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Abstract

This thesis shows the statistics of atmospheric gravity waves (AGWs) observed in the OI emis-

sion 557.7 nm at ∼97 km altitude using an all-sky imager based in Sutherland, South Africa

(32.37◦ S, 20.81◦ E) in the year 2017. The wavelengths were determined using the propagation

vector method, velocity was determined using the cross correlation of 1D FFT and the period

was determined using the equation that relates wavelength and velocity. It was found that the

horizontal wavelength in summer was almost evenly distributed between 10 and 40 km and for

autumn, winter and spring were mostly between 10 and 30 km. The favoured speeds were be-

tween 40 and 50 m/s in autumn, as well as 30 and 50 m/s in summer, but the AGWs in winter

had a bimodal speed distribution of 20 - 40 and 50 - 70 m/s. The majority of periods observed

in all seasons were less than 20 minutes with a dominant peak of 5 - 10 minutes in autumn

and spring. There was no favoured propagation direction for spring, but AGWs favoured a

southeastward propagation in summer, and a southward propagation in autumn and winter.
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Chapter 1

Introduction

The earth’s atmosphere is made up of a mixture of gases such as molecular nitrogen at 78%

volume and molecular oxygen at a 21% volume. Other constituents such as water vapor, car-

bon dioxide, and ozone as well as other minor constituents make up the remaining 1% of the

atmosphere. Solar radiation is the most important source of energy on earth and in the earth’s

atmosphere. As much as it is the source of life in the biosphere it also acts as the main driving

force for the dynamics of the atmosphere. The two constituents of the atmosphere that mainly

absorb solar radiation are oxygen and nitrogen. They are dissociated and ionized by the shorter

wavelength radiation with the minor atmospheric constituents such as water vapour and carbon

dioxide also contributing to the absorption of solar radiation as well as the active chemistry

of the atmosphere [McEwan & Phillips, 1975; Leckner, 1978; Solomon et al., 1998; Brasseur &

Solomon, 2006].

The earth’s atmosphere has layers that are subdivided based on either its chemical composi-

tion, temperature profile which can be identified empirically, or physical processes that occur

in that region. The names of the layers are denoted with “sphere” to indicate the region and

“pause” to indicate the upper boundaries of each layer. Figure 1 presents a typical temperature

profile showing how the temperature varies with altitude and layers associated with this trend.

The troposphere reaches up to 10 km, stratosphere is found at approximately 11 km up to 50

km, mesosphere at a height above the stratopause up to approximately 85 km, and above the

mesopause starts the thermosphere. Temperature variation with altitude is one way to classify

the layers but other properties are ozone density, solar ionization, and gas mixture, for layers

such as the ionosphere and the magnetosphere [Chapman, 1950; Brasseur & Solomon, 2006].
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Figure 1.1: Layers of the atmosphere as defined using a temperature profile [Tricoli, 2015]

As shown in figure 1.1, the temperature in the troposphere decreases with increasing altitude

up to a minimum called the tropopause, the location of which varies with season and latitude.

It’s location at the equator is at about 16 km with a first temperature minimum of ∼190 K,

while in the polar regions its altitude can be found at about 8 km with a mean temperature

of approximately 220 K [Brasseur & Solomon, 2006]. The temperature decrease in the tropo-

sphere has a constant lapse rate, i.e. the rate of decrease of temperature with altitude, and

its global mean is roughly 6.5K/km [Salby, 1996]. The troposphere has uniform composition

and a pressure that decreases as the altitude increases. It contains weather processes driven by

surface heating. The emission and absorption capabilities of infrared radiation by water vapor,

carbon dioxide, and ozone molecules make energy transfer between the atmospheric layers effi-

cient [Brasseur & Solomon, 2006; Salby, 1996].

The temperature in the stratosphere increases with altitude (see figure 1.1) and results in a

positive lapse rate. The increase in temperature reflects the ozone heating that results from

the absorption of solar UV. The temperature in the stratosphere is found to be about 220 K

in mid-latitudes (i.e. geomagnetic latitude between 30◦and 60◦) [Brasseur & Solomon, 2006;

Moon et al., 2017]. The ozone which is found in the middle atmosphere (i.e. stratosphere and

mesosphere) is the only atmospheric species that effectively absorbs ultraviolet solar radiation
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from about 250 – 300 nm, protecting animal and plant life from exposure to the harmful radi-

ation [Brasseur & Solomon, 2006]. Other differences of the stratosphere from the troposphere

are that only weak vertical motions are involved due to the increased temperature and radia-

tive processes, which dominate in this layer. The upper boundary of the stratosphere is the

stratopause which is found at an altitude of about 50 km where a temperature maximum of

about 270 K is reached [Brasseur & Solomon, 2006; Salby, 1996].

The mesosphere is the layer found just above the stratopause where the temperature decreases

with altitude, as can be seen in figure 1.1, and ozone heating becomes less. In this layer the

temperature ranges from a high of 263 K in the stratopause to a low of 185 K at the mesopause,

making it the coldest layer of the atmosphere [Roble, 1995]. Atmosphere meteor trails can form

in this layer as well as in the lower layers of the ionosphere during the daytime. The mesopause

is the upper boundary of the mesosphere and is found at about 85 km altitude where a second

temperature minimum can be found [Brasseur & Solomon, 2006; Salby, 1996].

The thermosphere is the layer above the mesopause found at approximately 100 km. The lower

part of the thermosphere has a temperature that increases upward with a gradient of about 9

K/km [Salby, 1996; Brasseur & Solomon, 2006; Chamberlain, 2016]. The temperature increases

steadily in this layer and there is a downward flow of heat in the region with a positive tem-

perature gradient [Salby, 1996; Chamberlain, 2016]. The ionosphere is a partially ionized gas

that surrounds the earth at an altitude range of about 50 - 1000 km and acts as an interface

between the atmosphere and space [Kelley, 2009].

The atmosphere is a firmly fixed and stratified fluid that has the ability to support and propa-

gate wave motions, such as atmospheric gravity waves, tides and planetary waves. Atmospheric

gravity waves (AGWs) are types of waves that occur in the atmosphere whose restoring force

is gravity. They affect the behaviour of the atmosphere and represent important dynamic

processes that facilitate vertical and horizontal energy transfer between different layers of the

atmosphere [Andrews et al., 1987; Nappo, 2013]. In the ionosphere, atmospheric gravity waves

manifest as traveling ionospheric disturbances (TIDs), which appear as a decrease and increase

of the ionospheric electron content or electron density as the ionospheric plasma moves up and

down. In other words, TIDs are quasi-periodic perturbations observed at ionospheric altitudes

but caused by the passage of gravity waves in the lower atmospheric regions. In addition to
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gravity, the restoring force for TIDs also includes the magnetic field because charge particles

are normally constrained to move parallel to the magnetic field only. This is especially true

at higher altitudes in the F-region ionosphere where the ion-neutral collision frequency is low.

[Davies, 1990; Shiokawa et al., 2003; Ssessanga et al., 2015].

AGWs have been observed in different parameters of the atmosphere, such as temperature

and airglow intensity. Airglow is the light emitted by the upper atmosphere, other than that

known as the polar aurora, through chemical processes [Chapman, 1950; Elvey, 1950]. The

phenomenon is believed to have first been discovered prior to the 1800s. Its existence was

established using photometry by Yntema [1909] who named it Earthlight. Chapman [1950] was

one of the first scientists to theoretically explain the airglow and the features that are related to

the phenomenon [Chattopadhyay & Midya, 2006]. Airglow can be seen near 85 - 90 km for the

hydroxyl (OH) bands (<200 nm), near 90 km for sodium (589.3 nm) and near 95 - 100 km for

the atomic oxygen green line (557.7 nm) and near 160 - 350 km for the atomic oxygen red line

(630.0 nm) [Hecht, 2004; Chattopadhyay & Midya, 2006; Kamide & Chian, 2007; Martinis et

al., 2018]. The emissions are a result of atomic oxygen reacting with itself and/or other species

present in those altitudes [Hecht, 2004]. Dissociative recombination of the particles produced

by ultraviolet absorption of sunlight is the most common mechanism. The typical atmospheric

emission processes for sodium, hydroxyl, and oxygen green and red line airglow are [Chapman,

1950; Takahashi et al., 1992; F. J. Garcia, 1999; Makela & Kelley, 2003; Brasseur & Solomon,

2006; Martinis et al., 2018]:

(a) Sodium

O +O2(+M) −→ O3(+M) (1.1)

Na+O3 −→ NaO +O2 (1.2)

NaO +O −→ Na∗(2P ) +O2 (1.3)

Na∗(2P ) −→ Na(2S) + 589.0 nm photon (1.4)

(b) Hydroxyl (OH)

H +O3 −→ OH∗(v ≤ 9) +O2 (1.5)

OH∗ −→ OH + 845.0 nm photon (1.6)
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(c) Oxygen green line O(1S) excited to their 1S state through three body collisions such as:

O +O +M −→ O∗2 +M (1.7)

this reaction can be followed by photo-radiative decay

O∗2 −→ O2 + 557.7 nm photon (1.8)

where "M" denotes a third body which could be either N2 molecule or O atom

(d) Oxygen red line O(1D) excited to their (1D) state through:

O2 + e− −→ O +O∗ (1.9)

followed by photo-radiative decay

O∗ −→ O + 630.0 nm photon (1.10)

Figure 1.2: An illustration showing the heights of the various airglow layers seen from a CCD

imager and the wavelengths of the emissions (not to scale) [Chapagain, 2011].

Many climatological and case studies of AGWs and TIDs have been done using various in-

struments, such as ionosondes [Klausner et al., 2009; Amorim et al., 2011; Krankowski et al.,
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2011], global navigation satellites systems (GNSS) [Mukhtarov et al., 2013; Habarulema et al.,

2016; Arikan & Yarici, 2017], and airglow imagers [Shiokawa et al., 2003; Otsuka et al., 2004;

Makela et al., 2010], in order to understand the nature of these waves/disturbances. However,

until Martinis et al. [2019] only a few case studies of large scale TIDS have been conducted

over the African/South African region using GNSS observations [Habarulema et al., 2013;

Katamzi & Habarulema, 2014]. Martinis et al. [2019] was the first study to report medium

scale TIDs using ground based 630.0 nm airglow measurements over South Africa, which was

compared to conjugate measurements over Italy. As a result, more studies of these waves, in

particular climatological studies using different instruments (such as optical instruments in the

form of airglow imagers), will help us better understand how these waves alter the neutral

atmosphere-ionosphere dynamics, which makes it challenging to accurately predict or model

the atmosphere-ionosphere, and how they affect aerospace and ground-based radio systems. In

addition, it is important to know the properties of these waves in order to understand their

theoretical framework.

Boston University has installed all-sky imagers at different observatories considered to be at

opposite ends of the geomagnetic field lines of each hemisphere (i.e. conjugate points), including

an observatory in South Africa and its conjugate in Italy. The multi-wavelength all-sky imager

used in this project was installed at the South African Astronomical Observatory (SAAO) in

Sutherland, South Africa (32.37◦S, 20.81◦E, magnetic latitude 40.7◦S) in July 2016. As the

first of such instruments in South Africa, it offers an opportunity to study the morphology and

distribution of AGWs, TIDs and other atmospheric disturbances/waves at different layers of

the atmosphere in detail not previously possible with instruments such as the ionosondes and

GNSS receivers [Martinis et al., 2018, 2019].

1.1 Aim of project

The aim of the project is to determine the properties of night-time atmospheric gravity waves

(AGWs) over South Africa using a multi-wavelength measurement of the airglow from the all-

sky imager (ASI) in Sutherland. The objectives are:

• determine the waves’ parameters, such as period, wavelength, speed and propagation azimuth,

from measurements of the 557.7 nm airglow emissions,
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• determine statistical characteristics of these parameters, and

• discuss some mechanisms through which the waves are generated, especially during quiet

geomagnetic conditions.

1.1.1 Structure of the Thesis

The chapters of this project are arranged as follows:

• Chapter 2 gives the theoretical background and morphology of the mesosphere and atmo-

spheric gravity waves studied.

• Chapter 3 discusses the instrument and the methodology used to analyse the data used. This

discusses the image processing procedures as well as the spectral analysis used to calculate the

gravity wave characteristics.

• Chapter 4 analyses the results obtained from the methods discussed in Chapter 3 and dis-

cusses the seasonal characteristics of the gravity waves.

• Chapter 5 summarises the conclusions and gives future works of this study
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Chapter 2

Mesosphere and Atmospheric Gravity

Waves
This chapter explores further the background theory of the mesosphere and the atmospheric

gravity waves (AGWs), showing the derivation of the dispersion relation for AGWs to demon-

strate the difference between them and acoustic waves in the atmosphere.

2.1 Mesosphere

The various layers in the atmosphere were discussed in Chapter 1 highlighting their different

characteristics. The layer we are most focused on in this project is the mesosphere because

the AGWs studied in this project propagate in this layer. It is the least understood of the

layers because of its complex dynamics, and the lack of experimental observations related to

the layer. For recap purposes, the mesosphere is found above the stratosphere located at an

altitude range between 50 km and 80 km, where the temperature decreases as the altitude

increases. The mesosphere is the product of the turbulent mixing of conditionally stable air

and the positive lapse rate of ozone concentration which is characteristic of this layer [Webb,

1966].
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Figure 2.1: The averaged temperature in the mesosphere [Brasseur & Solomon, 2006].

The mesopause is the region separating the mesosphere below it from the thermosphere above

it. It is defined by the temperature minimum which varies seasonally and with latitude as seen

in Figure 2.1 (as obtained from Brasseur & Solomon [2006]) where the image on the left shows

the observed temperature for December and the image on the right shows the temperature in

July. In the regions surrounding the equator at all seasons and midlatitudes, the transition

takes place at an altitude of ∼100 km [Brasseur & Solomon, 2006]. At the winter pole the

temperature in the mesopause reaches 180 – 220 K at around 100 km. During summer at

high latitudes the mesopause is located near 85 - 100 km and the temperature at the northern

hemisphere pole can reach values as low as 120 - 140 K [Brasseur & Solomon, 2006]. The

manner in which the mesopause is structured is attributed to the detailed relationship between

the dynamics, radiative transfer, and photochemistry [A. K. Smith, 2004; Brasseur & Solomon,

2006].

Radiative processes contribute more to the energy in the area neighbouring the mesosphere,

but other processes to look out for are adiabatic heating and cooling mechanisms related to

the large scale transfer of heat horizontally through the atmosphere. Other processes such as

chemical heating and energy loss to space by radiative emissions also play a key role in the

energetics of the mesopause [D. C. Fritts, 1995; Brasseur & Solomon, 2006]. The mesopause

is partial to the internal variability produced by atmospheric gravity waves that propagate

upwards [Brasseur & Solomon, 2006].
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2.2 Atmospheric Gravity Waves

Atmospheric gravity waves are propagating atmospheric waves whose restoring force is gravity.

AGWs in the mesosphere and lower thermosphere have been studied since being perceived to be

responsible for the structure of the mesosphere and lower thermosphere (MLT) [Hines, 1960].

The Earth’s atmosphere is almost always stably stratified and can thus be considered to be a

fluid. A fluid that is steadily stratified is one in which the density of the fluid increases with

depth. A stably stratified fluid has a trait whereby it supports and propagates wave motion.

It is safe to assume that the atmosphere always contains AGWs as it is believed to always be

steadily stratified except for the thin layer near the earth’s surface, i.e. the terrestrial boundary

layer [Nappo, 2013].

The large scale circulation, thermal and constituent structure of the MLT is affected by the

AGWs which also contribute to the variability of the region. The waves that occur in the MLT

region propagate upwards and that’s when Earth’s gravity becomes a restoring force in the

propagation of these waves. The period of these waves ranges between 5 minutes and 3 hours,

and horizontal wavelengths range from 50 to 500 km with vertical wavelengths having a range

from 5 to 10 km in the mesosphere [Mondal et al., 2019].

Energy and momentum are transferred through the different layers of the atmosphere by atmo-

spheric gravity waves. Through breaking and/or saturation of the waves, they can transport

momentum and energy to upper atmosphere [Hines, 1960; Bretherton, 1969; D. C. Fritts &

Alexander, 2003; Costantino et al., 2015; Mondal et al., 2019]. Small-scale gravity waves are

waves with wavelengths less than 100 km and short periods typically less than 30 min. In

the MLT region small-scale waves are caused by the breaking of gravity waves as a result of

neutral instability associated with internal gravity waves [Winters & Riley, 1992; Nakamura et

al., 1999]. Their interaction with large scale planetary waves amplifies them and they go on to

disturb the ionosphere dynamics. The classification of gravity waves is important in studying

the upper atmosphere and the dynamics that occur in the region in which they are observed

[Vincent, 2015].

Waves have a wide variety of forms seen stirring in different directions. Figure 2.2 shows a

representation of what the waves would look like as described by Hines & Hines [1974]. The

waves could be moving horizontally or propagating upwards or downwards throughout the field
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of view. Some of the waves could be seen spread out throughout the field of view as they

propagate from one point to the next.

Figure 2.2: A surrealistic representation of atmospheric gravity waves [Hines & Hines, 1974].

2.3 Brunt-Väisälä frequency

In the Earth’s atmosphere the oscillations from AGWs play a major role in several dynamic

processes. These waves are responsible for the coupling that occurs both vertically and horizon-

tally in the atmosphere resulting in the atmosphere being a single entity [Roble, 1995; Taylor

et al., 1997]. An important prerequisite of the atmosphere is static stability which allows for

vertical propagation of gravity waves. The measure of the static stability of the medium is the

buoyancy oscillation in a stably stratified fluid, i.e. the Brunt-Väisälä frequency [Beer, 1978;

Roble, 1995; Nappo, 2013]. In other words it is the frequency at which a vertically displaced

parcel will oscillate within a statically stable environment [Dolas & Kishore Kumar, 2009].

2.3.1 Brunt-Väisälä frequency

To derive the Brunt-Väisälä frequency, let F be the force acting on the parcel of atmosphere

which has volume V and initial position (z,p), where

F = ma. (2.1)
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Assume the air parcel moves from initial position to point B, where B = (z + z′
, p−∆ p) and

z’ = dz/dt. The net force acting on the air parcel is the difference between the weight and

buoyancy force [Nappo, 2013]:

F = Fb − Fg (2.2)

where Fb = mg, Fg = m
′
g, m = ρV , m′ = ρ′V , ρ being the density of the surrounding air, and

ρ′, is the density of the air parcel. Therefore equation 2.2 becomes

m′
d2z′

dt2
= g(m−m′) (2.3)

ρ′V
d2z′

dt2
= g(ρV − ρ′V ) (2.4)

ρ′
d2z′

dt2
= g(ρ− ρ′) (2.5)

d2z′

dt2
= g(

ρ− ρ′

ρ′
). (2.6)

At level z0, the air parcel has the same density as its environment,

ρ′(z0) = ρ(z0), (2.7)

for small change in displacement, the density along z can be approximated by Taylor series

expansion.

ρ′(z0 + ∆z) ≈ ρ(z0) +
∂ρ′

∂z
∆z = ρ(z0) +

∂ρ′

∂P ′
∂P ′

∂z
∆z (2.8)

the last term of equation 2.8 utilises the hydrostatic law, where ρ is proportional to P. This im-

plies that as the air parcel rises, its pressure adjusts promptly to the pressure of the surrounding

environment, so that

P ′ = P (2.9)

In hydrostatic equilibrium, density of an object is given by

ρ =
P

RT
and ρ′ =

P ′

RT
, (2.10)
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therefore substituting equation 2.10 into 2.6 and using equation 2.9, yields

d2z′

dt2
= g

(
P
RT
− P ′

RT ′

P ′

RT ′

)

d2z′

dt2
= g(

1
T
− 1

T ′

1
T ′

)

d2z′

dt2
= g(

T ′ − T
T

). (2.11)

Let the ambient temperature be:

T = T0 + Γz′ (2.12)

where Γ is the adiabatic lapse rate, given by Γ = −dT
dz
. If the initial temperature at z is T0 then

the temperature at z + z′ will be

T ′ = T0 + Γdz
′ (2.13)

where Γd is the dry adiabatic lapse rate. The difference between equation 2.12 and equation

2.13, gives

T ′ − T = (Γd − Γ)z′. (2.14)

Substitute equation 2.14 into equation 2.11

d2z′

dt2
=
g

T
(Γd − Γ)z′. (2.15)

Using the equation of motion in Newtonian mechanics, equation 2.15 can be written as

d2z′

dt2
+ ω2

Bz
′ = 0

where ω2
B is the Brunt-Väisälä frequency and is denoted by the equation below.

ω2
B =

g

T
(
dT

dz
− Γd). (2.16)

Equation 2.16, gives us the nature the stability of the atmosphere; that’s if ω2
B is positive, then

atmosphere is stable, otherwise it’s unstable for negative ω2
B.

Temperature at the stratopause, which in the lower mesosphere is about 263 K at 45 ± 5 km,

and at 90 km it is ∼ 185 K [Beer, 1978; Roble, 1995]. Also Γd in the mesosphere is -9.8 K/km
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[Roble, 1995]. Therefore the Brunt-Väisälä frequency can be calculated from equation 2.18,

where T0 = 263 K, T = 185 K, z0 = 45 km, z = 90 km and g = 9.8 ms−2

Calculating the observed temperature gradient:

dT

dz
=
T − T0
z − z0

=
185− 263

90− 45

= −1.73 K/km

Calculating the Brunt-Väisälä frequency:

ω2
B =

g

T
(
dT

dz
− Γd)

=
9.8 ms−2

185 K
(−1.73− (−9.8))

=
9.8 ms−2

185 K
(8.07 K/km)

=
9.8 ms−2

185 K
(

8.07 K

1000 m
)

= 0.0004 s−2

therefore

ωB = 0.021 s−1

Hence, the minimum period of AGWs in mesosphere can be calculated in the form (i.e. Brunt-

Väisälä period):

τ =
2π

ωB
=

2π

0.017
= 5 minutes
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2.4 Dispersion Relation for AGWs

When atmospheric gravity waves travel through a stable and motionless atmosphere, the first

order perturbation is considered. Ignoring viscosity, the perturbation of pressure, velocity and

density are given by the following [Hines, 1960]:

P = P0e
i(wt−Kxx−Kzz) (2.17)

ρ = ρ0e
i(wt−Kxx−Kzz) (2.18)

Ux = U0xe
i(wt−Kxx−Kzz) (2.19)

Uz = U0ze
i(wt−Kxx−kzz), (2.20)

where Ux and Uz are horizontal and vertical velocity components of the perturbation, ω is the

angular frequency of the AGW, Kx is a horizontal wave number while Kz is the vertical wave

number.

Substituting equations 2.17 - 2.20 in the adiabatic equation, equation of motion and the conti-

nuity equation gives [Hines, 1960; Beer, 1978; Nappo, 2013]:

∂ρ

∂t
+ U · ∇ρ0 + ρ0∇ · U = 0. (2.21)

Because horizontal motions are independent of the gravity, therefore the equation of motion

along the horizontal motion and the vertical motion can be written in the form, respectively:

ρ0
∂Ux
∂t

+
∂P

∂x
= 0 (2.22)

ρ0
∂Uz
∂t

+
∂P

∂z
+ ρg = 0 (2.23)

∂P

∂t
+ U · ∇P0 − c2s

∂ρ

∂t
− c2sU · ∇ρ0 = 0, (2.24)

where

c2s = γ
P0

ρ0
(2.25)

cs is the speed of sound and γ is the ratio of specific heats at constant pressure and volume

[Kelley, 2009]. In section 2.3 it is shown that the mesosphere is unstable, thus for small
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change in z, the density of an atmosphere decreases with altitude Nappo [2013]. Therefore the

unperturbed density along vertical motion can be written in the form [Hines & Hines, 1974]:

ρ0(z) ∝ e−
z
H . (2.26)

whereH is the scale height and z is measured vertical displacement. Now substituting equations

2.18 and 2.26 into equation 2.21 results in the following terms:

First term:

∂ρ

∂t
=

∂

∂t
(ρ0e

i(ωt−Kxx−Kzz)) = −iωei(ωt−Kxx−Kzz) (2.27)

∂ρ

∂t
= iωρ (2.28)

Second term:

U · ∇ρ0 = U

(
∂

∂x
+

∂

∂z

)(
e−

z
H

)
= −Uzρ0

H
(2.29)

Third term:

ρ0∇ · U = ρ0

(
∂

∂x
+

∂

∂z

)(
U(x,z)0e

i(ωt−Kxx−Kzz)
)

(2.30)

ρ0∇ · U = ρ0[−iKxUx − iKzUz] (2.31)

adding all the terms yields

iωρ− Uzρ0
H
− ρ0iKzUz − ρ0iKxUx = 0. (2.32)

Multiplying by 1/ρ0, equation 2.32 takes the form

iω
ρ

ρ0
− Uz
H
− iKzUz − iKxUx = 0 (2.33)

iω
ρ

ρ0
− iUxKx −

(
1

H
+ iKz

)
Uz = 0. (2.34)

Substituting equation 2.17 and equation 2.19 into equation 2.22, gives

ρ0
∂

∂t

(
U0xe

i(ωt−Kxx−Kzz)
)

+
∂

∂x

(
P0e

i(ωt−Kxx−Kzz)
)

= 0 (2.35)

iρ0ωUx − iKxP = 0. (2.36)
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Dividing both sides by P0 yields

i
ρ0
P0

ωUx − iKx
P

P0

= 0. (2.37)

Using equation 2.25, the above equation can be written as:

− iKx
P

P0

+ i
γ

c2s
ωUx = 0 (2.38)

− c2sKx

γ

P

P0

+ ωUx = 0. (2.39)

Now substituting equation 2.17 and 2.20 into equation 2.23

ρ
∂

∂t

(
U0ze

i(ωt−Kxx−Kzz)
)

+
∂

∂z

(
P0e

i(ωt−Kxx−Kzz)
)

+ ρg = 0 (2.40)

iωUzρ0 + ei(ωt−Kxx−Kzz)
∂P0

∂z
− iKzP0e

i(ωt−Kxx−Kzz) + ρg = 0 (2.41)

iωUz +
1

ρ0
ei(ωt−Kxx−Kzz)

∂P0

∂z
− iKz

P0

ρ0
ei(ωt−Kxx−Kzz) +

ρ

ρ0
g = 0. (2.42)

Since

H =
c2s
γg

(2.43)

and from the hydrostatic equilibrium theory

∂P0

∂z
= −ρ0g, (2.44)

thus equation 2.42 can be written as

iωUz −
1

ρ0
ρ0ge

i(ωt−Kxx−Kzz) − iKz
c2s
γ
ei(ωt−Kxx−Kzz) +

ρ

ρ0
g = 0 (2.45)

iωUz −
c2s
γH

ei(ωt−Kxx−Kzz) − iKz
c2s
γ
ei(ωt−Kxx−Kzz) +

ρ

ρ0
g = 0. (2.46)

Equation 2.46 can be written in the form

g
ρ

ρ0
−
(
c2s
γH

+ i
Kzc

2
s

γ

)
P

P0

+ iωUz = 0 (2.47)
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g
ρ

ρ0
−
(

1

H
+ iKz

)
C2
S

γ

P

P0

+ iωUz = 0, (2.48)

where P
P0

= ei(ωt−Kxx−Kzz).

Equation 2.24 reduces to

∂

∂t

(
P0e

i(ωt−KxX−KzZ)
)

+ U · ∂P0

∂z
− c2s

∂

∂z

(
ρ0e

i(ωt−KxX−KzZ)
)
− c2sU ·

∂ρ0
∂z

= 0, (2.49)

iωP + Uz(−ρ0g)− c2s(iωρ) + c2sUz ·
ρ0
H

= 0, (2.50)

iωP − Uz
c2s
γH

ρ0 − iωc2sρ+ c2sUz
ρ0
H

= 0. (2.51)

Grouping the like terms gives us

iωP − iωc2sρ− (1− γ)
c2sρ0
γH

Uz = 0, (2.52)

and multiplying by 1/ρ0

iω
P

ρ0
− iωs2s

ρ

ρ0
+ (γ − 1)

c2s
γH

Uz = 0. (2.53)

Using equation 2.25, the above equation infers that

i
ωc2s
γ

P

P0

− iωc2s
ρ

ρ0
+ (γ − 1)

c2s
γH

Uz = 0. (2.54)

Let ~F be a vector such that

~F =


ρ
ρ0

P
P0

Ux

Uz

 (2.55)

Now writing equations 2.34, 2.38, 2.48 and 2.54 in the matrix form, deduce that


iω 0 iKx −(1/H + iKz)

0 − iKxc2s
γ

iω 0

g −(1/H + iKz)
c2s
γ

0 iω

−iωc2s
iωc2s
γ

0 (γ − 1) c2s
γH




ρ
ρ0

P
P0

Ux

Uz

 (2.56)
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Letting the determinant of the matrix to be zero such that the solution of this matrix is non-

trivial. Therefore the solution of the matrix is given in the form [Hines, 1960]:

ω4 − ω2c2s(K
2
x +K2

z ) + (γ − 1)g2K2
x + igγω2Kz = 0. (2.57)

Assuming further that the wave amplitude remain constant in the horizontal direction, con-

cludes that Kx = kx, where kx is real. In the vertical amplitude Kz = kz + ik′z with kz and k′z

real and imaginary amplitudes respectively. Now substituting this transforming equations into

equation 2.57, gives

ω4 − ω2c2s(k
2
x − k′2z + k2z + 2ikzk

′
z) + (γ − 1)g2k2

x + igγω2kz − gγw2k′z = 0. (2.58)

Separating the real part and the imaginary part from the complex solution, deduce:

ω4 − ω2c2s(k
2
x − k′2z + k2z) + (γ − 1)g2k2x − gγω2k′z = 0, (2.59)

and

− ω2c2s(2ikzk
′
z) + igγω2kz = 0. (2.60)

Dividing both sides by i and factoring out ω2kz equation 2.60 reduces to

w2kz(γg − 2c2sk
′
z) = 0.

For this equation to hold, one of these conditions must be true:

w2kz = 0 ∪ γg − 2c2sk
′
z = 0.

These conditions are valid only if one of the following is true:

ω = 0, (2.61)

kz = 0, (2.62)

k′z =
γg

2c2s
. (2.63)

The desired condition is equation 2.63 because equation 2.61 shows that there exists no wave

as there is no period or velocity implying that the wave is stationary, and equation 2.62 implies

that the wave only propagates horizontally.
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Now taking the condition k′z =
γg
2c2s

and substituting it into equation 2.57 results in:

ω4 − ω2c2s(k
2
x + k2z) + (γ − 1)g2k2x − ω2g2

γ2

4c2s
= 0. (2.64)

Equation 2.64 is the dispersion relation for AGWs [Hines, 1960]. Let the minimum frequency

for sound waves be wa, such that wa = γg
2cs

, equation 2.64 then reduces to

ω4 − ω2c2s(k
2
x + k2z) + (γ − 1)g2k2x − ω2ω2

a = 0. (2.65)

The Brunt-Väisälä frequency in terms of speed of sound and scale height is given by equation

[Hines & Hines, 1974]:

ω2
B =

(
γ − 1 + γ

dH

dz

)
g2

c2s
, (2.66)

which is the maximum possible frequency of the disturbed air parcel. This is referred to as the

atmospheric gravity wave, which is the oscillation of air in response to buoyancy [Hines, 1960;

Nappo, 2013]. Because the scale height is constant thus

dH

dz
= 0

This implies that equation 2.66 reduces to

ω2
B = (γ − 1)

g2

c2s
. (2.67)

Making k2z the subject of the formula in equation 2.65 and using equation 2.67 yields

k2z =

(
ω2
B − ω2

ω2

)
k2x +

1

c2s

(
ω2 − ω2

a

)
. (2.68)

If ω >> (ωB;ωa), then

k2z ≈
ω2

c2s
− k2x ⇒ k2z + k2x ≈

ω2

c2s
. (2.69)

Which means that the wave is a sound wave, and have periods less than 4 minutes in the

atmosphere [Beer, 1974].

At low frequencies i.e ω << (ωB;ωa), then

k2z ≈
ω2
B

ω2
k2x −

ω2
a

c2s
(2.70)

This represents the propagation of a wave that is under the influence of gravity. In the atmo-

sphere AGWs propagate with periods between 4 minutes and 3 hours [Beer, 1974].
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2.5 Sources of gravity waves

The AGWs are generally created in the troposhere and are usually a result of the weather and

topographic phenomenon such as wind that blows over the mountains and some are created by

thunderstorms. Natural disasters such as volcanic eruptions and earth quakes, are phenomena

that can generate AGWs [Hines, 1960; Afraimovich et al., 2001; D. C. Fritts & Alexander, 2003].

Other sources of AGWs include meteorites, auroral activity, solar eclipses as well as man made

sources such as nuclear explosions and rocket launches [Naero, 2013; Bakken, 2015].

Abrupt changes in the pressure and temperature of the atmosphere result in the boundary

between day and night-time known as the solar terminator. A similar boundary is also oberved

during a solar eclipse [Rishbeth, 1968; Somsikov & Ganguly, 1995]. These abrupt changes cause

instabilities in the pressure. A gravity force is in turn induced, that forces the atmospheric

gravity waves to propagate in the same direction (mainly westward) as the solar terminator

[Somsikov & Trotskii, 1975]. During geomagnetic storms AGWs can be found traveling pole-

ward as well as equatorward, although equatorward AGWs have Joule heating and particle

precipitation as other mechanisms through which they can be generated. Poleward AGWs dur-

ing geomagnetic storms are generated by equatorial electrojet and increased Lorentz coupling

[Thome, 1968; Chimonas, 1970; Hernandez & Roble, 1978; Habarulema et al., 2015, 2018].

2.6 Modes of Atmospheric gravity wave propagation

There are multiple modes of AGW propagation, including freely propagating upwards or down-

wards, ducted propagation of trapped waves, as well as secondary and tertiary waves [Wal-

terscheid et al., 2001]. The four main modes that atmospheric gravity waves can take up as

they move in the atmosphere were shown by Mayr et al. [1991] which rely on the magnitude

and source of the waves. As seen in Figure 2.3, the AGWs in mode (1) in the thermosphere

move almost horizontally. The characteristics related to these waves are that they travel at

high speeds for greater distances and have longer wavelengths and mostly found in the ther-

mosphere. It was Hocke et al. [1996] who pointed out that these waves propagate equatorward

which is a characteristic related to waves that originate from higher latitudes at the inception of

geomagnetic storms. The atmospheric gravity waves generated in the lower thermosphere are

depicted in mode 2. They travel at diagonal angles relative to the Earth’s surface, have short
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wavelengths and because there is high viscosity and thermal conduction at upper atmospheric

regions, these waves dissipate quickly as they travel upwards [Hines, 1964; Kohl et al., 1996].

Figure 2.3: Atmospheric gravity wave modes in the lower and upper atmosphere [Mayr et al.,

1991]

A wave travelling between the Earth’s surface and the lower thermosphere is represented by

mode 3. This type of wave even though it can leak into the upper atmosphere, is able to

travel for longer distances due to its minimal viscosity and thermal conduction in the lower

atmosphere. Mode 4 represents those waves that are reflected on the Earth’s surface and travel

into the thermosphere [Beer, 1974; Hajkowicz, 1990; Francis, 1974]. The AGWs in modes 3

and 4 travel at low speeds and have short wavelengths. These gravity waves do not have much

of an impact in atmospheric processes due to their random occurrence [Beer, 1974; Hajkowicz,

1990; Francis, 1974].
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Chapter 3

Instrument and Data analysis

In this chapter the instrument, which is the airglow imager, is discussed followed by how it

was used to determine parameters of the atmospheric gravity waves. Before the gravity wave

parameters could be determined, a three-step approach has been employed using the MATLAB

programming language. First, the airglow images went through coordinate mapping, secondly

star removal was done, which included filtering. The stars were removed because they serve

as noise, resulting in streaking of the image when it is projected to geographic coordinates or

when averaged for flat fielding. Third, through a process known as unwarping, the image is

transformed to a uniformly spaced geographical coordinate system. Last, spectral analysis was

performed in order to calculate gravity wave characteristics.

3.1 All-sky Imager

The all sky imager (see figure 3.1) used in this study was designed and is operated by Boston

University. This instrument deployed at Sutherland, South Africa (32.37◦S, 20.81◦E, magnetic

latitude: 40.7◦S) utilizes an 85 mm fisheye lens with a 180 degrees field of view to record the

scene from horizon to horizon at all azimuths. It uses a highly-efficient 1024 x 1024 pixel back

illuminated charged coupled device (CCD) detector. The system houses six filters with a narrow

band 1.2 – 1.8 nm full width half maximum in its filter wheel. Some of the filters housed in the

filter wheel are assigned the characteristics seen in table 3.1.
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Table 3.1: Different airglow emissions and their specific

characteristics [Makela et al., 2001; Chattopadhyay &

Midya, 2006].

Species Wavelength Emission height Layer thickness

OI 630.0 nm 250 km 50 km

OI 557.7 nm 96 km 15 km

Na 589.3 nm 90 km 7 km

OI 777.4 nm 350 km 50 km

OH 845.0 nm 87 km 10 km

Figure 3.1: All-sky imager (ASI) designed at Boston University for observations of emissions

from the Earth’s upper atmosphere [Martinis et al., 2018]

There exists also one filter which is centered at 605.0 nm that has no emission lines, that is used

to assess the presence of tropospheric clouds and background light, and the cutoff filter of >

695.0 nm [Hickey et al., 2018]. The integration times are 2 min resulting in a sequence of images

at given wavelength separated by approximately 11 min. In addition, the 605 nm filter is used
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because there are no airglow emission lines within the bandwidth of the filter. Any emissions

within the 605 nm filter passband is due to either the stellar continuum or weak broadband

airglow. It can therefore be used to remove any background emission within the bandpass of

the other filters. [Martinis & Mendillo, 2007; Martinis et al., 2013, 2018, 2019]. The raw data

from this instrument is streamed to Boston University and the images are published on their

website: http://Sirius.bu.edu/data. The airglow imaging technique has been used for studies

of mesospheric bores [Taylor et al., 1995; S. Smith et al., 2005; Nielsen et al., 2006; Mondal et

al., 2019], gravity waves [F. Garcia et al., 1997; D. C. Fritts & Alexander, 2003; Taylor et al.,

2009], traveling ionospheric disturbancess [Mendillo et al., 1997; Shiokawa et al., 2003; Martinis

et al., 2019] and plasma bubbles [Takahashi et al., 2009; Taori et al., 2015; Takahashi et al.,

2018]. The next section presents how the raw data from this instrument are processed.

3.2 Image Processing

To make sense of the acquired airglow images, some image processing techniques have to be

applied to the airglow images. The processing is done to convert the airglow images from

pixel coordinate system to an easier to understand system, such as the geographical coordinate

system. There are characteristics of the raw image that need to be preserved, such as gravity

waves, and those that need to be removed, such as stars. This can be achieved through filtering.

3.2.1 Preprocessing

Before the preprocessing can be done, the gravity wave images were first manually inspected

for gravity wave features. These are wavelike patterns of bright and dark bands seen on the

image as illustrated by the bottom right image in figure 3.2. The aim of the preprocessing

is to unify the resolution across the images, to transform the images from all-sky format to

the corresponding geographic coordinate system followed by the removal of stars and end with

unwarping. The two methods used to analyse the Sutherland airglow data were visual inspection

of the images available on the Boston University data website (http://Sirius.bu.edu/data) and

spectral analysis. The visual inspection included identification of dates containing data by how

the calendar dates are highlighted on the website with a red colour for dates when the data are

available while those without data are grey. The next step involved identification of nights with
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good data coverage (i.e. without or very little cloud coverage) and followed by the identification

of those with AGW signatures. Having identified the relevant airglow images, spectral analysis

was used to determine the gravity wave parameters such as horizontal wavelength, phase speed,

propagation direction, and period.

Figure 3.2: The images illustrate from top left, clear, mostly clear, mostly cloudy, completely

cloudy, moonlight contamination and AGW signatures.

Although the airglow imager in Sutherland started collecting data from June of 2016, this

study used OI 557.7 nm airglow data taken during January − December 2017. This period was

chosen to allow sufficient data to perform seasonal analysis of the calculated wave parameters.

The images are taken between sunset and sunrise, roughly between 16:00 UT and 04:00 UT

(where LT hour = UT + 1.65) although these vary with season. Some of the dates in 2017

did not have data and this could be because of camera maintenance or malfunction, so out of

365 nights data were available for only 323 nights. The data were sorted from those with cloud

and moon appearances resulting with 206 clear nights. Those used were clear or mostly clear

and those that were mostly clear were included as they were clear enough for airglow features

to be observed in the presence of clouds. To declare a night as being clear or unclear, we used

the visibility of stars in the images throughout the night. A night was declared to be unclear

when stars were not visible in all or most of the images of that night’s observation, due to

cloud cover or moonlight contamination. The amount of clear images and cloudy images varies
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throughout the data. Figure 3.2 illustrates the different classification of images, namely clear

(top left), mostly clear (top middle), mostly cloudy (top right), completely cloudy (bottom

left), moonlight contamination (bottom middle) and lastly AGW signatures (bottom right).

Note AGW event was defined as a wave-like pattern that is observed in airglow images which

last for at least 3 successive images (i.e. for 33 minutes) with most of its features preserved

(i.e. not changing drastically). Most of the events last for less than an hour, with only a few

cases where events last for a few hours. Once the images with AGW features were identified, a

coordinate mapping procedure was applied to them as described in the section below.

Mapping to geographical coordinates

Figure 3.3 shows the mapping sequence used to transform all-sky images from the pixel co-

ordinate system to geographic coordinates. The original image (see figure 3.3 top left) shows

the image data array with the indices represented by pixel coordinates (i,j). The standard

coordinate system is defined such that the centre corresponds with the zenith and the scaling

of the coordinates result in the horizon circle corresponding to 0◦ elevation in units of radius.

Every pixel coordinate (i,j) of the original image corresponds to a standard coordinate (f,g).

The elevation-azimuth coordinate system makes it easier to transition between the standard

coordinates and geographic coordinates. The desired coordinate system is the geographic co-

ordinate system where the standard coordinate system is mapped to points (x,y) through the

azimuth and elevation transformation.

The distortion effect observed in airglow images by which the image appears compressed and

curved towards the horizon is a result of a fish-eye lens which gives incorrect gravity wave

wavelength values if not corrected. Figure 3.4 illustrates the airglow geometry, where point P

is the sky position of the object of interest, O is the station where the observer is based, R is

the mean radius of the Earth, H is the altitude of the peak emission layer, el is the elevation

over the horizon, Ψ is the angle of P from zenith referenced from the centre of the Earth, r is

the geographical distance between zenith and point P, a the distance between zenith and point

P, c is the distance between the station and point P and α is the angle between the station

and the zenith point.

The relationship between the parameters, shown in Figure 3.3 and Figure 3.4, is given by the

following equations:
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Figure 3.3: Coordinate mappings used to transform all-sky images to desired coordinate system

[F. Garcia et al., 1997].

Figure 3.4: Illustration of the airglow geometry [F. Garcia et al., 1997].

r =
√
x2 + y2 (3.1)

ψ =
r

R +H
(3.2)

a = 2(R +H)sin
ψ

2
(3.3)
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c =
√

(H2 + a2 − 2Hacos(α)) (3.4)

α = (
π − ψ

2
) (3.5)

el = cos−1
(
asinα

c

)
(3.6)

where R is the mean radius of the Earth (6370 km) and the angle it makes with the y axis gives

the azimuth at any point (x,y) in the geographic coordinate system is given by:

az = tan−1
(
x

y

)
. (3.7)

The propagation direction of the waves can be accurately estimated once the data has a geo-

graphic reference system. The first step in this regard is to find the zenith and polar star in

order to find the true north. The zenith is not necessarily located in the center of the image

which makes it necessary to find its location using other means. This can be done during the

mapping to geographical coordinates which utilizes a star map to compare the positions of

the stars in the image with their theoretical locations. Mapping to geographical coordinates

eliminates the effects caused by the curvature of the night sky being studied where the pixels at

the boundary of the image cover a larger area than those in the middle [Hatlen, 2013]. Figure

3.5 shows the raw image in pixel coordinates (left) and geographic coordinates (right).

Figure 3.5: The raw image in pixel coordinates and geographic coordinates.
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Figure 3.6: Illustration showing the original image (top left), background image (top right),

image after background subtraction (bottom left) and filtered image (bottom right).

Star removal

It is important to remove the stars in an airglow image because they can cause streaking when

the image is projected onto a geographic coordinates system as well as act as noise in the image

when calculating the gravity wave parameters [F. Garcia et al., 1997]. Stars show up in the

raw images as bright spots of varying sizes as seen in figures 3.2, 3.5 and 3.6 for example.

They have an intensity that is greater than that of the background radiation and the wave

crests as a result of the gravity waves propagating through the airglow layers. It is hard and

almost impossible to remove stars by just subtracting two subsequent images from the same

wavelength filter. Therefore the star removal was done by first subtracting the background

using the images from the 605.0 nm wavelength (example given in 3.6 top right) then applying

a median filter. Images from 605.0 nm are used because they have the same exposure time and

are taken in close succession as those from the 557.7 nm wavelength (example given in 3.6 top

left). This removes the background and it allows the wave crests to be easily detectable (as

illustrated by 3.6 bottom left).

After removing the background the 557.7 nm images are filtered using the median filter provided
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by MATLAB at either a 5x5 or 10x10 pixel window. The median filter sorts out what is referred

to as the salt and pepper noise in images. As a ranking filter it replaces the noise with the

median intensity value of the data within the filter window.The window size needs to be large

enough to be able to remove most of the stars if not all of them. The process results in an

image similar to that illustrated by the bottom right image in Figure 3.6 with a re-scaled grey

scale. The image shows the linear variation of fractional intensity of the image. The positive

values corresponding to the lightest intensity values and negative values corresponding to the

darkest intensity values which are a result of the image subtraction.

3.2.2 Unwarping

The image was transformed from geographic coordinates to distance coordinates, a procedure

also known as unwarping, so that it could be analysed using standard spectral analysis. An

area of the image where the gravity wave appears is isolated for analysis as illustrated by the

left plot of figure 3.7. The selected region was plotted on latitude and longitude scale and

the white space was removed to make the image square by linear extrapolation over the area

of interest. The rectangular image was converted from latitude and longitude coordinates to

distance in kilometers as seen in figure 3.7 (right) at an assumed altitude of 96 km.

Figure 3.7: Isolated area where gravity wave structure is seen and the transformed image with

distance coordinates

.
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3.3 Data Analysis

The method employed in this project was specifically designed to place emphasis on the regions

of interest (i.e. where AGWs appear in images) making it easier to focus on the events present

and apply spectral analysis to determine wave parameters.

3.3.1 Wavelength

The method used in this study to determine wavelength, referred to as the propagation vector

method, required that two consecutive images showing AGW features have the same dimen-

sions. Using the Ginput MATLAB function the line joining two points which encompasses the

wavefronts of the wave, called the propagation vector, was selected on the first image. This

line, seen in figure 3.8, is superimposed onto the next image. The wavelength for each image

was obtained along the propagation vector perpendicular to the wavefronts.

Figure 3.8: Two images from different time stamps shown side by side and the line drawn using

the propagation vector method is shown in both images.

The left column of figure 3.9 was obtained by extracting the intensity variation along the

propagation vector in figure 3.8 and the plots on the right in figure 3.9 are the 1D Fourier

transforms of the plots on the left.

Two methods were available for determining the wavelength:

1. ’auto’ wavelength selection - for this method the peaks of the 1D Fourier transform of the
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waves along the selected path were used to determine the dominant (“mean”) wavelength.

The peak of the Fourier transform gives the average wave number. The part of the wave

that is then highlighted is the crest-to-crest section which has a distance between crests

that is closest to the wavelengths determined from the Fourier transform.

2. ’manual’ wavelength selection - this method prompts the user to pick two successive crests

from each of the 1D waves shown in figure 3.9, which by manual inspection seems to be

the clearest “cycle” of the respective waves. In each of the images the wavelength was

then taken as the distance between the selected successive crests. In this case the 1D

Fourier transform was not used for finding the wavelength, but nevertheless determined,

and marked with an asterisk at the location of the wavelength determined by the crests

selected from P1 and P2 waves.

Using the auto method to find the wavelength, the one-dimensional wave analysis of figure 3.8

was obtained by deriving the wave amplitude along the selected propagation vector as seen

in figure 3.9. The pixel intensity values along the velocity vector were found and the velocity

vectors was interpolated to 512 points so that the Fast Fourier Transform (FFT) function can

give a meaningful frequency response, and plot the points along the same propagation vector

on each of the two images.

Figure 3.9: 1D Fourier transform of wave amplitude.

3.3.2 Velocity

The velocity of the AGW was calculated using cross-correlation of the intensity variation ex-

tracted from the propagation vector of the two consecutive images of the same event (see left
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plot of figure 3.10). The velocity calculated to be 10.04 m/s was determined by the highest

peak of the 1D correlation as this shows the maximum correlation found between the two waves

(see figure 3.10 plot on the right). The possible velocities shown for selection are those corre-

sponding to the peaks of the cross correlation plot which are set to a range between 10 and 100

m/s as identified by Nakamura et al. [1999] and Essien et al. [2018] to be the typical range of

the velocities of small scale waves and can be adjusted for other types of gravity wave scales.

The distance between the blue and red triangle is the distance the wave has travelled between

snapshots and not its wavelength.

Figure 3.10: Plot of the cross correlation.

3.3.3 Period

Having determined the wavelength and the phase speeds of the gravity waves, the period of the

wave is simply calculated from the equation

P =
λ

V
(3.8)

where the P is period, λ represents the wavelength in kilometres (km) and V is the phase speed

in m/s.
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Chapter 4

Results and Discussion

The identified images with clear gravity waves were analyzed and in some instances, more than

one wave event was observed on the same set of successive images. A total of 323 nights had

airglow observations, from which only 206 nights had clear visibility conditions, and out of

those gravity waves were detected in only 49 nights. A total of 53 wave events were observed

as shown in Table 4.1. Note that for some of the events only their wavelengths could be

calculated as they were observed in only one image. Table 4.1 shows that the wavelengths

range between 11 and 85 km, velocity between 9 and 82 m/s, periods are from 4 to 50 minutes

and the propagation azimuths range between 11 and 344 ◦. Note that one of the AGWs have a

period less than the BV period determined in Chapter 2. The BV period was calculated based

on global statistical estimates of mesospheric conditions. Also there’ll be some error in the

estimate of period associated with signal processing methods used. Therefore, it is expected

that there’ll be a small difference between the BV period and the minimum period determined

from observations as evident in the results presented in Table 4.1.

Some waves structures exhibit the characteristics of ripples by their short horizontal wavelengths

(generally < ∼ 15 km) and their low horizontal velocities (generally < ∼ 10 - 15 m/s) [Taylor

& Hapgood, 1990; Hecht, 2004]. Ripple-type waves are due to instabilitites in the local medium

and do not propagate vertically [Hecht, 2004; Nakamura et al., 1999]. The phenomenon is

beyond the scope of this project and therefore is not considered further.

The months of the year were assigned to a season as seen in Table 4.2 similarly to those selected

by Parkinson et al. [2001] and Matamba et al. [2015]. This makes it possible to observe seasonal

variations for the gravity wave activity.
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Table 4.1: Observed parameters of AGWs at Sutherland,

South Africa in 2017.

Date Events Time interval (UT) wavelength (km) Azimuth (◦) Velocity (m/s) Period (min)

16 Jan 2017 1 20:04 - 20:38 33 172 81 6

18 Jan 2017 2 21:33 - 22:07 27 157 61 18

24 Jan 2017 3 20:23 - 21.08 35 147 47 28

26 Jan 2017 4 22:14 - 22:14 14

30 Jan 2017 5 02:04 - 02:27 22 124 30 10

01 Feb 2017 6 21:58 - 22:21 27 148 62 8

04 Feb 2017 7 00:01 - 00:35 30 178 40 17

8 00:01 - 00:57 24 143 37 11

20 Feb 2017 9 19:01 - 19:24 18 11 45 7

23 Feb 2017 10 20:50 - 21:35 37 136 39 16

24 Feb 2017 11 01:52 - 02:48 14 149 36 6

27 Feb 2017 12 22:49 - 23:00 22 139 31 12

02 Mar 2017 13 00:11 -00:33 14 149 36 14

17 Mar 2017 14 18:52 - 19:48 28 19 58 8

02 Apr 2017 15 00:46 - 01:31 25 228 82 5

03 Apr 2017 16 22:49 - 23:11 15 167 54 4

21 Apr 2017 17 21:30 - 22:04 29 317 49 10

25 Apr 2017 18 00:23 - 01:53 21 15 46 7

27 Apr 2017 19 22:54 - 23:17 15 33 49 8

28 Apr 2017 20 21:07 - 01:19 17 179 49 6

29 Apr 2017 21 03:22 - 03:56 27 147 67 7

09 May 2017 22 03:43 - 04:05 18 131 44 7

20 May 2017 23 18:43 - 19:06 21 321 15 17

21 May 2017 24 00:01 - 00:23 15 160 14 7

23 May 2017 25 03:23 - 03:45 26 155 45 10

30 Jun 2017 26 02:38 - 03:23 18 176 27 11

03 Jul 2017 27 00:23 - 01:08 24 167 30 12

Continued on next page

36



Table 4.1 – Continued from previous page

Date Events Time interval (UT) wavelength (km) Azimuth (◦) Velocity (m/s) Period (min)

21 Aug 2017 28 00:00 - 00:34 26 145 64 7

29 00:12 - 00:34 22 39 52 7

26 Aug 2017 30 00:00 - 00:34 86 268 52 29

31 Aug 2017 31 01:53 - 02:04 16 148 31 9

16 Sept 2017 32 18:41 - 19:03 11 154 44 6

18 Sept 2017 33 19:27 - 15:50 12 344 20 10

23 Sept 2017 34 18:10 - 18:33 13 14 23 7

28 Sept 2017 35 01:19 - 01:53 12 150 34 6

29 Sept 2017 36 02:15 - 02:49 65 31 57 18

01 Oct 2017 37 01:42 - 02:04 20 168 39 8

38 01:53 - 02:16 19 188 12 27

02 Oct 2017 39 01:52 - 02:03 24 119 54 8

09 Oct 2017 40 20:04 - 20:49 15 303 22 12

12 Oct 2017 41 18:37 - 19:11 11 108 14 27

17 Oct 2017 42 20:56 - 21:30 20 150 15 24

20 Oct 2017 43 02:27 - 02:49 23 39 49 8

21 Oct 2017 44 18:56 - 19:18 19 273 12 8

22 Oct 2017 45 01:41 - 02:04 58 49 46 21

46 01:41 - 02:37 16 149 21 13

22 Nov 2017 47 21:20 - 21:42 18 273 9 31

23 Nov 2017 48 21:43 - 22:40 11 52 13 17

07 Dec 2017 49 21:23 - 21:23 11

10 Dec 2017 50 20:41 - 20:41 16

13 Dec 2017 51 01:08 - 01:19 14 22 21 50

18 Dec 2017 52 20:35 - 20:46 13 322 17 5

20 Dec 2017 53 20:36 - 20:36 13

A summary of the number of gravity wave events observed in each season are shown in Table

4.3. It can be seen from this table that the occurrence of AGW events was larger in summer and
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spring, while winter had the least occurrence of AGWs mainly due to data being contaminated

by clouds or lack of data recording for technical reasons during the winter days.

Table 4.2: Months assigned to each of the seasons.

Season Months

Summer December, January, February

Autumn March, April, May

Winter June, July, August

Spring September, October, November

Table 4.3: Number of gravity wave events observed per

season.

Season Number of nights with waves Total events

Summer 16 17

Autumn 13 13

Winter 5 6

Spring 15 17

4.1 Seasonal characteristics of gravity wave parameters

For consistency, the seasonal statistical analysis was performed for gravity waves where all

their parameters could be estimated. This means that the results presented here are 49 out

of 53 events. This section also shows histograms of the distribution of calculated gravity wave

parameters. The propagation directions are defined using azimuth as follows:

– north: 337.5◦ - 22.5◦

– northeast: 22.5◦ - 67.5◦
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– east: 67.5◦ - 112.5◦

– southeast: 112.5◦ - 157.5◦

– south: 157.5◦ - 202.5◦

– southwest: 202.5◦ - 247.5◦

– west: 247.5◦ - 292.5◦

– northwest: 292.5◦ - 337.5◦

Figure 4.1 shows the distribution of the wave parameters for the AGWs detected during the

summer season. The horizontal wavelengths of AGWs during this season are less than 40 km

and phase speed is distributed between 10 and 90 m/s, although the majority of the AGWs

(∼ 61%) have speeds between 30 and 50 m/s. Their periods are mostly less than 20 minutes

with one event between 25 and 30 minutes and another event between 45 and 50 minutes. The

waves favor a southeast propagation direction.

Figure 4.1: Distribution of gravity wave parameters in summer.
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The AGW parameters calculated for the autumn months are seen in Figure 4.2 showing hori-

zontal wavelengths that are below 30 km, and phase speeds distributed between 10 and 90 m/s,

with a peak at 40 - 50 m/s. The AGWs during this season have periods less than 20 minutes,

with a peak at 5 - 10 minutes. Their propagation is either north or south, but most of them

(∼ 61%) propagate in the southerly direction.

Figure 4.2: Distribution of gravity wave parameters in autumn.

Figure 4.3 presents the calculated wave parameters for gravity waves observed during the winter

months. The horizontal wavelengths of AGWs during this season are mostly between 10 and

30 km, with only one event having a wavelength between 80 and 90 km. Half of the events

have speeds that are between 20 and 40 m/s and the other half are between 50 and 70 m/s.

They mostly have periods between 5 and 15 minutes, and only one gravity wave had a period

between 25 and 30 minutes. The propagation of these waves is distributed between northeast,

southeast, south and west propagation directions, however the majority (∼ 67%) have a south-

ward propagation.
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Figure 4.3: Distribution of gravity wave parameters in winter.

The calculated wave parameters for the AGWs observed during the spring months are given

in Figure 4.4. This figure shows that most of the AGWs during this season have horizontal

wavelengths between 10 and 30 km, with a peak at 10 - 20 km and only two events having

wavelengths between 50 and 70 km. They also have phase speeds of less than 60 m/s, as well

as periods between 5 and 35 minutes, with a peak at 5 - 10 minutes. They have no preferred

propagation direction.
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Figure 4.4: Distribution of gravity wave parameters in spring.

4.2 Discussion

The first goal of this project was to determine the wave parameters, such as period, wavelength,

speed and propagation direction from the measurements of the 557.7 nm airglow emission. The

results obtained showed that the AGWs had horizontal wavelengths almost evenly distributed

between 10 and 40 km in summer, and mostly between 10 and 30 km in autumn, winter and

spring. The AGWs in summer favoured a southeastward propagation, while they favoured a

southward propagation in autumn and winter. There was no obvious trend in propagation

direction for the AGWs observed in spring. During all seasons except winter, the majority of

the AGWs had phase speeds < 50 m/s. The favoured phase speed of AGWs was 40 - 50 m/s in

autumn, and 30 - 50 m/s in summer, but the AGWs in winter had a bimodal speed distribution

of 20 - 40 and 50 - 70 m/s. In all seasons, the majority of the AGWs had periods < 20 minutes,

but only those in autumn and spring had a dominant peak at 5 - 10 minutes.

The results discussed above are similar to those reported by Walterscheid et al. [1999] using OH
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and O2 emissions at Adelaide, Australia (30◦ S, 138◦ E) whereby they observed wavelengths

that were a few tens of kilometres, and periods between 5 and 20 minutes. However, their phase

speeds were slightly higher (ranging between 50 and 80 m/s) than the ones reported in this

study. Another study that shows some similar results to ours was done by Suzuki et al. [2004]

over Darwin, Australia (12.4◦ S, 131.0◦ E). They reported gravity waves with wavelengths that

were < 90 km, with a favoured range of 30 - 50 km, and phase speeds between 30 and 60

m/s. While the propagation results of their study agrees with ours in terms of the AGWs

preferring southward propagation in summer and winter, they also found that the north was

equally favoured in winter, which is not the case in this study. They also found AGWs that

propagated in the zonal direction in spring, autumn and winter, while our study only found

zonal propagation AGWs in spring. Teitelbaum & Petitdidier [1978] reported that after sunset

(16:00 UT) most gravity waves observed short-period oscillations that had a period between 2

and 15 minutes and Kirchhoff et al. [1986] reported a similar observation from a study done in

Brazil. The results show similar wave periods as those observed in this study where a majority

of the waves with periods between 5 and 15 minutes occurred after sunset (16:00 UT).

Nakamura et al. [1999] found waves with horizontal wavelengths that range from 5 to 60 km,

phase speeds distribution of 0 − 100 m/s, and periods between 5 and 30 minutes over Shigaraki,

Japan (35◦ N, 136◦ E). The wavelengths are within the same range observed in this study

however the phase speeds reach higher values over 70 m/s. With regards to the seasonal variation

of the AGW wavelengths, they found that spring and autumn had horizontal wavelengths of

15 − 35 km and not many of the waves observed are less than 15 km. This range is not so

different from that obtained from our study which showed AGW wavelengths between 10 and

30 km in spring and autumn of which many were between 10 and 20 km. They also reported

that summer and winter AGWs had wavelengths spread between 5 and 35 km, which is also not

different to this study where wavelengths were below 40 km in these seasons. They reported

periods between 5 and 10 minutes as the most common in all the seasons which is similar to

what was observed for AGWs in autumn and spring in this study. They found a peak of AGW

phase speed at around 20 - 30 m/s in summer and winter, which agrees with the speeds of our

winter AGWs, but is smaller than our summer AGWs. The majority of the AGWs in spring

had speeds of 40 - 75 m/s in their study, where in ours the speeds were less than 60 m/s.

Taylor et al. [2009] analysed small-scale gravity waves (λx < 100 km), period (τ < 30 minutes)
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at two low latitude sites in Brazil, Cariri (7.4 ◦S, 36.5 ◦W) and Brasilia (14.8 ◦S, 47.6 ◦W).

They observed AGWs with horizontal wavelengths in the range of 10 - 25 km for Cariri and

15 - 30 km for Brasilia, which is similar to our results in that wavelengths are below 30 km

for most seasons except summer. Also similar to our results they found that both sites showed

a preference for phase speeds of 30 - 60 m/s but had a range of 20 - 80 m/s. The periods

for both sites were relatively short and clustered around 8 - 11 minutes and typically ranged

between 5 - 20 minutes, also in agreement with periods reported in our study. The favoured

propagation direction of southeast observed in this study for summer AGWs is different in

comparison with Cariri but similar with Brasilia where AGWs favoured northeast and east -

southeast propagation directions respectively.

Essien et al. [2018] also studied small scale (i.e wavelengths less than 50 km) and medium scale

(wavelengths greater than 50 km) mesospheric gravity waves over Cariri (7.4◦ S, 36.5◦ W) but

over a longer time period of September 2000 - December 2010. Since the majority of the AGWs

observed in our study have wavelengths corresponding to the small scale AGWs as per Essien

et al. [2018], we will compare our results to the characteristics of their small scale waves. They

reported that their AGWs had horizontal wavelengths that ranged from 5 to 50 km with the

majority of the events distributed between 10 and 35 km. Their period were in the range of 5

- 50 minutes with the peak at 5 to 10 minutes, while their phase speeds had a peak at 10 to 70

m/s with 20 to 40 m/s being the most common. The results reported by Taylor et al. [2009]

for the same station were slightly different, probably due to the fact that they used a smaller

set of data. Most of the characteristics determined for the AGWs observed in this study agree

with those reported by Essien et al. [2018]. For example, periods of AGWs were less than 50

minutes, with a peak of 5 - 10 minutes in autumn and spring. In addition, their wavelengths

were also mostly less than 50 km. However we note a difference in the propagation direction of

AGWs of those reported in this study versus those reported by Essien et al. [2018]. They found

that generally the AGWs preferred a northeastward propagation, but in summer and autumn

a southeastward was preferred in addition to northeastward and in spring a northwest and

southeast propagation direction was preferred. However in this study, only the southeastward

propagation was favoured and in autumn as well as winter the AGWs preferred a more south

propagation direction.

Suzuki et al. [2004] reported that the seasonal variation of gravity wave occurrence rate were
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high in the spring (even though it contains only 1 month of data), and low in summer. Wu &

Killeen [1996] reported for Peach Mountain Observatory, Michigan (42.3◦ N, 83.7◦ W) that the

mesospheric gravity waves activity depends highly on the season, peaking in summer and have

a low activity in winter. Therefore the results in our study mostly agree with these studies as

we observed more AGWs in summer and spring and least AGWs in winter.

Only 9 out of 49 (i.e. ∼ 18%) AGWs with calculated phase speeds had velocities below 20 m/s.

The low detection of AGWs with these low speeds could be due to wind filtering as Taylor et al.

[1997] and Essien et al. [2018] reported that AGWs with speeds below 20 m/s are susceptible to

background wind filtering in the stratosphere and lower mesosphere. Also, Taylor et al. [1997]

and Nakamura et al. [1999] reported that these AGWs might be instability features generated

in situ, i.e. ripples. D. Fritts et al. [2008] noted that wind filtering of AGWs and the location of

the wave source were the two main factors that could create the observed anisotropy of AGW

propagation.

Another potential source of gravity waves is the solar terminator (ST) which is the region of

boundary separating the daytime and nighttime on earth [Beer, 1973; Raitt & Clark, 1973;

Song et al., 2013]. It is characterized by sudden changes in the temperature and pressure of

the atmosphere. The prediction was proven theoretically by Somsikov & Trotskii [1975] that

through its supersonic and subsonic motion it can cause AGWs. Somsikov [1991] went on to say

that the abrupt changes resulted in pressure instabilities which as a result of gravity reacting

to these disturbances will cause AGWs which travel in the same direction (East to West) as

the solar terminator. In this study, however, the solar terminator is not the source of the

gravity waves since only one AGW occurs within a couple of hours after the passage of the

solar terminator and propagate westward (i.e. event on 21 Oct 2017), but the majority of the

AGWs are observed several hours post solar terminator and don’t propagate in the expected

direction.
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Chapter 5

Conclusions and Future works

This thesis presented a statistical analysis of AGWs from the 557.7 nm airglow emission at

∼97 km altitude. The data was obtained using an airglow imager located in Sutherland, South

Africa. The wavelengths were determined using the propagation vector method, velocity was

determined using the cross correlation of 1D FFT and the period was determined using the

equation that relates wavelength and velocity. The results were then used to perform statistical

analysis for 2017.

5.1 Conclusions

This project determined the properties of night-time gravity waves (AGWs) over South Africa

using a multi-wavelength airglow all-sky imager (ASI) in Sutherland, South Africa. The ob-

jectives were to 1) determine the wave parameters such as wavelength, speed, period and

propagation azimuth, from measurements of the 557.7 nm airglow emissions, and 2) determine

statistical characteristics of these parameters. The conclusions from this study are as follows:

The study visually identified 53 AGWs from 206 nights with clear visibility conditions. These

AGWs had wavelengths less than 90 km, speeds less than 90 m/s, periods less than 50 minutes

and propagation of AGWs didn’t have a clear preference in spring, but favoured a southeast

direction in summer, and southward in autumn and winter. The AGWs observed were 17 in

summer and spring, 13 in autumn and 6 in winter season, however, for seasonal statistical

analysis only those AGWs where all the gravity wave parameters could be estimated were used.

The majority of AGWs in our study had wavelengths between 10 and 40 km in summer and 10
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- 30 km in autumn, winter and spring. Their favoured speeds were between 40 and 50 m/s in

autumn, and in the range of 30 - 50 m/s in summer, but the AGWs in winter had a bimodal

speed distribution of 20 - 40 and 50 - 70 m/s. The majority of the observed AGWs had periods

that were less than 20 minutes in all seasons. In addition, with a dominant peak around 5

- 10 minutes in autumn and spring. There was no favoured propagation direction for spring,

but AGWs favoured a southeastward propagation in summer, and a southward propagation in

autumn and winter.

5.2 Future Works

A proper investigation of possible sources that could be responsible for the AGWs activity

observed was not possible due to time constraint, and the work can be expanded by using

satellite and radar measurements to determine possible sources of the observed AGWs. Other

investigations that can be done with this data are to:

• determine the wave parameters such as wavelength, phase speed, period and propagation

azimuth from measurements of the 630.0 nm and the 589.0 nm airglow emissions.

• determine if the thunderstorm generated gravity waves can modulate mesospheric distur-

bances (e.g. sprites).

• find out whether there is a dominating source for gravity waves of different scales.
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