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Abstract

At the altitudeof theionosphee, the brightesauroral phenomenraredriven by a substorm triggered
in the Eartho6és ma g-aignedocarpnts.eThe spatidiempotalgaurordl vaedtiah
reflects not only the magnetospheric disturbance but also dynamic physical processes at the
magnetosphere and ionosphereljMoupling regionAuroras formed at the Ml coupling region are
characterized by finscale structuresn the order oh few klometers and it is often suggested that
dispersive Alfvén waves (DAWS) play an important role in the formation mechanism. Flickering auroras,
which are known to have the fastest temporal variainongthe auroraphenomenanaybe generated
by electromagnetic ion cyclotron (EMIC) wayeghich are ondype of DAWSs, and they often appear
before or during the auroral breakup. Open questasitflickering aurora area upper limit of the
flickering frequencyand what conditionsare neededo form flickering aurora This thesishas the
purposeof answeringthese questionby determiningtheir generation mechanisms using hggleed
fine-scale imaging observations.

First, we designed a continuous observational systitma high spatiotemporal resolution, which
was automatically controlled bgreattime auroral autaletectionsystembased on a machine learning
technique. It wadound that theaccuracy of theauroralautedetectionwas approximately 80% by
comparisorwith the results judged bautodetectionandeye. It was also found that the amoahtiata
was decreasedy 75% using the auroral auttetection system. Wwere finally able to obtain a
continuous observational system watbpatial resolution of ~50 nt the 100km altitude anétemporal
resolution of 320 frames per second (fps) over three winter seasons.

In order to chrify the necessary conditiofier flickering aurora, we statisticallyinvestigatedhe
basic property of flickering auroras using theéomatic detectioof flickering aurorasit is found that
the occurrence rate is basically proportional to the backgroundliokering auroral intensitand that
the bright aurorawithout the flickeringmodulation occasionally appears as the isolat®ed These
resultsindicatethat it is hard to excite EMIC waves withimaeak ancharrow acceleration regiott.is
alsofound that thdlickering frequency is narrobandand hasno correlation with the background
auroral intensityandthe substorm phas&hesesignaturesuggest that the flickering aurora occurs at
the lowaltitude acceleration regioil his result shows that the leatitude acceleration region would
play an important role in the excitation of EIMC wavEor the first time, it was alsfound that the
flickering amplitude (%) decreases with the backgroundftickering intensity. This variation would



be formed by the difference between the electron velocity determined by the parallel potential drop and
the phase velocity of EMIC wase

We alsofoundthe first evidenc¢hatflickering aurora may bemodulated by Ftband EMIC waves,
based on 160 fps optical observations. The fastest flickering auror& &9 #x transiently coexisted
with the typical 10 Hz flickerings a result oD*-bandEMIC waves within the brightest aurora around
the magnetic zenith. This result is strong evidence that flickering auacegenerated bynulti-ion
EMIC waves.

As an application of the higépeed imaging observationge focusedon therapidly moving fetures
of the pulsating aurora pulsating aurora has modulationt a few hertz embedded in the main
pulsation. During a pulsation Gphase, repetitive expansions are often observed around the edges of
pulsating patches. Approximately 80% of thik dedu@d expansion speedereless than 70 kni Sat
ionospheric altitudes, which is less than the projected Alfvén speed from the magnetospheric equator to
the ionosphere. The rapid motions with speeds of tenslahéters per secondre unlikely to be
explaned by obliquely propagating chorus elements, which are known to cause 3 Hz modulation,
because the perpendicular speed of the oblique chorus waves is faster than the Alfvédrspeéd.
candidateso generate the rapid spatial motiamghe slowmode Afvén wave

Our highspeed finescale imaging observation is helpfulMigualize waveparticle interactions and
to monitor plasma environments in thelMoupling region.
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1 Introduction

The subject of this thesis is auroras. This phenomenon is not only marvelously beautiful, but also a
scientifically interesting phenomenon which is visible on Earth. Long ago, some believed that auroras
were omens of disasgror signs from deceased relatives or of war. As comprehension of the Earth and
space sciences progressed, the aurora became an exciting research topic for scientists. In this chapter, a
general introduction to the auroraandrelggdd e nomena i n the Earthoés magne
system are presented.

1.1 Large-Scale Auroral Activity: Auroral S ubstorm

One of the most important breakthroughs in understanding auroral phenoragnadsl of large
scale auroral oval activity, a-®alled auroral substorm, first establishedAlyasofu[1964]. Although
the characteristic features of auroral displays are dependent on the local time and magnetic latitudes, the
time sequences of the auroral features over the entire polar cap were itegstigamg globally
distributed groundased observations. The lifetime of each auroral substorif3 isdurs and is divided
into three phases depending on the time sequence: the quiet phase, expansive phase, and recovery phase.
Figure 1.1shows the develapent of the auroral substorm at each stage. The quiet phase fin)
starts from quiet arcs elongated in the -@eest direction. The expansive phase follows, with the sudden
brightening of the quiet arcs froni ® min, and the arcs rapidly moves in theleward direction.
Because of the bulge expansion in the midnight sector, folds are formed in the evening sector and rapidly
move westward within B0 min, which is called a westward traveling surge. At this stage,-tikeaid
patches appear and drift iieard or eastward in the evening sector or the morning sector, respectively.
The recovery phase starts with the equatorward motion of the arc within 30 min to 1 hour. In the morning
sector, the patches spread extensively and drift eastward. After tlablisbgient and the equatorward
motion of the faint auroral arcs, the auroral oval activity returns to the quiet phase.
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Figure 1.1 Schematic of the development of the auroral substorm (Piaaofu1964]).

In order to understand the development preeg®f the auroral substorm, what triggers the substorm
and how the magnetospheric structure changes during the substorm need to be fdsomedt crucial
problems are the generation mechanism of the quiet arc and the initial brightening of therararmbf
at the substorm onséh terms ofa di sconti nuous phenomenon in the
ionosphere systeronvectiorof the magnetospheric plasm@ss been recognized to play an important
role in understanding the substorm. The most traditionodel was proposed IBungey[1961] who
introduced magnetic reconnections to drive the magnetospheric convection, as shown in the left panel
of Figure 1.2 When interplanetary magnetic fields (IMF) have a southward component, the energy of
the solar wnd, which is an origin of auroral particles, is thought tosbarel by the magnetic



reconnectiorat the dayside magnetopaugdter the reconnection, thi@jected solar wind is dragged
toward the midnight sector by flowing open field lines connected withe | MF under0o a Af
condition. This process forms a tail lobe region, which extends from the polar cap for hundreds of
(Earth radius, R. = 6370 km) tailwards and has antiparallel open magnetic fields on the boundary of
the plasma sheet regidnith the thinning of the plasma sheet, the magnetic reconnection occurs around
-20R,, at the sacalled near earth neutral line (NENL), and enhances the plasma convection. The reversal
convection toward the Earth caused by the reconnection flows towdrthieadawn and dusk sides. By
assuming the frozeim condition, we see that plasma flows in the northern ionosphere are driven by the
magnetospheric convection and result in ateth convection pattern as illustrated in the right panel of
Figure 1.2 Figure 1.3indicates the magnetospheric structure and the sub structures mentioned above,
which are divided by some boundaries.
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Figure 1.2 An illustration of the Dungey model for the convection pattern of the
geomagnetic field lines connected to the IMEftfl by magnetic reconnections. The
convection is carried by the field lines in the order indicated by the numbers. lonospheric
plasma motions driven by the convection are called-dglbconvection (right) (From
Kivelson and Russdll995]).
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Figure 1.3: An illustration of the threelimensional crossection diagram of the
magnetosphere representing magnetic field lines, plasma regions, and current systems
(FromKivelson and Russ€l1995]).

If the ionospheric convection exists, fiedtlgned currentdFACSs), which are coupled to the
magnetosphere, are necessary according to a conservation law for steady dijimengsd Potemra
[1976] revealed spatial distributions of the laspale FACs by statistical analyses of magnetometer
observations obtaigefrom a lowlatitude satellite, as shown iRigure 1.4 The FAC system is
traditionally divided into two groups: region 1 currents mostly connected to the magnetospheric
boundaries, and region 2 currents closed in the inner magnetosphere. Fladittidregion 1 currents
flow into the ionosphere in the morning sector and flow out from the ionosphere in the evening sector.
The lowlatitude region 2 currents flow in the opposite direction of the region 1 currents in each sector.
Since the main dissipatioregion in the magnetosphei@osphere (M) coupling system is the
ionosphere, the FAC plays an important role as a carrier of energy. Therefore, it is important to elucidate
the processes which drive the FAC system.



Figure 1.4 Distributions and flowdirections of largescale fieldaligned currents in the
northern higHatitude region during weakly disturbed conditions (Fitijima and Potemra
[1976]).

The Dungey model is plausible only when the electric field of the ionosphere, which is projected
from the magnetosphere along the magnetic field, is thought to be equipotential. However, it is becoming
clear that many observational results and simulation studies conflict with the frentka et al[2010]
showed that a global Mcoupling simulatiorreproduced the primary observed signatures of tbe 3
substorm structure and clarified the dynamical mechaniBigsre 1.5shows magnetohydrodynamics
(MHD) simulation results for energy conversions in the convection flow system during the expansion
phaseof the substorm; the separate panels show work done by the flow motional eBgtgy (
electromagnetic energ¥x), thermal energyH,), and convection flow-{,). This figure indicates that
there are two dynamod (A E ) dsiver®by the enhanced pressuréhat cuspmantle region and inside
the plasma sheet. It was also found that the region 1 FAC connects to timasibpdynamo and the
region 2 FAC connects to the plasma sheet dynamo by current line tracing, and that all of the FACs are
driven by magneting currents (gradP currents). The simulation study also provides new insight
indicating that the substorm represents the development and transition of the convection system, rather
than extraordinary plasma processes in the magnetosphere such asctegoon@stability.



Figure 1.5 Simulation result for energy conversion in the convection systarjsdiring

the expansion phase of the substorm. Three panels show work done by the flow motional
energy E,), electromagnetic energi), and therma¢nergy E;). In each panel, the upper

half shows the noemidnight meridian plane, and the lower half shows the equatorial plane
(FromTanaka[2014]).

It is worth noting that the global simulation is an extremely useful method to investigate the flormatio
mechanisms of macroscabind mesoscal@uroral phenomena (> tens of kilometers in scale) in the M
| coupling system, such as the quiet arc, initial brightening, and the westward traveling=tiinges]
et al, 2015a; 2015b; 2016]. Studies of fast amdroscale auroral morphologies with less than a few
kilometers in scale are beyond the scope of the global simulations. A valuable way to seek microscale
auroral structure is via grousizhsed observation using imaging devices with a high spatiotemporal
resolution.

1.2 Earthds |l onosphere

Before showing detailed auroral phenomena, such as the auroral type or the acceleration mechanisms,
an introduction to the Earthdéds ionosphere is gi"
accelerated electronisij ect ed i nto the Earthdéds upper atmosphe



or atoms. Almost all auroral light consists of emission lines and bands of neutral or iopi£2ddy
and N.Figure 1.6shows number density profiles of the neutral spemigselectrons for the day (solid)
and night (dashed). Although O has the largest number denditye igas above about 200 k@,
overtakes it near 110 km in altitude. Below and near 100 km in altitudlndNQ are dominant.
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Figure 1.6 Typical densi profile of the neutral species and the electrons for both day
(solid) and night (dashed) for medium solar activity and low magnetic activity, calculated
from the 1990 International Reference lonosphere and the MBISiEeutraldensity model

(FromRichmoml and Lu[2000]).

The auroral emission occurs approximately at an altitude between 80 km and 500 km; the altitude
depends on the energy of the electrons injected into the ionosphere. Thé ¢lgutron energy that
occursthe aurora ranges from a fewrtdred eV to tens of keV. The electrons effectively ionize the
atmospheric molecules or atoms at a stopping height dependent on the electron energy as shown in

Figure 1.7.
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Figure 1.7 lonization rate by electrons with various energies when the electmober
flux is 100 cn? st sr* (FromTurunen et al[2009]).

1.3  Type of Aurora

The auroras significantly change their shape and intensity depending on the phase of the auroral
substorm and the magnetic local time, as showhRigure 1.1 They are mainly dided into two
categories, discrete auroras and diffuse auroras, based on their different auroral intensities, structures,
and formation processes.

The discrete aurora is often visible to the naked eye and has various discrete forms depending on the
relatve distances between the observers and occurrence points such as auroral ardikeadaimas,
and coronal auroras. The auroral arc is generally located along thevesastlirection, and its
longitudinal length ranges from several hundred kilonsetiemore than a thousand kilometers. The arc
thickness varies from hundreds of meters to tens of kilometers. The discrete aurora appears on the high
latitude auroral oval, as shown by the line§igure 1.8 The acceleration mechanisms of the discrete
auora have been investigated in detail bysitu satellite observations and grodrased observations.
Nowadays it is thought that not only a qusisitic acceleration by a parallel potential drop, but also an
Alfvén wave acceleration, are important fastoas described in detail in the next chapter. Both
mechanisms accelerate electrons coming from the plabe®t boundary layer into the ionosphere
along the magnetic field line, using the parallel electric field.



The diffuse aurora is characterized byak@uroral emissions and consists of patches, veils,
or pulsations. It often appears on the d@ttude side of the discrete aurora over a wide region
for 1i 2 hours, as shown by the shaded regidfignire 1.8 The electrons producing the diffuse
aurora ome from either the central plasma sheet or the-Bagh plasma sheet, and undergo
pitch angle scatters by whistler waves around the magnetic equator. Since the electron energies
used to produce the pulsating aurora are so high (on the scale of huw@lgdss is thought
that the electrons would have significant impact on the variation of the upper atmosphere
throughout the process.

Figure 1.8 Schematic diagram showing the occurrence locations of the discrete aurora and
the diffuse aurora shown binés and shaded regions, respectively (FAdk@sofu1976]).

1.4  Acceleration Mechanismsof Discrete Aurora

1.4.1 Quasi-static Acceleration
From rocket and satellite observations, the characteristic structures of precipitating electrons have

been observed on th@ergytime (ET) spectrogram within the auroral arcs. These electrons have a
monoenergetic peak between 1 and 10 keV and show variations in the peak energy flux, whose peak
energy first increases then decreases in thealed inverteeV structure [e.g.Frank and Ackerson,

1971]. Figure 1.9 shows conjugate observational results using the FAST satellite to observe patrticle
properties and an aircraft to capturesidy images. When the satellite passed over the multiple arcs
elongated in the eastest diretion, a number of inverted electrons were observed. This result denotes

an apparent orm-one correspondence between the presence of the inkédtedcture and the auroral

arc.
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Figure 1.9 Snapshot of the multiple arcs captured from an aircraff).(& number of
invertedV structures (middle) and a variation of the precipitated energy flux (bottom)
obtained from the FAST observations when the satellite passed over the multiple arcs (From
StenbaelNielsen et al[1998]).

Another characteristic feate of the quasstatic acceleration is the large electric field (80000 mV
m™) discovered by S3 satellite observationdfozer et al. 1977]. This electric field is thought to be
the source of the discrete auroral afbgrpert and Mozer1978].Figure 1.10shows the electric field
and the particle observations done within the region of the auroral magnetic field line by the FAST
satellite Ergunet al.,20]. Panel (a) shows the electric field perpendicular to the ambient magnetic
field around and iside the acceleration region, with large positive and negative changes. This result
represers the convergence of the electric field structure and implies the existence of a parallel electric
field to accelerate electrons. Panelédjcdisplay the energiime diagrams for electrons and ions,
respectively; downwardccelerated electrons and upwandving ion beams were simultaneously
observed. This result indicates that upward parallel electric fields exist both below and above the satellite.
Panel (b) disglys the plasma density profile within the acceleration region; a depletion of the plasma
density, the s@alled plasma cavity, is clearly seen. It is found that the plasma cavity is dominated by

10



plasma sheet electrons with temperatures over 108neMhatthe density inside the cavity region is
often less than 1 cfn
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Figure 1.10 Variations of the electric field perpendicular to the magnetic field, the electron
density, and E diagramdor the electron and ion inside the qustsitic acceleration regio
observed by the FAST satellite (Frdtrgun et al[2000]).

Theoretical investigation of the quasatic potential drop has been addresd€aight [1973]
established a currenbltage relation, thesoal | ed O6Kni ght rel ati den 6, whi
proportional relation between the fieddigned current in the ionospheye.f) and the parallel potential
drop (V-) over a broad rangéL eYg-/ksT.L Ruas follows:
0 0 Yi-

where T.andR), areelectron temperature, and the mirror ratio, Knid the Knight conductance given
by

. Q¢ .

0 ————=—h

DT YA,

¢ta QY
wheremeandn areelectron mass and density.
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This relationship shows that the parallel electric field can drive thedledded current against the
magnetic mirror force, although Knigtitd not give a theoretical description of how the patalectric
fields are supported and how they are distributddrooka et al.[2003] illustrated the seasonal
dependence of the altitude profile of the parallel acceleration region by using the Akebono satellite.
They reported that most of the electronederation region is located at lower altitudes (I@IDO km)
in the winter season, although there is no apparent dependence of the altitude profile oviet 08000
km range in the summer. They suggest that the seasonal changes to the acceleratiarertigiiy
controlled by the seasonal changes of the ambient plasma density on the auroral field line. Auroral
kilometric radiation (AKR) has also been used for the altitude estimation of the auroral acceleration
region, because it is emitted from the signcavity region through wawvgarticle interactiondviorioka
et al. [2007] found two sources of AKR which develop prior to and during the substorm. The low
altitude source region appears during the substorm growth phase in the altitude range fid&@00000
km. On the other hand, the higltitude source region abruptly appears at the substorm onset in the
altitude range from 60022000 km, due to either the currehitven instability or the Alfvénic
acceleration.

Detailed altitude distributions for the agistatic potential drop have been investigated by various
rocket and sa&tlite observationskigure 1.11is a schematic illustration of the altitude distribution of
the parallel potential drop in the upward current regigrgin et al, 2004] derived fro satellite
observations and simulation studies. The location of the auroral potential is generally between ~1/2 and
2 Re in altitude, and the parallel electric fields are concentrated in at least two locations along the
magnetic field line. A lowatitudepotential drop generally carries ~10% to ~50% of the total potential
drop at the boundary layer between the ionospheric plasma and the cavity region and is characterized
by a strongdedl >, whereT.are the electron and the ion temperature) oblique double layer. Density
cavities are confined by two layers of the electric field. Inside the auroral cavity, the majority of the
population is made up of electrons of magnetospherignoaind, often, ions of ionospheric origin, and
the quasheutrality is required by the electric field.
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Figure 1.11 A schematic illustration of the parallel potential drop of the upward current
region. Dashed lines and solid lines indicate the magfietitline and the equipotential

line, respectively (Frorirgun et al[2004]).

1.4.2 Alfvénic Acceleration
Although the inverted/ acceleration is a prevailing mechanism behind large auroral structures with

sizes ranging from a few kilometers to tengit@meters, how smalcale auroral structures are created
has remained an open question for over half a century [daggs and Davis1968].Borovsky[1993]
reviewed 22 mechanisms behind auroral arcs and concluded that there is no process to effdain wid
on the order of 100 m. The acceleration by Alfvén waves, toakbed Alfvénic acceleration, has been
proposed for the smallest scale of the aurora [Btgsiewicz et al2000].

The Alfvén wave is a lowirequency electromagnetic wave in a condwgfiuid. Assuming that the
Alfvén wave propagates obliquely with an angik® the magnetic field line, which is oriented along the
Z-axis, it is possible to obtain three wave modes under the linear analysis oejitdbons for avave
with frequencies dew the ion gyrofrequencya shear Alzén wave, and fast and slow magnetosonic

waves. The shear Alfvén wave has a frequency
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whereV, is theAlfvén velocity,andB, €o, and}; are the strength of the maggit field, the permeability

of free space, and the mass density of ions and electrons, respectively. The wave is purely transverse
(incompressible), and does not propagatt at=, bécause the magnetic tension force vanishes at this
value. The fast anslow magnetosonic waves have the frequency

2% s o 6 tws Al O6TH
o
where

\ 0
O —_—

whereCsis the speed of sourathdPy, } o, ando are the unperturbetiermal pressure, the mass density,

and the ratio of specific heats, respectively. These two magnetosonic waves are compressible and
correspond to the fast (+ sign) and slewign) modes. The fast mode propagates in all directions, and

the phase speed the perpendicular directiod ( =) is fdst2r that the Alfvén speed mode. However,

the slow mode cannot propagate perpendicul®&: fthe fast mode arises from theghase oscillation

of the magnetic and plasma perturbations, and the slow mode arises from théiploase oscill@ons.

An ideal MHD wave cannot generate a parallel electric field and thus the wave does not contribute
particle accelerations to form the auroral emission. There is, however, a domain that is changed by the
dispersion relation of the Alfvén waves, whehe wave can produce a parallel electric field. This
happens when the wavelength perpendicular to the magnetic field becomes comparable either to the ion
gyroradius at the electron temperatyrss (T¢/m)Y% &, the ion thermal gyroradiug; = (Ti/m)Y% &
[Hasegawal976], or the collisionless electron skin depily, G d[Goertz and BoswellL979], where
¥, IS the ion cyclotron frequency ang ¢ is the electron plasma frequendyen by

no
o

There are two different forms of dispersive Alfvén waves (DAWS) with frequencies less ¢han
which have a fieléhligned electric field depending on the altitude. Thaytaaditionally categorized
into inertial Alfvén waves (IAWs) and kinetic Alfvén waves (KAWSs). At the magnetosphere, the shear
Alfvén waves are launched through a sheared plasma flow during magnetic storms or reconnections,
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and propagate towards the ionbepe. At higher altitudes, the electrons are significantly hotter, and
their thermal velocityVie=(2TJ/me)'2, is higher tharVa. In an intermediaté plasma regionny/m < b

< 1), the wave is characterized as a KAW, and the parallel electric force is balanced by the parallel
electron pressure gradient. The dispersion relation and the electric field of the KAW can be written as

follow:
- Qo
bR Ty
.O ':'Q':'Q,,
— ———8
@] p Q”

At lower altitude, however, where the plashis low b </m)at only 2' 3 R.above the ground
surface, Vs is less than/ and thus th wave has the property of an IAW, whose parallel electric field
is suppoted by the electron inertia. The dispersion relation and the electric field of the IAW is

Qw
p Q_
0 ® q_ o
0O Qp Q_

Whenk, %a? ~ 1, this relationis same as the relation of the MHD Alfvén waves.

1

The electrons accelerated by the Alfvén waves have broad energy ranges from tens of eVs to keVs,
field-aligned distributions, and tirref-flight (TOF) energy dispersions [e.g\rnoldy et al, 1999;Tung
et al, 2002;Chen et al. 2005].Figure 1.12shows an example of simultaneous observations for the
electrons and the auroral distribution obtained from the REIMEI satellite, whitdecutivelypbsered
elections accelerated by both Alfvéraveand quasktatic inverteeV potential The discrepancy in the
electrorenergy rangé clearly seen during the first 10 s and the last 1Bgre 1.12a. Wavenumbers
perpendicular to B were estimated from thweticity as shown irFigure 1.12-e, which is calculated
from the optical flow. The figure shows the different distributions of the wavenumbers between the two
acceleration mechanisms, using a dispersion relation for the Alfvén wave and a\ooltegrerelation
for the theoretical gpststatic acceleration model.

15



Reimei i
65°N 24T°E msl) Southward
10000 T

2005:1:22/09:41;

e energy (eV)

Energy Flux (eV/cm’-s-str-eV)

2 10 « 20

Vorticity (s’) © Int. 670 nm (kR)

[ T ]
©o

Figure 1.12 Simultaneous observation of electrons (a) anddicede auroral structures (b
and c) accelerated by the Adiv wave and the quastatic potential obtained from the
REIMEI satéelite. Vorticity (d and e) derived from the optical flows is shown by the small
arrows in Panelde (FromChaston et al[2010]).

After detailed study of sma#icale auroral morphologgemeter et al[2006; 2008] reported that
breakup arcoackmedidoststaofucfiaurres on the order of 1C¢C
from the center of the arc packet and then fade out at some distance like a cascade, as shown in the left
panel of Figure 1.13 They proposed that the smatiale motion is formedybthe upward parallel
electric field of thanertial Alfvén wave propagating obliquely within a resonance cone, as shown in the
right panel ofFigure 1.13 A schematic illustration indicates that the auroral structures move with a
group velocity perpenditar to B away from the center of the arc, when itnertial Alfvén wave
propagates away from an apex of the resonance cone.
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Figure 1.13 Schematic illustration of auroral structures formed inirgrtial Alfvén
resonance cone by the electron accelengifocess through the parallel electric field of the
dispersive Alfvén wave (FroiBemeter et a[2008]).

Figure 1.14also shows the simultaneous optical and electron observations obtained from the REIMEI
satellite Asamura et a).2009]. Electrons accebtted by thenertial Alfvén wave are embedded with
the invertedV electrons during two time periods shown by blue horizontal lingke top panel of
Figure 1.14 While these electrons are observed, there are four distinct arcs labeled A, B, C, and D in
the bottom panel ofFigure 1.14 These arcs have fine structures such as folds, vorticities, and shear
flow motions with speeds betweeni 18 km s'. Asamura et al[2009] proposed that instabilities in the
shear flow motion may drive the emission of ithertial Alfvén wave, which then accelerates electrons
below the guasstatic acceleration region.
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Figure 1.14 Simultaneousmeasurementof electrons topl) and finescale auroral
structuresljottom) obtained from the REIMEI satellite (Frofsamuraetal. [2009).
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1.5 Flickering Aurora
1.5.1 General Property

A flickering aurora is a type of discrete aurora with periodic luminosity oscillations, and has been
observed by grountased imaging observations since the 1960s [Bagilson and Shepherd966].
The flickering aurora was hamed Bgach et al[1968] in distinction from pulsating auroras, which are
classified under the diffuse aurora. It typically appears as small spots or patches within active and bright
auroral arcs, or as surges just prior to and duauroral breakupBeach et al. 1968;Berkey et al.
1980;Kunitake and Oguti1984;Sakanoi and Fukunish?004]. When viewed along the magnetic field
line, it forms clusters of rotating and driftjismall spots or patches with2D km diameters [e.gBeach
et al, 1968;0guti, 1978;Kunitake and Oguti1984;Sakanoi and Fukunish2004;Sakanoi et al2005].
When viewed from the perpendicular direction to the magnetic field line, on the other hand, it appears
as vibrating columns of auroras verticadipngated up to I@0 km [Oguti, 1978;Kunitake and Oguti
1984; Sakanoi and Fukunish004]. The typical frequency ig 85 Hz [e.g.,Paulson and Shepherd
1966;Beach et al.1968] which is comparable to oxygen ion cyclotron frequencies at altituddewef a
thousand kilometers. The flickering amplitude has often been reporte@@®20% of the background
auroral intensity Berkey et al. 1980; Kunitake and Oguti 1984; Sakanoi and Fukunishi2004;
Gustavsson et al2008;Grydeland et al.2008;Whiter ¢ al., 2010].

1.5.2 Generation Model

Many satellites and sounding rockets have observed electron flux modulations in auroral arcs. These
electrons are considered to form the flickering aurora. They usually appear adidiett! electron
bursts (FABs) with aapetitive frequency ranging from a few Hz up to the vicinity of 100Ltz &nd
Hoffman 1979 Spiger and Andersori985; McFadden et a).1987], which are embedded into the
invertedV electrons. They also have energy dispersion structures over a wideframga few tens of
eV up to a few keV, which is comparable to invertédnergiesas shown irFigure 1.15[e.g.,Arnoldy
et al, 1999;Tung et al. 2002;Chenet al, 2005]. On the other hand, some studies reported that the
electron energy range was walove the invertel energy, reaching values up to 120 keV [eEyans
1967;Arnoldy, 1970], and that it was restricted to a harrow energy range below the peak energy, of only
10i 20 keV [e.g. Spiger and Andersgri985;McFadden et a).1987]. The soukealtitudes of the FABs
have been estimated at 24QQ000 km, which is comparable to the altitude range of the parallel
potential drops, using three different methods: enéirgg dispersionsNicFadden et a).1987;Arnoldy
et al, 1999;Tung et al. 2002] pitch angletime dispersionsifemerin et al.1993;Arnoldy et al, 1999],
and the lag time of wave oscillations and electron flux modulatiamnsd etal., 1995].
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Figure 1.15: An example of fielealigned electron bursts observed by the PHAZBcket
The color scale shows the count rate in units écb@nts/s (FromArnoldy et al[1999]).

There were several models postulated to explain the repetitive electron Iwais [1967]
suggested that the flux oscillations could be produced by-pastele interaction. The plasma waves
excited by a monoenergetic electron beam resonate with the electrons of a certain gyrofrequency and
heat them up to high energy in a direction perpendicular to B. The flux oscillation is caused by the
repetitive relaxatiorvariation of the wave with a time constant from excitation to damgtegkins
[1968] quantitatively exte d e d  Enedelto £xfplain stochastic acceleratiby electrostatic plasma
waves due to beadiriven instability. They estimated a critical valudltd monoenergetic electron flux
(7 x 10 cm? s* strh) required to cause the stochastic acceleration, and found that the acceleration occurs
on a time scale of 10s. This model, however, could not form lowemergy fieldaligned flux
modulatiors.

To interpret the loweenergy fieldaligned flux modulationl.in and Hoffmarf1979 suggested that
the field-aligned fluxes were produced from cold secondary electrons heated parallel to B by Langmuir
waves, which are assumed to be produced by instabilitiee iprimary inverted/ electrons although
the large wave amplitudes required to cause the wave heating have not been dbsta/d®86] also
suggested that the cold secondary electrons are trapped at the edge of the acceleration region through a
turbuent process of E x B drift motion and are released by an ion cyclotron wave.

Arnoldy et al.[1999] reported FABs which have energy dispersion ranging from the order of an eV
to a keV, and pitch angldispersions at energies equivalent to inveleglections at the same time. In
order to explain these signatures, they proposed another mechanism: a spatially limited-Vhverted
potential that turns on and off at ion cyclotron frequencies.

The most widely supported model is Landau resonance interactiongemetalectrons and
electromagnetic ion cyclotron (EMIC) waves, suggestetdidmerin et al[1986]. The equation of the
resonance condition is given by

20



whereV, and V. are the parallelphase velocity of EMIC wasgeand the pallel velocity of the
resonance electron, respectiveBMIC waves are dispersive Alfven wawvetth a dispersion relation
given by

) LI
1 P
'r% p ':'Q=
whenky/ k-, andelectric fields can be writta as follow
D d 3} T
Qs W 0
— T 8
O 7 p
1 1 Y TQ

We get the dispersion relation of the |1AV@m that of EMIC wavsusingthe low frequency limity L
¥q. Figure 1.16 represents latudes profiles of the magnetic field strength, number densitieshef
electronand ions.cyclotronfrequency andelectron inertia length, respectiveljhe magnetic field is
calculatedoy the IGRF model in the magnetic zendgttthe observationaite The heght profiles of the
proton and oxygen are given by

‘ L a
A

: ®rpm £
A UBCA B
QO o

e & ¢ h
whereny, no, andne are number densitig€sn®) of protons, oxygen ions, electrons at the altita¢len),
respectively. These relatis were modified b$akanoi et al(2005) based on the altitude profiles used
by Temerin et al[1986] andrepresenthe typical density in the auroral acceleration regiroept for
the cavity regionThe cyclotron frequencieand electron inertial lenkygtwere calculatedrom the
modelled magnetifield andelectrondensity profiles, respectively.
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As shown inFigure 1.17 the parallel phase velocity of the wave increases as the wave propagates
toward the ionosphere, but its amplitude decredses; showed that some thie field-aligned electrons
originated from the ionosphere (cold secondary electrons) and that the ionospheric electrons trapped or
reflected by the wave were accelerated up to keV energies below the main auroral acceleration region
by a test particle sintation. They also found that the electron flux was modulated at the wave frequency
depending on a local cyclotron frequency. However, it is pointed out that in this model, the electrons
were accelerated up to only a few keV by realistic wave amplitiMiegiSgdden et al.1987].

2Rg

EARTH

1Re 2R

Figure 1.17 A schematic illustration of the amplitude and parallel phase velocity of the
electromagnetic ion cyclotron wave (Frdramerin et al[1986]).

Lund et al.[1995] reported a first simultaneous observation of FABs aadtreimagnetic wave
oscillations obtained by a sounding rocket launched into a strongly flickering auroead shown in
Figure 1.18 All the frequencies of the electron flux modulation, the wave oscillation, and the auroral
intensity variation were appmxonately 10 Hz, which is comparable to the oxygen ion cyclotron
frequency at an altitude of 4500 kifemerin et al[1993] showed in a simulation study that the
bandEMIC wave withfrequencies betwedne+ andfs. could create flux modulations of fieligned
electrons with the same frequency; the result was supported by simultaneous observations of particles
and waves obtained from the FAST satelltdcFadden et al.1998]. Other satellites and sounding
rockets have identified Hband EMIC waves [e.gGurnett and Frank1972;Temerin and Lysaki984;
Gustabson et al.1990;Erlandsonand Zanettj 1998].
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Figure 1.18 A simultaneous observation result of electromagnetic waves and electron flux
fluctuations with oxygen ion cyclotron frequencies oliedrby the Auroral Turbulence
sounding rocket launched into the flickering aurora (Ftamd et al.[1995]).

Erlandsonand Zanett[1998] statistically investigated the occurrence property of EMIC suasiag
the Freja satellite and showed that the waften occursat auroral latitudes (6872° invariant latitudes)
in the premidnight sector (1800100 MLT) with a seasonal dependence, whose properties are same as
those of the invertel electron precipitation. They suggested that the free energy of EMEs\vg
the auroral electron precipitatioifhe plausible candidate has been thought of d®amdriven
instability, which occur in or just below the auroral acceleration region Teemerin and Lysaki984.
Numerical studies othe growth rateof O EMIC waves, however,could notexplainthe observation
[Lund and LaBelle1997. In order to increase the growth rate, the coldecteonbeam orthe larger
beam density relative to the total electron densityich means the auroral cavity regittiman assmed
model are requiredlhese results also implying that nonlinear or inhomogeneous plasma effects must
play an important role in the instability. In additiohetmaximum convective growth rate is clearly
proportional to the frequenaxcept frequenciedose to the cyclotron frequencies duo to the cyclotron
damping effectsThe excitation mechanisms of EMIC wavecluding the effects of the nonlinear
inhomogeneous plasmith the finite temperaturieas remainedn open question

In a multkion species lasmathe propagation properties of EMIC waves in the rrohiplasmaare
more complicated than those in a single speaseshown in AppendifSmith and Brice1964].
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Gustafsson et a[1990] also reported that Feand events at frequencies betwees thiclotron
frequeny of oxygen ionsfo+, andthat of fre+ wereobserved byhe Viking satellite, although was
revealed by ray tracing calculations thia¢se wavesare typicallydifficult to detectbecause the He
bandwave tends to latitudinally spad outto an extent that exceeds thoséhaf H-bandand O-band
waves with frequenciesfs: [Lund and LaBelle1997]. McHarg et al.[1998] found auroral intensity
fluctuations with a broadband frequency in the range 06831z and with a maximum frequenof
180 Hz by using a grouddised higispeed photometer, and these fluctuations were interpreted as
lighter ions such as Fier H".

The generation mechanisms of the temporal and spatial structures of the flickering aurora have been
consideredSakanoiet al.[2005] suggested that the spatiotemporal variations of flickgrdnches can
be formed byinterference wae which are consisting of an incident wave and a reflected viavee,
resonanceaneas shown in the top left panelligure 1.19 The topright panel ofFigure 1.19shows
a schematic illustration of the dark (A) and bright (B) flickering patches which are formed by the
downward (A®6) and upward (BO6) parallel electric
angle. The scale ahe flickering patch corresponds to half of the perpendicular wavelemgtof ¢the
wave mapped onto the auroral emission altitude, and the flickering frequency is reflected by the wave
frequency.Sakanoi et al[2005] also showed that the interferencevevavith opposite perpendicular
wave vectors could form standing flickering patches (Case A) and drifting flickering patches in the
horizontal direction with time (Case B), as showrthia bottom panel dFigure 1.19 using a simple
eqguation given by

0 OATQw Qa1 0 GAITQw Qa1 oh
whereE skis kzs,and¥ s are the parallel electric field, the horizontal and vertical wavenumbers, and the
angular frequency of theth wave, respectivelyn order to get a clear insight into the spatiotemporal
patterns of the flickering patch, it is assumed Eat E; = E andk; is constant at a given altitudeand
thenthe equatiorshown abovean berewroteas follow:

(€] q'o&)égh Qw1 1 0 :ﬁ)ég’Q Qw1 1 o 8

This equation clearly shows th& has twomodulatedcomponents of the wave frequency and the
horizontal phase velocitya highfrequency component with freguey ¥n=  {4r 2¥2, a low

frequency component with frequerey= (1 ®2)/2, a large phase velocitgn= 2¥n/|ka+ kx|, anda

small phase velocitys=  Z|k11 k. The interference wave comprising two waves with two different
frequencieand wvavenumbers makes beat and moire patteletermined bysn, ¥1, Vo, andvy, in the

spatial and temporal variatioGustavsson et a[2008] also showed that the rotating motion of the
flickering patch could be formed by more than two waves, by extensfon Sakanoi 6s model
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Figure 1.19 A schematic illustration of the generation mechanism of the flickering patch
(above) and calculation results of time variations of the flickering patch fobyed
interference waves (bottor{ffromSakanoi et al[2005]).

1.5.3 Recent (bservations
A multispectralnarrowFOV (3.1° x 3.1°) observation revealed that many examples of the smallest

flickering structures as narrow as 16Cairthe ionospheric altitude, which were four times larger than
the spatial resolution of the caragWhiter et al, 2008] In orderto investigate the spatial characteristics
Michell et al.[2012] conducted 2B patialFourier analyses of the flickering everftiggure 1.20shows
power spectral densities of the flickering event inrtbegh-southandesst-west directios. They showed
that an asymmetry of tiiickering patchscale, whose eastest direction was twice as large as its north
south direction, and also that therpendiculawavenumbedoes not extenthrgerthan2 x 10° m™.
They suggestethat the asymmetry of the patch structusgsroduced by interfering EMIC waves with
differentk and¥. The smallest scale of the flickering structure is comparable to ‘then@yroradius
scale They also suggest thtite finite gyroradius effeanakesa cutoff of the flickering patch size.
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Figure 1.2Q0 Spatialpower spectra densitiesof the northrsouth and easatvest drections
(FromMichell et al.[2012]).

Whiter et al[2008 alsoreported that there is a temporal correlation between the flickstiangth
and the background auroral intensity, although there is no spatial correlation between the two on a small
scale.They concludedthat the spatialde-correlationis possible to be formed dyMIC waves rather
than the on/off turning of the poterit&ructure proposed bArnoldy et al[1999].

Whiter et al[2010] foundrise or fall signatures of the flickering frequengigh short intervals (02
s), called chirpsin a few flickering @entsas showrfigure 1.21 They also found that the flickering
electron energieare from 10 to 40 keMwhich wereestimated from a power spectral density ratio of
Ol and N emissions and that the flickering electron energies weigher than the background ron
flickering electron energies estimated from the intgnsitio of Ol and M This results indicate that the
wave acceleratiomccursat altitudesabove the potential dragnd the flickering electron &ccelerated
by the potential drop agaiKataoka et al[2011] reportedthat the precipitating electron engrat the
leading front of the moving flickering patch is higher than that at the trailing part, by takinggegh
observations at wavelengths of 670.5 and 844.6Tmey suggest that this signature probably associated
with the Landawdampingor TOF effect.
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Figure 1.21 Intensity and frequency variations of two emissions when a down chirp was
observed. Flickering electron energies were estimated from the power specitglrdéns
of the two emissionf-romWhiter et al.[2010]).

Recently, Yaegashiet el. [2011] determined that approximately one third of flickering events
involved broadband frequencies in the range 62z by using higispeed imagings showrrigure
1.22 The flickering eventsould not be explained by"@MIC waves, shown by dashed line, because
the frequency ranges and spatial scales estimated by the Fourier analysis were not consistent with the
theoretical dispersion curve of thé BMIC wave. These results indicate that ldad H EMIC waves
may also contribute to produdeethigh frequency flickering auroradowever, the time resolution of
the imaging system was not sufficiently high to detect variations >50 Hz due to thesEadnfging.
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Figure 1.22 Dispersion relation estimated from the flickering frequenciestaagatch
sizes observed by the groubdsed imaging of 400 fps samplingFrom Yaegashi et al.
[2011)).

1.6 Purpose

The main purposeof this thesis isd elucidate the generation mechanisms of the flickering aurora.
The flickering aurora has been thoughtb generated near the auroral acceleration region where is
corresponding to M coupling regiomand isrequiredcomprehensive understanding through the field
aligned current. The cavity regiowhich is also thought to be the source of the flickeringrayisalso
regardedas an excitation source of many plasma wavesorder to understand the generation
mechanisms of the fingcale auroral morphology including the flickering aurdtds necessary to
clarify the wave excitation process arttie waveinteractionwith electrons In this study, wenstalled
the grounebased higkspeed imaging observation as a means of visualizing theddpling region in
detail. Understanding the generation mechanisms of the flickering aurora would contdbate
compehension of the plasma physics for the wpasticle interaction within the auroral acceleration
region.

In order to elucidate the generation mechanighis,study focuses on the occurrence property and
the frequency property of the flickering auroMany previous studies have reported that flickering
auroras often occur just before and during the auroral breakup. However, there has also been a few
reports on flickering auroras that were not associated with a breakup [e.g., Berkey et aKuh@8ke
and Oguti,1984;McHarg et al, 1998;Sakanoi and FukunishR2004. Sakanoiand Fukunishi[2004]
pointed out that the flickering occurrence rate is not necessarily proportional to the auroral luminosities.
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Thecharacteristics aduroralwith and withouflickering stricture has been remained unclear, sthee
statistical study on the flickering aurorarire. In this study, statistical studiese conductedo
investigate the relati@between the flickering occurrence and blaekgroundauroral intensit and the
background micracale shear motioris/ developinghe continuousbservational system

Anotherbasic property of the flickering aurora is flickering amplituddse Tlickering amplitudeo
the background auroral intensttgs been reported te 4 ®%6i 20%in many previous studig8erkey et
al., 1980;Kunitake and Ogutil1984;Sakanoi and Fukunish?004;Gustavsson et al2008;Grydeland
et al, 2008;Whiter et al, 2010] However, he origin of this ratio is not yet understodil.this study,
we statistically investigate the flickering amplitude aich to clarify the meaning of the flickering
amplitude.

In a multiion species plasma, Hband EMIC waves were identified by in situ satellite observations
[e.g., Gurnett and Frank1972;Temerin and_ysak 1984;Gustafsson et gl 1990;Erlandson et al
1998].McFadden et al[1998] reported the simultaneous observation Gbeind EMIC waveand the
flux modulation of fieldaligned electrons with the same frequency as the wave by using the FAST
satdlite, which was predicted based on a simulation studydyerin et al[1993]. Gustafsson et al.
[1990] also reported that Feand events were observed by the Viking satellite, although it was revealed
by ray tracing calculations that these waves guedjly difficult to detect because the Heand wave
tends to latitudinally spread out to an extent that exceeds those dttiaméiand Gband wavesljund
and LaBelle 1997]. These satellite observations imply the possibility that bettbeind and F+band
EMIC waves contribute to produce hiftequency flickering auroras.

McHarg et al.[1998] found auroral intensity fluctuations with a broadband frequency in the range of
35 60 Hz and with a maximum frequency of 180 Hz by using a grbaiseéd higkspeedphotometer,
and these fluctuations were interpreted as lighter ions such as He RecentlyYaegashi et €[2011]
foundthat approximately one third of flickering events involved broadband frequencies in the range of
20i 50 Hz by using higispeed imging. The flickering events were interpreted as-biend EMIC
waves as opposed to Eband EMIC wave However, the time resolution of the imaging system was
not sufficiently high to detect variations >50 Hz due to thefp8@ampling.In order to investigte the
frequency property of the flickering aurora, west the hypothesis that the flickering auroras are
generated by mutibpn EMIC waves by realizing the grouhdsed higkspeed imaging observation with
a sampling rate of 160 fps.

As anapplication ofthe highspeed imaging observations, we focugapid spatial motions of the
pulsating auroraTl he pulsating aurora is characterized by an irregula®GPRN switching of the auroral
intensity and a quagieriodic intensity modulation of 3 Hz. The comptis spatial and temporal
motions of pulsating patches have been observed and classified into several typ€g{,glo78;
Yamamoto and Oguti983. However, spatial variation in pulsating patches associated with the 3 Hz
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intensity modulation has rdyebeen reported, excefar Nishiyama et all2016]. In order to investigate
the fundamental property of the pulsating aurora, such as the velocity and the direction for the motion,
we investigate the rapid spatiotemporal motions of the pulsating aurora.

This thesis consists of 7 chaptdrsChapter 1, a general introduction of the Magnetosphere and the
lonosphere, an introduction of the flickering aurora, and purpose of this thesis are présdéiiager
2, high-speed imaging camerasedin this stug andthe newobservational systemwith the auroral
autodetection systeris describedIn Chapter 3in order to clarifythe basic property of the flickering
aurora, thestaistical studyon the occurrence propertf the flickering auroraand on the flikering
amplitudeare describedn Chapter 4, an event study on the fastest flickering auvaginvestigate
to clarify the frequency propertyf the flickering auroraln Chapter 5, hlsoinvestigateanother aurora
with quasiperiodic luminosity oscifition, that is the pulsating aurora, withe spatial motion
accompanied with the 3 Hz modulatias an application of the higdpeed imaging observatioris.
Chapter 6, weomprehensivelgliscusghe necessary condition and the generation mechaniste of t
flickering aurora General conclusions are given in Chapter 7.
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2 Observations

In order to investigate the basic properties and the fastest modulation of the flickering aurora, our
observational system needed to be designed so that treefileestrature on the order of 10 with the
fast motion at over 100 Hz can be continuously detected. To achieve the spatiotemporal resolution, an
observational system had been developed by National Institute of Polar Research (NIPR) and Institute
for SpaceEarth Evironmental Research (ISEE) at Nagoya University since 2014 as a collaborative
project. The author was particularly involved with the development of a continuous observational
systemshown inSection2.3. The observational system and the setting paras&esicquire images
were updated every year. This chapter describes the specifics of the cameras used in thige study,
corfiguration ofthe observation system and the data acquisition systems, for three winter seasons.

2.1 Instrumentation
2.1.1 sCMOSCamera

In order to reveal the higlspeed and finscale auroral morphodly, we introduced scientific
complementary metaixide semiconductor (sCMOS) cameras (OREAsh 4.0V2, Hamamatsu
Photonics, shown ifigure 2.1). The readout structure of CMOS image sensoriffireint from that
of well-known charge coupled device (CCD) image sensors. Each pixel of the CCD image sensor
consists of a photodiode and a container to convert the incident light into accumulated electric charges
at each container. The electric charges carried by the bucket brigade method and finally converted
into an amplified voltage. In contrast, each pixel of the CMOS image sensor consists of a photodiode
and an amplifier to convert the incident light into amplified voltages. The voltage islydiremd out
from each pixel by continuous switching. The CMOS image sensor can also read out only signals from
the selected area, which is referred to as aastdy function usingon-chip column analogo digital
converters This functionenabls the hgh-speed read outdepending on the selected area sime.
addition,correlated double samplingse adopted to suppress the generation of the raigeto these
differences in the seaos structure, the CMOS image sensor is able to achidew-amoise anchigh-
speed readoul.he sCMOS camera used in this study actually achieved thespigd readout of up to
100 fps for the 2048 x 2048 pixel image, which could not be accomplished by other CCD cBkoreras.
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these reasons, it can be said thet greatest adntage of the sCMOS is the high spatiotemporal
resolution.

Figure 2.1: sSCMOS camera (ORCAKlash 4.0v2, Hamamatsu Photonics) equipped with
a NIKKOR 50 mm/F1.2 lens.

2.1.2 Calibration

An important factoto determinghe sensitity of camerais aquantum efficiency(QE), which is a
conversion efficiency from incident lighP) to the electric chargeThe quantum efficiency of the
sCMOS camera used in this study is alsecagtely high; it is more thar0% at 600 nmAn input
signal § detected in one pél is expressed as follows:

Y 0 000

whereM is a multiplication constanof the charge in EMCCD (Electron Multiplying CCD) camera,
which is referred to aEM gain with a range from 1o 1200 EM-CCD camerasrealso one of the
sensitive cameras widely usethe valueof EM gain of the sSCMOS camera is $ince the sCMOS
camera does not have the charge multiplication.

In order toknow the performance tfie SCMOS camerd,is important taquantitatively evaluate the
noise levelA total noise detecteith one pixelis given by:

0 6 6 o0 0 0

whereNs is thephoton shot noiseN; is thereadouoise Ne is the excesnoise Nqy is the noise from the
dark current, andN, is thebackground lightThe photon shot noise is caused by fluctuasiof the
conversion from the incident light to charge and is expresstl@ass:

6¢ 000
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The readout noise is caused by reset on the conversion amplifier from charge to Tdleagrcess
noise is produced by the charge multiplication iea EM-CCD camera, and the noise factén) is
statistically calculated to dé2. The factor of the CMOS camera iSThe others areoises thatcaused
by the dark current occurring even without theident light andby the background light when the
backgiound light is overlapped with the object light. The main factors to determine the detection limit
of the camera are the readout noise and dark current of the .séosanmding to thecatalog valus, a
2048x 2048 pixel image acquired at the Hp3 samplig rate necessariipcludesthe readout noisef
1.0 electronstfie median valueandof 1.6 electronstfie root mean squafems)). The dark current
noiseof 0.06 electrons/pixel/s$s also includedThe root sum square value of the readout n@iss)
andthe dark current noisean be estimated &s5 county using a oefficient conversiofrom count to
electron corresponding to 0.46 electrons/colihe value corresponds well with the standard deviation
obtained from the calibration experiment showfigure 2.2

We conducted calibration experiments using iategrating spher@wned byNIPR before the
observationFigure 2.2 shows thefrequency distributiorior a biasintensitywhich islikely to consist
of thereadout noise and the dark curreneachpixel of twodifferentimageswhich werecapturedvith
the different exposure timesf 1 msand 100 ms, respectivelyhese images were obtained without
binning option and shieldefdom the background lighby usingthe lens capFigure 2.2a showsthat
the median valug andthe standard deviatienof bias intensity ofeach imageareapproximately 100
countand3.3count respectivelydespite of the exposure timnestandard deviation sonsistent with
the catalog valuerigure 2.2b shows the frequencylistributions vihen4 x 4 binningis applied,the
median valug and the standard deviat®are approximatelyl600 countand 14 count respectively
Since our observation walways conducted by using the 4 binning option to gain the intensitye
biasintensity of 160Ccountwas subtracted from the originauroral intensity data in advan@ndthe
intensity variation less that¥ countwasregarded as the noise.
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Figure 2.2: Frequencydistributiors of a biasintensitycaused byhe readout noise drthe
dark current in each pixel of two imagesich werecaptured withthe different exposure
times of 1 ms (red) and 100 ms (blbg)using no binning option (a) and the« 4 binning
option (b).

In order to quantitatively evaluatiee signatto-noiseratio (S/N)of the sCMOS camera, the following
eguation is defined:
Y YO OQE @G @i
0 YO W& QONIQQOD WERQE d &

whereSgnal is the median value of thiatensity of theincident light andBiasis the median value of

the bias intensity shown Figure 2.2 Figure 2.3showsthe SN of the sSCMOS camera with respect to
theintensity of thancident light.Since he previous studiaeportthat the flickering amplitude is 10%
20% of the background auroral intensitgerkey et al. 1980;Kunitake and Oguti1984;Sakanoi and
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Fukunishj 2004;Gustavsson et al2008;Grydeland et al.2008;Whiter et al, 2010] the incident light
intensity is needed to exceed approximately 400 count, which satisfies the S/id adder to detect
the flickering aurora with the amplitude >10%ing 4% 4 binning option.

S/N = (Signal - Bias)/Standard Deviation

30_ T T T T ]
1x1 binning 1
- 1x1 binning, RG665 .

25 4x4 binning
20 - ’ ]
€ 15- R
10 A i
5 « -
oL . il il , Ll i

10 100 1000 10000
Signal-Bias (Count)

-

Figure 2.3 S/N values for the sSCMOS camera with respethédncident light intensity

Recently,the EMCCD cameras also used to investigatiee fine-scalefastauroralvariation[e.g.,
Whiter et al, 2008;Dahlgren et al. 2012 Michell et al, 2012;Yaegashi et al2011].Figure 2.4 shows
the S/Nvaluesof our sCMOS camera and the typical EMCD camera (ImagEM) with respect to the
incident light. The S/N shown here is relative to the value of a perfect device with 100% quantum
efficiency and no noise. The setting condition to acquire the data are the following: EM 1200,
30-ms exposure time, and the background light of 10 photons/pixel. The result shows that the S/N of
the sSCMOS camerawaysexceeds that of the EI@CD canerg even thouglhe amount of the incident
light is low. The result alsshowsthat the sSCMOS cameimmoresuitable for the imaging of the bright
object such as the auroral breakupan the EMCCD cameragsince the S/N of the sCMOS camera
gradually ncreases with the increase of the incident light, although it reaches the peak at approximately
200 photons/pixel in this case.
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Figure 2.4 Relative S/N values for the SCMOS camera and theEND camera with
respect to the incident light intensity (Frdmchnical Note for ORGAlash 4.0 V42015)).

We conducted panchromatic observations without the optical filter, as sh@&ewtion2.2. In this
case, count values obtained from the sCMOS camera cannot be converted into Rayleigh values.
Fortunately, alisky imaging observationssing EMCCD cameras equipped with three typical optical
filters for emissions of 427.8 nm, 557.7 nm, and 630.0 nm have been performed by the University of
Alaska at the same locatiokigure 25 shows the auroral intensity relaiis between our sCMOS
camera and the adky cameraat three wavelengths. The vertical axis shows the calibrated Rayleigh
value of the alsky image, which is averaged over the FOV of the sSCMOS camera. The horizontal axis
represents the accumulated coualues of the SCMOS camera during an exposure time of te&all
observation. These relations enable rough estimations of the count Rayleigh conversion.
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Figure 2.5: Auroral intensity relations betwedime count value of theCMOS camera and
the calibréed Rayleigh valuef the allsky camerawned by the University of Alaskat
three wavelength127.8 nm, 557.7 nm, and 630.0 nm, respectively

2.1.3 Optical Filter

To observe the fast auroral motion, auroral emissions with shorter lifetimes are preferaedebec
these shorlived emissions are thought to be more clearly captured than the long lifetime emissions. To
remove the long lifetime oxygen emissions, such as the 557.7 nm and 630.0 nm emissions corresponding
to 0.7 s and 110 s, respectively, a SCHOTT6R& optical filter was usedkigure 2.6 indicates the
internal transmittance spectrum of the optical filter. Using this filter; sho | i f et i me emi s s
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670.0 nm (N 1st positive band) are expected to be detected. The filter was equidped of a lens
using a filter holder.
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Figure 2.6: Transmittance spectrum of SCHOTT RG665 filter.

2.2  Observational System
The obsevations wee performed using two identical SCM@8meras owned by NIPR and ISEE,

herafter referred to asCMOS 1 andCMOS 2, respectivel\Both cameras werimstalled next teach

otherat Poker Flat Research Range (PFRR) in AlaSka motivation for ugg the two cameras is to
achieve extreme spatiotemporal resolution without sacrificing standard resolution (e.g-fastwiith

not too narrow FOV), by using appropriate different lens and setting parameters as shown in Section
2.2.11 2.2.3.PFRRIs jud under the auroral zone and located at 65.11°N, 147.43°W (65.74° MLAT,
5.9). At this point, LT is shown by LT = U, and MLT midnight approximately corresponds to 11:40

UT (MLT = UTTi 11:40). The geomagnetic declination and inclination are 18.5° aBtl, T&spectively.

The center of the FOV of each camera was directed to the magneticimeritlerto capture the fine
auroral structure without perspective.

The observation was conductesing an automatic observational system and then remotely
monitored and controlled. The observational system was originally developed for other auroral cameras
of Hamamatsu Photonics by Yusuke Ebihara (Kyoto Univ.). The observational system is designed so
that the camera automatically starts and stops capturing imagegvan sampling rate and binning,
based on astronomical twilight, that is, whthe solar elevation angleiid2° below the horizon. An
additional observational mode designed to capture images only at a specified recording time was
introduced by Naoki Swagawa (Nagoya Univ.).

The inner clock of the control PC ftte sSCMOS camera was regularly fixed by an NTP server. The
data acquisition starts from 0 s every minute and continues for a given recording time less than 60 s.
The obtained data is saved asw file every minute, and a tiff file averaged for 10 s is saved as a quick
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look image every 10 s. Absolute times when each image was captured, which are based on the control
PC, are written into a log file in addition to other setting parameters, sutle gampling rate, the
binning, and the subrray area.

One problenof the continuous higspeed finescaleobservatioris the storage of a huge amount of
data.Although he sCMOS camera has an imaging semsibr 2048 x 2048 pixeldn order to increase
the sampling rate and the signal to noise ratio, the images were first reduced down to 512 x 512 pixel
images by 4 x 4 binnind-he size of one 512 x 512 pixel image is 0.52 MB when the color depth is 16
bit per pixel. If the image is captured at a sangliate of 50 s with a recording time of 10 s in 1
minute, the image size become 262 MB/minute, which correspond to 15.7 GB/hour. If the observation
is continuously conducted for 10 hours every night during one winter season (120 days), the data amount
will grow to 20 TB. For this reason, 40 TB (4 TB x 10) of external hard disk drives were prepared as a
data storage medium for one camera every year, including spare stigage.2.7 shows an optical
domeof PFRR and a&chematic of the basic observatibagsteminside the domeFigure 2.8 shows
two pairs of control PCs and external HDDs for each sCMOS cazaeugattheloft of the observatory

1.2m acrylic dome
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Figure 2.7: 1.22m optical domeof PFRR (left)and shematic of the basic observational

system(right).
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Figure 2.8 Two pairs of control P€and external HDBfor each sCMOS camess®t up
at the loft of the observatary

To obtain the auroral finscale structure, a narrow fieti-view (FOV) lens of NIKKOR 50 mm/F1.2
was equipped to one camera every yeaom the size of the image sensor, the FOV is estimated to be
approximately 14.8° x 14.8°, corresponding to an area of 26.0 km x 26.0tkewsititudeof 100 km.
When the final image size is 512 x 512 pixels, the spatial resolution is approximatet Biemltitude
of 100 km, which is enough to capture the flickering patch reported to occur on scales hundreds of
meters to several tens of kilometers by previous studies.

2.2.1 First Winter Season(February 2014 April 2014)

The challenge of thhigh-speedimaging observatiomegan from 2014. The main aim thie first
winter season is to achiettee correct operation dfie two camerawith the different sampling ratés
order to simultaneously detect the flickering aurorgith the taditiond frequency ad the higler
frequencythathave never been observed bef@ach of thesampling rate of SCMOS 1 and sCMOS 2
wasset at 50 fps and 200 fps, respectivdllie image size of sSCMOSwWas downward converteo
512 x 128 pixels by using tleibarray functioninstead of increasing the sampling rd&iach camera
equipped the same narrow FOV leNdKKOR 50 mm/F1.2. The observation was conducted for only
the first 10 s in every minute. The RG665 filter was equipped with only sCMi@sdse of the high
samplingrateof 200 fps In order to monitor the alky auroral morphology, a digital singlens reflex
(DSLR) camera (D4, Nikon) with a fisheye lens (8 mm/F2.8, NIKKOR) was installed at the same
location, and took color images every 10 s.

For comparative stues of the two higtspeed sCMOS cameras, both cameras needed to be
synchronized by imposed signals, taking into consideration the poor accuracy of the inner clock of the
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control PC. During the first winter season, LED lights were used as the imposedwitinalfrequency

of 1 Hz triggered by PPS (Pulse Per Second) signals from the GPS. The LED lights were equipped with
each filter holder of the camera and flashed simultaneously. The flash covered approximateilgsro

of the FOV and was treated asmmtaminantFigure 2.9 shows a configuration of two sCMOS cameras
inside theopticaldome.Table 2.1shows the summary of the setting parameters and lenses used during
the first winter season.

|
SCMOS 2 |
=512x128 pixs.
- 200 fps
- RG665

SCMOS 1
- 512x512 pixs. |
- 50 fps |

Since February 2014

Figure 2.9: Two sCMOS cameras equipped witte identicaNIKKOR 50 mm/F 1.2 lens
andtheLED light.

February 2014 April 2014 (First winter season

Image size | Samplingrate Recording time )
) ) Lens Filter
(pixels) (fps) (sec every min)
sCMOS 1 512x 512 50 0r 10 —
NIKKOR
512x 128 )
sCMOS 2 200 0r 10 50mm/F 1.2 RG665
(subarray)
_ NIKKOR
DSLR camera 10s interval
4928x 3280 8mm/F28 | ——
D4 (0, 10, 20, 30, 40, 50) _
(Fisheye)

Table 21: List of setting parameters andedlensof each camera durirthe first winter

season.

2.2.2 SecondWinter Season(November 2014 April 2015

During the first winter seasorhé recording time for the continuous observation was only 10 s of

every minute. Data was not acquired for the remaining, %en though the aurora remained and



possibly dramatically changed its intépsor shapeThe main purpose of the second winter seagmn

to conduct continuous observation whenever the aurora appeashieve the continuous observation,

| developeda new observational system using auroral automatic detéetibniquewhich s described

in Section 2.3. The new observational system was used for only sSCM@B the sampling rate of 200
fpsin order to avoid an overflow of datéhe settings and thabservational system of SCMOSh2re
basicédly the same as those of SCMOSnlthe first winter; only the recording time was changed from

10 s to 30 s as a backup for sCMOS 1. For thskgllimaging, a DSLR camera (D5300, Nikon) with a
fisheye lens (SIGMA 4.5 mm/F 2.8) was installed. The time interval of the DSLR camera was 20 s.
Figure 210 and Table 2.2indicate the configuration and the setting parameters of the two sCMOS
cameras and the DSLR camera during the second winter season.

sCMOS 1

- 512x128 pixs.
2200 fps

- RG665

SCMOS 2

- 512x512 pixs.

Figure 2.10: Configuration of the two sCMOS cameras with a NIKKOR 50 mm/F 1.2 lens
and a DSLR casra (D5300, Nikon) with a fisheye lens (SIGMA 4.5 mm/F 2.8).

November2014 April 2015(Secondwinter season

Image size | Samplingrate | Recordingime .
) ) Lens Filter
(pixels) (fps) (sec every min)
512x 128 0i 50
sCMOS 1 200 NIKKOR RG665
(subarray) (Auto-detection systm)
- 50mmF 1.2
sCMOS 2 512x 512 50 01 30 B
, SIGMA
DSLR camera 20 s interval
6000 x 4000 45 mm/F 2.8 ——
D5300 (0, 20,40) ,
(Fisheye)

Table 2.2 List of setting parameters and used lens of each camera during the second winter
seasn.
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In this winter, the time synchronization system was also improved, since images contaminated by the
LED could not be used for analyses. Instead of the LED, signals synchronized with the GPS were output,
which were finally input into the sSCMOS cameas external trigger signals to start the observation.
Although PPS signals from the GPS are accurate, they can be used only when GPS satellite signals are
captured. Two signals from the GPS were used to make an accurate external trigger signal: PPS signals
and minute signals, which are output at 0 s every minute. In order to keep the accurate output signals
every minute, an electronic circuit, as showrrigure 2.11, was designed by KioNishimura (NIPR)
using an ANDcircuit betweerthe PPS signal anthe minute signal.

Figure 2.11: GPS (ight parf) andcircuit board(left parf) to make accurate external trigger
signals every minute.

2.2.3 Third Winter Season(January 2015 April 2015)

The aim of thahird winter seasois to automatically operatsoth sSCMOSL and sCMOS 2 by the
auroral autedetection system with the maximum recording time $60To monitor the mesoscale
auroral morphology, sSCMOS 2 was equipped with a fisheye lens (NIKKOR 8 mm/F2.8). The FOV of
sCMOS 2 corresponds to approximately 100° x li¥ifause the sensor size was smaller than the 35
mm full frame used for DSLR camera&MOS 2 acquireche broad FOV imagesith the512 x 512
pixel sizeat 40 or 80 fpsln order to capture the firscale morphologysCMOS 1wasequipped with
the usual naow FOV lens (NIKKOR 50 mm/F 1.ndacquired 512 x 512 pixel images at 80 fps. For
the monitoring of thdargescale auroral morphologf HETA S (RICOH, 360° camera) was used,
becausan electronic shuttevas adoptedand therefore the camera is nattrieted by shutter numbers,
in contrast to the DSLR camendth a mechanical shutteTHETA Salsohas an advantage terms of
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costthanthe usuaDSLR cameraslhe image obtained from THETA&very 20 3s used for the aurora
auto detection.

During thelast 1.5 months of the third winter season, the-aetection system did not work due to
a remote connection error between the control PC of THETA S and the other PCs. For this period, faster
observations were conducted manually. Only partial imaged 25256 and 512 x 128 pixels were
recorded at 160 and 320 fps, respectively, using theasaly function. Thesampling rates were
designed to cover the typical cyclotron frequencies of three ion componéntdgCand H). Figure
2.12 andTable 2.3indicate the configurations and the setting parameters of the two sCMOS cameras
and THETA S during the third winter season.

~ _aaTHETA Sl
\;‘Z - 20s inter\g
LNy

sCMOS 1

-512x512, 512x256,
512x128 pixs.

- 80, 160, 320 fps

-50 mm/F 1.2

sCMOS 2

- 512x512 pixs.
- 40, 80 fps

- 8mm/F2.8

Figure 2.12: Configuration of two sSCMOS cameras equipped with a fisheye lens (NIKKOR
8 mm/F 2.8) and narrow FOV lens (NIKKOR 50 mr/ 1.2) and THETA S during the
third winter season.
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January 2016 April 2016(Third winter season

Image size | Samplingrate | Recordingtime )
) ) Lens Filter
(pixels) (fps) (sec every min)
512x 512 80
512x 256 160 NIKKOR
seMos1 50 mm/F 1.2
512x 128 320 0i 60 -
(subarray) )
(Auto-detection system)
NIKKOR
sCMOS 2 512x 512 40, 80 8mm/F28 | ——
(Fisheye)
20s interval
THETA S 5376x 2688 F2.0 —_
(0, 20, 40)
Table 23: List of setting parameters and used lens of each camera duritigr¢heinter
season.

The stability of the acquisition frame rate was improved in the winter of 2016 when compared with
that of the former sCMOS camera systems presented in studiegdgka et al[2015] andFukuda et
al. [2016]. A new circuit board, ashown inFigure 2.13, was designed biderbert Akihito Uchida
(NIPR) to generate trigger signals and release the shutter of the camera at a given fps, based on the
GNSS time information. By using GNSS, the satellite signals from not only GPS, but alsosoitie
as GLONASS and GALILEO, are easily capturgdch camera systepossesseits own circuit board
with amicro processing unit (MPUWhatwas used to communicate with the PC, trigger the shutter signal,
and control the LEAVISF (u-blox) GNSS module. le GNSS module provides time information with

a ti me aadrequency acguracy ZDpplnte synehnodize the MPU.

pul se
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Figure 2.13: Circuit board to generate accurate trigger signals based on the GNSS time
information.

2.3 Auroral Auto-detection System

Continuous auroral observations were difficult, since the-gged finescale imaging acquires a
huge amount of data in short time periodsonsidered two ways to store only useful data in order to
save the data storage medium. One is toraatically delete unnecessary data under certain conditions
while operating the continuous observation. Since these operation processes are needed to be
simultaneously executed on the control PC of sSCMOS camera, the performance decrement of the data
acquistion at the higkspeed sampling rate cannot be avoided. The other way is to automatically control
the observational system using an auroral automatic detection technique. An advantage of this system
is that the performance of the higheed imaging is natffected, since the auroral atdetection is
independently conducted on the control PC of thelglicamera using color informatidn.this section,
the overview and the performance evaluatibthe new observational systemith the auroral auto
detecton techniquearedescribed

2.3.1 SystemOverview

An auroral auto detection system was developed forreglilation of the sSCMOS cameta.order
to detect the aurora, LIBSVMChang and Lin2011] is employed, which is a library for support vector
machines $VMs). SVMs are a popular machine learning algorithm used for classifications, and can
differentiate data into two classes very well, which are scattereelimensional space where n is
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number of parameters we have, by finding a hyperplane. In ordegcidedthe right hyperplane,

maximizing the distances between nearest data point of each class and the hyperplane is conducted.
In my study, threeolor information (red, green, and blue) obtained from thalalicamera isised

for auroral detectionin order to make a model, 582 color data of 194skyl images were usddr

training, whichwereacquired for approximatelfwo weeks at PFRR after set up of the observational

systemandwere classified irg two groups in advanc€igure 2.14 shows some exartgs of the data

set for trainingof the auroral group (top panel) and rauroral group (bottom panel). The auroral group

consists of captured images of the discrete and the diffuse aurora with various auroral intensities and

colors, because they were affed by the moon and the dusk and dawn sky. Although the auroras

covered with clouds cannot actually be useddioalyses, they are classified ite auroral group to

prevent the dusky aurora, like the diffuse aurora, from being judged as part of therocal group.

The nonrauroral group includes data of clear skies, cloudy skies, and snowy skies without the aurora.

discrete discrete diffuse+tmoon

cloud+aurora cloud+aurora+moon

cloud+moon cloud+moon

Figure 2.14: Examples of training data classified into two groups for the auroral detection:

The auroral group (top panel) and reunoral group (bottom panel).
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The auroral detection was conducted every 20 s on the control PC ofgkg edlmera in almost real
time. A detection region is limited, which is 3 x 3 times larger than the usual FOV (14.8° x 14.8°) of
the sSCMOS camera cengel at the magnetic zenith, in consideration of the auroral motions during the
time interval of the alsky camera as shown kigure 2.15 Median values of each color calculated for
the 3 x 3 regions are used as input data, and the detection resudishf@r e 3 region are output, which
are obtained from the classification based on the model. If all the results show that the aurora does not
exist, the control PC makes a STOP file in a particular directory of the SCMOS PC over a network. The
STOP file isused to stop the data acquisition, and the presence of the file is checked by the sSCMOS PC
every 10 s. If one or more results show that the aurora exists, the STOP file is deleted, and then the
observation is automatically entered in the standby dtgere 2.16 indicates an overview of the
observation system, which linkise control PC of the SCMOS camera with that of thes&ll camera
via aswitching hub.

All-sky camera sCMOS camera

Figure 2.15: Snapshots of the adky camera (left) and the sCMOS camera (right) captured
at amost the same time. The region used for the auroral automatic detection is indicated by
a light blue square.

GPS ANT E I:l ﬁ\ﬁ

All-sky
SsCMOS camera
GPs camera 20s interval
module
[ ] | [ -
Aok Power strip '*
-s
sCMOS Y

camera | Aurora automatic detection
Control PC Control PC| (Add or Remove Stop file)

1 T
aore||! a8 | !
vop ||! Hop | !

|
R _I Hub router
UPS+Trans

Figure 216: Schematic of the auroral automatic detection linking the control PC of the
sCMOS camera with that of the-aky cameravia a swithing hub
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The sCMOS camera records o maximum of 6& beginning from 0 s eveminute depending on
the results of the auroral detection, and then the raw data is saved every minute. If the STOP file exists
at 0 s, the observation does not start dutiiag minute Figure 2.17 presents an example of a process
flow diagram for the automatic control of the SCMOS camera during 100 s. The trigger signal that is
made by combining the PPS signal and the minute signal is output at O s every minute as shown in
Section 22.2. The data acquisition of the sSCMOS camera statisies when the result of the auroral
detection shows that the aurora exists, and then the trigger signal turns on. The data acquisition stops at
times when the detection result shows the umor.

ON ON
Trigger signal I I
20s 405 0s 20 405 0s Time (second)
All-skycamera {3 o | o | a o | o |
S y y \ \ \
Aurora detection
No aurora No aurora
start stop

Data acquisition | standby S ! standby

Figure 2.17: Process flow diagram for the automatic control of the sSCMOS camera

2.3.2 Performance Evaluation

The observational system implementing the auroral automatic detection was operated for four months
in the second winter season andtf@o months in the third winter season. After using this system, the
amount of data acquired during the second winter season was approximately 27 TB. In comparison with
observation without the new system, the data amount would be 118 TB for four months wétin¢he s
setting parameters. It is found that the data amount was decreased 75% by using the auroral auto
detection system.

For most of the observational period of the second winter season, however, the wrong region of the
auroral detection was used, which V@asated at the east of the FOV of the SCMOS camera as shown
in Figure 2.18. The mistaken the setting of the auroral detection regitid not foundfor a long time
sincemost of the detection resuteemed to beorrect The reason is that the typicalstwest extended
auroral structures, such as the auroral arc and the auroral band, which appeared around the right detection
region, fortunately overlapped with the wrong detection region and were often identified by the auto
detectionBy using approximgely 5000 aHsky images, the detection results taken in the wrong region
were compared with those from the correct region. It was found that 90% of the former results
corresponded to the latter results; this indicates that the setting error in theodetsgitn did not have
a fatal impact on the auroral detection.
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o =

FOV of sCMOS 1

detection region

Before amendment After amendment
Figure 2.18: Thefalsesetting region of the aurordetectionand the correct region after
resetting

In order b evaluate the performance of the auroral automatic detection, varioussiosggured
through the night for 7 dayduring the second winter seasovere randomly selecteir unbiased
evaluationsindependent of the auroral activities and effects of the gl clouds, and snow hese
imageswerejudgedby eyewhether theresi the aurora within the detection region or, rzotd then the
results were compared to those by the algti@ction Table 2.4shows the image numbers judged by
the auroral automatic detection and by eye for the 16153 images. The ratio of the imagesauitbrtn
judged by the auto detection and by eye were approximately 39% (6257 = 3236 + 3021 images) and
21% (3375 = 3236 + 139 images), respectively. Many images judged as the aurora by the auto detection
were too dark to identify by eye. This result islijatively consistent with the detection model, which
is trained to acquire excessive data rather than risking missing actu@rdatauracy can be calculated
as 80%, which is a ratio of the image number that both thedetéation and eye give themsa results
(12993 = 3236 + 9757 images). The result shows that the auroral auto detection has enough performance
to identify the aurora.

Eye
Yes No
) Yes 3236 3021
Auto detection
No 139 9757

Table 2.4 Results of image numbejigdged bythe aurorahutomatic detection ary eye

2.3.3 Possibility of Auroral Auto -detection
The new observational system with the auroral automatic detection enabled the continuous high
speed finescale imaging observation for the first time. The system can record datargl§i, and is
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also favorable for the isolated observatory where people cannot visit regularly. The auroral auto
detection technique is helpful for event search, since the unnecessary data is removed in advance. The
technique itself accelerates to stateitsurvey of the time, place, and duration of the auroral appearance.
The statistical comparative studies between these parameters and associated phenomena with the auroral
activity, such as the solar activity, the plasma sheet variation, the geomaagtetity, and the
ionospheric responses, would provide important clues to elucidate the auroral dynamics as a coupling
process in the solaerrestrial system.

Moreover, the auroral auttetection system is useful to monitor the auroral activity in idlet sky
and is helpful to automatically operate other observational systems associated with the auroral
phenomena, in order to start the observation or to change the observational mode. We hope our new
approach to automatically and actively control theestsation system itself would be an important start
point for further advanced new styles of observations. Nowadays, advanced sciences using the artificial
intelligence are progressing, and combined studies using the aurordletetton and the Al would
explosively accelerate the auroral physics not only on the identification but also on the complicated real
time imaging analyses, such as the classificadrathe finding of new types of aurora the future.
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3 Basic Roperty of Flickering Aurora

Many previous studiebavereported that flickering aurosaften occur just before and during the
auroral breakup. Howevethere has also beena few reports on flickering aurasahatwere not
associated witla breakup[e.g., Berkey et al. 1980;Kunitake and Oguti1984;McHarg et al, 1998;
Sakanoi and Fukunish?004. Sakanoi and Fukunish2004 pointed out thatheflickering occurrence
rateis not necessarily proportional to the auroral luminosifieedifference between aur@with and
without a flickering structurehas been remainednclear. The modulation ratio of the flickering
amplitude has been reportedoel0%i 20%,theorigin of this ratio is notyetunderstood. In this chapter,
we aim to elucidate the necessary condgifum a flickering aurora based aastatistical study of the
occurrence property aradarify the meaning of the flickering amplitude.

3.1  Occurrence Property
3.1.1 Analysis

For the statistical analysithe sCMOS 2 data of the second winter season were used, which were
recordedas 512 x 512 pixel images asampling rate of 50 fps from 0 s to 3@fsevery minuteas
described inSection 2.2.2 becausdhe sCMOS2 camera was more appropridte identifying the
flickering aurora event than the sCMQ®amera which hadone fouth of the FOV of the sCMO3
cameraFigure 3.1shows théDstindex and an overview of the flickering appearance from December
2014 to February 2013he Hue arrows are plotted on days when the flickering aurora was manually
identified (an automatic dettan techniqudor the flickering aurora is described in the next paragraph),
andtheorange arrows indicate storrtmatdevelopedvith values ofless thar50 nT asareferenceor
the disturbance of the magnetosph@ie dark gray rectangles show nighttien there were no auroras
or only weak auroras were observaith emissiois of less than approximately 5 kit 557.7 nm.The
bright gray rectangles show nights when the aurora was contaminated by clouds or snow on the optical
dome. Nights with a full maoare indicated by yellow circles. In this studyen hough many flickering
auroras were identifieith thedata contaminated by moonlighihesenverenot used for analysdsecause
the auroral luminositsweremisleading Six of the 18 nightsonwhich flickering aurorawere observed
were utilized for the statistical analysiafter removing the data containing moonlight. The dates and
time periods of theesix nights are summarized rable 3.1
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WDC for Geomagnetism, Kyoto

21 26 31
[Created at 2015-04-13 15:05UT]

J, Storm (Dst < -50 nT)
/M Flickering aurora

(<~5KR at 557.7 nm)

Full moon
- Cloud/Snow

Figure 3.1 Dstindex and overview of observations fromdeenber 2014 to February 2015
during second winter seasdrhe dark gray and bright gray rectangles indicate nights when

there were no auroras or weak auroras, and auroras contaminated by clouds or snow,
respectively.The Hue arrows and orange arrows atetigd on dayswith flickering and
storns (Dstindex <-50 nT) respectively

Date Period Description
December 15, 2014 07500859 UT Breakup at 0825 UT
December 22, 2014 0300 1420 UT
December 25, 2014 13001716 UT Breakup at 1335 UT
January 27, 2015 105011400 UT Brightening at 1050 UT
February 18, 2015 05301149 UT
February 23, 2015 07000843 UT Brightening at 0831 UT

Table 3.1 Dateset used for the statistical analysis

For the statistical investigation of flickering aurgrthe time and placthatthe flickering appead
wereautomatically detecteid the following way. As a first step, 512 x 512 pixel images of the auroral
intensity were reduced down to 128 x 128 pixel images by 4 x 4 binning,2ihdhadian filter with a
3 x 3pixel width was used oneach image to redudde noisefrom stars. To extract the auroral

56



luminosity of the nofflickering background aurora, the data were smootisdga boxcar average
width of 0.2s (10 framesfor each pixel. The smoothed images resiih low-pass filtered images with

a cutoff frequency of 5 Hz. The flickering component was obtained from the difference between the
original image and the loywass filtered image, and resdin high-pass filtered images with a eoff
frequency of 5 Hz. In orddo calculate the flickering frequencg, 1D Fourier transform analysis was
employed. The Fourier transforn{ ¥aof a functionf(t) is denoted by

4
T MOQ Qb
4
andf(t) is determined by (¥ ) through the inverse transform given by

Q0 ) 1 Q Q8
a
In thecase of a discrete-Noint signal, a discrete Fourier transform (DE&n be written as
0 onend Re ok ps

A fast Fourier transform (FFT) analysis is an algorithmtha rapidcompugtion of the DFT.An
FFT analysisusing al.0 s window was performetbr the highpass filtered images, arthe typical
frequencies were calculated as a peak frequency with a maximum power spectral density. The
calculations were repeatéal each pixel (128 x 128 pixel) every 0.2 sthoe30 s dataset. The flickering
signature is charagtized by a spatial distribution of flickering patches with frequency coherence. The
2D frequency map was divided into 32 x 32 small regions, and an average frequency and a standard
deviation were calculated at each small region.

For the statistical studyhecriteria of the flickering aurora were empirically derived as follows: the
average frequencwas larger than 6.5 Hz, and the standard deviatias less than 4.5 HZ he fnal
results of the automatic detection were obtained after removing erroremisisis using theD median
filter with the 3 x 3region width. Figure 3.2 shows the results of the automatic detection of the
flickering aurorawherethe area of the flickering auroigindicated by red dots on the original image
(upper left panel) anavhite dots on the average frequency map (bottom left panel) and standard
deviation map (bottom right panel). In addition to the results of the automatic detection of the flickering
aurora, the average intensity of theckgrounchonflickering aurora waslso obtained with the same
spatial and temporal resolut®n

57



2014/12/15 08:07:14.695UT

Frequency (Hz)

500 1900.00500 5 25.00
420 1425.004° | 19.00
300 300
950.00 13.00
200 200
475.00 7.00
100 100
0 | 00.00 0 b 1.00
0 100 200 300 400 500
Average frequency (Hz) SD of frequency (Hz)
500 F oo s g 25.00 500 G- A 7.00
400 19.00 400 i P
300 . e ,n}i.‘.;;m"“' Seenw 30is 300 . t.\ 3
SEELEEE SEEELEE 2 il 13.00 satis 1l 3.50
200 EEEEEEEREE S T 3
7.00 a7
100 F A B
ok i 1.00 ¢ 0.00

0 100 200 300 400 500

Figure 3.2 Results of automatic detection of flickering aurora plotted on original image
usingred (flickering) and black (nefiickering) dots (ipper left panel). A 2Hrequency

map calculted from thelD FFT analysis ypper right panel). 2Bnaps of the average
frequency and standard deviation calculated from the frequency map, which was finally
divided into 32 x 32 small regions (bottom paneld)e results of the automatic detection

are abo plotted orthe bottom panelaisingwhite (flickering) and black (ncflickering)

dots.

In order to investigate the micazale auroral activityheoptical flowwas calculated usingFourier
local correlation tracking (FLCT) techniquEigher and Weidch 2008]. The basic concept of the LCT
technique consists of three advanced operations. First, a window function is applied to the input images
to deemphasize image regiotisatare far away from the pixel of interest. Second, a ecosselation
function between two images is computed. Third, a feathe crosscorrelation function is found. In
the FLCT method, the window function 882D Gaussian filtewith width , which is a free parameter,
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centered at pixel location( y). The resulting imageswhich arec a | | e-d md gRia0S, are
describedasfollows:

v oof 0 Q

YO oofh 0w Q R

whereli(x,y)andl2(x,y) are two input images taken at two different tiraemndt,. The crossorrelation
functionC" of two subimages at the,(j)th pixel is defined by

5h 1 & &  Qoo¥ oY o o

After finding the shiftsti xand U ythat maximizeC ( U x ,, the ¥ejogities at the,(j)th pixel are
determined to bex= U arddy + U wsing the time difference beeen the two images t .. t
Inthe FLCT method, a convolution theorem is used for comp@iagi x ysingihe Jourier transforms.
When _ stands for the Fourier transform and the relationS, @hdS; are given by (S) = si(kx, k)
and_ (S) = so(ks, k), respectively, the crossorrelation function can be written as follows:

6y & o . i‘i h
where_ -2 stands for the inverse Fourier transform. In order to find the pefak ofi x=,|CY(lityX |at Gy )
the subpixel (less than 1 pixel) resolution, we used a Taylor series expansior{ ofi xto thelsgcond
order about the poirfkm,yn), where a pixel at the largest valud,adind a secondrder finite difference
method were used. These steps were repeated for all piktis.

The FLCT analysis was performéat thelow-pass filtered imagesith a128 x 128pixel size every
0.2 s (10 frames), which were filteradingthe Gaussian function with= 6 pixek. Using the obtained
optical flow vectory, a vorticity perpenitular to the flow motiorny ; was calculated as follows

To T0.

Tl W

where x and y indicate the easgest and norttsouth direction, respectively. To investigate the
correlation between the flickering occurremeel the background flow motion, the averaged flow speed
and maximum vorticity were calculated at each 32 x 32 small relgigare 3.3 shows thaesultsfor

the optical flow plotted on the original image and the vorticity calculated from the flow velocity
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Figure 3.3 Resultdor flow velocity obtainedisingFLCT analysis and vorticity calculated
from velocity field.

3.1.2 Observations

Figure 3.4 shows the occurrence rates of the flickering auioralation tothe background of the
auroral intensity, ite flow speed, and the vorticity, which were summed ugifonights of data. The
vertical axis of each upper panel shows the number of points where thaesetton of the flickering
aurora was conducte@heblack line indicates the total number ofifts, andthered line indicateshe
total number of points where the flickering aurora is dete&adhbottom panel shosthe occurrence
rate, which is the ratio of the red to black fine

It is found thathe occurrence rate shows the complex vanatiith respect tthe background auroral
intensity. The flickering occurrence rate basically increases with the auroral intensit§@@0toount
of the background auroraitensity, and itreacheghe constantvalue corresponding tapproximately
50% for the range ofL00Q 3000 count It reduces to ~10%t the range 08000 5000 count andit
finally increases over 5000 cout order to clarify the cause to produce such a complex variation
the occurrence ratave focus oneachoccurrence property ohbited at each nightand discuss the
situation tocausethe occurrence rateariation Three examples are represenfeam the following
paragraphswhich clearly showhe differenceslt is alsofound that, on the other hantietoccurrence
rates danotdependonthe flow speed aihevorticity, and they are approximately®@D40% regardless
of the activity of the background ndlickering aurora.
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Figure 3.4 Occurrence rates of flickering auroira relation tobackground of auroral
intensity (a), flow sped (b), and vorticity (c), which were obtained from adgpection of
flickering aurora and summed up feix nights of data.The back lines show the total
number of points, anthered lines shovthe total numberof points where the flickering
aurora isdetected.

The first example is characterized by a typical breakup event observed on Decerdfdd1&hen
the geomagnetic activity was quiet, and e index slightly decreased fial6 nT at 11 UT. The
eguatorward motion of the arcs started at ~0780dnd the auroral breakup occurred at 0825 UT during
the expansion phase of a substorm &it\E index of ~900 nT. The flickering aurora started to appear
within the equatorward moving arcs at 0800 UT even bdf@enset of the breakup and was almost
continuously observed until the breakup. st index, AE index, and auroral activities along a nerth
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south meridian line over PFRR observetbat different wavelengtharepresented ifrigure 3.5 The
autodetection was conducted for data observed f63#80 to 0859 UT to avoid contamiian by
moonlight and clouds.
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Figure 3.5 Dst index, AE index, and auroral activities alomgnorthrsouth meridian line
over PFRR observed on December 2%14.

Figure 3.6 shows someéetailtime profiles forl-htime periodfrom 0750 UTwhen he autedetection
was conductedand red dots represent the time when the flickering awasadentified Figure 3.6a
showsthe AE index Figure 3.6b shows the median intensity values fors3@ata of the nefiickering
backgroumd aurora indicated by black points and the flickering aurora indicated by red pouitse
error bars showheir minimum and maximum valadt is found thatthe flickering aurora tends to occur
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within a bright auroraFigure 3.6c indicates median vafis of the peak flickering frequency for-80
datg and the error bar indicatéA. It is foundthat tie peakflickering frequencyis gradually increasd
during the time periotheforethe breakumpnsetirom <10 Hz to 20 HzThe peakfrequencyvariation
appears to increasdter 08:20 UT althoughwe cannot discughe varation in moredetail because the
flickering aurorais intermittently detected after that tinkégure 3.6d showsthe occurrence rate the
flickering aurorafor 30-s time period,which is calculated fromthe results of theflickering aute
detectionIf the flickeringaurora was continuously detected all over the FOV for, 3@eccurrence
rate is corresponding to 100%
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Figure 3.6: Detailedtime profiles of(a) AE index, (b) auroral intensityf thenonflickering
backgroundand the flickering aurorac) flickering frequency, andd) occurrence rate
where flickering aurora was detectddhe red dots are only plotted #ietimeswhenthe
flickering auroraappeaed
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In order toshowthe property of the flickering frequency in more detthifee examples dhetime
profiles with 0.2-s value of the peak frequency and the flickering wididn 30-s are demonstratedh
Figure 3.7. Top panel of each figure indicates thgatialmedianvalues of thdlickering intensitywith
the error baof the minimum and maximum intdties. Middle and bottonpane$ showspatialmedian
values of the flickering frequenand the frequency widthith the error barfolA, respectively. In this
study, the frequency width is defined aspectrunmwidth between two frequencies, whicbrrespad
tothetwo nearestalleysof the power spectrum densftpm the peak frequencifigure 3.7arepresents
the timeperiod of20 min before the breakup ongetd shows that the peak frequency sttyaround ~
10 Hz After ~10 min later of that time, theeak flickering frequency is up to 20 Hz and gradually
decreaseto ~10 Hzfor 30 s as shown iRigure 3.7h Figure 3.7crepresentshe timeafter a few min
of the breakupthe peak frequency varies withiniZ® Hz It is also found that the frequency wids
often narrow and isapproximately constant at ~5 Hz as shown each figure during the time interval of
this event.
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Figure 3.7: Time profiles of the flickering intensity (top), the flickering frequency (middle),
and the frequency width (bottom) for-8drom 08:04 UT(a), 08:15 UT(b), and 08:27 UT

(c), respectively

Figure 3.8 showsthatthe occurrence ratef the flickering auroraalculatedrom the auto detection

using 70min data. The occurrence raend to simply increasasthe background aura intensity

increasesalthoughit flattensat the intensity range of 1008000 countThe flatted occurrenceteis

caused by the bright band auravdhout the flickering modulationwhich is listed inTable 3.2as
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mentioned laterTheauraal structues with the flickering modulation were almost multiple arcs in this
event.
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Figure 3.8: Occurrence rate of flickering aurora during 0i7@859 UT on December 15
2014.

The second exampieas observed during the recovery phase of a stbatoccurred on Bcember
22, 2014, whichhada Dstindexvalueof i 51 nT.On thisday, althougho typical substorm occued,
abrupt auroral brightening repeatedly appeared at intervals of approxit@dimlys as shown irthe
middle panel ofFigure 3.9. The autedetectiom of the flickering auroravas conducted from 0300 to
1420 UT. The pulsating auroras began to appear after approxima@€yJI1 and the autaetection

often mistook the spatial variationsapulsating patclior flickering modulationsas shown irChaper
5 in more detail.
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Figure 3.9: Dstindex,AEindex, and auroral activities along negbuth meridian line over
PFRR observed on December, 2014.

Figure 3.10 presents the autdetection result$or the flickering auroraover al hour periodfrom
0445 UT. There were a few evemtdere themaximum intensitywas larger thara count of 1000,
although they did not have the flickering structure.
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Figure 3.10: Detailed time profiles of AE index, norflickering background auroral
intensity, flickeringfrequency, and total number of points where flickering aurora was
detected. The format thesame as it of Figure 3.6.

Figure 3.11 showsthe occurrence ratef the flickering aurora during 0300420 UT on December
22, 2014. Although the occurrence eaihcreases up to approximately 70% with the-flickering
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