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Abstract

Atmospheric gravity waves (AGW), generated in the lower atmosphere, can propagate
to the mesosphere and lower thermosphere. They transport great amounts of energy and
momentum and release them at various altitudes. Among many parameters to
characterize gravity waves, the horizontal phase velocity is important to discuss the
vertical propagation and where the momentum is released. Near the mesopause region,
OH and other airglow imagings have been used to investigate horizontal structures of
gravity waves for more than two decades. Traditionally, the statistics of these
observations are based on the wave characteristics of individual AGW events, which are
detected by visual inspection of outstanding wave-like structures in airglow image data.
However, such methods are not suitable for the analysis of large amounts of data for a
few reasons: (1) the analysis procedure is time-consuming, (2) differences in criteria for
determination of wave events, and (3) the extraction of the AGW parameters depends
on the work of the people processing the data differences and criteria for the
determination of wave events. The latter two might induce biases in the sampling of
wave events. These problems cause difficulties in obtaining a global map of gravity
wave characteristics in the mesopause region. Another important fact with respect to
mesospheric gravity wave studies is that the observations over the Antarctic are few,
although a significant amount of AGWs is generated in this region. In this thesis, we
aim to reveal the characteristics of horizontal phase velocity distributions of
mesospheric small-scale and short-period AGWs in the Antarctic and to investigate the

propagation process and source of the AGWs.

First, we developed a new analysis method obtaining the power spectrum in the
horizontal phase velocity domain from airglow intensity image data to study AGWs.
This method can deal with extensive amounts of imaging data obtained in different
years and at various observation sites independent of the work of the people processing
the data for the determination of AGW events and extraction of AGW characteristics.
The new method was applied to sodium airglow data obtained in 2011 at the Syowa
Station (69°S, 40°E) in the Antarctic. The results were compared with those obtained
from conventional event analysis in which the phase fronts were traced manually to

estimate the horizontal characteristics such as wavelengths, phase velocities, and wave
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periods. The horizontal phase velocity of each wave event in the airglow images
corresponded closely to a peak in the spectrum. The statistical results of both analyses
show the eastward offset of the horizontal phase velocity distribution of AGWs. Both
spectral and event analyses showed (1) a cluster of westward-propagating slow (<
50-60 m/s) waves and (2) the dominance of eastward-propagating waves with high
speeds (no complete absence of slower waves in this direction), which could be
interpreted as the existence of a stratospheric source in the polar night jet. The galactic
contamination of the spectrum was examined by calculating the apparent velocity of the

stars and found to be limited for phase speeds lower than 30 m/s.

Subsequently, we obtained horizontal phase velocity distributions of the gravity waves
at an altitude of ~90 km from four airglow imagers in the Antarctic, which belong to the
Antarctic Gravity Wave Imaging/Instrument Network (ANGWIN), an international
airglow imager/instrument network in the Antarctic. Results from the airglow imagers
at four stations, Syowa, Halley (76°S, 27°W), Davis (69°S, 78°E), and McMurdo (78°S,
167°E), were compared using the new statistical analysis method based on a 3-D
Fourier transform developed in this study for the observation period between April and
May 2013. Significant day-to-day and site-to-site variations were observed. The
two-monthly average of the phase velocity spectrum showed a preferential westward
direction at Syowa, McMurdo, and Halley but no preferential direction at Davis. The
AGW energy estimated from I’/ was ~5 times larger at Davis and Syowa than at
McMurdo and Halley. We also compared the phase velocity spectrum at Syowa and
Davis with the background wind and found that only the directionality over Syowa
could be explain with critical level filtering. The gravity waves over Davis, which
propagated into all azimuth directions, could be generated above the polar night jet by a
mechanism such as secondary wave generation. The comparison of the nighttime
variation of phase velocity spectra with background wind measurements suggested that
the effect of critical level filtering could not explain the temporal variation of the
gravity wave directionality well; however, for the same cases, other reasons such as the
variation of wave sources should be taken into account. We also found that the

directionality is dependent on gravity wave periods.
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Chapter 1

General Introduction

1.1 Earth’s Atmosphere

1.1.1 Temperature and Wind Structures of Earth’s Atmosphere

The atmosphere on Earth is vertically classified into the troposphere (0—10 km),
stratosphere (10-50 km), mesosphere (50-90 km), and thermosphere (90-500 km)
based on the temperature structure. The temperature structure up to the mesosphere is
shown in Figure 1.1. This vertical structure depends on the profile of heat sources in the
atmosphere. The temperature in the troposphere decreases with height at a rate of ~6.5
K/km. The tropopause is a boundary between the troposphere and stratosphere defined
by a local minimum in the vertical temperature profile. In the stratosphere, the
temperature increases with height because of the absorption of ultraviolet radiation (A =
200-300 nm) by ozone. At the upper boundary of the stratosphere, named stratopause,
the temperature shows a local maximum. The temperature in the mesosphere then
decreases again with height up to 90 km (mesopause). The temperature in the
thermosphere increases with the height. The thermosphere is heated primarily by
absorption of extreme ultraviolet radiation and ultraviolet radiation (10 < A < 200 nm).
The vertical profile of the Earth’s temperature is mainly determined by the radiative

equilibrium, which is the balance of atmospheric absorption and radiation.

The atmospheric temperature has not only a vertical but also a latitudinal structure.
Figure 1.2 shows the temperature as a function of altitude and latitude in January. In the
stratosphere, the temperature is higher in the summer hemisphere because the solar
radiation absorbed by ozone is stronger in the summer hemisphere and weaker in the
winter hemisphere. In the mesopause, opposite to the stratopause, the temperature is
lower in the summer hemisphere and higher in the winter hemisphere. Neutral
atmospheric wind velocities also depend on the latitude and altitude, as shown in Figure

1.3. Eastward wind in the winter hemisphere and westward wind in the summer



hemisphere exist at the altitude of 20—80 km, although zonal winds are very weak in the
mesopause. The temperature distribution in Figure 1.2 and the wind velocity
distribution in Figure 1.3 are related by the thermal wind balance. As described later,
the atmospheric meridional pole-to-pole circulation driven by atmospheric gravity
waves (AGW) results in the mesospheric latitudinal temperature structure, which is
different from the radiative equilibrium. This wave is very important and this study will

focus on this topic.

1.1.2 Atmospheric Wave

Atmospheric waves in the middle atmosphere are observed as perturbation of the
atmospheric density, wind velocity, and temperature with a broad temporal and spatial

range. Here, we introduce AGW, atmospheric tides, and Rossby waves.

An AGW is an atmospheric wave; its restoring force is the buoyant force in the stable
stratified atmosphere. The AGWs are generated by vertical motion of an air parcel and
heating and their generation sources are, for example, the topography, convective and
frontal activity, wind shear, and geostrophic adjustment [e.g., Fritts and Alexander,
2003]. The horizontal scale ranges from several km to ten thousand km wavelength; the
vertical wavelength ranges from 2 to 100 km [Manson, 1990], and the wave period
varies between the Brunt—Viisild period (~6 min at the mesopause altitude) and the
inertia period (~12.9 h at 69°S). The AGW plays an important role in the vertical
coupling of the atmosphere through transport of significant amounts of energy and
horizontal momentum into the mesosphere and lower thermosphere (MLT). The
momentum transport and subsequent deposition through wave-breaking cause zonal
wind accelerations in the mesosphere. The weak zonal wind in the mesopause is a result
of such accelerations. The meridional circulation from the summer pole to the winter
pole is driven by wave-induced zonal accelerations, which are in balance with the
Coriolis torque. The latitudinal temperature structure in the mesosphere is created by the
meridional circulation, which causes upward/downward motion with adiabatic
cooling/heating around the poles [e.g., Lindzen, 1981, Holton, 1982; Matsuno, 1982].

The AGW is one of the major topics of mesospheric studies.



Atmospheric tides are large-scale waves (-40,000 km) in the middle atmosphere. The
periods of atmospheric tides are 24 h and its higher harmonics because the major
generation source of atmospheric tides is solar heating. Solar heating is induced by
absorption of near-infrared radiation by water vapor in the troposphere, ultraviolet
radiation by ozone in the stratosphere, and the extreme ultraviolet radiation by
molecular oxygen in the thermosphere. The nonlinear coupling of atmospheric tides or
tides and planetary waves is also a source of mesospheric tides. Atmospheric tides in the
mesosphere originate from other altitudes. Gravitational tides by the moon and the sun

are less effective in the atmosphere.

Rossby waves are also large-scale waves with periods longer than a day in the middle
atmosphere. Their restoring force is a latitudinal gradient of the Coriolis force. They are
generated by topographic forcing, non-uniform thermal distribution, instability, and
wave—wave interaction. Rossby waves are classified into free and forced Rossby waves.
Free Rossby waves can independently exist after their excitation. Forced Rossby waves
need continuous excitation and can propagate vertically when their phase moves
westward relative to the background wind. The vertical propagation of the forced
Rossby wave is allowed only in the winter hemisphere in which the background wind
direction is eastward [Charney and Drazin, 1961]. They contribute to driving the
meridional circulation in the stratosphere through westward acceleration of the

background wind by wave dissipation.

1.2 Atmospheric Gravity Wave

1.2.1 Linear Theory

Here, the linear theory of AGWs is introduced for irrotational, frictionless, and adiabatic
flow based on Nappo [2012] because small-scale AGWs are investigated in this study.
In this Subsection, the coordinates (x, z) are used in a Cartesian coordinate system with
x in the horizontal direction (positive eastward) and z in the vertical direction (positive

upward). The equation of the motion of an air parcel in the vertical direction can be



described as

d?(6z2) g00

where ¢, g, and 0 are the time, acceleration of gravity, and potential temperature,
respectively. The potential temperature is the temperature of an air parcel when brought
down adiabatically to the height, where the pressure is 1000 hPa (i.e., the ground

surface); it is defined as

0=T, (@) K (1.2)

where T, is the background temperature, R is the specific gas constant, c, is the
specific heat capacity at constant pressure, and p is the pressure of the air parcel. The

displacement of the air parcel, 6z, can be described as

6z(t) = Ae'N' + Be™'M (1.3)
a0
N = g& (1.4)

where 4 and B are constants and N is called the Brunt—Viiséld frequency when it is a
real number. If N is an imaginary number, the background atmosphere is statically

unstable and the amplitude of the air parcel displacement increases infinitely.

The Taylor—Goldstein equation can describe the wave motion of AGWs under
linearization, assuming an irrotational, frictionless, and non-heat conducting

atmosphere.

It is given as
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where i is the vertical speed; and ¢y, uy, H,, and k are the ground-based phase
speed of an AGW, horizontal background wind velocity (positive eastward), scale
height in the ideal atmosphere, and horizontal wavenumber, respectively. If the bracket

factor would be replaced by m?, then Eq. (1.5) becomes

d?w
2 _
a2 +m“iw = 0. (1.6)
If m is invariant, then
v = Ce'™* + De™'™* (1.7)

where C and D are constants. This equation is the basis of the linear gravity wave theory.
If m is real, Eq. (1.7) shows that the vertical speed of the AGW perturbation varies
sinusoidally with the height, with a vertical wave number m. However, an AGW with a

complex m does not vertically propagate. This is referred to as external or evanescent.

The Taylor—Goldstein equation (1.5) can be simplified in the case of no background

wind.

¢, N Kt ——l2=0 (1.8)
dz2 " |c,2 4H w= :
where the vertical wave number m is given by
N? 1
m*=— -k’ +—. (1.9)
¢y’ 4H,

The ground-based horizontal phase speed, c;, and the vertical phase speed, c,, of

AGW are given by



cn =2/ c:=%m (1.10)

where @ is the ground-based frequency.
The direction of the phase speed is parallel to the wavenumber vector, k = (k, m).
In case the vertical wavelength is not so long (i.e., m’ >>1/4H), we obtain the

following equation from Egs (1.9) and (1.10)

kN
w=———==Ncosf (1.11)

VK% + m?

where f is the angle of the wave number vector from the horizontal direction, as
illustrated in Fig. 1.4. This equation suggests that AGWs with short periods can

propagate more vertically than horizontally.

The group velocity vector, ¢, is

(8(» ()a)) Nm? —Nmk 12
c,, =|—,—| = , ) .

Based on the fact that k - ¢, = 0, the phase speed of AGW and the group velocity of
AGW are perpendicular and their vertical components are always in opposite directions,
as shown in Figure 1.4. These are very important characteristics of AGWs. It should be

noted that horizontally small-scale AGWs have faster vertical group velocities.

When the background wind is constant, the vertical wave number, m, is

2
m?=—————k*+ :
(c/l - “0)2 4’I{sz

(1.13)

The intrinsic horizontal phase speed, cy;, is defined as



Cpi = €, — Ug. (1.14)

The dispersion relation in Eq. (1.13) shows that if the background wind speed
approaches the ground-based phase speed in the same direction, the vertical wave
number approaches infinity. In such a case, the horizontal intrinsic phase speed in Eq.
(1.14) and the vertical group velocity in Eq. (1.12) become zero. The AGW is unable to
propagate vertically across the altitude of the critical level, which is called critical level
filtering. This mechanism is one of the important processes causing wave breaking and

momentum deposition.

1.2.2 AGW Observation and Model Studies

AGWs in the mesosphere are mostly observed by remote sensing techniques such as
radio detection and ranging (radar), light detection and ranging (lidar), and airglow
imaging. Radar is an active remote sensing technique measuring the wind velocity by
detecting the weak backscattering due to refractive index anomalies. Radar can measure
the vertical profile of the wind velocity and therefore is used to detect wind velocity
perturbations induced by AGWs. The AGW kinetic energy and AGW momentum flux
in the troposphere, lower stratosphere, mesosphere, and lower thermosphere can be
observed. Lidar is an optical active remote sensing technique in which a laser pulse is
transmitted and its backscatter is measured as a function of height. Lidar observations
can obtain the temperature profiles and potential energy of AGWs from near the ground
to the mesosphere and lower thermosphere. Airglow observation detects faint
photochemical luminescence of atoms and molecules in the atmosphere at ~80—120 km
height. Airglow imaging observation with a high sensitive camera is useful to
investigate the horizontal structure of small-scale (< 100 km) and short-period (< 1 h)
AGWs due to its high horizontal and time resolutions, while radar and lidar
observations are suitable to obtain the vertical structure of AGWs. These observation
techniques have their own characteristics such as time and spatial resolutions,
observational coverage, and available spectral ranges of the period and wavelengths of
atmospheric waves. It is important to know the capability and limits of these

observation techniques and to compare the results obtained with these techniques to



reveal all characteristics of AGWs in the real atmosphere.

Medium Frequency (MF) radar, Mesosphere—Stratosphere—Thermosphere (MST) radar,
and meteor radar are used for AGW observations in the mesosphere. An example of a
horizontal wind velocity profile measured by MF radar is shown in Figure 1.5. The
vertical structure of AGWs can be seen in this figure as downward propagation of phase
fronts. Vincent and Reid [1983] derived AGW momentum fluxes of AGWs in the
mesosphere from MF radar measurement using a partial reflection in Adelaide (35°S,
138°E), Australia, in the period of May 11-14, 1981. They obtained an eastward
acceleration of ~20 m/s/day in the mesosphere due to AGWs with a dominant horizontal
wavelength of ~50 km and a phase speed of ~50 m/s. The radar observations clarified
the spectral characteristics of AGWs and implied that short-period and small-scale
AGWs primarily contribute to the momentum transport [e.g., Vincent, 1984; Fritts and
Vincent, 1987]. Vincent and Fritts [1987] analyzed the data obtained by the same MF
radar in Adelaide between November 1983 and December 1984 and showed that the
kinetic energy of AGWs in the mesosphere has a semiannual variation, with maxima in
summer and winter and minima in spring and fall, by analyzing the mean square
amplitude of the zonal and meridional wind perturbation. The MU radar at Shigaraki
(35°N, 136°E), Japan, is a MST radar, which uses Bragg scattering from turbulence and
can observe wind velocities in the altitude ranges of 2—24 km and 60-98 km. Tsuda et
al. [1990] derived the kinetic energy and momentum flux of AGWs based on
mesospheric wind data at 60—85 km obtained over three years by the MU radar. Manson
and Meek [1993] used wind data to derive the momentum flux of AGWs between 58
and 109 km obtained by the MF radar at Saskatoon (52°N, 107°W), Canada. These
studies in both hemispheres showed a similar semiannual variation of the kinetic energy
and suggested that the background wind in the middle atmosphere affects the AGW
energy in the mesosphere. The zonal momentum flux of AGWs showed an annual
variation, which was eastward in summer and westward in winter at these three radar
stations [Tsuda et al., 1990; Manson and Meek, 1993; Nakamura et al., 1993, 1996].
The meteor radar measures the wind profile in the mesosphere and lower thermosphere
by using the Fresnel reflection from a meteor trail. Tsutsumi and Aso [2005] reported
the results of the wind profile between 60—120 km altitudes by the MF radar at Syowa

Station, Antarctic, which has both MF and meteor radar modes. Radar observations of



the vertical profile of the wind velocities in the mesosphere have greatly contributed to
the understanding of momentum and energy transport by AGWs into the mesosphere,

although the wind profile in the upper stratosphere is unavailable.

Various types of lidar techniques are used for the AGW observation for the altitudes
from near the ground to the mesosphere and lower thermosphere. Sodium fluorescence
backscatter has been used for lidar observations to measure Na density perturbations
caused by AGWs between 80—-100 km [Blamont et al., 1972; Kirchoff and Clemesha,
1973; Richter and Sechrist, 1979; Juramy et al., 1981]. She et al. [1990] observed Na
temperature profiles between 82 and 102 km at Ft. Collins (41°N, 105°W), U.S., by
using the Doppler-free structure of the sodium D2 fluorescenece spectrum. The
accuracies of the temperature measurement was better than +3 K with a vertical
resolution of 1 km and a time resolution of 5 min at the sodium density peak height. The
Na lidar at Ramfjordmoen, Tromsg (70°N, 19°E), Norway, of the research group at
Nagoya University used this technique [Tsuda et al., 2011; Takahashi et al., 2015] and
observed AGWs based on vertical temperature profiles [Nozawa, et al., 2014;
Takahashi et al., 2014]. A Na lidar can also measure wind velocities by using the
Doppler shift of backscattering signals [e.g., Liu et al., 2002; Franke et al., 2005]. The
first Rayleigh lidar observation to measure the atmospheric density and temperature at
an altitude of 30—80 km was performed at the Observatory of Haute-Provence (44°N,
6°E), France [Hauchecorne and Chanin, 1980; Chanin and Hauchecorne, 1981]. Since
this observation, Rayleigh lidar observations of AGWs have been carried out at various
locations [Gardner et al., 1989; Senft and Gardner, 1991; Whiteway and Carswell,
1994; Gerrard et al., 2000]. It should be noted that the potential energy density of
AGWs per unit mass can be derived from the temperature profile observed by a
Rayleigh lidar [Wilson et al., 1991]. Yamashita et al. [2009] compared the seasonal
variation of the potential energy density of AGWs observed by lidar at the South Pole
(90°S) and Rothera (68°S, 68°W), Antarctic, at an altitude of 30-45 km. They revealed
that the smaller seasonal variation of the potential energy at the South Pole could be
explained by the absence of seasonal variations of the AGW source and background
wind at the South Pole, which were responsible for critical level filtering. Rauthe et al.
[2006] performed lidar temperature measurements to derive temperature variations due

to AGWs between altitudes of 1 and 105 km using co-located Rayleigh—-Mie—Raman



and potassium resonance lidars in Kiithlungsborn (54°N, 12°E), Germany, as shown in
Figure 1.6. Such a continuous, remote temperature measurement from near the ground

to the mesopause is only available using lidar observations.

When AGWs reach the airglow altitude, atmospheric density perturbations induced by
AGWs appear in the intensity variations of the airglow [e.g., Gardner and Taylor,
1998]. Airglow imaging is a passive remote sensing technique, which allows us to
measure horizontal structures of AGWs including the horizontal wavelength, horizontal
propagation direction, horizontal ground-based phase speed, and ground-based period.
Figure 1.7 shows an example of an airglow image with a wave-like structure induced by
AGWs. To record airglow emission, Peterson and Keiffaber [1973] carried out an
infrared photograph observation for hydroxyl (OH) airglow with an exposure time of 15
min under moonless night sky. The obtained images contained a wave-like structure
caused by AGWs of OH airglow. Since the 1990s, imagers with a charged-coupled
device (CCD) have been widely used for airglow imaging observations of AGWs in the
mesopause [e.g., Hecht et al., 1993, 1994; Swenson et al., 1995; Taylor et al., 1991a, b,
1995a, b]. The high spatial and temporal resolutions are quite useful to observe the
temporal evolution of AGWs such as AGW breaking events [e.g., Yamada et al., 2001].
In recent years, the Advanced Mesospheric Cemperature Mapper (AMTM) equipped
with an Indium—Gallium—Arsenide (InGaAs) detector has been used to derive the
atmospheric temperature from infrared emissions in the mesospheric OH (3,1) band (at
~1.5 um) with a rather short exposure time (~3s) [Pautet et al., 2014; Cai et al., 2014].
Airglow imaging observations are also adequate to measure a concentric AGW. Taylor
et al. [1988] observed a concentric AGW using a low-light TV system on August 14,
1980, at the Gornergrat Observatory (46°N, 7.8°E), Switzerland. They identified a
thunderstorm as the source of the AGWs based on the consistency between the center of
the concentric AGW and lightning activity. Other airglow imaging observations of
concentric AGWs were performed by ground-based [Suzuki et al., 2007a, 2013a; Yue et
al., 2009] and space-borne [e.g., Perwitasari et al., 2015] observations. It should be
noted that well-automated airglow imagers that require little electric power could be
easily used at multiple sites worldwide. With respect to the mid-latitude, it has been
suggested that critical level filtering by strong background wind affects the horizontal

phase velocity distribution, which means that AGWs propagating towards the same
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directions with the background winds are less frequently observed [e.g., Nakamura et
al., 1999; Walterscheid et al., 1999, Hecht et al., 2001, Ejiri et al., 2003; Dou et al.,
2010, Kim et al., 2010; Q. Li et al., 2011]. With respect to the low latitude, it is reported
that the distribution of the generation source of AGWs mainly affects the phase velocity
distributions of AGWs due to the weak background winds near the equator [e.g., Suzuki
et al., 2004, 2009a, Medeiros et al., 2005, Taylor et al., 1997, Zhenhua Li et al., 2011].
However, airglow observations at higher latitude are not as abundant as at mid and low
latitudes [Espy et al., 2004, 2006, Nielsen et al., 2009, 2012, Bageston et al., 2009;
Suzuki et al., 2011].

Space-borne observations of AGWs have been performed by satellites such as the
Aqua/Atmospheric  Infrared  Sounder  (Aqua/AIRS), International  Space
Station-lonosphere, Mesosphere, upper Atmosphere, and Plasmasphere/Visible and
near-Infrared Spectral Imager (ISS-IMAP/VISI), and Suomi National Polar-orbiting
Partnership/Day/Night Band (Suomi NPP/DNB). The AIRS [dumann et al., 2003]
aboard Aqua launched by the National Aeronautics and Space Administration (NASA)
into a sun-synchronous polar orbit with 98° inclination on May 4, 2002, can derive the
atmospheric temperature in the stratosphere by measuring the radiation of atmospheric
constituents. Its horizontal resolution is 13.5 x 13.5 km? at nadir and 41 x 21.4 km® at
the scan extremes. Hoffman et al. [2013] showed the global distribution of AGW
occurrence frequencies for different seasons during daytime and nighttime. The
ISS-IMAP/VISI [Sakanoi et al., 2011] is a space-borne airglow imager, which can
detect mesospheric AGWs. It has two field-of-views pointing 45° forward and 45°
backward to nadir and covers a width of ~600 km at the mesopause with a horizontal
resolution of ~10 km. The ISS-IMAP/VISI contributed to the investigation of the global
distribution of a concentric AGW, which could horizontally propagate up to
~1400-1500 km and be likely ducted [Perwitasari et al., 2015]. The Suomi NPP/DNB
[Miller et al., 2015] can also measure airglow emission in the mesosphere. Yue et al.
[2014] reported the simultaneous observation of concentric AGWs from space using
Suomi/DNB and Aqua/AIRS and provided the three-dimensional structure of AGW
propagation. The satellite airglow imaging observation provides a global view of AGWs
by moving relatively to the Earth’s surface, although the ground-based airglow imaging

observation is suitable for a continuous observation at a specified point.
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Theoretical studies and numerical simulations of AGWs have been widely performed
[see the review in Fritts and Alexander, 2003]. Here, we select and introduce studies of
secondary AGW generation by 3-D body forcing via AGW breaking. Horizontal body
forces due to horizontal momentum deposition of AGWs can accelerate horizontal mean
wind in the AGW propagating direction [e.g., Fritts and Alexander, 2003]. Holton and
Alexander [1999] simulated convectively generated AGWs propagating toward the
mesosphere by using a two-dimensional model and showed that the breaking of these
AGWs generated secondary AGWs. They also showed power spectra of the vertical
wind velocity as function of the horizontal wavelength, ground-based period, and zonal
phase speed for upgoing and downgoing waves at the altitudes of 6070 km (Figure
1.8). The down-going AGWs with a shorter period (< 10 min) and a shorter horizontal
wavelength (15-25 km) had a spectral density similar to the up-going AGWs, although
the spectral power of the down-going AGWs with longer periods and longer
wavelengths was much smaller than that of the up-going AGWs. Satomura and Sato
[1999] found that small-scale AGWs are generated in association with the breaking of
AGWs (excited by mountains) in the stratosphere based on a two-dimensional model
simulation. Vadas et al. [2003] examined, whether the properties of secondary AGWs
and their momentum fluxes depend on the spatial and temporal scales of a body force
by using a linear formulation of the atmospheric response [Vadas and Fritts, 2001].
They showed that secondary AGWs radiated symmetrically along the direction of the
body force. Deep, horizontally localized and temporally restricted body forces likely
generate AGWs with high intrinsic frequencies. They applied the formulation to the
AGW breaking event, which was numerically investigated by Holton and Alexander
[1999] and concluded that highly localized body forces might excite some of the

observed secondary waves with both low and high frequencies.

One of the major problems of AGWs is the gravity wave parameterization of the
momentum transport in a numerical model. While momentum transport by AGWs is
quite important for the global circulation, it is difficult to reproduce AGWs directly in a
global numerical model due to their limited spatiotemporal resolutions. Therefore, the
parameterization of momentum transport of AGWs is needed. The AGWs generated by
orographic sources, which have zero phase speed (relative to the ground), are

parameterized in many general circulation models (GCMs) [e.g., Palmer et al., 1986;
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McFarlane, 1987; Miller et al. 1989]. However, Fritts and Alexander [2003] pointed
out that the properties of non-stationary AGWs and their sources were not well
understood. They emphasized the importance of an accurate parameterization, which is
capable of quantifying non-stationary AGW intermittency imposed by variable sources
and propagation conditions. Geller et al. [2013] suggested that the usage of different
parameterization schemes could be one of the reasons for the inconsistency among the
results from different GCM studies. Figure 1.9 shows the zonal mean absolute
momentum fluxes at an altitude of 50 km from different GCM studies. The magnitudes
of the momentum fluxes of polar regions are larger in the Antarctic winter than in the
Arctic winter. The difference among the momentum fluxes of the four models is also
larger in the Antarctic winter. Because the AGWs at this altitude can reach the
mesopause through their vertical propagation, the large difference of the momentum
flux and its deposition should be basically similar in the mesosphere and mesopause.
This result suggests that it is necessary to precisely quantify the AGW momentum
transport by observations and to constrain the AGW parameterization in the GCM;
hence, the importance of the quantitative analysis and characterization of AGWs is

stressed.
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Chapter 2

Airglow  Imaging  Observation  of

Atmospheric Gravity Waves

2.1 Mesospheric Airglow

Mesospheric airglows are atmospheric emissions of atoms and molecules at different
peak altitudes with a vertical thickness of ~10 km. The major mesospheric airglow
emissions are the hydroxyl (OH) Meinel bands, sodium D (NaD) lines, oxygen
molecular (O;) atmospheric bands, and atomic oxygen (OI) green lines. Here, we
introduce OH and Na airglow emissions, which are used in this study. The emission
mechanisms are summarized as follows [e.g., Krasovskij and Sefov, 1965; Chamberlain,

1995].

OH Meinel airglow at the broad wavelength range of 550 nm—4.4 um is emitted at ~87
km by hydroxyl radicals. The following reactions were proposed by Bates and Nicolet
[1950]:
O3;+H -» OH*(v<9)+0s (2.1)
OH*(v < 9) —» OH**+ Av. (2.2)
The wavelength of the emission in reaction (2.2) depends on the vibrational and

rotational level difference between OH* and OH**. This is the reason that the OH

Meinel airglow wavelengths are band structures.

Sodium airglow is emitted at an altitude of ~90 km by the relaxation of the energy level

from Na(?P) to Na(?S) with the optical wavelength of 589.0 and 589.6
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nm. Na( 2P) is produced by the following reactions.
NaO + 0 — Na( ?P) + 0, (2.3)
NaH+ O — Na( ?P) +OH (2.4)

Swenson and Gardner [1998] developed an analytic model, which treated the OH and
Na airglow intensity perturbation caused by AGWs. The volume emission rate of the
OH (8,3) Meinel Band can be expressed with Eq. (6) described by Swenson and
Gardner [1998]

_ (8.25%107%%cm®s~1)[0][0,]2 (200 / T)?

- cem™3 -7 (2.5
OH (1+7.7><10‘14cm3[02]) [number cm S ] ( )

This formula shows that the OH emission intensity depends on the atomic oxygen
density, molecular oxygen density, and temperature. It should be noted that the density
profile of the oxygen atom in the mesosphere is different from the atmospheric density
profile, as shown in Figure 2.1. Based on Egs (29) and (31) described in Swenson and
Gardner [1998], the relative OH airglow intensity perturbation AV /Voy can be

described as follows:

AV, z—2z z—zom)?| A
OH _ 3|1 - OH_I_( on) T/) (2.6)

Vou /1011 o2 P

where Ap/p is the relative atmospheric density perturbation, z is the altitude, zoy is
the centroid altitude of the OH airglow emission, /2,y =~ 3.6km, ,and ¢ ~ 8.0 km.
For ground-based observations, airglow emission is observed as the column emission
integrated along the line-of-sight. Based on Eq. (33), Krassovsky’s ratio is defined as

the ratio between the square of the total relative OH intensity perturbation normalized

2
by the OH intensity, (%) , and the square of the relative temperature perturbation

2
normalized by the temperature, (AFT) , as follows:
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Based on Eqgs (A2) and (A3), the relative Na airglow intensity perturbation, AVy,/

Vna» can be described in the same way as the relative OH airglow intensity perturbation,

AV, 1 zZ— zZn,] A
N [1 _ZIT 2N ]—p 2.8)
VNa (7/_1) /lNa

p

where y = 1.4 is the ratio of the specific heat, z, is the centroid altitude of the Na
airglow emission, and /2y, =~ 2.5km. These equations show that the relative
amplitude of the Na and OH airglow intensity perturbation is proportional to the relative
atmospheric density perturbation induced by AGWs.

2.2 Airglow Imaging Observation

As described previously, the atmospheric density perturbation induced by AGWs is
reflected in the airglow intensity fluctuation. Krassovsky [1972] first reported that the
oscillation of the intensity and the rotational temperature of OH airglow indicate the
period and the phase speed similar to those expected from the internal acoustic-gravity
wave theory. Early studies of the wave-like feature in the horizontal structure of the
airglow caused by AGWs were performed using photographs [Peterson and Kieffaber,
1973; Morrels and Herse, 1977; Peterson, 1979] and TV cameras [Crawford et al.,
1975, 1978; Rothwell et al., 1976]. A modern imaging device, a cooled CCD, has been
widely used for airglow imaging measurements of AGWs since Taylor and Hill [1991]
who reported imaging observations during the ALOHA-90 campaign in 1990. In recent
years, an InGaAs detector has been used to observe infrared emissions in the
mesospheric OH (3,1) band (at ~1.5 um) [Pautet et al., 2014; Cai et al., 2014].

Here, we introduce the blocking diagram used by Taylor et al. [1993]. This is useful to
investigate the critical level filtering effect on the vertical propagation of AGWs
observed by airglow imaging. Using Eq. (1.10), the intrinsic frequency, €2, can be

described as
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Uo
QL=w—kuy=0—w0— (2.9)
Ch

In the two-dimensional horizontal plane (X, y) with x in the zonal direction and y in the

meridional direction, the intrinsic frequency can be expressed as [ Taylor et al. 1993]

Ugyx COS @ + vy, SIn
Q=w—w— ¢c 0. SIN ¢ (2.10)
h

where u,, is the zonal wind speed; vy, is the meridional wind velocity; and ¢ is the
azimuth of the horizontal propagation direction, clockwise measured northward. It
should be noted that we could use the same £, w and ¢, in both the two dimensions
used in Subsection 1.2.1 and three-dimensional horizontal plane. Critical level filtering
occurs when the component of the background wind speed along the horizontal
propagation direction of an AGW equals the horizontal phase speed. In this case, the
intrinsic frequency becomes zero. Figure 2.2 is an example of the blocking; the shaded
area corresponds to the forbidden regions defined by 2 < 0 at some height below the

airglow altitude for each propagation direction and phase speed.

In the past two decades, airglow-imaging observations have been performed and
contributed to the understanding of mesospheric AGWs. At the mid-latitude, many
studies of AGWs observed by airglow imaging have been performed [e.g., Nakamura et
al., 1999; Walterscheid et al., 1999; Hecht et al., 2001; Ejiri et al., 2003; Dou et al.,
2010; Kim et al., 2010; Q. Li et al., 2011]. Figure 2.2 shows a profile of the horizontal
wind velocities and a polar plot of the phase velocity distribution, with phase speed as
the radius and propagation direction as the azimuth. The blocking diagram is overlain in
Figure 2.2(b) as the shaded area using the horizontal wind profile and assuming that the
AGWs are generated at the ground and reach the observation altitude. The AGWs with
phase velocities corresponding to the shaded area cannot reach the observation altitude
because of critical level filtering. Taylor et al. [1993] used the blocking diagram to
show the effect of critical level filtering on the phase velocity distribution of AGWs.
The observed AGWs had phase velocities outside of the shaded area in the blocking

diagram. Their result suggested that airglow-imaging observations are useful to
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investigate the effect of the critical level filtering on the vertical propagation of
mesospheric AGWSs. Nakamura et al. [1999] performed a statistical study of the
horizontal propagation directions of AGWs observed by airglow imagers in Shigaraki,
Japan, for 18 months. There was a clear seasonal variation of the dominant propagation
direction, with eastward directions in summer and westward directions in winter. These
preferential directions are consistent with the critical level filtering by background wind
in the middle atmosphere. Walterscheid et al. [1999] showed the distribution of the
propagation direction of quasi-monochromatic AGWs observed over Adelaide, which
was mainly southward in summer and northward in winter. They suggested that the
meridional anisotropy in summer could be explained by thermal duct, which allows
AGWs to propagate over a long distance by trapping them between two evanescent
layers or between an evanescent layer and the ground. Ejiri et al. [2003] compared the
characteristics of AGWs observed at two stations, Rikubetsu (44°N, 144°E) and
Shigaraki (35°N, 136°E), Japan. The AGWs at both stations propagated northward and
northeastward in summer and generally westward in winter. They suggested that the
meridional propagation might be explained by thermal ducting, except for the
northward propagation in Rikubetsu, Japan. Previous studies showed that the
propagation characteristics of AGWs and their seasonal variation in the mid-latitude
could be affected by critical level filtering in zonal direction and ducting in meridional
direction. Suzuki et al. [2013b] used the data observed by four identical imagers of the
Optical Mesosphere Thermosphere Imagers (OMTI) at Rikubetsu, Sakata (39°N,
140°E), Shigaraki, and Sata (31°N, 131°E) in Japan. They presented a coherent AGW
structure with a spatial extent larger than 1800 km measured simultaneously by the four

imagers and suggested that this AGW was ducted at airglow altitude.

At low-latitude, airglow imaging measurements of AGWs have also been performed
[e.g., Nakamura et al., 2003; Suzuki et al., 2004, 2009a; Medeiros et al., 2005; Taylor et
al., 1997; Li et al., 2011]. Nakamura et al. [2003] compared the horizontal phase
velocity distribution of AGWs observed by airglow imagers at Tanjungsari (108°W,
6.9°S), Indonesia, with distributions of tropospheric clouds estimated by the
Geostationary Meteorological Satellite from September 2000 to September 2001. They
found that high-altitude clouds were located opposite to the propagation direction of

AGW:s and critical level filtering was not effective because of weak background wind at
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low latitudes. Medeiros et al. [2005] carried out airglow imaging observations at three
stations, Cachoeira Paulista (23°S, 45°W) in 1999, Sao Jodo do Cariri (7.5°S, 37°W) in
2001, and Boa Vista (2.8°N, 61°W) in Brazil. They compared the distributions of the
AGW propagation direction and lightning activity and concluded that the generation
source of the AGWs, which was thought to be tropospheric convective activity, existed
in South America during October—December. The distributions of the AGW
propagation direction at low latitudes are mainly influenced by the source distribution
because of weak wind in the middle atmosphere (Figure 1.3); the AGWs are mainly

generated by tropospheric convectivity.

Airglow imaging observations at high latitudes are few and the AGW propagation
process and generation mechanism are not clearly understood. Espy et al. [2004]
derived the momentum flux of AGWs based on a sodium airglow imaging observation
over Halley Station (76°S, 27°W) in the Antarctic. The net zonal momentum flux in
winter was estimated to be 4.4 m’s” on average in westward direction and the
meridional momentum flux is 0.5 m’s” on average in northward direction. These
momentum fluxes are smaller than the wintertime momentum flux at mid-latitude, with
a magnitude of 20 m’s” and 12 m’s? in the westward and northward directions,
respectively [Tang et al., 2002]. They showed a large day-to-day variability of the
momentum flux with rotation from the northwest to the southeast throughout the winter
season, corresponding to background wind variation. However, they did not present the
horizontal phase velocity distributions of the observed AGWs. Bageston et al. [2009]
reported a statistical study of OH airglow imaging observations at the Comandante
Ferraz Antarctica Station (62°S, 58°W) over six months from April to October 2007.
The phase velocity distribution of the observed AGWs showed that phase speeds of
westward-propagating AGWs were up to 40 m/s and the phase speeds of
eastward-propagating AGWs reached 120 m/s. This zonal anisotropy could not be noted
in observations at mid—low latitudes (Figure 2.3). Nielsen et al. [2009] presented a
climatological study of AGWs observed by airglow imaging over Halley Station in
2000 and 2001 (Figure 2.4). The phase velocity distribution of AGWs included faster
eastward-propagating AGWs and slower westward-propagating AGWs, similar to the
result of Bageston et al. [2009]. They pointed out that critical level filtering could partly

explain the zonal anisotropy of the phase velocity distribution because the AGWs were
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observed in the shaded area of the blocking diagram in Figure 2.4. Suzuki et al. [2011]
reported statistical characteristics of AGWs observed by the airglow imager at the South
Pole (90°S). They showed preferential directions (30°E—-60°E and 210°E-240°E),
although the reason for such preferential directions is not clear. For the Arctic, Suzuki et
al. [2009b] reported statistical characteristics of AGWs at Resolute Bay during the
winter seasons of 2005 and 2006. They extracted small-scale (< 100 km) and larger
scale (> 100 km) AGWs. The preferential propagation directions of both AGWs were

westward.

As described above, airglow imaging observations have been performed worldwide.
These observations could contribute to the clarification of the geographical dependence
of AGWs. However, the quantitative comparison of the results derived from airglow
imaging observations is difficult due to problems in the analysis method of airglow

imaging data, as described in the next section.

2.3 Analysis Method for Airglow Imaging Data

Analysis methods for airglow imaging data have been developed over the past three
decades. Hapgood and Taylor [1982] developed a method to quantify the horizontal
propagation parameters of AGWs from airglow images by fitting a set of circles to
structures in airglow images. This method has been used in many studies [e.g., Taylor
and Hapgood, 1988; Taylor et al., 1997]. Traditionally, the statistics of these
observations are based on the wave characteristics of individual AGW events, which are
detected by visual inspection of outstanding wave-like structures in airglow image data.
A keogram, which is created from the central column or row of each time sequential
image, such as Figure 2.5, has been used to investigate large-scale AGWs in airglow
images. However, such methods are not suitable for analyzing large amounts of data
obtained by network observations such as the OMTI for several reasons: (1) the analysis
procedure is time-consuming, (2) differences exist in the criteria for the determination
of wave events, and (3) the extraction of AGW parameters depends on the work of the
people processing the data. The latter two reasons might induce biases in the statistical

analysis of wave events.

Power spectral analysis is another statistical method that is frequently used for time
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series of data and is applicable to image data. Hecht et al. [1994] applied 2-D spectral
analysis to airglow imaging data to obtain horizontal wave number spectra of airglow
intensity variations. The field of view of their imager is approximately 100 x 100 km®.
Garcia et al. [1997] further applied a 2-D Fourier analysis technique to all-sky images
of the airglow by determining the imager’s attitude using stars, star removal, geographic
projection, re-gridding, and flat fielding of the data before the spectral analysis.
However, 2-D Fourier analysis can derive only a 2-D horizontal wavenumber spectrum,
which determines the horizontal propagation direction of AGWs with 180-° ambiguities.
Coble et al. [1998] developed an analysis technique by using a 3-D fast Fourier
transform (FFT) to obtain an unambiguous 2-D spectrum, as shown in Figure 2.5, which
contains information on the unambiguous zonal and meridional wavenumbers and has
been applied to various airglow imaging datasets [e.g., Nakamura et al., 2001; Tang et
al., 2002; Espy et al., 2004]. Spectral analysis can efficiently deal with a large amount
of airglow data and consider duration, spatial extent, and magnitude of AGWs
independent of work of the people processing the data to determine AGW events and
extract AGW characteristics. However, information about the horizontal phase velocity
is not notable in the unambiguous 2-D spectrum in the horizontal wavenumber and
frequency domain. Suzuki et al. [2007b] used spectral analysis for the extraction of
AGW events by detecting a peak of power spectrum in the horizontal wavenumber
domain. The AGW events could be extracted without human bias, although the duration,

spatial extent, and magnitude of AGWs were insufficiently considered.

2.4 Antarctic Airglow Imaging Network and Other Data

The Antarctic Gravity Wave Imaging/Instrument Network (ANGWIN), an international
observation network among Antarctic stations commenced in 2011, is aimed at
investigating AGWSs over the Antarctic region by Japan, the United States, the United
Kingdom, Australia, and Brazil. The ANGWIN includes airglow imagers installed at
Syowa (69°S, 40°E), Davis (69°S, 78°E), McMurdo (78°S, 167°E), Halley, Rothera
(68°S, 68°W), the South Pole (90°S), and Comandante Ferraz (62°S, 58°W), as shown
in Figure 2.6.
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In this thesis, we used data observed by the imagers at Syowa, Davis, Halley, and
McMurdo and wind data from MF radars at Syowa and Davis. The MF radar measures
the horizontal wind velocity at 70-100 km by estimating the horizontal drift speed of
the weakly ionized atmosphere from a lag among the signals detected with horizontally
spaced antennas. The Modern Era-Retrospective Analysis for Research and
Applications (MERRA) [Rienecker et al., 2011] is an assimilated numerical model for
the reanalysis of data combined with various observation results and is used in this
study. The wind and temperature are provided in a 288 x 144 grid with 1.25-° longitude

and 1.25-° latitude resolution, 42 pressure levels, and a temporal resolution of 3 h.

2.5 Purpose and Outline of This Thesis

The AGW plays an important role in the vertical coupling of the atmosphere through
transport of significant amounts of energy and horizontal momentum into the
mesosphere and lower thermosphere. While momentum transport by AGWs is quite
important to global circulation, it is difficult to directly reproduce AGWs in a numerical
model due to the limited time. Therefore, the precise parameterization of momentum
transport of AGWs based on global observation is required. Although airglow-imaging
observations have been performed at mid- and low- latitudes, those in the Antarctic are
few. The analysis method currently used for airglow imaging data restricts the

quantitative comparison of the results.

The purpose of this thesis is to reveal the characteristics of mesospheric AGWs over
Syowa and quantitatively investigate differences among the characteristics of AGW
phase velocity distributions over the ANGWIN stations focusing on critical level

filtering. This study was performed in two steps.

In the first step, we developed a new spectral analysis method to obtain power spectra
of the airglow intensity variation in the horizontal phase velocity domain (hereafter
referred to as phase velocity spectra) from a series of airglow images by expanding the
3-D analysis described in Coble et al. [1998]. This method was suitable for dealing with

a large amount of airglow data without the biases of the visual inspection of AGW
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events. We applied the spectral analysis to the airglow imaging data obtained at Syowa
Station in the Antarctic during the 2011 observation season. This dataset was also
analyzed by conventional event analysis (hereafter referred to as event analysis). The
results derived from both spectral and event analyses are compared in detail in Chapter
3.

In the second step, we applied the new spectral analysis method to data from the
ANGWIN imagers at Syowa, Halley, Davis, and McMurdo between April 6 and May
21, 2013. We showed day-to-day and station-to-station variations at McMurdo and
Halley on April 10 and 11, 2013, and averaged spectra of the four stations during the
observation period. The phase velocity spectra at Davis and Syowa were compared with
background wind from MF radars and MERRA to investigate the AGW generation and
propagation processes. In addition, temporal variations during one night and the

frequency dependency of the phase velocity spectrum were also investigated.

23



Chapter 3

New Statistical Analysis of Gravity Waves

Observed by Airglow Imaging

We developed a new analysis method to obtain the power spectrum in the horizontal
phase velocity domain from airglow intensity image data to study AGWs. This method
can deal with extensive amounts of imaging data obtained in different years and at
various observation sites without biases such as those caused by different event
extraction criteria by the person processing the data. The new method was applied to
sodium airglow data obtained in 2011 at Syowa Station (69°S, 40°E) in the Antarctic.
The results were compared with those obtained from conventional event analysis in
which the phase fronts were manually traced to estimate horizontal characteristics such
as the wavelengths, phase velocities, and wave periods. The horizontal phase velocity of
each wave event in the airglow images corresponds closely to a peak in the spectrum.
Both methods produce similar statistical results with respect to the directionality of
AGWs. The galactic contamination of the spectrum was examined by calculating the
apparent velocity of the stars and found to be limited for phase speeds < 30 m/s. In
conclusion, our new method is suitable for deriving the horizontal phase velocity
characteristics of AGWs from an extensive amount of imaging data without the biases

that are caused by different event extraction criteria by the person processing the data.
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3.1 Observation

An airglow imager was operated by JARE at the Syowa Station in the Antarctic in 2002
and from 2008 to the present. Here, the data obtained in 2011 by the 52nd JARE were
used for analysis. The imager used in 2011 (Figure 3.1) is a part of the OMTIs network
[Shiokawa et al., 1999] owned by Nagoya University. The system consists of a fish-eye
lens (FL = 24 mm and an aperture of /4.0) with a field of view (FOV) of 180°, a
telecentric lens system, multiple interference filters, and a cooled-CCD camera with a
resolution of 512 x 512 pixels. Details of the imaging system are described in Shiokawa
et al. [2000]. In 2011, airglow- imaging observations were carried out from March 5 to
September 30 on 133 nights of which 66 nights exhibited clear skies. The NaD, OH,
and OI (630 nm) airglow was observed sequentially by changing the filters using a
rotating filter wheel system. Furthermore, background sky images at 572.5 nm were
acquired every 30 min. In this study, we used the images of the sodium airglow
emission at 589.3 nm because the sodium emission is the least sensitive to auroral
contamination [Espy et al., 2004]. The spatial resolution of the sodium image is 0.25 km
at the zenith and 2.0 km 30° above the horizon. The exposure time was set to 100 s or
105 s for the Na image and the cadence was 3 min. Hereafter, the observation time of an

image is indicated by the time of the beginning of the exposure.

3.2 Analysis Methods

In this section, we describe the methods used to obtain the phase velocity spectrum by
spectral analysis. The method of deriving the phase velocity distribution by event
analysis is also explained and the results are compared with those obtained from the

spectral analysis.

3.2.1 Spectral Analysis
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To obtain the phase velocity spectrum from a series of airglow images, we used several
processes including 3-D FFT and coordinate conversion from the horizontal wave
number domain to the horizontal phase velocity domain. In this study, Na images
excluding background sky images are treated as sequential images; the gaps due to
background sky images are ignored. Although it is not the best way, we preferred the

computation speed.

Before computing the 3-D FFT of the airglow images, several corrections to the airglow
images were made. First, we removed stars from the raw images, as shown in Figure
3.2a, by detecting spike-like structures, as described previously [e.g., Suzuki et al.,
2007b]. To remove stars, a median filter with a window size of 21 x 21 pixels was
applied to the raw images. The raw brightness count was then replaced by the
corresponding count of the median image if the former was larger than the latter by
more than 100 counts, where a typical airglow image count including background sky
brightness was ~1000 counts. Second, we removed the dark counts and offset values of
the CCD, which were estimated in the areas near the four corners of the raw images
outside the FOV. Third, the image of sodium airglow emission, I,, was calculated
using the following equation:

INa - Iraw - Ibackground (31)

where 1,,, are the raw images after star removal, subtraction of the dark counts, and
offset values of the CCD and I4¢kgrouna 18 the image of the background sky brightness
obtained by averaging all images at 572.5 nm acquired every 30 min through the time
window and over all azimuthal directions (0°-360°). This type of averaging was applied
to the images after star removal. The image of the normalized Na perturbation,

I'ya/INa, is calculated as follows:

I’Na — INa - INa — Iraw - Iraw (3 2)

INa INa Iraw - Ibackground

where Iy, and I,,, denote the temporal mean sodium and raw image, respectively, for

each time window. The Na airglow perturbation images are then projected and
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interpolated onto the geographic coordinate with a size of 400 x 400 km? using the
nearest neighborhood method, assuming that the sodium airglow height is constant. The
positions of the stars in the original images are used to calibrate the orientation of the
imager. The height of the sodium airglow emission layer is assumed to be 90 km in the
present analysis. One pixel in the projected image represents 1 x 1 km? in geographic
coordinates; an image is composed of 160,000 pixels. The detrended image was then
calculated by deviation from a plane fitted to the projected image, as shown in Figure
3.2b. Next, the 2-D pre-whitening filter introduced by Coble et al. [1998] was applied to
each image to reduce the contamination of the higher wave numbers by the side lobes of
the large spectral densities at small wave numbers resulting from the data window
function of the finite horizontal sampling area. A 2-D Hanning window with a full
width of 400 pixels was then applied to each projected image to avoid discontinuity,
which might occur when zero-padding extension is performed. A temporal Hanning
window is not used to avoid the loss of information contained in a series of airglow
images rather than temporal discontinuity. To obtain AGW spectra with higher spatial
and temporal wavenumber sampling, the image series, which typically contained 40
images, was implanted at the center of the blank images with a size of 1024 pixels X

1024 pixels x 256 images, as shown in Figure 3.2c.

After these preprocessing steps, the phase velocity power spectrum was obtained using
the following steps. First, the three-dimensional spectrum as a function of observed
frequency, w, zonal wave number, k&, and meridional wave number, / [hereafter (%, /, w)
spectrum] was computed using the 3-D FFT from the image series. This spectrum was
recolored using the division by the square of the transfer function of the spatial
pre-whitening filter. Figures 3.2d—f show the recolored (k, /, @) spectra of the 21
airglow images observed between 23:00:00 and 24:06:00UT on September 20, 2011,
for three selected frequencies at 1/8, 1/16, and 1/64 min™". Next, the part of the recolored
(k, I, w) spectrum corresponding to the range of interest, which means a horizontal
wavelengths ranging from 5 to 100 km and periods from 8 to 64 min, was converted
into a power spectrum in the vy, v,, and @ domains [hereafter the (vy, v,, @) spectrum],
where v, and v, are the zonal and meridional components of the horizontal phase

velocity, respectively. The relationship between these coordinates is given by
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vy = 3.3
kK> + 17 ©G-3)
wl
L i a— (34)
k®+1

For the conversion, the volume element in the v,, v,, and @ domains dv,dv.dw is

given by

dodv,dw = J - dkd/dw, (3.5

where

dvy Ovy Ovy

ok al ow

J=|v, 0, v, (3.6)
ok al ow
0 0 1

is the Jacobian determinant. Figures 3.2g—i show the (v,, v,, w) power spectra

Y
converted from the (k, I, w) spectra, where Figures 3.2g—i correspond to the cross
sections at the periods of 8, 16, 64 min (frequency = 1/8, 1/16, 1/64 min™"), respectively.
Finally, the (vy, vy, ®) spectrum is integrated in the frequency domain from 1/8 to 1/64
min" and a 2-D power spectrum in the v, and v, domains is obtained, as shown in
Figure 3.2j. The velocity resolution depends on the frequency of interest and the size of
the time window and ranges from 0.017 m/s to 28 m/s in case of a 2-h window, for

example.

The temporal data window encompassing the selected airglow images for these spectra
was determined using the following two conditions. First, a data window had to include
more than 20 successive airglow images without cloud or aurora contamination. Second,
the AGW events mentioned in the Subsection 3.2.2 had to be included in the data
window for comparison with the results of the event analysis. For the statistical analysis
presented in Subsection 3.3.2, a different set of data windows was selected to satisfy

only the first condition.
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3.2.2 Event Analysis

Figures 3.3a and b show examples of images obtained at 23:24 and at 23:51UT on
September, 2011, after performing the projection process onto the geographic
coordinates in the same way as in the spectral analysis. Note that Figure 3.3a is the
same image as shown in Figure 3.2b but plotted for a larger area. First, we investigated
a series of images that showed wave-like structures in the airglow intensity, which
could be considered to be an AGW packet. Next, we selected two images in which the
wavefronts of the AGW could be clearly distinguished, as shown in Figure 3.3. Then,
five dots were marked on each of the two consecutive AGW wavefronts (Figure 3.3a).
For one of the two phase fronts, a straight line (line A) was fitted to five dots by a least
squares fit. The mean distance between line A and the dots on the wavefront B was
calculated and considered to be the horizontal wavelength. In Figure 3.3b, the wavefront
A moved to the position indicated by C. The five dots on wavefront C were also
sampled and the mean distance from the line A was regarded as the distance of the wave
propagation during the time interval between the two images. The phase speed was
determined from the distance and elapsed time between exposures and the propagation
direction was determined to be perpendicular to line A without 180-° ambiguity. The
error of the event analysis was estimated to be ~2 m/s. In a time series of images in
Figure 3.3a, two phase velocities were calculated for the two independent wave events.
These are the events mentioned above, with phase lines A and B, and another event
indicated by a white ellipse in Figure 3.3a. The two phase velocities are shown in Figure

3.2j by the white dots with solid black lines.

Event analyses were performed on all data without aurora and clouds obtained at Syowa
in 2011; 80 wave events were detected in total. Figure 3.4 shows the distribution of the
AGW parameters estimated for the 80 events. The duration of each event ranges from
18 min to 5 h. The horizontal wavelengths displayed in Figure 3.4a were distributed
between 10 and 60 km; ~80% of the waves had horizontal wavelengths between 20 and
40 km. Figure 3.4b indicates that the phase speed ranged from 0 m/s to 150 m/s; ~70%
of the waves had phase speeds between 0 and 60 m/s. The observed period in Figure
3.4c varied between 3 and 240 min and was shorter than 45 min for 93% of the waves.
Twenty-four events have observed periods shorter than 8 min, which is the lower limit

for the spectral analysis. Figure 3.4d shows that 66% of the waves propagated
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southward or westward (azimuth between 135° and 315°). The distributions of the
horizontal wavelength, phase speed, and observed period are generally consistent with
the results of previous studies at high latitudes [e.g., Nielsen et al., 2009; Bageston et al.,
2009; Suzuki et al., 2009b, 2011] and mid- to low- latitudes [e.g., Wrasse et al., 2006].

3.3 Results and Discussion

In this section, we present and compare the results of the spectral and event analyses for
four data windows. We also discuss the statistical results from the spectral and event
analyses applied to the data at Syowa Station in 2011 and the effects of the galaxy on
the velocity spectrum by calculating the apparent velocity of the stars and galaxy

projected onto geographic coordinates.

3.3.1 Comparison Between Spectral and Event Analyses

Using the spectral analysis described in Subsection 3.2.1, 30 phase velocity spectra
were derived from the data obtained at Syowa Station in 2011. In this Subsection, we
compare the phase velocity spectrum for the four data windows shown in Figures 3.5b,
d, f, and h (colored) with the phase velocities (white dots with solid black lines)
calculated by the event analyses for the corresponding four data windows. Airglow
images (after star removal, flat-fielding, and projection to the geographic coordinates, as
shown in Figure 3.2b) at the center time of each data window are also shown in Figures

3.5a,c,e,and g.

For the first example obtained at 19:13-21:15 UT on May 8, 2011, the event analysis
selected one event that was clearly observed in Figure 3.5a, with wavefronts aligned in
the NS direction. The phase speed and propagation direction of the azimuth were
determined to be 39 m/s and 324°, respectively, as shown in Figure 3.5b as a white dot.
The color plot (Figure 3.5b) shows the phase velocity spectrum. It features a broad peak
at 10-70 m/s and 235°-30°. It is evident that the phase velocity of the event corresponds
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to the peak in the spectrum. This correspondence indicates that the wave-like structure
observed in a series of images is represented by a peak in the phase velocity spectrum,
as observed in previous 2-D spectral analyses in the horizontal wave number domain
[e.g., Garcia et al., 1997]. Although no other waves were selected by the event analysis,
another peak was observed at 20-150 m/s and 45°-180° in the spectrum. This peak
likely corresponds to eastward-propagating waves, which are visible in the
corresponding movie. However, the inability of the event analysis to capture a wave
corresponding to this peak in the spectrum was due to the lack of clarity of the

wavefronts in the still images.

In the second example (data obtained at 14:20-19:17 UT on July 3, 2011), three events
were identified by the event analysis. The phase speeds and propagation directions were
(90 m/s, 55°), (30 m/s, 282°), and (92 m/s, 112°), as indicated in Figure 3.5d. The clear
peak in the phase velocity spectrum at 10—-50 m/s and 270°-360° seemed to correspond
to the second event (30 m/s, 282°). The other two events corresponded roughly to peaks
in the spectrum but were not completely consistent with these peaks. The slight
differences are probably due to the fact that the event analysis determined parameters

only from parts of the wavefronts in the airglow images.

For the third example obtained at 20:24-21:51 UT on August 29, 2011 (Figure 3.5%), it
is apparent that one event with a phase speed of 33 m/s and a propagation direction of
the azimuth of 343° agreed with the notable enhancement in the phase velocity
spectrum at 10-50 m/s and 270°-360°. There was another peak at 10-20 m/s and
180°-270°; no corresponding events were extracted by the event analysis. This peak
might not represent the intensity variation of AGWs but was likely caused by galaxy
alignment in the NW-SE direction around (x, y) = (100 km, 250 km), as shown in
Figure 3.5e. The effects of the galaxy on the phase velocity spectrum will be discussed
in Subsection 3.3.3. In Figure 3.5f, the spectral enhancement is evident at 20-30 m/s
and 45°-135°, which also agrees with the waves visible in a movie of the airglow

images. However, the waves were too faint to be extracted by the event analysis.

The fourth example obtained at 22:08-23:26 UT on September 19, 2011, shows a very
broad enhancement in the phase velocity spectrum at 20—-110 m/s and 135°-270°

(Figure 3.5h). The broadness is likely due to the existence of several waves with
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different phase speeds and propagation directions and curvature of their wavefronts in
the series of images. During the event analysis, one event was selected, which had a
phase speed and azimuthal propagation direction of 78 m/s and 149°, respectively. This
example indicates that event analysis is not suitable for cases with a complex wave

structure.

For a more detailed comparison, we calculated the full width at half maximum
(FWHM) values of the peaks indicated in Figure 3.5 corresponding to the wave events,
except for the eastward-propagating wave events in the second example. The FWHM
values range from 10 to 30 m/s. As a result, there are three phase velocities of the wave

events within the range of each FWHM among these four events.

In summary, all waves in the 30 data windows selected by the event analysis
corresponded to peaks or enhancements in the spectra. Furthermore, using spectral
analysis, we found additional peaks in the phase velocity spectra that were too faint to
be detected by the event analysis. In addition, the phase velocity spectra are more
suitable to describe complex wave structures and dynamics. This study suggests that the
phase velocity power spectrum is more useful for the investigation of horizontal
propagation characteristics of AGWs that are visible as intensity variations in the

airglow images.

3.3.2 Average Spectrum

Statistical analysis of AGW parameters, particularly those related to horizontal
propagation, is very important for the determination of the source and vertical
propagation processes. Application of spectral analysis to statistical studies could
reduce the time required for the analysis and the biases caused by the people processing
the data. It would also allow for the analysis of large amounts of data obtained at
various observation sites and/or long-term observations. Here, we compare the statistics
of spectral and event analyses applied to the same airglow imaging dataset at Syowa
Station obtained in 2011 and discuss the advantages of spectral analysis for statistical

studies.

Figure 3.6a shows the distribution of the horizontal phase velocity extracted by event
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analyses. A cluster of westward-propagating waves (azimuth between 180° and 360°) is
clearly notable; the majority of the wave have phase speeds < 50-60 m/s.
Eastward-propagating (azimuth between 0° and 180°) waves are characterized by phase
speeds > 50—60 m/s. Figure 3.6b shows the average phase velocity spectrum from 2011
for 40 data windows; each window more contains 20 successive airglow images without
clouds or auroral contamination. The average spectrum also shows a similar anisotropy
in the directionality. A broad enhancement in the westward sector (azimuth between
180° and 360°) at phase speeds < 50-60 m/s can also be noted and the density is
significantly larger than in the eastward sector. However, the distribution of moderate
spectral densities (>10° s*/m?”) is much wider in the eastward sector than in the
westward sector. The former extends up to 150 m/s, while the latter is mainly confined
to 100 m/s. Such similarities between the event and spectral analyses suggest that by
introducing the phase velocity spectrum, we can perform statistical studies of horizontal
phase velocity distributions more efficiently in a much shorter time frame with smaller
biases induced by the people processing the data. It should be noted that
northward-propagating waves (azimuth between 330° and 30°) detected by the event
study are rare; however, there appears to be northward spectral density, indicating that
the waves are not completely blocked in these directions as one would infer from the
event study. The horizontal phase velocity spectrum is capable of providing the true
horizontal phase velocity distribution of observed AGWs, which leads to a more
accurate interpretation of the critical level filtering. Our new spectrum-based technique

has a great advantage over conventional event analyses used in previous studies.

3.3.3 Effects of the Galaxy on the Phase Velocity Spectrum

The galaxy or faint stars cause contamination in the airglow imaging data, especially at
visible and near- infrared wavelengths. However, the effect of such contamination can
be estimated because the motion of stars in the sky is a known fixed parameter and a
function of the azimuth and zenith angles. Based on the image data projected onto the
geographic coordinates, the apparent stellar motion could be obtained, assuming a
virtual height of 90 km in this study. Thus, the velocity of a star at any pixel in the

image could be precisely calculated as a time-invariant vector. The magnitude and
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direction of this star motion are plotted in Figure 3.7a. The apparent speeds of the
galaxy ranged between 0 and 30 m/s. In Figure 3.7b, the apparent velocity vectors are
plotted over the image in the geographic coordinates averaged for 14:20-19:17 UT on
July 3, 2011. The effect of the galaxy on the airglow image can be estimated more
specifically if the region of the galaxy in the image is specified. For example, the
brightest part of the galaxy in Figure 3.5¢ is located in the west (at approximately x, y =
100 km, 250 km) of the image, indicated by a white ellipse. The corresponding apparent
star velocity in Figure 3.7a has a southwestward direction, with a magnitude of 10-20
m/s. Therefore, the spectral peak found in southwestward direction with a speed of
1020 m/s in Figure 3.4f is considered to be due to the contamination of the galaxy in
the airglow image. Although it is desirable to decrease the galaxy contamination in the
airglow images, its effect is limited and can be separated from the spectra of AGWs
because the apparent speed of the galaxy in the geographic coordinate at Syowa Station
is slower than 30 m/s and the major part is slower than 20 m/s. Thus, the conclusions in
Subsections 3.3.1 and 3.3.2 based on Figures 3.5 and 3.6 are unaffected by the

contamination of the galaxy.

For more precise analyses, the galaxy image in the airglow could be reduced using
optical filters. Alternatively, the spectrum of a galaxy image could be calculated from
the images of the galaxy itself, without the airglow. Such images could be obtained
from the background sky image by rotational filter wheel airglow imagers. Once the
galaxy spectrum is estimated, the contamination of the galaxy can be removed by
subtracting the galaxy spectra from the spectra of observed airglow images in the

horizontal phase velocity domain.

3.3.4 Discussion of the Anisotropic Distribution of Phase Velocities

We showed in Subsection 3.3.2 that there is significant anisotropy in the phase velocity
distribution. Here, we compare the results with observations at a different location over
the Antarctic. Nielsen et al. [2009] reported the horizontal phase velocity distribution of
AGW events observed in 2000 and 2001 at Halley (76°S, 27°W) in the Antarctic by OH
airglow imaging. Nielsen et al. [2009, Figure 10] showed a very similar distribution to

our analysis (Figure 3.6), that is, a cluster of westward-propagating waves with phase
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speeds < 50-60 m/s and dominance of eastward-propagating waves for phase speeds >
50—-60 m/s. They noted the lack of eastward-propagating waves with slow phase speeds,
which they attributed to the critical level filtering of the AGWs generated by
tropospheric sources of the eastward polar jet with a typical wind speed of 50-60 m/s.
However, our result is at odds with their suggestion of critical level filtering in terms of
a smaller number of waves with slow eastward phase speeds observed in Figures 3.6b
and c. This inconsistency might be due to the difference in the ability to detect faint
waves in airglow images between the event and spectral analyses and indicates the
advantage of our new technique, which provides the horizontal phase velocity
distribution of AGWs. Our finding of dominant eastward-propagating fast AGWs, also
noted in Nielsen et al. [2009, Figure 10], could be interpreted as the effect of the
eastward jet in the stratosphere, which is another possible source region of AGWs in
addition to the troposphere. However, it is impossible to definitely determine the wave
source based on a single airglow observation; more observational and modeling studies

should be performed.

3.4 Conclusions

We developed a new spectral analysis method to obtain power spectra of the airglow
intensity variation caused by short-period small-scale AGWs in the horizontal phase
velocity domain. This method was applied to airglow imaging data obtained at the
Syowa Station, Antarctic, in 2011 and compared with single-wave event analysis. The
horizontal phase velocities of AGW events selected by the event analysis were
consistent with peaks in the phase velocity spectra for 30 data windows containing more
than 20 successive clear-sky aurora-free images. This suggests that the phase velocity
spectrum is useful for investigating the horizontal propagation characteristics of AGWs,
which are shown as intensity variations in the airglow images. The statistical results of
both analyses show the eastward offset of the horizontal phase velocity distribution of
AGWs. Both spectral and event analyses showed (1) a cluster of westward-propagating
slow (<50-60 m/s) waves and (2) the dominance of eastward-propagating waves with

faster speeds (no complete absence of slower waves in this direction), which could be
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interpreted as the existence of a stratospheric source in the polar night jet. The effect of
the galaxy on the spectrum was discussed by calculating the apparent velocity of the
galaxy and stars in geographic coordinates. The effect was limited to phase velocities

slower than 30 m/s.

These results show that the current method of horizontal phase velocity spectrum
creation is suitable for investigating horizontal propagation characteristics, especially
statistical characteristics, of AGWs in airglow images and can deal with large amounts
of data in a short amount of time without human biases. Furthermore, our new
spectrum-based technique has the great advantage of providing true horizontal phase
velocity distribution of observed AGWs, which leads to a more accurate interpretation
of the critical level filtering compared with conventional event analyses used in
previous studies. The application of this method to an extensive amount of airglow
image data observed at various observation sites distributed across the globe would
improve the understanding and modeling efforts of the global behavior of AGWs in the
MLT region at the top of the middle atmosphere.
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Chapter 4

Characteristics of Mesospheric Gravity Waves over

the Antarctic

We obtained horizontal phase velocity distributions of gravity waves at ~90 km altitude
from four ANGWIN airglow imagers. The results from the airglow imagers at Syowa,
Halley, Davis, and McMurdo were compared using the new statistical analysis method
for the observation period between April and May 2013. Significant day-to-day and
site-to-site differences were found. The two-monthly average of the phase velocity
spectrum showed a preferential westward direction at Syowa, McMurdo, and Halley but
no preferential direction at Davis. The AGW energy estimated by I’/ was ~5 times
larger at Davis and Syowa than at McMurdo and Halley. We also compared the phase
velocity spectrum at Syowa and Davis with the background wind field and found that
only the directionality over Syowa could be explained by critical level filtering of the
waves. This suggests that the eastward-propagating gravity waves over Davis could
have been generated above the polar night jet. The comparison of nighttime variations
of the phase velocity spectra with background wind measurements also suggested that
the effect of critical level filtering could not explain the temporal variation of gravity
wave directionality well; other reasons, such as the variation of wave sources, should be

taken into account. The directionality was dependent on the gravity wave periods.
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4.1 Observation and Analysis

We used data obtained by four imagers of the ANGWIN network: a Na imager at
Syowa and three nearly identical broadband IR imagers operated at Davis, Halley, and
McMurdo, as described in Table 1. The Na imager at Syowa (Figure 4.1a) is equipped
with a CCD camera (HAMAMATSU C-4880-72) with 512 x 512 pixels and a lens of a
Fish-eye Nikkor (F1.4 and f = 6 mm) with a field of view of 180°. Details of the
imaging system are described in Taguchi et al. [2004]. The Na airglow at 589.0 and
589.6 nm was observed to avoid auroral contamination, together with background sky
images at 572.5 nm. The exposure time and cadence of the Na airglow images were 45 s
and 1 min, respectively. Every 15 min a background sky image was observed. During
the period of background observation, the Na image was interpolated using the adjacent
two images. The observation was performed during nighttime (the sun is at least 12°
below the horizon) without moonlight. The three IR imagers (Figure 4.1b) are equipped
with a 320 x 256-pixel InGaAs detector, which is sensitive to wavelengths from 0.9 to
1.7 um. This part of the spectrum comprises several OH emission bands, especially the
bright (3,1) and (4,2) bands (> 100 kR), allowing us to use a short (~2.5 s) exposure
time and a high acquisition cadence (1 image every 10 s). A Fujinon E185C046H-1
C-mount fish-eye lens installed in these imagers enables the observation of the whole
sky in one image. A PC with a Windows OS automatically controls the system through
the USB (Universal Serial Bus) port. Data were acquired during the entire winter season,
when the sun is at least 8° below the horizon, even in the presence of moonlight. For
this initial study, the period between April 6 and May 21, 2013, was selected for
analyses of simultaneous observation periods by investigating clear sky statistics at the
Syowa Station. We then selected datasets of successive images without clouds or
auroral contamination lasting for more than one hour and created time windows for the
analyses. Figures 4.2a—d show a summary of the time windows for our analyses
bounded by the observation time at each site. Figure 4.2e shows the periods of clear sky
for all four stations. Each station had seven to nine analysis windows and the total
observation time for analyses at one station was 20-30 hours. The details of the sky

condition statistics are summarized in Table 2.

We applied the spectral analysis method developed in Chapter 3 to the data observed at
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each of the four different stations to derive phase velocity spectra. This new technique
can be used to display the distribution of the phase velocity and direction. Importantly,
the intensity of the spectral component includes information about the AGW amplitudes
in the airglow images, duration of the AGW event, and spatial extent of the wave packet.
Another advantage is that, compared with conventional manual analysis methods, it

provides objective results and requires a shorter analysis time.

Although the basic spectral data analysis procedure is the same as described in Chapter
3, several changes have been applied as follows. For the OH and Na airglow, images of
I’/1, the airglow intensity perturbation normalized by the temporal mean of the airglow
images, were projected onto the geographic coordinate system, assuming mean
emission heights of 87 and 90 km, respectively. The projection onto the geographic
coordinate system used an area of 256 x 256 km? with 1-km? pixel size; subsequently, a
3-D array with a size of 1024 pixels x 1024 pixels x 240 images was created using
zero-padding to improve the interval of the spectrum with respect to wavenumber and
frequency. It should be noted that the sampling interval of the Utah State University
imagers was 10 s; therefore, six images were averaged to obtain 1-min interval images
compatible with the Syowa measurement cadence. Based on the preprocessed images,
we obtained a 3-D spectrum as a function of frequency, zonal wavenumber, and
meridional wavenumber by using 3-D discrete Fourier transformation [Coble et al.,
1998]. Next, the 3-D spectrum was converted to the phase velocity domain. Finally, the
3-D phase velocity spectrum was integrated in the frequency domain and a 2-D phase
velocity spectrum was calculated. We extracted spectral components with horizontal
wavelengths of 10—-100 km, periods of 8-60 min, and phase speeds of 0—150 m/s and

regarded them as representative for AGWs within these analysis ranges.

4.2 Results and Discussion

4.2.1 Station-to-Station and Day-to-Day Variation

Figures 4.3a and b and 4.4a and b show example phase velocity spectra results at Davis

observed during the intervals of 15:36-20:15 UT on April 10 and 19:06-21:44 UT on
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April 11, 2013, respectively. On April 10 (Figure 4.3a), the spectral power of the phase
speeds < 60 m/s was stronger in the westward direction (150°-320°), and weaker in the
northward direction (320°-10°). However, for spectral components with phase speeds >
60 m/s the spectral power was larger in the eastward direction (30°-180°) and weaker in
the westward direction (180°-360°). On the next day, April 11 (Figure 4.3b), the
spectrum was more uniform with respect to the azimuth of the phase speeds < 70 m/s.
Enhancements in the southeastward (80°—180°) and westward (190°-350°) directions

were also observed for phase speeds of 20—70 m/s and < 50 m/s, respectively.

Figures 4.3¢ and d and 4.4c and d show the wave spectra for the same two-day interval
obtained at McMurdo from 9:15-13:43 UT on April 10, 2013, and 11:08-12:45 UT on
April 11, 2013, respectively. On April 10 (Figure 4.3c), the spectrum exhibited two
peaks: one (strong) with phase speeds of 20—60 m/s at an azimuth of 320°-10° and the
other (weaker) with phase speeds of 10—40 m/s at an azimuth of 180°-230°. On the next
day, the wave spectrum (Figure 4.3d) exhibited three distinct peaks in the same phase
speed range of 20—40 m/s at 0°-30°, 140°-180°, and 240°-300° in azimuth (i.e., almost
North, South, and West). The regions at 30°-140° also indicate faster waves with phase
speeds of 50—100 m/s propagating mainly eastward.

These four spectra in Figure 4.3 demonstrate strong day-to-day variations of the wave
directionality between April 10—11 at Davis and McMurdo and a difference in the
directionality between the two stations on the same day. This suggests that the

directionality of AGWs over the Antarctic is highly variable in time and space.

In Figures 4.5 and 4.6, we compare the average phase velocity spectra observed from
April 6 to May 12, 2013. The spectrum at Syowa (Figure 4.5a), averaged over nine
nights, showed an enhanced region in the westward direction (180°-80°) for phase
speeds < 60 m/s, whereas an enhancement in the eastward direction was found for phase
speeds > 70 m/s. This directionality is very similar to that previously reported in

Chapter 3 for the Syowa Station in 2011.

The spectrum at Davis (Figure 4.5b), averaged over eight nights, was more uniform

with respect to the phase speeds < 50 m/s compared with the other spectra in Figure 4.5.

At McMurdo an averaged spectrum was obtained for seven nights of observations
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(Figure 4.5¢). A weak peak in the northward direction (330°-360°) with phase speeds of
20-50 m/s was found, which was similar to the spectrum on April 10, 2013, as shown in
Figure 4.3c. Another enhancement can also be noted in the phase speeds < 40 m/s at an
azimuth of 210°-330°. The AGW (northward) on 10 April had a large spectral power
and greatly contributed to the averaged spectrum. An AGW with large spectral power
carries large momentum, because measured AGW power is proportional to duration,
spatial extent and the square of wave amplitude. Thus, an AGW with large momentum
greatly affects the averaged spectrum. The case on 10 April is a good example of the

ability of spectrum analysis to express AGW energy as spectral power.

The averaged spectrum at Halley derived based on seven nights (Figure 4.5d) showed a
southward broad enhancement in the phase speeds < 70 m/s at an azimuth of 110°-220°.
Westward enhancement at an azimuth of 210°-330° and with phase speeds < 30 m/s

was also recognized.

Among the four averaged spectra, the more uniform directionality observed at Davis
was exceptional. The other three stations exhibited preferential propagation, primarily
in the westward direction, and a lack of waves in the southeastward direction at Syowa,
in the eastward direction at McMurdo, and in the northeastward direction at Halley
(possibly caused by the critical level filtering of background wind). This topic will be

discussed in more detail in Sections 4.2 and 4.3.

Next, we examined the averaged gravity wave energy by integrating the power spectra
shown in Figure 4.5 for all the phase speeds between 0—150 m/s. This integrated value
corresponds to the variance of I’/I and represents the gravity wave energy because I'/I is
proportional to the relative temperature perturbation by AGWs (i.e., T’/T), as described
in Section 2.1. The resultant “wave power” at each station is plotted as a function of
latitude in Figure 4.7. It is clear that the spectral power is smaller at higher latitudes.
The spectral power at Davis is 5—6 times larger than that at McMurdo, which is located
9¢ further south of Davis. Yamashita et al. [2009] compared the potential energy of
gravity waves in the stratosphere (30—45-km altitude) observed by lidar at Rothera
(67.5°S) and the South Pole (90°S; their Figure 4.7c). The potential energy in May at
Rothera was 5 times larger than that at the South Pole, with the two stations located

22.5° apart in latitude. It is interesting to note that a similar factor of energy difference
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(~5 times) was achieved by only 9° of difference in latitude in the mesopause region.
The significant decrease of the wave energy at mesopause heights between Davis and
McMurdo could be due to the fact that the AGWs analyzed in our airglow observations
had shorter periods (< 60 min, i.e. < 10 times the buoyancy period) and propagated
more vertically than the waves observed by lidar (with typical periods of several hours,
propagating more horizontally) [Lu et al., 2009; 2015b; Chen et al., 2016]. If the major
AGW sources are located around the meteorological disturbances near the Antarctic
continent (e.g. a storm track at the latitude range of 50°S-60°S [Trenberth, 1991]), the
AGW energy observed over Davis and Syowa in the mesosphere could be significantly
larger than at the other two stations, McMurdo and Halley. On the other hand, inertial
AGWs can propagate more horizontally and the latitudinal difference could be smaller.
Alexander (1998) pointed out that the global variations of the AGW activity could be
largely explained by background wind effects without variations in AGW sources based
on a ray-tracing model. More observational data and modeling is needed to investigate

this further.

4.2.2 Comparison with the Blocking Diagram

In Figure 4.8, we show the directionality of the phase velocity spectra at Syowa and
Davis and discuss the effect of background wind derived from MERRA and MF radar
observations [Tsutsumi et al., 2001]. The MERRA data are reanalysis data with 288 x
144 grids (i.e., 1.25-° longitude and 1.25-° latitude resolution), 42 pressure levels
between 1000 and 0.1 hPa, and a temporal resolution of 3 h [Rienecker et al., 2011]. We
selected these two stations because of the availability of MF radar winds. The blocking
diagram described by Taylor et al. [1993] shows a phase velocity distribution of AGWs,
which cannot reach the airglow altitude due to critical level filtering. We derived a
blocking diagram from wind profiles of MERRA (altitude of 0—64 km) and MF radar
observations (altitudes of 70-90 km at Syowa and 70-86 km at Davis).

Figure 4.8a shows a phase velocity spectrum obtained at Syowa at 18:38-21:48 UT on
May 3, 2013. The peak of the spectrum was observed for phase speeds of 10-30 m/s,
primarily in the northward direction. In comparison, the power in the eastward and

northeastward directions was rather small. The second panel (Figure 4.8b) plots the
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combined wind profiles using the 18:00 UT data from MERRA and the Syowa MF
radar data between 18:00 and 19:00 UT on the same day. The zonal wind was positive
(i.e., eastward) between the ground and 90-km altitude, with a strong eastward peak at
55 km with a magnitude of 90 m/s. The meridional wind was weakly negative
(southward) and gradually became stronger at altitudes up to 80 km (~20 m/s). The
corresponding blocking diagram is given in Figure 4.8c. A major part of the blocked
area was observed in the eastward direction and agreed well with the wave spectra
(Figure 4.8a), where the spectral power in the eastward direction was generally very

weak.

Figures 4.8d—e show a similar set of plots for data obtained two days later on May 5,
2013. The spectrum (Figure 4.8d) showed directionality, with a more enhanced region
in the northward-northeastward direction and lower power in the
southeastward-eastward direction. The blocking diagram in Figure 4.8f shows that
AGWs propagating in northward—northeastward direction can reach the Na airglow
layer from the ground and AGWs propagating in southeastward—eastward direction are

blocked, which is consistent with the directionality shown in Figure 4.8d.

Figures 4.8g—i1 display the results of a similar analysis for Davis on April 21, 2013. The
spectrum observed at 21:40-00:27 UT (Figure 4.8g) exhibited strong enhancement in
wave activity in almost all directions, except towards the north. The wind profiles from
MERRA and MF radar winds between altitudes of 0 km and 85 km showed eastward
wind with a weak meridional component, similar to Syowa. The resultant blocking
diagram in Figure 4.8i suggests that the eastward-propagating AGWs should be
significantly blocked. This is inconsistent with the observed directionality shown in

Figure 4.8g.

An example of the next day at Davis, April 22 (Figures 4.8j—1), indicates a situation
very similar to that in Figures 4.8g—i. The directionality was omni-directional; however,
the blocking diagram indicated restricted vertical propagation only for eastward

propagating AGWs.

The lack of eastward-propagating AGWs over Syowa in Figures 4.8a and d is consistent
with the inference that the AGWs were generated below the stratosphere and restricted

to propagate vertically by critical level filtering due to the strong polar night jet. On the
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other hand, the directionalities in the phase velocity spectra over Davis in Figures 4.8g
and j were inconsistent with the blocking diagrams shown in Figures 4.81 and 1. This
suggests that the AGWs observed over Davis with an eastward propagation direction
might have been generated at higher altitudes above which critical level filtering of the
polar night jet was not effective, although the relative location of Davis and the polar
night jet is similar to that of Syowa and the polar night jet. This would also explain the
more uniform directionality of the averaged wave spectrum at Davis (Figure 4.4b)
described in Section 4.2.1. There are several studies suggesting AGW generation in the
stratosphere based on lidar observations [e.g. Lu et al., 2015b]. However, these studies
could not identify the altitude at which AGWs were generated. Our study is successful
in specifying an altitude of AGW generation, because airglow imaging technique can

derive phase velocity distribution including information of critical level filtering.

4.2.3 Temporal Variation on the Night of May 11-12, 2013

The ground-based airglow imaging technique has the advantage of more temporally
continuous observations at a fixed observation site than satellite airglow imaging
observations (e.g., VISI of ISS-IMAP [Sakanoi et al., 2011]). Here, we show the
analysis of nighttime variations of the hourly mean phase velocity spectra and compare
them with their corresponding blocking diagrams. Figures 4.9a-1 show hourly mean
phase velocity spectra for nine hours between 15:00 UT on May 11 and 00:00 UT on
May 12, 2013, at the Syowa Station.

The spectrum at 15:00-16:00 UT on May 11, 2013, at Syowa (Figure 4.9a) shows
enhancement in the northwestward direction (270°-350°) for phase speeds < 60 m/s.
The blocking diagram from MERRA (0—64 km, blue line) in Figure 4.9a covers the
eastward direction, whereas the blocked region from MF radar (70-90 km, red line) is
between the northward, eastward, and southwestward directions with phase speeds < 30
m/s. The observed direction of the enhancement in the phase velocity spectrum is
consistent with these combined blocking diagrams. It is also interesting that there was
some enhancement in the northeastward, eastward, and southeastward directions just
outside the blocking diagram (plotted in blue) at phase speeds of ~60—120 m/s. An hour

later, the region of enhancement of the spectrum in the northwestward direction
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expanded to the azimuth of 250°-70° with phase speeds up to 70 m/s, as shown in
Figure 4.9b. For the next few hours, the enhancement became stronger, as plotted in
Figures 4.9c—e. A comparison of the Figures 4.9a and d shows that the expansion of the
enhancement direction from northwestward to a larger region from northeast to
southwest is consistent with the shrinking of the blocked area over the northeastward
and southwestward azimuth range. In Figures 4.9f and g, the enhancement in the
westward direction extended southward for phase speeds < 50 m/s, which is consistent
with the reduction in the MF radar-blocked region of the southwestward direction. After
the enhancement of the same region in Figure 4.9g, at 22:00-23:00 UT, the
enhancement in northward and southward directions disappeared and the dominant
region maintained westward direction (210°-330°) for phase speeds < 70 m/s, as shown

in Figure 4.9h.

In summary, the phase velocity spectra exhibited enhanced regions mostly to the west,
with the weakest power towards the southeast, for phase speeds up to 70 m/s throughout
the night. The weak region corresponded well to the blocked area due to critical level
filtering. The agreement between the variation of directionality and blocking diagram
among Figures 4.9a, d, and g also suggests that critical level filtering by background
winds significantly controls the directionality variation over the course of a night.
However, Figures 4.9g and 4h show no corresponding variation between spectra and
blocking diagrams. This difference between before and after 22:00 UT might be due to
the source variation rather than variation of propagation conditions. Thus, the azimuthal
extent and temporal variation of the spectra in one night cannot be explained by critical

level filtering of the background wind field alone; source variations are also important.

4.2.4 Wave Period Dependency of the Directionality

In this Subsection, we investigate the difference in the directionality between different
observed wave periods by dividing the phase velocity spectrum into six period bands.
The period bands were selected to be 811, 11-15, 15-22, 22-30, 3043, and 43-60
min; each period band has the same bandwidth normalized by the center period. Figures
4.10 and 4.11 show the phase velocity spectra for these different period bands (a—f and

h—m) and the phase velocity spectrum integrated for the entire 8—60-min band (g and n).
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The first example (Figures 4.10a—g) was observed at 15:36-20:15 UT on April 10, 2013,
at Davis. The spectrum in Figure 4.10g exhibits spectral enhancement at the azimuth of
180°-310° for phase speeds of 10-70 m/s, which can also be noted for all period bands
in Figures 4.10b—f. The enhancement in the southwestward direction (180°-310°) with
phase speeds up to 50 m/s was stronger for longer wave periods such as 15-60 min.
This suggests that the AGWs corresponding to this enhancement had a broad spectrum

with respect to the wave period.

The second example (Figures 4.10h—n) was observed at 17:21-21:13 UT on April 17,
2013, at Davis. The spectrum for the wave periods of 860 min (Figure 4.10n) shows
three enhanced regions: in northeastward (20°-90°, 20°-90 m/s), southward (130°-220°,
10-60 m/s), and westward (220°-300°, 0-80 m/s) directions. The northeastward
enhancement appeared for the 8-60-min band period (Figures 4.10h—m), while the
southward enhancement was clearly due to the 22—60-min band period (Figures
4.10k—m). The westward enhancement occurred for the 8-30-min band period (Figures
4.10h—k) but it was shifted slightly southward for the 30—42-min band period (Figure
4.101). This enhancement seems to have merged with the southward enhancement
(Figure 4.10m) for the 43—60 min-band period, where only two enhanced regions could
be recognized. Thus, the spectra on April 17 (Figures 4.10h-n) appear to show different
directionality depending on the wave period ranges, which is quite different from the

spectra on April 10 (Figures 4.10a—g).

The third example (Figures 4.11a—g) was observed at 17:03—20:23 UT on April 7, 2013,
at Syowa. The enhancement in the northwestward direction became stronger for longer
periods, suggesting the existence of AGWs with a period out of the range for the

analysis parameters in the current study.

The fourth example (Figures 4.11h-n) was observed 18:10-21:21 UT on May 12, 2013,
at Syowa. The spectrum for the 8-11-min band (Figure 4.11h) exhibited an
enhancement in westward direction (240°-340°) for phase speeds of 30—70 m/s, which
was broader in azimuth for the 22—60-min band (Figures 4.11k—m) and moved to slower

phase speeds in the 8-30-min band (Figures 4.11h—k).

Our results show that spectral power in Figures 4.11a—g and 4.11h-n were larger in the

22—60-min band than in the 8-22-min band, although the result in Chapter 3 showed
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that the AGW periods observed at Syowa in 2011 derived by conventional event
analysis were mostly distributed in periods < 20 min. This suggests that the spectral
analysis method can be used to more appropriately derive the horizontal phase velocity
distribution of AGWs with longer periods (> 20 min) compared with the conventional

event analysis method.

4.3 Conclusions

We applied a new spectral analysis method to airglow data observed by several
ANGWIN imagers at sites around the Antarctic continent. The results from four stations,
Syowa, Halley, Davis, and McMurdo, were compared using data obtained over an early
winter period between April 6 and May 21, 2013. The results obtained for two
consecutive nights at two different sites showed significant day-to-day and site-to-site
differences. The two-month averages of the phase velocity distribution at four stations
showed a preferential propagation direction, primarily towards the west, at Syowa,
McMurdo, and Halley. The comparison with the blocking diagrams suggests that these
directionalities could be caused by critical level filtering of the background wind field
due to the strong polar night jet. However, the directionality at Davis is almost uniform
and quite different from that of the other three stations. The blocking diagrams at Syowa
and Davis show a common feature; eastward-propagating AGWs generated near the
ground cannot reach the airglow altitudes. The observed phase velocity spectra are
consistent with the blocking diagram at Syowa but not with that at Davis. The
inconsistency between the observed phase velocity spectra and blocking diagram
suggests that the AGWs around the mesopause over Davis might be generated above the
core of the polar night jet, where critical level filtering by the polar night jet is not
effective. A possible source for these waves could be secondary wave generation,
although more data are needed to reach a definitive conclusion. We also examined the
averaged AGW energy by integrating the averaged power spectra for all phase speeds
between 0—150 m/s. The results show that the spectral power at Davis was 5—6 times
larger than that at McMurdo, which is located 9° further south of Davis. One of the

explanations is that the major AGW sources are located around the Antarctic continent.
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The detailed variations of the phase velocity spectra during one night at hourly intervals
at Syowa were compared with the blocking diagrams. It was found that the hourly
variations of the power spectrum depend not only on the critical level filtering but also
on other factors such as source variations. The phase velocity spectrum for different
wave periods revealed the variation of the directionality with the wave period and the
variation of the dominant wave period for each spectral component. We show that the
spectral analysis technique allows us to represent the wave period dependence and
short-period variation of directionality and the AGW power in the phase velocity
domain. This study is the first successful application of the new spectral analysis
method developed in Chapter 3 to airglow data observed by different instruments at

multiple stations.
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Chapter 5

Summary and Conclusions

This thesis is devoted to investigating the characteristics of mesospheric AGWs over the
Antarctic observed with the ANGWIN imager network by developing a new spectral

analysis method.

In Chapter 1, we introduced the Earth’s atmospheric structure and atmospheric waves
including AGWs. The AGWs, generated in the lower atmosphere, can propagate to the
mesosphere and lower thermosphere, transport a large amount of energy and
momentum, and release them in various altitude regions. Among many parameters
characterizing gravity waves, the horizontal phase velocity is of importance for the

discussion of the vertical propagation and where the momentum is released.

In Chapter 2, we mentioned airglow-imaging observations of AGWs. Near the
mesopause region, OH and other airglow imaging has been used to investigate the
horizontal structures of AGWs for more than two decades. However, the generation
source and propagation conditions of AGWs observed by airglow imaging, especially in
the Antarctic, are not fully understood. Although huge amounts of airglow image data
have been obtained at various observation sites worldwide, time-consuming manual
procedures have been used to extract the horizontal propagation characteristics from
airglow data. This causes difficulties in obtaining a global map of AGW characteristics
in the mesopause region. In this thesis, we aim to reveal the climatology of mesospheric
AGWs over Syowa (Chapter 3) and quantitatively investigate differences among
horizontal phase velocity distributions of mesospheric AGWs over the four ANGWIN

stations focusing on critical level filtering (Chapter 4).

In Chapter 3, we developed a new spectral analysis method to obtain power spectra of
the airglow intensity variation caused by short-period small-scale AGWs in the
horizontal phase velocity domain. This method can deal with extensive amounts of
imaging data obtained in different years and at various observation sites without bias

caused by different event extraction criteria of the person who processed the data. This
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method was applied to the airglow imaging data obtained at the Syowa Station in the
Antarctic in 2011. The results were compared with the single-wave event analysis. The
horizontal phase velocities of the AGW events selected by the event analysis were
consistent with peaks in the phase velocity spectra for the 30 data windows containing
more than 20 successive clear-sky aurora-free images. This suggested that the phase
velocity spectrum is useful for the investigation of the horizontal propagation
characteristics of AGWs when analyzing intensity variations in airglow images. The
statistical results of both analyses showed the eastward offset of the horizontal phase
velocity distribution of AGWs. Both spectral and event analyses showed (1) a cluster of
westward-propagating slow (< 50-60 m/s) waves and (2) the dominance of the
eastward-propagating waves with high speeds (no complete absence of slower waves in
this direction), which could be interpreted as the existence of a stratospheric source in
the polar night jet. The effect of the galaxy on the spectrum was discussed by
calculating the apparent velocity of the galaxy and stars in the geographic coordinates.
The effect was limited to phase velocities less than 30 m/s. These results show that the
current method of horizontal phase velocity spectrum creation is suitable for the
investigation of the horizontal propagation characteristics, especially statistical
characteristics, of AGWs in airglow images and can deal with large amounts of data in a

short amount of time without human biases.

In Chapter 4, we applied the new spectral analysis method to the airglow data observed
by ANGWIN imagers. The results from the airglow imagers at four stations, Syowa,
Halley, Davis, and McMurdo, have been compared for the observation period between
April 6 and May 21, 2013. The results obtained for the two consecutive nights (April
10-11) at the two different sites (Davis and McMurdo) showed significant day-to-day
and site-to-site differences. The two-month averages of the phase velocity distribution
at four stations showed a preferential propagation direction, primarily westward, and the
lack of waves in southeastward direction at Syowa, eastward direction at McMurdo, and
northeastward direction in Halley. This might be caused by critical level filtering of the
background wind. However, the directionality at Davis was quite different and almost
uniform with respect to the azimuth. The blocking diagrams at Syowa and Davis
derived from MERRA and MF radar suggested that the eastward-propagating AGWs

generated near the ground could not reach the airglow altitudes. The observed phase
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velocity spectra were consistent with this scenario at Syowa but not at Davis. The
eastward-propagating AGWs in the phase velocity spectra at Davis suggested that the
AGWs over Davis could be generated above the stratosphere, where critical level
filtering by the polar night jet was not effective. The nocturnal variation of hourly phase
velocity spectra calculated between 15:00 UT on May 11 and 00:00 UT on May 12,
2013, at Syowa was compared with the blocking diagrams calculated from MERRA and
MF radar wind. We found that it is difficult to explain the variations of the hourly
power spectrum by considering critical level filtering alone. The phase velocity
spectrum with different wave periods revealed the variations of the directionality with
wave periods and dominant wave periods for phase velocity spectral components. It
should be noted that this study represents the first successful application of the new
spectral analysis method developed in Chapter 3 to data observed by the

airglow-imaging network.

With respect to the extension of this study and future work, we would like to point out

three issues.

(1) Analysis of a wider spectral range of both frequency and horizontal scale

This technique has already been applied to examine AGWs with longer horizontal
wavelengths (100200 km) and longer periods (1-2 h), as shown in the appendix. The
spectral ranges can be further expanded to lower frequency and larger horizontal scale.
Such an expansion will be useful to perform comparisons with other instruments or
GCMs. This expansion is also important because Sato et al. [2017] recently suggested
that AGWs with horizontal wavelengths > 100 km and periods > 1 h are more important
for the momentum transport into the mesosphere than small-scale (< 100 km) and
short-period (< 1 h) AGWs.

(2) Analysis of a large amount of ANGWIN imager data for the complete understanding
of gravity wave characteristics over the Antarctic

In this study, ANGWIN data of two months have been analyzed for four stations. The
ANGWIN network consists of more stations and a large amount of imager data has
already been accumulated for many years. As future work of ANGWIN, further analysis

is needed to understand the continental-scale characteristics of AGWs in the Antarctic.
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The unique directionality of AGWs at Davis and their generation source are also
interesting topics of future research. For this purpose, the large amount of data observed

at other stations of ANGWIN should be analyzed using the new technique.

(3) The distribution of the new technique in the international airglow imager community
and various imaging communities in different disciplines

The software package of the new spectral analysis technique developed here has already
been distributed to the Utah State University and Nagoya University and is being
applied to the dataset obtained by the ANGWIN and OMTI networks [Takeo et al.,
under review]. The standardization of this method and its dissemination in the airglow
community will lead to an expansion of the analysis to the international airglow imager
network and would contribute to the quantitative understanding of the global AGW
distribution and their variations. Time-series analysis of space-borne airglow-imaging
observations could also be a promising target for the application of the technique.
Moreover, this method can be applied to the analysis of any consecutive image dataset
such as Traveling Ionospheric Disturbances (TIDs) found in the Total Electron Content
(TEC) map observed by GPS networks. This technique has also great potential in

dealing with various physical data of different disciplines.

To summarize this study, we compared the phase velocity distributions over four
Antarctic stations. The results show that critical level filtering could explain a part of
the phase velocity distributions and their time variations. It is clearly shown that the
averaged phase velocity spectrum at Davis is inconsistent with the blocking diagram,
while the other three averaged spectra seem to be affected by critical level filtering. This
unique characteristic at Davis suggests that the AGWs over Davis might be generated
above the stratosphere. This result is very important for the improvement of AGW
parameterization because AGWs in GCMs are treated as tropospheric origin.
Furthermore, our new spectrum-based technique and its application to other airglow
imagers will greatly contribute to the investigation of the time and space intermittency

of mesospheric AGWs and improvement of AGW parameterization.
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Appendix

Figure Al (a) is a phase velocity spectrum obtained from artificial test data as shown in
Figure A1l (b) containing two waves with the same periods of 20 min, horizontal
wavelengths of 20 km and 40 km, phase speeds of 17 m/s and 33 m/s, and
northwestward and southwestward propagation directions, respectively. The test data
have a spatial size of 400 x 400 km” with a resolution of 1 x 1 km?® in geographic
coordinates and consists of consecutive 60 images with a 1-min sampling interval (1-h
duration). In Figure Al (a), two independent peaks are seen at the expected phase
velocities. It is confirmed that the new spectral analysis method estimates an accurate
spectrum. Other weak peaks are also noted in the northeast and southeast directions.
These weak peaks have spectral powers of ~1% of the primary peak and might be a
result of spectral power leaks due to side lobe. Figure Al (c) is the phase velocity
spectrum derived from the same test data mentioned above except for a spatial size of
airglow images (200 x 200 km?) as shown in Figure A1 (d). It is notable that the peaks
are broader approximately twice than the peaks in Figure Al (a). This is caused by a
difference of the image size which corresponds to a spatial size of the AGW packet.
This result suggests that AGW packets with a larger spatial size have an shaper peaks in

spectra.

The airglow imaging technique has been mainly used for the analysis of short-period
AGWs (< 1 h). However, AGWs have a broader period range between the
Brunt—Viisélé period (~6 min at the mesopause altitude) and the inertia period (~12.9 h
at 69°S). Thus, it is required in the new spectral analysis to treat AGWs with a period >
1 h. Here, the new analysis method was applied to extract AGWs with longer periods
and horizontal wavelengths from airglow observations. Figure A2 compares phase
velocity spectra with different ranges of horizontal wavelength and period. The spectral
power is stronger in northward direction and weaker in southward direction in both
Figures A2 (a, b), while Figures A2 (c, d) have a different directionality in
northwestward direction and eastward direction, respectively. This result suggests that

different spectral ranges of interest could affect the directionality of gravity waves.

Figure A3 shows the averaged horizontal wavelength spectra from the data at Syowa
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and Davis during the observation period of April 6 and May 21, 2013, because the
airglow data in 2013 seem to be noisy compared with the data in 2011. The spectra in
Figure A3 were calculated from the 3-D spectra in horizontal wavenumber and
frequency domain by averaging them in azimuth and frequency direction. The spectral
densities in Figure A3 increase in proportion to the 3—5/3th power of the horizontal
wavelength in the range of the horizontal wavelengths 10-256 km. In the range of the
horizontal wavelength > 256 km, the spectral densities decrease because the range is out
of the image size (256 km). The spectral density in the range of the horizontal
wavelength < 10 km decreases only at Syowa. Because the white noise uniformly
distributes on each component of the (k, /, @) spectra, the spectral densities of the
imager’s random noise integrated in azimuth direction increase in proportion to the
horizontal wavelength. Thus, the noise of the imager at Syowa in the range of horizontal
wavelength < 10 km is greater than the airglow signal. This result suggests that spectral
densities obtained by all the four imagers had a sufficient signal-to-noise ratio in the

horizontal wavelength range of interest (10—100 km).

We discussed the effects of the galaxy on the phase velocity spectrum in Subsection
3.3.3. Here we extend the discussion to other latitudes. The virtual star velocities at the
altitude of 90 km are shown at the four latitudes of Figure 3.7 in Figure A4. This figure
indicates that the virtual star velocities reach 45 m/s at 0° and 20 m/s at 90°N at the
edge of the geographical coordinate. This result shows that the virtual star velocities

become larger at lower latitudes.
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Tables

Table 4.1. Summary of the four airglow imagers used in this study; mLat represents the

geomagnetic latitude.

Samplin

g Detector
Station Lat, Lon mLat Institution Airglow Interval  Exposure Size
Syowa 69°S, 66S NIPR Na Imin 45s 512x512
(Japan) 40°E (589.0,

589.6nm)

Davis 69°S, 77S Utah State OH 10s 3s 320x256
(Australia) 78°E Univ. (0.9-1.7pm)
McMurdo  78°S, 81S Utah State OH 10s 3s 320x256
(USA) 167°E Univ. (0.9-1.7pum)
Halley 76°S, 67S Utah State OH 10s 3s 320x256
(UK) 27°W Univ. (0.9-1.7pum)

"The sampling intervals of the three imagers of Utah State University at Davis, Halley, and

McMurdo are converted to one minute by averaging six images. We assume that the emission

altitudes of Na and OH are 90 km and 87 km, respectively.

Station Cloud [hour] Aurora [hour] Clear sky [hour]
Syowa 151.8 79.8 323
Davis 252.2 62.0 21.3
McMurdo 271.8 22.0 22.6
Halley 285.5 0.00 22.2

cs at the four stations for April 6-May 21, 2013.
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Figure 1.1: Vertical structure of the annual mean temperature of the Earth’s atmosphere

at 35°N from CIRA86 (COSPAR International Reference Atmosphere 1986) [Fleming
et al., 1988]
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Figure 1.2: Zonal mean temperature in January from CIRAS86 [Fleming et al., 1988] as a
function of the latitude and height. (Plot taken from
http://www-aos.eps.s.u-tokyo.ac.jp/~kaoru/Research/middle-atmosphere/index3.html)
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Figure 1.3: Zonal mean zonal wind in January from CIRAS86 [Fleming et al., 1988] as a
function of the latitude and height. (Plot taken from
http://www-aos.eps.s.u-tokyo.ac.jp/~kaoru/Research/middle-atmosphere/index3.html)
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Figure 1.4: Relation between the wave number vector (k) and group velocity vector

(Cgr) for an AGW; [ is the angle of the wave number vector in the horizontal direction.
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Figure 1.5: Time-height sections of (top) zonal and (bottom) meridional winds

observed with the MF radar at the Syowa Station, Antarctic [Tanaka et al., 2013].
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Figure 1.6: Vertical temperature profile above Kiihlungsborn observed by a
combination of two different lidars on November 12, 2003, 19:45-20:45 UT[Rauthe et
al., 2006].
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Figure 1.7: An example of an all-sky sodium airglow image with a size of 512 x 512

pixels obtained at 23:24 UT on September 20, 2011, at the Syowa Station, Antarctica.

74



Up-going Waves
3. T T
(a)

0.0 L
1000 100 10
Zonal Wavelength (km)

Down-going Waves

“l@

0 (m/sf / (cy/m)
= = NN e
o w o ("ﬁ o o

1
o
o

0.0
1000 100 10
Zonal Wavelength (km)

10'(m/s)’ / (cy/s)
ol o o
> o [

°
N

e
)

o o o
> o @

1()'(m/s)z / (cy/s)

o°
N

e
o

Up-going Waves

1.0 (b)

100 1l0
Period (min)

Down-going Waves
° T T

(e)

100 I.O
Period (min)

Up-going Waves
o T T T
()

(4] 20 40 6.0 80
Phase Speed (m/s)

Down-going Waves

®

02 /j\\/‘\
0.0 L L

0O 20 40 60 80
Phase Speed (m/s)

Figure 1.8: Power spectral density of the vertical wind velocities in the numerical model

in the horizontal wavelength, period, and zonal phase speed domains [Holton and

Alexander, 1999]. The up- and downgoing waves are separately plotted in the top and

bottom panels. The power spectral density was derived from the region at the altitude of

60—70 km and the eastern half of the domain with a 2048-km width.
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Figure 1.9: Comparison of the zonal mean absolute momentum fluxes by AGWs from
HadGEM3, MAECHAMS, a version of the GISS model, Kanto model, and the CAMS5
model at altitudes of 50 km for January (left) and July (right) of 2006 [Geller et al.,

2013].
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Figure 2.2: (a) Horizontal wind velocity profiles and (b) polar plot of the phase velocity.
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Figure 2.3: Phase velocity distribution of AGWs at 87 km observed by the airglow

imager at Comandante Ferraz in 2007 [Bageston et al., 2009].
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Figure 2.4: Phase velocity distribution of AGWs at 87 km observed by the airglow
imager at Halley in 2000 and 2001 with a blocking diagram (shaded area) [Nielsen et al.,
2009].
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color scale represents the log of the square of the magnitude (cyc/m)’.
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Figure 3.1: View of the all-sky imager of the Optical Mesosphere Thermosphere
Imagers used in this study (OMTIs [Shiokawa et al., 1999]).
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23:24:00 on September 20, 2011, at the Syowa Station, Antarctic. (b) Processed image.
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Figure 3.3: Airglow images captured at (a) 23:24:00 and (b) 23:51:00 on September 20,

2011. These images were used to extract wave parameters by event analysis (see text).
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Figure 3.4: Distributions of the gravity wave parameters extracted by event analysis for
the data from 2011 at the Syowa Station. (a) Horizontal wavelength, (b) horizontal

phase speed, (c) observed wave period, and (d) horizontal propagation direction.
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Figure 4.1: (a) View of the all-sky imager at Syowa, and (b) an example picture of

airglow imagers used at Davis, Halley, and McMurdo.
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Figure 4.2: (a—d) Observation time of imagers at each ANGWIN site used in this study.
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(right), 2013, at Davis (top) and McMurdo (bottom).
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89



Dome Fuji #

(Japan)

i .
T
BELLINGSHAUSEN 25
SEA
70° &

)
Q"/’VS M # Amundsen-Scott (USA)

sterl gy | ELLSWORTH LAND
I 2
150 Re
7
— 04’ Vostok (Russia)# |
i 100F O’ |
= \ —1
E Y /«‘
E, 50F \ y
FIE 0 \ \ pome  WILKES | %Casgy; Sﬁustralia) /s‘/
=15 \_ Charlie = ~__/
-4 //\ S —
—9 50F LAND /
; TERRE . /
o ook ADELIE \\‘ /
GE V
D /
-150E / 24
BT ( ) ville (France)
-11.5 -105 -95 -85 -75 -65 | C MCMU rdo
S\ ¢ +South Magnetic Polé (Jah 2000) 64.52°S 138.43°
{ log,,(PSD)[s*-m™] [ \ \ DUMc%ggURV/LLE
RN Vi ’ / / \ \ A

Figure 4.6: Phase velocity spectra, which are the same as Figure 4.5, except for being

overlain on the map of the Antarctic.

90



Total Power vs. Latitude

4.0
S
~ 3.0
— 4]
(<]
2 20 I
(a8
-lr_g ’IO T
2 ? ;
0.0 , , ~ , ,
68 70 72 74 76 78 80
Latitude [deq]

Figure 4.7: Total power of the averaged spectra, which corresponds to the variance of

relative intensity variations, I’/I, plotted as a function of latitude. The error bar shows

the standard deviation of nightly averaged data.
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Figure 4.8: (a) Phase velocity spectra at 18:38-21:48 UT on May 3, 2013, at Syowa.
(b) Zonal (solid) and meridional (dashed) wind velocity profiles at 18:00 UT on May 3,
2013. (c) Blocking diagram for the wind profiles shown in (b). (d-1) The same as the
top panels except for (d, e, and f) May 5, 2013, (g, h, and 1) April 21, 2013, at Davis,
and (j, k, and 1) April 22, 2013, at Davis.
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Figure 4.10: (Top panels) Phase velocity spectra for six period bands (a—f) and all
periods between 8—60 min (g) observed at 15:36-20:15 UT on April 10, 2013, at Davis.
(Bottom panels) Same as the top panels, except for the observation at 17:21-21:13 UT
on April 17, 2013.
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Figure 4.11: Same as Figure 4.10, except for the observation at 17:03-20:23 UT on
April 7, 2013 (top panels), and 18:10-21:21 UT on May 12, 2013, at Syowa (bottom

panels).
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Figure Al: (a, ¢) Phase velocity spectra for test data and (b, d) examples image of test
data corresponding to the spectra after application of a 2-D Hanning window,
respectively. The spectra were derived form airglow images with a spatial size of (a)

400 x 400 km?” and (c) 200 x 200 km? in geographic coordinates.
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Figure A2: Phase velocity spectra (a, b) observed at 17:03-20:23 UT on April 7, 2013,
at Syowa and (c, d) observed at 19:03—03:00 UT on May 10-11, 2013, at Syowa. The
spectral ranges are (a, ¢) horizontal wavelengths of 10-100 km and periods of 8—60 min

and (b, d) horizontal wavelengths of 100—200 km and periods of 60—120 min.
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Figure A3: Averaged horizontal wavenumber spectra for the observation period at
Syowa (blue) and Davis (yellow) during the period of Apr 7 and May 21 with two lines
indicating the proportion of the 3™ (solid) and 5/3th (dash) power of the horizontal

wavelength.

98



€ €
= 300 2
L - w
O [}
2 z
5 T30 m/s 5
; 200 2
= =
8 S
5 100 S
T T

o 100 200 300 400

HORIZONTAL DISTANCE [km] HORIZONTAL DISTANCE [km]
B | [ . BT | [ .
0.0 9.0 18 27 36 45 0.0 9.0 18 27 36 45
PHASE SPEED [m/s] PHASE SPEED [m/s]

S €
=3 =
w w
O @]}
Z Z
= =
=2} =2}
a a
< <
= =
z z
o o
N N
[ [a'
o o
I I

il

100 200 300 7100 200 300

HORIZONTAL DISTANCE [km] HORIZONTAL DISTANCE [km]
0.0 9.0 18 27 36 45 00 90 18 27 36 45
PHASE SPEED [m/s] PHASE SPEED [m/s]

Figure A4: The virtual speeds (contour) and directions (arrows) of stars assuming the
virtual height of 90 km in the image data projected onto the geographic coordinates at
(a) 0°N, (b) 30°N, (c) 60°N, and (d) 90°N.
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