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ABSTRACT

Mesospheric Gravity Wave Climatology and Variances over the Andes Mountains

by

Jonathan Rich Pugmire, Doctor of Philosophy
Utah State University, 2018

Major Professor: Michael J. Taylor, Ph.D.
Department: Physics

Atmospheric gravity waves transfer huge amounts of energy and momentum
from weather driven sources in the lower atmosphere into the middle and upper at-
mosphere where they break and deposit this energy driving seasonal changes in the
mesospheric temperature and wind fields. This dissertation uses recently obtained ex-
tensive measurements by the Utah State University Mesospheric Temperature Map-
per (MTM) which has operated autonomously at the Andes Lidar Observatory since
2009. The primary research goal is to investigate and quantify mesospheric gravity
wave climatology and associated OH temperature variances over the Andes Mountain
Range, which is an important but sparsely studied region. The Andes provide a nat-
ural laboratory for novel studies of the occurrence and properties of orographically
forced “mesospheric mountain waves" (MWs) which are generated by the interaction
of strong eastward winds with the towering Andes Mountains. These standing waves
are well documented in the troposphere and stratosphere and can constitute large
perturbations in these regions, yet their detection in the mesosphere, until recently,
has been rare. This climatology study —utilizing over 1700 nights of mesospheric GW
measurements and temperature variances —yields new knowledge of seasonal oscilla-

tions on the mesospheric dynamics. This extensive data set reveals large day-to-day



iv
variability, interannual variability with a well-defined semiannual oscillation and an
occasional quarter-annual oscillation. Comparisons of the MTM data set with temper-
ature measurements obtained by the SABER radiometer on the TIMED satellite show
the reliability of the MTM temperature measurements with a warm bias of 5.5 K, con-
sistent with other ground-based studies. The combined MTM temperature variance
and SABER vertical temperature profiles reveal a significant increase in temperature
variance and gravity wave potential energy during the winter months. Somewhat
surprisingly, MWs were identified on 10% of the clear wintertime nights during the
period of 2012-2017. Statistical analysis of the mountain waves reveals they are short
lived (~2.7 h), very low phase speed (i.e., quasi-stationary), and are well-aligned with
the Andes Mountain Range. Available radiosonde wind and meteor-wind radar data
reveal favorable wind conditions for MW propagation from the mountains into the

mesopause region (~90 km) during the winter months.

(182 pages)



PUBLIC ABSTRACT

Mesospheric Gravity Wave Climatology and Variances over the Andes Mountains

Jonathan Pugmire

Look up! Travelling over your head in the air are waves. They are present
all the time in the atmosphere all over the Earth. Now imagine throwing a small
rock in a pond and watching the ripples spread out around it. The same thing
happens in the atmosphere except the rock is a thunderstorm, the wind blowing over
a mountain, or another disturbance. As the wave (known as a gravity wave) travels
upwards the thinning air allows the wave to grow larger and larger. Eventually
the gravity wave gets too large — and like waves on the beach — it crashes causing
whitewater or turbulence. If you are in the shallow water when the ocean wave crashes
or breaks, you would feel the energy and momentum from the wave as it pushes or
even knocks you over. In the atmosphere, when waves break they transfer their energy
and momentum to the background wind changing its speed and even direction. This
affects the circulation of the atmosphere.

These atmospheric waves are not generally visible to the naked eye but by using
special instruments we can observe their effects on the wind, temperature, density,
and pressure of the atmosphere. This dissertation discusses the use of a specialized
camera to study gravity waves as they travel through layers of the atmosphere 50 miles
above the Andes Mountains and change the temperature. First, we introduce the
layers of the atmosphere, the techniques used for observing these waves, and the
mathematical theory and properties of these gravity waves. We then discuss the
camera, its properties, and its unique feature of acquiring temperatures in the middle

layer of the atmosphere. We introduce the observatory high in the Andes Mountains
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and why it was selected. We will look at the nightly fluctuations (or willy-nilly-
ness) and long-term trends from August 2009 until December 2017. We compare
measurements from the camera with similar measurements obtained from a satellite
taken at the same altitude and measurements from the same camera when it was
used at a different location, over Hawaii. Next, we measure the amount of change in
the temperature and compare it to a nearby location on the other side of the Andes
Mountains. Finally, we look for a specific type of gravity wave caused by wind blowing
over the mountains called a mountain wave and perform statistics of those observed
events over a period of six years.

By understanding the changes in atmospheric properties caused by gravity waves
we can learn more about their possible sources. By knowing their sources, we can
better understand how much energy is being transported in the atmosphere, which
in turn helps with better weather and climate models.

Even now —all of this is going on over your head!
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CHAPTER 1
INTRODUCTION

This dissertation presents a study of atmospheric gravity wave (GW) tempera-
tures and climatology in the middle atmosphere conducted at the Andes Lidar Ob-
servatory (ALO) located high in the Andes Mountain Range, Cerro Pachén, Chile,
providing some of the best nighttime viewing conditions in the world. This introduc-
tory chapter acquaints the reader with necessary background and theory to under-
stand (i) the thermal layers of our atmosphere, (ii) the atmospheric phenomena that
enables the detection and measurement of waves in the middle atmosphere, and (iii)
the mathematical theory and fundamentals describing atmospheric waves including

their sources, propagation, and dissipation.

1.1. The Earth’s Atmosphere

The Earth’s atmosphere is a thin layer of gas held in hydrostatic equilibrium by
the force of gravity. The atmosphere’s density and pressure decrease exponentially
with altitude, and eventually merges with the near-vacuum space environment. The
structure of the atmosphere is characterized by the vertical distribution of pressure,
temperature, density, and composition. The atmosphere maintains a balance between
the absorption of solar radiation and the outgoing thermal radiation. This balance
causes a complex temperature profile that varies not only with altitude but also
with season, local time, and geographic location. The atmosphere consists mostly of
molecular nitrogen (78%) and oxygen (21%), in addition to many minor species. The
neutral atmosphere is divided into four regions as shown in Figure distinguished
by their different temperature gradients: the troposphere, stratosphere, mesosphere,
and thermosphere. Pauses—the boundaries separating these regions—correspond to a

change in sign in the gradient of the temperature profile. The figure shows that the



100
Thermosphere
90 Mesopause
80
\ Mesosphere

70
—_ \ 500
£ e0 \ i
- 2
% 50 Stratopausv> -]
2 E
:‘: -l
= 40 7 2
< Stratosphere

30 /

20

Tropopause
10 — 100
Tro h I
posphere e

0
180 200 220 240 260 280 300
Temperature (K)

TEMPERATURE (K)

Figure 1.1. Temperature structure showing the layers of the Earth’s atmosphere.
Left plot is zoomed in on the lower 100 km. Right plot shows the solar effects in the
thermosphere and is adapted from |Banks and Kockarts [2013].

temperature varies greatly (~150 K) from the surface up into the lower thermosphere.

The solar cycle also contributes considerably to deviations in the temperature profile,

particularly in the thermosphere [Schunk and Nagy, 2004].

The lowest region of the atmosphere, termed the troposphere, extends from the
surface to a height of ~10-15 km, depending on latitude. It contains about 75%
of the atmosphere’s mass and most of the water vapor. It is characterized by an
unstable positive lapse rate (negative temperature gradient) of ~6-7 K km™! and is
well-mixed. Solar radiation that penetrates to the Earth’s surface is absorbed and
heats the air which rises into the cooler region above. As the air rises, it expands
due to the lower surrounding pressure, causes a drop in temperature due to adiabatic
cooling, and results in vertical convection. Therefore, the troposphere is unstable and

very dynamic, generating a wide variety of atmospheric weather phenomena.
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The stratosphere is the region where the ozone layer (O3) exists, and extends
from the tropopause to a height around ~45-50 km where it reaches a temperature
of about 270 K. It is characterized by a negative lapse rate due to the absorption of
solar ultraviolet radiation by the ozone layer and is thermodynamically stable with
very little convection.

At the stratopause the temperature again reverts to a positive lapse rate in
the region defined as the mesosphere where the temperature continues to decrease
with altitude, until it reaches the coldest region on the Earth: the mesopause (~85—
100 km). Due to GW effects, the summer mesopause is lower and colder (~140 K)
than the winter mesopause |Qian et al.l 2017; |Schmidlin, [1992|. In this region, very
little absorption takes place which causes an energy deficit and subsequent cooling.
The mesosphere also consists mostly of molecular nitrogen and oxygen, in addition to
many minor species. Some metals such as sodium and iron, originating from meteor
ablation, form metal-rich layers in the upper mesosphere.

Above the mesosphere in the thermosphere (~90-600 km), the temperature in-
creases rapidly with altitude until it reaches the exosphere where the density is too
low to behave like a gas. In the thermosphere, where atomic oxygen and nitrogen
absorb incoming solar extreme ultra violet (EUV) radiation, the temperature ranges
from ~700-1400 K, reaching up to 2000 K during solar maximum conditions (see
Figure . The temperature increases rapidly in the lower thermosphere and then
stays fairly constant with increasing altitude. Energetic ultraviolet and x-ray radi-
ation also cause ionization of atmospheric molecules (mainly Ny and Oj) resulting
in ionized gas and creating the ionosphere. At predominantly high-latitude regions,
charged particles driven by the solar wind precipitate down the Earth’s magnetic
field lines and lose energy by exciting and ionizing atmospheric constituents. These

excited constituents emit light in varying colors, creating the aurora.
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Together the upper mesosphere and lower thermosphere (MLT) region (~80-
100 km), including the mesopause boundary between them, is a complex system. Its
thermal structure is strongly controlled by several physical processes (e.g., absorp-
tion of incident solar radiation, auroral heating, and infrared radiative cooling) and
dynamical processes from the lower atmosphere including GWs, tides and planetary
waves |Mlynczak and Solomon, {1993 |Nappo, 2002} |Smith, |2004] which deposit large
amounts of energy and momentum. Knowledge of temperature and its variability with
altitude in the MLT region is an important parameter in understanding its structure

and dynamics.

1.2. Atmospheric Airglow Emissions

Airglow, frequently referred to as nightglow, is an emission of light which occurs
in the MLT region between 80-120 km. As opposed to the bright, sporadic aurora
which primarily occur at high latitudes, airglow is distinguished as being global and
ever-present in its nature [Nappo, 2002|. Airglow emissions are produced indirectly by
solar radiation absorbed in the sunlit part of the atmosphere. During the day, some
atmospheric molecules and atoms are photoionized or dissociated by incoming solar
radiation and recombine chemically de-exciting to a lower-energy state as first sug-
gested by |Chapman/|[1931] and emit a optical emission in the visible and near infrared
(NIR) spectrum that we now term airglow |Chamberlain, 1961; |Wallace and Broad-
foot], 1969|. After the sun has set, the recombination continues and these emissions,
termed nightglow, are detectable from the ground at specific wavelengths. Several
sources of airglow occur at specific wavelengths, e.g., atomic oxygen OI emissions at
557.7 nm (green line) and at 630.0 nm (red line), the Os (0,1) emission at 866.0 nm,
and the sodium, Na, emission at 589.2 nm as shown in Figure[I.2] The NIR domain
is dominated by several hydroxyl (OH) molecular band emissions identified first by
Meinel| [1950] (see Figure [1.2)).
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Figure 1.2. Visible and near infrared spectrum of common atomic and molecular
emissions in the Earth’s middle atmosphere. Note the OH band has a very broad
emission due to the many vibrational modes. OI, Na and O, are also marked. Adapted
from |Broadfoot and Kendall |1968].

Each of these emission layers occur at a particular altitude as shown from space
in Figure [1.3[ and can act as tracers for GWs. Several of these layers in the MLT are
shown in Figure [I.4] The NIR OH Meinel airglow emissions originate in a relatively
thin layer nominally centered at ~87 km with a layer thickness of ~6-10 km, while
the Na emission originates from an altitude of ~90 km, Oy at ~94 km, and atomic OI
emission at ~96 km, each with similar layer thicknesses as OH [Baker and Stair Jr,
1988].

In this study we focus on the NIR OH airglow emissions which is the brightest
emission in the visible and NIR spectrum. The excited OH arises from the reaction of
hydrogen and ozone |Bates and Nicolet), (1950; |Gardner and Taylor} (1998; |Herzberg,
1951]:

H+ O3 — OH"(v<9)+ 0 (1.1)

The OH is formed in an excited vibrational state (v < 9) as represented by the
asterisk in Equation [I.I} The release of this excess energy relaxes the OH molecules
and creates a series of overlapping molecular band emissions spanning the range of

0.4-4.0 pm and dominating the NIR spectrum. As noted, the OH emission is the most



Figure 1.3. Image taken from the International Space Station showing several air-
glow emission layers in the MLT region [NASA ISS image ISS042-E-037847].

intense nightglow emission and is easily detectable at ground level using sensitive
imaging and photometric instruments. The intensity of the photochemical emission
is proportional to the local density of the emitting species and the temperature, and
variations can be related to the variations of density and temperature. Temperature

variations are directly related to the GW perturbations.
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Figure 1.4. Normalized emission layer altitudes for several species dominant in the
MLT region. OH and O, have nominal altitudes of 87 km and 92 km, respectively
[Courtesy M.J. Taylor].

1.3. Atmospheric Waves

Wave phenomena are a result of perturbations in any medium and are prevalent
in fluids: bodies of water and planetary atmospheres. Atmospheric waves can be
classified into two main groups based on their scale-sizes. There are large-scale waves
known as planetary waves and tides. They are both global in nature and exhibit
coherent patterns in both latitude and longitude. Tides are mostly generated by
the absorption of solar radiation by water vapor and ozone in the troposphere and
stratosphere, respectively, during the day [Forbes, 1982]. The rapid tidal heating as
the Earth rotates induces oscillations with periods that are harmonics of the 24-h
length of a solar day (e.g., a wave with a 24-h period is the diurnal tide, 12-h period
is the semidiurnal tide, 8-h period for the terdiurnal, etc.). These waves propagate
westward with the sun and are referred to as migrating tides. Planetary waves,
also known as Rossby waves, are induced by the periodic structure of the land-sea

topography which creates global waves with larger periods (e.g., 2, 16, 28 days).
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On smaller scales, atmospheric GWs, or buoyancy waves, are transverse and co-
herent oscillations resulting from the restoring forces of gravity and buoyancy acting
on a vertically perturbed parcel of air in a stably stratified atmosphere. |Hines| [1960]
first proposed the existence of GWs to explain wave-like phenomena evident in long-
lived meteor trains and noctilucent clouds observed in the upper atmosphere. |[Hines
[1989] laid the groundwork for what is now known as linear GW theory. The study
of GWs continues to expand with quantitative advances in observational and com-
putational techniques |Fritts and Alexander), 2003; | Nappo, [2002|. Importantly, GWs
are ubiquitous and play a dominant role in the structure, energetics, and dynamics of
the MLT region by coupling the lower and upper atmospheric layers together |Reid),
1986]. GW oscillations occur within the fluid (atmosphere) and are sometimes called
internal waves. GWs typically have periods of tens of minutes to several hours. De-
pending on their period, internal GWs propagate predominantly slantwise from their
sources in the troposphere into the stratosphere and mesosphere [e.g., |Hines| [1960;
Nappo|, 2002; |Sica and Russelll, 1999; | Taylor and Pendleton Jr| [2003].

GWs are global in nature but usually have local and/or regional sources and
their propagation depends on their wave properties and the prevailing atmospheric
conditions. Their influence extends throughout all of the layers of the atmosphere.
GW sources generally exist in the troposphere and stratosphere and propagate up-
wards into the upper atmosphere where wave amplitudes increase as the background
density decreases |e.g., |Hines, [1960; McIntyre et al., 2003; |Nappo|, 2002]. GWs can
be generated from storms, volcanoes, earthquakes, the jet stream, and the flow of air
over mountains (known as mountain waves) |e.g., |[Fritts and Alexander| 2003; |Fritts
and Nastrom),[1992; |Holton and Alexander,|1999; |Lu et al., 1984; |Nastrom and Fritts,
1992 |Preusse et all, 2002; Tsuda et al., |1994]. Ducted waves are trapped within

density or wind discontinuity boundary layers and can propagate large horizontal dis-
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tances within the “wave guide." Thus, in the atmosphere ducted waves, propagating
GWs, evanescent waves, and stationary waves can all be found. Waves that prop-
agate freely through the atmosphere can transfer significant amounts of energy and

momentum from the troposphere and stratosphere into the overlying MLT region.

1.3.1. Buoyancy Frequency

Atmospheric GWs are often described using a free-body diagram of a parcel
of air that is moving up a ramp with the angle 8 [Nappo, 2002|. The parcel of air,
represented as a box, has the force of gravity acting on it downwards and the buoyancy
force acting on it upwards as shown in Figure [I.5] As the parcel of air moves up the
ramp, it is displaced vertically. The region above is less dense and so the parcel is no
longer in hydrostatic equilibrium. Gravity acts as a restoring force to bring it back
down to its original height. The returning parcel of air has inertia and will overshoot
the original height into a more dense layer below where the buoyancy force will push
the parcel of air back up. Assuming the fluid is stable, the parcel of air will oscillate
up and down about the point of zero net force, with a frequency of oscillation known
as the Brunt-Viisélé frequency, N, which is dependent on the atmospheric conditions

and the force of gravity |Fritts and Alexander|, 2003; |Nappol, 2002].

Figure 1.5. Free-body diagram showing a parcel of air moving up an inclined plane
with the buoyancy force and gravitational force acting on it. Modified from [Nappo
[2002].
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Following |Nappol| [2002], using Newton’s second law to add up the forces acting
on the parcel of air gives
d2
mpd—tf = —gsinfB(m, — m,), (1.2)
where m,, is the mass of the parcel of air, g is gravity, and m, is the mass of the

ambient or surrounding air. Substituting the ideal gas law in order to relate the

masses to temperature gives

d?z , T,—T,
= Tgsin (ﬁ T ) : (1.3)

where T}, is temperature of the parcel of air and 7, is the ambient temperature. The
real part of the solution is a sine function expressing the motion of a wave. In order

for the wave to propagate in the atmosphere it must have a shorter frequency than

[ g 0po .
N=—;/= 14
PRGE sinf, (1.4)

which can be expressed in terms of the atmospheric density at sea level, p,. Often-

the buoyancy frequency

times the buoyancy frequency is expressed as N? so the number is always positive.
The Brunt-Viisalé frequency is the maximum vertical frequency a wave can have and
still propagate in the atmosphere. N ~ 0.02 s~! and corresponds to a wave period of
~5 minutes [Nappo, [2002]. If 8 is 90° then the minimum period is about 5 minutes,
and as [ decreases, the wave period increases. Therefore, short period waves prop-
agate almost vertically and waves with much larger periods travel obliquely almost

horizontally.

1.3.2. Linear Gravity Wave Theory

GWs are frequently described with a simple linear theory that treats them as
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small perturbations from a stable, stratified background varying only in the vertical
direction. Using Linear Theory and starting with the Euler Equations, atmospheric
GW motion can be described. The following equations used to describe atmospheric
GWs are the momentum equations in the z-direction and the z-direction (|1.6)),

the mass-continuity equation ([1.7)), and energy equation (|1.8]):

ou ou ou 10p

bt - = 1.
(9t+u(9x+w8z pOx’ (15)
ow ow ow 10p
T T 1.
ot +u8x+w62 p 0z 4 (16)
ou Ow
— — 1-
ox * 0z 0 (17)
ap dp dp

where u and w are the fluid (wind) velocity vectors in the z- and z-directions; p
is pressure, and p is density. These four equations, in addition to the Buoyancy
Frequency squared from equation , define a complete set of equations describing
inviscid fluid motion |Fritts and Alexander} 2003).

In order to solve the system of equations, we perturb them from equilibrium
(assuming the perturbations are small) and linearize them, ignoring any non-linear
terms. It is assumed that the solution is a plane wave. The wave equation for linear
GWs is referred to as the Taylor-Goldstein equation |Nappo, 2002].

If we look at the simple case of constant background stratification and constant

buoyancy frequency, then the Taylor-Goldstein equation gives a dispersion relation

of

k*N? 1
2 _ 2
m =0 —k 1 (1.9)
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where m? is the vertical wavenumber related to the vertical wavelength, )., by

m= " (1.10)

k=, (1.11)

The intrinsic frequency, €1, is defined as the frequency of a wave relative to the

background wind speed, u,, and is given by

Q=w—uk = (c—u,)k, (1.12)

where w is the observed wave frequency (w = ck) and ¢ is the observed phase speed.
H, is the pressure scale height, which is the distance over which the pressure drops
exponentially in the atmosphere (6-8 km), and can be ignored if wavelengths are
much less than the scale height.

One of the most important results of linear wave theory is the dispersion relation
because it relates the wave’s angular frequency to the physical properties of the atmo-
sphere and wave structure. The wave motion energy propagates upwards and parallel
to the lines of constant phase and perpendicular to the downward phase progression.
When w = N, then g = 0, the wave propagates horizontally, and the fluid oscillates
vertically. When w/N is very small, corresponding to either low-frequency waves
or strong stratification in the atmosphere, [ approaches 7/2, the wave propagates

almost vertically and the fluid oscillates horizontally.

1.3.3. Wave Dissipation

In order to conserve kinetic energy as a wave propagates upwards, the amplitude



13

of the wave increases related to the atmospheric scale height as the atmospheric den-
sity decreases |e.g. |Gossard and Hooke|, [1975]. These growing wave amplitudes can
eventually become too large to remain stable and break. Depending on their ampli-
tude and the prevailing atmospheric conditions, GW tend to break in the stratosphere
and MLT region where they deposit their momentum into the background flow. Sec-
ondary waves capable of propagating to higher altitudes may be generated by this
breakdown process |Fritts and Nastrom), [1992; | Tsuda et al. [1994].

Additionally, at critical layers, where the background wind velocity, u,, is equal
to the GW horizontal intrinsic phase speed, ¢;, in the direction of the motion of the
wave, the GW cannot propagate upward anymore. Only GWs with phase speeds

greater than the background wind can propagate in the same direction as the wind.

1.3.4. Observations of Waves

Observational studies of GWs in the MLT region consist of measuring their prop-
agation characteristics such as horizontal and vertical wavelengths (A, and XA,), ob-
served period, observed phase speed (c = %), direction or propagation (¢), potential
energy (PE), momentum flux (MF), as well as local, seasonal, and interannual vari-
ability.

Modelling studies show that GWs significantly influence the “composition, struc-
ture, background wind, and temperature fields that drive the global circulation sys-
tem" |Garcia and Solomon), |1985]. For example, vertical upwellings in the summer
polar region and corresponding downwellings in the winter polar region are largely
driven by GW dissipation in the MLT region, which deposits momentum against
the mean zonal (East-West) flow, resulting in a residual meridional circulation |e.g.,
Andrews et al., 1987]. Long-term observations of GWs are important in order to
quantify the magnitude and location of the variability and investigate their primary

causes. Currently, the effects of GWs are usually parameterized in atmospheric cli-
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mate models based on our current knowledge and therefore new measurements are
always needed to further improve our understanding of their influences |Richter et al.,

2010].

1.4. Summary of Chapters

This dissertation presents a study of OH rotational temperature and small-scale
GWs in the MLT region mostly using data from Andes Lidar Observatory (ALO),
Chile. The primary instrument used in this study, the Utah State University (USU)
Mesospheric Temperature Mapper (MTM), is introduced in Chapter [2] together with
MTM data products and image analysis techniques.

Chapter [3introduces ALO, provides background to its establishment and lists key
scientific instruments and goals of ALO collaborative observations. The results of an
8 yr climatology study (comprising over 1700 nights) of mesospheric OH temperatures
over the Andes Mountains yield new knowledge of seasonal oscillations and tidal
influences. Comparisons of nightly mean temperatures and yearly cycles are also
made using temperature measurements obtained by the same MTM imager when it
was located at Maui, Hawaii during an earlier campaign (2001-2004) |[Zhao et al.
2007).

Chapter [4 compares the ground-based mesosphere temperature data set from
ALO with concurrent measurements obtained from the Sounding of the Atmosphere
by Broadband Emission of Radiation (SABER) instrument on the Thermosphere,
Tonosphere, Mesosphere, Energetics and Dynamics (TIMED) satellite |Remsberg et al.
2008|. Coincidence criterion are discussed, as well as effects of measurement biases
due to different data acquisition techniques.

Chapter [5| uses MTM temperature variance observations as a measure of GW
activity, and discusses the contribution of different scale-sizes of waves to the total

seasonal variance. Vertical temperature profiles obtained by SABER are used to
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study of GW PE revealing enhancements during the winter months.

Chapter [6] discusses the formation and properties of mountain waves and how
they propagate into the MLT region. An established measurement technique is used
to identify and measure the properties of 37 mountain wave events observed during
six consecutive winter seasons (2012-2017). Conditions in the lower atmosphere that
allow the propagation of mountain waves into the MLT region are investigated in
coordination with mesospheric wind conditions.

Chapter [7] summarizes the results of this dissertation research and discusses pos-

sible future research.



16

CHAPTER 2
THE MESOSPHERIC TEMPERATURE MAPPER

2.1. Introduction

Ground-based observations provide a practical and cost-effective technique for re-
mote sensing of GW perturbations in the MLT region. Photometers, interferometers,
and spectrometers have been widely used to obtain one-dimensional measurements
of GWs in the hydroxyl (OH) Meinel band emission intensity and related rotational
temperatures at ~87 km altitude |e.g., |Bittner et al|, 2002, |Burns et al., 2003; French
et all, 2000} |Greet et all [1997;|Liu et all 2015, [Meriwether), 1975, Noll et al 2016}, |Of-
fermann and Gerndt, 1990; |Scheer and Reisin), [1990; |Semenov et al., 2013} | Takahashi
et all [1994]. With the development of highly sensitive CCD detectors in the 1990s,
observations have naturally expanded to include imaging studies of the GW field.
All-sky imaging measurements of OH emissions provided wide-field two-dimensional
measurements of the small-scale short-period GWs |Kam et al., 2017; |Pautet et al.,
2018; | Taylor, 1997, | Taylor and Garcia, 1995]. Modern imaging instruments are ca-
pable of observing mesospheric GWs over a 180° field of view (FOV) to cover a large
geographic area (~5x10° km?) using an all-sky optical arrangement. Narrowband fil-
ters are used to image several different airglow emissions using a computer-controlled
filter-wheel system. Each filter is successively exposed to the night sky enabling the
GWs in the different airglow emissions to be sequentially imaged. To date, these sys-
tems continue to provide important information for determining GW characteristics

and climatology from numerous sites around the world.

2.2. The MTM
The USU Mesospheric Temperature Mapper (MTM) is a high-performance solid-

state imaging system, as shown in Figure 2.Th. It was designed and tested at USU
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in 1996 with funding from the NSF CEDAR (National Science Foundation Coupling,
Energetics, and Dynamics of Atmospherics Regions) program as part of an initiative
to develop new instrumentation for the twenty-first century for upper atmosphere
research. The MTM differs from typical airglow imaging instruments as it is capable
of precise measurements and mapping of both the intensity and rotational temper-
ature fields of the NIR Hydroxyl OH (6,2) and molecular oxygen Oy (0,1) airglow
emission layers (see Section [1.2]). Specifically, it was designed with a smaller FOV,

~90°, as shown in Figure 2.Ip, to quantify short-period mesospheric GW signatures

|Pendleton Jr et all |2000; Taori et al., [2005; | Taylor et al. [2001].

Figure 2.1. The MTM imaging system and example image. (a) MTM imager with
wide-field lens at top, followed by filter wheel and telecentric lens system. CCD
imager and cooling pipes are positioned at bottom [Courtesy M.J. Taylor|. (b) An
example image from the MTM taken 8 July 2012.

The MTM takes advantage of enhancements in the performance of large-area
back-thinned CCD arrays that feature exceptionally high-quantum efficiencies (up
to 80% at NIR wavelengths) coupled to a wide-angle Keo Consultants telecentric

lens system (90° FOV). Figure shows a schematic diagram of the optics used to
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Figure 2.2. Schematic diagram showing the MTM imager and its specialized optics
[Courtesy R. Eather, Keo Consultants|.

obtain the wide FOV needed by the MTM. The MTM provides airglow intensities
(measured in photon counts) and wave data similar to other imagers, but also enables
computation of the temperature field at OH and O, altitudes over a substantial region
(~1.8x10% km?). Thermal noise is minimized by cooling the detector to -50° C using a

two-stage Peltier system aided by a closed-cycle liquid refrigeration unit |Pendleton J
et al., [2000; | Taylor et all 2005].

The MTM has performed exceptionally well with over 20 years of operation to
date, including ~5 years of coordinated observations at the Air Force Maui Optical
Station, Hawaii (20.8°N), as part of the NSF Maui MALT program to investigate
GWs alongside different lidar systems, as well as observations at Fort Collins, Col-

orado, Star Fire Optical Range, New Mexico, and Bear Lake Observatory, Utah |e.g.,

Simkhada et all, 2009} [Taori and Taylor, 20006}, | Taor: et al., 2005} [Taylor et all [1999;

\Zhao et al 2005, 2007]. Since 2009, the MTM has operated at Cerro Pachon, Chile

(30.3°S) as part of the ALO program. The MTM has obtained an 8-yr (and grow-

ing) data set that is used extensively in this dissertation to study characteristics of

small-scale GW events over the Andes Mountains [e.g.,|Cao et al., 2016; |Fritts et al.,

[2014aj; |Hecht et al.l 2014) 2018; |Liwu et al., 2016; Vargas et al., 2016} | Walterscheid
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et al., [2015).

More recently, a new successor instrument, known as Advanced Mesospheric
Temperature Mapper, has been designed and built by USU and the Space Dynamics
Laboratory and deployed in Scandinavia, Alaska, Bear Lake, Antarctica and New
Zealand [e.g., |Bossert et all (2014} 2017; |Cai et al. 20145 Fritts et al., 2014b} 2016;

Pautet et al.l 2014, 2016, [2018; | Yuan et al.l 2014, 2016].

2.3. MTM Data Acquisition

Images are sequentially taken using a temperature-stabilized set of narrow-band
filters (AX ~ 1.2 nm) centered on the P;(2) and P;(4) emission lines of OH (6,2)
Meinel Band at 840 nm and 846.5 nm, respectively, and at 866 nm and 868 nm for
the Oq (0,1) atmospheric emission. The filter wheel rotates and observes each of the
four emission lines sequentially for 60 s followed by a background sky measurement,
resulting in a cadence of ~5.5 min. Further details of the filters used for observations
are presented in Table 2.1 A dark image, when the shutter remains closed, is taken
every 32 cycles. The camera operates automatically from dusk to dawn (for solar
depression angles < 12°) for approximately 22 nights each month (centered on the
new moon period). Data are stored as “TIFF" images locally on a computer drive
and are downloaded at regular intervals to USU for analysis.

In order to obtain a larger signal-to-noise ratio (~80-100:1) necessary for precise
temperature measurements, the image data are 8 x8 binned. This results in a decrease
in spatial resolution from the original 1024x1024 pixels to 128x 128 “superpixels"
|Pendleton Jr et all 2000; Taylor et all 1999]. Each superpixel has a footprint of
0.9%x0.9 km at the OH layer height and the total image has a FOV of 1.8x10* km?.
This is sufficient to resolve short-period small-scale GWs with horizontal wavelengths

<100 km.
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Table 2.1. Characteristics of MTM Filters Used For Airglow Observations at ALO.

Airglow emission Optical filter

Peak A (nm) Bandwidth (nm)

P1(2) line of OH (6,2) band 840.0 1.20
P, (4) line of OH (6,2) band 846.5 1.20
0, (0,1) band 866.0 1.20
0, (0,1) band 868.0 1.20

2.4. MTM Data Processing and Derivation of Temperature

In order to perform further analysis including derivation of OH rotational tem-
peratures and retrieval of GW parameters, additional image processing steps are
required. The MTM image data are processed using software developed at USU. An
example of a raw P;(2) image taken on 9 July 2012 is shown in Figure . The
first step is the removal of background stars from the images (see Figure 2.3p). This
is done by the software identifying and replacing sharp, localized intensity spikes
in individual pixels with an interpolated value from the surrounding pixels |Garcia
et al.,11997]. This works well for removing stars and hot pixels in the CCD chip. The
presence of the Milky Way, as it passes through the images, is accounted for using
the background images and is subtracted from the band intensity calculations.

Next, the images require flat fielding, spatial calibration, and unwarping. Flat
fielding is the process of removing unwanted variations in the background inten-
sity of the images by subtraction. A mean flat-field image is made for each night.
This enables the removal of bright features in the background images, brightness en-
hancements at the edges of the images due to the van Rhijn effect, and lens effects

such as vignetting (see Figure ). Spatial calibration uses the known star field
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to map the original image to standard coordinates aligning due North to the top.
Unwarping relates the distance between pixels in the image to the actual physical
distance. It transforms the images into a final geographic coordinate system with
a two-dimensional uniformly-spaced 150x 150 km grid at the airglow layer height.
Therefore, the azimuth or direction of propagation of the waves, ¢, is measured in

degrees clockwise from North. The result of this process is shown in Figure [2.3d. For

further detail on image processing see |[Hapgood and Taylor| [1982| and |Garcia et al.
[1997].

Figure 2.3. Image processing steps for an example image taken on 8 July 2012.
(a) Raw image, (b) image with stars removed, (c) flat fielded image, (d) calibrated,
unwarped, and enlarged image.

Relative intensity measurements of the selected OH emission lines, along with

the background emission (as shown in Figure [2.4)), are used to determine absolute
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Figure 2.4. Emissions given by different OH (6,2) vibrational transitions. The ratio
of the P1(2) to P1(4) emissions (highlighted in red) is used to measure Ty [Courtesy
M.J. Taylor.|.

OH rotational temperatures, Tpy, with high precision ~1-2 K. This is done using
the well-established ratio method |[Goldman et al., 1998; |Meriwether Jr, 1984] as

described by the equation [2.1}

998 45K
In [2.810’31(2’}

Ton = (2.1)

Py (4)

where P;(2) and P, (4) are the intensity counts of the individual emission lines. Deriva-
tion of the rotational temperature was done separately for the OH and Os emissions.
For the OH measurements, a value of 1.300 was used for the ratio of transition prob-
abilities |Pendleton Jr and Taylor, |2002).

Assuming local thermodynamic equilibrium (LTE) conditions, the derived rota-
tional Tpy should be similar to the atmospheric kinetic temperature. Previous com-
parisons of the MTM OH and O, rotational temperatures with other well calibrated
instruments, including a Na lidar, have shown that our nocturnal mean temperatures,

referenced to 87 km and 94 km respectively, are accurate to +5 K |Pendleton Jr et al.,
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2000; | Zhao et al.; 2005]. These results are reaffirmed in Figure Which shows MTM
OH temperature, Tpy, data (black line) for the night of 14 August 2010 with sev-
eral temperature measurements from the Na lidar at 87, 88, and 89 km altitudes (red,
blue, and green lines, respectively). Further instrument comparisons will be discussed
in subsequent Chapter [3]and [d] The stability and high linearity of the MTM provides

capability for long-term studies of mesospheric temperature variability.
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Figure 2.5. MTM OH temperature data for 14 August 2010 (black line) and several
temperature measurements from the Na lidar at 87, 88, and 89 km altitudes (red,
blue and green lines) [Courtesy Y. Zhao].

2.5. Zenith Temperature

To measure temporal variability useful for investigating larger-scale wave events
and long-term climatological studies, only the central 5x5 superpixels of the array
are used referred to as the “zenith temperature" measurements. This provides a
zenithal footprint of about 4.5 kmx4.5 km at 87 km. This data format is similar
to those obtained from photometers, interferometers, spectrometers, and lidars. The
intensity of the center superpixels (zenith) of each of the P(2) (black line), P;(4)

(grey line), background (green curve) are recorded and shown for the example night
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of 2-3 November 2016 in Figure[2.6h. Perturbations in the intensities are signatures of
wave activity and can be seen in the P;(2) and P;(4) lines. The zenith OH rotational
temperature, Tpog (blue circles), and OH band intensity, Ipy (red squares), derived
using Equation [2.1] for this night, are shown in Figure 2.6b. Both large-scale and
small-scale GW signatures can be seen. These measurements are recorded and used
to investigate GW activity and longer-term variations. For example, the mean Ippy
for this night is (5945)x10? counts and the mean Tpy is 19144 K for the night,
where the +£4 K is the standard deviation representing nightly temperature variation

induced by the waves.
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Figure 2.6. Measurements made by the MTM on the night of 2-3 November 2016.
(a) Raw intensity measurements in total counts. The OH P;(2), P;(4) line intensities
(black and grey, respectively) show wave activity. The background sky intensity is
the green curve. (b) Derived Ipy measurements (red) and Tpy measurements (blue)
for the same night. Both large-scale (large curve in blue) and small-scale GW (1-h
period more pronounced in red) signatures are present.

2.6. Temperature Map
The primary advantage of the MTM over other imaging systems is its ability
to measure the OH (and O,) rotational temperatures at every pixel in the image.

Once the images are flat-fielded, calibrated and unwarped as mentioned earlier, two
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new maps are created: a rotational temperature map and a band intensity map
characterizing the GW field at the airglow layer altitudes.

Figure[2.7h shows an example OH band intensity map at 2337 UT and Figure[2.7p
shows the temperature map (averaged over several images) observed on 8 July 2012
UT from ALO, Chile (30.3°S, 70.7°W). The temperature scale ranges from 180-200 K
as shown by the color bar. The white pixels denote regions above 200 K. Changes

in the measured Tpy are caused by the propagation of GWs through the OH layer.

Clearly visible in both images are large wave peaks due to GWs.

1 i +
— i
= Temperature Perturbation (K) 3

Figure 2.7. (a) Processed OH (6,2) relative band intensity map taken at 2337 UT
and (b) averaged rotational temperature map |Courtesy P.D. Pautet| taken from ALO
(30.3°S) on 8 July 2012. In both images, perturbations induced by propagating GWs
throughout the OH layer are clearly visible.

2.7. Keogram Representation

Keograms were first used to summarize the occurrence and motions of various

auroral forms during the course of a night |Eather et al.,|1976,|1979|. They are created

by placing narrow slices (two pixels wide) from each image side by side to create a

time series as shown in Figure 2.8 Four sequential OH intensity images are shown
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Figure 2.8. Keogram creation process for the night of 22-23 June 2012. Four con-
secutive OH intensity images (top) with vertical and horizontal slices used to create
the N-S (center) and E-W (bottom) keograms.

on the top row of Figure [2.§ for the night of 22-23 July 2012. Sequential vertical
slices provide a North-to-South (N-S) evolution of the MLT wave field during the
night (center plot), while the horizontal slices provide the East-to-West (E-W) strip
(bottom plot) in Figure 2.8/ The four individual images (top plots) have dimensions
of 150x150 km at the OH layer altitude, therefore the y-axis of the keograms is the
distance of 150 km and the z-axis is time, measured to be ~11.7 h for the night shown
in this example. Both keograms show strong evidence for extensive small-scale GWs
throughout the night. They also show evidence for a larger-period coherent wave
(45-50 min) that also existed throughout the night. The slowly rotating Milky Way
also shows up in the keograms (particularly in the E-W keogram) as an elongated

bright curved structure.
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Filtering the keograms can more clearly identify the wave structure. For example,
the small-scale features evident in Figure 2.8 can be further enhanced by applying a
5-60 min bandpass filter, as shown in the top of Figure 2.9 which clearly identifies the
extensive ~50 min periodic wave with superposed smaller scale waves throughout the
night. This periodicity is also evident in both the zenith OH rotational temperature
(blue) and band intensity (red) plotted in Figure 2.10] By applying >60 min filter,
the larger-scale waves can be seen in the intensity data (seen as light and dark patches
in the bottom of Figure . Note: the large-scale GWs and tidal harmonics are not
detectable in a single image because their horizontal wavelengths are significantly

larger than the imager FOV, hence the use of keograms in their identification.
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Figure 2.9. E-W OH band intensity keograms with 5-60 min (top) and >60 min
bandpass filters applied (bottom) for the night of 22-23 June 2012.
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Figure 2.10. Zenith OH rotational temperature (blue) and band intensity (red) for
22-23 June 2012 showing the same small-scale GW signature as the top of Figure[2.9]

Once correctly interpreted, keograms are extremely useful in quickly identifying

clear nights, small-scale GWs, much larger GW (a few to several hours) and tidal-scale

signatures. In Chapter [6] keograms will also be used for identifying quasi-stationary

mountain waves.
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2.8. Spectral Analysis

Spectral analysis techniques are commonly used to determine the frequency (and
period) of small-scale GWs that are prevalent in the image data (e.g., Figure .
Fourier analysis, based on the sinusoidal basis functions, easily determines the wave
parameters and is the standard image processing procedure on airglow imager data
sets |Coble et all 1998: |Garcia et al, (1997, | Vargas et al., 2016]. The use of Fourier
analysis requires data sets with equally spaced time intervals. This works well on
individual nights with continuous clear skies. When data points are missing through
the night due to cloud, interpolation may be used |Press|, 2007|. This study focuses
on the wealth of continuous nightly data obtained during the ALO program with only
occasional small gaps.

To determine the horizontal wavelength, Ay, and the direction of propagation (or
azimuth) of a small-scale GW event a “region of interest" is first selected containing
several wave crests. A 2-D FFT spectral analysis is performed on a sequence of
individual images. The FFT converts the image’s spatial domain into the frequency
domain resulting in a symmetric periodogram with complex magnitudes revealing the

wavelength and direction of propagation as shown in Figure [2.11]

Figure 2.11. Result of 2-D FF'T spectral analysis of intensity image of Figure
showing the symmetric spectrum from which ¢ and Ay are obtained (dimensions are
in frequency, axes not shown).

Az

A7 of the wave is determined by measuring the

The apparent phase velocity, ¢ =
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horizontal displacement, Az, of selected wave crests in several images over time, At.
These measurements are repeated several times throughout the duration of individual
GW events to obtain average wave characteristics. The duration of individual GW
events is determined using movie clips of the image data.

For example, the FFT analysis performed on Figure yields a ¢ of 259°+ 5°
(towards the Southwest), Ay of 4843 km, and an observed horizontal phase speed, ¢,
of 345 m s™!. These values are typical of the mountain waves observed at ALO (see
Chapter @ Additionally, the mean temperature was found to be 20842 K, with a

wave amplitude of 9+1 K.

2.9. Summary

The MTM is a CCD imager developed at USU with funding from the CEDAR
program. It has operated for almost 20 years at several low- and mid-latitudes sites
since its construction in 1996 to study the upper atmosphere.

The MTM has a 90° FOV which corresponds to a region of about 150 km in
diameter at 87 km. Along with measuring small-scale GW parameters, the MTM is
capable of studying GW induced Tpy variability in the NIR OH emission layer. The
Toy is derived using the OH (6,2) rotational band intensity ratio of the P;(4)/P1(2)
emission lines.

Novel temperature maps provide two-dimensional information of temperature
perturbations in the OH layer. With the use of keograms, small-scale and large-scale
waves (including mountain waves) can be readily identified and characterized (see
Chapters |5| and @ Intensity keograms are better suited for detection of waves, while
temperature measurements provide their perturbation amplitudes. Well-developed
2-D FFT spectral analysis is used to determine wave propagation parameters.

Zenith OH temperature measurements provided by the MTM are useful for study-

ing the seasonal, annual, and long-term climatology of the mesosphere and for compar-
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isons with other instruments; both ground-based (see Chapter |3|) and satellite-borne
(see Chapter {).

The following chapters use these tools to investigate GWs and mesospheric tem-
perature variability over the Andes ranging from individual events to seasonal time

scales.
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CHAPTER 3
MESOSPHERIC TEMPERATURE CLIMATOLOGY OVER THE ANDES

3.1. Early Campaigns

Early campaigns using a suite of ground-based and airborne instruments to study
the dynamics of the MLT region were the Airborne Lidar and Observations of the
Hawaiian Airglow (ALOHA-90) campaign and a few years later the ALOHA /ANLC-
93 campaign. A broad range of results were reported in several papers in special
sections for ALOHA-90 (Geophysical Research Letters, 18(7), 1991) and ALOHA-
93 (Geophysical Research Letters, 22(20), 1995; Journal of Geophysical Research,
103(D6), 1998) [e.g., |Gardner et al), 1991; Hecht and Walterscheid), |1991} |Hickey
et al.1998; Kane et al.,|1991} Lowe and Turnbull, 1995;|Swenson et al., 1995;|Swenson
and Mende, 1994; |Taylor and Edwardsl, 1991} |Taylor and Hill, 1991; Taylor et al.,
1995albicidle].

The tremendous success of these programs stimulated a joint research initiative,
the Maui Mesosphere and Lower Thermosphere (Maui MALT) program between the
NSF and the U.S. Air Force Office of Scientific Research (AFOSR). Joint measure-
ments were conducted from the Air Force Maui Optical Station at the summit of
Haleakala Crater, Maui, Hawaii (20.8°N, 156.2°W, 2970 m) to provide a more ex-
tensive ground-based seasonal observing program over a 5-yr period [Swenson), 2005|.
As part of Maui MALT, the USU MTM operated from November 2001 to Decem-
ber 2006, providing detailed information on GWs and mesospheric temperature vari-
ability. These measurements were complemented by coincident observations of meso-
spheric wind and temperature observations using the University of Illinois at Urbana-
Champaign (UIUC) Na Doppler Lidar, and from May 2002 observations of the MLT

wind field using the UTUC Meteor-wind Radar co-located at Maui, Hawaii. Together
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these data enabled detailed investigation of the dynamic structure of the MLT in-
cluding GWs, tides, and planetary waves. In addition, analysis of the spatial and
temporal features of the wind and temperature fields of the tropical mesosphere, and
measurements of the vertical fluxes of momentum transported by small-scale waves
were made. Observations and results were reported in a series of papers (Journal of
Geophysical Research, 110(D9), 2005).

In addition, long-term observations during the Maui MALT campaign using the
MTM have revealed annual oscillations (AO) and semiannual oscillations (SAO) of
mesospheric temperatures |Taori et al., 2005 | Taylor et all [2005; | Zhao et al.l 2005,
2007). The suite of instruments at Maui also provided correlated measurements using
Na lidar, meteor-wind radar, and the MTM [Liu and Gardner|, 2005, |Tang et al.,
2005], of observed small-scale GW propagation |Simkhada et al. 2009], instabilities
|Hecht et al.l [2005; |Larsen et all 2004; Li et al) 2005], mesospheric bores |Seyler,
2005|, and initial measurements of GW momentum flux |Liu and Gardner},2005; | Tang

et al., 2005].

3.2. Andes Lidar Observatory

Building on the success of these measurement programs, the Andes Lidar Obser-
vatory (ALO) was established and started observations of the MLT region in August
2009 (see Figure . The ALO consists of a small purpose-built observatory located
near the Cerro Pachon Observatory (30.3°S, 70.7°W, 2530 m) high in the Andes
Mountains in northern Chile. This site provides excellent facilities for studying GWs,
seasonal variability and climatology of the MLT region.

The location of ALO is important for mesospheric GW studies because it pro-
vides data in a geographic area that is poorly characterized, namely the low-latitude
Southern Hemisphere. Cerro Pachon is also the location of the GEMINI South and

Southern Astrophysical Research telescopes managed by the Association of Universi-
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ties for Research in Astronomy. It provides excellent year-round viewing conditions
(~300 clear nights per year), high elevation, and existing infrastructure and personnel
support for occasional maintenance of the MTM. ALO’s location in the Andes Moun-
tain Range in a continental region also provides contrasting data with that obtained
from the Maui MALT investigation which was conducted over a single peak in the
central Pacific Ocean.

The Southern Hemisphere has fewer observational sites than the Northern Hemi-
sphere, particularly those equipped for measuring the airglow emissions. For exam-
ple, |[Semenov et al.| [2013] summarized nine sites in the Southern Hemisphere versus
27 sites in the North. Therefore, the addition of a new ground-based temperature
data set from the Southern hemisphere is useful. The location of ALO was chosen
to investigate the dynamics and wave phenomenology of the MLT, specifically the
influence of terrain-generated waves due to strong convective activity over the nearby
coastal waters, the extreme dryness of the area, and the region’s steep terrain. These
attributes make it a prime location for the generation and observation of GWs over
a wide range of frequencies, including stationary mountain waves |Walterscheid and

Hickey, [2005).
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Figure 3.1. The Andes Lidar Observatory (right image) is located (red marker on
map) in the Chilean Andes Mountains of South America (30.3°S, 70.7°W, 2530 m).
This purpose-built facility has multiple roof hatches for nighttime observations using
lidar and other instruments.

A suite of instruments similar to those used in Hawaii was funded by a NSF
collaborative grant for operation from ALO. These included the Na wind-temperature
lidar, a meteor-wind radar, an all-sky airglow imager, and a multi-channel photometer
all operated by UTUC, and an Aerospace Infrared Camera, along with our established
MTM. The measurement of mesospheric temperatures is particularly important for

quantifying the dynamics of the MLT region over this new site.

3.3. ALO MTM Operations
As discussed in Chapter 2, the USU MTM is capable of precise measurements of
the brightnesses (measured in photon counts) and rotational temperatures of the NIR

Hydroxyl OH and molecular oxygen O, airglow emission layers which occur at peak

altitudes of ~87 km and ~94 km, respectively |Taor: et al.,|2005; | Taylor et al., 2001].

For the first ~25 months, joint OH and O, intensity, and temperature measurements
were recorded (August 2009-November 2011). However, due to a filter failure, the O
measurements were curtailed in early November 2011. Subsequently, the OH cadence

time was reduced from the initial ~6 min to ~2 min, and the OH exposure times
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were decreased to 30 sec based on the high quality of the data. The sum effect was
to enhance the GW temporal resolution increasing the temperature measurements to
over 30 samples/h with only limited effects on the temperature sensitivity, as shown
later in Figure |3.3]

The imager operates automatically for up to 12 h (depending on the season)
from dusk to dawn (for solar depression angle > 12°) for approximately 22 nights
each month (centered on the new moon period). At the beginning and end of each
night the intensity measurements are limited by strong twilight. This creates a “bath
tub" shape to the intensity versus time data (shown in Figure [3.2h). These strong
twilight data points are removed. Data are stored at ALO on a computer drive and
are downloaded at regular intervals to USU for analysis (by me). Quick-look data
using only the central 5x5 superpixels of the array were used for temperature and
intensity measurements for each night. These data have been used for calibration
and collaborative studies with Na temperature lidars, Fourier spectrometers, and
both narrow and all-sky imagers; all of which take measurements centered on the
zenith [e.g., Hecht et al., 2018; |Liu et al. 2016} |Vargas et all |2016]. Based on typical
OH emission levels measured at ALO, the precision of the MTM emission intensity
data is better than 0.5% for an individual image and the temperature precision was
determined to be ~2 K (in 2 min) for the derived OH rotational temperatures. Com-
parative measurements of the OH rotational temperatures as measured by the MTM
are in agreement with measurements of the on-site Na wind-temperature lidar (Fig-
ure . Since its early operations in 2009, I have been responsible for the remote

operation, data processing, and analysis of the ALO MTM data set.

3.4. MTM Nightly Data
This section presents selected example data to illustrate the high quality and di-

versity of the MTM data regularly obtained from ALO during its >8 yr of operation.
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The stored “. TIFF" images are processed and analyzed as discussed in Section
using software developed at USU. Figure [3.2] shows nine example nights: 19 Septem-
ber 2009, 12 June 2010, 8 March 2011, 2 July 2011, 23 May 2012, 12 February 2013,
25 August 1014, 15 July 2005 and 3 November 2016. The intensity of the zenith 5x5
superpixels of each of the P1(2) (black curve), P1(4) (grey curve), background (green
curve) and dark images (blue curve) are shown. The first four panels also include the
Oy 866 nm and 868 nm line data (red and pink lines, respectively) for comparison.
The higher temporal resolution due to the removal of the O, filters can be seen in the
remaining panels. Due to reduction from 1 min to 30 sec of the integration time of the
OH emission line exposures the corresponding image brightness measured by photon
counts is reduced by a factor of approximately two. Note that the x-axes are in UT
which is off from local time depending on day-light savings, meaning local midnight
is at 04 UT during the winter months and at 03 UT during the summer months.
The nine panels in Figure [3.2]illustrate the diversity in the nocturnal data. Large-
scale, as well as frequent small-scale, GW activity can be seen in both the OH and O,
emission data. Several panels show peaks in the background intensity (green curve)
which is due to the presence of the Milky Way as it passes through the center pixels of
the image. Background subtraction of this signal minimizes the impact on the band
intensity and rotational temperature calculations. The dark image (flat blue curve)
is the photon count of the CCD when the shutter stays closed and is used to monitor

the temperature stability of the measurement.



ALO, Chile
UT Day 2622009 (LT Sep 18 - 19 st = -3 hrs)

ALO, Chile
UT Day 163 2010 (LT June 11-12 & =-3 hrs)

ALO, Chile
UT Day 67 2011 (LT Mar 07 -08 & =-3 hrs)

40800 T T T T T T
a ——P12A ]
35000 - .

—+— 866A
30000 +—BG
—v— ActDark|
25000 1 - P14A
{ +— 868A
20000

15000 -

Intensity (counts)

10000 -

5000 4

Intensity (counts)

UT Time
ALO, Chile
UT Day 183 2011 (LT Jul 01-02 &t=-3 hrs)

O

T,
24000 -_-:a\ \;}}q
- i
20000 - b
16000 -
12000 -

8000 -

4000 -f

—
o

Intensity (counts)

)zxnuu
24000 -
20000 -
16000
12000 4

8000

4000 -

—-—P12A
——pP14A |
—.—866A
—-—868A |
.- BG
—+— ActDark |

—

R,

UT Time

ALO, Chile
UT Day 144 2012 (LT May 22-23 & =-4 hrs)

UT Time
ALO, Chile

UT Day 43 2013 (LT February 11-12 &t=-3 hrs)
5000 . , 28000 : . 28000 . . . . . .
(dz —+—P12A (e) —+—P12A (f) ——P12
4000 -| +—P14A 1 24000 == P14A 24000 4 — P14
. 86BA +-BG - BG
20000 —+—868A 20000 ——AdtDark 20000 | —*—ActDark |

«—BG
16000 o

12000

Intensity (counts)

8000 -

4000 -

Intensity (counts)

16000 -

12000 4

8000 4

4000 -

Intensity (counts)

UT Time

ALO, Chile
UT Day 237 2014 (LT Aug 24 -25 & =-4 hrs)

UT Time

ALO, Chile
UT Day 196 2015 (LT Jul 14-15 & =-4 hrs)

« Y8000
(1]
4000 -

UT Time
ALO, Chile

UT Day 308 2016 (LT Nov 02 -03 ¢&t = -4 hrs)

8000 . 5000 ——P12
(g) ~:](h]

4000 . P14 4000 —-—P14 —+—BG

.- BG .- BG 20000

20000 - 20000 o
0 @ E
2 £ S 16000
5 16000 S 15000 3
8 8 b
= ~ 2 12000
2 12000 2 120004 z
Z ] g B rte S i Mt e ]
2 g 2 8000 Rt D S
£ so00 £ 8000 = 1

4000 | ’\—‘w 4000 -| v"&_\_/,-— 4000 s

0 T 0 T T T T T T 0 T
2 4 2 4 6 8 10 2 0 2 4 6 8 10 2 0 2 4 6 8 10

UT Time

UT Time

UT Time

38

Figure 3.2. Plots showing the raw intensity measurements in total counts for nine
nights throughout the program. The P;(2) to P1(4) line intensities (black and grey
curves, respectively) show wave activity. The background sky intensity is the green
curve and the dark image intensity is the blue curve. The first 4 plots include Oq
atmospheric band P branch intensities at 866 and 868 nm (red and pink curves, re-
spectively). Subsequent OH plots were made at a higher temporal cadence of ~2 min.

Figure(3.3|shows the derived OH temperatures and intensities for the same nights

as shown in Figure 3.2l Each plot uses the same temperature range (50 K), but

centered on the mean nocturnal value, for direct comparison of the nights. These

plots clearly show
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Figure 3.3. OH band intensity (red) measurements with derived OH rotational tem-
perature (blue) for the same nights as in Figure . Large-scale tide-like signatures
are ever present, as well as smaller-scale GW signatures.

the diversity in the GW signatures, periodicities, coherence, and amplitude in both
the band intensity and temperature data. On some nights, large-scale tide-like signa-
tures are visible (e.g., Figures , ¢, d, f, g, h), while other nights show medium-scale
GW features (e.g., Figures , g), and most nights show small-scale GWs superposed
on the other signatures (e.g., Figures [3.3a, e, g, h, i). Typical wave periods range
from a few tens of minutes to several hours (limited by the length of the nighttime
observations). The mean OH band intensity and rotational temperature measure-

ments for each night are given in Table [3.1], where n is the number of images. These
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Table 3.1. OH Band Intensity and OH Rotational Temperature Nocturnal Averages
for Nights in Figure

Year UT day  Date Tor (x10% count) Tom (K) n
2009 262 Sep 18-19 65£10 187+£5 94
2010 163 Jun 11-12 155+£26 2068 107
2011 67 Mar 07-08 88+£11 198£7 87
2011 183 Jul 01-02 107+£31 204+12 110
2012 144 May 22-23 61+8 202+5 382
2013 43 Feb 11-12 50+12 187+7 265
2014 237 Aug 24-25 69417 2057 355
2015 196 Jul 14-15 95+10 196+11 384
2016 308 Nov 02-03 99£5 191+£4 259

example measurements illustrate the rich dynamics and broad spectrum of waves that
are ever-present over the Andes. Chapter [0] investigates a subset of these wave termed
mesospheric mountain waves generated by strong wind forcing over the steep Andes

Mountains.

3.5. Investigating Seasonal Trends at ALO

This section uses the large ALO database to investigate seasonal variability in the
nocturnal mean temperatures. To date, over 1700 nights of quality data have been col-
lected from ALO over a 101-month period from August 2009 through December 2017
(spanning 8 consecutive years), including 449 nights of Oy measurements. Further
measurements are currently being made at ALO but have yet to be incorporated in
this analysis. This extensive data set provides novel detailed information for inves-

tigating the seasonal behavior of nocturnal mesospheric temperature over the Andes
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and begins to build a climatology at the OH emission height. Nights with high quality
data are defined by at least 4 h of cloudless images, although most nights average
5-10 h.

The mean OH temperature values for each night are recorded along with the
standard deviation (o) in the mean of the nightly temperature distribution, in order
to reveal the nightly, and hence, yearly variations for the whole data set. This is
illustrated in Figure , which plots the nocturnal mean OH temperature data (blue
dots) for each individual year. During the course of any one night, the temperature
can range from +5 K up to +£20 K caused mainly by wave induced geophysical
variability as represented by the error bars. During the 8-year period, the data
show that the mean nightly temperature ranged typically from 170-230 K, with a
mean value of 19845 K. For each individual year the mean OH temperature (Top)
is given in Table [3.2] indicating very little variability from year to year. Note: the
periodic (~monthly) short gaps are due to no camera operations during the full-
moon period. Other gaps are due to bad weather and occasional MTM operational
problems. The red curve on each plot shows the 30-day running mean smooth, with
data gaps removed. The variations of the average temperature are quite large and
show significant day-to-day variability. There is also visible evidence for longer-term
seasonal variation in this data set possibly associated with an apparent semi-annual
oscillation (SAQO) signature peaking in the spring and fall.

Evidence of a SAO at low-latitudes was found in prior studies during the Maui
MALT program |Taylor et al., [2005; |Zhao et al., [2007|. The origin of the SAO is
not clear but may be explained by several causes |Reed et al., (1962; | Takahashi et al.,
1995|. The semiannual variation in the solar zenith angle, and its resulting variation
in the solar flux, should be one of the main sources |Roble and Ridley,|1994]. Seasonal

change of the zonal and meridional wind system may also be important factors |Zhang
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Figure 3.4. MTM nightly averaged Ty measurements for each year 2010-2017. The
blue points are the mean nightly temperatures, where the error bars are the standard
deviation representing geophysical variability. A 30-day running-mean smoothing fit

(red line) is shown.
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Table 3.2. Results of the Harmonic Fits to the OH Rotational Temperature Time
Series for the Years 2009-2017 at ALO.

Year Tou(K) N AO SAO QAO

Amp (K) ¢ | Amp (K) ¢ | Amp (K) ¢
2009 19248 64 - - - - - -
2010 1957 209 3.0 200 3.2 148 2.5 20
2011 200£9 241 4.0 250 7.4 133 2.5 49
2012 2014+9 236 3.4 153 1.9 108 0.9 40
2013 199£8 190 0.7 271 4.4 131 4.3 20
2014 201£8 207 2.9 93 3.0 98 0.5 40
20157 199410 146 5.7 120 3.2 127 5.2 ol
2016 19449 206 3.8 90 3.1 97 1.9 40
2017 191£7 210 1.3 121 1.7 101 3.3 37
ALO  198+5 365 1.9+0.3 192+10 | 3.4+£0.3 1314+3 | 2.0£0.3 37£3
Maui 197£14 365 2.4 42 3.8 111 1.5 31

T Limited data set.

et al, |2001]. The atmospheric solar tides and their seasonal variation in amplitude

and phase are another possible factor which might explain such an oscillation.

At the location of ALO, which lies between low and mid-latitudes, both the SAO

and annual oscillation (AO) signatures can be present. To investigate their signatures

in the mesosphere and their relative contributions each year to the annual variability

Figure plots the MTM nightly averages for the whole 8 years (1700+ nights).

While the mean temperature variability dominates from night-to-night, there is evi-

dence of two peaks per year which is illustrated by a 30-night running-mean smoothing

of the data shown by the solid red curve. The amplitude of this SAO is consistently
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several K from year to year. Closer inspection reveals there is also a signature of
an AO which is less coherent from year-to-year and smaller in amplitude than the
SAO. Figure takes this analysis a step further by plotting monthly-averaged tem-
perature measurements. As before, the vertical bars indicate the standard deviation
of the observed values from the means. The SAO signature is more evident in the
monthly temperatures, showing maxima after the fall equinox (March-May) and in
November with a higher peak during the fall (Note the exception in the year 2011
when the higher peak occurs in November).

Based on the apparent SAO signature in the temperature, a Lomb-Scargle (L-S)
periodogram analysis is performed to investigate the spectral content of both the OH
temperature and band intensity. The L-S periodogram is able to identify prominent
periods in incomplete data sets |Lomb|, [1976; |Pressl 2007; |Press and Rybicki), |1989;
Scarglel, [1982]. This is particularly useful because long-term airglow data have gaps
due to inclement weather, strong moon light and computer problems. Figure
shows the periodogram power versus wave period in days for the Ty normalized to
unity. The horizontal line indicates a 90% confidence level. Several well-defined peaks
were identified well above the threshold level. These establish not only a dominant
SAO component (180 days) but also a strong AO (353 day) and evidence for a novel
3-month or quarter-annual oscillation (QAO) at 91 days |Zhao et all 2016]. Near
identical periods were also detected in the intensity data (not shown). The 786 day
(~26 months) period wave (not shown) may be evidence of a quasi-biannual oscillation
(QBO) |e.g., |Huang et al., 2008; Wit et all[2016] and is not considered further in this
study. Furthermore, the prominent 29-day period may be due to the monthly gaps in
data caused by no operation during full moon. The SAO signature is very well defined

and clearly dominates the other seasonal signatures at this intermediate-latitude site.
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Figure 3.5. MTM nightly averaged Tpy measurements from 12 August 2009 until
31 December 2017 (years are separated by black vertical lines). The blue points
are the mean temperature for each night and the error bars represent the standard

deviation in temperature each night. A 30-day running-mean smoothing fit (red line)
is shown.
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Figure 3.6. Monthly averaged OH temperatures from August 2009 to June 2017
showing clear SAQO.
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Figure 3.7. Lomb-Scargle periodogram analysis of Tpy for the 8-year data set show-
ing annual and semiannual oscillation signatures. The horizontal line shows the 90%
confidence level.

3.5.1. Year-to-Year Variability in Seasonal Oscillations

To reveal general trends in the observed AO and SAO (and QAO) variations of
the Toy, Figure summarizes the annual mean variation of the 8-year data set
superposed into a single year as a function of day number (as before, the error bars are
dominated by geophysical variability). The twin peaks of the SAO are immediately
evident occurring about a month after the fall (UT day 120) and spring (UT day 300)
equinoxes. The fall peak tends to be larger than the spring peak as shown by the
15-day smoothing curve (red curve). To quantify the contributions of the AO, SAO
and QAQO components, a least-squares fit to these data has been performed of the

form |Zhao et al., 2007]
27t 27t 27t
y(t) = A+ Cicos <% + <]§1) + Cycos (@ + ¢2> + Cscos <9—1 + gbg) . (3.1)

where A is the annual mean temperature, the second term is the fit to the AO, the

third term is the fit to the SAO component, and the fourth term is the fit to the
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QAO. The C variables are the amplitudes and the ¢ terms are the phase shifts. The

resultant fit (black curve) to the data is clearly very good and the individual wave

components are summarized in Table [3.2]
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Figure 3.8. MTM nightly averaged Ty measurements shown in one superposed year
for both ALO and Maui. (a) Toy measurements from 12 August 2009 until 31 De-
cember 2017. The blue points are the mean nightly temperature and the error bars
represent the standard deviations. A 15-day running-mean smoothing fit (red line) is
shown. A least-squares fit using a mean, AO, SAO and QAO is shown as the smooth
black curve. (b) Similar data from Maui MALT campaign from November 2001 to

December 2004 |Taylor et al., [2005].
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Table summarizes the results of the least-squares fitting for the individual
AO and SAO components for the Tpy data. The composite year reveals an SAO
amplitude of 3.4 K, while the AO was significantly smaller at 1.9 K. The amplitude
of the SAO tended to be larger during most years, however, from year-to-year their
relative amplitudes and phases were observed to vary significantly. For example,
the AO was larger during 3 years (2012, 2015, and 2016). Note: the year 2015 has
significantly reduced data due to a computer failure (only 146 nights).

Table also summarizes evidence for an unusual QAO signature. An QAO
was initially found to be significant in 2010 and 2011 where its amplitude (2.5 K) was
comparable to AO and SAO amplitudes |Zhao et al., 2016]. More recently, in 2016
and 2017, the QAO amplitude again increased to be comparable with AO and SAO
signatures. The year 2013 shows large SAO and QAO signatures (4.4 K, respectively),
and a very low AO signature (<1 K), as depicted in Figure . In contrast, 2011
exhibited the largest seasonal perturbation amplitudes for the AO (4.0 K), SAO
(7.4 K), and QAO (2.5K).

The amplitudes of the individual components of the AO (black), SAO (blue),
QAO (red) and their relative phases are plotted in Figure as determined from
the least-square fit. They strongly suggest that the origin of the asymmetry between

the spring and fall temperature peaks is due to a combination of AO and SAO signals.
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Figure 3.9. Harmonic analysis of F igure showing the amplitude and phase of the
AO (black), SAO (blue), and QAO (red) observed by the MTM at (a) ALO and (b)
Maui.

To place these findings in a broader perspective, Figure plots the results for

three years (November 2001-December 2004) of MTM measurements at Maui folded

into one year |Taylor et all 2005; | Zhao et al., [2005]. A 15-day running-smooth fit to

Ton data from Maui is also shown in red. Using the same basic Equation Maui
fitted amplitude results are also shown in Table 3.2l Maui results showed a mean
Tog of 19745 K, an AO with an amplitude of 2.4 K, an SAO of 3.8 K |Taylor et al.,

2005 |Zhao et al.l 2007], and this new analysis presented herein also suggests an QAO

amplitude of 1.5 K at Maui, as shown in Figure 3.9b.

In summary, ALO MTM results show an AO and a predominant SAO signature
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with maxima near the equinoxes with the fall maximum being larger. These findings
are in good agreement with previous results showing both AO and SAO signatures
le.g., |Gelinas et all,2008;|Offermann et al.;2009; Roble and Ridley|, 1994;|Zhang et al.,
2001; | Zhao et al.l;2005|. |Takahashi et al. [1994] reported the SAO as a typical feature
at low latitudes, while the AO is a dominant feature at higher latitudes. |Gelinas
et al| [2008] reported OH temperature and intensity measurements from Adelaide
(34.9°S) and Alice Springs (23.7°S), Australia and indicated that the SAO of the
diurnal tide dominated the OH intensity and temperature data with the peak of the
SAQO occurring a month after the equinoxes.

The extensive MTM data set (2009-2017) has enabled the identification of sig-
nificant year-to-year variability in the relative amplitudes of AO and SAQO, and the
high precision of the measurements has enabled the occasional identification of QAO

signatures, which are new and currently under further investigation.

3.5.2. Local Time Variability

So far, the seasonal analysis has used only nightly mean MTM data (i.e., 1 data
point /night). However, the 8-yr MTM data set comprises over 388,000 data points
(spread out over 12 hours in local time) enabling detailed investigations of tidally
driven local time variations in mesospheric temperature and potential influences on
the AO and SAO. |Reid et al.||2017] and |Silber et al.|[2017| recently presented studies
where they divided spectrometric nightglow data from Adelaide, Australia (34.9°S)
and Tel-Aviv, Israel (32.1°N) respectively, into regular four 3-h bins and 1 min bins
respectively, to study local time variability. Following their methods, the MTM data
has been divided into twenty 30-min blocks and the resultant ALO Tpy data set is
plotted in Figure [3.10] Each clear, moonless night is represented by a vertical column
starting at the beginning of the night (~22 UT) and ending around 10 UT (maximum

duration ~12 h), when the solar depression angle was >12°. In this format, the plot
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shows that the Ty was consistently colder during the nights in 2010, 2016, and 2017,
and the nights were substantially warmer in 2011 and 2012, as previously suggested
by their average values in Table The gaps in the data arise mainly from no
observations during the full moon and overcast skies (The plot also shows the longer

austral winter nights occur during the middle of each year.).

240
230
220
210

200

UT time

190

180

170
2010 2012 2014 2016 2018

Year

Figure 3.10. Tpy measured from 12 August 2009 until 31 December 2017. Each
vertical column of data is one night averaged into thirty minute bins (1700 nights).
The vertical axis shows the time over the course of the night, with local midnight at
04 UT (winter) and 03 UT (summer).

Figure replots the data separately for each year for better identification of
the reoccurring warmer and colder regions. In particular, the temperature feature in
the cold years, 2016 and 2017, and warm years, 2011 and 2012, can now be visually
compared. In both of these situations, colder temperatures generally occur in the

evening hours during the summer months and warmer temperatures in the morning
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hours during winter months. These findings agree with [Reid et al|[2017] and
2017] who both identified similar pre-dawn warmings.

-z
20100 20110

UT time (hr)

UT tirme (hr)

2 2 -2
2015.0 2018.0 2018.0 2017.0 20170

Year Year ear

Figure 3.11. Similar to Figure except each year (2009-2017) is shown separately
for better resolution.

To investigate these thermal features further, the data set has been superposed
into one year as shown in Figure [3.12h. This plot is very well populated and immedi-
ately identifies the extensive (~1 month duration) “hot spot" around day 120 in the
early morning hours. Also evident during this period is a milder warming occurring
in the early evening hours during the same days as the pre-dawn hot spot. A second,
weaker warming is evident around day 310 where the mesosphere is warmer through-
out the night. An extensive cold region occurs between these two warm regions

centered on local midnight during days ~180-250. Taken together, these structures
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constitute the basic characteristics of AO and SAQO signatures as reported in previous

Figures [3.5], 3.6 and [3.8, and show significant local time and seasonal variability.
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I"n l\ "‘”Wv - .
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UT time (hr)
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Figure 3.12. Thirty-minute Ty data from Figure folded into one superposed
year for (a) raw data and (b) with tides removed. Note: plot (a) shows a high
temperature peak around UT day ~120 near dawn (~06-10 UT), and plot (b) shows

the reduced peaks.

One important source of variability are atmospheric tides. In particular, the
diurnal and semidiurnal tides may introduce systematic biases during the course of
the night. To investigate the combined influence of the tides, the diurnal (24 h) and
semidiurnal (12 h) tide signatures were removed from each night using a modified

version of Equation The superposed year is shown in Figure [3.12b with the data
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analyzed the same way as in Figure [3.12h. Harmonic analysis of each horizontal block
was used to determine the mean amplitudes and phases of the AO and SAQO in order
to estimate the nightly geophysical variation with and without tides. The results are
plotted in Figure [3.13] Before the tides were removed (Figure [3.13h), the amplitudes
of the AO (black curve) and SAO (red curve) were variable with time, but both
increased significantly during the course of night and dominated in the early morning
with average values of 4.4 K and 3.7 K, respectively. With the tides removed (Figure
3.13b), the AO amplitude (black curve) reduced greatly (~60%) with an average
amplitude of 1.9 K, while the SAO reduced slightly (~10%) to an average amplitude
of 3.3 K. The phase of the AO changed significantly before tidal removal but remained
constant, peaking on UT day 142, after the tides were removed. In comparison, the
SAO phase remained approximately constant (peaking on day UT 125) before and

after the removal of the tides. See Table [3.3] for details.

(a) I (b1)0_'
| —— SAQ

Amplitude (K)
Amplitude (K)

T T T T T T T T 0 T T T T T
0 2 4 6 8 10 0 2 4 6 8 10

UT time (hrs) Ut time

Figure 3.13. Results of harmonic analysis showing half-hour bins of the amplitude
(measured in Kelvin) of the AO (black) and SAO (red) signatures from Figure [3.12h,
(a) with and (b) without tides. Once tides are removed, the amplitude of the AO
(black) and SAO (red) signatures are more constant throughout the night (from

Figure )



95

Table 3.3. Results of the harmonic fits to the Ty time series for the superposed

year (Figure 3.12h).

AO SAO

Amplitude (K) ¢ (days) | Amplitude (K) ¢ (days)

With Tides 44409 K 113+£18 3.7£04 K 12142
Tides Removed 1.9+£0.1 K 142+£3 3.3£0.1 K 1251

Given these results, when the superposed year, with tides (Figure [3.12h), is
examined for the nightly OH variation, a change from a predominant SAO at the
beginning of the night to a superposition of the AO and SAO by the end of the night
with the AO dominating can be seen. These changes support the likely influence of
tides on the local-time observed AO and SAO signatures. With tides removed, the
AO was impacted significantly, while the SAO was only slightly affected. The recent
tidal analysis by |Silber et al. |2017] associated with seasonal measurements of the
AO and SAO at similar latitudes revealed (their Figure 7) that the semidiurnal tide
affected the amplitude of the AO, while the amplitude of the SAO was influenced by
the diurnal tide. This finding suggests that at ALO the semidiurnal tide has a greater

influence on the combined AO and SAO seasonal variations.

3.6. Summary and Conclusions

The MTM has succeeded in obtaining over 8 years (2009-2017) of high quality
mesospheric OH intensity and temperature data from ALO, Chile (30.3°S). The rich
data set includes over 1700 nights of measurements that are well-distributed through-
out the years and in local time enabling high quality nocturnal GW studies and
seasonal investigations. A key finding was the great variability from night to night in

both temperature and intensity data, as well as clear semiannual seasonal oscillation.
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Much of this chapter focuses on the use of MTM temperature data to investigate
the seasonal variability in particular the distinct SAO which occurs at low-to-mid
latitudes and dominates at ALO. Least-squares fitting analysis determines an average
SAO amplitude of 3.4 K (range 2-7 K) peaking around UT day 131 over the 8 years,
and an AO component which was significantly smaller with an average amplitude
of 1.9 K (range 1—6 K) peaking around UT day 192. A systematic asymmetry
was also found with the larger peak temperature occurring during the fall likely
due to a superposition of the AO and SAO signatures. These results agree well with
previous studies |Reid et al., 2017, |Silber et al.,[2017;|Zhao et al.,[2007|. In particular,
a comparison with similar MTM measurements from the low-latitude Maui MALT
program revealed near identical SAO amplitudes at both sites. An unexpected QAO
(average amplitude, 2 K) was also identified at ALO [Zhao et al. 2016] and reanalysis
of the Maui MALT data may also exhibit a similar but smaller QAQO signature.

A clear SAO pattern is observed for both the OH intensity and temperature.
To further investigate the dominant seasonal signature, the effect of tidal oscillations
were studied following the methods of |Reid et al|[2017] and |Silber et al.|[2017]. As the
seasonal airglow data time series is not continuous (12 h maximum) for each night,
it is difficult to quantify the tides. Nevertheless, a harmonic local-time analysis was
performed to remove solar diurnal and semidiurnal tidal contributions. With tides
removed, the amplitude of the AO reduced significantly (~60%), while the amplitude
of the SAO reduced only slightly (~10%). The recent tidal analysis by |Silber et al.
[2017] associated with seasonal measurements of the AO and SAO at similar latitudes
(~30°) revealed that the semidiurnal tide affected the amplitude of the AO, while
the amplitude of the SAO was influenced by the diurnal tide. Thus, at ALO the

semidiurnal tide most likely has a greater influence on the seasonal variations.
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CHAPTER 4
COINCIDENT MTM AND SABER MEASUREMENTS OF MESOSPHERIC
TEMPERATURE OVER ALO

4.1. Introduction

In addition to ground-based observations of the mesosphere there have been
several space-borne instruments which have made significant contributions to our
knowledge of MLT region dynamics and temperature field. In particular the SABER

instrument onboard the TIMED satellite has and continues to make majors contri-

butions to ongoing MLT studies [Liu et al. 2015; |Lopez-Gonzdlez et all [2007; |Noll

let al. 2016} [Quan et all, 2017 [Reisin and Scheer}, 2017; [Remsberg et al., 2008}

let al. 2006, 2010, 2012|. Other space-based measurements of the MLT include the

Optical, Spectroscopic, and Infrared Remote Imaging System (ORISIS) |Sheese et al.,
2011, 2014]; Scanning Imaging Absorption Spectrometer for Atmospheric Chartog-

raphy (SCIAMACHY) |von Savigny et al. [2004] and Michelson Interferometer for

Passive Atmospheric Sounding (MIPAS) |Garcia-Comas et al., 2012] on the Euro-

pean ENVISAT; Atmospheric Chemistry Experiment & Fourier Transform Spectrom-

eter (ACE-FTS) [Mulligan and Lowe), 2008|; Cloud-Aerosol Lidar with Orthogonal

Polarization (CALIOP) |Alexzander et al., [2013]|; Microwave Limb Sounder (MLS)

|French and Mulligan, 2010; | Jiang et al.,[2002, |2004]; the Cloud Imaging and Particle

Size Instrument (CIPS) and Solar Occultation for Ice Experiment (SOFIE) on the

AIM (Aeronomy of Ice in the Mesosphere) satellite |Garcia-Comas et al., 2014; |Ran-|

\dall et al., [2017]; and stratospheric soundings by the Atmospheric Infrared Sounder

(AIRS) |Alexzander and Teitelbaum),|2007|, and the Cryogenic Infrared Spectrometers

and Telescopes for the Atmosphere (CRISTA) instrument |Preusse et all [1999;|Scheer

ef al}, 2006).




o8

Ground-based observations of the atmosphere offer important information about
the night-to-night variability on local time scales, and have great potential for long-
term studies while being very cost effective. However, they are limited due to global
geophysical coverage and suffer from inclement weather. In contrast, space-based
observations provide much more “global" coverage depending on their orbit. Coor-
dinated use of both ground-based and spaced-based data sets can provide a better
understanding of the local and regional structure and long- and short-term variability
in the MLT region.

Several comparative studies have been conducted between ground-based OH tem-
peratures and SABER measurements. For example, Oberheide et al. [2006] and |Mul-
ligan and Lowe|[2008] compared ground-based spectrometer measurements of the OH
rotational temperature derived from OH Meinel band (3,1) data with SABER kinetic
temperatures from three sites: Wuppertal (51°N), Maynooth (53.2°N) and Stockholm
(59.5°N), all at mid-to-high Northern latitudes. Their extensive comparisons showed
good agreement between the ground-based and SABER data, and on average the
spectrometer OH temperatures were warmer than the SABER temperature by 4.5—
8.6 K at the nominal OH altitude of 87 km. |Ldpez-Gonzilez et al.| [2007] compared
OH (6,2) Meinel band temperature measurements from Sierra, Nevada (37°N) with
SABER observations at mid-latitudes. They reported similar temperature variations
from night to night and throughout the season, and that the ground-based measure-
ments were also warmer by ~5.7 K at 87 km altitude. |French and Mulligan| [2010]
compared OH (6,2) rotational temperature measurements from Davis, Antarctica
(68°S) with SABER over a seven year period (2002-2009). They reported warm bias
of the ground-based measurements over the SABER temperature measurements. A
more limited campaign of 120 nights over three winter periods, |Parihar et al. [2017]

found ground-based OH (6,2) rotational temperatures to be warmer than SABER
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measurements by 4-5 K at Ranchi, India (23.3°N) at low-latitudes. All of these stud-
ies indicate a general good agreement with SABER and all point to a similar warm
bias of the ground-based OH temperatures compared to the SABER measurements
by, typically, 5 K. These comparative studies enable the identification of systematic
differences and biases between the two techniques and validate their combined use for

studying the thermal structure of the MLT region.

4.2. SABER Instrument and OH Temperature Data

The TIMED satellite was launched in December 2001. Its primary mission is to
obtain state variables and study the energy transfer in the MLT region, at that time,
the least understood and least explored region of the earth’s atmosphere |Yee et al.,
1999]. TIMED was launched in a circular orbit at 625 km altitude inclined at 74°
to the equator |Russell III et all 1999]. SABER, built by USU’s Space Dynamics
Laboratory, is one of four instruments aboard TIMED managed by NASA Langley
Research Center. The SABER data provide fundamental information on the energy
balance, chemistry, dynamics and transport of the MLT region |[Mlynczak|, |1997} |Rus-
sell III et al), |1999]. SABER is a versatile infrared radiometer capable of global
measurements of the Earth’s limb producing the first comprehensive profile measure-
ments of state parameters and species related to energetics and thermal structure in
the MLT region |Remsberg et al., 2008|. The technique that SABER uses to sound
the atmosphere has “never before been used to study the MLT region in such detail"
|Russell III et al., {1999).

SABER views 90° to the right of the trajectory of the TIMED satellite and has
an instantaneous FOV of 2 km by 24 km. It provides continuous coverage for the
latitudes of 52°N-52°S with a view of higher latitudes (up to 83°N or S) alternating
every 60+ days due to its yaw cycle. SABER is a 10-channel broadband limb-scanning

infrared radiometer covering the spectral range from 1.27 pym to 17 pm. These up
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and down limb scans view IR radiation emitted from the surface to the thermosphere
(10400 km) every 53 sec and their analysis provide profile measurements of kinetic
COy temperature, pressure, HyO and CO,, O3 mixing ratios, and the volume emission
rates of Os and OH, and heating and cooling rates among other measurements with
a vertical resolution of ~2 km at the tangent point. |[Remsberg et al. [2008| reported
systematic and random errors of 3.8 K and 2.2 K respectively for the SABER Version
1.07 temperature measurements. This study uses the kinetic CO4 temperature profiles
of SABER Level 2A data which cover the range of 15-100 km in altitude, and in order
to reduce statistical uncertainty the data are averaged vertically over 1 km. Data
and additional instrument details are available from http://saber.gats-inc.com.
SABER obtains kinetic temperature profiles and before comparisons with ground-
based Tpy can be made, the OH equivalent temperature (7)) must be estimated
(Discussed in Section [1.2.2).

The MTM instrument has a FOV corresponding to 150 km diameter at the OH
emission altitude. However, for this chapter, only temperature measurements from
the zenith were used, corresponding to a smaller 4.5 km by 4.5 km square region.
The Toy represents the weighted temperature of OH emission layer at the presumed

altitude of 87 km.

4.2.1. Coincidence of SABER overpasses and MTM measurements

To quantify the comparison of the MTM data set with SABER measurements,
criteria were selected to maximize the number of coincident measurement events be-
tween the two instruments. In theory, concurrent measurements of the SABER T}, and
the ground-based OH Ty from the same location should be used for comparison. In
practice, exact overpasses are not common. Therefore, to investigate the effect of the
size of the sample region on the comparative study three spacial coincidence regions

of different sizes were initially selected: £2.5°, +5.0°, and 10°x20° latitude-longitude
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boxes centered on ALO (30.3°S, 70.7°W).

When a SABER measurement event coincides with the MTM operating, a com-
parison of these data can be made by averaging several Tpy measurements for com-
parison with each SABER T}.. A short temporal window of +6 min was used for this
study, a similar window was successfully employed for a study using the MTM OH
data from Maui MALT (See Section [4.2.4)). If the SABER event occurs just outside
the MTM observation window, but still within the 6 min, then the closest 6 min
of Toy were averaged. T} obtained outside this 6-min window are considered not
coincident.

Nightly coincidence measurements were obtained over a time range of 23 to
11 UT throughout the year. Table summarizes the statistics of all SABER Ty
measurements that coincide with MTM measurements of Ty during the period 2009—
2016. The table lists the three different spatial box sizes centered over ALO, +2.5°,
+5.0°, and 10°x20°, and the number of events that occur in each box. A Gaussian
curve was fitted to the distribution of temperature differences (AT), SABER T}, minus
MTM Topg, between the two measurements revealing a temperature offset of —5 K
and FWHM of ~14 K, —5 K and FWHM of ~15 K, and —6 K and FWHM of ~16 K
respectively. A negative AT indicates that the SABER T} is cooler than the MTM
Tog. This shows that the OH layer is largely uniform over these considered scale
sizes, and the spatial coincidence criteria can be decreased to increase the number
of coincident measurements with little effect on the obtained biases. Therefore, to
maximize the number of samples, the latitude-longitude box size of 10°x20° was

chosen for this study.

4.2.2. OH Layer Thickness Comparison
As discussed in Section [1.2] hydroxyl emissions originate from a well-defined

layer at a nominal altitude of 87 km with a layer thickness of ~8-10 km |Baker
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Table 4.1. Coincidence SABER Temperature and Ty Measurements For 2009-2016
Using Different Size Latitude-Longitude Boxes Centered on ALO.

Spatial Criterion Events AT (K) FWHM (K)

%% B° 394 —5.1 14.3
10°x 10° 1720 —5.2 15.3
10°x 20° 3465 —5.95 16.2

\and Stair Jr, |1988; |Yee et al., |1997; |Zhao et al, [2005]. Approaches to find the OH

equivalent temperature from the SABER 7T}, profiles have included using a Gaussian

shaped weighting function |e.g., |[French and Mulligan| 2010; |Oberheide et al., |2006;

Remsberg et al., 2008] and the measured OH volume emission rates (VER) profiles

from the SABER 1.6 pm or 2.0 gm channels [Mulligan and Lowe|, 2008} |Parihar et al.,

2017 |She and Lowe, 1998, e.g.,]. The SABER OH VER channel has contributions
from the OH (5,3) and (4,2) bands which peak at different altitudes |Baker and

\Stair Jrl 1988} lvon Savigny|, 2015, and references therein|, so the Gaussian-shaped

weighting function was chosen for the present study, as given by:

1) = gy [—; ( ;)] (1)

where z is the altitude, z, is the reference altitude, and o is the standard deviation. In-
dividual SABER temperature profiles were height-weighted using the Gaussian func-

tion with the reference altitude being 87 km with a layer thickness, or full width

at half maximum (FWHM = 2.3550), of ~9.3 km. |Yee et al|[1997] and |[Remsberg
2008] used a OH layer thickness of 9.3 km, while |Oberheide et al. [2006] used

a OH layer thickness of 8.7 km. Figure [{.Th compares 1833 SABER profiles, from

2016, using the two different layer thicknesses and shows very good agreement. The
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resultant temperature difference was only 0.1+0.4 K, as shown in the distribution of
Figure [d.Ip. These OH layer thicknesses were also compared with thinner and thicker
layers of 6 to 10 km yielding similar results. In comparing the four different possible
layer thicknesses, it is concluded that there is no significant difference between the T},
values obtained. In the current study a value of 9.3 km is therefore used, as this was
the same Gaussian-shaped height-weighting function previously used by |Zhao et al.
[2005] and |Remsberg et al. [2008] using the MTM at Maui, Hawaii (20.8°N).
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Figure 4.1. Comparison of different OH layer thickness assumptions. (a) Linear fit
to comparison of SABER OH-equivalent temperature measurements with different
thicknesses for 1833 temperature profiles centered over ALO at a height-weighted
altitude of 87 km during the year 2016. (b) The distribution of temperature differences
for the 1833 temperature measurements. Gaussian fit shows a difference of only 0.06 K

with a FWHM of 1.0 K.

4.2.3. SABER Version Comparison

The most recent version of data available from SABER is version 2.0, which is
an improvement over all previous versions, including v1.07. The new version features
improvements to the production algorithms to reduce differences in up and down scans
of the radiance data, improvements to the procedures for simultaneous measurements

of the temperature and density, and updates to the climatology models which has
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reduced the number of anomalies. Most of these updates affect the stratosphere and
high-latitude measurements. To quantify the difference between versions, one year of
data, 2010, is used. A total of 1826 SABER T}, profile measurements from a 10°x20°
box centered on ALO were used. The mean temperature for SABER v1.07 for the
1826 profiles at the height weighted altitude of 87 km was 194.14£8.4 K and the
mean temperature for the SABER v2.0 was 192.448.5 K. The SABER temperature
measurements are plotted in Figure [f.2h showing a very linear relationship with a
slope of 0.99. Figure [4.2b shows a Gaussian curve fit to the difference between the
two versions revealing a difference of 1.6+£1.2 K, v1.07 being warmer. This shows
that the SABER version measurements are very similar, as should be expected. Due
to the improvements offered by v2.0 and because v1.07 was completely replaced as of
January 2013 for the rest of the study, SABER v2.0 Level 2A data will be exclusively

used in this dissertation.
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Figure 4.2. SABER versions 1.07 and 2.0 OH-equivalent temperature comparison.
(a) Linear fit to the comparison of SABER versions 1.07 and 2.0 temperature measure-
ments for 1826 SABER temperature profiles centered over ALO at a height-weighted
altitude of 87 km during the year 2010. (b) The distribution of AT for the 1826
temperature measurements. Gaussian fit shows difference of 1.6+1.2 K.
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4.2.4. Previous Comparison Between SABER and the MTM
From November 2001 to December 2006, the MTM instrument operated from

the Air Force AMOS facility, Maui, Hawaii (altitude 2970 m, 20.8°N, 156.2°W) ob-

taining over 1000 nights of high-quality data |Zhao et al., 2005, [2007]. |Remsbery et al.|

[2008| reported a comparison with previous SABER v1.07 temperature and the MTM
Ton. Maui comparison used a 10°x20° coincidence box and MTM Ty were averaged
over =12 min. Figure shows a time series plot for over 2300 coincidence events
during 2003 showing SABER 7}, measurements (red circles) and MTM Ty (blue).
Both data sets show large variabilities (up to 40 K) during 2003, and the MTM and
corresponding SABER measurements tracked each other well. The SABER average
temperature was 197.0 K, while the average MTM temperature was slightly warmer,
202.2 K. Figure[4.3p is a histogram plot with a fitted Gaussian curve of the distribu-
tion of the temperature differences, AT, showing a systematic temperature offset of

5.240.2 K with the MTM warmer.
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Figure 4.3. Temperature difference between SABER and MTM observed over Maui.
(a) Time series of the SABER T}, (red) and the MTM Tpp temperatures (blue) for
2003 at Maui |Remsberg et al., 2008]. (b) Histogram of AT with a Gaussian fit and
a standard deviation of 8.9 K [Remsberg et al/, [2008].
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In a similar study, von Savigny et al. [2004] reported space-borne OH (3,1) Meinel
band temperature measurements by the SCTAMACHY instrument and also compared
them with the MTM Ty g from Maui, Hawaii (21°N). They reported the measurements
were in good agreement, and that the ground-based measurements were again warmer

with a similar mean temperature difference of 7.1 K.

4.3. ALO MTM and SABER Temperature Comparison

For comparison with the 8 years of ALO data, all coincident SABER temperature
measurements within the 10°x20° box are recorded. In practice, up to ~8 SABER
measurements are possible each night. As in prior studies, each of the SABER temper-
ature measurements is compared with the closest MTM temperature measurements.
Two example nights are illustrated in Figure 4.4 with the 12-min averaging window
shown by the bold, black lines. Figure shows Tppy obtained 22-23 May 2012
illustrating the typical variability observed at ALO. The figure shows the derived
zenith Tpy as discussed in Chapter 3| (blue) and identifies two coincident SABER
overpass T} measurements (mean value = 197.5 K, red circles) at ~0500 UT with
a mean difference of 0.7 K. Likewise, Figure shows the Toy (blue) obtained
7-8 September 2013 and two coincident SABER overpass T} measurements (mean
value= 182.8 K, red circles) at ~0410 UT (see data in enlarged box) with a mean
difference of —0.5 K. Note the importance of using a short averaging window due to
strong GW-induced variability.

Figure shows the comparison between SABER v2.0 T}, (open red squares)
and MTM Tog (open blue circles) for 3465 coincidences within the 10°x20° sample
volume centered on ALO during the period of 2009-2016. The seasonal temperatures
ranged from ~160-230 K and had a mean of 191.3+0.1 K (¢=8.2) for SABER and
198.0+0.2 K (0=8.2) for the MTM data. The SABER and MTM temperatures again

track well and show good agreement throughout this period as shown by the 30-day
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Figure 4.4. MTM data obtained 22-23 May 2012 and 7-8 September 2013 with coin-
cident SABER measurement. (a) The derived zenith OH (6,2) rotational temperature
(blue) and two superimposed coincident SABER overpass temperature measurements
(red circle) at 0500 UT. (b) The derived zenith OH (6,2) rotational temperature (blue)

and two superimposed coincident SABER overpass temperature measurements (red
circle) at 0410 UT.

smooth fits (red line and blue line, respectively). However, the mean temperature
measurements from ALO are consistently warmer than those measured by SABER
during this extended period revealing a consistent ~5 K systematic offset between
the two data sets, with ALO warmer. Table displays the mean temperature and
standard deviation, as well as the number of coincident events each year, n. Note
the number of coincidence measurements differ from year to year based on when the
MTM was operating as limited by the full moon, cloud coverage, power outages or
computer problems, and the 60-day yaw cycle of the TIMED satellite.

In Figure 4.6, the ALO temperature measurements are superposed into one year
for comparison with results from Maui (shown before in Figure [£.3h). Both Figures
consistently show an offset with the Tpy higher than the Ty. The average AT at
Maui and ALO are similar, both being warmer than SABER. This offset at ALO is
shown in Figure which plots a distribution of the AT, along with a Gaussian fit.

Both Figures and show very similar distributions yielding good Gaussian
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Figure 4.5. Time series of the SABER T}, (red squares) and the MTM Tpg (blue
circles) with a 30-day running mean applied to both data sets.

Table 4.2. Yearly Mean SABER T}, and Mean Tpy and Standard Deviations, o.

Year T:. (K) o Ton (K) o n

2009 188.0 7.4 195.0 11.3 169
2010 190.1 8.4 194.7 11.0 552
2011 191.5 7.6 200.4 11.6 574
2012 193.1 8.9 200.4 12.6 269
2013 191.6 9.0 200.0 112 294
2014 192.6 8.2 201.6 12.1 566
2015 190.9 7.9 198.6 11.7 440
2016 191.3 8.2 193.7 10.2 601

TOTAL 191.3+0.1 8.2 198.0+0.2 11.8 3465
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fits. The peak of the ALO Gaussian is —5.5+£0.3 K (0=6.9), and although ALO
provides 50% more data than the Maui data set, it compares very well with the Maui
results, —5.240.2 K (0=8.9). Despite the expected increase in GW activity due to
orographic forcing over the ALO site, the FWHMs of the ALO and Maui data are
similar. This provides good confidence when comparing SABER and ground-based

measurements under different geophysical forcing conditions.
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Figure 4.6. Temperature difference between SABER and MTM observed over ALO.
(a) A time series of the SABER T}, (red squares) and the MTM Tpp (blue circles)
for 20092016 at ALO superposed into one year. A 30-point running smooth applied.
(b) A distribution of the AT with a Gaussian fit showing the ~5 K offset.

To further investigate these measurements, Figure compares the measured
Tog with the SABER T}, for each of the 3400 coincidence data points. The plot
shows a distinct elongated clustering in the data suggesting a linear relationship. The
dashed line depicts a 1:1 relationship between the two data sets. However, the red
line shows the actual linear fit which is similar in slope at 0.91 but is offset, yielding
a unexpectedly low coefficient of determination (R?) of 0.41. Closer examination of

the plot shows that for a given SABER temperature (e.g., 200 K) there is a broader
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range of MTM Ty as indicated by the large Gaussian widths (o) of the Tom (see
Table [4.2)).

For comparison, Figure shows results from a comparative study with the
GRIPS instrument and SABER at mid-latitudes as reported by |Oberheide et al.
[2006]. Their study used three years of measurements and yielded a high correlation
between SABER and GRIPS temperature measurements (slope of 0.99 and R? of
0.86), as well as a systematic temperature offset of 7.4 K. They also found that
there was no significant yearatodyear and monthatoamonth biases. Furthermore,
they concluded that 87 km was the best altitude to use when calculating the OH
equivalent temperatures from the SABER data |Oberheide et al., 2006]. One possible
cause for the low correlation coefficient in [4.7h could be related to seasonal changes

in the OH layer as SABER measurements are referenced to the 87 km altitude.
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Figure 4.7. Scatter plots of the MTM Ty versus SABER T}, and GRIPS OH temper-
ature versus SABER T}, showing linear relationships. (a) MTM Ty versus SABER
Ty, for 20092016 at ALO. The dashed lines show y = x. Slope is 0.91. (b) GRIPS
OH temperature versus SABER T} |Oberheide et al., [2006]. Slope is 0.99.
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4.3.1. Seasonal Investigation

To investigate the possible effects of seasonal variability, Figure 4.§8| plots the
mean AT as a function of month (January-December, 1-12). While the mean AT
is —5.5 £0.3 K (0= 6.9 K), the figure clearly shows the offset changes from month-
to-month in a cyclic manner with the greatest differences occurring in April and
November (~-9 K), which is also when the SAO peaks occur as determined from
the MTM data (see Figures and [3.8h). In contrast, the smallest AT at ALO
occurs during both the winter and summer months (~ —4 K). |Mulligan and Lowe
[2008] compared ground-based OH temperature measurements from Maynooth, Ire-
land (53.2°N) with SABER temperatures and reported an annual seasonal variability
in the AT at this mid-latitude site. They assumed that the variability in the temper-
ature is due primarily to seasonal changes in the OH layer altitude. They determined
that higher SABER temperatures measured in the winter months were primarily due
to the lower altitude of the OH layer, while summer months were dominated by a
higher (and thinner) OH layer. Applying this finding to Figure suggests that
during the winter months at ALO the OH layer was closest to the nominal altitude
of 87 km as assumed in |Mulligan and Lowe| [2008|, |Oberheide et al. [2006] and in this
study. Taken together, the ALO results suggest that the observed cyclic AT may be
due to a change in altitude of the OH layer in synchronization possibly driven by the
SAQO. During SAO peaks the altitude layer was furthest from the nominal altitude of
the OH layer. |Mulligan and Lowe|[2008| discussed a range of of altitudes for the OH
layer, ~84-88 km.
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Figure 4.8. Monthly mean difference between the SABER T}, and the MTM Tpy
folded into one year for 2009-2016 at ALO.

4.3.2. Longer-Term Trends

To investigate longer-term trends in the MTM data Figure from Chapter
is replotted as Figure with a second-order polynomial fit (red curve) showing
a longer-term trend in the temperature data. The blue circles show the individual
nocturnal mean temperatures and the blue curve plots the 30-day running average.
Also, plotted is the solar activity as measured by the solar radio flux at 10.7 cm
(grey). This index is a measure of the F10.7 cm radio emission which originates from
the sun’s chromosphere and corona and is a well-established measurement of solar
activity [NOAAL 2018|. The index is measured in “solar flux units" (sfu) which can
vary from a low of ~50 sfu to above 300 sfu during the ~11-year solar cycle. F10.7 cm
correlates well with the number of sunspots and is easily measured by ground-based
instruments. The black curve shows the 180-day smoothed F10.7 cm measurement

from the daily values. It is interesting to note that the mean Ty generally appears to
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follow the solar activity as shown by the second-order polynomial and 30-day running

smooth (red curve) to the mean Ty measurements.
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Figure 4.9. MTM nightly mean Tpy with a second-order polynomial (red) showing
the long-term trend along with the observed (grey) and 180-day smoothed (black)
solar activity as measured by F10.7 cm.

With the generally good agreement between the SABER T} and ground-based
OH temperatures (all with a bias of ~5 K), Figure can be extended back in
time to 2002 by using SABER data as a good proxy of OH temperature at 87 km.
Focusing on ALO and using a stricter sample volume of 10°x10° box in both latitude
and longitude, nearly 10,600 coincident events were obtained from January 2002 until
May 2017. This provides 16 years of measurements, ~1.5 solar cycles, encompassing
solar cycle 24. The results are shown in Figure which plots the SABER T}
measurements as red dots. A 30-point (magenta) smoothing fit clearly identifies the
SAO with similar amplitudes as those measured by the MTM. In the lower plot of
Figure [4.10] the corresponding solar activity is shown as measured by the F10.7 cm
solar index along with a 180-point smoothing curve (black line). A 180-point (red)

smoothing is applied to the SABER data above for direct visual comparison. Also
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visible in the black second-order polynomial fit is a similar longer-term variation that
was identified in the MTM Ty data in Figure [£.9] with a peak around 2014. There
is a clear visible correlation between the SABER T}, and the solar activity over this
extended period. It is evident that the solar minimum of 2009 matches the low
temperature measured by both SABER and the MTM, and the solar maximum in
2014 matches the temperature peak seen in both instruments (See also Figure .
In order to establish a correlation between the Tpy and 7}, measurements and solar
activity at least two solar cycles are necessary, but in the mean time, these figures

are highly suggestive of such a correlation.
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Figure 4.10. Nighttime SABER T}, 2002-2017 over ALO and the solar F10.7 index.
The top plot shows T}, (red dots circles) 2002-2017 at ALO with a 30-point (magenta
curve) and 180-point (red curve) smooth fits. The black curve is second order poly-
nomial. The 30-night smoothing of the mean MTM temperatures is plotted in blue.

The lower plot shows the solar activity given by F10.7 cm (grey) with a 180 point
smooth (black).

With the information available and following the analyses of [2011] and
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Forbes et al|[2014] an initial estimate of the temperature dependence on the so-
lar activity has been made. This was obtained by first removing contributions of
the diurnal and semidiurnal tides, and then the composite year variability, as shown
in Figure 3.8 From the nightly mean Ty the temperature sensitivity can be de-
termined. Figure [4.11] shows the residual temperatures derived from this analysis
using the MTM (blue) and SABER (red) temperature data as a function of the solar
F10.7 cm Index. The solar sensitivity, given by the linear fit, for the MTM data is
11.840.6 K/100 sfu (shown by the blue line). The SABER T} dependence on the
solar cycle is 5.241.8 K/100 sfu (shown by the red line). |Forbes et al.|[|2014] studied
the solar dependence of global SABER temperatures and reported that at 85 km al-
titude the SABER temperature dependence on solar activity was 3—6 K/100 sfu. Our
SABER measurement is in agreement with these previous measurements. Although
occasional higher values similar to our MTM results have also been reported |Beig),
2011} |Forbes et al.,[2014]. While observations longer than one solar cycle are needed
to more accurately make a connection between the mesospheric temperatures and
the solar activity, the correlation can begin to be seen and the climatology of the
mesosphere can begin to be built. Additionally, ongoing measurements will continue
to contribute to further insight into the solar dependence of the mesosphere Tpy

observed.
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Figure 4.11. Dependence of the nocturnal mean Ty (blue) and SABER T}, on the

F10.7 cm index. Temperature sensitivity, S, is 11.8 K/100 sfu and 5.2 K/100 sfu,
respectively.

4.4. Summary and Conclusions

There have been several comparison studies of satellite and ground-based meso-
spheric temperature measurements using a variety of instruments and techniques. In
particular, SABER has provided over 16 years of altitude-resolved temperature data
for investigating mesospheric temperature variability in the MLT region.

This chapter compares the MTM OH (6,2) rotational temperatures with the
SABER kinetic temperatures. Eight years of observations from 2009-2017 have
yielded over 3400 coincidence measurements within a 10°x20° latitude-longitude box
centered over ALO. SABER measurements were height-weighted to the nominal OH
emission layer peak of 87 km and layer thickness of 9.3 km, and then compared to
the zenith 12-min averaged MTM Ty .

In general, the results of the MTM comparison show that the ground-based tem-

peratures derived using transition probabilities given by |Pendleton Jr et al. [2000]
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Table 4.3. Temperature Comparison Between SABER and Several Ground-based
Instruments

Years Location AT (K) Paper

2009-2017 Cerro Pachon, Chile (-30°S) ~ —5.5+0.3 This Chapter

2003-2005 Wuppertal, Germany (51°N) -7.5 Oberheide et al.| [2006
1998-2002 Sierra, Nevada (37°N) —5.7 Lopez-Gonzilez et al. |2007
2002-2004 Maui, Hawaii (20°N) —5.240.2 |Remsberg et al|[2008

2004-2005 Wuppertal, Germany (51°N)  —4.54+0.5 |Mulligan and Lowe|[2008

20042005 Maynooth, Germany (53°N)  —8.6+0.8 |Mulligan and Lowe|[2008

2002-2009 Davis, Antarctica (68°S) ~ —2  |French and Mulligan, [2010

2011-2013 Ranchi, India (23°N) —4-5 Parihar et al| |2017

2002-2014 El Leoncito, Argentina (32°S) —4.5+0.2 |Reisin and Scheer| |2017

and |Goldman et al| [1998] are in good agreement with the retrieved satellite mea-

surements over the eight years, both in their absolute values (within 5 K) and their
night-to-night variability.

Specifically, it was found that the selected 10°x20° sample volume provided
a large coincident data set while maintaining sensitivity to the local mesospheric
temperature environment. The temperatures ranged from ~160-230 K and exhibited
a mean AT of 5.5 K. The MTM Ty are found to be warmer than the SABER T},

measurements, in good agreement with several prior studies at other latitudes as listed

in Table le.g., |Ldpez-Gonzdlez et all 2007, |Mulligan and Lowel, 2008; |Oberheide

et al., 2006} | Parthar et al.,[2017; | Remsberg et al.,[2008|. These results comprising data

from numerous sites and several years all show that the 5 K offset is a remarkably
consistent feature of the SABER data set over a range of latitudes, suggesting some

systematic offset in the SABER results.
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This said, the comparison of the SABER T} with the MTM Tpy show periods
of good agreement both in the day-to-day variability and the mean temperatures,
but also periods of systematic differences. Assessing the comparability of SABER
and MTM temperatures requires discussing the different measurements techniques of
the instruments. Differences in the temperature may be due to the large discrepancy
in the FOVs of the measurements. The SABER instrument has an instantaneous
FOV of 2 km (vertically) by 24 km (horizontally) and uses a limb-scan from about
15 km to 110 km to acquire the tangent point temperature from a very long line of
sight. It derives atmospheric temperature from the kinetic temperature of CO, IR
emissions which include non-LTE considerations. |Remsberg et al. [2008| reported that
SABER derived temperatures were found to be 2-3 K too low in the mid-mesosphere
from random error due to noise of 2 K at 85 km altitude and systematic error due
to uncertainties in the abundance of CO, and non-LTE conditions of 4 K at 85 km
altitude.

The MTM is stationary with a smaller instantaneous FOV used for comparison
(5 kmx5 km), and Ty is a measure of the rotational temperature of OH molecules
assumed to be in LTE with the atmosphere over a emission layer of slightly varying
height and thickness. Detailed measurements have also determined seasonal changes
in this offset possibly due to layer height changes associated with the SAO at ALO.
Furthermore, the SABER OH equivalent temperature represent averages over an as-
sumed emission height of ~87 km. These results suggest the OH emission layer moves
vertically or distorts its shape, then the MTM observed altitude can differ by a few km
from the SABER OH equivalent altitude, resulting in discrepancies in the measured
temperatures.

Given the large differences in the instrumental fields of view and the differing

techniques employed to determine the mesospheric temperatures the results are quite
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remarkable and show the immense utility of using SABER data as a reference for
coordinated satellite and ground-based measurements for climatological studies.
Comparison with earlier MTM and SABER studies at Maui have extended this
investigation to over 15 years, establishing the MTM has maintained an accurate OH
temperature measurement during this period with an average warm bias of ~5 K.
An intriguing long-term trend in the MTM data set was also discussed, which is
visible in Figure [£.10] This trend matches the solar cycle with a solar sensitivity of
12 K /100 sfu, but the effects of planetary waves have not yet been removed from this
data. This solar sensitivity is currently two times larger than most other reported
solar sensitivities, while the solar sensitivity of the SABER T}, are in good agreement
with other reported results |Beig, 2011} [Forbes et all 2014]. Longer data sets are

needed to investigate the solar influence on the OH temperature.
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CHAPTER 5
MESOSPHERIC TEMPERATURE VARIANCE MEASUREMENTS OVER THE
ANDES MOUNTAINS

5.1. Introduction

Atmospheric gravity waves (GWs) perform an important function in the transfer
of energy and momentum from the lower atmosphere to the middle and upper atmo-
sphere. They affect the thermal structure of the MLT and the mean wind circulation.
A better understanding of GW climatology is needed for accurate modelling of the
atmosphere. GWs have a broad range of horizontal scales and they are a localized
phenomenon driven by a variety of geophysical sources. This chapter uses variances of
OH rotational temperature, Ty, and relative band intensity, Ioy, as a proxy for GW
activity. Following the methods of |Reisin and Scheer| [2004], who used ground-based
measurements to study OH intensity and temperature variances at El Leoncito, Ar-
gentina (31.8°S, 69.2°W), and |Jiang et al.| [2002] who used satellite data to measure
radiance variance lower in the troposphere and stratosphere, the MTM data are used

to conduct a similar variance study of the mesospheric temperature.

5.2. MTM Variance Method and Data

The MTM data used in this study measured airglow OH (6,2) band intensity and
Tom variances in a zenith sample area of about 5 kmx5 km at 87 km altitude. For
further details about the instrument and data reduction, see Chapter 2] All nights
with at least 4 h of data during the eight years of MTM data (12 August 2009 —
31 December 2017) are used in this study.

The measured OH rotational temperature variance (7"?), or square of the stan-

dard deviation (0?) measured in K2, assumed to be caused by GWs, is related to the

GW potential energy (PE) in the atmosphere. Section will discuss PE further
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and show that PE is proportional to the square of the temperature perturbations,
i.e., the variance. Much of this chapter naturally focuses on 7" rather than GW PE
to characterize different wave scales because PE requires additional information such
as the as the Brunt-Viisaléd frequency, which is readily given by lidar measurements

of the vertical temperature gradient, but is not always available.

5.2.1. Daily Variance Measurements

Figure shows a typical nightly Ipg and Tpy time series containing a mixture
of shorter-period GW and tide-like structures for UT day 212, (29-30 July) 2016
before and after the subtraction of the diurnal (24 h) and semidiurnal (12 h) tidal
components using harmonic analysis as described in Chapter [3] Figure shows
that before the subtraction, the large-scale tidal features dominate. The mean Tpy
(blue line) is 190+1 K, and the associated variance 121 K?. The mean Ipg (red line)
for the night is (5.040.1)x10* counts with a variance of 1.1x 108 counts?. Figure
shows that after subtraction, the visible smaller-scale perturbations exhibit dominant
periods of ~1 h and ~4 h with a Toy (Ioy) variance of 6 K? (9.42x10), representing
5% (8%) of the unfiltered data variance. This illustrates the importance of the removal
of the tidal components for GW variance studies. In the following analysis, only the
diurnal and semidiurnal tidal harmonics are removed in order to facilitate the direct
comparison with spectrometric measurements from nearby El Leoncito |Reisin and

Scheerl, [2004].
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Figure 5.1. Ipy and Tpy for UT day 212, (29-30 July) 2016. Plot (a) shows the
raw Tog (blue line) and Ioy (red line). Plot (b) shows the Toy and oy after the
diurnal and semidurnal tide components are subtracted.

As the amplitude of the wave is proportional to the relative variation of the
intensity data, the large range of the nocturnal Iy require the intensity variance
to be normalized by the mean intensity. The T"? measurements are not usually

normalized.

5.2.2. Annual Temperature Variance with Tides Removed

Figure shows the total variance for the year 2014. The plot shows that
from night to night there can be large changes in the temperature variance (grey
curve) with peak values greater than 200 K?. This situation occurs in almost every
month of the year. The average variance ranges from 30-80 K2, with the highest
sustained levels during the winter months, as depicted by the 30-day smoothing (blue
curve). For comparison, Figure plots the variances with the 24-h and 12-h tidal
components removed. The highest values are now around 30 K? and the average
variances range from ~5-10 K2. There is still a clear tendency for enhanced variance

during the winter and extending into the spring months.
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Figure 5.2. (a) Raw T" (grey) for the year 2014 with a 30-day smoothing (blue),
and (b) GW T" measurements (red) with the 24 h and 12 h tides removed with a
30-day smoothing (black).

Figure [5.3| summarizes the tide-removed temperature variance for 6 consecutive
years: 2010-2016, with 2015 omitted due to sparser data. Each one is plotted on the
same scale to facilitate visible comparison of the seasonal differences of the consecutive
years. All plots exhibit similarly ranged average variances of 5-10 K2. A broad peak
during the winter months is present in all plots, but is more pronounced in 2010,
2011, and 2016. A secondary peak in the spring months is also evident in most years.
These results suggest significant interannual variability in the GW variance.

To investigate the interannual variability, Figure [5.4] plots the GW variance with
the tides removed for all eight years. The plot clearly shows a strong annual variation
in temperature variance during the course of each year and equally strong year-to-

year variability in the magnitude of the variance. The plot also shows evidence for a
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Figure 5.3. 7" measurements (red) with the 24 h and 12 h tides removed for several
years with a 30-day smoothing (black).
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weaker secondary peak in most years as noted in Figure [5.3] Figure confirms that
the three years with enhanced temperature variance (2010, 2011, and 2016) were due
to sustained increases in temperature variance, primarily during the winter months,

as shown by the 30-point average fit (black curve).

: I | |
CEE "l‘ M‘ l“’ ’IW“" Ml""l" H"ﬂ“ .\W']‘l‘ 'm‘

Year

Figure 5.4. GW variance (red) with the tides removed for all eight years consecu-
tively. The black curve shows a 30-point smooth.

\Reisin and Scheer|[2004] reported results from similar measurements of the zenith

OH (6,2) Ipg and Tpy using a spectrometer. The measurements were made from El
Leoncito Observatory, Argentina (31.8°S, 69.2°W) ~200 km SSE from ALO. Their
results from January 1998 until September 2002 (four years) are shown in Figure ,
as a superposed annual plot. The dashed lines depict OH results (and the solid lines
are Oy). The top panels show the total variance with tides, and the bottom panels are
after the tides are removed. While their results also showed a strong winter annual

enhancement, they reported primarily on the semiannual variation.
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Figure 5.5. Average seasonal variance from nearby El Leoncito, Argentina (1998-
2002) for OH (dashed line) and O (solid line) shown by a 29-night running mean.
The top plots include the tides, and the bottom plots show the data after subtraction
of tides. Note the different vertical scales. Plots (a) and (c) show intensity variance;
plots (b) and (d) show T" |Reisin and Scheerl, [2004].
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Figure 5.6. Composite year of the MTM OH variance data (2009-2017). The curves
show 30-night running means to the measurements. The top plots are the raw mea-
surements including the tides, and the lower plots show the data after the subtraction

of tides. Note the different vertical scales. Plots (a) and (¢) show Ipy variance, plots
(b) and (d), Tpy variance.
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For comparison, the MTM 8-yr results are plotted in Figure [5.6| in the same
superposed format and with the same scales as the El Leoncito results. The plots
show a 30-day running mean of both the raw geophysical variance and the variance
after the subtraction of the two tidal components. The plots on the left side (a and c)
show the relative Iy variance and the plots on the right side (b and d) show the Toy
variance. The top plots include the tides, while the bottom plots show the variance
once the 24 h and 12 h tidal components have been subtracted. Note that the y-axis
(ordinate) of the top plots are scaled 5-6 times larger than the bottom plots due to
the tidal contributions. GW variance accounted for only 18% of the total 7", and
only 10% of the total intensity variance. With the tides included, the variance has an
apparent annual signature with enhanced variance during the winter months. With
the tides removed, the GW variance also shows semiannual behavior with peaks in
the Austral Fall (May) and the Austral Spring (November) (Figures[5.6f, [5.6d). This
is highly consistent with results from |Reisin and Scheer| [2004], and with previous
MTM temperature results as reported in Chapter [3] In each case, the main maxima
of the variance plots are broad and occur during the austral winter. The intensity
maximum peaks a month before the solstice and temperature peaks about a month
after the solstice.

The relative scales of the OH intensity and temperature, i.e., the ratio of mean
amplitude of the I’? to the mean amplitude of the 772, depend on the airglow response
to GWs. This relationship is referred to as Krassovsky’s ratio, denoted by 7, is usually

applied to individual GWs, and is given by |Krassovskyl, [1972]:

I
- TT

U (5.1)

where I"? and 7" are the normalized intensity variance and the absolute temperature

variance respectively, and the bar represents the mean value. Assuming the same
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waves are involved in both measurements of intensity and temperature,
applied this ratio to the nocturnal temperature and intensity data
to investigate the airglow response to an ensemble of GWs with differing variances.
Figure[5.7 plots the distribution of nightly 1 values derived from the MTM data for the
8-yr program. The average n = 6.040.1, and the few nights that have larger n values
than ~14 were all found to be associated with very small temperature perturbations.

Our MTM results are in good agreement with n = 5.64+0.1 as previously determined

by |Reisin and Scheer| [2004] (no comparative plot available).

Number of nights

5 10 15 20

Krassovsky's Ratio

Figure 5.7. Distribution of nightly n values for all nights (2009-2016). Mean value
is 6.04+0.1 and the right end of the tail is due to low values of T".

5.2.3. Contribution of Small-Scale Waves to Temperature Variance
The influence of smaller-scale GWs on the variance can be quantified from night-
to-night helping to understand their contributions to the overall seasonal variance. To

investigate this, Butterworth bandpass filters are applied to the nightly temperature
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data. The variance of the temperature fluctuations are measured from the results of
the filters: <1 h, and >1 h. Figure[5.8shows the results of this filtering applied to the
temperature data for the night of 30 July 2016. The temperature is demeaned from
the temperature 190 K. The raw OH temperature data are shown by the black curve
and is the same as shown in Figure [5.1] where large-scale tidal features were reported
in addition to small-scale perturbations. The red curve shows filtered temperature
fluctuations due to GWs with periods <1 h and has a variance of 4 K2. The magenta
curve closely tracking the raw data is the low-pass filtered temperature perturbations
showing all the wave activity with periods >1 h and has a large variance of 115 K2.
Within the limits of the analysis, the red curve (<1 h data) when added to the
magenta curve (>1 h data) recreates the raw data well. Due to the limits of the
filters and length of the nightly data sets, the magnitudes of the large-scale wave

variances are found to be underestimated using this basic technique.
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Figure 5.8. Example of bandpass filter subtraction for 30 July 2016. Demeaned data
(solid black line), with band ranges: <1 h (red) and >1 h (magenta).
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To quantify the seasonal small-scale GW contribution, the <1 h bandpass filter is
applied to each night of data during the years 2012-2017. The results are superposed
into one year and the 30-day running smooth fit is plotted as the red curve in Figure
[.9] The results exhibit an annual trend with a peak in the winter months. The black
curve plots the average seasonal variance with tides removed (same as Figure [5.6d).
The small-scale GWs (periods <1 h) contribute over 60% of the observed tempera-
ture variance due to all GWs once the diurnal and semidiurnal tidal components are
removed showing the small-scale GWs contribute significantly to the seasonal GW
variance. The enhanced variance measurements during the winter months appear to
be in good agreement with an extensive study reported by |Offermann et al. [2009],
that examined the seasonal dependence and relative importance of different scale
sizes of atmospheric waves (GWs, planetary waves, and tides) and concluded that the

variance was significantly influenced by GWs.
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Figure 5.9. Average seasonal variance based on scale of GW. The black curve shows
the average seasonal variance with tides removed (same as Figure |5.6d), and the red
curve shows average seasonal variance for GWs with periods <1 h.
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5.3. SABER Variance and Potential Energy Measurements

Thirteen years of SABER v2.0 data (2002-2015) are analyzed to independently
investigate GW activity over ALO using measurements of mesospheric temperature
variance and GW PE. Details about the SABER instrument on the TIMED satellite
are given in Chapter [ Following the methods of [Liu et al|[2014], |[John and Kumar
[2012], and |Preusse et al. |2002], temperature profiles are used to extract fluctuations
induced by GWs. The background temperature and mean trends were first removed
by applying a least-square fit to subtract contributions from zonal wavenumbers 0-6
from all of the daily 24 h profiles falling in the 5° latitude bin centered over ALO. The
wavenumber 0 corresponds to the zonal mean temperature, while wavenumber 1-6
correspond to the diurnal, semidiurnal, etc. tides with wavelengths being harmonics
of the zonal belt.

Descending and ascending scan modes of SABER were analyzed separately to
account for and remove diurnal tides. In this way GWs are isolated from the zonal
mean, planetary waves, and breaking planetary waves |Ern et al., 2006]. The removal
of the large-scale waves and mean background from the raw profiles (Figure [5.10p)
revealed the fluctuations due to GWs (Figure [5.10b) allowing further investigation
using the 7" and GW PE [e.g., |John and Kumar| 2012 |Liu et al., 2014; |Pugmire,

2015; | Yamashita et al., [2013].
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Figure 5.10. The process to reveal GW fluctuations from SABER temperature pro-
files. (a) Plot shows an example SABER raw temperature profile (blue line) and the
mean background profile (red line). (b) The difference (green) is plotted to show the
temperature perturbation attributed to the vertical propagation of the GWs.

5.3.1. Comparison of SABER and MTM Temperature Variances

The 7" measurements height-weighted to 87 km for all SABER temperature
profiles within a 5°x10° box centered on ALO are presented in this study. Figure
5.11| plots the SABER measured temperature variance (black) together with the MTM
measured 7" for five years (2010-2015). The red curve depicts MTM results for red:
<1 h, while the blue depicts the GW variance results for <4 h. Comparisons of these
results reveal the same basic annual structure for both the SABER and the MTM
variances. Furthermore, the amplitude of the SABER variance agrees well with the
MTM variance for all GWs <4 h. Considering these results were obtained from two
independent data sets with differing FOVs, data lengths, and different methods used
to derive the variance, these results are very promising and clearly establish the broad
periodic wintertime enhancement of the variance over the Andes. Furthermore, the
analysis shows that the wintertime enhancement is mainly due to small-scale GW

activity. The SABER mesospheric variance also shows enhancements throughout the
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year which vary from year-to-year. These differences may be due to differences in the
observable wave spectrum based on each methods and the assumption of constant

87 km height of the OH layer.

Temperature Variance (Kz)
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Figure 5.11. Comparison of the SABER measured temperature variance (black)
with the MTM measured 7" (<1 h period: red, <4 h: blue) for 5 years (2010-15).
Differences may be due to different observable wave spectrum based on each methods.

5.3.2. SABER Potential Energy Measurements
Having established robust comparable temperature variances using both the
SABER and MTM temperature measurements, the associated GW PE can be calcu-

lated using |e.g., |Alexander et all 2011]:

=3 (xts) (75)
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s e

where ¢ is gravity at a given altitude, z; N is the buoyancy frequency or the Brunt-

Viisilé frequency in terms of temperature, T, as given by equation ; and c, is the
heat capacity of dry air at a constant pressure. The 7" indicates the temperature
perturbation from the mean temperature, T (the temperature variance is 7"?). If a
single wave is propagating vertically in a simple atmosphere, with a constant back-
ground wind, then its potential energy per unit mass increases exponentially with
altitude due to the decreasing density in order to conserve energy. A departure from
the exponential growth of the PE can be identified as the altitude range where the
single GW breaks or reflects, losing energy.

Figure shows the monthly mean GW PE measured in J kg=! calculated
using 13 years of SABER data and superposed into a single year and quantifies the
annual wave variability over the Andes Mountains. While significant variability was
observed in PE from year to year (not shown), the superposed plot firmly establishes
the seasonal and altitudinal structure. Note the strong enhancement during the winter
months.

Figure [5.13] replots Figure [5.12] the PE as a function of month for different
selected altitudes (10 km steps) from the stratosphere into the MLT region. In the
upper stratosphere the peak of GW activity clearly occurs during the winter months.
With increasing altitude the seasonal winter structure changes from annual more into
a semiannual oscillation (e.g., 75 km and 85 km) with peaks in the summer and winter
and minimums occurring in the spring and fall.

Finally, Figure plots the vertical profiles of the PE in log scale derived from
SABER for each of the four 3-month seasons: winter (blue line), spring (cyan line),

summer (red line), and fall (green line). The solid black line shows conservative
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Figure 5.12. Contour plot showing the monthly mean GW PE plotted for 13 years
(2002-2015) superposed into one year. The color bar is in J kg™'. Note the enhance-
ments during the winter months.
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growth, or the line a GW would follow as it grows in amplitude with a constant scale
height of 7 km. Spring, summer, and fall show profiles that generally match the
conservative growth line until they reach an altitude of 70 km, at which point they
bend away from the curve indicating the location of wave dissipation. The wintertime
profile (blue) has more PE and breaks at intermediate altitudes (shown as kinks), as
well as at ~70 km altitude. In particular, the lower altitudes suggest increased wave
breaking activity during the winter. Secondary waves may be created at these critical

layers where waves break and then propagate into the MLT [Bossert et al., [2017].
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Figure 5.14. Vertical profiles of potential energy derived from SABER averaged over
each 3-month season: winter (blue line), spring (cyan line), summer (red line), and
fall (green line). The conservative growth line with a 7 km scale height is the black
line. The error bars represent one sigma uncertainty in the respective mean values.
Note the z-axis is in logarithmic scale.

Mzé et al||2014] reported results from 16 years of GW PE measurements using a
lidar in Southern France (43.9°N) and also found an annual cycle in the stratosphere
and an SAO at higher altitudes, up to 75 km, with a stronger peak in the summer. In

contrast, at ALO the SAO shows the strongest peak in the winter, as also confirmed
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from SABER. |Mz¢€ et al. [2014] also reported dissipation of GWs at a similar altitude
of 70 km with relatively little dissipation at lower altitudes. This suggest that ALO

is a more active GW site during the winter months.

5.4. Summary and Conclusions

These coordinated temperature variance and GW PE observations using data
recorded over several years consistently reveal increased wave activity over the Andes
during the winter months. The MTM results show that GW activity is different from
the tidal activity, in both seasonal trends and scales. The analysis demonstrates the
importance of removing tidal signatures from the raw data, as best as possible. The
results also confirm the strong night-to-night variability of GW activity at ALO, as
reported by |Reisin and Scheer||2004]. While the overall seasonal variation is semian-
nual, we find that the winter peak is larger than the summer peak. The ratio of the
intensity and temperature variances for the OH emission have Krassovsky’s n values
of 6.1+3.0, consistent with previous results [Reisin and Scheer, 2004]. Two separate
methods of measuring the T"* were used for this study to quantify the GW contri-
bution to the variance both involving removal of the large-scale tidal contributions
using different filtering techniques: harmonic analysis of MTM data and filtering of
the SABER vertical temperature profiles. Both methods reveal a main winter peak in
GW activity with similar magnitudes. In addition, the bandpass filter analysis of the
MTM data determined the significant contribution of the short-period GWs (<1 h).
The superposed GW PE data obtained from SABER measurements firmly establishes
the seasonal structure evolving with increasing altitude from annual to semiannual
with peaks in the summer and winter and minimums occurring in the spring and fall.
Plots of GW PE show strong signs of wave breaking in both the stratosphere and
mesosphere during the winter.

The enhanced variance of the temperature and GW PE during winter months is
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in good agreement with other results |e.g., Offermann et al.,2009], who concluded the
variance was influenced primarily by GWs. The next chapter will investigate the win-
ter months to quantify the terrain-generated GW’s or mountain wave’s contribution

to this wintertime enhancement.
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CHAPTER 6
OBSERVATIONS OF MESOSPHERIC MOUNTAIN WAVE STRUCTURE AND
DYNAMICS OVER THE ANDES

6.1. Introduction to Mountain Waves

This chapter is a study of Mountain Waves (MWSs), which are of high scientific
interest and a major reason for locating the ALO in the Andes Mountains. MWs are
a specific type of GW that occur when strong winds blowing over mountains generate
standing waves, which can persist for several hours to several days |Smith et al.,
2009]. MWs have been measured penetrating into the stratosphere above a number of
prominent mountain ranges in Alaska, Chile, Argentina, Greenland, Scandinavia, and
New Zealand for quite some time |e.g., |Alezander and Teitelbaum|, 2007 |Alexander
et all [2009], 2013} |Eckermann and Preussel, [1999; |Grimsdell and Alexanderl, 2016;
Jiang et al., 2002} 2004; |Preusse et all, 2002; |Torre et all 2012 Wit et all 2017]. In
stark contrast, observations in the mesosphere have been much more limited. One of
the prime reasons to operate the MTM as part of the ALO suite was to observe the
occurrence, structure, and dynamics of mesospheric MWs as they perturb the OH
airglow at 87 km. The strong flow of air over the Andes, particularly in the winter
months, provides a strong source for MWs and makes ALO an ideal location for MW

studies |Jiang et all 2002].

6.1.1. Linear Mountain Wave Theory

In Chapter [1] the equations of motion for Linear GW Theory were discussed.
Equations [I.BHI.§| predict that the vertical displacement of a wind flow almost al-
ways leads to the generation of GWs. Terrain-generated GWs are created when stably
stratified wind flows over topography such as mountains, hills and ridges as well as

depressions such as basins, and canyons. There are two types of terrain-generated
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waves: lee waves and MWs [Nappo|, 2002]. Lee waves propagate downwind, or on the
lee side of the ridge, and cause dangerous turbulent vortices or rotors. Lee waves are
trapped close to the ground due to stable layers above and are a lower atmosphere
phenomenon. MWs or orographic waves are terrain-generated GWs that can propa-
gate upwards into the middle and upper atmosphere transporting significant amounts
momentum and energy , . MWs are stationary relative to the obstacles
that generate them. For this to be, the obstacle exerts a force in the form of "stress"
or wave drag on the background flow of the atmosphere. Wave drag’s main effect is
that it reduces flow velocities. The spectrum of MWs matches the spectrum of the
widths of the terrain that generate them. The amplitudes of MWs are proportional
to the amplitude of the terrain as illustrated in Figure[6.1] MWs are also known to be

a contributor to the formation of mother-of-pearl clouds or polar stratospheric clouds

le.g., | Alexander et all 2013; |Dornbrack et al., 1999).

©The COMET Program

Cross-mountain distance x

Figure 6.1. Stably stratified air is lifted over mountains and oscillates about its equi-

librium height on the lee side of the mountain, producing stationary waves [Courtesy
of the COMET Program)|.

MWs are stationary in relation to the ground and have an observed horizontal
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phase speed of zero, ¢ = 0. Like GWs, MWs develop and grow in amplitude as they
propagate upward into the atmosphere and eventually saturate. This breakdown

results in turbulence as shown in Figure [6.2

Figure 6.2. Depiction of the vertical propagation of MWs showing their largest am-
plitudes happen well above the mountains. Turbulence occurs when amplitudes grow
too large and waves break |Courtesy of the COMET Program)|.

MWs are fixed in space, i.e., the observed wave frequency is zero, w = 0. Thus
the intrinsic frequency becomes 2 = w — ku, = —ku,. However, relative to the
background flow of wind, u,, the wave must be propagating upwind at the same
speed as the wind (¢; = —u,, where ¢; is the intrinsic phase speed).

Following , the simplest MW problem is a constant two-dimensional
wind flow over a corrugated surface with constant stratification. The MWs are gen-
erated over the surface and propagate energy upward. So the Taylor-Goldstein wave

equation gives a dispersion relation of
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If & < N/u, then the right-hand side is positive making m real corresponding to
vertically propagating stationary waves |Nappo|, 2002].

The investigation of the impact of MWs on background wind is performed by
looking at GW-critical level interactions. A critical layer occurs when the background
wind vector, u,, is equal to GWs horizontal phase velocity, ¢;. At the critical layer,
the GWs cannot propagate upward anymore. For a MW this occurs at the zero-
wind line where the MW breaks, creates turbulence, and deposits its energy into
the background flow |Worthington and Thomas), 1996]. In the summer months the
wind changes direction from eastward to westward, thus crossing the zero-wind line
and filtering out MWs around the tropopause (~20 km), as shown in Figure .
In the winter months the zonal winds, u, are eastward at all altitudes up to the
mesopause, i.e., no zero-wind line, allowing MWs to propagate upwind (westward)
to high altitudes above the OH layer (~100 km). This is also the reason many
observed GWs are monochromatic despite a large spectrum of possible waves being
generated; only certain phase speeds can make it to the MLT region to be observed.
Obtaining lower atmospheric wind conditions from such measurements as radiosondes

are important for investigating the propagation of MWs.
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Figure 6.3. Plot showing seasonal zonal wind speed profiles. Note in the summer
(red) the wind crosses the zero line in the lower atmosphere and filters out the MWs
but in the winter (blue) it does not. Adapted from |Evers and Dost|[2010].

6.1.2. Observations and Models

Several observation techniques have been used to study MWs over the past thirty

years in the stratosphere including radiosonde soundings |Bacmeister et al., |1990;

\Vincent and Joan Alexander|, 2000; |Yoshiki and Satol, 2000|, rockets |Eckermann,
1995], lidar |Whiteway and Carswelll, [1995], radar |Gavrilov et all, |1996; | Worthing-]

tton and Thomas), 1996|, aircraft |Eckermann et al. [2016; Nastrom and Fritts, (1992,

and satellites. Space-based instruments used to study MWs with lidar, infrared and

microwave scanning instruments include the Limb Infrared Monitor of the Strato-

sphere (LIMS) |Gille and Russell, 1984, MLS [Jiang et al) 2002, |2004], CRISTA

|Preusse et al.,|1999], CALIOP |Alexander et al.,2013|, Constellation Observing Sys-

tem for Meteorology, Ionosphere, and Climate (COSMIC) global positioning system
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radio occultation (GPS RO) |Torre et all 2012|, and Atmospheric Infrared Sounder
(AIRS) [Alezander and Barnet), |2007; |Alezander and Teitelbaum)| 2007; |Grimsdell
and Alexander), 2016|. Each of these methods gives valuable information on MWs
and their properties.

For example, CRISTA temperature perturbation data revealed enhanced wave
activity over many mountain ranges. |Eckermann and Preusse| [1999] used CRISTA
temperature profile measurements to detect the presence of MW in the stratosphere
and their breaking over the Andes Mountains. The breaking waves drag on the
atmosphere slowing the background flow until the horizontal wind speed was zero,
creating a critical layer where both the vertical wavelength and the temperature
perturbation vanished and prevented further penetration of MW energy.

It is difficult to determine all of the detailed properties for wave events observed
from satellites. Most satellite studies in the literature have reported averaged temper-
ature variances (T’ %), and then MW sources were inferred on the basis of proximity
to topography and zonal wind measurements. |Jiang et al.|[2002] used over two years
of MLS radiance measurements and showed that the variances had strong annual
variability over the Andes Mountains with enhancements during the winter months
(see Figure [6.4h). These results matched model results and were associated with the
right background wind conditions for the generation and propagation of MWs. The
enhanced variances in the winter months happened when the winds were both east-
ward and the MW critical layers were absent. The annual variation of MLS radiance
variance were also in good agreement with radiosonde data (see Figure ) and the
Mountain Wave Forecasting Model |Bacmeister], [1993; | Bacmeister et al., 1990, [1994;
Eckermann et al., [2004].

Smith et al.| [2009] was the first to report optical observations of MWs in the

mesosphere using O, Na, and OH airglow emissions and to measure their properties.
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Figure 6.4. (a) Monthly mean MLS radiance variance measurements and (b)
monthly temperature variance measurements over the Andes for two years (1995
1996). The monthly temperature variances in (b) are averaged between 100-10 mb
(~16-25 km) and taken from measurements from six radiosonde stations in/near the

Andes |Jiang et al., 2002].

The observations were made at the El Leoncito Observatory (31.8°S, 69.2°W), Ar-
gentina, close to ALO but further on the lee side of the Andes. Figure [6.5] shows
the all-sky time-averaged OH images on three successive nights (2-4 July 2008), each
obtained from averaging ~60 images over a ~11-h period. The FOV is 535x535 km.
Prominent in each image are MWs with a mean Ay of 36+2 km, as seen by the sta-
tionary nature of the waves along with their general North-South orientation parallel

to the Andes Mountain Range. MWs have also been reported more recently in the

mesosphere over New Zealand [e.g., Bossert et al., 2017, |Fritts et al., 2016; Heale
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et al., 2017; | Taylor et all [2018] and over isolated islands in the Southern Ocean |Eck-

lermann et all, 2016; |Pautet et al.; 2016].

2 July 3 July 4 July

sy,
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!‘ ».l h
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Figure 6.5. All-sky time-averaged OH images each obtained from averaging ~60
images during the ~11 hr night on three successive nights (2—4 July 2008). The FOV
is 535x5H35 km. FKEach image features stationary MW structures with orientation
parallel to the Andes Mountain Range |Smith et al., 2009)].

6.2. Mountain Wave Observations at ALO

The Andes Mountains have been identified as a "hot spot" for MW activity in the

stratosphere during the winter months [e.g., |Alezander and Barnet, 2007; | Eckermann)

land Preussel, [1999; [Jiang et all [2002; [Reisin and Scheer| 2004}, [Smith et all, 2009;

\Torre et all 2012, 2014; |Wit et al) 2017]. This is due to the prevailing strong winds

that blow eastward from the Pacific Ocean and suddenly encounter the immense
Andes Mountain Range, the longest mountain range in the world, with an average
elevation of ~4000 m. The Andes are a productive source of MWs with an expected
high potential for penetrating into the MLT region during the winter months. This
chapter seeks to quantify the detection of and parameters of mesospheric MWs, and

investigate prevailing wind conditions over the Andes during their manifestations.
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6.2.1. MTM Data Set

This MW study is conducted from ALO, using six years of the MTM data from
2012 to 2017 and focusing on the winter months (May to August). High resolution
(2 min) Keograms are used to search for MWs in the processed MTM data. As
described in Section a keogram is a time series plot that provides an overview for
the entire night of observation in one summary "image" and is an excellent tool for
identifying MWs.

The Andes Mountains are oriented essentially North to South +15° with minor
variations due to local terrain direction. In the search for MWs, only the East to West
(E-W) keogram is necessary. This is because a quasi-stationary wave crest visible in
a time series of images will remain in roughly the same location in the E-W slice of
the images and will, therefore, appear as a horizontal structure in the E-W keogram.

For convenience, keograms are usually constructed from the central pixels of the
image. In order to increase spatial coverage of the images, three keograms are made
for any given night to aid the search for MWs. From each set of data comprising of
128x 128 pixel images pixel #32, pixel #64, and pixel #96 (each two pixels wide) are
selected to construct the three separate keograms. This analysis provides coverage
over most of the image area. Figure shows a keogram with a near-horizontal MW
signature for the night of 2-3 June 2013. The keogram is 150 km wide and continuous
measurements were made for over 8 h. The encircled MW event was first detected
at dusk and lasted over 3 h from 2300 UT until 0200 UT. The bright arch to the
right of the keogram is the residual signature of the Milky Way. In this study, 6
years of wintertime data (May—August) comprising of 24 months were inspected and
330 nights of good quality image data were studied using the keogram technique to
identify potential MWs. The nightly keograms were individually inspected for the

presence of MWs (even very faint signatures), producing over 60 candidate nights for
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further processing.

23:00 24:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00
UT Time

Figure 6.6. E-W keogram made from pixel 32 for the night of 2-3 June 2013 (UT
day 154). The data last over 8 h and the highlighted MW event lasts about 3 h from
2300 UT until 0200 UT.

6.2.2. Survey of MW Parameters

In theory, MWs have phase velocities close to zero, but in reality the waves
can fluctuate back and forth or drift slowly from their stationary position over time
due to variations in the background wind. These data were carefully analyzed and
cautiously interpreted because it is difficult to measure a wave with a close-to-zero
phase speed, especially in the presence of other propagating waves. Many MW events
are intermittent, and over the course of a single night the MWs can break or simply
fade away. As such, these results may have minor differences when different people
analyze the image data.

Examination of Figure 2.8 and its lowpass-filtered signature in Figure [2.9 also
shows evidence of near-horizontal MW structure signatures during the night of 22—
23 June 2012 (UT day 175). Figure shows another E-W intensity keogram ob-
tained on the night of 89 July 2012 (UT day 191) containing clear evidence of a
MW structure during the first half of the night (2300-0200 UT). The slowly rotating

Milky Way also shows up as an elongated bright curved structure towards the right
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end of the image. This MW event was also observed to break and has recently been

analyzed in detail [Hecht et al., 2018§].

23:00 24:00 1:00 2:00 3:00 4:00
UT Time

Figure 6.7. E-W keogram made from the middle pixels for the night of 8-9 July 2012.

An FFT analysis of the images of the 60 candidate nights produced 37 nights
with MW signatures with phase velocities <10 m/s. This study provides new insight
into the occurrence and properties of MWs over ALO. Table lists the results of
the survey by year and UT day. MWs were observed from early May to mid August
with most MW signatures detected during June. During each of the years 2012, 2013,
and 2014 MW signatures were detected on 8 nights each, and 2017 had 7 nights with

MW signatures. Due to limited data acquisition 2015 had only 2 nights, and 2016

had only 4 nights. |Guerrero, 2015 used all-sky imager data from ALO with a larger

180° FOV (600 km x600 km). He identified MW signatures on 95 nights out of a total
of 544 nights from June to December during the years 2009-2013. During the years
2012 and 2013, the all-sky imager identified 8 nights and 14 nights, respectively, of
MWs. The MTM similarly identified 8 nights in each year. The individual dates of

the all-sky imager events are not identified |Guerrero), 2015].
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Table 6.1. Parameters of Mountain Waves Observed at ALO and Notation of Coin-
cidence Measurements From Other Instruments.

Year UT Day Mgy (km) ¢ (°) Time (UT) SCSN MR CIPS
2012 160 64 261 0204 — 0259 0 X -
2012 174t 36 234 2249 — 0136 X X -
2012 175 54 242 2249 — 0146 X X -
2012 176t 42 264 2249 — 0047  x 0 -
2012 191t 48 259 2254 — (0242 X X -
2012 192f 35 275 2321 — 0143 X X -
2012 201 30 299 0645 — 0835 0 X -
2012 205 49 279 2317 — 0143 X X -
2013 128 46 266 2258 — 0026 X X -
2013 1341 49 253 2256 — 0320 - X -
2013 1351 37 252 0226 — 0623 0 X -
2013 151 27 251 2321 - 0214  x X -
2013 169 55 243 0435 — 0905 o X -
2013 209f 56 265 0257 — 0441 0 X -
2013 210f 71 257 0134 — 0443 0 X -
2013 217 51 251 0220 — 0601 0 X -
2014 174 40 255 2249 — 0123 X - -
2014 177 65 252 0005 — 0410 0 - -
2014 179 75 256 0001 — 0859 0 - -
2014 181 55 243 2251 — 0635 X - -
2014 183f 65 260 2251 — 0427 o - -
2014 184f 14 262 0703 — 1025 0 - -
2014 228 41 288 0130 — 0339 - X -
2014 231 47 272 0346 — 0512 - X -
2015 196 24 272 0549 - 0710 0 - -
2015 200 32 253 0422 — 0849 0 - -
2016  163fe 24 281 0147 — 0456 0 X X
2016 - 31 215 0748 — 1014

2016 1641 65 247 0302 - 0710 0 0 X
2016 1801 42 250 2250 — 0102 X - X
2016 181F 54 247 2316 — 0309 X - X
2017 137 60 276 2337 — 0056 X - -
2017 166 60 225 2247 — 0238 X - -
2017 1697 41 305 2355 - 0217  x - -
2017 170t 28 262 0223 — 0343 0 - -
2017 171t 44 270 2327 — 0053 X - -
2017 195 43 236 2259 - 0107  x - -
2017 228 28 258 0230 — 0438 0 - -

Note: x — Coincident data. o — Data available, but not coincidence.

T — Consecutive nights of MW observations. 2 events on one night.



111

Using the MTM OH image data, the 37 MW events were further analyzed with
software developed at USU and a two-dimensional FFT-as discussed in Section[2.8-to
determine the observed horizontal wavelength (Ag) the duration of the waves, and
the azimuth (direction of propagation) of the waves (¢) measured in degrees clockwise
from North. The results are plotted in Figure [6.8] The mean Ay is 46+3 km and
range from 14 to 75 km (Figure [6.8h). [Guerrero| [2015] reported a similar Ay range of
10-40 km. Most of the MWs occurred at the beginning of the night, around 2300 UT.
The MWs were intermittent, lasting from ~30 min up to 9 h (Figure [6.8b) with a
median of 2.740.3 h, but with only nine events lasting more than 4 h. Note that
the winter observations were limited by clouds or the ending of the observing period.
Figure shows the Ay as a function of the ¢. The distribution of the wave fronts as
determined from the measured ¢ are well aligned with the orientation of the mountain
range (11°+3° off of N-S with a range of £18) as shown in Figure [6.8d. Table

lists the measured wave parameters.
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Figure 6.8. Observed parameters of MW events from ALO, 2012-2017. (a) Distri-
bution of observed horizontal wavelength, the mean is 46+3 km. (b) Duration of MW
events, the median is 2.7 h. (c) Wavelength of MW events in their direction of prop-
agation. North is 0°. (d) Orientation of wave fronts observed from ALO, 2012-2017
are closely aligned with the Andes Mountain Range (+18°).

6.2.3. Comparative Radiosonde Wind Data

Knowledge of the wind conditions in the lower atmosphere is important for
investigating the prevailing conditions under which the MWs were able to propa-
gate into the MLT region |[Smith et al., 2009]. Low altitude (0-30 km) wind mea-

surements are available from radiosonde data from the SCSN Santo Domingo Sta-
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tion (33.7°S, 71.6°W) located ~400 km to the South. The SCSN Station is part
of the Upper Air Soundings Network, and data are provided by the University of
Wyoming and available on the Department of Atmospheric Science website (http:
//weather.uwyo.edu/upperair/sounding.html). The radiosonde soundings, when
available, are taken twice a day, at 00 UT and 12 UT. Radiosonde measurements
are available on 34 out of the 37 nights, and on 17 of those nights a mesospheric
MW signature is present during the 00 UT sounding (indicated by an "o" and "x"
respectively, in Table in the column labeled "SCSN").

An example night of radiosonde soundings demonstrate how the low altitude wind
conditions influence the presence of MWs in the MLT region. On 29-30 June (UT
day 181) 2014, the wind conditions were strong and consistently eastward, favorable
for the creation and vertical propagation of MWs. Figure shows the u profiles
recorded by three radiosondes before (red), during (black), and after (blue) a MW
was observed in the mesosphere. The associated MTM keogram shown in Figure [6.10]
reveals a faint MW signature present at the beginning of the night (~2250 UT) and
lasts until ~0630 UT.

Figure summarizes the radiosonde soundings of the u profiles taken at 00
UT for the 17 of the 37 nights when observed mesospheric MW signatures coincide
with the radiosonde soundings at 00 UT. Note that the mean zonal wind profile shown
in red does not cross the zero-wind line. When the number of profiles are expanded
to include all of the radiosonde soundings on nights with MW signatures for a total
of 34 nights, the mean profile looks similar but several individual nights cross the
zero-wind line. On these nights the MW signatures do not appear in the keograms
until later in the night possibly providing time, up to several hours, for the winds to
change and allow for the vertical propagation of MWs into the MLT region. Present in

the individual SCSN radiosonde zonal wind profiles in Figure is a weak positive


http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
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Figure 6.9. Zonal wind profiles recorded by three radiosondes before (red), during
(black), and after (blue) MTM observed a MW events on the night of 29-30 June 2014.

e
Figure 6.10. E-W keogram for the night of 29-30 June 2014.

wind layer between the altitudes of ~15-25 km. While this weak wind layer doesn’t
cross the zero-wind line creating a MW critical layer, it does have a filtering effect

on the MWs and their allowed phase speeds. This finding is in good agreement with

\Kruse et al.| [2016], who reported on MWs propagating into the upper stratosphere

over New Zealand that were limited by the presence of a similar layer they referred

to as "valve layer" in the lower stratosphere.
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Figure 6.11. Radiosonde soundings of the zonal wind profiles, u, taken at 00 UT only
for 17 of the 37 nights when MW signatures coincide with the radiosonde soundings
at 00 UT. Note that the mean zonal wind profile show in red is eastward and does
not cross the zero-wind line.

6.2.4. Coincident Meteor-Wind Radar Data

The meteor-wind radar (MR) at ALO provides wind measurements from 80—
100 km. On 20 of the 37 nights with MW signatures the MR collected data (indicated
by an "o" in Table in the column labeled "MR"). On 18 of these nights there was
coincident wind data (indicated by an "x" in Table|6.1|in the column labeled "MR").
Figure shows the MR zonal winds, u, for several nights when MWs were present.
MW signatures are present in the MTM keograms during the time indicated by the

black vertical lines.
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Figure 6.12. Example MR measurements showing different zonal wind conditions
when MW were detected in the MLT region by the MTM. Bold lines indicate time
interval when MWs were observed.
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Of the 18 the nights with coincident MR data, nine nights exhibit strong posi-
tive winds, i.e., eastward (shades of red), allowing for the propagation of MWs into
and within the MLT region throughout the duration of each MW event. For exam-
ple, Figure [6.12h shows a MW signature is present at the beginning of the night of
8 June 2012 during strong eastward wind conditions until 0300 UT. At this time the
MR zonal wind data reverses to westward (shades of blue). This creates a critical
layer (zero-wind line) blocking the propagation of the MW into the MLT region in
agreement with the observation that the MW ceased and is no longer detectable in

the MTM data. Similar events can be seen in Figures [6.12k, [6.12F, [6.12k, and [6.12h.

Another example night is 23 July 2012 (UT day 205), as shown in Figure , where
the MW is present at the beginning of the night, 2249 UT and lasts in the keogram
almost 3 h until 0143 UT. However, the wind conditions in the MLT region continue
to be favorable for several more hours (until ~04-08 UT), indicating that the pen-
etration of the MW was quite probably limited at lower altitudes by critical-layer
filtering.

The nine other nights exhibit situations as depicted in Figures [6.12b, [6.12k, and
6.12f, where both positive and negative wind conditions existed in the MLT region
during the observation of the MW event. These nights were found to exhibit positive
winds at lower altitudes and negative winds above. These nights are consistent with
the airglow layer being a few km below its nominal altitude (~87 km) on these

occasions. For this comparison, no MTM data are available from 10-22 UT.

6.2.5. 18 June 2013 Case Study

Figure shows the night of 18 June 2013 (UT day 169), when a MW was
detected in the keogram, and both coincident radiosonde and MR data v winds were
available. As shown in Figure [6.13h, the MW was detected at the start of the data
set and lasts 4.5 h (0435-0905 UT). The measured Ay was 55.2 km. Figure



118

shows the radiosonde soundings the day before (red), 4 h before (black), and 3 hr
after (blue) the MW was propagating, during which time the winds are all positive
and exhibit the "valve layer" temperature profile between 17-25 km. The MR u wind
shows positive winds up to ~85 km during the observation of the MW thus suggesting
reduced height of the OH layer; wind reversals (zero-wind lines) encompass the MW

event consistent with shades of blue on either side of the "observation window" in

Figure :

6.2.6. New MW Research Using MTM and AIM-CIPS Data

This section introduces new coordinated MTM MW observations over ALO with
overpasses of the AIM satellite. The Cloud Imaging and Particle Size (CIPS) Instru-
ment on board the AIM satellite was launched in April 2007, and measures ultraviolet
Rayleigh-scattered light (265 nm) off of clouds with a primary mission of observing
polar mesospheric clouds [Randall et al., [2017]. Tt also provides GW detection from
its recently developed Rayleigh Albedo Anomaly (RAA) data. CIPS is sensitive to
GWs with Ay between 15-600 km. On four nights with mesospheric MW signatures
over ALO, observations of MWs in the upper stratosphere were obtained by CIPS
(indicated by an "x" in Table |6.1]in the column labeled "CIPS").

For example, Figure[6.14h shows an E-W keogram for the night of 27-28 June 2016
as observed by the MTM. The observations start at 2335 UT and last until 0532 UT,
approximately 7 h duration. The MTM MW signature was detected at the beginning
of the observations and was observed for ~2 h. The measured Ay was 42 km and was
oriented 20° West of North. Figure shows the horizontal strip of AIM’s orbit
over South America (North on the left). CIPS "scenes" are taken continually by four
cameras every 3 min and "stitched" together creating a near-continuous large FOV
(1000 kmx2000 km). The observed radiance peaks near the ozone layer (50-55 km)

and it has recently been shown that these data can be used to identify GW signatures
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Figure 6.13. Plots showing MW signature in (a) the keogram, as well as coincident
(b) MR u winds and (c) radiosonde u wind measurements for the night of 18 June (UT
day 169) 2013. The MW lasted 4.5 h, from 0435-0905 UT.
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in the upper stratosphere |Randall et al., |2017]. Note the extensive presence of MW
structures in the image over the Southern tip of South America extending up to the
location of ALO (30°S) near the Chilean coastline. As more measurements become
available, this could become a direction of future work in investigating the coupling

by MWs in the stratosphere and mesosphere | Taylor et al. [2016].

Figure 6.14. (a) E-W keogram and corresponding (b) CIPS images taken on the
night of 27-28 June 2016. The CIPS images taken the same night showing large wave
events over the Southern tip of South America extending north to ALO (indicated
by red circle).

6.3. Summary and Conclusions

This chapter reports new observations of MWs occurring in the mesospheric OH
airglow emission over the Andes. The primary goal is to catalogue, quantify, and
analyze the MW signatures and their occurrence in relation to the background wind
measurements. The measurements were made by the USU MTM imager during the

winter periods 2012-2017. Keograms were used to visually identify the presence of
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MWs. During the 6 years, 37 nights exhibited MW signatures representing ~10% of
the nights. MWs were observed every year during the winter months (May—August).
Their occurrence was relatively low compared to everyday freely propagating GWs.
Using an all-sky OH imager also at ALO, |Guerrero|, 2015] reported similar occurrence
frequency for MWs during this period. To put these mesospheric results in context,
Alexander et al| [2013] reported MW in the stratosphere on 37% of the possible
winter nights during four winter season measurements over the high-latitude Antarctic
Peninsula.

Individual wave parameters were analyzed for quasi-stationary MW events with
orientations consistent with the mountain range. While some events lasted for several
hours, most MWs were intermittent in nature with duration, lasting from ~30 min to
a few hours, median 2.7 h. These results are in contrast to those reported by |[Smith
et al. [2009] who measured a persistent MW event over three nights from El Leoncito
with a mean Ay of 36+2 km. The 37 MTM MWs summarized in Table [6.1] exhibited
a similar horizontal wavelength of 46+3 km (ranging 15-75 km).

Using radiosonde soundings and MR, the atmospheric conditions preceding and
during the occurrence of MWs were investigated. The radiosonde data shows strong
eastward winds on all nights when MWs were observed. Similarly, the MR data
show wind conditions during the intermittent period when MWs were observed to be
favorable for MW propagation at MLT altitudes.

These results contribute to the understanding of how orographic forces affect
the MLT in this "hot spot" of wave activity. MWs should be more prevalent further
downwind on the leeward-side of the Andes Mountains and have been found to be
more prevalent at higher-latitudes over the Southern tip of South America near the
Drake Passage and extending to the Antarctic Peninsula due to the stronger vortex

winds at statospheric altitudes [Alezander et al. [2015} |Sato et all |2012; Torre et al.,



122

2014]. USU has recently located an AMTM at Tierra del Fuego, Argentina. New
research on MWs is being focused over this region and should include the use of

AIM-CIPS satellite imagery.
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CHAPTER 7
SUMMARY AND FUTURE WORK

7.1. Summary

This dissertation presents a study of OH (6,2) band intensity and rotational
temperature and small-scale GWs in the MLT region. The Utah State University
(USU) Mesospheric Temperature Mapper (MTM) operated automatically from the
Andes Lidar Observatory (ALO), Chile (30.3°S) for over eight years (2009-2017)

acquiring over 1700 nights of high-quality data. Results include:

1. A large night-to-night variability was found at ALO in both temperature and
intensity data, establishing a rich spectrum of GWs with strong tidal compo-
nents. Two separate analysis methods were used to remove the effects of tides.
Both methods revealed a main winter peak in GW variance with similar mag-
nitudes. Further analysis determined the significant contribution (60%) of the

short-period GWs (<1 h) to the total GW variance.

2. A seasonal investigation of the OH temperature data over the eight years de-
termined a clear SAO signature, with an amplitude of 3.4 K (range 2-7 K),
peaking in May and November. The AO component, which was usually smaller
than the SAO with an average amplitude of 1.9 K (range 1—6 K), peaked in
the winter (July). A systematic asymmetry was also found with the larger peak
temperature occurring during the fall, likely due to a superposition of the AO
and SAO signatures. An unexpected QAO (average amplitude, 2 K) was also
identified at ALO [Zhao et al., 2016] and reanalysis of the Maui MALT data

determined a similar, but smaller QAO signature.
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3. To investigate the effects of solar tides on the AO and SAO signatures, a har-
monic local-time analysis was performed to remove diurnal and semidiurnal tidal
contributions. With tides removed, the amplitude of the AO reduced signifi-
cantly (~60%), while the amplitude of the SAO reduced only slightly (~10%).
Following the findings of |Sulber et al.| [2017], these new results suggest that at
ALO, the semidiurnal tide has a greater influence on the combined AO and

SAOQO seasonal variations.

4. Detailed analysis of coordinated MTM OH and SABER data reveal that MTM
OH temperatures derived using the ratio method using transition probabilities
given by |Pendleton Jr et al|[2000] and |Goldman et al.|[1998| are in good agree-
ment with the retrieved satellite measurements, both in their absolute values
and their night-to-night variability. The selected 10°x20° sample volume pro-
vided a large coincident data set yielding a mean AT of 5.5 K. The MTM Ty g
were found to be warmer than the SABER T}, measurements, in good agree-
ment with several prior studies at other latitudes [e.g., |Oberheide et all 2006;
Remsberg et al., 2008]. Comparison with earlier MTM and SABER studies at
Maui have extended this investigation to over 15 years, establishing the MTM
has maintained an accurate OH temperature measurement during this period

with an average warm bias of ~5 K.

5. GW PE data obtained from SABER measurements depicts the seasonal struc-
ture evolving with increasing altitude from annual to semiannual with peaks in
the summer and winter and minimums occurring in the spring and fall. GW
PE show strong signs of wave breaking in both the stratosphere and mesosphere

during the winter.
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6. The solar sensitivity of the SABER T}, measured over ALO are in good agree-
ment with other reported results |Beig|, 2011; |Forbes et al. 2014]. Longer data
sets are needed to investigate the solar influence on the OH temperature. The
MTM data set matches the solar cycle with a solar sensitivity of 12 K /100 sfu,
but the effects of planetary waves have not yet been removed from this data.

See Future Work below.

7. New observations of MWs occurring in the mesospheric OH airglow emission
over the Andes resulted in the detection of 37 nights exhibited MW signatures
during the six years representing ~10% of the clear winter nights. MWs were
observed every year during the winter months (May—August). Most MWs were
intermittent in nature with durations lasting from ~30 min to a few hours,
median 2.7 h. Their horizontal wavelengths ranged from 15-75 km with a mean

of 46+3 km.

8. The radiosonde data shows strong eastward winds on all nights when MWs
were observed. The MR data show wind conditions during the intermittent
periods when MWs were observed to be favorable for MW propagation at MLT

altitudes.

9. Although the winter atmospheric conditions over the Andes allow for the prop-
agation of MWs into the mesosphere, the relatively low count of 37 MW nights
over 6 consecutive winters is somewhat surprising. This suggests that the in-
crease in GW variance over ALO (due in part to short-period GWs) as reported

in Chapter |5l was probably not due to MWs alone.

The development of this dissertation has been shown at several conferences in-
cluding the NSF sponsored Coupling, Energetics, and Dynamics of Atmospheric Re-
gions (CEDAR) Workshop and the American Geophysical Union Fall Meeting |Pug-
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mare, 2015; |Pugmare and Taylorl, 2013; | Pugmare et al., 2010, 2011}, 2013, 2014} | Taylor
et al., 2016, 2011; |Zhao et al., 2016].

7.2. Future Work
The extensive MTM measurements provide a trove of data available for future

research endeavors. Possible directions for future work include the following:

1. As discussed in Section as more measurements from CIPS RAA data
become available, they could be used to investigate the coupling by MWs of the

stratosphere and mesosphere |Taylor et al., 2016].

2. As discussed in Section [£.3.2] an intriguing long-term trend in the MTM tem-
perature data set was found (see Figure . There is an apparent visual
correlation between the SABER T}, and the solar activity over this extended
period. It is evident that the solar minimum of 2009 matches the low tempera-
ture measured by both SABER and the MTM, and the solar maximum in 2014
matches the temperature peak seen in both instruments. This trend matches
the solar cycle with a solar sensitivity of 12 K/100 sfu. This solar sensitivity is
currently two times larger than most other reported solar sensitivities, while the
solar sensitivity of the SABER T}, are in good agreement with other reported
results |Beigl 2011} |Forbes et al, [2014]. In order to investigate the correlation
between the Tpoy and T, measurements and solar activity a longer data set

needed.

3. The difference in temperatures obtained by SABER and the MTM over the
observation period shows a recent decrease as shown in Figure [7.1] The most
recent years (2016-2017) show the AT appears to have narrowed for both the
MTM and El Leoncito spectrometer data. While more coincident measurements

are needed for better understanding of the reasons, it does exhibit an inverse
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relation to the long-term temperature trend measured by the MTM and the

solar cycle.
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Figure 7.1. Monthly mean AT between the SABER T} and the MTM Ty for 2009—
2017 at ALO.

4. Use SABER OH volume emission rates to determine the altitude of the OH layer
to further investigate the seasonal difference of the 5 K temperature observed
between the MTM and SABER and confirm the OH layer height during the
observation of MWs while the MR winds exhibited zero-wind lines in the MLT

region.

5. During the seasonal temperature analysis it was noted that strong quasi-two-day
oscillations occurred almost every year during the summer months (January—
February) [Hecht et al., |2010; |Moudden and Forbes, [2014]. The high quality of
observation conditions at ALO have enabled long-duration (up to one month)
of these events providing new information on the occurrence, temperature am-
plitudes, and variability. Future coordinated measurements with new improved

MR data can be used to investigate their forcing, in particular the hypothesis
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that they are subharmonic instabilities of the diurnal tide | Walterscheid et al.,

2015]. See Figure
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Figure 7.2. Nightly average temperature during each January and February from
2011 to 2016 showing two-day wave structure.

6. Further comparisons with on-site instruments and model data. So far the com-
parison has been used for calibration and focused on MWs. Comparisons with
the Naval Research Laboratory’s MSISE-00 model data show seasonal temper-

ature differences.

7. Future analysis of small-scale GWs to find the wavelength, direction of prop-

agation, phase speed and temperature perturbations of individual events, par-

ticularly using a newly developed statistical analysis method |Matsuda et al.,

2014; | Talaei et all, 2015]. Automation of keogram creation and wave parameter

extraction would also speed up the GW and MW analyses.
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