., 2009]. Furthermore,
the comparison between Figure 7.5 and Figure 7.8 shows that the ice particle radii from the
Tromsg radars fall within a narrower range in comparison to the Svalbard radars, i.e., radii
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Figure 7.7: (left) Individual altitude profile of particle radii derived from PMSE observations
on 30 June 2006 between 0900 and 1000 UT. (right) Average altitude profile of particle radii
from the entire data set. In both plots, horizontal bars indicate the standard deviation of the
radius values.

within 12-55 nm and 10-70 nm, respectively. This comparison hence presents two questions:
(1) why the minimum value of radii from the Tromsg radars is larger; (2) why the maximum
value of radii from the Tromsg radars is smaller. Note that when the UHF radar observed
PMSE the VHF radar normally also observed PMSE according to theory and hence the time
of the simultaneous PMSE depends on the UHF PMSE. It is the same scenario for the ESR
and SSR. For Question (1), the difference can likely be explained by the different frequency
of the ESR (500 MHz) from the EISCAT UHF radar (930 MHz), i.e., the Bragg scale of the
latter is only half as small as the former. We may go back to Equation 7.1 and the simulation
in Figure 7.2 and find that the occurrence of PMSE at 930 MHz is more difficult and requires
larger Schmidt number and hence ice particles. Question (2), however, can be likely explained
by the different latitude of Tromsg (69°N) from Svalbard (78°N). It is well confirmed that one
of the general properties of PMSE is latitudinal variation: the PMSE occurrence rate drops
from almost 100% at 78°N [Libken et al., 2004; Zecha and Réttger, 2009], ~ 90% at 69°N
[Bremer et al., 2003], to only ~10-20% at 54°N [Zecha et al., 2003]. This is consistent with
3D-model results of the thermal and dynamical structure of the mesosphere which suggests
lower temperatures closer to the pole and hence a more favorable environment for the for-
mation of ice particles [von Zahn and Berger, 2003; Rapp and Liibken, 2004]. Furthermore,
the latitudinal variation of NLC particle sizes shows that ice particle radii tend to increase
toward the pole [Karlsson and Rapp, 2006].

In Figure 7.9, we present full altitude profiles of ice particle radii for two given events.
The simultaneous PMSE on 12 July 2004 occurred at a lower altitude range between ~81.5
and 84.5 km in comparison to that on 13 July 2004 within a altitude range between ~83.5
and 86.5 km. Importantly, these results demonstrate that the radii show an increase with
decreasing altitude for both individual events as well as the combination of them. This is
consistent with the results derived from the ESR and SSR and provides further supports
to our understanding on the growth and sedimentation scenario of ice particles near the
mesopause region.
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Figure 7.8: Schmidt numbers (upper panel) and radii of the charged particles (lower panel)
derived from the ratio of the volume reflectivities of PMSE simultaneously observed by the
EISCAT VHF and UHF radar, respectively, in July 2004 and 2005.

7.2.3 Comparison to SOFIE results

In order to further judge whether these distributions are geophysically reasonable or not
we have finally compared our results to independent observations of ice particle radii in
mesospheric ice clouds. A survey of available measurements quickly shows that there is
currrently only one instrument which has sufficient sensitivity to detect ice particles with
radii down to as small values as 10 nm. This is the Solar Occultation For Ice Experiment
(SOFIE) onboard the Aeronomy of Ice in the Mesosphere (AIM) spacecraft [Gordley et al.,
2009]. SOFIE measures vertical profiles of limb path atmospheric transmission within 16
spectral bands between 0.29 and 5.32 uym wavelength. SOFIE observes about 15 sunsets in
the Southern Hemisphere and 15 sunrises in the Northern Hemisphere each day. Measurement
latitude coverage ranges from about 65° to 80° north or south. SOFIE measurements are used
to retrieve extinctions of mesospheric ice clouds at eleven wavelengths from 0.33 to 5.01 pm.
In addition to temperature and the abundance of gaseous species, mesospheric ice clouds are
measured by monitoring the attenuation of solar radiation using broadband radiometers. The
SOFIE field of view (FOV) is about 1.5 km vertical and about 4.3 km horizontal. Detectors
are sampled at 20 Hz which corresponds to ~145 m vertical spacing. The sample volume
length, as defined by the line-of-sight entrance and exit of a spherical shell with vertical
thickness of the FOV, is ~290 km. Details of the method to derive microphysical parameters
including effective radii (which are independent of the assumption of a specific particle size
distribution) from SOFIE-observations have recently been presented in Hervig et al. [2009].
Here, we compare estimates of effective radii obtained during the entire northern summer
season 2007 (data version V1.022) to our own results.

We also compare the radar results to observations with the ALOMAR Rayleigh/Mie/Raman
(RMR) lidar located at 69°N from June 2006. The ALOMAR RMR lidar measures relative
density profiles and particle (aerosol) properties in the stratosphere and mesosphere and has
been described in detail by von Zahn et al. [2000]. A recent review of corresponding results
including a detailed description of the method to derive ice particle parameters from observa-
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Figure 7.9: Altitude profiles of particle radii derived from PMSE observations on 12 July
(blue) and 13 July (red) 2004 between 0700 and 1000 UT. Horizontal bars indicate the
standard deviation of the radius values.

tions at three wavelengths is presented in Baumgarten et al. [2008]. For the current purpose,
suitable 3-wavelength lidar data were integrated for 14 min and then analyzed for particle
number densities, mean radii and widths of a Gaussian particle size distribution. For com-
parison to SOFIE and radar data, these parameters were then converted to effective radii as
described in Hervig et al. [2009].

Before going into the details, a few caveats should be mentioned: first we note that we com-
pare measurements from different years and also from different latitudes: while our radar mea-
surements were done with the Svalbard radars in June 2006 as well as with the Tromsg radars
in July 2004 and 2005, the AIM satellite was only launched on 25 April 2007 so that the 2007
summer season is the first available data set. Concerning latitudinal coverage, we note that
the bulk of the SOFIE observations is from 68°N and the lidar observations are from 69°N
which are very close to the Tromsg radars but not from 78°N as in the case of the Svalbard
radars. Furthermore, SOFIE observations were taken between 22 and 23 LST and lidar data
were gathered between 23 and 03 LST, whereas the radar observations were taken between
10-14 LST on Svalbard as well as between 09-13 LST in Tromsg such that potential tidal
differences in particle properties might occur. Based on the multi-year lidar statistics of
Fiedler et al. [2005] this effect is, however, expected to be small since both local time in-
tervals correspond to comparable values in the observed semidiurnal variation of brightness
values (see their Figure 3). Then one must realize that SOFIE observations are proportional
to the cube of particle radius (i.e., absorption in the Rayleigh-regime) whereas the Schmidt
number depends quadratically on the particle radius because a hard sphere collision model
is here assumed. Finally, one must also note that there are certainly many occasions where
PMSE (and hence mesospheric ice particles) were only observed with the SSR and not with
the ESR. Hence, our data set of combined SSR/ESR-observations represents in itself a bi-
ased data set, i.e., it is not representative of an average state of the atmosphere but rather
of a situation which allows PMSE to occur at the rather large frequency of 500 MHz. The
conditions are compatible with the measurements with the EISCAT VHF and UHF radar.
As described in detail above, these favorable conditions depend on the turbulence activity,
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the background ionization, and the size of the ice particles involved.
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Figure 7.10: Distribution of ice particle radii derived from radar (dark blue) and optical
observations from the SOFIE instrument on the AIM satellite (red) and from the ALOMAR
RMR lidar (light blue) for altitudes (bottom) below and (top) above 85 km: (left) the results
from the ESR and SSR; (right) the results from the EISCAT VHF and UHF radar. Please
note the very different statistics of the different data sets: (left) below 85 km, histograms are
based on 174 values for the radar, 88 for the lidar, and 6945 for SOFIE; above 85 km, there
are 155 radar values, no lidar values, and 834 values from the SOFIE instrument; (right)
there are 257 values for the radar and 5785 for SOFIE below 84 km whereas 78 radar values
and 1397 SOFIE values above 84 km.

Having all these caveats in mind, we now compare radii derived from our radar observations
to radii derived from the SOFIE occultations and ALOMAR RMR lidar observations at three
wavelengths in Figure 7.10. For this comparison for the case of the ESR/SSR, we have divided
the data again into a subset for altitudes from 81-85 km and from 85-88 km. Focusing first
on the radar results, we see that radii above 85 km are on average significantly smaller
(median value of ~20 nm) than below 85 km (median value of ~35 nm) which is in line
with our current microphysical understanding of these ice clouds which assumes that the
particles nucleate at the mesopause and then grow and sediment to lower altitudes [e.g.,
Rapp and Thomas, 2006]. Coming now to the comparison to the SOFIE-data, we note that
the overall agreement between radar and optical measurements is actually very good: Above
85 km, the agreement is actually remarkably good with both data sets peaking at around
15 nm and showing a tail down to values of about 40 nm. Below 85 km, both satellite, radar,
and lidar data show a rather broad distribution with median values of 28 nm in the case of
the SOFIE measurements, 30 nm in the case of the lidar data, and 35 nm in the case of the
radar observations, respectively. Taking into account the very different statistics of the three
data sets (see caption of Figure 7.10) as well as the known fact that ice particle radii tend to
increase towards the pole [Karlsson and Rapp, 2006] this difference can likely be explained
by different latitudes at which radar (78°N) and satellite observations (68°N) were taken. Let
us focus on the results with the EISCAT VHF and UHF radar. They are consistent with the
results with the ESR and SSR, i.e., larger particles in the lower altitudes with a rather broad
distribution. Furthermore, the results with the Tromsg radars actually show an even better
agreement with the SOFIE values especially for the altitudes below 84 km (see Figure 7.10
(right)). This can likely be explained by the closer latitudes between SOFIE observations
and Tromsg. However, the minimum value of radii with the Tromsg radars is somewhat
larger than that of SOFIE results as well as of the ESR/SSR results (~10 nm). This has
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been explained above by the fact that the EISCAT UHF radar is operating at a very high
frequency of 930 MHz and hence requires larger ice particle for PMSE to be observed. In
summary, taking all the caveats mentioned above into account, we consider this an excellent
agreement and very strong support that the radii retrieved from the radar observations are
meaningful.

Finally, we present the mean profiles of resulting ice particle radii (along with the standard
deviations) versus altitudes in Figure 7.11. Taking into account again the different statistics
of the data sets and the different latitudes, we note the agreement between the altitude
profiles of ice particle radii inferred from the radar observations and optical observations is
actually very good. These results provide a general distribution of ice particle radii in the
mesospheric clouds and certainly support our current microphysical understanding of the ice
particles near the mesopause region [e.g., Rapp and Thomas, 2006].
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Figure 7.11: Altitude profiles of ice particle radii (mean and standard deviations) deduced
from the radar observations with the EISCAT radars in Tromsg (red line with error bars)
and Svalbard (blue lines) in comparison to independent optical observations with SOFIE
onboard the AIM satellite (black line with grey shading). Both profiles inferred from radar
observations as well as optical observations demonstrate that the radii of ice particles increase
with decreasing altitudes.

7.3 Summary

In the frame of the TWLS-theory of PMSE the ratio of volume reflectivities at two Bragg
wavelengths only depends on two unknown parameters, i.e., the turbulent energy dissipation
rate and the Schmidt number which is itself a unique function of the radius of the charged
ice particle leading to the required electron diffusivity reduction. Since turbulent energy
dissipation rates can be derived from the spectral information of the ESR-measurements
as well as the EISCAT VHF measurements, this ratio can be used to infer particle radii.
Applying this method to our data sets we derive ice particle radii between 10-70 nm with
typical uncertainties of less than 30% (up to 50% for the largest radii) for the results on
Svalbard and 12-55 nm for the results in Tromsg. The comparison of our results to the
independent measurements from the Solar Occultation For Ice Experiment (SOFIE) onboard
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the Aeronomy of Ice in the Mesosphere (AIM) spacecraft and the ALOMAR RMR lidar
reveals an excellent agreement. The distributions of the ice particle radii at upper parts and
lower parts of PMSE as well as the average altitude profiles of ice particle radii demonstrate
that ice particle radii show an increase with decreasing altitudes. This is in full accord
with expectations from microphysical models which predict particle nucleation close to the
mesopause around 90 km and subsequent growth and sedimentation to lower altitudes.
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Chapter 8

Results: electron densities in the
presence of PMSE

8.1 Introduction

Strong depletion of electron densities (biteout) is one of the common properties of the PMSE
environment at altitudes between ~80 and 90 km which is characterized by the fact that
electron density is depleted as much as, typically, one order of magnitude below the undis-
turbed background. Such electron density depletion have long been observed from the mea-
surements of electron densities by a Faraday rotation experiment with a sounding rocket
which was launched during an auroral absorption event at 26 June 1966 in Andgya, Nor-
way [Pedersen et al., 1969]. After the discovery of PMSE, simultaneous and common-volume
measurements of electron density with sounding rockets and PMSE with radars have been
sporadically conducted (for the information of such campaigns, see Table 8.1). Electron den-
sity depletion was observed in almost all rocket borne electron density measurements in the
vicinity of PMSE and also could be detected with the EISCAT UHF radar (incoherent scatter
radar) [Réttger and LaHoz, 1990]. A typical example of electron density depletion from the
STATE campaign in 1983 is reproduced in Figure 8.1 and shows that the electron densities
were depleted by as much as a factor of ten to a value ~ 5 x 102 m™3 in the altitude region
where strong PMSE were observed with the Poker Flat VHF radar [Ulwick et al., 1988].

It is common belief that mesospheric ice particles in the nanometer-scale range play a
key role in the creation of PMSE. With the size exceeding ~20 nm, these ice particles are
optically observed as NLC. At the PMSE altitude, they are already immersed in the plasma
of ionospheric D-region and hence become charged due to electron attachment. This process
results in the electron density depletion. Theoretical assumption by Cho et al. [1992] who
applied the multipolar diffusion theory of Hill [1978] to a diffusion system consisting of
electrons, positive ions and charged ice particles suggested that the ratio A between the charge
number density of ice particle N4|Z 4| and the free electron density n. should be larger than
~1 (1.2 for negatively charged particles and 0.6 for positively charged particles) for PMSE to
occur. However, this assumption was later doubted by Hawvnes et al. [2001] who found that
PMSE occurred in altitude regions where A was as small as 0.05 from simultaneous radar and
rocket measurements of a PMSE event as well as by other authors [e.g., Rapp et al., 2002].
Motivated by these previous findings, Bliz et al. [2003] carried out a statistical study on the
correlation between A and PMSE profiles based on 4 sounding rocket flights and derived A in
the presence of PMSE. The results show only in 15% of all altitude bins with A > 1 whereas
in ~75% of all altitude bins even with A < 0.5 (see Table 8.2 for details). Rapp et al. [2003b]
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Figure 8.1: Height profiles of rocket borne direct current (DC) probe measurements of the
electron density (solid line) and VHF radar echoes (solid line with dots) for the STATE-3
rocket flight conducted on 17 June 1983 from Poker Flat, Alaska. The dashed line illustrates
a more typical D-region electron density. This figure is reproduced from Ulwick et al. [1988].

Table 8.1: Sounding rocket campaigns dedicated to the charge balance in the vicinity of

PMSE
Campaign Location Date Reference
STATE Poker Flat, Alaska Jun 1983 Ulwick et al. [1988]
MAC/SINE Andgya, Norway Jul 1987 Inhester et al. [1990]
NLC9I1 Kiruna, Sweden Jul/Aug 1991 Goldberg et al. [1993]
SCALE/NLC93 Andgya, Norway Jul/Aug 1993 Bliz [1999]
ECHO Andgya, Norway Jul/Aug 1994 Havnes et al. [1996]
DROPPS/MIDAS Andgya, Norway Jul 1999 Gordberg et al. [2001]
Rapp and Libken [2003]
SOLSTICE Andgya, Norway Jun 2001 Smiley et al. [2003]
MIDAS/MaCWAVE Andgya, Norway Jul 2002 Bliz et al. [2003]
Croskey et al. [2004]
ROMA /Svalrak Ny Alesund, Svalbard Jul 2003 Strelnikov et al. [2006]
ECOMA/MASS Andgya, Norway Aug 2007 Rapp et al. [2009]
Robertson et al. [2009]
ECOMA2008 Andgya, Norway Jul 2008 Friedrich et al. [2009]
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further showed that PMSE can exist in regions where only a minor fraction of free electrons are
bound on aerosols, i.e., with no electron density depletion or Ng|Z4|/ne < 1, this condition
compensated by large aerosol radius and hence proposed that the product Ny|Z A\T’i can
be used as a microphysical proxy for PMSE yielding a good description of several relevant
features of PMSE [Hoffmann et al., 2005; Raizada et al., 2007; Liibken and Berger, 2007).
The question how deep the electron density depletion is in general, however, is still open.
In this chapter, it is our aim to derive A from the measurements of electron densities with
the EISCAT UHF radar in the presence of PMSE simultaneously observed with the EISCAT
VHF radar and compare A and the volume reflectivities of VHF PMSE.

Table 8.2: A values derived from the 4 rocket flights. This table is taken from Bliz et al.
[2003]

Campaign / A 0-0.5 0.5-1.0 1.0

SCT-06 70 % 5% 25 %
ECT-02 80 % 5 % 15 %
ECT-12 100% 0% 0%
SO-MI-05 5%  256%  20%

8.2 Method to derive A from the radar observations

Electron density depletions in the vicinity of PMSE to date has been observed with the rocket-
borne sensors [e.g., Ulwick et al., 1988; Inhester et al., 1990; Bliz et al., 2003; Friedrich et al.,
2009] (see Table 8.1) as well as with incoherent scatter radars in the UHF range [Rdéttger et al.,
1990]. The measurements analyzed here were simultaneously carried out in summer seasons
from 2003 to 2007 with the EISCAT VHF and UHF radar (see Chapter 4 for details of
these radars). All corresponding observations were conducted using the so-called ‘arcdlayer’-
experiment or its special version ‘acdlayer_ht’-experiment (see Li and Rapp [2011] for detailed
description of the experiments and data set). It is more specific that Table A.5 provides dates
and times of the observations used for the present purpose.

Figure 8.2 sketches a typical altitude profile of electron densities (undisturbed electron
density in dashed line and observed electron density in solid line) in a ‘biteout’ situation.
From charge neutrality, we get ne = Neo — Na|Za|, where N is the undisturbed electron
density in the absence of particles. The ratio between charge number density of ice particles
and electron number density can then be determined by:

A = |Z4|Na/ne = (Neg — n¢) /1 (8.1)

Figure 8.3 presents three typical cases out of all the observations. The grey lines in each
panel show 15 1-min electron density profiles deduced from the UHF observations with their
mean profile as blue lines (i.e., n.). In order to derive the undisturbed electron density,
we fitted the mean profiles excluding the altitude range of the UHF PMSE signals and the
electron density depletion by an 8th order polynomial. The fitting lines are shown as black
dashed lines (i.e., Neg). Based on equation 8.1, A-values were calculated and shown in the red
lines with asterisk. The profiles of volume reflectivities of the simultaneous VHF PMSE were
also overplotted as green lines. The comparisons between A and VHF PMSE reflectivities
were used to infer the statistical distribution of A in the presence of VHF PMSE.
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Figure 8.2: Schematic picture of typical altitude profiles of undisturbed electron density N
(in dotted line) and observed electron density n. (in solid line) in a ‘biteout’ situation. The
shaded area indicates the altitudes where PMSE occur.
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Figure 8.3: Samples of electron density depletion: strong depletion, weak depletion, no de-
pletion in the left, middle and right panel, respectively. See text for the detailed description.

Before doing this exercise, we note that the EISCAT VHF and UHF radar are both in-
coherent scatter (IS) radars. The observations are hence a superposition of coherent scatter
from PMSE and incoherent scatter from the ambient plasma at mesospheric altitudes. During
our measurements, the EISCAT VHF radar observed very strong and long-duration PMSE
whereas the UHF radar observed real electron densities in spite of scarce UHF PMSE. This
is consistent with the expectation from the TWLS-theory of PMSE. With the simultaneous
observations with both radars, we are hence able to derive electron densities from the UHF
observations in the presence of the VHF PMSE. Due to the low ionization level, however,
the electron densities are considerably low at the PMSE altitudes and could even be lower
than the detection limit of the EISCAT radars resulting in biased observations. We hence
scrupulously choose the data set with the electron density at the PMSE altitudes higher
than ~1x107%m™3 which is normally considered as the detection limit of the EISCAT radars
[e.g., Strelnikova et al., 2009] (see Table A.5 for the list of observations here analyzed). In
Figure 8.4, we show histograms of the measured electron densities derived from the UHF
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observations in a time resolution of 15 min (i.e., the profiles shown in Figure 8.3 in blue) in
the presence of the VHF PMSE in the upper panel as well as the estimated electron densities
by fitting the mean of the profiles excluding the altitudes range of the UHF PMSE and the
electron density depletion by an 8th order polynomial (i.e., the profiles in Figure 8.3 in black)
in the lower panel. Quite evidently, the large majority of electron densities are higher than
~1x107m~3, meaning that the observations could be considered as signal other than noise
due to detection limit of the EISCAT radars.

80
. 60
401
20

0,
7 8

Measured

#numbe

80
60
40
* 201

0 ; .
7 8 9 10 11 12

log(electron density) [m'3]

Estimated

number

Figure 8.4: Histograms of measured electron densities derived from the UHF observations in
the presence of the VHF PMSE (upper) as well as the estimated electron densities (lower).
See text for details.

8.3 Statistical results of electron densities in the presence of
PMSE

From 26-hour simultaneous observations, we derive 757 A values from the UHF observations
in the presence of VHF PMSE (in 15-min interval). Figure 8.5 presents the distribution of
the derived A (A against corresponding reflectivities of VHF PMSE in the upper panel as
well as the histogram of A in the lower panel). For the large majority of cases (699 cases),
the A values are within the range from -0.3 to 0.3 which can be considered close to 0 and
hence no electron density depletion occurred. From 757 cases, there are only 33 cases with
A > 0.5 indicated with red plus in the upper panel (21 cases with A > 1), i.e. only 4.4% of
all the observations with A > 0.5. Different from in situ measurements, our remote sensing
measurements with the incoherent scatter radars could be contaminated by meteors, cosmos
rays etc. It is hence impossible to determine the very small A. Statistical distributions of A
derived from the radar observations, however, are comparable with the rocket results given
by Bliz et al. [2003]. From the upper panel of Figure 8.5, the distribution of A against the
volume reflectivities of VHF PMSE shows no correlation between these two parameters.
Depletions of electron density are one of the common properties of the PMSE environment.
The occurrence of the electron density depletion is considered as a support for the existence
of ice particles that become negatively charged due to electron attachment and slow down the
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Figure 8.5: Upper panel: scatter plot of A against corresponding reflectivities of VHF PMSE
with A > 0.5 indicated with red plus, showing no correlation between A and reflectivities;
Lower panel: histogram of \.

diffusion of the remaining free electrons, which consequently results in small-scale electron
structures observed as PMSE. From in situ observations and radar measurements, however,
the charge number density of ice particles can be much smaller than electron number density
in the presence of PMSE [Cho et al., 1992; Rapp and Libken, 2003]. The observations of
the strong depletions of electron density could be due to the influence of instruments on
measurements as well as the large difference in the observing volumes of radar and sounding
rocket.
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Chapter 9

Conclusions and outlook

In the current study, we have reported simultaneous and common-volume measurements of
PMSE with the EISCAT Svalbard radar and the SOUSY Svalbard radar (78°N, 16°E) in June
2006 as well as with the EISCAT VHF and UHF radars (69°N, 19°E) during years between
2003 and 2007, respectively. The corresponding results have been presented in the previous
chapters (Chapters 5-8). This chapter summarizes the results of this work and draws some
conclusions followed by an outlook containing some ideas and suggestions for future research.

9.1 Conclusions

Chapter 5 presents the statistical properties of PMSE at different frequencies in term of
occurrence rate and volume reflectivity derived from the observations with the ESR and
SSR as well as the EISCAT VHF and UHF radars. PMSE reveal a pronounced frequency
dependence with much smaller occurrence rate and volume reflectivity in the UHF range
(at frequencies of 500 and 930 MHz corresponding to Bragg wavelengths of 30 and 16 cm,
respectively) than in the VHF range (at frequencies of 53.5 and 224 MHz corresponding to
Bragg wavelengths of 2.8 m and 67 cm, respectively). In addition, PMSE in the VHF range
occurred within the entire altitude range between 80 and 92 km for the case of the SSR
and between 80 and 91 km for the case of the EISCAT VHF radar which is significantly
larger compared to the altitude range where UHF PMSE occurred. The absolute volume
reflectivities of PMSE at each frequency reveal a very large dynamical range covering up to
5 orders of magnitude (in the case of the SSR and the EISCA VHF radar). Comparison of
volume reflectivities from different times and locations are hence not suited for a comparison
to theory. On the other hand, any theory explaining these echoes should consider this striking
property of PMSE. With 5 summer seasons of PMSE observations with the EISCAT VHF
radar we further presented the temporal variability of PMSE at 224 MHz. In Section 5.3
we compared the year-to-year variation patterns of PMSE at 224 MHz and at 53.5 MHz,
respectively, to NLC as well as to the ionization level caused in the polar mesosphere by the
solar radiation and the high-energy particle precipitation. We showed that the correlation of
PMSE at 224 MHz with NLC is higher than that of PMSE at 53.5 MHz with NLC. This may
tentatively be interpreted as meaning that the properties (sizes) of ice particles play a more
important role for PMSE at higher frequencies. The seasonal variation of PMSE occurrence
rates shows that PMSE were observed from end of May (in year 2003) until middle of August
(in year 2007). The derived volume reflectivities show larger values in June and July (core
summer) than in May and August. The diurnal variation of PMSE 224 MHz is dominated by
a remarkable semidiurnal component which is in line with PMSE at 53.5 MHz. This behavior
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has previously be explained as the results of semidiurnal tide and the diurnal variations of
D-region ionization caused by both solar radiation and high-energy particle precipitation.

In Chapter 6 we derived the factors leading to UHF PMSE in the frame of the TWLS-
theory. In Section 6.2 spectral widths indicative of turbulent energy dissipation rates are
calculated by fitting the Doppler spectra of the PMSE observations with a Gaussian function.
The altitude profiles derived from the PMSE observations at different frequencies reveal a
common feature that spectral widths increase with increasing altitudes. When comparing
the derived altitude profiles when the ESR and SSR both observed PMSE, however, we
note that the altitude profiles show on average larger values for the SSR at altitudes below
about 85 km whereas agree nicely above that altitude. The behavior is hence explained by
considering the different beam widths between the ESR (1.2°) and SSR (5°). This explanation
is further supported by the corresponding results derived from independent observations
with the EISCAT VHF and UHF radars that have close beam widths (1.2° x 1.7° and 0.5°,
respectively). In addition, spectral widths above 85 km are significantly larger in the cases
when the ESR and SSR both observed PMSE as compared to cases when PMSE were only
observed at 53.5 MHz. The same behavior is also found for the case of the EISCAT VHF
and UHF radars. This implies that enhanced turbulence plays an important role for the
occurrence of PMSE in the UHF range (e.g., 500 and 930 MHz) at the upper part of PMSE.
The electron densities are derived from the observations with the EISCAT VHF and UHF
radars by comparing measured power values to the measurements of a calibration source of
known brightness temperature and by using IS theory. In a statistical sense, the derived
electron densities at 88 and 90 km show larger values at times when the EISCAT UHF radar
observed PMSE as compared to when only the EISCAT VHF radar observed PMSE. This
indicates only that the occurrence of UHF PMSE requires higher electron densities than VHF
PMSE.

In Chapter 7 a test of the theoretical validity of the TWLS-theory was carried out with
calibrated observations of PMSE simultaneously conducted with the ESR and SSR as well
as with the EISCAT VHF and UHF radar. The corresponding results show an overall con-
sistency between theoretical expectations and observations. Motivated by this finding, we
introduced a new algorithm to calculate Schmidt numbers and hence radii of charged ice
particles from the volume reflectivity ratios of PMSE simultaneously observed at two radar
frequencies. Applying this algorithm to observations, we derived particle radii ranging from
~10 to 70 nm (corresponding to Schmidt number from a few hundred and 32000) in the
case of the ESR and SSR as well as the particle radii from ~12 to 55 nm (corresponding
to Schmidt number from 1000 to 20000) in the case of the EISCAT VHF and UHF radar.
In addition, altitude profiles of ice particle radii reveal an increase with decreasing altitude
which is in line with the current microphysical understanding of these ice particles which
assumes that the particles nucleate at the mesopause and then grow and sediment to lower
altitudes. We further compared our data set to the independent measurements from the
Solar Occultation For Ice Experiment (SOFIE) on board the Aeronomy of Ice in the Meso-
sphere (AIM) spacecraft and the ALOMAR RMR Lidar, which results in overall excellent
agreement. We note that this is the first time that radar observations give microphysical
parameters of these mesospheric clouds in PMSE. Hence, this study opens a new window for
the study of these clouds thereby yielding ice particle radii which are very difficult to measure
otherwise. Looking at it from another side, this confirms that calibrated radar measurements
of PMSE at two well separated frequencies (hence Bragg wavelengths) are a well suited tool
for studying the microphysics of mesospheric ice clouds and related questions such as solar
induced variations as well as long term trends.

Finally, in Section 8.3 we derived a total of 757 A values, i.e., the ratio between the charge
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number density of ice particles and electron number density, from 26 hours of observations
with the EISCAT UHF radar in the presence of PMSE observed with the EISCAT VHF
radar. The statistical distribution of A demonstrates only 4.4% of cases with A > 0.5, i.e.,
the large majority of cases with A < 1. Our results derived from the radar observations are
comparable with the rocket results given by Bliz et al. [2003]. From their previous in situ
observations and our radar measurements, we conclude that the majority of PMSE occur
under conditions where the charge number density of ice particles is much smaller than
electron number density.

Taking all these results, we summarize the main findings of this work in the following list.

e From simultaneous and common-volume measurements of PMSE with the ESR and
SSR as well as with the EISCAT VHF and UHF radars, statistical properties of PMSE
at more frequencies of 224, 500, and 930 MHz are derived.

e PMSE reveal a pronounced frequency dependence that occurrence rate and volume
reflectivity of PMSE in the UHF range are much smaller than in the VHF range.

e PMSE at 224 MHz shows a higher correlation with NLC than PMSE at 53.5 MHz
whereas the correlation of PMSE at 224 MHz to the ionization levels is less significant
compared to PMSE at 53.5 MHz. It roughly implies that the properties (sizes) of ice
particles play a more important role for PMSE at higher frequencies.

e The seasonal variation of the PMSE occurrence rate and volume reflectivity are mainly
determined by the seasonal variation of temperature and water content and conse-
quently by the condition of supersaturation with respect to ice.

e PMSE in the UHF range (very small Bragg wavelengths) are very weak resulting in
the poor statistics of them. The analysis of the conditions for UHF PMSE shows that
their occurrence requires stronger turbulence in the upper part (above 84/85 km) and
higher electron densities than VHF PMSE.

e The TWLS-theory of PMSE reveals that the ratio of volume reflectivities at two differ-
ent frequencies should be equal to or larger than the ratio of the radar frequencies to
the third power. Based on this relation, we tested the theory with calibrated observa-
tions of PMSE resulting in an overall agreement between theoretical expectations and
observations.

e For the first time, radars give microphysical parameters of (charged) ice particles in
PMSE and such small ice particles can be characterized at all. The comparison between
our data and independent measurements with optical instruments shows an overall
excellent agreement.

e Statistics of electron density depletions in the PMSE layers derived from radar obser-
vations show that the occurrence of PMSE take place in the condition with A << 1
which is consistent with previous rocket results.

9.2 Outlook

The EISCAT radars including the ESR and the main land instruments are very powerful tools
for the study of PMSE and their environments. Together with the routine operation of these
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radars (with common program), measurements based on campaigns for special purposes are
also carried out. For future investigations regarding PMSE, we propose to concentrate on
the following promising issues:

1.

Extend data bases for better statistics

The ESR has been operating for several years with the special program ‘jurg3’ as well
as its further developed modulation ‘jurg4’ since the campaign in 2006. The achieved
datasets allow for the derivation of the statistical properties of PMSE at 500 MHz at
such high latitude. In section 5.4 we presented the temporal variability of PMSE at 224
MHz derived from the observations during the years from 2003 to 2007. It is certainly
necessary to extend the datasets to derive a more general picture of this topic.

. Compare turbulence estimates to alternative methods

Spectral information to derive turbulent energy dissipation rate and aspect sensitivity
indicative of turbulence should be calculated from PMSE observations in order to gather
insights into the mesospheric environments in the vicinity of PMSE. The results allow
for a comparison to the observations with a narrow beam MF radars as well as with
sounding rockets.

. Directly relate radar measurements optical measurements of ice particle

radii

On the one hand, in Chapter 6 we discussed the conditions for the occurrence of UHF-
PMSE by considering turbulence and electron density. The observations of ice particle
radii with a multiwavelength lidar should be conducted in the presence of PMSE ob-
served in the VHF and UHF ranges to further study the dependence of UHF-PMSE on
the radii of ice particles. On the other hand, measurements of PMSE at two well sepa-
rated frequencies (such as with the EISCAT VHF and UHF radars or with the EISCAT
VHF radar and the ALWIN (MAARSY)) should be carried out together with multi-
wavelength lidar observations (with the ALOMAR RMR lidar) at the same location in
order to allow a direct consistency check regarding inferred particle sizes.

. Extend multifrequency studies to different frequencies

It was discussed in Rapp et al. [2008] that a Schmidt number of 500 (corresponding to
a particle radius < 10) is sufficient to explain the observations at frequencies of 53.5
and 224 MHz. The simultaneous observations of PMSE with the EISCAT VHF radar
and the ALWIN (or MAARSY, 69°N, 16°E) as well as with EISCAT VHF radar and
the MORRO (69°N, 19°E) allow for the derivation of the statistical distribution of the
involved ice particles smaller than ~10 nm that are invisible for optical instruments.

. Compare radar estimates of ice radii to heating experiments

The active heating experiments to modify PMSE allow insights into the charging char-
acteristics of the ice particles. It is shown by Hawvnes et al. [2004] that the overshoot
characteristic curves (OCC) are determined by ice particle densities and ice particle
radii. This provides another possibility to derive the microphysical parameters of these
particles (radii and number densities).

. Test whether ice number densities can be derived from radar measurements

A new theoretical expression of radar volume reflectivities deduced by Varney et al.
[2011] predicts that the reflectivity depends on the ice particle density when the electron
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density is much larger than the ice particle density. This might be exploited to derive
the ice particle density from radar observations.

Last but not least, with a solid physical understanding of PMSE at hand, observations of
these layers can be used to monitor the dynamics and thermal structure of the mesopause
regions on a continuous basis.
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Appendix A

Tables

Table A.1: MST radars and IS radars worldwide used for the studies of PMSE (see Chapter

2)
Radar Location Frequency (MHz) Reference
NERC MST radar 52°N, 4°E 46.5 Thomas et al. [1992]
CUPRI 46.9 Providakes et al. [1983]
Poker Flat MST radar 65°N,147°W | 50 Ecklund and Balsley [1981]
AFRL VHF radar 62°N,145°W | 50 Ramos et al. [2009]
ECAMP 62°S, 58°W | 50 Balsley et al. [1995]
Resolute Bay radar 75°N,95°E 51.5 Hocking et al. [2001]
ESRAD 68°N, 21°E | 52 Chilson et al. [1999]
Harz SOUSY 52°N, 10°E | 53.5 Czechowsky et al. [1979]
ALOMAR SOUSY 69°N,16°E 53.5 Singer et al. [1995]
SSR 78°N,16°E 53.5 Czechowsky et al. [1998]
ALWIN 69°N,16°E 53.5 Latteck et al. [1999a]
OSWIN 54°N,12°E 53.5 Latteck et al. [1999Db]
MAARSY 69°N,16°E 53.5 Latteck et al. [2010]
MARA 54.5 Kirkwood et al. [2007b]
Davis MST radar 69°S,78°E 55 Morris et al. [2006]
MORRO 69°N,19°E 56 La Hoz and Hawvnes [2008]
EISCAT VHF radar 69°N,19°E 224 Hoppe et al. [1988]
PFISR 65°N,147°W | 450 Nicolls et al. [2007]
ESR 78°N,16°E 500 Hall and Rdéttger [2001]
EISCAT UHF radar 69°N,16°E 930 Réttger et al. [1990]
Sondrestrom radar 67°N,31°E 1290 Cho and Kelley [1992]
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Table A.2: PMSE studied with calibrated radars at different frequencies.

updated from Rapp and Libken [2004]. (see Chapter 2)

This table is

Frequency Location Reference Reflectivity
(Bragg scale)

MHz (m) m~!

49.6 (3.0) Tromsg, (69°N) Rottger et al. [1990] 2.0-10712

50.0 (3.0) Poker Flat, (65°N) Kelley and Ulwick [1988] 9.0-1071

51.5 (2.9) Resolute Bay, (75°N) Latteck et al. [2008] 5.8-10712 —4.2.10716

53.5 (2.8) Andgya, (69°N) Inhester et al. [1990] 4.0-10712

Belova et al. [2007] 4.0-10713

Latteck et al. [2008] 1.9-107% —2.2.10716

53.5 (2.8) Svalbard, (78°N) Réttger [2001] 2.2-107 & 1.8-1071°

55 (2.7) Davis, (69°S) Latteck et al. [2008] 3.7-107'' —1.5-10717

224 (0.67) Tromsg, (69°N) Hoppe et al. [1988] 1.5-10716

Réttger and LaHoz [1990] 2310717

Hocking and Réttger [1997) 1.3-107Y7 —1.3-1071°

Belova et al. [2007] 1.5-1071

Rapp et al. [2008] 5.0 .10~

450 (0.33) Poker Flat, (65°N) Nicolls et al. [2007] 2-3-107%7

500 (0.3) Svalbard, (78°N) Rattger [2001]  5.3-1071&3.3-10%°

930 (0.16) Tromsg, (69°N) Rattger et al. [1990] 1.2-10718

Belova et al. [2007] 1.5-10718

Rapp et al. [2008] 3.0-10718

1290 (0.12) Sondrestrom, (67°N) Cho and Kelley [1992] 2.5-10718

Table A.3: Observing times with the ESR during the PMSE-campaign 2006. All times are
given in UT. Local solar time (LST) and UT are related by LST = UT + 68 min. At this

time of the year, solar noon is at 10:52 UT. (see Chapter 4)

Year Month day time [UT] PMSE-time [UT]
2006 06 06 10:00-12:00 -
07 10:00-12:00 -
08 11:00-13:00 12:00-13:00
09 11:00-13:00 11:00-13:00
12 09:00-13:00 -
14 09:00-13:00 | 09:00-11:00 & 12:00-13:00
15 09:00-13:00 11:00-13:00
18 09:00-13:00 09:00-11:00
19 09:00-10:00 & 12:00-13:00 -
20 09:00-13:00 09:00-10:00
21 09:00-13:00 | 09:00-10:00 & 12:00-13:00
22 09:00-13:00 -
23 09:00-13:00 11:00-13:00
24 09:00-13:00 -
25 09:00-12:00 11:00-12:00
26 09:00-13:00 | 10:00-11:00 & 12:00-13:00
30 09:00-10:00 09:00-10:00
07 01 09:00-13:00
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Table A.4: Observing times with the EISCAT VHF and UHF radars during the campaign of
‘arcdlayer-ht’ in July 2004 and 2005. (see Chapter 4)

Year Month Day VHF [UT] UHF [UT] UHF PMSE [UT]
2004 07 05 07:00-11:00 07:00-11:00 -
06 07:00-11:00 08:20-11:00 -
07 07:00-11:00 07:00-11:00 08:00-10:00
08 07:00-10:00 07:00-08:40 —
10 07:00-11:00 — -
11 07:00-11:30 07:00-11:30 -
12 06:40-11:30 06:40-11:30 08:00-11:30
13 06:50-11:20 06:50-11:10 07:00-10:00
14 06:50-11:40 06:50-11:40 09:00-10:00
15 06:50-12:00 06:50-12:00 -
2005 07 04 07:00-13:00 07:20-13:00 —
05 07:00-13:00 07:00-13:00 12:00-13:00
06 07:00-12:30 07:00-12:30 —
07 07:00-13:00 07:40-13:00 -
08 07:00-13:00 07:00-13:00 -
09 07:30-13:30 07:30-13:30 08:00-10:00
10 07:00-08:40 07:00-13:00 —

Table A.5: Observations with the EISCAT VHF and UHF radars used to derive A. (see

Chapter 8)

Date time [UT] Experiment UHF PMSE
2003-06-30 08:00-10:00 arcdlayer Yes
2003-07-01 08:00-11:00 arcdlayer No
2003-07-02 07:00-10:00 arcdlayer No
2004-07-07 07:00-08:00 arcdlayer_ht No
2004-07-14 07:00-10:00 arcdlayer_ht Yes
2005-07-04 08:00-13:00 arcdlayer_ht Yes
2005-07-05 11:00-13:00 arcdlayer_ht Yes
2005-07-10 07:00-08:00 arcdlayer_ht No
2007-08-11 08:00-10:00 arcdlayer No
2007-08-12 10:00-13:00 arcdlayer No
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Appendix B

List of abbreviations

AIM
ALOMAR
ALWIN
CARMA
CAWSES
CEDAR
CIRAS6
COSPAR
CUPRI
ECOMA
ESR
ESRAD
EISCAT
FS

IRI

ISR
LIMA
MAARSY
MASS
MLT
MORRO
MST
NLC
NSMR
OSWIN
PMC
PMSE
PMWE
RMR
SNR
SOFIE
SOUSY
SPEAR
SSR

UHF
VHF

Aeronomy of Ice in the Mesosphere Spacecraft

Arctic Lidar Observatory for Middle Atmosphere Research
ALOMAR Wind Radar

Community Aerosol and Radiation Model for Atmospheres
Climate and Weather of the Sun-Earth System

Coupling, Energetics, and Dynamics of Atmospheric Regions
COSPAR International Reference Atmosphere 1986
Committee on Space Research

Cornell University Portable Radar Interferometer
Existence and Charge State of Meteor Smoke Particles in the Middle Atmosphere
EISCAT Svalbard Radar

Esrange MST Radar

European Incoherent Scatter Scientific Association

Falling Sphere

International Reference Ionosphere

Incoherent Scatter Radar.

Leibniz-Institute Middle Atmosphere Model

Middle Atmosphere ALOMAR Radar System

Mesospheric Aerosol Sampling Spectrometer

Mesosphere and Lower Thermosphere region

Mobile Rocket and Radar Observatory
Mesosphere-Stratosphere-Troposphere

Noctilucent clouds

Nippon/Norway Svalbard Meteor Radar

Ostsee wind radar

Polar Mesospheric Clouds

Polar Mesosphere Summer Echoes

Polar Mesosphere Winter Echoes

Rayleigh/Mie/Raman

Signal-to-Noise Ratio

Solar Occultation For Ice Experiment

Sounding System for atmospheric structure and dynamics
Space Plasma Exploration by Active Radar

SOUSY Svalbard Radar

Ultra High Frequency

Very High Frequency
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