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Abstract

The spectacular and breathtaking aurora dancing around on the night sky visualizes

the fundamental behavior of complex processes in the near Earth space. The plethora

of papers published over the last five decades have laid the foundation of our under-

standing of how the Earth’s magnetosphere solves the problem of stored energy and

momentum provided by the solar wind. A dominant energy sink in this system is

the ionosphere around 100 km above the Earth’s surface where energy and momen-

tum is dissipated with significant implications to the neutral atmosphere. While the

magnetosphere-ionosphere system has been shown to be highly dynamic and struc-

tured, as visualized by the aurora, most of the observations in space cannot separate

between the changes in space and time. Our current understanding of electrodynamic

parameters of the magnetosphere-ionosphere system is largely based on simplistic em-

pirical models. The purpose of this thesis is to get beyond the large-scale static picture

and advance our understanding of the dynamic magnetosphere-ionosphere system by

performing an analysis that allows a separation of spatial gradients and temporal vari-

ability and thereby provide new insight into the fascinating Earth-space interactions.

To overcome the time-space ambiguity of space observations, we utilize ground-

based observations of auroral emissions since they provide extended periods of contin-

uous observations at a fixed position in the ionosphere with high spatial and temporal

resolution. The observations are made with an all-sky imager which allows for an anal-

ysis of a wide range of auroral scale sizes from microscale to mesoscale auroral scale

sizes of a few km to around 250 km. We first utilize these powerful observations to

study the often occurring phenomenon of persistent pulsating auroral patches and, sec-

ondly, we separate the aurora into different scale sizes and quantify their lifetimes.

In Papers I and II [Humberset et al., 2016, 2017a] we provide objective and quan-

titative characteristics of pulsating auroral patches in order to give better observational

constraints on the suggested mechanisms and address some of the questions about fun-

damental aspects of pulsating aurora. In Paper I we address the underlying mecha-

nism(s) that controls the on-off fluctuations, while Paper II addresses what controls the
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shape and coherency of pulsating auroral patches. We find that the fluctuating auroral

patches display a striking and puzzling variability. The patches do not fluctuate in a co-

herent fashion, the energy deposition is highly variable from one fluctuation to the next,

the on-time varies wildly and does not show any correlation to the preceding off-time,

nor the peak intensity. The only parameter which appears to be consistent for pulsat-

ing auroral patches, is their shape. The name pulsating aurora is therefore a misnomer,

and fluctuating aurora is a more appropriate description of the phenomenon. There are

no clear winning candidates of the suggested mechanisms to explain the observational

constraints set by the fluctuating auroral patches in a satisfactory manner. Our interpre-

tation of the findings is that the mechanism is located at lower altitudes and not in the

plasma sheet.

In Paper III [Humberset et al., 2017b] we developed an innovative image analysis

combining spatial frequency filtering to separate the images into 2D scale sizes, and

a temporal correlation to reveal the time scales of change in the different scale sizes.

The analysis was tested on an event of a pre-midnight auroral display during a period

of fairly constant moderate geomagnetic disturbances. The resulting characteristics

showed a scale size dependent variability where the largest scale sizes are stable on

time scales of minutes while the small scale sizes are more variable. The average spa-

tiotemporal characteristics of the auroral emissions are in remarkable agreement with

the spatiotemporal characteristics of the nightside Birkeland currents during moder-

ately disturbed times. Thus, two different electrodynamical parameters of the M-I cou-

pling show similar behavior. This result is interpreted as an indication of a system that

uses repeatable solutions to transfer energy and momentum from the magnetosphere to

the ionosphere.
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“All our science, measured against reality, is primitive and childlike,

and yet it is the most precious thing we have"

Albert Einstein
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Chapter 1

Introduction

The overarching thesis objective is to provide new insight into the characteristics of the

dynamic magnetosphere-ionosphere system as visually manifested by the aurora. This

was motivated by a need to advance our understanding of how the magnetosphere-

ionosphere system responds to the solar wind driver and how it internally transports

and dissipates energy and momentum. This understanding does not only stem from

scientific curiosity but also from humanity’s ever increasing dependence on the condi-

tions in our near space environment.

The magnetic field of the Earth shields our living environment and technology from

a continuous stream of energy and particles from the Sun, called the solar wind. A frac-

tion of the solar wind energy enters the magnetosphere through a process that includes

complex interactions between the magnetic field embedded in the solar wind and the

magnetic field of the magnetosphere. The energy is stored in the magnetosphere un-

til it is unloaded. Typically, this unloading occurs in a very abrupt fashion and a large

fraction of the energy is dissipated in the ionosphere, where it leads to the spectacular

auroral display. The magnetosphere-ionosphere (M-I) system is thus highly dynamic

and structured, as illustrated in Figure 1.1. This brief snapshot of an auroral arc is truly

intriguing as it reveals a change in the arc that after 2 s and 10 s comprises increasingly

larger auroral features, and after only 60 s the large-scale auroral arc is profoundly dif-

ferent. This indicates a wide range of auroral scale sizes with completely different

lifetimes.

Our current understanding of the electrodynamic parameters of the magnetosphere-

ionosphere system is largely based on simplistic empirical models [e.g. Iijima and

Potemra, 1978; Weimer, 1995]. A common assumption is that the electrodynamic

parameter is variable in space only, and the temporal variations are ignored. This is

of course a valid assumption if the aim is to study the large-scale phenomenon inte-
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Figure 1.1: Snapshots of an auroral arc to illustrate the highly dynamic and structured

magnetosphere-ionosphere system. The figure is adapted from Paper III.

grated over long time scales, but can in some contexts be an oversimplification. The

main reason for this shortcoming is the observational challenges. Observations must

be made at a fixed point in the space over an extended period of time. This is not possi-

ble with a single satellite or rocket for which measurements are separated in both time

and space. The parameter measured can have changed considerably between measure-

ment, as illustrated in Figure 1.2. This typical example leaves us with two options:

1) assume the system is static and all variations are due to spatial gradients; or, 2) as-

sume the system is uniform and all variations are due to the dynamics of the system.

Figure 1.2: Illustration of observational

challenges in space. The M-I system pa-

rameter measured by single satellites and

rockets can have changed considerably be-

tween a measurement at time t1 and time

t2.

Virtually all papers ever published chose the

first assumption. Ideally, for a satellite mov-

ing at near infinite speed we can assume that

all variations are due to spatial gradients,

while on the other hand, a satellite fixed in

space provides measurements of the dynam-

ics. One example is the pulsating aurora, for

which a few to hundreds of kilometers wide

nearby forms vary in intensity on time scales

ranging from less than 1 s to several tens of

seconds. A satellite in low-Earth orbit could

then cross a pulsating auroral form in less than

an on-off cycle, while a slower moving rocket

could cross the form within a few on-off cy-

cles. Within that time, the observed variations

are due to both temporal and spatial varia-

tions.
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Another complexity is relating ionospheric observations made at low altitudes and

magnetospheric observations made at high altitudes. These distantly separated regions

are connected by the magnetic field, but the mapping is complex and every changing.

Thus, for high altitude satellites (e.g. geostationary orbits) the magnetic field line map-

ping between the satellite and the ionosphere is very challenging, and thus we must

question the relationship between the auroral form and the satellite observations.

Only a few studies have attempted to address the spatiotemporal behavior of any

electrodynamic parameter of the magnetosphere-ionosphere system [e.g. Boudouridis

and Spence, 2007; Gjerloev et al., 2011; Karlsson et al., 2004; Le et al., 2009; Lynch

et al., 2012]. In stark contrast to the massive amount of single satellite and rocket data,

only a very limited number of multi-point observations exist [e.g. Auroral Turbulence

II sounding rocket mission Lynch et al. [1999]; Enstrophy sounding rocket mission

Zheng et al. [2003]; Science and Technology 5 Slavin et al. [2008]; Cluster II mission

Escoubet et al. [2001]; Swarm satellite constellation Olsen et al. [2013]]. This calls for

analyses that can separate between changes in time and in space and to evaluate the im-

portance of the different scale sizes. Such analyses are needed both to complement the

few existing multipoint missions, and to provide quantitative estimates to the validity

of assumptions applied to measurements obtained from single satellite and sounding

rocket missions.

The purpose of this thesis is to provide scale size-dependent characteristics of the

dynamic magnetosphere-ionosphere system as visually manifested by the nightside au-

rora. The auroral display visualizes the behavior of processes in the M-I system. The

presence of small to mesoscale features suggests that they play a role in the M-I sys-

tem. However, both their role and scale-size dependent variability are to a large degree

unclear. By investigating the range of different scale sizes and their lifetimes in the au-

roral display, we get information of how energy is deposited in the ionosphere and thus

insight into how the magnetosphere solves the problem of stored energy and momen-

tum provided by the solar wind. We thus address one of the fundamental problems in

the physics of the ionosphere-magnetosphere system. One way to separate changes in

time and space, is to use 2D auroral images to characterize auroral phenomena over

some time, such as arc distortions in the form of for example curls, or pulsating aurora.

Pulsating aurora is an excellent example of an often occurring auroral phenomenon

that likely constitutes an important process within the magnetosphere-ionosphere sys-

tem. However, fundamental aspects of pulsating aurora are not yet solved [Hosokawa

et al., 2015; Lessard, 2012], and we do not know its role in the large-scale transport
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of energy and momentum. A different approach is to apply mathematical techniques

to separate the aurora into different scale sizes and quantify their lifetimes. The more

specific science objectives of this thesis are therefore:

1. Provide objective and quantitative characteristics of pulsating auroral patches in

order to give better observational constraints on the suggested mechanisms.

2. Describe the scale size dependent variability of the magnetosphere-ionosphere

system as observed by the auroral emissions.

To address the thesis objectives we utilize ground-based observations of auroral

emissions since they provide extended periods of continuous observations at a fixed

position in the ionosphere. To capture a large range of auroral scale sizes (small to

mesoscale) with high spatial and temporal resolution, we use an all-sky imager, which

covers almost the width of the auroral oval as it rotates with the Earth along the auroral

oval from evening to morning.

In the next chapters I will give an overall perspective of some of the basic concept

and processes that we refer to in the papers. I start by introducing basic concepts of

Earth’s magnetosphere-ionosphere system in Chapter 2, and provide a description of

the diffuse aurora, the pulsating aurora, and the discrete aurora and a brief introduction

to their proposed mechanisms in Chapter 3. In Chapter 4 I introduce the auroral spec-

trum and a selection of emissions that are important for auroral studies, including the

green 557.7 nm auroral emissions utilized in Papers I-III. Then I describe the all-sky

imager and how we process the images to answer the science objectives. A summary

of the individual papers is given in Chapter 5, before I highlight the connection be-

tween the individual papers by discussing the overarching thesis objective and future

prospects in Chapter 6, and conclusions in Chapter 7.

The central part of this thesis is the three scientific papers that are published or

submitted for publication in an international peer reviewed journal:

Paper I B. K. Humberset, J. W. Gjerloev, M. Samara, R. G. Michell,

and I. R. Mann, Temporal characteristics and energy deposition

of pulsating auroral patches, Journal of Geophysical Research:

Space Physics, Vol. 121, doi:10.1002/2016JA022921, 2016
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Paper II B. K. Humberset, J. W. Gjerloev, I. R. Mann, R. G. Michell,

and M. Samara, Do pulsating auroral patches vary in a coherent

fashion?, Submitted to Journal of Geophysical Research: Space

Physics, 2017

Paper III B. K. Humberset, J. W. Gjerloev, M. Samara, and R. G. Michell,

Scale size-dependent characteristics of the nightside aurora,

Journal of Geophysical Research: Space Physics, Vol. 122,

doi:10.1002/2016JA023695, 2017

In Papers I and II we provide objective and quantitative characteristics of pulsating au-

roral patches in order to give better observational constraints on the suggested mecha-

nisms and address some of the questions about fundamental aspects of pulsating aurora.

In Paper I we address the underlying mechanism(s) that controls their on-off fluctua-

tion, while Paper II addresses what controls the shape and coherency of fluctuating

auroral patches. Paper III describes the scale size dependent variability of one event of

nightside aurora during a period of fairly constant moderate geomagnetic disturbances.

We developed an innovative two-dimensional analysis of all-sky images to reveal the

characteristics of the magnetosphere-ionosphere system and thereby provide a glimpse

of its scale-size dependent variability.





Chapter 2

Basic concepts of the Earth’s

magnetosphere-ionosphere system

This thesis investigates the spatiotemporal characteristics of the magnetosphere-

ionosphere system as manifested in auroral emissions. First I introduce some basic

concepts and processes that we will later refer to in the papers. For more details on the

physics I refer to text books, such as Baumjohann and Treumann [1997a, b]; Brekke

[2013]; Kivelson and Russell [1995]. An extended introduction of the aurora follows

next in Chapter 3.

2.1 Transport of energy and momentum from the Sun to

the Earth

The sun emits electromagnetic radiation and a continuous dynamic outflow of plasma

(solar wind) and magnetic field radially into space. Some of the electromagnetic radi-

ation can be seen in the form of visible light, while the solar wind and interplanetary

magnetic field (IMF) must be observed through in-situ instruments on satellites. The

distance from the Sun to the mean radius of Earth’s orbit is around 150·106 km (1 as-

tronomical unit). The solar wind with an average speed of around 400-500 km/s will

therefore on average take four days to reach the Earth.

The solar wind interacts with the Earth’s magnetic field and directs the charged par-

ticles around the magnetosphere. At the front of the magnetosphere we typically have

pressure balance such that the dynamic pressure of the solar wind equals the magnetic

pressure of the magnetosphere. The layer separating these two regions is known as

the magnetopause which on the front side is located some Earth radii (RE = 6371 km)
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up-stream from the Earth. On the nightside, the magnetic field becomes stretched into

a tail-like configuration that extends far downstream.

Figure 2.1: Schematic illustration of the large-scale circulation process of the open magneto-

sphere during southward IMF. We follow the circulation of one magnetic field line as denoted

by the numbers. The ionospheric footpoints are illustrated in the inset. The Figure is adapted

from Hughes [1995], page 243.

The solar wind and the magnetospheric plasmas are mainly collision-less, thus dif-

fusion is negligible and electrical conductivity along the magnetic field line can be

considered infinite. As a result the plasma and the magnetic field lines moves together

which is referred to at the so-called frozen-in condition [Alfvén, 1942]. As the so-

lar wind approaches the magnetospheric magnetic field their interactions are highly

complex and for a thorough description I refer to the rich literature on the topic. For

the purpose of this introduction we can view the magnetospheric magnetic field as

expelling the solar wind and thereby creating a region in space where the Earth’s mag-

netic field dominates. The interactions between the solar wind and the magnetosphere

can be simplistically split into two situations: When the IMF has a northward com-

ponent, and when the IMF has a southward component. For the former situation the

charged particles of the solar wind exit the solar wind and enter the magnetosphere in

the cusp regions where they spiral down into the ionosphere following the magnetic

field lines. For the latter situation the IMF merges with the oppositely directed mag-

netospheric magnetic field and solar wind charged particles can spiral down into the

ionosphere. These so-called open field lines are connected to the solar wind and follow
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the solar wind drift. As the merging process continues more and more open field lines

are moved from the front of the magnetosphere to the tail where they accumulate. The

morphology of the magnetosphere changes, and the tail becomes more stretched. The

solar wind particles have low energies, so their associated auroral emissions is limited

compared to, for example the auroral ovals. The ionospheric region of low emissions

expands, and moves the auroral oval equatorward. This period is known as the loading

phase or the growth phase. Naturally, there is a limit to the loading as the morphology

of the magnetosphere gets more and more stretched. Eventually, instabilities that are

still under debate lead to an abrupt unloading of the magnetospheric energy and an as-

sociated reconfiguration of the magnetospheric morphology. The energy is transported

along the field lines to the northern and southern ionosphere where it leads to the spec-

tacular auroral display. This large-scale circulation process of the open magnetosphere,

was first described by Dungey [1961], and is schematically illustrated in Figure 2.1,

where we follow the convection circulation of one magnetic field line.

2.2 Magnetosphere

The magnetosphere is the part of space that is controlled by the Earth’s magnetic field.

Figure 2.2 shows a schematic diagram of Earth’s magnetosphere. The magnetosphere

is a complex and dynamic system that responds to both internal and external influences

to produce a myriad of physical behavior. The sketch is therefore at best an average

picture, but it illustrates the major distinct regions of different plasma populations and

electric currents. The magnetopause is the outermost region controlled by the magnetic

field of the Earth. Outside is the solar wind and interplanetary magnetic field that

to a large degree is responsible for most of the large-scale dynamics observed within

Earth’s magnetosphere, ionosphere, and thermosphere. In the inner magnetosphere the

magnetic field is nearly dipolar. The ionosphere (pale blue) is a thin layer of partially

ionized and relatively cold plasma surrounding the Earth. The plasmasphere (dark

blue) consists of a cold plasma that co-rotates with Earth mapping to low latitudes.

Further out (orange) is the outer van Allen radiation belt and the ring current, whose

bulk of energy is carried by energetic (∼10–200 keV) protons that encircles the Earth

in the vicinity of the geosynchronous orbit (at 6.6 RE) and the inner plasma sheet on

the nightside. Here the magnetic field starts to deviate considerably from the magnetic

dipole and stretches into a long tail away from the sun (nightside). The lobes of the

magnetotail, where the magnetic field lines are open, are encircled by the magnetopause

currents that are closed by the dawn-dusk directed cross-tail current in the equatorial

magnetotail. This cross-tail current region, called the plasma sheet (yellow) is the
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Figure 2.2: Schematic diagram of Earth’s magnetosphere. It illustrates the major distinct re-

gions of different plasma populations and electric current systems. The Figure is from Pollock

et al. [2003], p. 156.

region of closed field lines in the equatorial magnetotail which is important for auroral

physics, since it maps to the nighttime auroral oval. The Birkeland currents or field-

aligned currents (FAC) are electric currents that flow along geomagnetic field lines

connecting the magnetosphere to the high latitude ionosphere.

2.3 Ionosphere

The ionosphere is the upper part of the atmosphere, but unlike the neutral atmosphere

at lower altitudes it has free charges allowing electrical currents to flow. It was prob-

ably inferred in the early 1800 by a demonstration that radio waves could propagate

large distanced as if they were guided between the ground and a conducting layer, but

it was not until 1924 that its existence was fully proven [Brekke, 2013].

The free charges in the ionosphere are produced from ionization of the neutral at-

mospheric atoms and molecules. The main causes are ultraviolet (UV) and X-ray radi-
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Figure 2.3: Overview of the main constituents and regions of the nightside ionosphere and up-

per atmosphere. The figure is after Sætre [2007], who got the distributions from the empirical

models Mass Spectrometer and Incoherent Scatter radar (MSIS) of the atmosphere, and Inter-

national Reference Ionosphere (IRI) in addition to measurements by the Student Nitric Oxide

Explorer (SNOE) satellite.

ation from the Sun on the dayside, particle precipitation on the nightside, and cosmic

rays. Figure 2.3 shows the regions of the nightside ionosphere and upper atmosphere

along with their main constituents. The upper atmosphere above 100 km altitude has

rather strong variations during a solar cycle, while the ionosphere also varies between

sunlit and darkness as well as with geomagnetic activity. The main neutrals are molec-

ular nitrogen (N2) and molecular and atomic oxygen (O2, O), while the neutral tem-

perature (Tn) defines the mesospheric (∼50 to 85-100 km) and thermospheric regions

(>85-100 km) of the atmosphere that overlaps with the ionosphere. The main ions of the

ionosphere are O+
2 , O+, nitric oxide NO+, and electrons. The ionosphere stretches from

around 65 km to 1000 km altitude. The electron density (Ne) historically defines dif-

ferent regions of the ionosphere. At night these are the E-layer (∼90–120 km), named

due to its ability to reflect electric fields, and the F-layer above that followed alphabet-

ically [Brekke, 2013]. Today it is more common to talk about regions as the distinction

between the layers is not clear, and the nomenclature has turned out to be useful since
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the regions are physically different because of their different chemistry. The F-region

contains the maximum electron density around 300 km (varies between 200–600 km),

and below there often appears bumps in the profile, sometimes distinct enough to form

secondary peaks such as during auroral events when they can form rather sharp layers.

2.3.1 Ionization and excitation by precipitation

When precipitating electrons and protons enter the atmosphere they ionize, dissociate,

and excite the neutral gas atoms and molecules which result in the optical emissions

that we see as the aurora. Both the primary particle and the secondary (sometimes also

higher order) electrons contribute to the excitation.

Ionization

The energy loss per ion-electron pair formation for impact ionization of N2, O2, and

O has experimentally been found to be on average Δεion = 35 eV. The ionization rate q

in the ionosphere can therefore be estimated by the energy deposition ε divided by the

energy loss:

q(z,Ep) = ε(z,Ep)/Δεion

where the energy deposition ε (eV/cm3s) is a function of altitude z and initial energy

of the precipitating electron Ep [Rees, 1989]. Figure 2.4 shows the ionization profiles

from unidirectional electron fluxes of 108 erg/cm2s of different energies.

The ionization in the ionosphere above around 100 km altitude is balanced by re-

combination, where the ionospheric electrons and ions are lost through reactions like:

X++e → X +hν Radiative recombination

XY++e→X+Y Dissociative recombination

Dissociative recombination is faster than radiative recombination and is the main re-

combination process in the aurora [Chamberlain, 1961].

Excitation

The different processes of auroral excitations are:
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Figure 2.4: Ionization profiles in the Earth’s atmosphere caused by precipitating electrons

of different energies (Ep given in keV) with a flux of 108 erg/cm2s. The figure is from Rees

[1989].

ep +Z → Z+∗+ es Ionization excitation

ep+XY → ep+X+∗+Y+∗+es Dissociative ionization excitation

ep+XY → ep+X∗+Y ∗ Dissociative excitation

es +Z → es +Z∗ Excitation

where X/Y is an atmospheric atom, XY is an atmospheric molecule, Z can be either an

atmospheric atom or molecule, ep and es are the primary and secondary electrons, and

the asterisk denotes the formation of excited states [Rees, 1989]. In addition, indirect

processes like dissociative recombination, charge/atom exchange and thermal excita-

tion of electrons can also contribute to the excitation [Brekke, 2013].

The excited states spontaneously (without any outside influence) decays by a pro-

cess where the electron jumps from a higher energy level to a lower one. An electron

in state 2 with energy E2 will decay spontaneously to state 1 with energy E1, emit-

ting a photon with an energy E2 −E1 = hν . The resulting auroral spectrum includes a
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number of emission bands from neutral or ionized atmospheric constituents molecular

nitrogen, atomic oxygen, molecular oxygen, and maybe also a small contribution from

nitric oxide.

2.3.2 Convection

The motion of the plasma due to the global magnetospheric convection introduced in

Section 2.1, maps down to the ionosphere. At lower altitudes it is referenced to as

ionospheric convection or E×B-velocity. An observer on the Earth will measure an

electric field E =−vc ×B due to the motion vc of the plasma. The global ionospheric

convection pattern forms two large cells at dawn and dusk. Flow from the dayside

cross the polar cap to the nightside and returns toward the dayside at lower latitudes

corresponding roughly to the auroral oval. Global ionospheric convection patterns from

observations by a collection of coherent scattering radars, the Super Dual Auroral Radar

Network (SuperDARN), can be found at the website vt.superdarn.org. An example of

a SuperDARN convection map is shown in Figure 2.5 for the event in Paper II. There

are, however, large deviations from the simplistic two cell pattern. This is in in both

magnitude and direction of the flow. The reason for this structure and dynamics is

still under debate, where the complex solar-wind-magnetosphere interactions as well

as internal magnetosphere-ionosphere processes play a role.

2.3.3 Conductivity

In the high altitude part of the F-region, collisions between ions, electrons and neutral

are rare so the electrons and ions E×B drift at the same speed and in the same direction

producing no net current. In the D- and E-region and the low altitude F-region the

electrons can still be assumed collision free while the ion-neutral collision frequency

is larger than or comparable to the gyro-frequency. This leads to two different types of

currents:

1. The Pedersen current flowing in the direction of the electric field has a broad max-

imum near the E- and F-region boundary. The effect of the ion-neutral collisions

is an ion-drift in the electric field direction while the electrons drift in the E×B

direction, thereby resulting in a current in the direction of the electric field. The

current is dissipative since j ·E �= 0, and usually j ·E > 0, evident of a downward

Poynting flux.

2. The Hall current flows in the −E×B direction with a narrow peak within the

E-region at ∼105 km altitude. It is a result of the electrons drifting in the E×B
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Figure 2.5: Preview of a SuperDARN convection map for the event in Paper II. The figure is

from the convection map browser on the website vt.superdarn.org.

direction, while the ions do not drift at all since the ion-neutral collision frequency

is much larger than the ion gyro-frequency. In contrast to the Pedersen current the

Hall current is non-dissipative, j ·E = 0.

2.4 Birkeland currents

The Birkeland currents are electric currents that flow along the magnetic field lines

between the magnetosphere and the high-latitude ionosphere at all times. Birkeland

[1908] was the first to propose that electric currents flow between the Earth and space.

We now know that these currents are the main mechanism for transport of energy and

momentum in the magnetosphere-ionosphere system. Almost 50 years later, Zmuda

et al. [1966, 1967] published the first in-situ measurements and thus provided direct

evidence of Birkeland currents. Later, Iijima and Potemra [1976, 1978] followed with

a ground breaking study of the large-scale empirical description of the currents. They

found that the upward and downward field aligned current system consists of two ap-

proximately concentric circles with an overlap in the pre-midnight region as shown in

Figure 2.6a. The inner ring is termed region-1 (R1) current, and the outer ring is the
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region-2 (R2). In the ionosphere the Birkeland currents are largely closed by Peder-

sen currents [Hoffman et al., 1994] along the electric field, thus northward in the dusk

sector and southward in the dawn sector. The closures of the currents in the iono-

sphere are not fully understood, and the generators in the magnetosphere are also under

debate. R1 currents are associated to the currents on the outer magnetospheric bound-

aries, and R2 to the partial ring current in the inner magnetosphere. The mechanism for

the large-scale Birkeland current is magnetic pressure gradients and magnetic tension

forces associated with the magnetospheric convection. However, field-aligned currents

can also arise due to for example conductivity gradients in the ionosphere. Recent

studies have focused on the dynamic behavior of the Birkeland currents, for example

how the large-scale Birkeland current pattern varies with the solar wind, IMF and iono-

spheric conductivity, and the role of the range of current filaments of different scale

sizes much smaller than the large-scale region 1 and 2 current sheets. Figure 2.6b

shows an example of satellite observations used to derive the statistical pattern. The

observations do not show a simple two sheets current system, but rather a vast range of

Birkeland current filaments of different scale sizes. These are supported by the multi-

tude of auroral features in auroral image in Figure 2.6c. However, the single satellite

observations do not allow us to determine if the observed structure is due to temporal

or spatial variations.

Figure 2.6: (a) The large-scale empirical description of the Birkeland currents and (b) an

example of satellite observations used to derive the statistical pattern [Iijima and Potemra,

1978]. The observations do not show a simple two sheets current system, but rather a range of

current filaments. (c) These are supported by the multitude of auroral features in the auroral

image (unknown origin) from the very high resolution scanning ultraviolet imager on the Freja

satellite [Murphree et al., 1994].
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2.5 Pitch-angle scattering

Pitch angle scattering is needed to put trapped particles into the loss cone. Without it

even the brightest aurora would stop within a few seconds. The pitch angle of a particle

is the angle between the magnetic field line and the velocity of the particle. As the mag-

netic field strength increases towards the poles, so does the pitch angle of the particle,

until it reaches 90◦ and is mirrored to bounce back. These are trapped magnetospheric

particles. Alternatively, if the mirror point is located deep within the atmosphere, the

chances for collisions with neutral atoms and molecules increase, and the particle may

loose its energy, and if it has a sufficiently high initial energy it can contribute to the

aurora. The equatorial loss cone defines the pitch angles of the precipitating particles

at the magnetic equator, which in the plasma sheet usually is a small solid angle on

the order of only a few degrees. Thus, only a tiny fraction of plasma sheet particles

would precipitate without any influence to their motion, and auroral particle precipita-

tion proceeds primarily because plasma waves change the pitch angle of the particles.

This happens when the charged particle and the wave is in resonance, where the en-

ergy can be transferred either way. When a wave grows at the expense of the energy

of the particle, it can for example effectively decrease the perpendicular energy of the

particle, and thus decrease the pitch angle of the particle. Kennel and Petschek [1966]

provided the theoretical ground-work for how plasma waves and stably trapped charged

particles interact. In simple terms, the charged particle must see fluctuations near its

own gyro-frequency, suggesting that high-frequency fluctuations in the whistler and

ion cyclotron mode plasma waves interact with electrons and ions, respectively. Since

then there have been a plethora of studies on the relation between particle precipita-

tion, plasma waves and their origin. One example are the studies of pulsating aurora,

where a time-variation in the pitch-angle scattering is suggested to be a mechanism for

the pulsations.

2.6 Substorm

Substorms are the most common occurring large-scale auroral phenomenon and energy

transfer process in the M-I system. It was first proposed by Akasofu [1964], who found

a systematic behavior in the evolution of the auroral display from a vast amount of all-

sky camera observations. He found that in the order of a few hours the quiet auroral

arcs suddenly exploded and became intensely active and bright (onset) and expanding

rapidly poleward, westward and eastward (substorm auroral bulge) before the bright-

ness and extensiveness decreased. The substorm evolution was therefore divided into

two phases named expansion (10–30 min) and recovery (∼2 h). To make a distinction
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to the geomagnetic storms, which is used for a longer period (days) of strong geomag-

netic activity, the sequence was called a substorm. Later, McPherron [1970] added the

growth phase to the substorm from the principle that in order to have a release of en-

ergy, there must be a period of loading, which he observed through the commencement

or gradual enhancement in the ionospheric currents before the onset of the expansion

phase. In the aurora, the growth phase can often be seen as a series of equatorward

moving arcs following the magnetospheric convective motion (stretching of the mag-

netotail).

In general, the substorm manifested as aurora is called the auroral substorm, while

the underlying magnetospheric processes are called the magnetospheric substorm.

From a magnetospheric point of view, a substorm is the rapid release of energy stored

in the magnetotail, associated with dipolarization of the magnetic field, as well as a

host of processes covering many scale-sizes and bursty bulk flow events. In an auroral

substorm the phases and the related ionospheric phenomena are fairly well understood.

There is a general idea of how it will evolve, but the individual substorms are often very

different from each other. The corresponding processes and accurate time sequence of

events in the magnetospheric substorms, however, are still debated. In Paper I and II

we discuss the characteristics of fluctuating/pulsating aurora that is believed to be re-

lated to the high-energy tail of the plasma sheet electron distribution that quickly starts

drifting towards the morning local times due to magnetic drift. In Paper III we discuss

the scale-size dependent characteristics of nightside aurora during continuous substorm

activity.



Chapter 3

Aurora

The aurora is the visible manifestation the magnetosphere-ionosphere coupling, where

parallel electric fields and plasma waves accelerates and scatter particles in order to

transfer energy and momentum within the magnetosphere-ionosphere system. The au-

rora can be classified in different ways depending on the focus of the study; whether it

is dayside or nightside, open or closed magnetic field-lines, characteristics of the mag-

netospheric source, the type of particle precipitation, or the emissions themselves [e.g.

Paschmann et al., 2003; Sandholt et al., 2002]. In this thesis I focus on the nightside

aurora within the auroral oval. Figure 3.1 shows a photograph of the aurora australis

(south of Australia) captured by the crew onboard the International Space Station at an

altitude of around 350 km. The bright green curtains are the discrete aurora, while the

more chaotic dim structured region of green light is the diffuse and pulsating aurora.

Papers I and II determine the characteristics of the pulsating aurora, while Paper III es-

tablishes the scale size dependent characteristics of the nightside aurora during. To set

the stage for the papers, I here provide a description of the diffuse aurora, the pulsating

aurora, and the discrete aurora and a brief introduction to their proposed mechanisms.

For a description of the auroral spectrum and a selection of emissions that are important

for auroral studies I refer to Chapter 4.

3.1 Diffuse aurora

The diffuse aurora is characterized by a lack of structure and can from ground be seen

as a fairly uniform background. It is the result of electron precipitation originating from

the central plasma sheet and can, at times, be a significant source of energy input into

the nightside upper atmosphere. At times, the largest fraction of the total precipitating

energy (∼60 %) can be carried by the diffuse (including the pulsating aurora) electron

precipitation [Newell et al., 2009]. Lui and Anger [1973] did the first space observations

21
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Figure 3.1: Photograph of the aurora australis (south of Australia) captured by the crew

onboard the International Space Station at an altitude of around 350 km. The bright green

curtains are the discrete aurora, while the more chaotic dim structured region of green light

is the diffuse and pulsating aurora. The red aurora at higher altitudes can be seen on top of

the green rayed aurora near the limb of the Earth. Image courtesy of the Earth Science and

Remote Sensing Unit, NASA Johnson Space Center, The Gateway to Astronaut Photography

of Earth (eol.jsc.nasa.gov).

and described a striking and persistent fairly uniform belt of diffuse auroral emission

extending along the auroral oval. The equatorward edge is easily identified, while the

poleward edge, where discrete aurorae (arcs and bands) often are located, is not as

easily defined. They found that the representative intensities in the 557.7 nm line are

1-2 kR at quiet times and may reach 5 kR during an auroral substorm. However, the

diffuse aurora can be of very low intensity or sub-visual. Virtually anywhere within the

auroral oval, wave-particle interactions produce a weak “drizzle" of particles into the

loss cone, which cause a quasi-permanent aurora of intensity > 5 R in 427.8 nm [Eather

and Mende, 1971].

3.1.1 Source and mechanism

The diffuse aurora was defined as central plasma sheet type precipitation by Winning-

ham et al. [1975]. The origins of the diffuse auroral precipitation was recently reviewed

by Ni et al. [2016]. While resonant wave-particle interactions have been long proposed

as a fundamental process contributing to the formation of diffuse aurora, understand-

ing the relative importance of various magnetospheric waves, has been intensively ad-
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vanced in recent years [Ni et al., 2016]. The diffuse aurora is in general most intense

from premidnight to dawn owing to a combination of the plasma convection (E×B-

drift) and gradient drift that transport the electrons predominantly eastward and the ions

predominantly westward around the Earth. The weaker dayside electron diffuse auroral

precipitation can be accounted for, in part, by dayside chorus pitch angle scattering [Li

et al., 2009; Shi et al., 2012]. The most intense inner magnetospheric electron diffuse

auroral precipitation on the nightside results from a combined scattering by upper- and

lower-band chorus. However, electrostatic electron cyclotron harmonic (ECH) waves

are an important or even dominant scattering mechanism for the nightside electron dif-

fuse auroral precipitation beyond ∼8 RE [Zhang et al., 2015]. Using the Fast Auroral

Snapshot Explorer (FAST) satellite and airborne imagers, Peticolas et al. [2002] sug-

gested that ECH waves are generally responsible for scattering less than 2 keV plasma

sheet electrons, and that upper band whistler mode chorus is responsible for scattering

the higher energy (≥2 keV) plasma sheet electrons into the loss cone, while Sergienko

et al. [2008] found that ECH waves were responsible for scattering the lower energy

electrons (3–4 keV) that produce the structureless background auroral luminosity, while

whistler mode chorus was responsible for scattering higher-energy (≥4 keV) electrons

that cause the more intense diffuse aurora with fine structures.

The ion precipitation also contributes to the diffuse aurora. The ion precipitation

is thought to mainly result from field line curvature scattering when the radius of the

curvature of the field lines in the stretched magnetotail becomes comparable to the

gyro-radius of protons in the central plasma sheet [e.g. Sergeev et al., 1983]. However,

theoretical and observational results have positioned scattering by electromagnetic ion

cyclotron (EMIC) waves as the leading candidate responsible for the ion precipitation

in certain regions of the inner central plasma sheet and ring current [e.g. Liang et al.,

2014; Lundblad and Søraas, 1978; Ni et al., 2016; Søraas et al., 1999]. The average

integral number flux and energy flux of the precipitating ions is typically one to two

orders of magnitude less than that of the precipitating electrons at all latitudes, magnetic

local times (MLT), and activities [Hardy et al., 1989], but can exceed that of electron

precipitation, such as in the pre-midnight local times at sub-auroral latitudes during

substorms. The ion precipitation is therefore an indivisible part of the global-scale

diffuse auroral precipitation, but the electron precipitation is the dominant source of

the diffuse aurora.
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3.1.2 Internal structure

The term “diffuse" implies that there is no internal structure. The diffuse aurorae have

generally been regarded as pretty much uniform. However, fine scale structures have

been reported equatorward of the diffuse auroral oval, for example diffuse forms which

exceed 200 km in width, which frequently show fine-scale (∼50 km) structure [Wallis

et al., 1979] and subvisual (100 R in the green line) diffuse regions of precipitation that

break up into small irregular swirls and spots [Pedersen et al., 2007]. Sergienko et al.

[2008] reported on fine structures in the equatorward diffuse aurora that took form as

significantly brighter regular parallel auroral stripes (∼5 km wide) that extended along

the magnetic latitude (MLat), moving southward with a velocity of around 100 m/s.

It is implied that they can be explained by spatial (and temporal) modulation of the

efficiency of whistler mode wave-particle interaction, but the detailed mechanism(s)

behind the fine structures are not known. Also the black aurora is found within diffuse

aurora. In association with diffuse aurora, the term black aurora is used for relatively

small, well defined regions with a distinct reduction of luminosity within large-scale

regions of otherwise homogeneous, diffuse aurora [Davis, 1978]. A more broad defi-

nition is the lack of particle precipitation and emissions, either it is within the diffuse

aurora or discrete aurora. Peticolas et al. [2002] found signatures of depletion in the

precipitating high energy electrons and suggested that the black aurora was caused by

a localized suppression of the chorus waves, while Fritz et al. [2015] suggested that the

orientation and morphology of black aurora in conjunction with pulsating aurora fit the

possibility of an ionospheric feedback system generating fine-scale structure through

small-scale intense electric fields and currents. It is clear that the diffuse aurora despite

its name indeed can have a plethora of internal structures.

The pulsating aurora, or fluctuating aurora [Humberset et al., 2016], is the dynamic

auroral structures embedded in the diffuse aurora. They can, however, be separated

from the diffuse aurora by their higher-energy electron precipitation reaching lower

altitudes. Figure 3.2 shows a sketch of the difference in altitude for the diffuse and pul-

sating aurora along with the discrete aurora for reference [Brown et al., 1976]. The old

questions about fundamental aspects of the relationship between the pulsating aurora

and the diffuse aurora persist, for example if they are linked via some parent process or

by a process internal to the ionosphere [Lessard, 2012].
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Figure 3.2: Sketch of the difference in altitude for the diffuse and pulsating aurora along with

the discrete aurora for reference. The diffuse background is created by electron precipitations

of energies ≥3–4 keV at higher altitudes. The pulsating auroral emissions are created by time-

varying electron precipitation of energies up to tens of keV reaching lower altitudes. The

Figure is from Brown et al. [1976].

3.2 Pulsating aurora

The pulsating aurora (PA) can be an impressive display (although not as bright or color-

ful as the discrete aurora) covering the entire sky with faint aurora of intermixed large-

and small-scale spatial and temporal variations. As a curiosity, it was first identified

based on observations in Bergen, Norway, in 1879 [Störmer, 1955]. Clearly, the pul-

sating aurora is a highly dynamic type of aurora. However, in the shape of persistent

patches, it is also a phenomenon that we relatively easy can trace in its frame of refer-

ence. Thus we are to a large degree able to separate between how it varies in time and

in space. The scale size and dynamics of pulsating aurora, however, present a consid-

erable observational challenge. PA is part of substorms and has recently been shown to

be both widespread and persistent. This implies that the pulsating aurora indeed corre-

sponds to a considerable transfer of energy from the magnetosphere to the ionosphere

in the form of auroral precipitation, which also can affect the thermospheric neutral

wind [Oyama et al., 2010] and other dynamics of the neutral atmosphere. Papers I and

II therefore find objective characteristics of the dynamics of pulsating auroral patches.

3.2.1 Broad definition

The broad definition of pulsating aurora covers low-intensity aurora that undergoes

repetitive, quasi-periodic, or occasionally periodic fluctuations of alternating increases

and decreases in luminosity on time scales ranging from less than 1 s to several tens of

seconds [Royrvik and Davis, 1977].
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3.2.2 Large-scale morphology

Oguti and Watanabe [1976] related the drift of the pulsating aurora region to the elec-

trons drifting eastward around the Earth owing to a combination of the plasma con-

vection (E×B-drift) and gradient drift. This was followed up by Akasofu [1977] who

suggested the mechanism to be pitch angle scattering of high-energy electrons injected

into the plasma sheet by magnetospheric substorms.

Figure 3.3: Schematic diagram illustrating the development and location of pulsating aurorae

in an auroral substorm. The pulsating aurorae are indicated by hatched regions. I show the

frames (C-F) where the pulsating aurorae are pronounced, starting at 5-10 minutes after the

substorm onset. The figure is adapted from Royrvik and Davis [1977].

Figure 3.3 shows a schematic diagram illustrating the development and location

of pulsating aurorae in an auroral substorm. The pulsating aurorae are indicated by

hatched regions. I show the frames (C-F) where the pulsating aurorae are pronounced,

starting at 5-10 minutes after the substorm onset. The sketch is from Royrvik and Davis

[1977] describing the pulsating aurora in the context of an auroral substorm. The pul-

sating aurorae appear around midnight a few minutes after substorm onset, before they

expand equatorward and eastward into the morning sector in the form of patches and

irregular arc segments superposed on a diffuse background. Any discrete aurorae are

always located poleward of the diffuse region containing the pulsating forms. In the

evening sector, pulsating aurorae were observed also prior to an isolated substorm. The

pulsating aurorae around midnight were in general more complex, brighter and exten-

sive in latitude than those in the morning sector. Royrvik and Davis [1977] concluded

that they were unable to find any significant relationship between PA behavior and the

type of activity, the level of activity, or for that matter relative time or location.

More recent studies suggest that pulsating aurora is a persistent, long-lived phe-

nomenon that is not strictly a substorm phenomenon, but may be temporarily disrupted

by auroral substorms. Jones et al. [2011] found that pulsating aurora is quite common
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Figure 3.4: An event of pulsating aurora observed by the entire THEMIS ASI array across

North America. This event lasted more than 15 hours, covering a region corresponding to

more than 10 hours in MLT. The figure is from Jones et al. [2013].

with the occurrence rate increasing towards morning hours to around 60 %, with 69 %

of pulsating aurora onsets occurring after substorm breakup. Later, Jones et al. [2013]

investigated one of the very long-lived events lasting for more than 15 hours. A snap-

shot of the event is shown in Figure 3.4, where pulsating aurora is observed by the entire

Time History of Events and Macroscale Interactions during Substorms (THEMIS) mis-

sion ASI array. They found that the optical pulsations at times are locally interrupted or

drowned out by auroral substorm activity but are observed in the same location once the

discrete aurora recedes. Moreover, the pulsations following the auroral breakup appear

to be brighter and have a larger patch size than before breakup. The high occurrence

rate, the sometimes missing substorm precursor and the finding of many events lasting

significantly longer than the typical 2–3 hours substorm recovery phase, suggest that

pulsating aurora is not strictly a substorm recovery phase phenomenon and indeed is an

important part of the magnetosphere-ionosphere coupling.

3.2.3 Characteristics

The pulsating aurorae have joint characteristics other than their intensity fluctuations.

However, as will be described in this section, there are large variations within typical

characteristics, and there are still several unclarified issues regarding the fundamen-

tal characteristics, such as what mechanism determines the on-off intensity variation
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[Hosokawa et al., 2015].

Luminosity

The PA is a faint or even subvisual aurora that sometimes can be confused with clouds.

It has a brightness in the range from a few hundred Rayleighs to a maximum intensity

of ∼10 kR in the 427.8 nm line [Royrvik and Davis, 1977].

The typical luminosity variation is often described as having periods from 2 to 20 s,

with an average period of 8±2 s [Royrvik and Davis, 1977]. Also, the term “pulsating"

is by definition a regular periodic behavior. However, the luminosity is repetitive in a

periodic, quasi-periodic or variable way, and there is a tremendous variety in a train of

pulsations. Abrupt changes are often observed, where the shape, duration and spacing

of the pulsations from a single form immediately are followed by pulsations of dif-

ferent character. This luminosity behavior were pointed out by the same authors that

presented the average period, and are confirmed by the objective temporal characteris-

tics that we present in Paper I. In Paper I we further suggest that the terms “on-time"

and “off-time" serve as a more accurate description of the luminosity variations.

Faster fluctuations are frequently observed superposed on slower on-off fluctuation.

When the pulsating aurora is viewed with narrow field of view imagers at high frame

rates, pulsations of 10 Hz to 15 Hz [Samara and Michell, 2010] and as high as ∼50 Hz

[Kataoka et al., 2012] have been observed superposed on top of slower fluctuations.

From recent advances it seems like these high-frequency fluctuations can be split into

two categories: the ∼3 Hz modulation that has been observed many times in the past

(common, but not universal) and the higher frequency fluctuations (>10 Hz) whose

occurrence rate is unknown.

Shape and persistency

The pulsating aurora occurs in very different shapes such as east-west aligned bands

and arc segments, and irregularly shaped patches, having horizontal sizes of a few km

to hundreds of km. To further complicate the decision of shape, they can exhibit very

different spatiotemporal characteristics. The standing/pure mode is a synchronous in-

tensity fluctuation over the entire form, while a streaming/expansion mode usually in-

volves outward growth followed by contraction or disappearance as the pulse decays.

There are also propagating/moving modes where a patch brightens quickly and sweeps

away from its original position as the intensity starts to drop, or forms that propa-

gate laterally across the sky continuously or sequentially [Yamamoto and Oguti, 1982].
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Scourfield et al. [1972] found that the pulsating forms were coherent within dimensions

of around 30–50 km, and that separate patches pulsate independently of each other. It

is not clear why the pulsating aurora occurs in the mentioned shapes, and neither why

the shapes are sometimes streaming and sometimes not.

While some pulsating aurorae only repeat for a few times [e.g. Scourfield and Par-

sons, 1971], a common characteristic for pulsating patches is their persistence, where

the same shape can disappear and appear repeatedly over several minutes. However,

how the underlying reason for this persistence is possible remains unclear [Lessard,

2012], and the persistence is to our knowledge not quantified in a systematic man-

ner. It is suggested that the shape of fluctuating patches is governed by the wave reso-

nance/cold plasma region at the magnetospheric equator, and that cold plasma of iono-

spheric origin acts to keep the region stable [e.g. Li et al., 2012; Liang et al., 2015;

Oguti, 1976]. Alternatively, it is suggested that conductivity gradients in the iono-

sphere due to the energetic electron precipitation can modify the shapes of fluctuating

auroral patches [Hosokawa et al., 2010]. There are however no detailed predictions of

patch evolution from these processes. In Paper II we therefore provide objective and

quantitative measurements of the extent to which pulsating auroral patches maintain

their morphology.

Precipitation, altitude and vertical extent

The earliest observations of fluctuating energetic electron precipitation was made by

sounding rockets above pulsating aurora. The electron energies are found within the

range of a of a few keV to several tens of keV [Bryant et al., 1975, 1967; McEwen

et al., 1981; Saito et al., 1992; Sandahl et al., 1980; Smith et al., 1980; Yau et al.,

1981]. However, there are also reports of energies up to 140 keV [Sandahl et al., 1980]

and cases of surprisingly low energies (1–2 keV) [McEwen et al., 1981]. Evans et al.

[1987] observed fluctuating energetic electron precipitation by satellite above morning-

side pulsating aurora, and found that the maximum amplitude of the pulsating precipi-

tation generally occurred somewhere in the range of 5 to 25 keV, though the percentage

modulation increased continuously with energy. More recently, Jaynes et al. [2013] re-

ported energies ranging from 30 keV to 50 keV near the equatorial magnetosphere, and

Samara et al. [2015] found a range of electron energies mostly from 3 keV to 20 keV,

but also up to 30 keV for different types of aurora. The ∼3 Hz fluctuations have been

found in the electron precipitation, in particular Sato et al. [2004] found ∼3 Hz fluc-

tuations in the down-going high-energy electron flux (>7 keV) that also were apparent

in the pulsating aurora at the footpoint of the satellite. Electron energies at which the
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fluctuations occur seem to vary from one event to the next. This is also apparent in

the altitude of pulsating aurora which is found to vary from event to event and within a

train of fluctuations/pulsations from 80 km to around 110 km altitude [Hosokawa and

Ogawa, 2015; Jones et al., 2009; Störmer, 1948], while [Miyoshi et al., 2015] found

electron density enhancements at altitudes down to 68 km suggesting that electrons

with a wide energy range (∼10 keV up to at least 200 keV) simultaneously precipitate

into the ionosphere in association with the pulsating aurora.

Stenbaek-Nielsen and Hallinan [1979] observed pulsating aurora with a vertical

thickness (≤2 km), which is less than the scale height of the atmosphere and there-

fore could not be produced by the traditional collisional process by precipitating parti-

cles. The vertical extent has later been supported by EISCAT observations of enhanced

ionospheric electron densities with a thickness of 8 km and 4.5 km or less [Kaila et al.,

1989; Wahlund et al., 1989]. Hallinan et al. [1985] however, followed up on the study

by Stenbaek-Nielsen and Hallinan [1979] and found that the thinness occurs irregu-

larly in pulsating aurora. Recently, Jones et al. [2009] examined four events of electron

density profiles associated with the pulsating patches using an incoherent scatter radar

and found that they all had a vertical thickness of ∼15–25 km, a result in support of

vertically thinness being a subclass of pulsating aurora.

Drift

It has been proposed that imaging of pulsating auroral patches can be used to re-

mote sense magnetospheric convection [e.g. Nakamura and Oguti, 1987; Yang et al.,

2015, 2017]. The assumption here is that all PA patches move with the plasma convec-

tion E×B velocity. The drift speed has been consistently measured to be on the order

of 1 km/s in the morning sector, presumably at the E×B velocity [Davis, 1978; Scour-

field et al., 1983], but there have been studies which suggests that the PA drift can be

different from the plasma convection. As an example, the magnetospheric electric field

above a pulsating aurora were found to be larger than what was expected from the auro-

ral drift [Swift and Gurnett, 1973], and a barium ion cloud was observed to drift in the

same eastward direction, but at a higher speed than the widespread display of pulsating

aurorae below [Wescott et al., 1976]. In the detailed investigation on the coherency of

four PA patches in Paper II we therefore compare their drift to the E×B velocity, in

order to test if all patches are drifting solely with the plasma convection.
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Poor conjugacy

Conjugacy of PA is investigated by cameras on airplanes along conjugate paths in the

southern and northern hemisphere, or on conjugate ground stations. Conjugacy means

occurring at the two opposite ends of the same magnetic field line. Due to the com-

plexity of a pulsating auroral display, we can distinguish two types of non-conjugacy:

1) PA appears in both hemispheres with similar shapes, but the pulsation periods are

almost always different. 2) PA appears only in one hemisphere (e.g. in form of an iso-

lated large patch).

From a few events of pulsating aurorae from aircrafts in magnetically conju-

gate paths, clearly identifiable simultaneous pulsation were observed [Belon et al.,

1968, 1969; Davis, 1978], while Stenbaek-Nielsen et al. [1972, 1973] reported that the

general conjugacy was not obvious as some had identifiable phase-shift or no recogniz-

able hemispherical relation, suggesting that there must be different classes of pulsating

aurora. From conjugate ground observations, Fujii et al. [1987] reported that pulsating

aurora appeared synchronously in both hemispheres, except from the streaming that

occurred out of phase or asynchronously. Other ground-based studies showed a dis-

tinct lack of correlation where no pulsating aurora appeared synchronously and most

individual pulsating patches did not have clear counterparts in the opposite hemisphere

[Minatoya et al., 1995; Sato et al., 1998, 2004; Watanabe et al., 2007]. An example of

the two types of non-conjugacy is shown in Figure 3.5.

As evident from above and also stated in the review by Sato et al. [2012], the mount-

ing evidence from different studies suggests that the conjugacy of PA is generally poor,

and as far as they can check, there are only two good conjugacy events (both in shape

and phase). It is also possible that early studies were biased for good conjugacy be-

cause good conjugacy is easier to identify than poor conjugacy. The pulsating aurora

is therefore occasionally conjugate, but mostly poor or non-conjugate. The pulsating

aurora is therefore mostly poor or non-conjugate, and occasionally conjugate.

3.2.4 Source and mechanisms

There is an agreement that the high-energy precipitating electrons result from pitch an-

gle scattering. The source particles are therefore likely the same as for the dominant

part of the diffuse aurora but of higher-energy, namely substorm injected plasma sheet

electrons that drift to the morning sector [Nemzek et al., 1995]. However, exactly how

the bright/on-dim/off pulsation occurs is still up for discussion. Historically the mech-

anism has been suggested to be located at magnetic equator, a region much further
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Figure 3.5: This is an example of non-conjugacy in pulsating aurora during recovery after

an auroral breakup found by Watanabe et al. [2007]. It also shows the two types of non-

conjugacy. One is the case in which the pulsating aurora appears in both hemispheres, and the

shapes are similar but the pulsation periods are almost always different in the two hemispheres

(d and j). The other is the case in which the pulsating aurora appears only in one hemisphere

(e and k). The black arrows indicate pulsating aurora patches and the pulsation periods are

determined from an autocorrelation analysis. This also an example an event where there is no

uncertainty in identifying the conjugate regions because the aurorae during the auroral breakup

showed remarkable conjugacy. The figure is from Sato et al. [2012] that adapted it from from

Watanabe et al. [2007] .

earthward, or a source in the ionosphere, as will be outlined below.

Time varying pitch-angle scattering

Most studies point towards a time varying pitch-angle scattering close to the magnetic

equator. In-situ studies have observed lower-band chorus [Nishimura et al., 2010, 2011]

(Figure 3.6), and continuous measurements of fluctuations in the electron flux [Jaynes

et al., 2013] correlated with the luminosity fluctuation of a pixel within a pulsating

patch using the best-fit within the ASI FOV containing the mapped footpoint. How-

ever, Nakajima et al. [2012] observed fluctuating precipitation without the presence

of whistler (and ECH) waves with sufficient amplitude. Instead they suggested that the

electrons were already accelerated by earthward flows (Fermi-type acceleration) so that

even small pitch angle modulation around the loss cone angle by weak waves possibly

could produce fluctuations of aurorae. A correlation in the fluctuation of all three pa-

rameters (waves, precipitation and auroral luminosity) is yet to be published.

Before these studies, velocity dispersion (or time dispersion) gave indirect evidence

of a mechanism close to the magnetic equator. In a beam of energetic electron precip-

itation the highest-energy electrons reach the atmosphere first and will at ionospheric



3.2 Pulsating aurora 33

Figure 3.6: Correlated observations of pulsating aurora and lower-band chorus by Nishimura

et al. [2010]. (a) Schematic diagram showing the geometry of chorus wave propagation (red

arrows), electron precipitation (blue arrows), and PA. (b) THEMIS A spacecraft observations

of lower-band chorus bursts (electromagnetic field spectra). The local electron cyclotron fre-

quencies (fc) are calculated from the measured magnetic field and marked with white horizon-

tal lines. (c) Snapshots of ASI data projected onto geographic coordinates at 110 km altitude.

The pulsating patch that is correlated with chorus is indicated by the red arrows. The snap-

shot times are also marked in panel b by white vertical lines. The pink square shows the

magnetic footprint of the spacecraft that is located close to the center of the imager field of

view (green square on top right image). Dashed lines represent magnetic coordinates every 3◦

in latitude and 1 h in local time. (d) Correlation of lower-band chorus wave amplitude inte-

grated over a frequency range of 0.05 to 0.5 fc (red) and auroral intensity (blue) at the highest

cross-correlation pixel. The figure and results are from [Nishimura et al., 2010].

altitudes result in time delays in fluctuations between the low-energy and high-energy

electron populations. This has been used to estimate the travel distance assuming that

the fluctuations are generated at one altitude. The first studies [e.g. Bryant et al., 1971;

Yau et al., 1981] had large error bars and found sources distributed almost continuously

from magnetic latitudes of 50◦ to −20◦. Later studies found the sources confined to

the equatorial region up to around 15◦ when accounting for the details of the suggested

pitch angle scattering mechanism, for which the waves propagate toward higher lati-

tudes and scatter electrons with increasingly higher energy electrons traveling in the
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opposite direction [Miyoshi et al., 2010; Nishiyama et al., 2011]. In Paper I we discuss

time dispersion in more detail, and we find that the characteristics of the energy depo-

sition of the pulsating auroral patches are due to the generation mechanism and not a

dispersion effect.

The most frequently mentioned theoretical candidates for a time varying pitch-angle

scattering are summarized in Paper I (Table 2), where we also list the corresponding

auroral observational consequences. One of the first theories outlined was that ultra-

low frequency (ULF) waves changes the velocity distribution of the resonant electrons

and thus the whistler mode wave growth rate [Coroniti and Kennel, 1970a, b]. How-

ever, as we also discuss in Paper I, the in-situ ULF waves (also called micropulsations

or magnetic pulsations in the Earth’s magnetic field) are not found to correlate with

chorus waves on the typical time scales [Tsurutani and Smith, 1974]. Recently, Jaynes

et al. [2015] suggested that substorm-driven Pc4–5 magnetospheric ULF pulsations

(field line resonance as a result of a substorm injection) modulates chorus waves, and

link observations of chorus with ∼45 s to 1 min periods to ULF waves having periods

closer to 2 min, thus occurring with twice the periodicity. On the other hand Li et al.

[2011b] found a one-to-one variation in the ULF and chorus modulations, but they also

focused on the modulation of whistler mode waves by long period compressional pul-

sations in the Pc4-5 range and did not investigate individual chorus elements, but rather

a group of chorus elements showing intensification over a timescale of tens of seconds

to a few minutes. The first proposed theory on time varying pitch-angle scattering by

ULF waves [Coroniti and Kennel, 1970a, b] have therefore largely been discarded.

Other frequently mentioned theories are the nonlinear relaxation oscillator [David-

son, 1979, 1986a, b] and the flow cyclotron maser [Demekhov and Trakhtengerts,

1994]. The nonlinear relaxation oscillator is based on solving three non-linear dif-

ferential equations that jointly describe the time variations of waves and of particles

(trapped particle flux, pitch-angle diffusion coefficient, and anisotropy). The control

of wave growth is attributed to changes in the anisotropy as the loss cone is filled and

emptied, where the particles that are lost need to be replenished for the cycle to start

again. The flow cyclotron maser is a theory similar to the nonlinear relaxation oscilla-

tor, but explicitly deals with the details of the wave particle interaction, which has the

distinct advantage of providing quantitative testable predictions. It can thus be com-

pared with observations. The flow cyclotron maser starts with a continuous stream of

energetic electrons that enters a flux tube with enhanced cold plasma density, which

serves as a resonance cavity. Low-frequency waves start to scatter the high-energy

electrons into the loss-cone. The scattering moves towards higher wave-frequencies
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and lower-energy electrons and thus includes more particles. This continues until a

maximum of the electrons participate and the waves are damped. A new injection of

an anisotropic high-energy electron distribution is needed for the cycle to start again.

Also the loss of electrons within the loss cone will cause anisotropy, but only sufficient

to cause a small part of the electron distribution to diffuse. The wave growth and thus

pulsation periods are very sensitive to the density of the cold plasma (the less dense,

the shorter periods), which must be over a certain threshold (10 cm−3 and 1000 times

denser that the injected electrons). The model also includes the wave reflection coeffi-

cient, R, in the ionosphere and a dependence on L-shell. The total injected energy must

be over a certain threshold, and higher L-shells give larger injections of higher-energy

electrons. However, large injections will dampen the pulsations, meaning that the most

pronounced fluctuations should be seen at lower latitudes. From measurements of en-

ergetic electrons and plasma density at geosynchronous orbit, Nemzek et al. [1995]

found support for the minimum energetic electron density, but likely not the plasma

density conditions predicted by the nonlinear relaxation oscillator, while the minimum

change in plasma density and electron flux predicted by the flow cyclotron maser seem

to be supported. Further, Nishiyama et al. [2014] points out that the flux of the ac-

tive high-energy electrons in the flow cyclotron maser has not been found to change

drastically between the on and off stages. This was based on the observation that the

Reimei satellite usually measures trapped energetic electrons in the pitch angle range

from 60◦ to 120◦ at ∼650 km altitude regardless of on and off stages of PAs, and the

observation by Jaynes et al. [2013] where the 30–50 keV precipitating electrons were

found to fluctuate, while the trapped electrons of the same energy range did not show

similar fluctuations. The in-situ parameters seem to not give a clear support to these

theories. In Paper I we discuss how the temporal characteristics and energy deposition

of a detailed analysis of six pulsating patches from ground fit within the observational

constraints of these theories.

There is also debate around the time-variation of ∼3 Hz commonly found to be su-

perposed on the main emission fluctuation. Nishiyama et al. [2016] suggest that the

movement of ∼3 Hz substructures embedded within a pulsating patch compares to the

propagation whistler mode chorus elements in support of a time-varying pitch-angle

scattering near the magnetic equator, while Fukuda et al. [2016] suggests, based on

rapid quasi-periodic expansions of the edge of pulsating features, that the ∼3 Hz varia-

tion is rather caused by Alfvén waves modulating the electron precipitation.

In the last few years, an increasing number of in-situ observations at the magnetic

equator have made it possible to compare local plasma parameters (chorus waves, elec-
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tron cyclotron harmonic waves, plasma densities and ULF waves etc.) and thereby

understand the time-varying pitch-angle scattering. There are for example an ongoing

research on the role of the cold background plasma as driver of the chorus emissions. Li

et al. [2011a] reported that depletions in the total electron density were correlated with

increases in chorus wave amplitude and demonstrated that they could lead to an inten-

sification of chorus waves by calculating the linear growth rates of chorus waves using

the observed plasma parameters. Further, Nishimura et al. [2015] found fluctuations

of low-energy ion fluxes that correlated with chorus intensity, and Liang et al. [2015]

observed low-energy ion precipitation by low-Earth-orbit satellites above pulsating au-

roral patches suggesting that the changes in the cold plasma might be associated with

ion outflows from the ionosphere.

Processes closer to Earth

The pulsating aurorae also have well known characteristics, such as thin vertical ex-

tents and conjugate points in each hemisphere that is either poorly correlated or not

correlated at all, which is difficult to explain with a single mechanism located at the

magnetic equator.

The vertical extent of PA can be either very thin <4.5 km or ∼15–25 km (see Sec-

tion 3.2.3). The very thin pulsating aurora cannot be produced by the traditional col-

lisional process by precipitating particles, not even a monoenergetic beam, therefore

ionospheric effects must contribute to the process [Stenbaek-Nielsen and Hallinan,

1979] . One likely process [Stenbaek-Nielsen and Hallinan, 1979; Wahlund et al.,

1989] is the so called enhanced aurora [Hallinan et al., 1985]. It supposedly occurs

when precipitating electrons cause growth of ionospheric plasma waves in the electron

plasma frequency range, which then accelerate the ambient ionospheric electrons to

reach the ionization threshold. However, as Hallinan et al. [1985] points out, enhanced

aurora can be observed in all types of aurora below around 130 km altitude and it "par-

takes the motions and luminosity fluctuations characteristic of the aurora in which it

is observed" (page 8472). If the subset of very thin PA is indeed enhanced aurora, it

seems likely that it is not the ionosphere that creates the fluctuations in luminosity.

A rather direct evidence of the contribution of ionospheric processes is that fluctu-

ations in luminosity and particle precipitation can be artificially induced by chemical

releases in the ionosphere [Deehr and Romick, 1977; Holmgren et al., 1980]. To my

knowledge there is no accepted theory for the process, but Holmgren et al. [1980] sug-

gested that the artificially induced low-energy part of the acceleration could be due to
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parallel electric fields, created by field-aligned currents that were set up by the plasma

injection, and further that pitch angle scattering in the magnetosphere may account for

particle precipitation continuing for as long as ∼2 min after their release.

Observations and time-of-flight calculations from velocity dispersion of the precip-

itating electron have given unambiguous results to where the mechanism is located. As

I explained earlier, time-of-flight calculations have been used as indirect evidence of a

mechanism close to the magnetic equator. However, Sato et al. [2004] demonstrated

that the source region of the pulsating aurorae that they observed was located earth-

ward, far from the equatorial plane. Further, in his review of pulsating aurora Lessard

[2012] mentions that Williams [2002] found no evidence of velocity dispersion in the

pulsating electron data obtained from the PARX sounding rocket in the region over a

pulsating aurora event. Thus, the different results can point toward both a near earth

mechanism and maybe even a mechanism within the ionosphere.

The characteristic of poor or non-conjugacy is hard to explain with a time-varying

pitch angle scattering mechanism at the magnetic equator. Sato et al. [2004, 2002]

showed observations of velocity dispersed high-energy electron precipitation in cor-

relation with non-conjugate pulsating aurora and anti-correlated with the proton flux.

These are instead suggested to have a near Earth mechanisms which set up time-varying

field-aligned potential drops [Fedorov et al., 2004; Pilipenko et al., 1999; Sato et al.,

2004]. In particular, Fedorov et al. [2004] found that Alfvén wave structures can pene-

trate into the auroral acceleration region (1-2 RE altitude) and produce oscillatory vari-

ations of the already existing field-aligned potential drop, and thus acceleration and re-

sulting fluctuations in the electron precipitation in the range around fractions of one Hz.

There seems to be a concensus that the ionosphere and neutral atmosphere are not

entirely passive, but exactly what role they play remains largely unclear [Lessard, 2012;

Stenbaek-Nielsen, 1980]. There are not many suggestions of a source local to the iono-

sphere and atmosphere. One idea is that the neutral atmosphere can drive fluctuations

in the auroral luminosity. Steady particle precipitation can get enhanced and reduced

repeatedly by atmospheric oscillations that increase and decrease the loss altitude (ef-

fectively a variation in the size of the loss cone) that can be provided by acoustic-gravity

waves [Luhmann, 1979]. The pulse shape and the magnitude of the pulsations depend

on both the energy spectrum and the pitch angle distribution of the particles and the am-

plitude and altitude distribution of the atmospheric waves. However, Davidson [1990]

claimed that the mechanism would impose a spatial regularity that is not observed.

Maybe it is more likely that the lower ionosphere and atmosphere have an alternating
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component, such as an ionospheric feed-back mechanism based on the flow cyclotron

maser theory suggested by Tagirov et al. [1999]. However, as pointed out by Watan-

abe et al. [2007], it is unlikely that the participation of the ionosphere suggested by

Tagirov et al. [1999] can alter the fluctuation characteristics as drastically as they see

in the pulsating aurora at conjugate locations in the southern and northern hemispheres.

It is likely that the ionosphere is not passive. Other indications that it can be active

or modifying are fine-scale structures embedded in pulsating aurora and the persistence

in the shape of pulsating auroral patches. Earlier, I mentioned that ion outflows from

the ionosphere can cause changes in the cold plasma suggested to drive a time-varying

pitch-angle scattering. Further, Fritz et al. [2015] observed a black aurora curl struc-

ture in conjunction with pulsating aurora and suggested that they could be generated by

a mechanism similar to the ionospheric feedback mechanism that is suggested to cause

fine-scale structures in an auroral arc through small-scale intense electric fields and cur-

rents. They could, however, not rule out magnetospheric processes. What causes the

persistence in patch shape can be of ionospheric influence, but it is largely an open

question that we discuss further in Paper II.

In summary, even if the pulsating aurorae have similar characteristics, these char-

acteristics are also highly variable. It is a mystery whether pulsating aurorae can have

different mechanisms as suggested by Sato et al. [2004], or whether the large varia-

tion can be explained by one mechanism. To understand the latter we also need to

solve some fundamental questions on pulsating aurora, such as what underlying mech-

anism(s) controls their on-off fluctuation, shape and coherency. This illustrates the need

for better characterization. We therefore do a careful study of the shape, coherency and

drift of pulsating aurora in the form of patches.

In summary, most of the research now focus on the magnetospheric region for a

source and mechanism for the pulsating aurora. However, it remains to figure out if

the large variation within the different characteristics points towards several types of

pulsating aurorae (with different mechanisms) that falls into the same broad category

of pulsating aurora, or whether they can all be explained by time-varying pitch-angle

scattering alone.

3.2.5 Open questions

A burst of interest drove a concentrated research effort on pulsating aurora in the 1970s,

but later it did not receive the same attention as many other types of auroral phe-
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nomenon. Recent results, however, imply that the pulsating aurora may be a more

important part of the magnetosphere-ionosphere coupling, and spacecraft observations

at geosynchronous orbit have made new observations allowing us to advance our un-

derstanding of the processes behind pulsating aurora. While this recent research has

answered some of the most fundamental questions about pulsating aurora, it has also

led to other, more comprehensive questions [Lessard, 2012]. However, even as these

new questions emerge, older questions about fundamental aspects of pulsating aurora

remain. In the most recent review, monograph and introduction to a special section on

pulsating aurora Lessard [2012], Li et al. [2012], and Hosokawa et al. [2015] (respec-

tively) list or highlight the open questions that remains to be resolved. Here I highlight

a few of the open questions that I find the most intriguing.

What mechanism(s) governs the on-off fluctuations?

Chorus wave intensity as measured by single satellites at the magnetic equator are

found to be correlated to the best-fit pixel of auroral luminosity in the ASI containing

the mapped footprint of the satellite. So, if chorus waves are responsible for the fluc-

tuations, why is the chorus wave intensity fluctuating? Furthermore, can time-varying

field-aligned potentials far from the magnetic equator play a role in the pulsating au-

rora? In Paper I we therefore determine the characteristics of pulsating auroral patches

in order to provide better observational constraints on the suggested mechanisms.

What governs the shape and persistency of pulsating auroral patches?

As discussed in Section 3.2.3, the underlying reason for the persistent shape of pulsat-

ing auroral patches as they disappear and reappear repeatedly over several minutes is

not fully understood. Also, exactly how persistent the patches are is often loosely de-

scribed and there are no quantitative measures to how the shape of a patch evolves. In

Paper II we therefore provide objective and quantitative measurements of the extent to

which pulsating auroral patches maintain their morphology.

What are the causes of the spatiotemporal variations within the pulsating auroral

patch?

It is not known to what extent the pulsating auroral shapes fluctuate coherently. Three

fundamentally different modes, described in Section 3.2.3, have been proposed. How-

ever, why the shapes sometimes pulsate coherently and sometimes not, and the under-

lying cause(s) of the spatiotemporal variations remains to be determined. In Paper II

we therefore estimate the extent to which each of the patches fluctuate in a coherent
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fashion.

3.3 Discrete aurora

The most known form of the discrete aurorae are the bright auroral arcs within the au-

roral oval. They can be both relatively quiet or highly dynamic with rapidly changing

structures depending on geomagnetic activity. By observing the discrete aurora alone, it

is difficult to distinguish the exact processes causing the display [e.g. Paschmann et al.,

2003]. The discrete aurorae are therefore often divided into the characteristics of the

precipitation (a few to tens of keV), as they can result from mono-energetic/inverted-V

or broadband/Alfvénic electron precipitation. In Paper III we describe the dynamics of

the aurora during moderately disturbed conditions leading up the a substorm onset. We

find that the scale size dependent characteristics differ for two smaller time intervals

of the event. It seems reasonable that the characteristics of the emissions is also the

characteristics of the precipitating electrons, but we have no objective way to separate

the different emissions and their characteristics. We are therefore careful in discussing

how the characteristics vary in response to the types of electron precipitation that pro-

duce the discrete aurora. However, for context I here give a brief description of the two

types of discrete aurorae, acknowledging that its underlying processes, scale sizes and

lifetimes is still an active area of research.

3.3.1 Monoenergetic aurora

The monoenergetic aurora comes from plasma sheet electrons that are accelerated in

relation to quasi-static potential drops parallel to the geomagnetic field at an altitude

from 1000 km up to a few RE . Auroral arcs are produced by thin sheets of precipi-

tating electrons that also carries a considerable upward directed Birkeland current. In

simple terms, the auroral acceleration by potential drops is associated with the need

to maintain ionospheric current continuity which require an enhancement of the iono-

spheric conductivity. Although the precise generation mechanism of these structures

has been thoroughly examined over the last several decades, it remains an open topic

of research [Colpitts, 2015, and references therein]. The precipitating electron energy

spectrum has a distinct “mono energetic" peak, meaning that a small range of energies

dominate completely over other energies. This characteristic is consistent with elec-

trons that are accelerated by a potential drop somewhere along the field line [Evans,

1974]. The potential drop typically decrease as a function of distance from its maxi-

mum. The spectrogram measured along a satellites’ trajectory will then look like an

inverted-V, which is the reason that the monoenergetic aurora is often referred to as
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inverted-V aurora. Inverted-V structures are found stable over the time it takes a low

earth orbit satellite to traverse them (up to tens of seconds). However, Thieman and

Hoffman [1985] observed precipitating particles made by the two Dynamics Explorer

spacecraft and found that a few minutes could result in significant differences in the

maximum energy of inverted-V events.

3.3.2 Broadband aurora

Discrete aurora can also result from very high fluxes of electron precipitation with a

broadband energy distribution. They are likely accelerated by dispersive Alfvén waves

at altitudes between 1 and 2 RE as they propagate from the magnetosphere along the

geomagnetic field [Andersson et al., 2002; Chaston et al., 2000, 2003a; Mende, 2016].

The Alfvénic/broadband precipitation is often viewed as a transition between two states

and for example found associated with the poleward boundary of the auroral oval in the

premidnight sector [Chaston et al., 2003a] and in substorm aurora [Mende et al., 2003].

Newell et al. [2009] found that the total energy carried by broadband aurora is more sen-

sitive to solar wind driving than other types of aurora and responsible for as much as

28 % of the particle number flux to the ionosphere during active times.

Alfvénic aurora is the most challenging type to investigate since it covers scale

sizes up to a few tens of km with lifetimes less than the Alfvén transit time between

the magnetosphere and the ionosphere, which is on the orders of minutes. It is in gen-

eral difficult to distinguish between the mono-energetic and broadband precipitation

by observing the discrete aurora alone. For example Colpitts et al. [2013] observed

Alfvénic aurora intermittently and perhaps simultaneously with inverted-V aurora dur-

ing an event of continuous substorm activity. They described the aurora as extremely

dynamic changing on timescales of seconds with bright spots and arcs that were not as

elongated in the east-west direction as during typical inverted-V events. Further, Mende

et al. [2003] found that in substorm aurora outside of the surge, the Alfvénic electrons

were less clearly separated from the inverted-Vs.





Chapter 4

Ground-based auroral imaging

Figure 4.1: The FOV of an ASI imager superposed on the auroral oval as captured by the

Visible Imaging System (VIS) [Frank et al., 1995] onboard the Polar spacecraft. The sunlight

on the dayside and the UV-auroral oval on the nightside is imaged by the VIS Earth camera,

while the VIS Low Resolution Camera captures the aurora (green-line) in more details.

The aurora was originally studied from ground as a broad band emission covering

the entire visible spectrum. Then filters and photo multipliers made it possible to study

narrow band emissions. We utilize ground-based observations of auroral emissions

since they provide extended periods of continuous observations at a fixed position in

the ionosphere. To capture a large range of scale sizes we use an all-sky imager (ASI).

As can be seen in Figure 4.1, an ASI field-of-view (FOV) can almost cover the width of

the auroral oval, and rotates with the Earth along the auroral from evening to morning.

At the same time this effectively means that we neglect the fine scale-sizes (< 1-2 km),

which can be captured with narrow-field of view imager with high time resolutions.

This inherent limitation is further discussed in Chapter 6.1. In this chapter I introduce
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the auroral spectrum and a selection of emissions that are important for auroral stud-

ies, including green line (557.7 nm) auroral emissions utilized in Papers I-III. Then I

describe the all-sky imager and how we process the images to answer the science ob-

jectives.

4.1 Auroral spectrum

Figure 4.2 shows a typical spectrum of bright aurora. The spectrum is covering the au-

rora that is visible to the human eye (around 390 to 700 nm), but also a some of the

ultraviolet aurora (<400 nm) and infrared aurora (>700 nm). The ultraviolet and X-ray

aurorae are best observed from space, because atmospheric scattering (attenuation and

absorption) of the emissions increase with the frequency of the photons. In general, the

visible aurora can be divided into three colors: red, green and blue. Other colors, like

yellow or pink in the aurora, are due to a composition of different emissions. The au-

rora can at times appear white or grey in color, yet it is usually green aurora that is too

dim to meet the color threshold of the human eye. For example the pulsating aurora is

typically very dim, and can be mistaken for clouds.

The aurora is due to de-excitation by spontaneous radiation of the excited atoms and

molecules. The probability for this happening has an exponential decay. The lifetime of

the given state is then the mean lifetime/exponential time constant. Physically, the life-

time is the time required for the system response to decay by 1/e ≈ 36.8%. An excited

state can decay to different energy levels. Then, those will have different probabili-

ties of occurring, and thus occur at different rates with different lifetimes. The excited

states that have longer lifetimes than a few tens of nanoseconds are called metastable

states. These are associated with "forbidden" energy state transitions in quantum me-

chanics, where the provided energy undergoes an unusual intersystem crossing and

becomes trapped with only “forbidden" transitions available to return to a lower energy

state. However, these transitions, although “forbidden", will still occur in quantum

mechanics, but with a significantly lower probability and therefore longer time scales.

Knowledge on the process of de-excitation of forbidden transitions can be useful, for

example to make toys glow in the dark. For the aurora, as we will come back to, the

knowledge is crucial for understanding the auroral display and how the different emis-

sions lines can be utilized in auroral studies.
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Figure 4.2: A typical spectrum of the visible bright aurora (IBC-3). The wavelengths of the

auroral emission lines and bands are given in Ångstrøm, which equals 0.1 nm, and their bright-

ness in kR. It is roughly indicated which emissions are due to Oxygen and Nitrogen (atomic,

molecular or ionized is not differentiated). The source of this material is the COMET R©

Website at http://meted.ucar.edu/ of the University Corporation for Atmospheric Research

(UCAR).

4.2 Important emissions for auroral studies

In Papers I-III we have utilized the 557.7 nm green aurora that is described in the next

section. For comparison I first introduce two examples of red and blue aurora that are

widely used in auroral studies.

4.2.1 Blue aurora at 427.8 nm

The blue-violet aurora in the form of the 427.8 nm band, is often used in the studies

of auroral dynamics because it is the result of spontaneous decays with a lifetime of

70 ns. Collisions between electrons and molecular nitrogen, N+
2 , leaves some of the

ionized molecules in the upper excited state of the first negative band (N+
2 (B2 ∑+

u ))

with an excitation potential energy above the ground state of 6.2 eV. This results in

emissions with a maximum at 427.8 nm in a fraction of the decays. The intensity of
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the 427.8 nm emissions can be used to determine the total energy flux carried by the

precipitating electrons. This is possible because the emissions are prompt and result

from precipitation of electrons at all energies above the excitation energy.

4.2.2 Red aurora at 630.0 nm

The most important red aurora is the ∼630.0 nm line. It is produced by the transition

from the metastable excited atomic oxygen O(1D) to the ground state O(3P). It has two

special properties: 1) A low excitation potential energy (1.96 eV), 2) a long lifetime of

∼110 s [Rees and Roble, 1975]. The increasingly denser atmosphere at lower altitudes

causes the excited oxygen to easily lose its energy by collisions instead of emitting

light (quenching). This is why the red aurora typically has its maximum intensity high

in the atmosphere at around 250-300 km altitude, and results from the low-energy part

of the electron precipitation. This means that the luminosity of the 630.0 nm typically

depends strongly on the mean energy of the precipitating electrons. Figure 4.3 shows

the height distribution of the excitations rate of the metastable states O(1D), where the

dashed curve also takes quenching into account.

During the relatively long lifetime, the atoms can move considerably from the lo-

cation they were excited, resulting in a rather uniform aurora that is not suited to study

dynamics. However, at some conditions the 630 nm emissions are observed as almost

prompt emissions (private communication with Dr. Robert Michell). These possibly

occur when the precipitation results in a sufficiently large amount of O(1D) excitations

at low altitudes. Then the part of the decay distribution with very short lifetimes can

be detected, while the the rest is quenched. Also, Liang et al. [2016] found noticeable

fluctuations in the red-line during dynamic pulsating aurora at lower altitudes than the

uniform red aurora. However, he found evidence that some of the cases were due to the

pulsating aurora being associated with low energy (< 1 keV) electron precipitation. In

general, the red aurora is less visible, not only because of the smearing and quenching,

but also because our eyes are less sensitive to the red light, compared to the green light.

4.3 Green aurora at 557.7 nm

The green aurora at 557.7 nm is the brightest emissions in the visible spectrum of most

aurorae. It is produced by the transition from the second lowest excited state O(1S)

with an excitation potential energy above the ground state of 4.17 eV to the lowest ex-

cited state O(1D) in atomic oxygen.
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Figure 4.3: Height distribution of excitation rate of the N+
2 (B2 ∑+

u ) state causing the 427.8 nm

and 391.4 nm emissions and the metastable states O(1D) causing the 630.0 nm and 636.4 nm

emissions and the O(1S) behind the 557.7 nm and 297.2 nm emissions. The dashed curve

also takes quenching of the metastable O(1D) state into account. The excitation profiles are

estimated from an example spectrum of precipitating electrons. The figure and details can be

found in Kamiyama [1966].

Exactly how the excitation of the O(1S) occurs is still not clear. Possible sources

are suggested to be direct electron excitation, dissociative recombination with an O2

ion, and energy transfer from an excited N2 molecule [Brekke, 2013], and dissociative

excitation of O2 [LeClair and McConkey, 1993]:

e+O → e+O∗ Excitation

e+O2 → e+O∗+O∗ Dissociative excitation

N2(A
2 ∑+

u )+O → O∗+N2 Energy transfer

e+O+
2 → e+O∗+O Dissociative recombination

The last two processes have a delay time with respect to the initial ionization and

excitation processes. The relative contributions of the various possible excitation pro-

cesses have been calculated by combining in-situ measurements of various species with

atmospheric models and laboratory determined reaction rates, but the results differ

[Burns and Reid, 1985]. Thus, the possible sources are not well understood and proba-
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bly change with altitude and ionospheric conditions.

O(1S) is a metastable state with a lifetime of 0.75 s. Like the red 630.0 nm aurora,

the green aurora can only exist because of the low density of the thermosphere. As the

neutral density increases, the 557.7 nm emissions are quenched. However, this becomes

important at relatively low altitudes below around 100 km altitude. The quenching and

rapid decrease of concentration of atomic oxygen below around 100 km are probably

responsible for the abrupt-looking end of the lower edges of green auroral curtains. In

auroral rays the green aurora are can also be seen to lag behind the violet-blue aurora.

This results from the effective lifetime of the green aurora at 557.7 nm compared to the

prompt violet-blue aurora at 427.8 nm. The effective lifetime is a combination of the

(radiative) lifetime, possible contributions from time delay excitation processes, and

quenching, and can therefore vary slightly from depending on the controlling parame-

ters.

In this thesis we have utilized the 557.7 nm emission because it is brighter than the

427.8 nm. In Papers I and II we utilize the green line to observe the dynamic pul-

sating aurora, and further discuss how the 557.7 nm emissions is limited by chemical

effects compared to prompt emissions such as the violet-blue 427.8 nm. The ASI has a

3.3 Hz time resolution, meaning that the ASI data is limited by the Nyquist frequency

of 1.65 Hz, which is comparable to the time delay and smoothing of the effective life-

time of the O(1S) states.

The 557.7 nm emissions are captured by a narrow band interference filter with a

full width at half maximum of 2 nm. The interference filter selects the narrow fre-

quency band by attenuating the other wavelengths in multiple reflections from two

semi-reflective coatings on a transparent spacer resulting in destructive interference.

4.4 All-sky imager

The all-sky imager used is part of an experiment called Multi-Spectral Observatory Of

Sensitive EMCCDs (MOOSE), designed by Marilia Samara and Robert Michell. It

was installed at Poker Flat Research Range in Alaska (-147.4◦ geographic longitude,

65.1◦ geographic latitude) in September 2011. Since then the five low-light imagers

have been run in many different modes and configurations, but typically with two ASI

and three narrow-FOV imagers, and provided aurora images intended to be applied to a

wide range of optical imaging science. Figure 4.4 shows the experiment configuration
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with two ASIs mounted in the same dome, one capturing the green aurora (557.7 nm),

and the other the violet-blue aurora (427.8 nm).

Figure 4.4: The two MOOSE all-sky imagers mounted in the same dome. One captures the

green aurora (557.7 nm), and the other captures the violet-blue aurora (427.8 nm). Photo by

Robert Michell.

4.4.1 Imager specifics and operation

The imager is an Andor Ixon DU-888 EMCCD (Electron Multiplying Charge Coupled

Device). It has a 1024×1024 pixel chip with internal binning capabilities that allow

trade-offs between temporal and spatial resolution. The CCD is cooled to -70◦C to

reduce thermal noise (dark current) and can detect single photons with a high quantum

efficiency (> 90 %). For our events the imager is set to 2×2 binning, resulting in a

512×512 image at 3.3 frames per second (∼300 ms exposure time). This configuration

was chosen because it provides adequate temporal resolution for the range of scale sizes

captured by the all-sky FOV.

4.4.2 Calibration

Both the pointing and intensity need to be calibrated. This was performed by the

MOOSE experiment, and the details of the calibration process can be found in the

paper by Grubbs et al. [2016]. Here I provide a short introduction to the concepts.



50 Ground-based auroral imaging

The pointing direction is determined by matching the stars in the image with the

known position of the stars. In this way the conversion factors and thus geographic co-

ordinates and angular pixel sizes of the image are obtained.

The intensity calibration is done by comparing the measured count rate from the

stars in the image (corrected for the background emissions of the sky) to the known

spectral irradiance of the stars integrated over the ASI spectral selection. The ratio be-

tween the two provides the conversion factor for the intensity measured in counts/s to

photon flux given in photons/cm2 s. The next step is to determine how bright the aurora

is in order to produce 1 count/s. Because the aurora is emitted from a range of altitudes

in all directions where only a fraction will reach the imager, the conversion factor is

basically based on the FOV of each imager pixel and the line-of-sight integrated emis-

sions. For the 557.7 nm emissions the resulting conversion for one exposure time is

linear: 1 count = 9.16 R, when the imager dark counts are subtracted. The uncertainty

in the intensity is probably only 10–20 % and increasing towards the limb pixels, which

is very good for auroral imagers. The uncertainty mainly comes from the calibration

source and non-uniformity of the imager response (the center pixels have a higher gain,

etc.).

Rayleigh is the unit for the intensity of airglow and aurora, which is based on the

proportionality between the surface brightness of the aurora and the line-of-sight in-

tegrated emissions per unit of volume when absorption and scattering can be ignored.

Rayleigh is basically the measured brightness multiplied by 4π , where one Rayleigh

equals the column emissions rate of 106 photons per cm2s [Hunten et al., 1956]. The

weakest aurora that we can see with our eyes is ∼1 kR, which means that the aurora

must produced at a rate of one billion (109) photons per cm2 from the "surface" of the

aurora per second. In comparison, the medium intense aurora is 10 kR, while very in-

tense aurora can reach more than 100 kR. At maximal intensity the emissions on the

ground can be compared with the light reflected from the moon, which is around thou-

sand times stronger than the light from the stars.

4.4.3 Fish-eye lens distortions

The fish-eye lens has a FOV of half of a sphere (180◦) in order to capture the sky

from horizon to horizon. This corresponds to around 600 km across at an altitude of

∼110 km, where the most green aurora is produced. If we include the sky near the

horizon, which often can be covered by buildings, trees and mountains, it would be

around 1000 km.
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Equiangular projection

Figure 4.5: Illustration of the equiangular projection of the emissions onto the image. All

elevation angles below 10◦ (grey) are set to 0 R, while the light from the sky is within the 160◦

FOV circle (white).

The resulting image of the sky is a circle within the square frame. The projection

is equiangular, in which the distance along the radius of the circular image is propor-

tional to elevation angle above the horizon, as illustrated in Figure 4.5.

Figure 4.6: Distance from zenith and one-dimensional pixel size as a function of elevation

for four different altitudes based on the angular pixel size of the ASI setup and the geometry

(not to scale), where d is the distance from zenith, h is the altitude of the thin shell emission

assumption, and RE is the distance from the center of the Earth to the surface.

The data we use are in the format of the image in Figure 4.5. All elevation an-

gles below 10◦ (grey) are set to 0 R, while the light from the sky is within the 160◦

FOV circle (white) of 444 pixels in diameter. The angular pixel size that follows is

therefore 0.36◦. From this we can calculate the pixel size in km at a certain altitude.
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Figure 4.6 shows the distance from zenith and one-dimensional pixel size as a function

of elevation for four different altitudes. The calculation takes into consideration the

curvature of the atmosphere, as can be found from the simple geometry shown in Fig-

ure 4.6, where γ(elevation,h) is a function of elevation and altitude (h) and the distance

from zenith d = γ(RE + h). The most obvious distortion is therefore the varying pixel

size from ∼600 m in the centre of the image to 4–5 km at 20◦ elevation and quickly in-

creasing to as high as 11–12 km for the most limb pixels. Figure 4.6 also shows that

the the assumption of 110 km altitude [e.g. Egeland and Burke, 2013] for the nightside

557.7 nm auroral emissions causes a small error in the pixel size compared to the error

due to elevation angle.

Column integration

A thin auroral form will look brighter when viewed at lower angles along the horizon,

since more emission will be included in the line-of-sight. The ASI obtains column

integrated emissions which typically originate from a range of altitudes and magnetic

field lines, meaning that the intensity depends on the elevation and viewing angle across

or along the magnetic field. If we assume that the aurora is a thin homogeneous layer

and the magnetic field has a 90◦ elevation, we could do a correction of the line of

sight integration. The intensity correction is Icorrected = Imeasured cos(90◦-elevation) for

a flat Earth and ionosphere. However, the aurora is normally very complex in both

morphology, spacing and vertical thickness, which could introduce artificial intensities

if the above correction is performed. For example a low elevation pixel could integrate

emissions across a single arc, while pixel of higher elevation could sample emissions

at different altitudes across several nearby arcs. Thus, the higher elevation pixel would

have captured more emissions from along the line of sight, but got a smaller correction

than the lower elevation pixel that captured less emissions along the line of sight. In

addition, the magnetic field could have an elevation less than 90◦, which introduce a

secondary intensity distortion across the FOV. We have therefore not attempted to apply

this correction. It should also be mentioned that the aurora close to the horizon needs

to travel through more atmosphere, but this does not create a considerable scattering or

absorption of the 557.7 nm auroral emissions.

Parallax effect

Emissions at different altitudes will be displaced with respect to each other when not

monitored in the magnetic zenith. This is called the parallax effect defined as a dis-

placement in the apparent position of an object viewed along two different lines of

sight. When the line of sight has an angle to the magnetic field, the low altitude emis-
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sions will have a larger parallax angle than higher altitude emissions from the same

arc. The result is that the image displays an auroral arc that is wider than the origi-

nal arc, as illustrated in Figure 4.7. Due to the already mentioned complexity in an

auroral display, such as multiple arcs and variable vertical thickness, and because it is

not possible to determine the vertical thickness of the aurora from one ASI alone, we

have not attempted to correct for the parallax distortions. However, the parallax distor-

tions are maybe more important in quantitative analysis of ratios of auroral emission

lines from different heights, than the smearing they introduce in the scale-size depen-

dent characteristics. In Papers II and III we do discuss the inherent limitations of the

ASI distortions and give an estimate of the smearing based on the main distortion, thus

size of the original pixels as shown in Figure 4.6.

Figure 4.7: A Sketch of how the parallax effect can cause distortions in the resulting image.

Here the line of sight has an angle to the magnetic magnetic field. Therefore, the low altitude

emissions will have a larger parallax angle than higher altitude emissions from the same arc.

In the resulting image the arc will be displayed as much wider than it is.

4.5 Image processing

To correct for the strongly distorted view of the night sky from the fish-eye lens of the

all-sky imager we perform a projection of the image onto a cartesian grid with a uni-

form pixel resolution. The cartesian grid is oriented with geographical north on the top

and east to the left, as if you were to lie flat on your back with your feet facing south

to watch the night sky. The geographical orientation facilitates a straight forward cor-

rection of the ASI rotating with Earth below the aurora. Figure 4.8 shows the distorted

view of the ASI (a), and the results of projection the emissions onto a cartesian grid

with a uniform pixel resolution of 2.0×2.0 km (b) and 1.0×1.0 km. In Papers I and III

we use a pixel size resolution of 2.0×2.0 km, and avoid the most distorted limb pixels
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outside the centre FOV (∼500×500 km) as indicated by the white frame in image b.

For Paper II we have used a pixel size resolution of 1.0×1.0 km. This projection sam-

ples pixel sizes from the original ASI image of maximum ∼ 3.5 km, where the patches

have less smearing than ∼ 2.5 km (see Figure 4.6).

Figure 4.8: (a) The strongly distorted view of the ASI, and the results of projection the

emissions onto a cartesian grid with a uniform pixel resolution of (b) 2.0×2.0 km and (c)

1.0×1.0 km. The images are of the pulsating auroral patches 1 March 2012 at 15:22:53 UT.

The geographical orientation is indicated in red, and the magnetic (Altitude Adjusted Cor-

rected Geomagnetic coordinate system, AACGM) orientation is indicated by a superposition

of the 66.0 MLat and 4.1 MLT. We avoid the most distorted limb pixels outside the centre FOV

(∼500×500 km) as indicated by the white frame in image b.

First we transform the original spherical geographical pixel coordinates (assuming

110 km altitude) to cartesian geographical coordinates (assuming r = 1). In this way we

can use the scalar product to find the pixel vector in the original image that lies closest
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in geographical coordinates to each pixel vector in the new image. The resolution is

preserved and we do not need to make assumptions of the altitude of the emissions. The

only artifact of the projection is that emissions in the center of the image are collected

over a smaller area than covered by the new pixel size, and likewise that emissions in the

outer parts of the image are collected over a larger area than covered by the new pixel

size. Based on the discussion in the above Section 4.4.3, we do not attempt to do any

further distortion corrections. However, while some projections shrink the limb pixels

and do an interpolation, our projection is quite honest in the sense that the original limb

pixels are projected onto several new pixels and therefore display the original pixel size

with the original intensity, and thus the related distortions.





Chapter 5

Summary of papers

5.1 Paper I: Temporal characteristics and energy deposi-

tion of pulsating auroral patches

Science objective

Determine the characteristics of pulsating auroral patches in order to provide better

observational constraints on the suggested mechanisms.

Why is it important?

The pulsating aurora has a broad definition. It includes all low-intensity aurorae that

undergo repetitive, quasi-periodic, or occasionally periodic intensity fluctuations on

time scales ranging from less than 1 second to several tens of seconds. These aurorae

can occur in many different shapes, be persistent or short-lived, and also their mutual

characteristics, such as their association with high energy precipitation and fast fluctu-

ations superposed on the main on-off fluctuation, seems to vary from event to event. It

is believed that the mechanism of the fluctuating aurora is a time-varying pitch-angle

scattering located at the magnetic equator. However, what controls the time-variation is

not clear, and there are also events of non-conjugacy that is hard to explain with a single

mechanism at magnetic equator. It is a mystery whether pulsating aurorae can have dif-

ferent mechanisms, or whether the large variation can be explained by one mechanism.

To understand the latter we also need to solve some fundamental questions on pulsating

aurora, such as what underlying mechanism(s) controls their on-off fluctuation. This

illustrates the need for better characterization in order to provide better observational

constraints on the suggested mechanisms.

57
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Key points

- Objective and quantitative characteristics of pulsating auroral patches.

- Pulsating aurora is highly variable in all measurable parameters and thus would

be more accurately described as fluctuating aurora.

- Characteristics of pulsating auroral patches do not fit well with the Flow cyclotron

maser theory.

Data and methodology

We utilize data from an all sky imager that captured a new image every ∼0.3 seconds

of an event of bright green (557.7 nm) pulsating aurora located around 4.1 MLT and

65◦ MLat. Prior to the analysis we correct for the distorted fish-eye view of the ASI

frames by performing a projection of the emissions onto a cartesian grid with uniform

spatial resolution. Six well defined individual pulsating auroral patches are identified

and extracted using an automatic contouring technique that facilitates a fixed point

analysis. This allows us to derive objective quantitative parameters for each of the

patches. These include patch duration (on-time and off-time), peak intensity and in-

tegrated intensity. Further, we found how the energy deposition relates to the on-time

and off-time and how it varies over the on-time. Altogether we provide a series of ob-

servational constraints on the suggested mechanisms and discuss whether the auroral

observational consequences of the suggested mechanisms can explain the characteris-

tics of the pulsating auroral patches.

Conclusion

The results indicate that there are no clear candidates of the suggested mechanisms and

drivers to explain the observational constraints set by the PA patches in a satisfactory

manner, and that the use of the term “pulsating" is inappropriate since our findings and

other published results are not regular periodic and thus a more appropriate term may

be fluctuating aurora:

- The PA patches display a striking temporal variability. The on-time has a wide

distribution of 2–21 s with a preferred (typical) on-time of ∼3-5 s. The distribu-

tion of the off-time is more confined (0-7 s) having a median of 0.6 s. Therefore,

the frequently used period or quasi-period can not sufficiently describe the tem-

poral characteristics. Instead, on-time and off-time serves as a more accurate

description.
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- The temporal constraints do not appear to support the variations of the Flow cy-

clotron maser theory, but fit better within the framework of the Nonlinear relax-

ation oscillator, largely because it predicts a temporal variability.

- The energy deposition is found to be highly variable from fluctuation to fluctu-

ation. The constraints set by the the energy deposition and its relation to the

on-time and off-time seem to indicate: 1) The pulse on-time is a composition of

higher frequency pulsations, where the composition for some reason varies from

pulse to pulse; 2) The off-time is not related to a loading but is related to the time

it takes to lower the resonance threshold to start a new fluctuation; 3) The slightly

quicker build up than decay of the energy deposition is opposite to the observa-

tional consequences that would be expected from the flow cyclotron maser (and

backward wave oscillator), which in particular is suggested to create the pulsating

aurora in the shape of patches.

Relation to thesis objective

Pulsating aurora is a phenomenon that occurs often, but are poorly understood. We

therefore do not know where and how the pulsating aurora belongs in the large scale

transport of energy and momentum in the M-I system. This paper therefore provides

objective and quantitative characteristics of pulsating auroral patches in order to give

better observational constraints on the suggested mechanisms.

5.2 Paper II: Do pulsating auroral patches vary in a co-

herent fashion?

Science objective

Provide objective and quantitative measurements of the extent to which pulsating au-

roral patches maintain their morphology and fluctuate in a coherent fashion. Does the

patch maintain its shape? Does the entire patch vary with the same fluctuation and

phase? Do the patches drift with the plasma convection E×B velocity?

Why is it important?

For the same reasons as described above for Paper I, we need to solve some funda-

mental questions on pulsating aurora, such as what controls the shape and coherency

of fluctuating auroral patches. It has also been suggested that imaging of pulsating au-

roral patches can be used for remote sensing of the magnetospheric convection. It is
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therefore important to establish if all patches are drifting solely with the plasma con-

vection E×B velocity. Altogether, this illustrates the need for better characterization

of pulsating aurorae.

Key points

- The shapes of the patches are remarkably persistent

- Only one of four patches behaves in a coherent fashion

- The patches appear to drift differently from the SuperDARN determined E×B

velocity

Data and methodology

We utilize the same event and observations as described for Paper I. We do a careful

analysis of four relatively well separated individual fluctuating auroral patches. Be-

cause the fluctuating auroral display is very complex, with adjacent patches, within

patch variations, and relative movements, a manual contouring technique is used to

capture the patches over a considerable part of their lifetime. This allows for a quan-

titative determination of the question: To what extent a patch maintains its shape. We

follow the patches for ∼7–10 min and also determine how often the patches merge with

nearby patches. Further, we determine the drift both in the patch frame of references,

and in a reference frame co-rotating with Earth for comparison with the SuperDARN

E×B drifts. The fixed point analysis also makes it possible to perform a time-position

correlation analysis to estimate the extent to which each of the patches fluctuate in a

coherent fashion.

Conclusion

The characteristics of four fluctuating auroral patches from a single event do not allow

for general conclusions, but it ensures that the characteristics are not due to dependen-

cies such as local time and geomagnetic activity. Based on this work we conclude:

- For all of the patches their shape can be considered remarkably persistent with

85–100 % of the patch being repeated for 4.5–8.5 minutes.

- For the three largest patches the temporal correlation coefficient show a negative

dependence on distance. A time-delayed response within all of the patches in-

dicate that the so called streaming spatiotemporal mode can explain part of the

variability. Thus, only one of four patches behaves in a coherent fashion.
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- The patches appear to drift differently from the SuperDARN determined E×B

convection velocity. However, in a non-rotating reference frame the patches drift

with 230–287 m/s in a north-eastward direction, which is what typically could be

expected for the convection return flow.

Our interpretation of the findings is that the mechanism is located at lower altitudes

and not in the plasma sheet, and that the patches likely drift with the E×B velocity. The

only parameter which appears to be consistent for fluctuating auroral patches, is their

shape, this supports the suggestion made in Paper I that pulsating aurora is a misnomer

and that the name fluctuating aurora is more appropriate.

Relation to thesis objective

Same as described for Paper I.

5.3 Paper III: Scale size-dependent characteristics of the

nightside aurora

Science objective

Describe the scale size dependent characteristics of the magnetosphere-ionosphere sys-

tem as observed by an all sky imager measuring the 557.7 nm auroral emissions.

Why is it important?

The magnetosphere-ionosphere system is highly dynamic. However, due to the obser-

vational challenges, only a few studies have attempted to address the spatiotemporal

behavior of any electrodynamic parameter of the magnetosphere-ionosphere system,

such as plasma convection or electrical conductances. This indicates a need for analy-

ses that can separate between changes in time and in space and to evaluate the impor-

tance of the different scale sizes. This is needed both to complement the few existing

multipoint missions and provide quantitative measures to whether their assumptions

are valid, and to provide quantitative measures for the many single satellite and rocket

missions to evaluate their sampling rate and for how long they measure on the same

phenomenon.

Key points

- An innovative 2D analysis of all-sky images revealing the characteristics of the

magnetosphere-ionosphere system
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- The largest auroral scale sizes are stable on time scales of minutes while the small

scale sizes are more variable

- The characteristics of the nightside aurora and field-aligned currents are in re-

markable agreement

Data and methodology

Observations at fixed positions for an extended period of time are provided by a ground

based all-sky imager capturing a new image every ∼0.3 seconds of the green (557.7 nm)

auroral emissions. We report on a single event of nightside aurora (∼22:15 MLT and

∼66◦ MLat) during a period of fairly constant moderate geomagnetic disturbances pre-

ceding a substorm onset. Prior to the actual analysis we transform the ASI frames from

the distorted fish-eye lens view to a cartesian grid with uniform spatial resolution, and

ensure that the sky is clear, the moon is down and that there are no artifacts such as

building and antennas in the FOV. To capture a large range of scale-sizes we only avoid

the the most distorted limb pixels of the image we find the characteristics of the aurora

within the centre 507 by 507 km FOV. The spatiotemporal characteristics of the auro-

ral emissions are found by performing a simple, yet robust, analysis that combines a

two-dimensional spatial fast Fourier transform (FFT) with a temporal correlation.

Conclusion

The single event studied in this paper provides an opportunity to prove the technique

and provides a glimpse of the M-I system characteristics but it does not allow general

conclusions. Below we summarize the findings.

- We find a scale size dependent variability where the largest scale sizes are stable

on time scales of minutes while the small scale sizes are more variable. For

example an auroral form of 1000 km2 can be considered as static on time scales

of about 10 s or less, while a 10,000 km2 auroral form can be considered as static

on time scales less than a minute.

- We question the assumption that the spatiotemporal characteristics are fairly con-

stant by separating the movie into two smaller intervals of different types of au-

roral displays. We find that the spatiotemporal characteristics varies during the

event. The interval of “less variable" aurora has more stable auroral forms of

∼2000–5000 km2 and less stable large auroral forms (>9000 km2) compared to

the interval of “more variable" aurora. However, the trend of increasing variabil-

ity towards the smaller scale sizes is similar.
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- We have effectively found the scale size dependent total time derivate. However,

an estimate shows that the source of the variability is mostly due to change in the

partial derivative with respect to time and that we can largely ignore the convec-

tive term of the auroral arcs.

- The scale size of about 30,000 km2 is the most significant, while the amplitude

falls off towards larger and smaller scale sizes. For scale sizes less than about

800 km2 the amplitudes are less than 10 kR.

- The average spatiotemporal characteristics of the auroral emissions are in remark-

able agreement with the spatiotemporal characteristics of the nightside FACs dur-

ing moderately disturbed times. Thus, two different electrodynamical parameters

of the M-I system show similar behavior. This result is interpreted as an indica-

tion of a system that uses repeatable solutions to transfer energy and momentum

from the magnetosphere to the ionosphere.

Relation to thesis objective

This paper describes the scale size dependent variability of the magnetosphere-

ionosphere system as observed by auroral emissions.





Chapter 6

Discussion of papers

The overarching thesis objective is to provide new insight into the characteristics of the

dynamic magnetosphere-ionosphere system as visually manifested by the aurora. This

was motivated by a need to advance our understanding of how the magnetosphere-

ionosphere system responds to the solar wind driver and how it internally transports

and dissipates energy and momentum. This understanding does not only stem from

scientific curiosity but also from humanity’s ever increasing dependence on the con-

ditions in our near space environment. A thorough discussion of the results of Papers

I-III are found in the respective papers. The objective of this chapter is therefore to

highlight the connection between the individual papers by discussing the overarching

thesis objective and future prospects.

I would like to add an important note on importance of phenomena. It is often

argued that if a process is not a significant mechanism for transporting energy and mo-

mentum within the M-I system it is of less importance. As an analogy the dominant

precipitation mechanism in the atmosphere is most often dew since it falls everywhere

and every night. That, however, does not imply that we should stop investigating hurri-

canes, tornadoes and other processes. While fluctuating aurora is unlikely to play any

significant role in the energy-momentum transfer it is an often occurring phenomenon

that provide a considerable challenge of our understanding of the M-I system. Like-

wise, we should be careful about equating societal impact with importance.

6.1 Inherent limitation

In this thesis we have utilized a ground based all-sky imager to investigate a wide range

of auroral scale sizes with high time and spatial resolution. The limitations due to the

all-sky imager distortions and green (557.7 nm) aurora were introduced in Chapter 4,

65
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and discussed in Papers I-III. It is, however, important to highlight that this thesis fo-

cuses on the small to mesoscale auroral scale sizes of a few km to around 250 km. At

the same time this effectively means that we neglect the micro scale-sizes from tens

of meters to a few km, where the smallest scale size corresponds to the electron gyro

radius [Borovsky et al., 1991; Maggs and Davis, 1968]. The micro scales cover nar-

row arcs and filamentary structures associated with discrete aurorae and black aurorae,

commonly appearing in a background of diffuse aurora [Sandahl et al., 2008]. In fluc-

tuating aurorae, there are both embedded small scale (< 1 km) high-frequency fluctu-

ations (>∼ 3 Hz) [Samara and Michell, 2010], and non-fluctuating coexisting discrete

auroral filaments from lower-energy precipitation [Dahlgren et al., 2015]. However,

our result in Paper III and the studies of arc thickness and lifetimes by Knudsen et al.

[2001] and Partamies et al. [2010], suggest that the lifetime decreases with the scale

size, maybe indicating that they are of less importance in the transport of energy and

momentum from the magnetosphere to the ionosphere. For example, Trondsen and

Cogger [1998] found mean lifetimes of 0.9 s for bright, and 4.6 s for weak curls with

scale sizes on the order of 0.1–10 km, while Sandahl et al. [2008] considered fine-scale

aurorae with spatial scales smaller than around 1 km and temporal scales shorter than

around 1 s.

In Paper III we tested the significance of the different auroral scale sizes as estimated

by their amplitude found from the complex spectrum as the square root of the bandpass

filtered power, and found that the smaller auroral scale sizes (two-dimensional) also

have smaller amplitudes. However, earlier studies using other techniques, have indi-

cated that small auroral scale sizes can have large amplitudes. For example, Lanchester

et al. [1997] suggested that most of the precipitation energy density in a bright arc re-

sides in an extremely narrow filament, and Chaston et al. [2003b] found that inertial

Alfvén waves can drive aurora to optical intensities as high as 100 kR over ionospheric

widths on the order of 1 km. The role of the micro-scale structures in the transport of

energy and momentum in the magnetosphere-ionosphere system is not solved. It is of-

ten thought that the smallest auroral features are caused by more local processes that do

not map far out into the magnetosphere, but the associated local structures in electron

density and conductivity, as well as ionospheric feedback mechanisms can contribute

to the M-I system [Sandahl et al., 2008].

In summary, we test a wide range of auroral scale sizes, but effectively neglect the

micro scale auroral features, mainly due to observational constrains (here the effective

imager resolution). Further, we do not address the largest scale sizes, such as the auroral

oval and substorm auroral bulge. A quantification over a wider range of spatial and
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temporal scales can and should be performed by applying an analysis similar to the one

developed in Paper III, to narrow-field of view imager data of micro-scale aurora, and

maybe also satellite imaging of the largest auroral scale sizes.

6.2 Ways to characterize dynamics

6.2.1 Fixed point analysis

To get beyond the large-scale static picture, and to characterize the structure and dy-

namics of the ionosphere-magnetosphere system, we need to address the time-space

ambiguity. Space measurements are challenged by the relative movement between the

observer and the phenomena measured, and of course the limited number of multi-point

satellite and rocket missions. One of the distinct advantages of an all-sky imager is that

it provides multipoint observations over a wide range of auroral scale sizes. However,

some non-trivial post-processing of the images is required since the imager rotates east-

ward with the Earth and thus moves the FOV across the night sky. The result is that

aurorae fixed in a reference frame not rotating with the Earth (fixes in MLT) will get

an apparent westward velocity component in the images that needs to be corrected for.

The velocity of Earth’s rotation is easily calculated from the Earth’s rotational period

and distance at the geographic latitude and altitude of the aurora. If the aurorae do

not have a drift component in the geographic east-west direction, they move across the

center FOV of the images (512 km at 65.1◦ geographic latitude and 110 km altitude) in

only 43 min, corresponding to a speed of 198 m/s. Considering this limit, 10-20 min

continuous observations at fixed positions in a non-rotating reference system, like the

event analyzed in Paper III, is an extended period in time.

In Papers I and II we study persistent fluctuating auroral patches, while in Paper III

we study the very dynamic display of auroral arcs. The distinct advantage of the fluc-

tuating auroral patches is that they are relatively easy to track. In Papers I and II we

therefore find the velocity of the auroral patch in the ASI frame of reference, which is a

combination of the movement of the ASI FOV and drift of the patch in the fixed refer-

ence frame. To determine the apparent drift of the patch we make an outline around the

patch and find the velocity which best follows the patch through its lifetime. This tech-

nique assumes that the velocity is constant during the lifetime of the patch (∼10 min),

which none of the patches appear to violate. Using the apparent drift velocity a new

movie is made where the patch is centered at all times.

In Paper III we study a 507×507 km FOV (assuming 110 km altitude) where the au-
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roral display varies from multiple slightly deformed east-west oriented arcs to relative

dim and uniform arcs with slowly varying structures covering the entire FOV, followed

by a brightening and transition to highly structured rapidly changing arcs. During the

event parts of the FOV also includes dark sky, and diffuse and fluctuating aurora. It is

likely that the auroral forms move relative to each other. We therefore do a correction

for the movement of the FOV due to the ASI rotating with the Earth and only correlate

the pixels in the frequency filtered images that overlap for the entire event. The result-

ing FOV is 283 km in the geographic east-west direction and 507 km in the north-south

direction. This means that in the scale-size dependent variability analysis in Paper III,

we effectively find the total time derivative:

dI

dt
=

∂ I

∂ t
+U ·∇I

where I is the auroral emissions and U is the velocity of the auroral arcs and forms.

The variability in the auroral display can be due to changes in the partial derivative

with respect to time as well as any movement of the auroral forms. Separating these

terms in order to determine the cause of the observed dI/dt is not straight forward. Sev-

eral studies have shown that during growth or recovery phases auroral arcs are found

to move with the convective motion of the magnetosphere at relatively slow speeds of

several 100 m/s, and slow down at the equator ward edge of the auroral oval [Akasofu,

1964; del Pozo et al., 2002; Paschmann et al., 2003; Pulkkinen et al., 1991]. However,

slow and fast drifts which are different from the magnetospheric convective motion

(not frozen-in) are also reported [e.g. del Pozo et al., 2002; Frey et al., 1996; Haeren-

del, 1983; Williams et al., 1998]. These are: 1) Slow motions, of the order of 100 m/s,

which may be directed poleward or equatorward [e.g. Haerendel et al., 1993]. 2) Fast

poleward motions, on the order of 1 km/s, mainly found during substorm expansions

[e.g. Panov et al., 2016].

In Paper III we evaluate the relative importance of the two terms (partial deriva-

tive and convective term). We estimate the convective term by calculating the velocity

vector (U) from the 2D shift in a simple cross-correlation analysis of images separated

by 10 s. We found relatively slow speeds mostly below 130 m/s that have a southward

component that increases towards the substorm onset, as shown in Figure 6.1. This

fits well with the magnetospheric convection during a growth phase. However, there

is also a magnetic eastward drift component that might not reflect the convection since

the event is around 22.15 MLT where the convection often can be expected to be west-

ward. The latter can therefore rather be the result of the aurora undergoing a mix of

temporal changes, such as break ups into multiple arcs, which makes the convective
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Figure 6.1: The auroral velocity vectors from Paper III on a geographic grid with the color

scale denoting the event time until substorm onset (normalized).

term very difficult to determine. The weakness of this technique is, of course, that the

cross-correlation is largely determined by the large-scales and thus it is assumed that

all scale sizes are moving with the same velocity. For example, by comparing the speed

of auroral arc distortions, Partamies et al. [2001] found indications that the speed of

an auroral structure seems to anticorrelate with its size. Further, Trondsen and Cog-

ger [1998] found that curls (0.1-10 km) exhibit extremely swift horizontal east-west

aligned motions along arcs with a speed that increases with the brightness of the arc.

This clearly indicates that the assumption of collective motion across scale-sizes is not

true. However, due to the complexity of the ASI auroral display, there is no straight

forward way to determine the contribution to the variability from the convective term.

Despite the uncertainty in determining the convective term, the conclusion in Paper III

that the largest source of the variability is due to the partial derivative seems reasonable.

6.2.2 Separate the auroral display into different scale sizes

The fluctuating auroral patches are by definition a certain scale size. However, as we

point out in Paper II, even for the bright and well-defined fluctuating auroral patches

there are adjacent patches that fluctuate differently. In addition, we found that only the

smallest of the four well-defined patches behaves in a coherent fashion. This shows that

extracting scale size information from a display of pulsating auroral patches requires a

careful analysis.
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In Paper III we use a 2D FFT technique to separate the auroral display into different

frequencies estimating 2D auroral scale sizes. The frequencies inherent to the FFT is

given by the resolution of the image, which in our case is the 512×512 pixels images.

So when the FFT divides our signal into (phase shifted) sine waves of different frequen-

cies we get 512/2 = 256 frequencies in both the geographic east-west and north-south

direction, where the highest frequency is the Nyquist frequency. The FFT is applied on

the full frame images to best accommodate the boundary continuity assumption inher-

ent to the FFT technique, without altering the data that we are interested in (the center

frame, 256×256 pixels). We use a Hanning-type window to attenuate the image out-

side the center frame. The frequency filtering is done with a narrow band Hanning-type

filter because it is simple and does the job of smoothing the frequency cut-off in order

to avoid ringing in the space domain. We chose to use a narrow band 2D frequency fil-

ter, meaning that we bandpass filter all frequency combinations f = feast−west ·fnorth−south

of the same area, and thus can filter very different shapes if they appear in the original

image.

Using a FFT narrow frequency bandpass to analyze scale sizes of course has its lim-

itations. However, any artifacts and uncertainties to the scale sizes are likely minimized

because we in the end are interested in the difference between the frequency filtered im-

ages. In Paper III we discuss the validation of the auroral scale sizes and conclude that

the scale size dependent characteristics that we find indeed are real and not artifacts

and uncertainties introduced by the technique. However, a FFT does not tell us where

in the image the signal or feature is located and it assumes that the band-passed fre-

quencies occur over the whole image. This artifact is clearly not dominating the above

analysis, but it would be interesting to get a better visual representation of the auroral

scale size. The next step can therefore be to further experiment with different types and

widths of the frequency bandpass, and wavelet transform techniques, which can give

a better idea of where in the image certain scale sizes occur. The analysis can also be

tested on a smaller FOV in order to minimize the ASI distortions. This would, how-

ever, narrow the range of scale-sizes included in the analysis. A better solution would

be to utilize images where the ASI distortions are minimized by combining observa-

tions of the same FOV from several ASI at different locations. A third approach could

be to only address arc widths by utilizing a 1D instead of a 2D spatial FFT, and thereby

supplement the analyses by e.g. Knudsen et al. [2001]; Partamies et al. [2010]. This

approach is tested in a preliminary study of fluctuating aurora along different magnetic

latitudes (not published). Finally, a space-borne high resolution imager would provide

a superior dataset with far less inherent complexities.
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6.3 M-I system dynamics

In the introduction I mentioned the challenge of investigating the fluctuating aurorae

with satellite and sounding rockets. With the results in Paper III we can do a simi-

lar estimate for the nightside (∼ 22.15 MLT) aurorae during a period of fairly constant

moderate geomagnetic disturbances. Figure 6.2 shows the auroral scale-size dependent

variability that we provide in Paper III. It shows the correlation distribution as a func-

tion of scale size and time separation between images, which reveals the time scales

of change for different auroral scale sizes. The result show that the M-I system (as

observed by 557.7 nm emissions) appears to display a scale size dependent variability

where the small scale sizes are more variable and the larger scale sizes more stable.

Figure 6.2: Correlation as a function of auroral scale size and image separation. The black line

of 0.5 correlation coefficients provides a loose separation boundary between regions of ‘high

correlation’ and ‘low correlation’, and the pink and green lines are the typical mean speeds of

sounding rockets and satellites at ionospheric altitudes. The results are from Paper III.

I have further approximated the implications for observations with rockets and low

earth orbit satellites by plotting their typical mean speeds on top of the correlation dis-

tribution in Figure 6.2. A sounding rocket crossing the nightside auroral display is typ-

ically in the poorly correlated region for a wide range of scale sizes, while a low Earth
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orbit satellite pass will be in the region of good correlation. This basically means that

we should be careful interpreting small-scale variations observed by sounding rock-

ets. It should of course be mentioned that the degree of change in an auroral form is

indicated by the linear Pearson correlation of 0.5 (black line), and the scale sizes are

based on an altitude of 110 km. However, as we discuss in Paper III, the threshold of

change could be raised to 0.6 or another reasonable number without any effect on the

main conclusion. The scale sizes in Figure 6.2 are found to be in remarkable agree-

ment with the scale size dependent variability of the magnetic field perturbations due

to Birkeland currents scaled to 200 km altitude. However, for low Earth orbit satellites

measuring e.g. particle precipitation or Birkeland currents at higher altitudes, the scale

sizes should be scaled according to the magnetic field. The single event studied in Pa-

per III does not allow general conclusions, but it proves that ASI can be used for more

than the typical qualitative loose descriptions of the aurora (without any further data

processing), and that a scale-size dependent analysis of the auroral emissions is a nec-

essary supplement to in-situ observations, especially for measurements obtained from

sounding rockets.

In order to understand and predict a dynamical system we need to know what drives

the different parts of the system out of equilibrium and the evolution of restoring equi-

librium. A plethora of studies have contributed to solve the fundamental behavior. One

approach has been to describe the magnetosphere in a state of self-organized criticality

(SOC) [Angelopoulos et al., 1999; Bak et al., 1988; Bak, 1999; Klimas et al., 2000; Lui,

2002] or versions of SOC that allows a possible solution to the seemingly contradict-

ing observations of the repeatable and coherent substorm phenomena with underlying

complex behavior in the plasma sheet [Valdivia et al., 2003]. There is also evidence that

the discrete aurorae and their acceleration processes are nearly scale size invariant over

much of the range of scales reported for auroral arc widths [Chaston et al., 2011]. In

this thesis, we advance our understanding by providing a description of the auroral dy-

namics. It may sound trivial that small scale sizes change more rapidly than larger scale

sizes, but that implies a systematic behavior of the M-I system. The magnetosphere re-

peatedly uses the same solutions to dissipate its energy into the ionosphere. Of course,

our study only provides a glimpse of the M-I system characteristics and it does not al-

low general conclusions. However, our results in Paper III are found in correspondence

to a larger statistical study of Birkeland currents and thus give independent support

to the claim of such an underlying magnetosphere-ionosphere (M-I) system behavior.

For the fluctuating aurorae studied in Papers I-II, we found that their behavior, such as

intensity fluctuation, energy deposition and coherency are highly variable. The only

parameter which seems reasonably constant is their persistency of shape (and maybe
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drift) that we quantified in Paper II. However, it is a mystery why the fluctuating auroral

patches appear in these scale sizes and whether there is a scale-size dependent variabil-

ity as found for the discrete aurorae. Further, the fluctuating auroral patches appear in

a complex display of nearby and adjacent patches with different scale sizes. This raises

the question whether they are caused by a large-scale mechanism or many nearby in-

dividual mechanisms. Therefore, in order to understand the fundamental question of

how the different scale sizes of the M-I system are coupled, the techniques and method-

ologies of Papers I-III should be further improved and utilized on more events, and in

conjunction with multi-point in-situ observations.

6.4 Future prospects

The fundamental understanding of the dynamic M-I system and the associated phenom-

ena studied in this thesis still remains to be solved. In the above discussion we have

suggested how fixed point analyses with ground-based ASI can be utilized to describe

the dynamics of the M-I system. The concept should also be applied to other electro-

dynamic parameters of the system, for example electron densities and plasma flows by

running radars in special modes that facilitates multipoint observations at fixed position

in the ionosphere over an extended period of time.
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Conclusion

To get beyond the large-scale static picture and to characterize the structure and dy-

namics of the magnetosphere-ionosphere system, we have to overcome the time-space

ambiguity of space observations. We have provided scale size-dependent characteris-

tics of the magnetosphere-ionosphere system as visually manifested by the aurora. We

utilize ground-based observations of auroral emissions since they provide extended pe-

riods of continuous observations at a fixed position in the ionosphere with high spatial

and temporal resolution. The observations are made with an all-sky imager in order to

capture a wide range of auroral scale sizes from small to mesoscale auroral scale sizes

of a few km to around 250 km. The all-sky observations are projected onto a grid of

uniform pixel size and further processed in order to get observations that are fixed in

the reference frame of the ionosphere, and the reference frame of the individual auroral

forms.

In order to separate between changes in time and space, we first make use of the

distinct advantage of well-defined fluctuating auroral patches, that they relatively eas-

ily can be tracked in their frame of reference. Secondly, we separate the aurora into

different scale sizes and quantify their lifetimes. In this way, we have provided objec-

tive and quantitative characteristics of fluctuating auroral patches in order to give better

observational constraints on the suggested mechanisms, as well as described the scale

size dependent characteristics of the magnetosphere-ionosphere system as observed by

the nightside auroral emissions. The careful analyses of single events have the distinct

advantage that their variability is likely not due to different geomagnetic conditions

and other controlling parameters. They therefore provide glimpses of the M-I system

characteristics under certain conditions, but at the same time do not allow for general

conclusions. The quantitative characteristics can be found in Papers I-III. Below I sum-

marize the overall findings.
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- Fluctuating auroral patches display a striking variability. The patches do not fluc-

tuate in a coherent fashion, the energy deposition is highly variable from one

fluctuation to the next, the on-time varies wildly and does not show any correla-

tion to the preceding off-time, nor the peak intensity. The only parameter which

appears to be consistent for fluctuating auroral patches, is their shape. The fre-

quently used terms “period" or “quasi-period", and the name “pulsating aurora"

are therefore inappropriate, and the terms “on-time", “off-time" and “fluctuating

aurora" is a more appropriate description of the phenomenon.

- There are no clear winning candidates of the suggested mechanisms to explain the

observational constraints set by the fluctuating auroral patches in a satisfactory

manner. Our interpretation of the findings is that the mechanism is located at

lower altitudes and not in the plasma sheet.

- We have developed an innovative image analysis combining spatial frequency fil-

tering to separate the images into 2D scale sizes, and a temporal correlation to

reveal the time scales of change in the different scale sizes. The analysis was

tested on an event of a pre-midnight auroral display during a period of fairly con-

stant moderate geomagnetic disturbances. The resulting characteristics showed

a scale size dependent variability where the largest scale sizes are stable on time

scales of minutes while the small scale sizes are more variable. ASI should there-

fore be used for more than qualitative loose descriptions of the aurora (without

any further data processing), and scale-size dependent image analysis are a nec-

essary supplement to in-situ observations, especially by sounding rockets.

- The average spatiotemporal characteristics of the auroral emissions are in remark-

able agreement with the spatiotemporal characteristics of the nightside Birkeland

currents during moderately disturbed times. Thus, two different electrodynamical

parameters of the M-I coupling show similar behavior. This result is interpreted

as an indication of a system that uses repeatable solutions to transfer energy and

momentum from the magnetosphere to the ionosphere.
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KLML NOP M QRSTO KUMK MVWUUXMVWYU ZN
[\] ^_^`a bcc\]]^d b` efg]ch ijei d\]k`l ah^ mga^ ^nog`pkb` g`d ]^cb_^]q ohgp^ br g p\spab]tu gp ^_kd^`a
r]bt ah^ vfw k`d^n k` xkl\]^ e ytkddm^z{ |^ \p^ ah^ v\o^]f}~ dgag p^a ���������u ijei� ������ ��� ��������u
ijeegu ijees� br k`dkc^p g`d o]boglga^d k`a^]omg`^ag]q tgl`^akc �^md y�fxzu �hkch cg` s^ bsagk`^d ah]b\lh
ah^ v\o^]f}~ �^spka^{ �h^ l^btgl`^akc cb`dkakb`p g]^ �\k^a ab tbd^]ga^mq dkpa\]s^d �kah g tbd^]ga^mq
pb\ah�g]d k`a^]omg`^ag]q tgl`^akc �^md y�fxz g`d gmtbpa `b ]k`l c\]]^`a gcak_kaqu gp phb�` k` xkl\]^ e yabo
g`d sbaabtz{ �b�^_^]u ah^ vfw k`d^n phb�p �{� h br gmtbpa cb`ak`\b\p p\spab]t gcak_kaq pag]ak`l �kah ah^
b`p^a ga ���e w� o]^c^dk`l b\] ^_^`a{ }ccb]dk`l ab ah^ v\o^]f}~ p\spab]t dgagsgp^ ������� ��� ��������u
ijeeg�u g p^cb`d p\spab]t b`p^a hgoo^`p ga e���� w�{ �^rb]^ e��jj w� ah^ o\mpgak`l g\]b]g cb_^]p ah^ pb\ah�
^]` og]a br ah^ p�q �kah mg]l^ ^gpa��^pa pa]\ca\]^p �hkch p^^t ab o\mpga^ k` g pa]^gtk`l rgphkb`{ }a gsb\a
e��jjw� ah^o\mpgak`l g\]b]g pag]ap ab s]^g� \o k`ab ptgmm^]tb]^dkpak`ca g`do^]pkpa^`aogach^p{[\] p^m^ca^d
ogach^p g]^ mbcga^d obpatkd`klha g]b\`d � tgl`^akc mbcgm akt^ yf��z{

�� � ¡¢£¤¥¦ 

�b d^a^]tk`^ ah^ chg]gca^]kpakcp br k`dk_kd\gm o\mpgak`l ogach^pu �^ o^]rb]t g �_^�pa^o g`gmqpkp�

e{ §^]rb]t g cg]a^pkg` o]b¨^cakb`{
i{ fg`\gmmq kd^`akrq g o\mpgak`l ogach{
©{ ªb]]^ca rb] «g]ah¬p ]bagakb`{
�{ ªb`ab\] g`d ^na]gca ah^ ogach{
�{ ^a^]tk`^ ah^ ogach o]bo^]ak^p{

�h^p^ pa^op ]^�\k]^ g s]k^r ^nomg`gakb`{

®LML ¯°P± MW ²RS°P³´Rµ ¶S·¸PT°´·µ
�h^ �ph^q^ m^`p br ah^ gmm�p�q ktgl^] o]b_kd^p ah^ tgnkt\t pogakgm cb_^]gl^u s\a ka gmpb o]bd\c^p g pa]b`lmq
dkpab]a^d _k^� br ah^ `klha p�q{ �b cb]]^ca rb] ahkpu �^ a]g`prb]t ^gch br ah^ ktgl^p ab g p�\g]^ r]gt^ �kah

�wf�«¹v«� «� }�{ ª�}¹}ª�«¹�v��ªv [x §} §}�ª�«v º»¼½
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I JKLMNOP QLRST OSUNTJVLNK NM WXY Z[ WXY \P IU U]N^K LK _L`JOS WX _LOUVa ^S VOIKUMNOP V]S NOL`LKIT UQ]SOLbIT
`SN`OIQ]LbIT QLRST bNNOcLKIVSU dIV eeY \P ITVLVJcSf VN gIOVSULIK `SN`OIQ]LbIT bNNOcLKIVSU dIUUJPLK` h i jfX
kK V]LU ^I[ ^S bIK JUS V]S UbITIO QONcJbV VN lKc V]S QLRST mSbVNO LK V]S NOL`LKIT LPI`S V]IV TLSU bTNUSUV LK
`SN`OIQ]LbIT bNNOcLKIVSU VN SIb] QLRST mSbVNO LK V]S KS^ LPI`SX n]S OSUNTJVLNK LU QOSUSOmSca IKc ^S cN KNV
KSSc VN PI\S IK[ IUUJPQVLNKU NM V]S ITVLVJcS NM V]S SPLUULNKUX n]S NKT[ IOVLMIbV LU V]IV V]S SPLUULNKU LK V]S
NJVSO QIOVU NM V]S LPI`S IOS bNTTSbVSc NmSO I TIO`SO IOSI V]IK bNmSOSc Z[ V]S KS^ QLRST ULoS IKc TL\S^LUS V]IV
SPLUULNKU LK V]S bSKVSO NM V]S LPI`S IOS bNTTSbVSc NmSO I UPITTSO IOSI V]IK bNmSOSc Z[ V]S KS^ QLRST ULoSX nN
ImNLc V]S PNUV cLUVNOVSc TLPZ QLRSTU NM V]S LPI`SUa ^S NKT[ LKbTJcS QIVb]SU TNbIVSc ^LV]LK V]S bSKVSO NM V]S
_pq dI rYY Z[ rYY \P UsJIOSfX

tuvu wxyz v{ |}x~� ��y�x��~}x���
kKcLmLcJIT QIVb]SUIOSPIKJITT[ LcSKVLlSc MONPV]SPNmLS IKcI\SN`OIP dUSS _L`JOS �fX n]S\SN`OIP LUPSOST[
JUSc VN cSbLcS LM V]S QIVb] LU QJTUIVLK` IKc MNO ]N^ TNK` ^S bIK MNTTN^ LV ZSMNOS LV SLV]SO cLUIQQSIOU NOa MNO
SRIPQTSa �NLKU VN`SV]SO ^LV] IK Ic�IbSKV QIVb]X

tutu wxyz t{ ����y~x ��� �}�x��� ��x}x���
n]S IQQIOSKV cOLMV NM I QIVb] LK V]SPNmLS MOIPS NM OSMSOSKbS bIK ZS cJS VN I bNPZLKIVLNK NM V]S �IOV] ONVIVLNK
dPNmLK` V]S _pq IbONUU V]S KL`]V U\[f IKc V]S cOLMV NM V]S QIVb] LK IK LKSOVLIT MOIPSX n]LU TIVVSO MOIPS LU S�Sb�
VLmST[ ��� bNNOcLKIVSUX�ScSVSOPLKS I ONJ`] bNKVNJO IONJKc V]S QIVb] MNO LVU SKVLOS TLMSVLPS VNcSVSOPLKS V]S
IQQIOSKV cOLMV NM V]S QIVb]X � KS^ PNmLS NM SIb] LKcLmLcJIT QIVb] LU PIcS ^]SOS V]S QIVb] LU bSKVSOSc IV ITT
VLPSU dUSS _L`JOS �fX n]LU VSb]KLsJS IUUJPSU V]IV V]S mSTNbLV[ LU bNKUVIKV cJOLK` V]S TLMSVLPS NM V]S QIVb] IKc
KNKS NM V]S QIVb]SU IQQSIO VN mLNTIVS V]LU IUUJPQVLNKX n]S �IOV]�U ONVIVLNK LU \KN^K IKc LU SIULT[ UJZVOIbVSc
MONP V]S IQQIOSKV cOLMV mSTNbLV[ VN ITTN^ MNO I cSVSOPLKIVLNK NM V]S QIVb] LKSOVLIT MOIPS mSTNbLV[X

tu�u wxyz �{ ���x��� }�� ��x�}~x x�y |}x~�
n]S SRVOIbVSc QIVb] LU SRQSbVSc VN mIO[ cJOLK` V]S VOILK NM QJTUIVLNKUX � KS^ bNKVNJO NM V]S QIVb] LU
cSVSOPLKSc MNO SIb] QJTUIVLNKX _LOUVa ^S LcSKVLM[ IK LKVSKULV[ TSmST � ^]SOS V]S QIVb] LKVSKULV[ MITTU N��
� i ��� ¡¢��£¤¥¦§a^]SOS �� ¡ LU V]SPIRLPJP LKVSKULV[ cJOLK` V]S QJTUIVLNKa ��£¤ LU V]SPLKLPJPZIb\`ONJKc
LKVSKULV[a IKc § LU V]S QSObSKVI`S mITJS ^]Lb] ZSUV bIQVJOSU V]S QIVb] bNKVNJOa MNO SRIPQTSa VN ImNLc
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HIJKLMNOP IO IQRIHSOK JIKHTU VWM SIHT JLXYIKNWO
KTS HWOKWLM NY QSZOSQ IY KTS WLKSM[WYK SQPS W\
KTS YL[ W\ HWOKWLMY \WLOQ \WM KTS ]^ N[IPSY
_]`Ua Yb IMWLOQ[IcN[L[ NOKSOYNKd IY NXXLYKMIKSQ
NO VNPLMS eU VWM KTS KN[SY fSKgSSO JLXYIKNWOY
KTS HWOKWLMY IMS NOKSMJWXIKSQ LYNOP I YhLIMS
\LOHKNWOU

iO KTNY YKLQd gS WOXd QNYHLYY NOQNjNQLIX JIKHTSYU
kWgSjSMl NK TIJJSOY KTIK JIKHTSY [SMPS gNKT
WOS WM YSjSMIX OSIMfd JIKHTSYU mcIHKXd TWg \MSn
hLSOKXd LOQSM gTNHT HWOQNKNWOY IOQ gTd KTNY
TIJJSOY IMS OWK oOWgOU i\ KTS JIKHT [SMPSY
gNKT I OSNPTfWMNOP JIKHTl gS SOQ KTS IOIXdYNYU
i\ I HWOKWLM HIOOWK fS QSKSM[NOSQ fSHILYS W\
gSIo S[NYYNWOYl gSLYS KTS IjSMIPS W\ KTSJMSjNn
WLY IOQ \WXXWgNOP HWOKWLMYU pW IjWNQ HIJKLMNOP
IQRIHSOKJIKHTSY IOQfIHoPMWLOQS[NYYNWOYlgS
jNYLIXXd HTSHo SIHT HWOKWLMU

qrsr tuvw sx yzu{| y}~wv}u�v�
�NKT KTSJIKHT NQSOKNZSQ IOQ HWOKWLMSQlgS HIO
WfRSHKNjSXd QSKSM[NOS KTS KS[JWMIX HTIMIHKSMNYn
KNHY IOQ KTS SOSMPd QSJWYNKNWO W\ KTS JIKHTSYU

VWM SIHT N[IPSgS HIXHLXIKS KTS JIKHT KWKIX NOKSOYNKd _LONKY W\ �IdXSNPTb IY gSXX IY KTS JIKHT [SQNIO NOKSOYNKd
_LONKY W\ �IdXSNPT JSM YhLIMS oNXW[SKSMbU pTS JMWJSMKNSY IMS HIXHLXIKSQ \MW[ KTS[SQNIO NOKSOYNKd fSHILYS NK NY
XSYY I�SHKSQ fd KTS HWOKWLMNOP KSHTONhLS IOQ KTLY XSYY YSOYNKNjS KW KTS fIHoPMWLOQ S[NYYNWOYU

VNMYKl JWYYNfXS JLXYIKNWOY IMS NQSOKNZSQ fd ZOQNOP KTS [IcN[I IOQ [NON[I W\ KTS [SQNIO NOKSOYNKd _gS LYS I
�Ue Y fWcHIM ZXKSM KW MS[WjS XWHIX [NON[IbU �O IHKLIX JLXYIKNWO NY QSZOSQ IY TIjNOP I fLNXQLJ WM QSHId XIMPSM
KTIO KTS JLXYS KTMSYTWXQU pTS JLXYS KTMSYTWXQ NY e� W\ KTS QN�SMSOHS fSKgSSO KTS [IcN[L[ IOQ [NON[L[
[SQNIO NOKSOYNKd NO KTS KN[S YSMNSYU �SHWOQl KTS W�nKN[S NY KTS KN[SfSKgSSO JLXYIKNWOY QSZOSQ IY KTS NOKSMjIX
IMWLOQ KTS [NON[I gTSMS KTS NOKSOYNKd QWSY OWK jIMd [WMS KTIO KTS JLXYS KTMSYTWXQU pTS WOnKN[S \WM IO

�� !"# �% �'+ 6.01 '(<)=>6 )16 0'()'*+ '- )16 /.)01 =, -'*(:
:67(6: ., )16 '*)6+>',) 6:;6 2�1=)65 '- )16 0'()'*+, 2+6:G
'+.(;6G E699'�G .(: ;+66( 89*65 -'*(: -'+ )16 >.�=>*>
=()6(,=)E =>.;6 �4 =>.;6,G ., :6,0+=86: =( A)6/ � '- )16
)601(=C*6?

NOQNjNQLIX JLXYIKNWO NY \LMKTSM QSZOSQ IY KTS
KN[S fSKgSSO W�nKN[SYU VNPLMS a YTWgY IO
ScI[JXS NOKSMjIX W\ I JIKHT [SQNIO NOKSOYNKd
gTSMS KTS KSM[Y WOnKN[S IOQ W�nKN[S IMS NOQNn
HIKSQU VNPLMS � _KWJb IXYW YTWgY KTS Y[WWKTSQ
[SQNIO NOKSOYNKd _fXIHo HLMjSb IOQ KTS MSYLXKn
NOP [IcN[I IOQ W�nKN[S NOKSMjIXY \WM I KMINO W\
JLXYIKNWOYU

pWQSKSM[NOS KTS NOKSOYNKdW\ IO NOQNjNQLIXJLXYSl
gS [LYK YLfKMIHK KTS fIHoPMWLOQ S[NYYNWOY WM
W�YSKU pTNY [Id fS QLS KW QN�LYS ILMWMI IK
TNPTSM IXKNKLQSYl WM NO WKTSM gWMQYl gS IYYL[S
KTIK I JLXYIKNOP JIKHT NY YLJSMJWYSQ WOKW I
fIHoPMWLOQU pTS W�YSK NY SYKN[IKSQ \MW[ KTS
W�nKN[S jIXLSYl IOQ I XNOSIM ZK NY LYSQ KW ZOQ KTS
W�YSK QLMNOP KTS WOnKN[S _YSS VNPLMSY a IOQ �
_QIYTSQ XNOSYbbU

pTS SOSMPd QSJWYNKNWO W\ KTS JIKHT NY MS\SMMSQ
KW IY NOKSOYNKdl QSZOSQ IY KTS [SQNIO NOKSOn
YNKd HWMMSHKSQ \WM KTS W�YSKU VNPLMS � _fWKKW[b
YTWgY IO ScI[JXS W\ KTS MSYLXKNOP NOKSOYNKd IOQ
KMINO W\ JLXYSY _TNPTXNPTKSQ NO PMSdbU pTS MSYLXKn
NOP W�nKN[SY IMS NOQNHIKSQ gNKT YTIQSQ PMSSO

k���m��mp mp ��U �k����pm�i�pi�� �V �� ��p�km� ����
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CDECF GH IJE KCLMNDOPHQR SH DETCIGOH IO IJE IEUVODCT LJCDCLIEDGFIGLFW IJE GHIENDCIEQ GHIEHFGIX GF IJE EHEDNX
QEVOFGIEQ OYED OHE VPTFCIGOHZOH[IGUEW \JGTE IJE UC]GUPU GHIEHFGIX GF IJE VECM EHEDNX QEVOFGIGOHR

^FGHN IJGF IELJHG_PEW \E GQEHIG`EQW E]IDCLIEQW CHQ _PCHIG`EQ FG] VCILJEFR

ab cdefghi jkhleim

nJGF FELIGOH GF GHIEHQEQ IO NGYE CH E]CUVTE Oo \JCI C VPTFCIGHN VCILJ GF CF \ETT CF IO FJO\ FOUE IXVGLCT EYEHIF
FPVVODIGHN IJE FICIGFIGLCT DEFPTIF pFELIGOH qrR

nO GTTPFIDCIE OPD IELJHG_PE CHQ IJE KEJCYGOD Oo C IXVGLCT VCILJ pstrW \E FJO\ EGNJI GUCNEF oDOU C uv UGH
GHIEDYCT pwGNPDE xrR wGNPDE x pUGQQTEr FJO\F GIF IDCGH Oo VPTFCIGOHFKOIJ GHUEQGCHCHQ IOICT GHIEHFGIXR nJE GUCNEF

�� !"# y% 6/2,9 z5( +(:.*' .'/(';./< 6,{0,-(9@ ;+22/5(: +(:.*' .'/(';./< 6|-*4}9@ /5( 0(;{-/.'~ +*).+* 620*'~(9 *':
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CDE CFGEDHCGIHJ KECL CHM NOPGIQERS CHM IG IR CKKCDEHG GTCG MUDIHJ GTE NOPGIQE GTE KCGVT RGIFF TCR EQIRRINHR
RFIJTGFW TIJTED GTCH GTE RUDDNUHMIHJ XCVLJDNUHMYZE [NFFN\ GTE KCGVT [ND CXNUG ]^_ R ND ]` KUFRER C[GED\TIVT
IG QEDJER \IGT CH CMaCVEHG KCGVT CHM \E GEDQIHCGE NUD CHCFWRIRY bG IR EcIMEHG [DNQ GTE QEMICH CR \EFF CR GTE
GNGCF IHGEHRIGW GTCG GTE IHGEHRIGW MUDIHJ GTE NHPGIQER cCDIER [DNQ KUFRE GN KUFREY dTE KUFRCGIHJ XETCcIND IR
TIJTFW VNQKFEe\IGT KUFRCGINHNHPGIQER DCHJIHJ [DNQCXNUG f GN gh RY dTE KCGVT VEDGCIHFW [CFFR\IGTIH GTE XDNCM
MEiHIGINH N[ jKUFRCGIHJ CUDNDCSk XUG GTE cCDICXFE KEDINM MNER HNG CKKECD GN XE IH CJDEEQEHG \IGT GTE GEDQ
jKUFRCGIHJk \TIVT XW MEiHIGINH IR C DEJUFCD KEDINMIV XETCcINDY l QNDE CKKDNKDICGE GEDQ QCW XE mnopnqprst
CUDNDC\TIVT XW MEiHIGINH IR IDDEJUFCDY uIJUDE v RTN\R CHNGTED GWKIVCF KCGVT wxyz IH GTE RCQE [NDQCG CR uIJUDE hY
bH CJDEEQEHG \IGT GTE KDEcINUR EeCQKFE \E iHM C RGDILIHJ cCDICXIFIGW IH XCRIVCFFW CFF QECRUDCXFE KCDCQEGEDRY
dTE KCGVT RTCKE QCW XE GTE NHFW KCDCQEGED GTCG DEQCIHR DEFCGIcEFW VNHRGCHG GTDNUJTNUG GTE FI[EGIQE N[ GTE
KCGVT wIH IGREF[ C DEQCDLCXFE NXREDcCGINHCF [CVGzY

{| }~�~��~���� �����~�

ZIGT GTE CXNcE MEiHIGINHR \E VCH HN\ MEGEDQIHE GTE GEQKNDCF VTCDCVGEDIRGIVR CHM GTE VTCDCVGEDIRGIVR N[ GTE
EHEDJW MEKNRIGINH [DNQ ECVT N[ GTE RIe KCGVTERY

���� �������� ���������������
lR QEHGINHEMS uIJUDE h MIRKFCWEM C RGDILIHJ GEQKNDCF cCDICXIFIGWY �RIHJ CFF RIe KCGVTERS \E RTN\ IH uIJUDE g_
GTE ��u wKDNXCXIFIGW MEHRIGW [UHVGINHz N[ GTE NHPGIQERY dTE MIRGDIXUGINH RTN\R C FCDJE RKDECM N[ NHPGIQERS
\TIVT cCDW [DNQ ] GN ]g RS \IGT C KECL CG CXNUG y RY dTIR DE�EVGR GTE TIJTFW cCDICXFE GNGCF CHMQEMICH IHGEHRIGW
GTDNUJT GTE FI[EGIQE N[ C KCGVTS CRS [ND EeCQKFES RTN\H IH uIJUDE h N[ EeCQKFE KCGVT x]Y dTE CcEDCJE NHPGIQE
IR ���� ¡�¢£ RS CHM GTE CcEDCJE NOPGIQE IR ¡�¤¡ ¡�¡£ RY dTE CcEDCJE NHPGIQE CHM NOPGIQE VNQXIHEM [NDQ CH
CKKDNeIQCGE CcEDCJE KEDINM N[ ��� ¡�¥ RY lFGTNUJT GTE RKDECM IR \IMES GTE MIRGDIXUGINH IR VFECDFW HNG RVCFEFERR
CHM GTUR IHMIVCGER GTCG GTEDE IR C KDE[EDDEM wGWKIVCFz NHPGIQE N[ ¦f§^ RY
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CDEFG H FIJKJ KLGMNODKIPQ RKISGDQMQNSEGOPT UNFJGJV PT KLGDQDFWJIJ TPO GDXLPT KLGUDKXLGJY CLG GZDXK FITGKISGJ
PT KLG UDKXLGJ DOG UOPEDEFW FPQ[GO EGXDNJG \G JKDOK KP XDUKNOG SPJK PT KLG UDKXLGJ D EIK IQKP KLGIO FITGKISG
DQM PNO KGXLQI]NG IJ JGQJIKI^G TPO QGI[LEPOIQ[ UDKXLGJ \LIXL SI[LK KGOSIQDKG KLG DQDFWJIJ EGTPOG KLG UDKXL
LDJ MIJDUUGDOGMY _K IJ` LP\G^GO` XFGDO KLDK SPJK PT KLG UDKXLGJ DOG IQXOGMIEFW UGOJIJKGQKY
abcb defghi jfklmnonle
pG GJKISDKG KLG GQGO[W MGUPJIKIPQ TPO GDXL UNFJG EW IQKG[ODKIQ[ KLG IQKGQJIKW P^GO KLG PQqKISG IQKGO^DFY rPO
KLIJ \G NJG KLG SGMIDQ IQKGQJIKW ODKLGO KLDQ DQ DXKNDF sqt JUDKIDF IQKG[ODKIPQ JIQXG KLIJ IJ FGJJ JGQJIKI^G KP

�� !"# uv% w-x),@( 0*.=+=,2,)4 <(-3,)4 ./ )'( 0123+),-> +1*.*+2
0+)5'(3:

NQXGOKDIQKIGJ IQ KLG XPQKPNOIQ[ UOPXGMNOGY
CLIJ JISUFIyXDKIPQ XDQ EG MGJXOIEGM DJ
z{|{ }
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������{�� \LGOG
KLG JNSSDKIPQ IJ P^GO KISG PO TODSG R�V` KLG
� XPPOMIQDKG R�V` DQM KLG � XPPOMIQDKG R�V`
������ IJ KLG UIZGF DOGD` ���{�� IJ KLG UDKXL
DOGD` DQM yQDFFW` ��� IJ KLG SGMIDQ PT KLG KPKDF
IQKGQJIKW \IKLIQ KLG UDKXLY
CLG OGJNFK` PT XPNOJG` MPGJ QPK LD^G NQIKJ
PT GQGO[W DFKLPN[L KLG IQKGQJIKW PT KLG
[OGGQ FIQG IJ OPN[LFW UOPUPOKIPQDF KP KLG
KPKDF GQGO[W �NZ PT UOGXIUIKDKIQ[ GFGXKOPQJY
rNOKLGO` KLIJ DQDFWJIJ MPGJ QPK IQXFNMG
�PWQKIQ[ �NZYpG JLPNFM` KLNJ` EG XDOGTNF PT
IQKGOUOGKIQ[ IKDJ DSGDJNOG PT GQGO[WMGUPq
JIKIPQ` ENK TPO KLG UNOUPJG PT GJKISDKIQ[
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HIJ KLJMNKNHOHNPQ JRJMHLSP JPJLQT UJKSVNHNSPW HINV HJMIX
PNYZJ VISZRU KLSUZMJ LJKLJVJPHOHN[J LJVZRHV\

]NQZLJ ^^ VIS_V HIJ NPHJQLOHJU NPHJPVNHT `SL ORR KOHMIJV
OPU ORR SPXHNaJV\ bIJ VMOHHJLKRSH NPUNMOHJV O _JOc MSLX
LJROHNSP de f ghijW kZH HINV NV HS kJ JlKJMHJU VNPMJ HIJ
UZLOHNSP S` HIJ SPXHNaJ dm OlNVj NV Sk[NSZVRT RNPJOLRT
MSLLJROHJU _NHI HIJ NPHJQLOHJU NPHJPVNHT dn OlNVj\ bIJ
VNaKRJ RNPJOL oH VZQQJVHV HIOH HIJ JPJLQT UNVVNKOHJU
MOP kJ OKKLSlNaOHJU kT p qrstu f qvwgg x yggurst z
q{|gg x {wggu }~ca�\ �S_J[JLW HIJ RNPJOL LJROHNSPVINK
NV KZLJRT JlHLOKSROHNSP OV VNQPNoMOPH VMOHHJL NV KLJVJPHW
JVKJMNORRT `SL RSPQJL SPXHNaJV dJlMJJUNPQ �� Vj\

�J MSZRUITKSHIJVN�J HIOH `SL HIJ RN`JHNaJ S` OKOHMI JOMIKZRVOHNSP dSPXHNaJj_SZRU NP[SR[J HIJ VOaJ OaSZPH
S` JPJLQT UJKSVNHJU\ bIOH _SZRU NaKRT HIOH O RSPQJL SPXHNaJ _SZRU kJ OVVSMNOHJU _NHI O _JOcJL NPHJPVNHT\
]NQZLJ ^� VIS_V HIJ aOlNaZa NPHJPVNHT OV O `ZPMHNSP S` SPXHNaJ\ �IOH _J oPU NV [NLHZORRT PS MSLLJROHNSP
de f gh�ij kJH_JJP HIJ SPXHNaJ OPU aOlNaZa NPHJPVNHT\ �RHISZQI HIJ VNQPNoMOPMJ S` HIJ LJROHNSPVINK NV VS
HIOH _J MOP LJ�JMH HIJ PZRR ITKSHIJVNVW HIJ [JLT _JOc LJROHNSPVINK NaKRNJV HIOH `SL HIJ RN`JHNaJ S` HIJ KOHMI
HIJ JPJLQT UJKSVNHNSP S` HIJ KOHMI [OLNJV `LSa SPJ KZRVOHNSP HS OPSHIJL\ �H NV ORVS LJ[JORJU HIOH HIJaOlNaZa
NPHJPVNHT [OLNJV HILSZQI O HLONP S` KZRVOHNSPVW NaKRTNPQ HIOH HIJ �� KOHMIJV US PSH IO[J O KLJ`JLLJUaOlNaZa
NPHJPVNHT\

]ZLHIJLW _J MSZRU ITKSHIJVN�J HIOH HIJ S�XHNaJ d_ONH HNaJj NV LJROHJU HS HIJ VZkVJYZJPH JPJLQT UJKSVNHNSP\
bIJ NUJO IJLJ NV O VHSLOQJ OPU LJRJOVJ _INMI _SZRU HIJP RJOU HS O LJROHNSPVINK _IJLJ RSPQJL S�XHNaJV RJOU HS
ROLQJL JPJLQT UJKSVNHNSP\ �P ]NQZLJ ^� _J VIS_ HIJ JPJLQT UJKSVNHNSP OV O `ZPMHNSP S` HIJ KLJMJUNPQ S�XHNaJ\
bIJ VHJKV SP HIJ � OlNV LJKLJVJPH HIJ HNaJ LJVSRZHNSP S` HIJ ��� UOHO\ � RSPQJL S�XHNaJ USJV PSH NaKRT O ROLQJL
OaSZPH S` JPJLQT UJKSVNHJU S[JL HIJ PJlH SPXHNaJ\

]NPORRTW _J HJVH IS_ HIJ JPJLQT UJKSVNHJU MIOPQJV UZLNPQ HIJ SPXHNaJV\ ]NQZLJ ^� VIS_V HIJ aJUNOP S` HIJ
SPXHNaJV PSLaORN�JU NP HNaJ OPU NPHJPVNHT\�J VJKOLOHJ HIJ SPXHNaJV NPHS �RSPQ� UZLOHNSP dSPXHNaJ�� VW QLJJP
RNPJj OPU �VISLH� UZLOHNSP dSPXHNaJ �� VW KNPc RNPJj\ bIJ ROHHJL MOKHZLJV HIJ kZRc S` SPXHNaJV dVJJ ]NQZLJ ^�j\
bINV NV USPJ NP OP OHHJaKH HS UJMLJOVJ HIJ VMOHHJLNPQ UZJ HS USZkRJ KJOcV OPU aZRHNKJOcVW _INMI RNcJRT OLJ
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ULAAQ B?@ AVR>WHAQ LAT?EX WDHLA RF RY?DF Z[\]Z ^_ KE `KID@A aQ Y?FF?>bM cE IAEA@RHQ FGA AEA@IS XAW?LKFK?E KL
GKIGHS K@@AIDHR@ OGKTG @ALDHFL KE T?ELKXA@RYHA LTRFFA@ B?@ Y?FG LG?@FJ REX H?EIJXD@RFK?E ?EJFK>ALM _GA@A KL R
FAEXAETS B?@ LG?@F ?EJFK>AL UWKEdb F? GRPA R>?@AOAHHJXAeEAX WARdQ @ARTGKEI RE KEFAELKFS HAPAH ?B RY?DF fMg[Q
T?>WR@AX F? FGA H?EI ?EJFK>AL UI@AAEb FGRF LFRYKHKhAL RF RE KEFAELKFS HAPAH LHKIGFHS HALL FGRE fMi B?@ @?DIGHS
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AB CDEFGEEDHI

JK LMNOPQPON KRP POSRTNSU VO WRSN XPSN YZZPOSS N[O LM[OPOMN TLWLNYNLKMS K\ N[O ]^_ ZYNY SON YMZ NO`[MLaROb
J[O WYLM TLWLNYNLKMS YPO YS \KTTKVSc def KgSOPhYNLKMS YPO TLWLNOZ NK SLi QYN`[OSU djf kbke lm NLWO POSKTRNLKMU
dkf nnobo MW OWLSSLKMSU YMZ dpf XMZLMq N[O OiY`N YPOY K\ N[O QYN`[OSb J[O POSRTNLMq `[YPY`NOPLSNL`S YMZ KgSOPr
hYNLKMYT `KMSNPYLMNS K\ s] QYN`[OS KM N[O SRqqOSNOZWO`[YMLSWVLTT N[OM gO ZLS`RSSOZb tLMYTTuU VO ZLS`RSS N[O
WYvKPLNu K\ N[O WKSN \POaROMNTu WOMNLKMOZ N[OKPLOS K\ QRTSYNLMq YRPKPY N[YN YPO TLSNOZ LM JYgTO jb

wxyx z{|}~}{� ���������{�
J[O SLi QYN`[OS YMYTumOZ YPO `YPO\RTTu SOTO`NOZ YZvY`OMN QYN`[OSb J[O YWKRMN K\ ZYNY YhYLTYgTO LS TYPqOU gRN
N[O NO`[MLaRO `[KSOM \KP N[LS SNRZu LS NLWO `KMSRWLMqb J[O TLWLNOZ KgSOPhYNLKMS def K\ `KRPSO POSRTN LM TLWLNOZ
SNYNLSNL`SU YMZVO `YMMKN YZZPOSS [KV N[O `[YPY`NOPLSNL`S ZOQOMZ KM qOKWYqMONL` `KMZLNLKMSU OSQO`LYTTu SRgr
SNKPW Q[YSOSU TK`YT NLWOU TYNLNRZOU KP YMu KN[OP QYPYWONOP N[YN WYu hYPu \PKW OhOMN NK OhOMNb J[O QRTSYNLMq
YRPKPYS YPO KgSOPhOZ RMZOP Y VLZO hYPLONu K\ `KMZLNLKMS �ObqbU ����� �� ���U j�ek�U WOYMLMq N[YN N[LS SNRZu WYu
KMTu YZZPOSS Y SWYTT SRgSONb ]`�MKVTOZqLMq N[LS KQOMS RQ YMKN[OP aROSNLKM YS NK N[O OiNOPMYT KP SKTYP VLMZ
`KMNPKT K\ N[O QYN`[ OhKTRNLKM YMZ gO[YhLKPU Y NKQL` VOTT gOuKMZ N[O S`KQO K\ N[LS QYQOPb J[O TLWLNOZ KgSOPr
hYNLKMS `KRTZ N[OPO\KPO gO YPqROZ NK gO Y ZLSNLM`N YZhYMNYqO SLM`O YTT K``RP ZRPLMq N[O SYWO OhOMN YMZ N[RS
YMu hYPLYgLTLNu `YMMKN gO ZRO NK ZOQOMZOM`LOS SR`[ YS qOKWYqMONL` Y`NLhLNuU TK`YT NLWOU YMZ SK KMb

J[O kbkelm NLWO POSKTRNLKM djf K\ N[O ]^_ ZYNY RSOZ LS TLWLNOZgu N[O�uaRLSN \POaROM`uK\ eb�nlmb J[OPO\KPOUVO
`YMMKN ZLSNLMqRLS[ PYQLZ NOWQKPYT gO[YhLKP SR`[ YS N[O �k lm WKZRTYNLKMS K\NOM \KRMZ NK gO SRQOPLWQKSOZ
KM N[O STKVOP hYPLYNLKMS YMZ SKr`YTTOZ �YS[OSb tTYS[OS YPO gRPSNrTL�O �R`NRYNLKMS V[OPO N[O KMrNLWO LS S[KPNOP
N[YM e SU V[LTO N[O K�rNLWO `YM POY`[ SOhOPYT WLMRNOS �������� �� ���U e��e� �� � ���U e����b ¡RMMLMq N[O
YTTrS�u `YWOPYS YN Y [Lq[OP `YZOM`O LS QKSSLgTOU gRN N[O QRTSYNLMq YRPKPY N[YN K``RPS VLN[ [Lq[OPr\POaROM`u
�R`NRYNLKMSU SR`[ YS N[O k lm WKZRTYNLKMSU K``RPS YN SWYTT SQYNLYT S`YTOS KM NKQ K\ N[O TYPqOrS`YTO QRTSYNLKMSb
J[OPO\KPOU NK \RTTu LMhOSNLqYNO N[O QPKQOPNLOS K\ N[O [Lq[OP \POaROM`LOSU Y MYPPKV XOTZ K\ hLOV LWYqOP LS WKPO
YQQPKQPLYNO YS VYS ZKMO LM ¢� ��� ��� £¤¥¦��� �j�e��U V[OPO QRTSYNLKMS RQ NK e� NK en lm VOPO POQKPNOZb _N
LS OMNLPOTu QKSSLgTO N[YN N[OSO [Lq[OPr\POaROM`u QRTSYNLKMS YPO `YRSOZ gu `KWQTONOTu ZL�OPOMN WO`[YMLSWSU
YMZ N[OPO\KPOU LN VKRTZ WY�O SOMSO NK LMhOSNLqYNO N[OW LMZOQOMZOMNTub

J[O nnobo MW OWLSSLKMS dkf YPO TLWLNOZ gu Y `[OWL`YT O�O`Nb §KWQYPOZ NK QPKWQN OWLSSLKMSU N[O nnobo MW
OWLSSLKMS YPO \KRMZ NK [YhO Y WOYM TL\ONLWO K\ �bk NK �bn� S LM QRTSYNLMq YRPKPYU N[O [Lq[OSN hYTROS K\ WOYM
TL\ONLWO \KRMZ LM KgSOPhYNLKMS K\ S[YPQrOZqOZ QYN`[OS ¢¥���¨��� �� ��� �e�oe�b J[O LWQKPNYMN POSRTN LS N[OM
Y NOWQKPYT SWKKN[LMq KhOP N[O SYWO NLWO S`YTOU WOYMLMq N[YN N[O nnobo MW XTNOP RSOZ `KRTZ SWKKN[ KRN
QKSSLgTO LWQRTSLhO gO[YhLKPb J[LS SNRZu N[OPO\KPO \K`RSOS KM N[O WYLM KMrK� dgPLq[N©ZLWf WKZRTYNLKM K\ N[O
s] QYN`[OSb
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STU VWXVYZU Y[ \T]Z V^VUX ]Z \Y ^__XUZZ \TU ZV^\]Y\U`VYX^a bT^X^b\UX]Z\]bZ Y[ \TU `^cdU\YZVTUXUe]YdYZVTUXU
bYWVa]dc ^Z YfZUXgU_ fh ^d ^aaeZih ]`^cUX`U^ZWX]dc \TU jjklk d` ^WXYX^a U`]ZZ]YdZl md ZUb\]Yd noU _UZbX]fU
\TU _^\^ ^d_ UgUd\p ZUb\]Yd q YW\a]dUZ \TU \UbTd]rWU ^d_ `U\TY_YaYchp ]d ZUb\]Yd s oU ZTYo ^ \hV]b^a
Ut^`VaUp ZUb\]Yd j ZTYoZ Z\^\]Z\]b^a XUZWa\Zp ]d ZUb\]Yd u oU _]ZbWZZ \TU a]`]\^\]YdZ ^d_ XUZWa\Zp ^d_ vd^aah ]d
ZUb\]Yd k oU ZW``^X]wU ^d_ _X^o bYdbaWZ]YdZl

xy z{|{ {}~ ���}|

STU ^aaeZih ]`^cUX ���m� W\]a]wU_ ]Z aYb^\U_ ^\ �YiUX �a^\ ^\ ��skls� cUYcX^VT]b aYdc]\W_U� ujl�� cUYcX^VT]b
a^\]\W_Ul STU��m WZUZ ^ jjklk d`d^XXYof^d_ va\UX ^d_ VXY_WbUZ [X^`UZo]\T j�n fh j�n V]tUaZ ^\ ^ [X^`U X^\U
Y[ qlq��wl �WX UgUd\o^Z XUbYX_U_Ydn�YgU`fUX n��� ^\ ���s���u����j��j��S ��nn��j`^cdU\]b aYb^a \]`U�
�uu� `^cdU\]b a^\]\W_U�l STXYWcTYW\ \TU UgUd\ \TU Zih ]Z baU^X� \TU �YYd ]Z _Yod ^d_ \TUXU ^XU dY ^X\][^b\Z
ZWbT ^Z Z\XUU\ a^`VZl

�]cWXU � ZTYoZ \TU �WVUX��� _^\^ ZU\ ���������� n��np  �¡��� ¢£¤ ��������� n���^� n���f¥ Y[ ]d_]bUZ ^d_
VXYV^c^\U_ ]d\UXVa^dU\^Xh `^cdU\]b vUa_ �m���� oT]bT b^d fU Yf\^]dU_ \TXYWcT \TU �WVUX��� oUfZ]\Ul STU
�WVUX��� ]d_]bUZ ^XU _UX]gU_ ^bbYX_]dc \Y \TU ¦§� ¦¨ ^d_ ©ª«e¬ ]d_]bUZ� fW\ W\]a]wU `^cdU\Y`U\UX YfZUXe
g^\]YdZ [XY` ��� YX `YXU Z]\UZ ]dZ\U^_ Y[ \TU �n WZU_ ]d \TU Yb]^a ^WXYX^a UaUb\XY®U\ ]d_]bUZ ^d_ X^\TUX \T^d
Z]t ^Z ]Z \TU b^ZU [YX ©ª«e¬l �WX UgUd\ �T]cTa]cT\U_ ]d cXUh� YbbWXXU_ _WX]dc ^d Ut\Ud_U_ VUX]Y_ Y[ `Y_UXe
^\U ^b\]g]\h _X]gUd fh ^ ZYW\To^X_ m��l STU ZYa^X o]d_ ZVUU_ ^d_ \TU _hd^`]b VXUZZWXU �dY\ ZTYod� oUXU
[^]Xah bYdZ\^d\ ^\ �qk� i`¯Z ^d_��d�^l STU ©«§ ]d_Ut Y[ \TU`^t]`W`oUZ\o^X_ ^WXYX^a UaUb\XY®U\ Z\XUdc\T
ZTYoZ s T Y[ ^a`YZ\ bYd\]dWYWZ ^b\]g]\h Z\^X\]dc o]\T ^ ZWfZ\YX` YdZU\ ^\ �s�nk�S VXUbU_]dc YWX UgUd\� oT]aU
\TU ©«° ]d_]b^\UZ \T^\ \TUXU ^aZY ]Z ZY`U X]dc bWXXUd\l

�WX UgUd\ ]Z YW\a]dU_ o]\T ^ iUYcX^` ^d_ vgU ]`^cUZ ]d �]cWXU nl m\ Z\^X\Z o]\T `Wa\]VaU Za]cT\ah _U[YX`U_
U^Z\eoUZ\ YX]Ud\U_ ^XbZ ZYW\T ]d YWX vUa_ Y[ g]Uo ���±� Wd\]a \TUh [^_U ^fYW\ ���su �Sl STU Ud\]XU ��± ]Z \TUd
bYgUXU_ fh XUa^\]gU _]` ^d_ Wd][YX` ^XbZ o]\T ZaYoah g^Xh]dc Z\XWb\WXUZ Wd\]a ^ fX]cT\Ud]dc ^d_ \X^dZ]\]Yd

���²³´�³S ³S �µl ��´�´�µ ¶��´�¶S³´m�Sm¶� ·
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ST UVWUXY ZS[\]S\[^_ [`aV_XY ]U`bWVbW `[]Z `S `cT\S defg hij kS `[T\b_ dell hi UVWUXY _^mT[n^_ `[]Z ^oS^b_
`XTbW SU^ n`Wb^SV] X`SVS\_^Z Vb SU^ ]^bS^[ Tm SU^ Vn`W^ pUVX^ _Vq\Z^ `\[T[` ]`b c^ mT\b_ ^r\`ST[p`[_ Tm
SU^ `[] `b_ ` X`[W^ a`[S Tm SU^ bT[SU^[b ZsY VZ _`[sj kS `cT\S delteuv hi p^ Z^^ SU`S Tb^ Tm SU^ `[]Z b^`[ SU^
^`ZS^[b UT[VwTb c[VWUS^bZ `b_ `b `\[T[`X c\XW^ Za[^`_Z bT[SUp^ZSp`[_ `b_ Z`S\[`S^Z SU^ kxyj iUVZ VZ XVs^XY
SU^ TbZ^S Tm `b `\[T[`X Z\cZST[nz pUV]U VZ `XZT _^S^]S^_ cY SU^ x\a^[{k| Z\cZST[n _`S`c`Z^ }~����� ���
��������z �v��`� `S vdelt hij

�� ��������� ��� �����������

�[VT[ ST SU^ `]S\`X `b`XYZVZ p^ S[`bZmT[n SU^ kxy m[`n^Z m[Tn SU^ _VZST[S^_  ZU¡^Y^ X^bZ ¢V^p ST ` £`[S^ZV`b
W[V_ pVSU \bVmT[n Za`SV`X [^ZTX\SVTb Tm �jgd cY �jgd snz `Z _^Z][Vc^_ Vb ¤¥¦§��¨�© �© ��ª }�v�«�j iU^ £`[S^ZV`b
W[V_ VZ T[W`bVw^_W^TW[`aUV]`XXY `Z Vb_V]`S^_Tb ¬VW\[^ uj iT `¢TV_ SU^nTZS _VZST[S^_ XVnc aVo^XZ Tm SU^ Vn`W^z
p^  b_ SU^ ]U`[`]S^[VZSV]Z pVSUVb SU^ ]^bS^[ lvt cY lvt sn ¬® ¯SU^ Zr\`[^ cTo°j iU^ Za`SVTS^naT[`X ]U`[¡
`]S^[VZSV]Z Tm SU^ `\[T[`X ^nVZZVTbZ `[^ mT\b_ cY a^[mT[nVbW ` ZVnaX^z Y^S [Tc\ZSz `b`XYZVZ SU`S ]TncVb^Z `
SpT¡_Vn^bZVTb`X ¯�¡±° Za`SV`X ¬`ZS ¬T\[V^[ i[`bZmT[n ¯¬¬i° pVSU ` S^naT[`X ]T[[^X`SVTbj iUVZ VZ ` mT\[¡ZS^a
a[T]^ZZe

�j �^[mT[n ` �¡± Za`SV`X ¬¬i Tm ^`]U Vn`W^ `b_ \Z^ ` Zp^^aVbW �¡± b`[[Tp ²`bbVbW¡SYa^ c`b_¡a`ZZ  XS^[ ST
a[T_\]^ �l«  XS^[^_ Vn`W^Zj

�j £T[[^]S mT[ ³`[SU Ź [TS`SVTbj
uj £`X]\X`S^ SU^ ]T[[^X`SVTb ]T^µ]V^bS c^Sp^^b SpT m[^r\^b]Y¡ XS^[^_ Vn`W^Zz ¶ · ¶¸¹ º »¼°z pU^[^ m VZ SU^
m[^r\^b]Y Tm SU^ c`b_¡a`ZZ  XS^[z `b_ »¼ VZ SU^ SVn^ c^Sp^^b SpT Vn`W^Zj

fj £Tb¢^[S m[^r\^b]Y ST `\[T[`X Z]`X^ ZVw^z ½z ST _^S^[nVb^ ¶ · ¶¸½º»¼ °j

yb ZS^a �p^ ]T[[^]S mT[ SU^ [TS`SVTb Tm SU^ `XX¡ZsY Vn`W^[pVSU ³`[SUj yb SU^ ]^bS^[ Tm SU^ Vn`W^ ¯«l¾ W^TW[`aUV]
X`SVS\_^° SU^ ³`[SU Ź [TS`SVTb VZ vj� sn¿Z ^`ZSp`[_z `ZZ\nVbW `b ^nVZZVTb `XSVS\_^ Tm ��v sn }^jWjz ÀÁ�����
��� Â¥�Ã�z �v�u�j kb `\[T[`X m^`S\[^  o^_ Vb Vb^[SV`X Za`]^ pVXX SU^[^mT[^ W^S `b `aa`[^bS p^ZSp`[_ ¢^XT]VSY
]TnaTb^bS Tm vj� sn¿Zj iT ]T[[^]S mT[ SUVZz p^nT¢^ SU^ c`b_¡a`ZZ¡ XS^[^_ Vn`W^Z � aVo^X ¯Ä� sn° ^¢^[YÄ�v Z
^`ZSp`[_ [^X`SV¢^ ST SU^ c`b_¡a`ZZ¡ XS^[^_ Vn`W^Z `S SU^ ZS`[S SVn^ ¯¼Å° Tm SU^ `b`XYZVZj Æ^ TbXY \Z^ SU^ a`[S Tm
SU^ Vn`W^ SU`S VZnTbVST[^_ SU[T\WUT\S SU^ SVn^ VbS^[¢`Xj ¬T[ ^o`naX^z aVo^XZ SU`S T¢^[X`a mT[ SU^ ^bSV[^ ^¢^bS
¯»¼ · ÇÈÉÊnVb°n`s^ \a ` ¬® Tm �du sn Vb SU^ ^`ZS¡p^ZS _V[^]SVTb `b_ lvt sn Vb SU^ bT[SU¡ZT\SU _V[^]SVTbj

xS^a u ]`X]\X`S^Z SU^ XVb^`[ �^`[ZTb ]T[[^X`SVTb ]T^µ]V^bS c^Sp^^b SpT m[^r\^b]Y¡ XS^[^_ Vn`W^Ze

¶¸¹ º»¼Ë · £T[[^X`S^¸yn`W^¸¹ º ¼ÅËº yn`W^¸¹ º ¼Å Ì »¼ËË
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WXYZ[ \]] ^_XXY`]a b_c`YZ\dY_ZX _e Yc\[aX \Zf \g\Y]\`]a ehaijaZbYaX k_j]f haXj]d YZ \ d_d\] _e lmn o p o qrstuK v
wxy o wz{ b_hha]\dY_Z b_a|bYaZdX} k~aha Z � ���� YX d~a Zjc`ah _e Yc\[aX YZ d~a agaZd� �_ b_Z�Za d~YX
_gahk~a]cYZ[ Zjc`ah} d~a Xd\dYXdYb\] \Z\]�XYX YX ]YcYdaf YZ dk_ k\�X�

�� �ab\jXa c\Z� _e d~a ~Y[~ ehaijaZbYaX \ha aijYg\]aZd d_ Xc\]] \Zf XYcY]\h Xb\]a XY�aX} ka Y[Z_ha X_ca _e
d~aXa ~Y[~ah ehaijaZbYaX� �a jXa \]] ]_kah ehaijaZbYaX �]\h[ah Xb\]a XY�aX�� �Z X~_hd} ka ag\]j\da �� _e d~a
��� \g\Y]\`]a ehaijaZbYaX YZ~ahaZd YZ d~a ����

�� �a f_ Z_d b_hha]\da \]] Yc\[aX kYd~ \]] _d~ah Yc\[aX� �~a �hXd Yc\[a YX b_hha]\daf d_ \]] Xj`XaijaZd Yc\[aX�
�~aZ ka �jc^ �� Yc\[aX \Zf b_hha]\da d~\d d_ \]] Xj`XaijaZd Yc\[aX� �jc^ \Z_d~ah �� Yc\[aX \Zf X_ _Z�
�~YX �jc^ b_hhaX^_ZfX d_ �� X�

�~aXa ]YcYd\dY_ZX hafjba d~a Zjc`ah _e b\]bj]\dY_ZX \Zf \�abd d~a Xd\dYXdYbX d~\d \ha jXaf d_ fahYga d~a haXj]dX
kYd~_jd \]dahYZ[ _jh �ZfYZ[X� �Z ^\hdX _e d~a agaZd} aX^abY\]]� YZ d~a ]\Xd eak cYZjdaX} d~a acYXXY_ZX \ha X_
`hY[~d d~\d ��� ^Y�a]X \ha X\djh\daf� �~aXa Yc\[aX \ha d~ahae_ha Z_d YZb]jfaf YZ d~a \Z\]�XYX� �Yd~ d~aXa ]YcY�
d\dY_ZX YZ cYZf ka ag\]j\da b_hha]\dY_Z b_a|bYaZdX e_h Yc\[a Xa^\h\dY_ZX _e ���� X _h ]aXX} ]a\gYZ[ jX kYd~ \
d_d\] _e �wxy o wz� b_hha]\dY_Z b_a|bYaZdX� �a ]YZa\h]� YZdah^_]\da d~a haXj]dYZ[ cafY\Z b_hha]\dY_Z g\]jaX d_
�Zf d~a b_hha]\dY_Z b_a|bYaZdX e_h d~a ehaijaZbYaX d~\d \ha Z_d b_gahaf `� d~a ����

�Z Xda^�kafadahcYZa d~a \jh_h\] Xb\]a XY�a} �� �~a ���Z\hh_k`\Zf�^\XX �]dahYZ[ �Xda^�� YX f_Za YZ ehaijaZb�
X^\ba ^\XXYZ[ d~h_j[~ ehaijaZbYaX d~\d b_hhaX^_Zf d_ d~a Xb\]a XY�a YZ ijaXdY_Z� �~YX b_ZgahXY_Z `adkaaZ
ehaijaZb� \Zf Xb\]a XY�a YX fadahcYZaf \X

� � �� ¡¢ o �� £¢ �
mwl
l ¡

o mwll £
o ¤x¥l ¦cK ���

�~a Xb\]a XY�a ��� YX \Z \ha\} k~aha ��� YX d~a Zjc`ah _e ^Y�a]X YZ d~a Yc\[a YZ d~a § \Zf ¨ fYhabdY_ZX \Zf
��©� ¦cK YX d~a ^Y�a] XY�a} \[\YZ \XXjcYZ[ \Z acYXXY_Z \]dYdjfa _e ��� ¦c� �~a ehaijaZbYaX  ¡ \Zf  £ YZ d~a §
\Zf ¨ fYhabdY_Z} haX^abdYga]�} \ha YZ~ahaZd YZ d~a ���� �Z d~YX k\� ka b\Z fadahcYZa d~a Xb\]a XY�a�fa^aZfaZd
g\hY\`Y]Yd� _e d~a \jh_h\] Yc\[aX} ª � ª��«¬�� �~a Xb\]a XY�a�fa^aZfaZd \c^]Ydjfa ® � ®��¢ YX fadahcYZaf
eh_c d~a b_c^]a� X^abdhjc \X d~a Xij\ha h__d _e d~a ^_kah�

¯° ±²³´µ¶· ¸¹¶º³·»

�~YX XabdY_Z YX YZdaZfaf d_ Y]]jXdh\da d~a dab~ZYija _jd]YZaf YZ d~a ^hagY_jX XabdY_Z \X ka]] \X d_ X~_k \ d�^Yb\]
a�\c^]a Xj^^_hdYZ[ d~a Xd\dYXdYb\] haXj]dX ^haXaZdaf YZ d~a Za�d XabdY_Z�

�Y[jha � X~_kX a�\c^]aX _e e_jh Yc\[a Xa^\h\dY_ZX ¬¼ ��� X} � X} �� X} \Zf �� X� �~a ^\Za]X X~_k d~a haX^ab�
dYga Yc\[aX \X ka]] \X d~aYh \`X_]jda fY�ahaZba \Zf Xb\]a XY�a�fa^aZfaZd b_hha]\dY_ZX} ª��}����} ª��}��} ª��}���}
\Zf ª��}��� b\]bj]\daf eh_c d~a b_hhaX^_ZfYZ[ XadX _e `\Zf�^\XX��]dahaf Yc\[aX� �~a Yc\[aX \ha Xb\]af

½W¾�¿ÀÁ¿� ¿� ÂÃ� ÂWÀÄÀÂÃ Å½ÂÀÂÅ�¿À�Á��ÅÁ Æ
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LMMNOPQRS TN L MNRUTLRT MNVNO UMLVWX YZQVW TZW PQ[WOWRMW \NO ]QU^LV _^O_NUWU QU UMLVWP LMMNOPQRS TN TZW `Lab
Q`^` PQ[WOWRMWX YZQMZ QR SWRWOLV LOW QRMOWLUQRS YQTZ TZW Q`LSW UW_LOLTQNRc dSLQRX OWMLVV TZLT TZW eLOTZfU
ONTLTQNR ZLU gWWR OW`N]WP LRP TZ^U TZW LRLVhUQU QU _WO\NO`WP QR LR QRWOTQLV OW\WOWRMW \OL`Wc iZW LgUNV^TW PQ\b
\WOWRMW QU _^OWVh \NO ]QU^LV QRU_WMTQNRX RNT \NO LMT^LV LRLVhUQUX g^T QT MVWLOVh UZNYU TZW VLOSWUT U_LTQLV UMLVW UQjWU
TZLT ZL]W MZLRSWP \NO TZW OWU_WMTQ]W Q`LSW UW_LOLTQNRUc kQS^OW l mTN_n UZNYU TZW U`LVVWUT _NUUQgVW Q`LSW
UW_LOLTQNR mocp Un QR TZW PLTL UWTc e]WR L\TWO MVNUW QRU_WMTQNRX TZW Q`LSWU VNNq TZW UL`Wc rNYW]WOX TZWQO PQ[WOb
WRMW UZNYU ULVT LRP _W__WOX `WLRQRS U`LVV L^ONOLV sVL`WRTU ZL]W MZLRSWPc tT MLR gW LOS^WP TZLT TZQU QU NRVh
RNQUWX g^T TZW ZQSZWO QRTWRUQTh QR TZW VNMLTQNR N\ TZW gOQSZT L^ONOL U^SSWUTU TZLT TZW UTO^MT^OWU LOW OWLVc uN]QRS
TNYLOP VLOSWO Q`LSW UW_LOLTQNRUX QT QU WLUQWO TN UWW TZLT TZW Q`LSWU LOW PQ[WOWRT LRP TZW PQ[WOWRMW MN`_OQUWU
QRMOWLUQRSVh VLOSWO L^ONOLV \WLT^OWUc iZW MNOOWVLTQNR LRLVhUQU U^__NOTU TZQU sRPQRSv dUwx QRMOWLUWUX TZW MNOOWVLb
TQNRPWMOWLUWU \NO QRMOWLUQRSVh VLOSWO UMLVW UQjWU _WO Uy^LOW qQVN`WTWOczZWR TZW Q`LSW UW_LOLTQNRZLU OWLMZWP
L `QR^TWX YW MVWLOVh UWW TZLT TZW VLOSW L^ONOLV \NO` ZLU UTLOTWP TN MZLRSW LRP TZW MNOOWVLTQNR LRLVhUQU UZNYU
TZLT L^ONOLV \NO`U N\ LV`NUT LVV UMLVW UQjWU ZL]W MZLRSWPc tT QU MVWLO TZLT TZW U`LVV UMLVW UQjWU LOW `NOW ]LOQLgVWc

{| }~�����

iZW�b�MNOOWVLTQNRPQUTOQg^TQNR� � ����wxn QU UZNYR QRkQS^OW�c iZW OWU^VT QU L \LQOVhNOSLRQjWP_LTTWORN\ZQSZ
MNOOWVLTQNR LRP VNY MNOOWVLTQNRc kNO U`LVV UMLVW UQjWU LRP VLOSW Q`LSW UW_LOLTQNR TZW TYN UWTU N\ NgUWO]LTQNRU
LOW ^RMNOOWVLTWP YZQVW UZNOT Q`LSW UW_LOLTQNR LRP VLOSW UMLVW UQjWU LOW ZQSZVh MNOOWVLTWPc zW ^UW L MNOOWVLTQNR
N\ oc� TN _ON]QPW L VNNUW UW_LOLTQNR gN^RPLOh gWTYWWR OWSQNRU N\ �ZQSZ MNOOWVLTQNR� LRP �VNY MNOOWVLTQNR�
mTZW gVLMq VQRWU QR kQS^OW �nc kNO WaL`_VWX YW MN^VP LUU^`W TZLT MNOOWVLTQNR ]LV^WU �oc�`WLRU TZLT TZW L^ONOLV
\NO`U ZL]W RNT MZLRSWP `^MZ LRP MLR gW MNRUQPWOWP OWVLTQ]WVh UTLgVWc iZQU YN^VP TZWR Q`_Vh TZLT L^ONOLV
\NO`U N\ �ooo q`� MLR gW MNRUQPWOWP LU UTLTQM NR TQ`WUMLVWU N\ LgN^T �o U NO VWUUX YZQVW L �oXooo q`� L^ONOLV
\NO`MLRgW MNRUQPWOWP LU UTLTQM NR TQ`WUMLVWU VWUU TZLRL`QR^TWcuN]QRS TZW TZOWUZNVP \NOYZLT QU MNRUQPWOWP
OWVLTQ]WVh UTLTQM L^ONOL TN MNOOWVLTQNR ]LV^WU �oc� NO LRNTZWO OWLUNRLgVW R^`gWO YN^VP UZQ\T TZW TQ`WUMLVWU TN
VNYWO ]LV^WUX g^T TZW N]WOLVV sRPQRS QU ^RLVTWOWPc iZW ZNOQjNRTLV VQRWU `LPW gh UZQ\TU QR TZW MNOOWVLTQNR ]LV^WU
LOW VQqWVh L OWU^VT N\ TZW TWMZRQy^W ^UWP TN MNOOWMT \NO eLOTZfU ONTLTQNRX YZQMZ QU RNT MNRTQR^N^U g^T `N]WU TZW
Q`LSWU OWVLTQ]W TN WLMZNTZWO �_QaWV W]WOh�o Uc kQS^OW �LVUN UZNYU TZLT TZW VLOSWUT UMLVW UQjWU LOW OWVLTQ]WVhYWVV
MNOOWVLTWP \NO LR QRTWO]LV N\ VNRSWO Q`LSW UW_LOLTQNRUc iZW `LSRWTNU_ZWOWbQNRNU_ZWOW UhUTW` mLU NgUWO]WP
gh ���c� R` W`QUUQNRUn L__WLOU TN PQU_VLh L UMLVW UQjWbPW_WRPWRT ]LOQLgQVQTh YZWOW TZW U`LVV UMLVW UQjWU LOW
`NOW ]LOQLgVW LRP TZW VLOSWO UMLVW UQjWU `NOW UTLgVWc

�| ����������

zW QRTWO_OWT TZW QRTOQS^QRS MNZWOWRMW _LTTWOR UZNYR QR kQS^OW � LU QRPQMLTQ]W N\ LR ^RPWOVhQRS
`LSRWTNU_ZWOWbQNRNU_ZWOW mubtn UhUTW` gWZL]QNOc tT `Lh UN^RP TOQ]QLV TZLT U`LVV UMLVW UQjWU MZLRSW `NOW

r�u�e��ei ei d�c d����d� �rd�d�ie�t�it�� �
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FG HIJJ FG FKL MNOIMIKP NQ PRI FSTNTFJ FTUGV WIXFTFPYKZ PRIGI PITMG YK NT[IT PN [IPITMYKI PRI UFSGI NQ PRI
N\GITOI[ []^[P YG KNP GPTFYZRPQNTHFT[V

_N [IPITMYKI PRI TIJFPYOI YMXNTPFKUI NQ PRIGI PHN GNSTUI PITMG `XFTPYFJ [ITYOFPYOI FK[ UNKOIUPYOI PITMab HI
XITQNTMI[ F GYMXJI UTNGG UNTTIJFPYNK \IPHIIK YMFZIG GIXFTFPI[ \L cd e fg GV _RI hij GXFPYFJ GRYQP UFK \I
TIJFPI[ PN F GXFPYFJ OIUPNTb FK[ GYKUI HI kKNH PRI PYMI IJFXGI[ HI GPTFYZRPQNTHFT[JL UFJUSJFPI PRI OIJNUYPL
OIUPNT `laV _RI HIFkKIGG NQ PRYG PIURKYmSI YGb NQ UNSTGIb PRFP PRI UTNGG UNTTIJFPYNK YG JFTZIJL [TYOIK \L PRI JFTZI
GUFJIG FK[ PRSG YP YG FGGSMI[ PRFP FJJ GUFJI GYnIG FTI MNOYKZHYPR PRI GFMI OIJNUYPLV _RYG YG KNP KIUIGGFTYJL PTSIV
oYZSTI p GRNHG PRI TIGSJPYKZ OIJNUYPL OIUPNT `la FK[ PRI GXII[ XTN\F\YJYPLV qGYKZ GYMXJI IGPYMFPIGb HI ZIP PRI
UNKOIUPYOI PITM PN \I NK PRI NT[IT NQ rVs kt^G FK[ PRI PNPFJ [ITYOFPYOI PN \I NK PRI NT[IT NQ hVu kt^GV _RSGb
PRI XFTPYFJ [ITYOFPYOI MSGP \I NK PRI NT[IT NQ hVv kt^G JIFOYKZ SG PN UNKUJS[I PRFP HI UFK JFTZIJL YZKNTI PRI
UNKOIUPYOI PITMV

wxyx z{|}~{���|� ��~���}�~�
_RI GYKZJI IOIKP GPS[YI[ YK PRYG XFXIT XTNOY[IG FK NXXNTPSKYPL PN XTNOI PRI PIURKYmSI FK[ XTNOY[IG F ZJYMXGI
NQ PRI �i] GLGPIM URFTFUPITYGPYUGb \SP YP [NIG KNP FJJNH ZIKITFJ UNKUJSGYNKGV WPFPYGPYUFJ GPS[YIG FTI KII[I[
PN F[[TIGG RNH PRI URFTFUPITYGPYUG NQ PRI FSTNTFJ IMYGGYNKG MFL \I [IXIK[IKP NK JNUFJ PYMIb ZINMFZKIPYU
UNK[YPYNKGb GIFGNKFJ I�IUPGb NT FKL NPRIT UNKPTNJJYKZ XFTFMIPITGV jSTYKZ NST IOIKP PRI GNJFT HYK[ [TYOIT YG
QFYTJL UNKGPFKP \SP KIFT PRI IK[ NQ PRI YKPITOFJ F GS\GPNTM NKGIP PFkIG XJFUIV _RYG GFPSTFPIG PRI YMFZIT HRYUR
QNTUIG SG PN PITMYKFPI PRI FKFJLGYGV _RSGb HI UFK FGGSMI QFYTJL UNKGPFKP ZINMFZKIPYU UNK[YPYNKGb GNJFT HYK[
[TYOIT UNK[YPYNKGb FK[ GYKUI PRI IOIKP YG QFYTJL GRNTPb PRI ZINMFZKIPYU JNUFPYNK UFK \I FGGSMI[ UNKGPFKPV

oYZSTI � HFG [ITYOI[ QTNM PRI IKPYTI YKPITOFJ FK[ PRSG TIXTIGIKPG FK FOITFZI TIGSJPV �I MFL mSIGPYNK PRI
FGGSMXPYNK PRFP PRI GXFPYNPIMXNTFJ URFTFUPITYGPYUG FTI QFYTJL UNKGPFKPV ]Q HI GIXFTFPI PRI MNOYI YKPN GMFJJIT
YKPITOFJG HI UFK PIGP PRYG FGGSMXPYNKV �I Y[IKPYQL PHN YKPITOFJG QNT HRYUR HI JNNGIJL [I�KI PRI FSTNTF FG
OYGSFJJL `Fa �JIGG OFTYF\JI� FK[ `\a �MNTI OFTYF\JIV� ]K YKPITOFJ F `r��up�h��r��u����q_a PRI IKPYTI o�� YG UNOITI[
\L TIJFPYOI [YM FK[ SKYQNTM FTUG HYPR GJNHJL OFTLYKZ GPTSUPSTIGV ]KPITOFJ F RFG F MI[YFKMYKYMSM YKPIKGYPL NQ
�s kt FK[ MF�YMSM NQ �s� ktV ]K YKPITOFJ \ `r�����ru�r�����s� q_a RYZRJL [IQNTMI[ FTUG I�PIK[ FJNKZ PRI
MFZKIPYU JFPYPS[IG YK PRI UIKPIT NQ PRI YMFZI HRYJI [Y�SGI FSTNTF UFK \I QNSK[ ImSFPNTHFT[ NQ PRI FTU FK[
F JFTZI XFTP NQ PRI KNTPRITK GkL YG [FTkV ]KPITOFJ \ RFG F MI[YFK MYKYMSM YKPIKGYPL NQ �h kt FK[MF�YMSM NQ
��h ktV

oYZSTI � GRNHG PRI UNTTIJFPYNK FG F QSKUPYNK NQ GUFJI GYnI FK[ YMFZI GIXFTFPYNK QNT YKPITOFJ F NQ JIGG OFTYF\JI
FSTNTF `oYZSTI �Fa FK[ YKPITOFJ \ NQ PRI MNTI OFTYF\JI FSTNTF `oYZSTI �\aV _RI URFTFUPITYGPYUG QTNM YKPITOFJ F
RFG RYZRIT UNTTIJFPYNKG `MNTI \JSIa QNT GUFJI GYnIG NQ �hrrr kM� PN ��rrr kM�b FK[ XITRFXG MNTI GSTXTYGYKZb
JNHIT UNTTIJFPYNK QNT GUFJI GYnIG ��rrr kM� FK[ ��rr kM� UNMXFTI[ PN YKPITOFJ \V oNT I�FMXJIb HI UNSJ[
FGGSMI PRFP UNTTIJFPYNK OFJSIG �rV� MIFKG PRFP PRI FSTNTFJ QNTMG RFOI KNP URFKZI[ MSUR FK[ FTI TIJFPYOIJL
GPF\JIV _RYG HNSJ[ PRIK YMXJL PRFP FSTNTFJ QNTMG NQ �urrr kM� FTI TIJFPYOIJL GPF\JI QNT �sr G [STYKZ YKPITOFJ F
UNMXFTI[ PN �hr G QNT PRI FSTNTF YK YKPITOFJ \V oNT JFTZI FSTNTFJ QNTMG PRI GYPSFPYNK YG PSTKI[ FTNSK[HYPR PRI
FSTNTF YK YKPITOFJ F RFOYKZ PRIMNGP OFTYF\JI URFTFUPITYGPYUGV �STNTFJ QNTMG NQ �vrbrrr kM� FTI TIJFPYOIJL GPF\JI
QNT ��r G [STYKZ YKPITOFJ F UNMXFTI[ PN �vrr G QNT PRI FSTNTF YK YKPITOFJ \V �NOYKZ PRI PRTIGRNJ[ QNT HRFP YG
UNKGY[ITI[ TIJFPYOIJL GPF\JI FSTNTF PN UNTTIJFPYNK OFJSIG�rV�HNSJ[ GRYQP PRI PYMIG PN JNHIT OFJSIG FK[ GJYZRPJL
JNHIT [Y�ITIKUIG \IPHIIK PRI URFTFUPITYGPYUGb \SP PRI NOITFJJ �K[YKZG FTI SKFJPITI[V _RIGI �K[YKZG MFL \I

�q���tW�_ �_ ��V �qt�t�� ���t��_�t]W_]�W  



Paper III: Scale size-dependent characteristics of the nightside aurora 155

������� �� 	
�������� �
�
����� ����
 ������ ��������������������

 !"#$% &' ()**+,-./)0 -1 - 2304./)0 )2 14-,+ 1/5+ -06 /7-8+ 1+9-*-./)0 :1-7+ 2)*7-. -1 ;/83*+ <= 2)* .>+ /0.+*?-,1 )2
:-= @,+11 ?-*/-A,+B -06 :A= @7)*+ ?-*/-A,+B -3*)*-C ()**+,-./)0 ?-,3+1 )2 DC< -*+ 1>)E0 /0 A,-4F .) +,34/6-.+ .>+ ,)4-./)0 )2
.>+ 4)**+,-.+6G304)**+,-.+6 A)306-*HC I+ 8+. -0 /06/4-./)0 .>-. .>+ 19-./).+79)*-, 4>-*-4.+*/1./41 )2 .>+ -3*)*- ?-*/+1C

JKLMNOPJQ RS TUV WOXUNM OPXLJYZOTP UXJQ ZT XJMJYZ Z[J ZO\J OPZJVWNMX T] QO^JVJPZ NUVTVNM QOXLMNSX_ `Z \Oa[Z RJ
Z[NZ Z[OX XJMJYZOTP MJNQX ZT N RONX ZTbNVQ XZVUYZUVJX T] N YJVZNOP XOcJd NPQbJ QT PTZ PTZOYJ Z[J MNVaJV XZVUYZUVJX
Z[NZ Y[NPaJ TP MNVaJV ZO\JXYNMJX_ e[OX YNMMX ]TV N \TVJ TRfJYZOWJ gUNPZOZNZOWJ NPNMSXOX Z[NP [NX RJJP UXJQ OP
\TXZ LNXZ hi` XZUQOJXd NPQ OZ J\L[NXOcJX Z[J PJJQ ]TV Z[J VTRUXZ ZJY[POgUJ UXJQ OP Z[OX LNLJV_ jOPNMMSd OZ X[TUMQ
PTZ RJ TWJVMTTkJQ Z[NZ NMZ[TUa[ Z[J ZbT OPZJVWNMX X[Tb QO^JVJPYJX Z[JS NMXT X[Tb XO\OMNVOZOJX_

hX bJ NPNMScJ J\OXXOTPX bJ NVJ OPQOVJYZMS OPWJXZOaNZOPa Z[J LNVZ T] Z[J LVJYOLOZNZOPa JMJYZVTPX Z[NZ LVTQUYJ
Z[J J\OXXOTPX_ `Z Z[UX XJJ\X VJNXTPNRMJ Z[NZ Z[J Y[NVNYZJVOXZOYX T] Z[J J\OXXOTPX NVJ NMXT Z[J Y[NVNYZJVOXZOYX
T] Z[J LVJYOLOZNZOPa JMJYZVTPX_ jTV JKN\LMJd OZ XJJ\X VJNXTPNRMJ Z[NZ J\OXXOTPX LVTQUYJQ RS QO^UXJ LVJYOLl
OZNZOTP QO^JVX ]VT\ Z[TXJ LVTQUYJQ RS hM]WmPOY TV `PWJVZJQ n LVJYOLOZNZOTP_ oPJ T] Z[J QO^JVJPYJX RJZbJJP
Z[J OPZJVWNMX OX Z[NZ OPZJVWNM R OPYMUQJX QO^UXJ NUVTVN T] N [Oa[JV OPZJPXOZS TWJV N MNVaJV LNVZ T] Z[J jon NPQ
bOZ[\TVJ XZVUYZUVJ OP Z[J ]TV\ T] pUYZUNZOPaqLUMXNZOPa NUVTVN YT\LNVJQ ZT OPZJVWNM N_ rJ PTZJ Z[NZ Z[J Y[NVl
NYZJVOXZOYX T] Z[J NUVTVN OP OPZJVWNM R OX \TVJ WNVONRMJ ]TV XYNMJ XOcJX ZSLOYNM ]TV pUYZUNZOPaqLUMXNZOPa ]JNZUVJX
stuvwwxyvww k\z{ NPQ \TVJ XZNRMJ ]TV MNVaJ XYNMJ XOcJX YTWJVOPa Z[J VJMNZOWJMS XZNRMJ ZTZNM NVJN T] Z[J QO]l
]UXJ NUVTVNd YT\LNVJQ ZT Z[J Y[NVNYZJVOXZOYX T] OPZJVWNM N_ rJ [NWJd [TbJWJVd PT TRfJYZOWJ bNS ZT XJLNVNZJ Z[J
QO^JVJPZ J\OXXOTPX NPQ Z[JOV Y[NVNYZJVOXZOYX_

`Z OX OP aJPJVNM QO|YUMZ ZT QOXZOPaUOX[ RJZbJJP Z[J `PWJVZJQ nq\TPTJPJVaJZOY NPQ hM]WmPOYqRVTNQRNPQ LVJl
YOLOZNZOTP RS TRXJVWOPa Z[J QOXYVJZJ NUVTVN NMTPJ_ jTV JKN\LMJd }~������ �� ��� ��wuy� TRXJVWJQ hM]WmPOY NUVTVN
OPZJV\OZZJPZMS NPQ LJV[NLX XO\UMZNPJTUXMS bOZ[ OPWJVZJQ n NUVTVN QUVOPa NP JWJPZ T] YTPZOPUTUX XURXZTV\
NYZOWOZS_ e[JS QJXYVORJQ Z[J NUVTVN NX JKZVJ\JMS QSPN\OY Y[NPaOPa TP ZO\JXYNMJX T] XJYTPQXbOZ[ RVOa[Z XLTZX
NPQNVYX Z[NZbJVJPTZNXJMTPaNZJQ OP Z[JJNXZlbJXZQOVJYZOTPNX QUVOPa ZSLOYNM OPWJVZJQnJWJPZX_ �JOZ[JV OPZJVl
WNM N PTV R YMJNVMS [TMQX XUY[ ]JNZUVJX_ jUVZ[JVd ����� �� ��� ��wwyN� ]TUPQ Z[NZ OP Z[J XURXZTV\ NUVTVN TUZXOQJ
T] Z[J XUVaJd Z[J hM]WmPOY JMJYZVTPX bJVJ MJXX YMJNVMS XJLNVNZJQ ]VT\ Z[J OPWJVZJQ nXd NPQ ����� �� ��� ��wwyR�
TRXJVWJQ OPZJPXJ hM]WmPOY LVJYOLOZNZOTP OP Z[J XURXZTV\ NUVTVNM XUVaJ Z[NZ bJVJ MOkJMS PTZ LVJXJPZ LVOTV ZT Z[J
TPXJZ_ `Z OX Z[JVJ]TVJ UP]TVZUPNZJ Z[NZ bJ YTUMQ PTZ XZUQS Z[J XURXZTV\ NUVTVNM RUMaJ OP Z[J MNXZ \OPUZJX T]
QNZN_ `] ����� �� ��� ��wwyR� NVJ VOa[Zd bJ YTUMQ JKLJYZ ZT XJJ N QO^JVJPYJ OP Z[J MO]JZO\JX T] QO^JVJPZ XYNMJ XOcJX
T] Z[J QOXZTVZJQ NVYX RJ]TVJ Z[J XURXZTV\ s\TPTJPJVaJZOY{ NPQ Z[J XURXZTV\ NUVTVNM RUMaJ s\TPTJPJVaJZOY
NPQ hM]WmPOY NUVTVN{d b[OY[ bTUMQ JPNRMJ N ]UVZ[JV QOXYUXXOTP TP [Tb Z[J Y[NVNYZJVOXZOYX WNVS OP VJXLTPXJ ZT
Z[J ZSLJX T] JMJYZVTP LVJYOLOZNZOTP Z[NZ LVTQUYJ Z[J QOXYVJZJ NUVTVN_

rJ NVaUJ Z[NZ TUV NPNMSXOX OX NPNMTaTUX ZT N XZUQS T] ]TV JKN\LMJ �JMQlNMOaPJQ YUVVJPZX bOZ[TUZ N XJLNVNZOTP
OPZT UPQJVMSOPa \NaPJZTXL[JVOY LVTYJXXJX_ hX XUY[ TUV NPNMSXOX YTUMQ RJ NLLMOJQ ZT XLJYO�Y JWJPZX XUY[ NX
PTVZ[lXTUZ[ XZVUYZUVJXd LTMJbNVQ RTUPQNVS OPZJPXO�YNZOTPX NPQ QOXYVJZJ NVYX_
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DEFE GHIJHKLMJLN OP QHRNSNJT GLMUN GHVNW
XY Z[\]^_`a[\ `b] _cd[cefa[f] Yg `b] \ch]^][` aZ^Y^ai _fai] _cj]_k l] \]`]^mc[] `b] _fai] _cj]n\]o][\][`
amoic`Z\] p q prstu v` c_ gYZ[\ g^Ym `b] fYmoi]w _o]f`^Zm a_ `b] _xZa^] ^YY` Yg `b] ya[\noa__ oYl]^ a[\
`bZ_ `]ii Z_ zbYl mZfb{ `b] ya[\ oa__]\ g^]xZ][fc]_ |a[\ `bZ_ _fai] _cj]} a^] fY[`^cyZ`c[d `Y `b] ]mc__cY[
c[`][_c`~ c[ `b] Y^cdc[ai cmad]u �] e[\ `b] amoic`Z\] gY^ ]afb ya[\ oa__ a[\ `b][ faifZia`] `b]m]\ca[ _fai]
_cj] \]o][\][` amoic`Z\] Y�]^ aii a�aciayi] cmad]_u �cdZ^] � _bYl_ `ba` `b] _fai] _cj] Yg ayYZ` ��k��� �m� ba_
`b] ia^d]_` amoic`Z\]k lbci] `b] amoic`Z\] gaii_ Yh `Yla^\ ia^d]^ a[\ _maii]^ _fai] _cj]_u Xbc_ fY^^]_oY[\_ `Y
��� �m lc\] g]a`Z^]_ lb][ �r��t q �r��}u �Y^ _fai] _cj]_ i]__ `ba[ ayYZ` ��� �m� `b] amoic`Z\]_ a^] i]__ `ba[
�� ��u Xb] _fai] _cj]n\]o][\][` amoic`Z\] c_ ai_Y gYZ[\ gY^ `b] c[`]^�ai_ Yg zi]__ �a^cayi]{ |yiZ]} a[\ zmY^]
�a^cayi]{ |Y^a[d]} aZ^Y^au Xb] zmY^] �a^cayi]{ aZ^Y^a aii _fai] _cj]_ ba�] a bcdb]^ amoic`Z\] `ba[ `b] _fai]
_cj]_ Yg `b] zi]__ �a^cayi]{ aZ^Y^au �] fa[ fY[fiZ\] `ba` `b] _maii]^ _fai] _cj]_ yY`b ba�] _bY^`]^ icg]`cm]_ a[\
_maii]^ amoic`Z\]_u

DE�E �O��MSHWOJ TO T�N G�MTHOTN��OSMU ��MSMLTNSHWTHLW OP �HNU���UHIJN� ��SSNJTW
�Ymoa^c[d YZ^ ^]_Zi`_ `Y oa_` e[\c[d_ c_ fYmoicfa`]\ y~ `b] Yy_]^�a`cY[ai fbaii][d]_ a[\ ^]_Zi`c[d iaf� Yg
_`a`c_`cfai _`Z\c]_u �Yl]�] k̂ ������ �¡ �¢ £�¤k ¥���¦k ^]oY^`]\ a _`Z\~ c[ lbcfb `b]~ \]`]^mc[]\ `b] _oa`cY`]mn
oY^ai fba^af`]^c_`cf_ Yg `b] mad[]`cf e]i\ o]^`Z^ya`cY[_ |\§} a` iYl ¨a^`b Y^yc` ai`c`Z\]_u Xb] fYmoa^c_Y[ c_k
bYl]�] k̂ [Y` _`^acdb`gY^la^\ _c[f] `b] o^]fcoc`a`c[d ]i]f`^Y[_ o^Y\Zfc[d `b] ]mc__cY[_ a^] [Y` []f]__a^ci~
`b] _am] `ba` fa^^~ `b] fZ^^][`u Xbc_ c_ Yy�cYZ_ c[ `b] \Yl[la^\ fZ^^][` ^]dcY[u ©]�]^ai oa_` _`Z\c]_ ba�]
`]_`]\ cg Y[] fa[ Yy`ac[ e]i\naicd[]\ fZ^^][` |�ª�} \][_c`~ y~ c[`]d^a`c[d `b] m]a_Z^]\ [Zmy]^ «Zw Yg oa^n
`cfi]_ lbcfb c_ `b] \]e[c`cY[ Yg fZ^^][` \][_c`~u ©Zfb a oa^`cfi]nya_]\ aoo^Yafb ba_ y]][ `]_`]\ ]wamc[c[d
Zola^\ �ª�_ fYiiYfa`]\ lc`b aff]i]^a`]\ aZ^Y^ai o^]fcoc`a`cY[ �]uduk ¬ ®£¯ �¢ £�¤k �°�±² ³�´´ ¯ �¢ £�¤k �°°�²
µ �  ¶£ �¢ £�¤k ¥��·¦u v` la_ gYZ[\ `ba` �ª�_ `][\ `Y y] fa^^c]\ y~ bcdbn][]^d~ ]i]f`^Y[_ a[\ a[ ad^]]m][`
lc`b ]mc__cY[_lYZi\ `b]^]gY^] y] ]wo]f`]\u �Yl]�] k̂ `b] ^]_Zi`_ _bYl]\ _cd[cefa[` \c_ad^]]m][` y]`l]][
`b] fZ^^][`\][_c`c]_ ]_`cma`]\ g^Ym`b] aZ^Y^ai oa^`cfi] o^]fcoc`a`cY[a[\ g^Ymmad[]`cf e]i\m]a_Z^]m][`_u
Xbc_ _Zdd]_`_ `b] ]wc_`][f] Ygmc__c[d fZ^^][` fa^^c]^_k a o^Yyi]m `ba` d]`_ lY^_] lb][ `b] \c_`a[f] g^Ym `b]
aff]i]^a`]\ o^]fcoc`a`cY[ c[f^]a_]_ a[\ Yy�cYZ_i~ gY^ \Yl[la^\ fZ^^][`_u

�cdZ^] °a _bYl_ `b] fY^^]ia`cY[ a_ a gZ[f`cY[ Yg \§ |lbcfb l] b]^] c[`]^o^]` a_ c[\cfa`c�] Yg �ª�_} _fai] _cj]
a[\ `cm] y]`l]][ `b] m]a_Z^]m][`_ g^Ym ¸·��� _a`]iic`] f^Y__c[d_ Yg `b] [cdb`_c\] aZ^Y^ai Y�ai ������ �¡
�¢ £�¤k ¥���¦u Xb] `cm] c[`]^�ai_ y]`l]][ `b] m]a_Z^]m][`_ a^] \]`]^mc[]\ y~ `b] �a^cayi] c[`]^_oaf]f^ag`
_]oa^a`cY[ Yg `b] `b^]] ©X ± _a`]iic`]_ lbcfb l]^] c[ a o]a^i_nY[nan_`^c[d gY^ma`cY[ |fYY^yc`ai}u �Y^^]ia`cY[
fY]¹fc][`_ Yg �u± a^] _bYl[ a_ yiaf� \Y`_ a[\ Z_]\ `Y e` `b] ic[]a^ ic[]_ lbcfb ]iZfc\a`] `b] iYfa`cY[ Yg `b]
fY^^]ia`]\ºZ[fY^^]ia`]\ yYZ[\a^~u Xb] fY^^]ia`cY[ �aiZ] Yg �u± la_ a[ a^yc`^a^ci~ fbY_][ �aiZ] a[\ a fba[d]
`Y �u»lYZi\ _cmoi~ ^]_Zi` c[ a _bcg` c[ `b] oY_c`c�] ¼ awc_ \c^]f`cY[lc`bYZ` a[~ [Y`]lY^`b~ fba[d] c[ `b] _iYo]
������ �¡ �¢ £�¤k ¥���¦u Xb] fY^^]ia`cY[_ gY^ _a`]iic`] _]oa^a`cY[_ Yg ayYZ` » _ a[\ _fai] _cj]_ i]__ `ba[ ayYZ`
¥� �m a^] \Z] `Y ]w`^aoYia`cY[ _c[f] `b] \§ la_ \]`]^mc[]\ g^Ym _oc[na�]^ad]\ m]a_Z^]m][`_u Xb] ^]\
ic[] c[\cfa`]_ `b] �ª� eiam][` _fai] _cj] |�n½} Yg ayYZ` ¥±� �mk lbcfb _xZa^] c_ `b] mawcmZm aZ^Y^ai _fai]
_cj] |¥n½}u

�cdZ^] °y c_ `b] ^]_Zi` g^Ym �cdZ^] ± gY^ cmad] _]oa^a`cY[_ Yg i]__ `ba[ ¥�� _ a[\ a�]^ad] fY^^]ia`cY[ �aiZ]_k a_
Z_]\ gY^ `b] _oa`cY`]moY^ai fba^af`]^c_`cf_ Yg `b] �ª�_u �Y^ ]a_~ fYmoa^c_Y[k `b] ic[]a^ ic[] Yg `b] ©X ± _`Z\~ c_
_Zo]^oY_]\ a_ a \a_b]\ ic[] a[\ `b] fY^^]ia`cY[ fY]¹fc][`_ Yg ayYZ` �u± a^] fYiY^]\ yiaf�u �b][ fYmoa^c[d

�¾¿§¨�©¨X ¨X ªÀu ª¾�Á�ªÀ ��ª�ª�X¨�v©Xv�© ÂÃ
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ghiji klmijn oi pmq ghrg ghi srtlrulklgv wx ghi rytwtr rmq z{|j xwkkwo ir}h wghit }kwjikv ymglk ruwyg ~��� ���
���� ���� zwt krt�it j}rki jl�ij ghi rytwtr lj �wti jgruki ghrm ghi z{|j� �woisitn ghi qlj�krviq ml�hgjlqi
}hrtr}gitljgl}j wx ghi z{|j lm}kyqi uwgh �ylig rmq qljgytuiq isimgjn ohlki ghi }hrtr}gitljgl}j wx ghi rytwtrk
i�ljjlwmj rti xtw� wmi�wqitrgikv qljgytuiq isimg ���� � ���� m��� �hitixwtin r ji}wmq tikrglwmjhl� wx ghi
z{| }hrtr}gitljgl}j qytlm� qljgytuiq }wmqlglwmj �{� � ���� m�� lj jy�it�wjiq rj r qwggiq klmi �srklq y� gw
ruwyg �� � �� j�� �him }w��rtlm� ghi klmij qytlm� qljgytuiq }wmqlglwmj �jwklq rmq qwggiq�n oi pmq ghrg ghiv
xwkkwo ir}h wghit ti�rt�rukv oikk� �g r��irtj ghrg ghi qljgytuiq }wmqlglwmj xwkkwo wyt tijykgj uiggit ghrm ghi
wmi xwt rkk }wmqlglwmj�

�ij�lgi ghi ql�itim}ij lm qrgr jign iki}gtw�r�migl} �rtr�igitn rmq gi}hml�yin ghi tijykglm� j�rglwgi��wtrk
}hrtr}gitljgl}j wx ml�hgjlqi rytwtrk i�ljjlwmj rmq ghi ml�hgjlqi z{|j rti lm ti�rt�ruki r�tii�img� {g ptjg
�krm}in wmi�rv rt�yi ghrg ghi }yttimg }rttlitj rti rkjw tij�wmjluki xwt ghi i�ljjlwmj uyg rj�imglwmiq ruwsi
ghlj owykq ui rm wsitjl��klp}rglwm�  rghitn oi lmgit�tig ghlj rj lmql}rglsi ghrg ghi j�rglwgi��wtrk }hrtr}git¡
ljgl}j wx ghi i�ljjlwmj rti jl�lkrt gw ghwji wx q¢ �wt z{|j�� �hlj jii�j kw�l}rk jlm}i uwgh rti �rtg wx ghi �¡�
jvjgi�rmq lm xr}g lg jii�jql£}ykg gw rt�yighrg ghivjhwykqql�it��iqwnhwoisitn jglkk i��hrjl�i ghijgtl�lm�
jl�lkrtlgv uigoiim ghiji gow jgyqlij qij�lgi ghi ql�itim}ij lm gi}hml�yi rmq iki}gtwqvmr�l} �rtr�igit�

¤¥ ¦§¨¨©ª« ©¬ ®¯¬°±§²³¯¬

�i hrsi qigit�lmiq wu´i}glsi rmq �yrmglgrglsi j�rglwgi��wtrk }hrtr}gitljgl}j wx �ti�lqml�hg �ijwj}rki
rytwtrk i�ljjlwm ���µ�µ m�� qytlm� r �itlwq wx xrltkv }wmjgrmg �wqitrgi �iw�r�migl} qljgyturm}ij� �hi jlm¡
�ki isimg jgyqliq lm ghlj �r�it �twslqij rm w��wtgymlgv gw �twsi ghi gi}hml�yi rmq �twslqij r �kl��ji wx ghi
�¡� jvjgi� }hrtr}gitljgl}jn uyg lg qwij mwg rkkwo �imitrk }wm}kyjlwmj� ¢ikwon oi jy��rtl�i ghi pmqlm�j�

¶� �i pmq r j}rki jl�i¡qi�imqimg srtlrulklgv ohiti ghi krt�ijg j}rki jl�ij rti jgruki wm gl�ij}rkij wx �lmygij
ohlki ghi j�rkk j}rki jl�ij rti �wti srtlruki� zwt i·r��kin rm rytwtrk xwt� wx ¶��� ��� }rm ui }wmjlqitiq
rj jgrgl} wm gl�ij}rkij wx ruwyg ¶� j wt kijjn ohlki r ¶�n��� ��� rytwtrk xwt� }rm ui }wmjlqitiq rj jgrgl} wm
gl�ij}rkij kijj ghrm r �lmygi�

~� �i �yijglwm ghi rjjy��glwm ghrg ghi j�rglwgi��wtrk }hrtr}gitljgl}j rti xrltkv }wmjgrmg uv ji�rtrglm� ghi
�wsli lmgw gow j�rkkit lmgitsrkj wx ql�itimg gv�ij wx rytwtrk qlj�krvj� �i pmq ghrg ghi j�rglwgi��wtrk }hrt¡
r}gitljgl}j srtlij qytlm� ghi isimg� �hi lmgitsrk wx kijj srtlruki rytwtr hrj �wti jgruki rytwtrk xwt�j wx

�¸�¢¹ �¹� ¹� {�� {¸ º {� |�{ {|�¹ ����|� ��
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STUTVTWXTY
Z[\]^__`a Zb cba db efg^h^a Zb cb Zf__i\\a jb k[hlimga fno pb pff` qrstuva d^hw\_fni[w` xy[wno fno `f_i\\^_i [l`iyzf_^[n` [{ o^`myi_i
fwy[yf\ fym`a `wl`_[yh fwy[yfa fno c\{z|n^m fwy[yf }^_~ �cd� fno �e�p�d ���a �� �������� ���� ����� �������a ���a ������stsa
o[^�tsbtssr�rstujcst����b

kf~\xyina eba �b �b �iyy a jb ¡b dihi_iya jb¢�b d_b¢pfwy^mia £b e[`[gf}fa pb jb ¤^m[\\`a pb �yi¥ina £b d~^[gf}fa fno Zb ei^n`i\hfn
qrstrva d]fmi¢_^hi zfy^fl^\^_  [{ ][\fy mf] ]f_m~i`� k^yim_ iz^oinmi {[y ^n_iynf\ ]\f`hf `_ywm_wy^nxa �� �������� ����a ��¦a cs�utra
o[^�tsbtsr��rstrjcst���tb

kf~\xyina eba �b db ¡fnm~i`_iya ¤b �zm~ing[a fno kb £b �~^_iy qrst�va �\im_y[o nfh^m` fno iniyx  m~fyfm_iy^`_^m` [{ fwy[yf f_ ~^x~ yi`[\w_^[n
l  []_^mf\ hi_~[o`a �� �������� ���� ����� �������a �§�a ¨����¨��©a o[^�tsbtssr�rst�jcsrr©©�b

�xi\fnoa cba fno �b jb �wygi qrstuva ª�«¬ �®«¯�«° ±�«�������� �²³ ����� ����²�� ´�µ«�«�° ¶·¶a d]y^nxiya �iy\^na
o[^�tsbtss�����¢u¢�©r¢ut©¨�¢¨¸ub

�[y` _~a Zba i_ f\b qrstrva �ih][yf\ iz[\w_^[n fno i\im_y^m ][_in_^f\ `_ywm_wyi [{ _~i fwy[yf\ fmmi\iyf_^[n yix^[n {y[h hw\_^`]fmimyf{_
hif`wyihin_`a �� �������� ����a ��¦a ctrrsua o[^�tsbtsr��rstrjcst��¨¨b

�¹iy\[iza jb �b qrstrva �~i dw]iypc� of_f ]y[mi``^nx _im~n^ºwia �� �������� ����a ��¦a cs�rtua o[^�tsbtsr��rstrjcst���ub
�¹iy\[iza jb �ba db �~_fn^a �b �^¹^hfa �b cnoiy`[na jb d\fz^na fno �b ¡i qrsttva Z~fyfm_iy^`_^m` [{ _~i _iyyi`_y^f\ »i\o¢f\^xnio mwyyin_ ` `_iha
±²²� ��������a §·qtsva t�tu�t�r�a o[^�tsb¨t�©�fnxi[¢r�¢t�tu¢rsttb

e[¥hfna ¼ba pb dwx^wyfa fno ¤b pf nfyo qt��¨va Zwyyin_ mfyy^iy` {[y _~i »i\o¢f\^xnio mwyyin_ ` `_iha ±³½� ����� ����a ¾q©va ts��tr�a
o[^�tsbtst��sr�u¢tt��q�¨v�str©¢ub

ewhliy`i_a �b £ba jb �b �¹iy\[iza pb dfhfyfa ¼b �b p^m~i\\a fno �b ¼b pfnn qrst�va �ih][yf\ m~fyfm_iy^`_^m` fno iniyx  oi][`^_^[n [{ ]w\`f_^nx
fwy[yf\ ]f_m~i`a �� �������� ���� ����� �������a �§�a �s����ts�a o[^�tsbtssr�rst�jcsrr�rtb

£f_f[gfa ¼ba ¿b p^ [`~^a kb efh]_[na �b �`~^^a fno eb £[Àfg[ qrstrva �w\`f_^nx fwy[yf li [no _~i w\_yf¢\[}¢{yiºwinm  yfnxia �� �������� ����a
��¦a cs�uu�a o[^�tsbtsr��rstrjcst����b

¡ nm~a £b cba kb �^i_y[}`g^a ¼b �b �[yliy_a ¤b �zm~ing[a �b pfyg\wnoa fno �b �y^hof~\ qt���va pw\_^]\i¢][^n_ i\im_y[n hif`wyihin_` ^n f
n^x~_`^oi fwy[yf\ fym� cwy[yf\ �wylw\inmi �� ]fy_^m\i [l`iyzf_^[n`a �������� ���� ´��a §Áqrrva uu�t�uu�©a o[^�tsbtsr��t����¡�ss¨��b
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