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Abstract 

An understanding of the auroral substorm phenomenon is one of the most important 

requirements in the research of magnetospheric and ionospheric plasma dynamics. This 

thesis is dedicated to observationally constraining the mechanism of the energy release in 

the ionosphere associated with the substorms by using a new ground-based high-speed 

imaging system developed by the author. As a unique point, the author selected a frame 

rate of 100 frames per second, which is sufficiently high for capturing new auroral 

phenomena beyond the human eye, and a classical video rate of ~30 fps. Optical filters 

and systems were omitted, and standard C-mount lenses were attached directly to an 

electron-multiplying charge-coupled device (EMCCD) camera to facilitate changing the 

lens from fish-eye to telescopic to alter the field-of-view. This newly developed imaging 

system was installed by the author at the northern and southern magnetic conjugate 

stations at Tjörnes Station, in Iceland (magnetic latitude of 66.27°) and Syowa Station in 

Antarctica (magnetic latitude of −66.33°). The author attended the Japanese Antarctic 

Research Expedition overwinter program to realize both all-sky and narrow field-of-view 

high-speed imaging at Syowa Station. During this period, more than 200 TB of images 

were recorded on hard disk drives. The most notable scientific results were then obtained 

from a successful observation campaign among those conjugate ground-based stations 

and the Arase satellite on September 22, 2018. A detailed analysis of these results provides 

the scientific basis of this thesis.  

The first finding pertains to the asymmetric development of the poleward expansion 

at the auroral breakup as identified at the north–south conjugate points. The initial 

brightening auroras were longitudinally shifted for 1.7–2.3 magnetic local time (MLT) 
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from the nominal conjugate points, which is consistent with the empirical relationship 

dependent to the y-component of the interplanetary magnetic field. Interestingly, the 

subsequently observed propagating auroras were directed in opposite directions at the 

northern and southern conjugate points, i.e., eastward (westward) propagation was noted 

in the Northern (Southern) Hemisphere. Because the propagation directions correspond 

to the direction of the asymmetric ionospheric equivalent currents at the northern and 

southern conjugate points, it is suggested that the ambient ionospheric Hall current plays 

an essential role in the asymmetric development, as theoretically expected based on global 

simulations by Ebihara and Tanaka (2015b; 2018). The result explained above was 

published in Geophysical Research Letters (Uchida et al., 2020).  

High-speed imaging enables in-depth examination of the expected shear motion of 

auroras, which should appear at the leading edge of propagating auroras. The identified 

shear motions are in the opposite direction to those expected from the simulation works 

of Ebihara and Tanaka in both hemispheres. This discrepancy might contribute to 

improving future global simulations. It is also needed to observationally examine that 

similar shear motions can be identified in many other events of poleward expansion in 

our data set of high-speed imaging.  

The second finding was made during the early recovery phase of the same substorm 

event by using ground-based high-speed imaging and the in-situ burst-mode observation 

of plasma waves by the Arase satellite. In contrary to standard knowledge of pulsating 

auroras containing an intensity variation of a few or several seconds with 3±1 Hz 

modulation, a rapid pulsating aurora at ~20 Hz was identified by our narrow FOV imager 

at Syowa Station that was not detected by our all-sky imager. The Arase satellite 

simultaneously observed ~20 Hz intensity variations of whistler mode waves, providing 
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the first evidence that whistler mode waves can cause the pulsating auroras in the fastest 

regime far beyond the well-known 3 Hz modulation.  

This thesis therefore successfully demonstrates that the high-speed imaging 

observation of auroras beyond the human eye is essential to newly identify and understand 

fine-scale auroral dynamics and to visualize the wave-particle interactions occurring in 

the magnetosphere. In future work, a maintenance-free observation system needs to be 

developed to continue the high-speed observations. In addition, development of a new 

browsing system is needed to quickly review huge amounts of data to find interesting 

events other than the substorm event occurring on September 22, 2018. This thesis 

provides several basic ideas for such developments based on the experience obtained 

throughout our research activities. 
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1. Introduction 

 

1.1. Auroral substorm 

Auroras appear in various dynamic forms. The most outstanding form is the auroral 

breakup, in which part of the auroral oval suddenly brightens and expands poleward for 

a few tens of minutes. The global disturbance in the magnetosphere–ionosphere coupled 

system associated with the auroral breakup is known as a substorm according to the global 

auroral morphology identified in the pioneering work of Akasofu (1964). Figure 1-1 

summarizes the cyclic development of auroral substorms, as depicted from the careful 

examination of the ground-based all-sky images obtained from world-wide observatories. 

Since the discovery of auroral substorms, numerous satellite observations in the space 

age followed by cutting-edge simulation research have played important roles in 

identifying and clarifying the key aspects, respectively. However, the complete 

mechanisms of substorms have remained unknown for more than a half century. This 

doctoral thesis is also dedicated to reveal a part of the substorm, especially focusing on 

the active role of the ionosphere in the explosive energy consumption. The following 

paragraphs briefly introduce the current understanding of the basic sequence of a 

substorm phenomenon, as partly modified from Akasofu’s original study based on recent 

simulation research of Ebihara and Tanaka (2015a; 2015b; 2018).  
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Figure 1-1: Schematic diagram of the global development of an auroral substorm. The 

center of the concentric circles in each stage is the north geomagnetic pole, and the Sun 

is toward the top (after Akasofu (1964)).  

 

(1) The growth phase begins prior to that shown in Figure 1-1A. During the growth 

phase, east–west aligned arcs move equatorward driven by solar wind as explained below. 

The interplanetary magnetic field (IMF) is embedded in the solar wind. The southward 

directed IMF can interact with the magnetosphere to accumulate the electromagnetic 

energy and to drive large-scale plasma convection in the magnetosphere. This convection 
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stretches the magnetic field in the night side and results in an increase in the size of the 

entire auroral oval. The equatorward movement of the quiet arcs are consistent with the 

thinning tail and expanding oval. The evolution of the structured auroras during the 

growth phase has been detailed by Kadokura et al. (2002).  

(2) Part of the auroral oval suddenly brightens in the phase known as initial 

brightening (Figure 1-1B), which is recognized as the onset of the auroral breakup. The 

trigger of this sudden brightening is associated with the beginning of the reconnection in 

the thin current sheet, or global reconstruction of the magnetic field topology of the 

magnetosphere, which can release part of the accumulated energy toward the ionosphere. 

During the last half century, a numerous study have been conducted to elucidate the 

triggering mechanism of substorms, including recent simulation research by Tanaka et al. 

(2019b).  

(3) The bright spot expands poleward (Figure 1-1C) to form an area known as the 

bulge. This step, known as the expansion phase, causing significant energy consumption 

in the ionosphere. The westward expansion of the bulge is known as the westward 

traveling surge, which has a typical traveling speed of a few kilometers per second 

(Akasofu, 1964). As shown in Figure 1-2, the fine structure of the bulge includes a north–

south (N–S) aurora as well as an eastward-propagating aurora (Nakamura et al., 1993). 

The evolution of N–S aurora and the associated current system have been investigated in 

detail by unmanned observatories in Antarctica (Kadokura et al., 2008). 
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Figure 1-2: Example of a structured bulge including the surge, N–S aurora, and eastward-

propagating aurora, as observed by the DMSP F6 satellite (after Nakamura et al. (1993)).  

 

1.2. Auroral breakup 

The details of auroral structures appearing in the expansion phase is one of the main 

targets of this thesis. It is noteworthy that in addition to the westward traveling surge, 

eastward-propagating auroral structures have been observed after the initial brightening 

by Nakamura et al. (1993), as also depicted in Figure 1-2. Carbary et al. (2000) showed 

that ~35% of the centroid of the expanding aurora bulge moved eastward using the data 

of the Ultraviolet Imager onboard the Polar satellite during January 1997. Liou et al. 

(2002) showed an example that the eastern edge of a bulge expands at 4.0 km s−1, which 

exceeds the typical traveling speed of a westward traveling surge, at 0.1 to 2.4 km s−1 

(Liou et al., 2002). As shown in Figure 1-3, Liou et al. (2006) also reported that eastward-

moving auroral bulges are as common as westward-moving ones during the substorm 

expansion phase. Liou and Ruohoniemi (2006) explained westward and eastward 

expansions with global plasma convection. 
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Figure 1-3: Example of the global development of a westward traveling surge as 

observed by the Polar UVI (after Liou et al. (2006)). The onset occurred at ~1130 UT on 

March 7, 1997. The auroral images are mapped onto the magnetic latitude–magnetic local 

time (MLT) coordinate. The magnetic latitudes are indicated every 10°, and the MLT is 

indicated every 2 h. The top of the image indicates local noon, and dawn is indicated at 

the right. The time stamp indicates the center of each snapshot accumulated in 36.8 s. The 

white dotted line in each panel indicates the FOV of the UVI.  

 

Theoretical models have been proposed to explain the evolution of westward 

traveling surges owing to polarization charges in the ionosphere (e.g., Rothwell et al., 

1984; Kan and Kamide, 1985). Recently, Ebihara and Tanaka (2015b; 2018) used a global 

magnetohydrodynamic (MHD) simulation of the magnetosphere coupled with the 

ionosphere to develop a generalized model of a westward traveling surge. In particular, 

when the gradient of the Hall conductivity is a nonzero value, the surge can travel in the 

direction of the Hall current owing to the positive charge accumulated at the leading edge 

of the surge, which increases the upward field-aligned current (FAC). Based on the 

analysis of their simulation results, Ebihara and Tanaka (2015b; 2018) suggested a 

fundamental mechanism such that the surge should develop in the direction of the 

ionospheric Hall current. The surge can therefore develop eastward if the background 

Hall current is directed eastward.  
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Figure 1-4: Simulation results of a westward traveling surge as reported by Ebihara and 

Tanaka (2018). The initial brightening occurred at T = 69.4 min. The field-aligned current 

(FAC) in the ionosphere is color coded; blue and red colors indicate upward and 

downward FACs, respectively. The contour lines represent the ionospheric electric 

potential at intervals of 5 kV. The solid and dashed lines indicate the positive and negative 

potentials, respectively.  

 

Here, Hall and Pedersen currents are ionospheric horizontal currents that flow in 

the direction of −𝐄 × 𝐁  and 𝐄 , respectively. Roughly speaking, the Hall current 

dominates in the E region, whereas the Pederson current dominates in the F region. 

Fukushima’s theory (Fukushima, 1976) uses height-integrated conductivities to relate the 

horizontal magnetic field deviation at the ground to the Hall current in the ionosphere, 

which leads to the basic concept of the equivalent current.  

It is also important to note here that the divergence of the height-integrated Hall 

current becomes zero if all of the conductivities are uniform in horizontal directions. 

However, in more realistic situations of inhomogeneous conductivity, the Hall current 

diverges to connect with the field-aligned current (FAC). This current closure via the Hall 

current becomes important when the horizontal gradient of the conductivity is strong. 
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Further, when it occurs, the vorticity of 𝐄 × 𝐁 drifting plasma can become opposite of 

that in a uniform conductivity case. This is a basic principle as illustrated in Figure 1-4.  
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1.3. Pulsating aurora 

After the expansion phase, the substorm enters the recovery phase, in which diffuse 

and patchy auroras are dominant. The most outstanding type of a diffuse aurora is a 

pulsating aurora, in which the luminosity changes quasi-periodically. The main pulsation 

cycle is several to several tens of seconds long, with the transition resembling an on–off 

switch (Yamamoto, 1988). Intensity modulation of the luminosity within the “on” time of 

a pulsation is sometimes found, with a frequency of 3±1 Hz (Royrvik and Davis, 1977). 

Rocket observations have identified electron flux modulations for both the main pulsation 

and so called 3±1 Hz modulation (Sandahl et al., 1980).  

 

 

Figure 1-5: Pulsating aurora observed by the ground-based all-sky imager and plasma 

waves observed by the THEMIS-A spacecraft on February 15, 2009 (after Nishimura et 

al., 2010). (B) Lower-band chorus waves observed by THEMIS-A. The horizontal white 
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lines are 0.05, 0.5, and 1.0 fc. (D) Correlation between the integrated lower-band chorus 

(red) and the auroral intensity (blue).  

 

 

Figure 1-6: Example of good correlation found between the time-series of pulsating 

aurora luminosity and chorus intensity (after Hosokawa et al., 2020). The blue line 

represents the auroral luminosity, whereas the red line shows the wave power integrated 

over the lower band chorus.  

 

Recent satellite and ground-based conjugate observations have shown that chorus 

waves are responsible for the main pulsation (Nishimura et al., 2010), as illustrated in 

Figure 1-5. The one-to-one correlation of chorus wave elements and the ~3 Hz internal 

modulation of auroral luminosity has also been proved (Hosokawa et al., 2020), as shown 

in Figure 1-6. The fundamental cause of pulsating auroras must therefore be energetic 

electrons that repeatedly precipitate into the atmosphere via wave–particle interaction 
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(e.g., Nishimura et al., 2010; Kasahara et al., 2018; Ozaki et al., 2018; Hosokawa et al., 

2020). The remaining problem includes the fastest temporal variation in the pulsating 

aurora in the frequency range beyond the ultra low frequency range, as identified by 

Kataoka et al. (2012) and shown in Figure 1-7. 

 

 

Figure 1-7: (a) 1 s averaged image of aurora. The magnetic zenith is indicated as MZ. (b) 

Distribution map of FFT amplitude at 54 Hz. (c) Time profiles of aurora emission 

intensity at three different points X in the aurora image, where high-speed modulation of 

54 Hz was confirmed by FFT spectrum analysis. (d) FFT power spectra of panel (c). The 

white noise levels of one, two, and three times the standard deviation are shown by the 

dotted lines. 
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1.4. Purpose of this thesis 

Since the 1980s, the above-mentioned picture of auroral substorms and subsequent 

auroral structures have been clarified by satellite global images (Craven and Frank, 1985; 

Carbary, 2000; Liou et al., 2006). However, ground-based observations have also played 

an essential role in clarifying these auroral substorm phenomena. For example, Ieda et al. 

(2018) reported differences of a several minutes between the onset times of auroral 

breakup events, as determined from ground-based all-sky imagers and global images 

captured from the spacecraft. The detailed structures occurring at the beginning of an 

auroral breakup can therefore be captured only by ground-based imaging observations. 

Although ground-based all-sky cameras are affected by the limited field-of-view (FOV) 

and weather conditions, their high temporal and spatial resolutions are essential for 

identifying the fine dynamic structures. In this thesis, a cutting-edge camera system is 

newly developed to study the auroral substorm in great detail. The hypothesis of 

asymmetric traveling surges associated with the ionospheric Hall current can be evaluated 

by ground-based observations of the surge structure in both the Northern and Southern 

Hemispheres.  

It should be noted that the conjugate aurora itself is not a new area of study. The 

auroras in the conjugate region are sometimes strongly correlated, such as during the time 

of simultaneous breakup (DeWitt, 1962), whereas the subsequent development of the 

breakup aurora can be asymmetric (e.g., Sato and Saemundsson, 1987). The latitudinal 

displacement of breakup auroras has also been observed (Wescott, 1966; Stenbaek-

Nielsen et al., 1972; Motoba et al., 2010).  
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The cause of the fastest modulation of pulsating auroras also remains unsolved 

mainly because of the technological limitations of the observation systems. Owing to the 

recent development of sensitive cameras, the mechanisms leading to the fastest variation 

can also be investigated in greater detail. The cause of the fastest variation in auroras, e.g., 

plasma waves that can resonate and scatter energetic electrons, can also be resolved by 

conjugate in-situ observations of energetic particles and plasma waves. The in-situ 

observation data from the Arase satellite have been available since March 2017, and the 

campaign observation has been conducted with ground-based observations.  

The purpose of this thesis is to observationally constrain the physical mechanism 

connecting the magnetosphere and the ionosphere by analyzing the poleward expansion 

and pulsating aurora based on ground-based high-speed observation. We installed 

identical all-sky high-speed cameras at magnetically conjugate observatories in the 

Northern and Southern Hemisphere because the conjugate and high-speed observations 

can provide unique clues to identify the possible mechanisms of auroral substorms. For 

that purpose, we needed to develop an observation system for realizing the high temporal 

resolutions and timing accuracy. The instrumentation and the development of the high-

speed imager system are described in Chapter 2. In Chapter 3, an overview of the event 

of interest and the obtained data are explained. In Chapter 4, asymmetric surge 

development is shown and discussed in detail. In Chapter 5, rapid pulsation is shown and 

discussed. In Chapter 6, the entire event is discussed and summarized, and the future 

research directions are explained. Finally, Chapter 7 summarizes the concluding remarks.  
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2. Development of high-speed aurora imager 

The author has been deeply involved in the development, installation, maintenance, 

and running of the high-speed aurora imagers (HAIs) used in this study. A new triggering 

circuit board known as the Uchida Triggering Controller (UTC-board) was developed and 

installed in the observation systems at multiple observatories to make highly accurate 

time-based observations in remote areas. The background of the system development is 

described in Section 2.1, and the design and specifications of the new triggering system 

are described in Section 2.2. The synchronization technique between the cameras and a 

personal computer (PC) as well as the sequences of the image acquisition behavior are 

explained in Section 2.3. The accuracy of the absolute time-detailed sequence of the 

image acquisition behavior is described in Section 2.4.  

 

2.1. Background 

The time resolution of the imaging observation of auroras has become much higher 

in recent years with the development of imaging devices. To capture the appearances of 

high temporal and spatial variation in auroras, several high-speed imaging systems have 

been developed. For example, the Auroral Structure and Kinetics (ASK) instrument is a 

multi-monochromatic ground-based optical imager consisting of an Electron Multiplying 

Charge Coupled Device (EMCCD) detector with a narrow FOV lens pointing toward 

magnetic zenith. This instrument provides simultaneous images of auroras in three 

different spectral bands at a resolution of 5 frames per second (fps) (Dahlgren et al., 2008). 

By calculating the precipitation energy from the observed spectra, they successfully 

revealed the relationship between fine-scale auroras and the precipitating energy and flux. 
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The ASK instrument has a horizontal spatial resolution of 20 m at an altitude of 100 km. 

They found a thinnest structure of ~200 m in width. Haerendel (1999) reported the 

narrowest filament of 100 m width, which appeared only when the exposure was as short 

as 2.5 ms. He discussed the importance of higher frame rate because the fine spatial 

structure and the fast temporal variation in auroras can become smeared out in the image 

during the exposure. 

When observing the rapidly varying auroras, prompt emissions are the focus, 

particularly the blue emission of N2 and the near-infrared emission of N2
+. At that time, 

the bright and slow emissions come to discussion. The dominant green line at 557.7 nm 

and the red line at 630.0 nm are the emission from the forbidden transitions of atomic 

oxygen, which have transition times of 0.74 s and 110 s, respectively. This long-lived, 

high-intensity luminescence is thought to remain like afterglow and smear out the 

temporal and spatial variations of the aurora. This led to the need for optical filters in 

observation. Samara et al. (2012) investigated the effectiveness of the BG3 glass filter, 

which cuts off the 557.7 nm and 630.0 nm emissions yet passes the prompt emissions. 

They found that although the BG3 glass filter reduces the overall signal levels and 

increases the relative intensity variations of the fast pulsating aurora by 0.5%–2.1%, slight 

decreases of the signal-to-noise ratio also occur. This means that optical glass filters do 

not enhance the ability to quantify the rapidly varying auroral structures. Therefore, the 

HAI system was designed to observe all wavelengths without using a glass filter. 

Ground-based HAIs have been used for aurora observation since 2010 (Yaegashi et 

al., 2011). Scientific Complementary Metal Oxide Semiconductor (sCMOS) cameras are 

excellent tools in terms of the readout speed, whereas EMCCD cameras have better 

optical sensitivity over the readout speeds. Both of these features are important for 
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capturing the true shapes of the aurora, which consist of thin structures, rapid movement, 

fast beats in luminosity, and sometimes weak glow in brightness. For this reason, both of 

these camera types are used at multiple stations. Since 2014, HAI observation systems 

have been installed at observatories as unmanned automated systems. Various techniques 

have been introduced to retrieve data of the highest quality, which has caused differences 

in the evolution of the observation system configuration every year at multiple stations. 

Especially, timestamping of the acquired data is a key problem in high-speed imaging.  

The first HAIs were installed at Poker Flat Research Range (PFRR, 65.12°N, 

212.57°E, and magnetic latitude 65.81°) in February 2014 and were operated until April 

2014 (Kataoka et al., 2015; Fukuda et al., 2016). Two sCMOS cameras (Orca-Flash4.0 

V2, Hamamatsu) installed at the site were equipped with the same narrow FOV lens, at 

50 mm/F 1.2. One camera was mounted with an RG665 glass filter to eliminate the green 

and red auroral emission lines at 557.7 nm and 630.0 nm, respectively, with long emission 

time constants and was operated with a time cadence of 200 fps. The other had no filter 

mounted and was operated with a time cadence of 50 fps. At that time, the image 

acquisition was triggered by the “internal trigger” of the camera, and the timestamp of 

each image was the time at which the PC communicated with the camera. To obtain more 

accurate timestamps, a timing system was introduced by adding a light-emitting diode 

(LED) at the edge of the FOV that emits in synchronization with the pulse-per-second 

(PPS) signal from a Global Positioning System (GPS) receiver. This method marked the 

start frame of every second, and the absolute time of each frame was obtained under the 

assumption that the error of the PC time was within ±0.5 s. The flash of the LED light 

covered approximately two-thirds of the FOV and was treated as a contaminant. A digital 

single lens reflex (DSLR) camera (D4, Nikon) with a fisheye lens (8 mm/F 2.8, NIKKOR) 
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was also installed alongside the sCMOS cameras and captured color images every 10 s. 

From November 2014 to April 2015 at PFRR, the timing LEDs were removed; the 

triggering modes of the cameras were set to “Start Trigger Mode”; and a signal from the 

GPS receiver was used to trigger the beginning of acquisition at 0 s every minute. A circuit 

board was designed by Koji Nishimura (NIPR) for this purpose. Although the GPS 

receiver module outputs the PPS signal only when a GPS satellite is visible, it begins its 

own clock inside the module and outputs a minute signal at 0 s every minute. The 

designed circuit board logically sums the PPS signals and the minute signals to create a 

stable trigger signal even when no GPS satellites were visible. This method guaranteed 

the absolute time of the first acquired image so that the absolute time of each frame was 

calculated by the time elapsed from the first frame. However, sometimes the number of 

visible GPS satellites was insufficient for the receiver to emit PPS signal at high latitudes 

such as that at PFRR. In this case, the absolute time accuracy of the trigger signal depends 

on the internal clock of the GPS module, which increases the error of the absolute time 

of the trigger signal. It was also preferred to append timestamps for every acquisition 

frame to facilitate the analysis easier that could contain dropped frames.  

Because a PC controls the cameras and handles the acquired image data, the 

timestamps also depends on the PC time. Although the PC time was corrected by the 

Network Time Protocol (NTP) server through the internet every minute, it included an 

absolute time error of several tens of milliseconds and instability in the time cadence. The 

time cadence of the image acquisition increased with more than 100 fps (Fukuda et al., 

2017); therefore, the stability of the acquisition frame rate had to be improved to conduct 

cutting-edge ground-based high-speed imaging. Further, a pair of HAIs has been 

deployed at geomagnetic conjugate stations (Tjörnes (TJO) in Iceland and Syowa station 
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(SYO) in the Antarctic region) to study the conjugate aurora phenomena, which requires 

high accuracy of the absolute time stamp on each image to ensure the simultaneity. 

Furthermore, the HAI observation aimed to capture the fast fluctuations of auroras in 

conjugate with the ARASE satellite, which requires high time-stamp accuracy for detailed 

time-based data analysis. 

In this study, the UTC-board was developed and installed in a pair of all-sky HAIs 

with identical configurations at TJO and SYO. Additionally, another HAI with a UTC-

board equipped with a narrow FOV lens was installed and operated at SYO to capture the 

auroral fine structures and fast variations. The all-sky imager at TJO and the all-sky and 

narrow FOV imagers at SYO are shown in Figure 2-1 and Figure 2-2. Each system 

consists of an EMCCD camera (ImagEM X2 C9100-23B, Hamamatsu Photonics), as 

shown in Figure 2-3. The all-sky imager was equipped with a fish-eye lens (Fujinon 

FE185C086HA-1), and the narrow FOV imager was equipped with a telephoto lens 

(NIKKOR 105mm f/1.4). None of the imagers used optical filters. The EMCCD has an 

original pixel array size of 512 × 512. To reduce the data storage and to enhance the 

sampling rate at 100 fps, 2 × 2 binning was applied. As a result, each saved image had a 

pixel array size of 256 × 256.  

From 2017 to 2019, HAIs equipped with the newly developed UTC-board have 

played important roles in the ground-based support observation of the Arase (Exploration 

of Energization and Radiation in Geospace, ERG) satellite project.  
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Figure 2-1: Overall view of the all-sky imager installed at TJO. (a) View from west to 

east; (b) image facing the acrylic dome. 

 

 

Figure 2-2: Overall view of the all-sky imager and the narrow FOV imager installed at 

SYO. (a) The dome was open while the all-sky imager was being installed. (b) Image 

facing the acrylic dome after the installation of both the all-sky imager and the narrow 

FOV imager. 
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Figure 2-3: EMCCD camera (ImagEM X2 C9100-23B, Hamamatsu Photonics) 

 

2.2. Component design 

A schematic diagram of the component design is shown in Figure 2-4. In the 

previous design (Figure 2-4a), the trigger pulses were generated inside the camera based 

on its internal clock. Here, the timestamps are determined on the basis of the PC time 

once the image data arrives at the PC. The basic concept of the UTC-board is to generate 

the trigger pulses and timestamps at the same time within the UTC-board (Figure 2-4b). 

The trigger pulses are given to the camera, and the timestamp data are sent to the PC. In 

this manner, the uncertainty in the PC time can be neglected, and the timestamps can be 

completely matched with each trigger pulse. Once the camera receives one trigger pulse 

and captures an image, it sends the image data to the PC, and the observation software 

installed in the PC combines the image data and the timestamp data.  
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Figure 2-4: Comparison of the (a) previous and (b) new schematic diagrams of the HAI 

system. In (b), the trigger pulse and timestamp are generated at the same time within the 

UTC-board. 

 

A component diagram of the UTC-board is shown in Figure 2-5. The board consists 

of four main components (shown in blue), three indicator LEDs (shown in red), and five 

interfaces that connect the board with the other equipment. The selection of devices used 

for each of the components, indicators, and interfaces is explained.  
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Figure 2-5: The component diagram of the UTC-board and the connection with other 

devices that comprise the HAI observation system. 

 

2.2.1. Main components 

In this section, the four main components that comprise the UTC-board are 

explained. 

(1) DIGITAL SIGNAL CONTROLLER 

A digital signal controller (DSC) is a programmable microcomputer package that 

contains a central processing unit (CPU), non-volatile memory, and several peripheral 

functionalities such as a serial communication unit or a timer unit. Therefore, it is 

applicable for processing signals and for controlling the other modules. The 

dsPIC33FJ64GP802 (Microchip Technology) unit was selected as the DSC. The 
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firmware is written in C-language, compiled by the MPLAB XC C Compiler, and 

written in to the DSC by the PICkit 3 writing device. The DSC is operated by an 

oscillator synchronized with the Global Navigation Satellite System (GNSS) time 

output by the GNSS module. The DSC communicates with the GNSS module through 

the Universal Asynchronous Receiver/Transmitter (UART) interface to configure and 

receive the time information. It uses another UART interface to communicate with 

the observation software on the PC. The DSC receives commands and parameters 

from the PC to start or stop the trigger signal output. The DSC also sends the 

timestamp data to the PC. The trigger signal is generated by the pulse width 

modulation (PWM) functionality, which uses two of the hardware timer units built in 

the DSC. Details of the signal generation are given in Section 2.3.4. The generated 

trigger signal is outputted to the trigger output terminal and inputted to the camera. 

(2) GNSS MODULE 

The trigger pulses and the timestamps must be generated by an accurate time 

source. Because the observatories are located at high latitudes, a GNSS module was 

selected that supports GLONASS and BeiDou in addition to GPS. Using GNSS 

increases the number of visible satellites, which increases the stability of the time 

source. The UTC-board is required to generate up to 1,000 trigger pulses per second 

with a stable cadence; therefore, an accurate clock oscillator is needed to operate the 

DSC. Moreover, to stabilize the continuous observation, the trigger signal and the 

timestamps must be generated as accurately as possible even if no GNSS satellite is 

visible. For this purpose, the LEA-M8F (u-blox) time and frequency reference GNSS 

module was selected, which sends the GNSS time information to the DSC. The 

module also includes a voltage-controlled temperature-compensated crystal oscillator 
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(VCTCXO). The VCTCXO produces a reference signal of 30.72 MHz that is used as 

the clock of the DSC. The reference signal is adjusted (disciplined) by the 

synchronization manager built in the module based on the GNSS time information. 

(3) VOLTAGE REGULATOR 

The specification of the voltage range of the external trigger signal input of the 

EMCCD camera is 0.0–3.3 V. To generate the trigger signal more easily, all devices 

on the UTC-board were selected to operate with 3.3 V. The total current consumption 

was less than 500 mA, as estimated from the sum of the maximum current 

consumption of the devices on the board. Considering the current consumption used 

for I/O outside of the board, a power supply device with sufficient capacity was 

selected. The GNSS module and the DSC are operated by a high-frequency oscillator; 

therefore, the power supply must eliminate high-frequency noise such as current 

ripples. For this purpose, a low-noise voltage regulator integrated circuit (IC) is 

needed. The power supplied from a 5 V/2.0 A alternating current (AC)–direct current 

(DC) switching adapter was passed through an LT1963A low-noise 3.3 V regulator 

IC on the board to create a low-noise 3.3 V/1.5 A power supply. 

(4) RS-232C INTERFACE 

An interface IC was used to convert the UART serial communication signal 

voltage (0.0–3.3 V) built into the DSC and the RS-232C serial communication signal 

voltage (−12 to +12 V). To operate with a 3.3 V power source, the ADM3202 interface 

IC (Analog Devices) was selected. The details of the communication formats are 

given in Section 2.3.1. 
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2.2.2. Indicators 

The internal operating status of the board can be checked with indicator LEDs on 

the board. When the UTC-board does not operate correctly, the cause can be identified by 

these LEDs. 

(1) POWER LED 

The power indicator LED shows that the 3.3 V output from the voltage regulator 

IC is correctly supplied. 

(2) PPS INDICATOR LED 

The PPS indicator LED is inserted parallel to the PPS signal line and blinks when 

the PPS signal is released correctly from the GNSS module. The PPS signal is used 

to start the observation sequence, as described in Section 2.3.4.  

(3) MODE INDICATOR 

The mode indicator consists of two LEDs that show the mode in which the DSC 

is currently running. Two types of modes are used for determining whether the DSC 

firmware is in the idle state for accepting any commands (idle mode) or in the 

observation operation (observation mode). During the observation mode, only the 

command to stop observation is accepted. 

 

2.2.3. Interfaces 

Five interfaces are used to connect the UTC-board to the other equipment. All 

interfaces were assembled with a connector fixed to the case.  
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(1) GNSS ANTENNA CONNECTOR 

The GNSS module requires an external GNSS antenna. A coaxial cable was used 

to connect the U.FL connector of the GNSS module to the SMA connector fixed to 

the case. 

(2) TRIGGER PULSE OUTPUT CONNECTOR 

The trigger signal was outputted from an I/O pin of the DSC, which was 

connected to a SMA connector fixed on the case. 

(3) POWER SUPPLY  

To obtain 3.3 V output from the regulator in the circuit, it is necessary to supply 

power with a minimum voltage of 3.7 V and a maximum voltage of 20 V. Therefore, 

a small switching AC adapter (GF12-US0520, Go Forward Enterprise Corp.) with 5 

V/2 A output was used. 

(4) RS-232C CONNECTOR 

RS-232C serial communication was used to communicate with the PC. An RS-

232C connector was fixed to the case. 

(5) ICSP CONNECTOR 

An In Circuit Serial Programming (ICSP) connector was integrated on the board 

to connect the PICkit 3 writing device. In addition to writing the firmware to the DSC, 

the device is capable of step-by-step debugging of the firmware written to the DSC 

while the UTC-board is in operation. This functionality facilitates the development 

and debugging. 
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2.3. Operational design 

This section explains operation of the UTC-board and provides details of the 

internal mechanisms. 

 

2.3.1. Communication design 

The UTC-board (DSC) communicates with the PC via RS-232C serial 

communication, configured with 1 stop bit, no parity, 115,200 baud, and 8 data bits. The 

commands and return values are ASCII characters. The various commands accepted and 

returned by the board are summarized in Table 2-1. When the DSC receives two 

characters “CR” and “LF” in succession, it evaluates the string held in the buffer to 

identify the command string. The buffer is a ring buffer of 256 bytes configured in a First-

In First-Out (FIFO) manner to ensure the execution order of the received commands.  

In the communication between the board and the PC, the highest communication 

speed is required when the time stamp is sent to the PC for each imaging frame during 

the observation. Therefore, the timestamps are sent to the PC in binary data to reduce the 

data amount and gain processing speed. The timestamp data has the form of the second 

of day (SOD) in the 24 bits data length and the millisecond value in the 16 bits data length, 

which requires 40 bits of data length. Considering the communication parameters (one 

start bit, no parity, and one stop bit) and 8 bits of data for one serial frame, a single 

timestamp data requires 5 serial frames which is 50 bits of binary length. Considering that 

there is no error during the data transmission, the configured communication speed of 

115,200 baud can send 2,304 timestamps in 1 s. The requirement is 1,000 fps; therefore, 

this communication speed is theoretically 2.3 times faster than the required speed. 
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Table 2-1: Commands accepted by the UTC-board and their return values. 

 

 

  

Type

PIC_CHECK HEX
Health check. Return ACK if running in the Idle
Mode  (ready to accept a command).

GPS_CHECKPPS HEX Whether the PPS signal is output (01) or not (00).

GPS_DEBUG STR
Enter GPS Path Through Mode, which passes commands
from the PC to the GPS module. Used when configuring
the GPS module from PC.

GPS_SVIN HEX
Send a command to the GNSS module to start the
SURVEY-IN. Returns ACK if started, NAK if not.

GPS_SVVALID HEX
Whether SURVEY-IN has been completed once (01) or
incomplete (00).

GPS_SVACTIVE HEX Whether in the middle of SURVEY-IN (01) or not (00).

GPS_SVCHECK HEX 00|01 00|01
Execute two commands GPS_SVVALID and GPS_SVACTIVE
and return the results in order.

SET_FPS HEX

Set FPS value. After receiving this command, it
waits 0.1 seconds for a string of 4 digits with
trailing CRLF, and returns the resulting code.
01: Timeout
02: Received character was NULL or not a number
03: Not a possible value (Undividable by 15360000)
06: Success

GET_FPS HEX fps&0xff fps>>8&0xff
The current fps value (16 bit) is returned in two
parts, the lower 8 bits and the upper 8 bits.

OBS_START HEX
Start the observation sequence. Enter the
Observation Mode .

OBS_STOP HEX
Stop the observation sequence. Exit the Observation
Mode  and return to the Idle Mode .

QUIT HEX
Exit the GPS Path Through Mode  and return to the
Idle Mode .

06(ACK)

During GPS Path Through Mode:

06(ACK)

Command Description

During Idle Mode:

During Observation Mode:

06(ACK)

"\r\nEntered GPS
Path Through
Mode\r\n"

01|02|03|06(ACK)

Value

06(ACK)|15(NAK)

00|01

00|01

Return

06(ACK)

00|01
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2.3.2. Reset functionality 

To maintain unmanned continuous observation, several methods are designed to 

reset the operation of the UTC-board. 

(1) Software reset 

Inside the DSC firmware, after receiving the OBS_STOP command the software reset 

clears the serial communication buffers and re-initiates all variables so that the next 

observation starts from a refreshed state. This is performed automatically at the end 

of observation every day. 

(2) Hardware reset 

By changing the DTR signal pin of RS-232C from L to H, the Master Clear (MCLR) 

pin of the DSC is connected to GND through a photocoupler switch so that the DSC 

is restarted. The DSC starts from the beginning of the firmware. The GNSS module 

is not restarted. This is performed manually when needed by turning the DTR signal 

from the serial terminal software on the observation PC, which can be accessed 

through the internet. 

(3) All reset 

By cutting the power of the UTC-board off and on, both DSC and GNSS module are 

restarted. The satellite information is cached in the GNSS module, however the 

positioning and the survey-in is redone. This is performed manually when needed by 

controlling the watchboot power switch from the PC, which can be accessed through 

the internet. 
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2.3.3. Software 

Before the UTC-board system was developed, the HAIs were controlled by “ebicam” 

software originally developed by Y. Ebihara. The software is written in C++ programming 

language. Once the ebicam starts, it reads a setting file and a schedule file and stores the 

values. The setting file describes the observation latitude and longitude, the threshold of 

the sun elevation, the directory for saving the images, and the location of the schedule 

file. The schedule file determines the range of observation time and camera parameters 

such as exposure time and EM gain. Ebicam sends the camera parameters to the camera, 

and waits for the start of the observation. When the sun elevation becomes lower than the 

threshold and the PC time is within the range of observation time, ebicam sends the start 

of acquisition command to the camera and waits within a loop for an image to be sent 

from the camera. The camera acquires an image with its internal trigger and sends it to 

the PC. When the image reaches the PC, ebicam adds a timestamp to the image data based 

on the PC time. Multiple images acquired within 1 min are stored in one file as combined 

raw data.  

To implement the newly developed UTC-board system, the observation program 

required modification. At the observation start, it must send commands to the UTC-board, 

and during the observation, it must save the timestamp received from the UTC-board in 

synchronization with the image saving sequence. The observation software was modified 

by the author and renamed “akicam.” The detailed sequence of data acquisition is 

described in Section 2.3.4. All commands controlling the UTC-board are designed in 

human-readable ASCII strings format to make trouble shootings easier in case of 

communication errors with the akicam software. Akicam sends the command string by 

appending the “CR” and “LF” at the end so that the UTC-board can recognize the end of 
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the command string. When the UTC-board receives a command, it returns the return value 

to the PC. The designed commands and return values are summarized in Table 2-1. The 

commands are sent through the RS-232C with the configuration of 1 stop bit 1, no parity, 

115,200 baud, and 8 bits of data. 

 

2.3.4. Trigger generation and timestamp association 

The associations between an image and a timestamp and between a timestamp and 

the GNSS time must be guaranteed. The separation of triggering and timestamping 

functionality from the observation software enables accuracy in the timestamp but also 

complicates the mechanism for associating a timestamp with each image. Apart from 

sending commands to the camera and the board, akicam acts in a passive manner during 

observation to receive all image data and timestamp data. The sequence of association of 

the timestamp is as follows. The trigger board sends the timestamp data to the PC for each 

trigger pulse that was sent to the camera. The camera sends the image data to the PC for 

each trigger pulse. The received timestamp data on the PC will be added to a log file with 

the image ID on one line. If the camera fails to obtain an image and the PC receives no 

image data, the timestamp will be thrown away, and the next timestamp will be treated 

when the next image is received to guarantee the association with the last received image 

data. 

The mechanism to generate trigger pulses based on the GNSS information is 

explained here. The timeline diagram of the synchronization is shown in Figure 2-6. The 

Fosc is the main oscillator frequency, which is the 30.72 MHz signal provided by the 

GNSS module. When the DSC receives a command to start observation (OBS_START), 
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it requests the time information to the GNSS module. At the next PPS timing, the DSC 

receives the time information of that second. Then, it prepares the timer modules and 

starts triggering. Two of the four 16-bit TIMER modules (T2, T3, T4, and T5) within the 

DSC are combined to form two 32-bit timers (T23, T45) to count the instruction cycle 

clock (Fcy = Fosc ∕ 2). Both timers start counting at the same time at which the first 

trigger pulse is raised, then falls after every T45 counts and then raises after every T23 

counts (T45 < T23). Because the DSC executes its firmware in a step of the instruction 

cycle Fcy, the instruction counts of T23 to raise the trigger pulse of desired fps value is 

calculated as 

 

 𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑇23 =  
𝐹𝑐𝑦

𝑓𝑝𝑠
 =

(30.72×106)

2×𝑓𝑝𝑠
,  (5.2)  

 

and the instruction counts of T45 to decrease the trigger pulse is determined by 

multiplying the duty ratio of 0 < duty < 1. This functionality uses the trigger pulse to 

control the exposure time; when the Synchronous Readout Trigger Mode is used, the duty 

ratio is unrelated, and only the rising edge is used to end the exposure and start the next. 

Therefore, the duty ratio is fixed to 0.5. The PPS signal is connected to the external 

interrupt pin of the DSC, which makes it possible to emit an interruption in the firmware 

instruction every second. This signal is used to align the increase in the trigger pulse to 

the exact 0 sec time. 

When the DSC receives a command to stop (OBS_STOP), it waits until the next 

fall of the trigger pulse and stops triggering, then it sends the finished signal to the PC. 
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Figure 2-6: The Fosc is the reference signal from the GNSS module. The Fcy is the 

instruction cycle clock, which equals Fosc/2. 

 

2.3.5. Accuracy of the absolute timestamp 

In this design, no time delay due to software processing occurs between the trigger 

pulse and the timestamp. Two measures of time accuracy remain in the system. The first 

is the timing accuracy, which is the time delay between the GNSS time and the recorded 

timestamp of each frame. There are three measurement time delays: (1) from the rising 

of trigger pulse input to the beginning of the exposure, which takes up to 165.58 μs at the 

largest value with the Synchronous Readout Trigger Mode (Hamamatsu DCAM-API 

Function Reference); (2) less than 100 ns is the time delay obtained by dividing the 

maximum positioning error of 30 m by the light speed; (3) about 70 ns is the delay when 

the pulse travels 15 m of the cable up to the CMOS at a speed of 70% of the light speed. 
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Delay (1) is constant and correctable, while (2) and (3) are variable but small compared 

to the required time accuracy (= 1 ms). 

The second measurement is the frequency accuracy. Because the trigger pulse is 

generated by counting the instruction cycle in the DSC, the frequency accuracy of the 

Fosc must be ensured so that it does not alter the exposure time or accumulate to time 

delay as a result. The frequency of the VCTCXO is corrected (disciplined) continuously 

within the GNSS module to account for changes in temperature (<5 ppb). During hold-

over, the most recent setting is held, and the frequency stability is determined by the 

oscillator characteristics (<25 ppb). The disciplining continues whenever a signal from at 

least one satellite is received. The correction rate of disciplining is restricted to less than 

30 ppb/s to stabilize the camera exposure time of each frame. The disciplining is 

performed by shifting the frequency so that the number of pulses of the reference signal 

between two PPS signals does not change. Therefore, the fluctuation is skewed to plus or 

minus and does not accumulate as time error on the resulting trigger pulse. Moreover, the 

sequence that aligns the increase in the trigger pulse to the PPS signal also ensures re-

alignment of the trigger pulse to GNSS time every second. 
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2.4. Production 

The circuit was tested on a breadboard, as shown in Figure 2-7.  

 

 

Figure 2-7: Design pattern of the UTC circuit board 

 

The design pattern of the circuit board is shown in Figure 2-8, and the created UTC-

board is shown in Figure 2-9. The design pattern was created by Printed Circuit Board 

Editor (PCBE) free software. 
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Figure 2-8: Design pattern of the UTC circuit board. 
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Figure 2-9: (a) Surface and (b) rear of the operating UTC-board. 
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3. Observation overview 

 

Coordinated ground-based optical observations were conducted at Syowa Station 

in the Antarctic region (SYO; 69.00°S, 39.58°E, magnetic latitude −66.33°) and at its 

magnetic conjugate point Tjörnes (TJO; 66.20°N, 17.12°W, magnetic latitude 66.27°) in 

Iceland. Both TJO and SYO are multi-instrument facility bases. Identical all-sky imagers 

were installed at both locations, and a narrow FOV camera (HAI2) was also installed at 

SYO. The HAI2 was directing toward the magnetic zenith to identify faint and small 

signatures that were used for studying the fastest pulsating aurora, as discussed in 

Chapter 5. All imagers were operated at 100 fps. 

Continuous observation was made for the winter seasons at TJO from September 

2017 to March 2018 and from September 2018 to March 2019 and at SYO from March 

2018 to September 2018. The weather conditions were acceptable, and the data coverage 

was approximately 86% at TJO and 87% at SYO. We obtained a total of ~100 TB of data 

for TJO and ~180 TB for SYO; the raw HDD were stored in the NIPR.  

Several good opportunities for coordinated campaign events occurred between the 

Arase satellite and ground-based observations at SYO (Kataoka et al., 2019; Tanaka et al., 

2019). Table 3-1 summarizes the campaign in 2018.  
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Table 3-1: Conjugate campaign events between ground-based HAI and the Arase satellite 

in 2018. 

 

 

This chapter describes and discusses the auroral substorm event occurring on 

September 22, 2018. This event is the best case during the coordinated campaign 

observations of 2017–2019 between TJO and SYO, in which the ground-based all-sky 

imagers successfully captured the detailed initial development of the bulge structure at 

the conjugate points in the Northern and Southern Hemispheres when the footprint of the 

Arase satellite was within the FOV of the HAIs. 

 

 

Date Time (UT)
Conjugate station

with Arase
Description

01/01 - 02/27 - - Arase passing time (around 10UT) is daytime.

02/27 - 05/04 - -
Simultaneous observation period for both hemispheres.
Arase passing time (around 8UT) is daytime.

06/23 04:20-05:14 Syowa
Aurorae all over the sky, pulsating in the northern half of
the FOV.

07/05 19:30-22:00 Syowa Aurora was seen.

07/06 01:30-03:00 Syowa
Light cloudy and moonlight, with a weak aurora. A bright
aurora at 0237 for a moment.

07/21 01:20-01:50 Syowa
Pulsating aurora. Arase passed the southwestern edge
of the FOV.

07/25 02:50-04:34 Syowa Weak aurora, all over the sky.

08/06 23:35-02:00 Syowa
Aurora appears after 0140. At 0200, light cloudy, the
aurora spreads all over the sky.

08/11 02:30-03:30 Syowa
A very weak pulsating aurora over wide area. Arase
passed northeastern edge, outside the auroral area.

08/21 23:10-01:10 Syowa Very weak aurora.

23:00-00:20 Syowa
Aurora at 23:00. Arase passes through the southwestern
edge of the FOV.

22:30-00:50 Tjornes Sunny but no aurora.

21:20 - 00:30 Syowa Auroral breakup. WTS.

21:00 - 01:00 Tjornes Auroral breakup. Eastward expanding surge.

20:50 - 23:30 Syowa Curtain aurora.

20:25 - 00:00 Tjornes Cloudy.

09/05

09/22

10/07
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Figure 3-1: Solar wind parameters captured on September 22, 2018, as obtained from 

OMNIWeb. From top to bottom, IMF BY, BZ, solar wind speed, and proton density are 

shown. The bottom two panels are keograms at TJO and SYO. The black vertical line 

indicates the time of the auroral onset (2210:45 UT). 

 

The solar wind parameters and keograms at TJO and SYO are displayed in Figure 

3-1. The solar wind data were obtained from OMNIWeb (OMNI-2). The black vertical 

line is the time of the auroral onset. The IMF BY was strongly positive before the onset. 
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The IMF BZ was negative (−1 to −2 nT) before the onset. The solar wind speed was 

relatively high at ~540 km s−1. The proton density was about 4.5–6.5 cc−1 during the event. 

 

 

Figure 3-2: Comparison of plasma waves and electrons observed by the Arase satellite 

and keograms of TJO and SYO during the substorm event occurring on September 22, 

2018. The black vertical line indicates the time of the auroral onset (22:10:45 UT). 
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The in-situ observation of plasma waves and electrons as obtained from the Arase 

satellite are shown in Figure 3-2 with keograms of the HAI at TJO and SYO. The vertical 

axes of keograms ranging 0 to 255 are covering the viewing angle of 180°. An 

intensification of the aurora (initial brightening) was observed at 22:10:45 UT (onset 

time), and the auroral breakup was observed at both hemispheres simultaneously. The 

Plasma Wave Experiment (PWE) instrument onboard the Arase satellite observed a 

sudden pulsation associated with the substorm onset. Immediately after the auroral 

breakup, surge-like auroras propagated over both stations. During the recovery phase, the 

Arase satellite observed chorus waves, whereas pulsating auroras were observed at the 

ground from 22:32 UT to 23:12 UT. 

The new findings on the propagating and pulsating auroras are documented in 

Chapters 4 and 5, respectively.   
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4. Asymmetric development of auroral breakup 

 

4.1. Results 

 

 

Figure 4-1: Raw all-sky images captured at 22:12 UT and 22:16 UT on September 22, 

2018, when the propagating auroras expanded eastward at TJO (left) and westward at 

SYO (right). Geographic north is indicated at the top. The magnetic latitudes (red dotted 

line) and geographic latitude (white dotted line) are indicated. The triangle, square, and 
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cross represent the Arase footprints traced by IGRF, T01, and T04s, respectively. 

 

 

Figure 4-2: Initial brightening and development during the 2 min to show the rough 

temporal evolution of the propagating auroras at TJO and SYO. Geomagnetic north is 

indicated at the top. 

 

On September 22, 2018, an auroral breakup and the subsequent rapid evolution of 

propagating auroras were simultaneously observed at magnetically conjugated points in 

the Northern and Southern Hemispheres. Figure 4-2 shows the position of the initial 

brightening as observed by the HAIs at TJO and SYO as well as the first 2 min of the 

subsequent temporal evolution of the auroras. 

The all-sky images were mapped to the altitude-adjusted corrected geomagnetic 

(AACGM) coordinate (Baker and Wing, 1989) by assuming an emission altitude of 110 

km, looking downward on the ionosphere from space (Figure 4-3a). The coefficients of 

AACGM-v2 (Shepherd, 2014) were used in this study. The magnetic north is at the top, 

and east is to the right in both hemispheres. The initial brightening is identified in Figure 
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4-3a as blue arrows at the low-latitude side of the western (eastern) edge of the FOV at 

TJO (SYO) after the sudden intensification was observed at 22:10:45 UT. Then, at a 

higher latitude in both hemispheres, another bright auroral arc began to exhibit enhanced 

luminosity, as shown in the figure by red arrows. 

The magnetic longitude (MLon) of the initial brightening was at 55°–60° in the 

Northern Hemisphere and 85°–90° in the Southern Hemisphere in the AACGM 

coordinate. The displacement of the initial brightening in both hemispheres was 1.7–2.3 

MLT. In the Southern Hemisphere, the low-latitude structure developed at the initial 

brightening spot and then merged with the high-latitude aurora to form a westward 

traveling surge. In the Northern Hemisphere, the high-latitude and low-latitude arcs 

roughly maintained the latitudinal distances and were accompanied by multiple arcs 

between them. They propagated eastward until disappearing at 22:21:30 UT near the 

zenith of TJO. It is apparent that the eastward propagating aurora in the Northern 

Hemisphere developed more rapidly than the westward propagating aurora in the 

Southern Hemisphere. The propagating auroras were observed only within a few minutes 

after the initial brightening at the conjugate stations in the Northern and Southern 

Hemispheres. After the auroras traveled over the all-sky FOVs, several N–S arcs appeared 

during a time interval of 10 min, from 22:25 UT to 22:35 UT.  

To quantitatively compare the propagation speeds, Figure 4-3b shows the magnetic 

west-to-east keograms at TJO and SYO. The vertical axes are converted to distance from 

the westward edge of the FOVs at the assumed emission altitude of 110 km. The average 

speed derived from the fitted slopes in Figure 4-3b is ~6.5 km s−1 at TJO and ~1.3 km 

s−1 at SYO. 
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Figure 4-4: Magnetic field vectors measured by the Arase satellite for 1 h from 2200 UT 

on September 22, 2018. The black curves in these panels indicate the IGRF model, and 

the dotted lines indicate the T04s model. The vertical line indicates the timing of the 

auroral breakup. 

 

The Arase satellite observed a sudden, significant disturbance in the magnetosphere 

in association with the substorm onset. Figure 4-4 compares the magnetic field variations 

measured by the Arase satellite with data of the International Geomagnetic Reference 

Field (IGRF) model and the T04s model (Tsyganenko and Sitnov, 2005). The Arase 

satellite observed a positive excess of the BY component in the GSM coordinate system 

against the T04s before the onset time (black vertical line in the figure). The observed 
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excess could be associated with FACs that were not considered by the T04s model. It is 

also apparent that the BY excess present before the breakup gradually relaxed within ~30 

min after the breakup. 

 

4.2. Discussions 

4.2.1. Longitudinal displacement of conjugate initial brightening 

A distinctive feature of this auroral breakup event is the large displacement of the 

initial brightening in the longitudinal direction far from the nominal conjugate points. 

One of the most plausible factors causing the displacement of the geomagnetic conjugate 

points is the effect of the IMF BY. The large-scale magnetic field in the nightside 

magnetosphere can be twisted in the same direction as the IMF BY (Cowley, 1981; 

Østgaard et al., 2005; Saita et al., 2011), and the conjugate points themselves can shift 

accordingly. During the positive IMF BY condition, the conjugate positions are therefore 

expected to shift duskward or westward in the Northern Hemisphere and in the opposite 

direction in the Southern Hemisphere. 

The substorm onset occurred close to the arrival time of the northward turning of 

the IMF (Figure 3-1). The IMF BY was positive, at ~5.5 nT on average, for more than 1 

h prior to the brightening, which is consistent with the observed displacement of the initial 

brightening. The amount of longitudinal displacement of 1.7–2.3 MLT, however, is larger 

than the empirical formula (Østgaard et al., 2004), which gives only ~1 MLT difference 

if the IMF BY is 5.5 nT. However, such a difference from the empirical formula was not 

unexpected. For example, Østgaard et al. (2018) reported ~2.0 MLT events. The observed 

excess of the BY component against the modeled magnetic field, as observed by the Arase 
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satellite, is also consistent with the large shift of the conjugate positions in both 

hemispheres.  

It is noteworthy that dipole tilt and seasons can also cause longitudinal displacement 

(e.g., Liou and Newell, 2010; Ohma et al., 2018). Because the observations were made 

near the equinox in this case, both of these effects can be ignored.  

Other possibilities for causing the large longitudinal displacement of the initial 

brightening have been reported. For example, Sato et al. (1998) suggested that the 

triggering source of an aurora breakup could exist at an off-equator point. Morioka et al. 

(2011) reported that the ionosphere can control a substorm onset via the formation of 

auroral acceleration regions. Recently, Ebihara and Tanaka (2015a) simulated the initial 

brightening of an auroral breakup using global MHD simulation using the Reproduce 

Plasma Universe (REPPU) code (Tanaka, 2015). Their results showed that the localized 

enhancement of the upward FAC originated in the near-Earth off-equatorial region.  

 

4.2.2. Asymmetric propagation 

To verify the relationship between the state of the ionosphere and the asymmetric 

propagation of the aurora, we investigated the ionospheric equivalent current at both 

stations (Figure 4-5). Before the onset, the H-component of the magnetic field at TJO 

(SYO) was larger (smaller) than that of the quiet-day variation. When the propagating 

aurora at TJO reached the zenith, the H and D components changed signs, which likely 

reflects the rapid evolution of the complex current system of the auroral breakup. 
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Figure 4-5: Horizontal component of ground-based magnetic field variation (H and D) 

at TJO (Tjörnes) and SYO (Syowa) for 15 min beginning at 22:00 UT on September 22, 

2018 (solid black line). The dashed red line indicates the quiet day values observed on 

September 20, 2018. The vertical line indicates the timing of the initial brightening. 

 

Figure 4-6 shows the ionospheric equivalent current derived from SuperMAG data 

(Gjerloev et al., 2012) at 22:10:00 UT for both hemispheres plotted in AACGM 

coordinates. Before the onset, the eastward Hall current was identified at TJO, whereas 

the direction was clearly westward at SYO. The propagating aurora began at the westward 

edge of the TJO FOV, where the eastward Hall current is stronger, as expected from 

southern Greenland. The asymmetric two-cell patterns of the Hall current are also 

consistent with the IMF BY-dependent results of a statistical study by Haaland et al. 

(2007). The directions of the Hall current, therefore, could be essential for causing the 



 54  

eastward and westward propagations of the aurora breakup in the Northern and Southern 

Hemispheres, respectively. 

 

 

Figure 4-6: Ionospheric equivalent currents in the Northern Hemisphere (left) and 

Southern Hemisphere (right) obtained at 22:10:00 UT, as derived from SuperMAG data. 

Top of the image is toward the sun, and the right side is dawn. The Southern Hemisphere 

is viewed from the north through the Earth. The equivalent currents at TJO and SYO are 

superposed at twice the enhancement as that of the SuperMAG data. 

 

For simplicity, we assumed that a similarly distorted global magnetic field 

continued for 30 min, as expected from Figure 3-1, because it was originally manifested 

by the initial brightening. If the mesoscale bulge structure always expands both eastward 

and westward (e.g., Nakamura et al., 1993), it would be natural to see an eastward 

propagating aurora in the Northern Hemisphere and a westward traveling surge in the 

Southern Hemisphere during the positive IMF BY-condition, as illustrated in Figure 4-7. 
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Figure 4-7: Schematic illustration of a poleward expansion in the Northern and Southern 

Hemispheres. The Earth is viewed from midnight toward the Sun, and dawn is to the right. 

The blue curve depicts the magnetic field line connecting the conjugate stations. The red 

circles are the FOVs of the ground-based all-sky imagers, and the arrows represent the 

direction of the auroral expansion. 

 

Craven and Frank (1985) reported that after the initial brightening, a second 

intensification adjacent to the prior one propagates eastward. This phenomenon is similar 

to the eastward propagating structure in the Northern Hemisphere, as shown in Figure 4-

3a. Such a fine auroral structure, however, could not be fully resolved by the satellite 

imaging of the previous study. Tanaka et al. (2015) reported observational examples that 

showed similar development of an eastward-expanding auroral surge in the post-midnight 

sector at a large distance from that of the initial brightening. The present event occurred 

in the pre-midnight sector near the initial brightening, and the observed propagating 
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auroras were in the initial stages of bulge evolution. Liou et al. (2006) also reported that 

an eastward-expanding auroral bulge does not clearly exhibit a surge-like structure. In 

our observations, the eastward propagating aurora in the Northern Hemisphere differed 

significantly from the typical appearance of a westward traveling surge in the Southern 

Hemisphere.  

The scenario above, however, might be too simplified. Notably, we observed no 

westward (eastward) traveling structures in the Northern (Southern) Hemisphere in the 

initial stage of a several minutes. These results are similar to the observational report of 

Tanaka et al. (2015) such that no westward traveling surge was recognized in their 

eastward expanding events. Therefore, it can be expected that with a limitation of the best 

effort of ground-based all-sky imaging FOVs, the bulge structure development was 

dominant only in the eastward (westward) direction in the Northern (Southern) 

Hemisphere. Such a concept of full asymmetric propagation of the mesoscale bulge 

structure is consistent with the results obtained by Ebihara and Tanaka (2015b; 2018), 

who simulated a westward traveling surge through global MHD simulation. They showed 

that the propagation direction of the traveling surge is controlled by the ionosphere, and 

they confirmed that the direction of the surge development is not necessarily to the west 

but should be the same as the direction of the ionospheric Hall current. 

The conjugate observation results presented in this study therefore support the 

possible role of the ionosphere in controlling the major auroral evolution. However, we 

cannot completely rule out another possibility, as shown in Figure 4-7, because of the 

limited all-sky FOVs. The effort is ongoing to distribute several all-sky imagers 

longitudinally in conjugate areas, which will be able to differentiate between the above 

two scenarios.  
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4.2.3. Shear at the leading edges 

In this sub-section, the shear motions found in the propagating auroras are examined, 

assuming that the optical flow of the auroras approximately represent the plasma motion 

in the acceleration region (e.g., Chaston et al., 2015). 

Figures 4-8 and 4-9 show shear motion in the propagating aurora recorded at TJO 

and SYO, respectively. The images were mapped onto the ionospheric plane at an altitude 

of 110 km in the direction of looking downward on the ionosphere. The three keograms 

are the time series along the position marked in each image (cuts 1, 2, and 3). These cuts 

are about 80 km apart at an altitude of 110 km. The aurora is propagating in the direction 

from cut 1 toward cut 3 in both hemispheres. Cut 2 is located at the leading edge of the 

propagating aurora, and cut 3 is in a position ahead that has not yet been reached by the 

bright aurora. The eastward propagating aurora at TJO shows clockwise (CW) motion. 

Although the westward propagating aurora at SYO shows the opposite direction on the 

image, the rotation is CW if viewed along the magnetic field line, which is the same 

direction as the rotation at TJO. Hereinafter, CW and counterclockwise (CCW) refer to 

the direction of rotation when viewed in the direction of the magnetic field lines. 
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Figure 4-8: Shear motion observed in the propagating aurora at TJO. (a) The image is 

mapped onto a sphere at an ionospheric altitude of 110 km in the direction looking 

downward on the ionosphere. (b) Keogram at positions 1, 2, and 3 shown in image (a). 

The black vertical lines in the keogram are missing image frames. 

 

 

Figure 4-9: Shear motion observed in the propagating aurora at SYO. The format is the 

same as that discussed in Figure 4-8. 
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Ebihara and Tanaka (2015b; 2018) showed that both the convergence of the Hall 

current and the divergent electric field (CCW flow vorticity) appeared at the leading edge 

of the surge. However, the observed propagating auroras showed CW motion at the bright 

aurora area (between cuts 1 and 2) in both hemispheres, which is opposite the results of 

Ebihara and Tanaka (2015b; 2018). It is interesting to note that if we focus on the shear 

motion at the very edge of leading front (between cuts 2 and 3), the shear motion is CCW 

in both hemispheres. It can therefore be observationally expected that the divergent 

electric field is located at the very edge of the leading front of the propagating aurora, to 

which the aurora is about move. 

Several possibilities can explain this discrepancy between the results of MHD 

simulation and our observation. First, the ionosphere and the inner boundary of the 

magnetosphere (3.0 Re) is connected directly in the MHD simulation, which could 

essentially lack the observed shear motion occurring in the auroral acceleration region. 

Second, although the MHD simulation was performed with the highest resolution at level 

7, the spatial resolution might be still insufficient for reproducing the small-scale (<100 

km) structure occurring at the leading edge. Improved resolution (level 8 or more) will 

solve this problem in future. Third, the actual plasma convection at the ionosphere might 

be significantly different from the observed optical flow. This point will be investigated 

in detail by comparing the SuperDARN observation with HAI data.  
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5. Rapid pulsation 

 

5.1. Results 

 

 

Figure 5-1: Example of the diffuse patchy auroral form during the recovery phase. These 

auroras are pulsating auroras. The format is the same as that discussed in Figure 4-1.  
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After the auroral breakup, a bright arc aurora extended in the magnetic N–S 

direction appeared at 22:22 UT, from the east and extended into the FOV in both 

hemispheres. After 10 min, at 22:32 UT, it became a very dark diffuse aurora at TJO, 

whereas a brighter diffuse aurora appeared over SYO. After 22:32 UT, about 20 min after 

the auroral breakup, diffuse and patchy pulsating auroras appeared in both hemispheres. 

Figure 5-1 shows all-sky images of TJO and SYO captured at 15 s intervals. A pulsating 

aurora patch first appeared in the all-sky FOV at 22:32 UT at TJO and at 22:36 UT at 

SYO. It was difficult to find the very first patch appearing at SYO owing to the bright 

diffuse aurora in the background. The pulsating aurora patches that first appeared were 

common in both hemispheres in that the spatial size was small, at ~20 km at an altitude 

of 100 km, and disappeared after repeating the pulsation several times during a period of 

several seconds to several tens of seconds. After 22:38 UT, the main pulsation began in 

both hemispheres. The spatial size of the patch evolved to approximately 50 km; the 

periodicity of the pulsation became clearer; and the duration of the same pulsating patch 

increased to several minutes. 

Correlation between the main pulsation and chorus wave activities was found as 

shown in Figures 5-2 to 5-5. As indicated by the white arrows in Figures 5-2 and 5-3, 

the pulsating aurora at TJO showed good correlation between the chorus wave intensity 

variations. Theoretically, the electrons are accelerated in a direction opposite that of the 

traveling direction of the chorus waves. Because the Arase satellite was located in the 

Southern Hemisphere, these results are consistent with those reported in previous studies 

(e.g., Miyoshi et al., 2015).  
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Figure 5-2: Example of one-to-one correspondence between the main pulsations at TJO 

and chorus wave activity observed by the Arase satellite. In the upper left image, two all-

sky images are shown overplotted with several regions of interest (ROIs) and the 

correlation map against the intensity variation of the chorus waves. The triangle, square, 

and cross represent the Arase footprints traced by IGRF, T01, and T04s, respectively. The 

upper right panel compares the brightness curves at the ROIs (red) and the time variation 

of chorus wave intensity (black). The bottom three panels show the dynamic spectrum of 

magnetic field fluctuation observed by the Arase satellite PWE/OFA and magnetic N–S 

keograms crossing the ROIs. 
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Figure 5-3: Additional example of the one-to-one correspondence between the main 

pulsations at TJO and chorus wave activity observed by the Arase satellite. The format is 

the same as that discussed in Figure 5-2.  
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Figure 5-4: Example of the correlation between the main pulsations at SYO and chorus 

wave activity observed by the Arase satellite. The format is the same as that in Figure 5-

2. 
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Figure 5-5: Additional example of the correlation between the main pulsations at SYO 

and the chorus wave activity observed by the Arase satellite. The format is the same as 

that discussed in Figure 5-2. 

 

The time stamp for auroras in the Southern Hemisphere also shifted for 1 s because 

it takes ~1 s for the electrons precipitating into the Southern Hemisphere which are 

scattered from the Northern Hemisphere by a similar chorus wave. 

Surprisingly, 1 min before the main pulsation began, a rapid temporal variation in 

auroral luminosity was observed within the narrow FOV of HAI2 without the main 

pulsation, in association with the chorus elements. The HAI2 points to the magnetic zenith. 

The spatial size of the narrow FOV is 7.72 km at 100 km altitude, which is about the same 

as that of a typical single pulsating patch. Figure 5-6 shows a correlation between the 
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aurora observed at SYO and the lower-band chorus intensity. The lower panels compare 

the keograms of a selected area within the all-sky images and the narrow FOV images. 

The region of interest is depicted in Figure 5-7. At 22:34:57 UT, an aurora modulated at 

~3 Hz without main pulsation appeared in the narrow FOV of HAI2. 

 

 

Figure 5-6: Comparison of the dynamic spectrum of the chorus waves observed by the 

Arase satellite with the keogram of the all-sky HAI at SYO (top two panels). The bottom 

three panels compare the dynamic spectra of the chorus wave expanded for 10 s beginning 

at 22:34:50 with the keogram of the narrow FOV of HAI2 and the keogram of an ROI 
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within the all-sky image. The white dotted horizontal line within the keogram indicates 

the region of the narrow FOV of HAI2.  

 

 

Figure 5-7: All-sky HAI image with the selected area indicated by the green square; the 

red square indicates the FOV of the HAI2. 

 

At 22:34:48, just before the so-called 3 ± 1 Hz modulation appeared in the auroral 

intensity, ~20 Hz modulation was detected by the narrow FOV camera. Figure 5-8 

compares the dynamic spectrum of the chorus waves observed by the Arase satellite and 

the mean intensity variation in the HAI2 when the rapid variation occurred. The auroral 

intensity variation continued for ~10 s. It is apparent that variation in both the chorus 

wave intensity and the auroral intensity included a modulation at ~20 Hz. 

Note that the footprint of the Arase satellite does not exist in the narrow FOV of 

HAI2. Therefore, a one-to-one correspondence could not be expected between the 20 Hz 

modulations observed in the intensity variations of the chorus waves and the pulsating 

aurora. Nevertheless, we found similar rapid variation in those, suggesting the possibility 

that the rapid auroral modulation could have been generated by the chorus wave. 
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Figure 5-8: Dynamic spectra of chorus waves and variations in aurora intensity captured 

by the narrow FOV of HAI2. The arrows indicate the repetitive intensity variation in both 

the chorus wave and the aurora. 

 

5.2. Discussions 

5.2.1. Resonant energy 

The precipitating electron energy can be evaluated using standard theories of 

resonant energy of electrons against whistler-mode waves. The resonant energy, ER, at the 

first-order cyclotron resonant scattering given by Kennel and Petschek (1966) is  

 

 𝐸𝑅 =
𝐵2

2𝜇0𝑁

𝑓𝑐𝑒

𝑓
(1 −

𝑓

𝑓𝑐𝑒
)

3

 (5.1)  

 

where N [m-3] is the number density, B [nT] is the magnetic field strength, f is the wave 

frequency, and fce is the cyclotron frequency of electrons. Assuming a typical trough 
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density of 10 /cc at L = 5–6 (Sheeley et al., 2001) with the magnetic field strength of 100 

nT at the Arase satellite of 220 nT, the resonant energy becomes ~200 keV at 300 Hz. 

This suggests that the electron energy was sufficiently high that the time-of-flight effect 

can be neglected to cause the rapid modulation of 20 Hz in the auroral intensity. 

 

5.2.2. Possibility of subpacket 

Previous research has shown that the 3 ± 1 Hz internal modulation of auroral 

intensity appearing in the pulsating aurora patch has a one-to-one correspondence with 

the chorus element (Hosokawa et al., 2020). Santolik et al. (2004) reported a fine structure 

of chorus wave packets obtained by Cluster spacecraft observation and referred to as 

subpackets. These subpackets are embedded in chorus elements when shown in a time–

frequency diagram, and their time scales are less than 40 ms (Santolik et al., 2014). This 

time scale corresponds to that of the chorus intensity variation observed in the present 

event.  

Figure 5-9 shows the dynamic spectra calculated from waveform data in a different 

time resolution at the same period as that of the last 2 s shown in Figure 5-8. While the 

lower resolution (top) panel shows a more likely rising tone in the chorus element with a 

duration of ~200 ms, the higher resolution (bottom) panel show a repetition of chorus 

elements of 50 ms duration, as denoted by white arrows in the figure. It is difficult to 

differentiate a subpacket from the burst repetition of chorus elements in this single 

example. 
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Figure 5-9: Dynamic spectra of chorus waves calculated with lower (top) and higher 

(bottom) time resolution. The arrows indicate the repetitive intensity variation.  

  



 71  

6. Discussion 

 

6.1. Brief summary 

Development of high-speed imagers discussed in this study can be briefly 

summarized as follows: Two EMCCD all-sky camera systems were developed and 

installed at SYO and TJO. No optical filters were used to achieve the high-speed imaging. 

The resolution was 256 × 256 pixels, and the sampling rate was fixed at 100 fps. The total 

amount of data obtained thus far is ~100 TB for SYO (from February to September 2018) 

and ~100 TB for TJO (from August 2018 to March 2019). In addition, a panchromatic 

narrow-FOV imager was developed and installed at SYO in 2018. The total amount of 

HAI data obtained is ~280 TB (from February to September 2018).  

New scientific findings can be briefly summarized as follows: From the campaign 

observation with the Arase satellite, new findings were obtained for both poleward 

expansion and pulsating auroras owing to the high-speed imaging. In this research, 

asymmetric development of the poleward expansion in the northern and southern 

conjugate points was identified for the first time. The results support the possible role of 

the ionosphere in controlling the major auroral evolution. The shear motion observed at 

the bright area in the propagating aurora was in an opposite sense to the results of the 

MHD simulation with the highest resolution, however, the same sense of shear motion 

was identified at the very edge of leading front. This suggests the possibility of a new 

understanding of the FAC connection with the substorm surge and that the spatial 

resolution of the simulation requires further improvement. Another new finding is about 

the cause of the rapid pulsation at >20 Hz, which is well beyond the ~3 Hz modulation. 



 72  

This rapid pulsation is associated with the repetition of chorus elements or the subpacket.  

 

6.2. Future directions 

The detailed analysis in this thesis was focused and limited to the rapid 

morphological development of poleward expansion and pulsating auroras that occurred 

during the campaign event. Thus, several other points remain for discussion. First, 

scientific studies with the HAI data can be conducted without using the Arase satellite. 

Other than the campaign events with the Arase satellite, several other events showed rapid 

auroral variation in both the Northern and Southern Hemispheres. For example, as shown 

in Figure 6-1, very similar isolated auroral patch structures were found at the northern 

and southern conjugate points. These similarly shaped structures appeared at the same 

time and extended along the magnetic N–S detection, although the patch in the Northern 

Hemisphere was visible longer than that in the Southern Hemisphere. More detailed 

analysis is needed to analyze these transient auroras. 
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Figure 6-1: Example of isolated auroral patches observed by HAIs. (a) All-sky images of 

TJO and SYO captured at intervals of about 4 s beginning at 23:12:49.9 UT. (b) Keogram 

of the TJO and SYO patches cut in the magnetic N–S direction. 

 

Second, it is apparent that the large shift of conjugate points cannot be fully 

investigated by the limited FOVs of the single conjugate pair of all-sky HAI. The existing 

data from other imagers, such as those located at Husafell in Iceland, and in Maitri and 

Princess Elisabeth Antarctica (PEA) in Antarctica, can extend the FOV in the local time 

direction and can therefore be useful to observationally elucidate the large shift in 

conjugate auroral phenomena in greater detail. For example, it is important to examine 

the development of the westward (eastward) side of the poleward expansion in the 

Northern (Southern) Hemisphere in the case of September 22, 2018, event. The Hall-

current hypothesis predicts that the westward side did not evolve toward the west in the 

Northern Hemisphere as it did in the Southern Hemisphere. Many other substorm events 
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can also be used to test the hypothesis from this perspective even if the conjugate data are 

not available.  

The data sets of the HAI itself are therefore useful for further detailed studies in the 

future. Efforts to make the data open and available to the public is still undergoing. At 

least basic calibration such as flat correction must be performed before resealing the data 

open to public. Thus far, only the quick-look daily keogram data of HAI are open to the 

public. The next step is to prepare the keogram data in Common Data Format (CDF) to 

be readily loaded by the Space Physics Environment Data Analysis System (SPEDAS) 

software, which is a common platform used in our field. SPEDAS facilitates the 

combination of data with many other data sets. Making HAI data easily obtained from 

the common SPEDAS platform will not only accelerate the research but might also lead 

to the discovery of facts that have been difficult to be noticed in the past. Further, we plan 

to convert all of the several tens of TB data of the 0.1 s integrated images to CDF format, 

which would be a total of a few tens of TB data.  

Finally, future research must include further developments of the imaging system, 

particularly the creation of a maintenance-free system to extend the observation periods 

to decades or multiple solar cycles. Using Windows OS instead of Linux at the 

observation site makes remote operation easier and enables local collaborators to change 

the settings in the event of a problem. However, it will be necessary to introduce a 

somewhat simpler method of operation, such as one that automatically restarts the entire 

observation system after rebooting. Currently, large amounts of data are stored on HDDs 

that are exchanged every year. In the near future, however, it will be possible to transfer 

the observed data via network operation. Many other items exist for improving automatic 

observations. For example, the fixed time resolution at 100 fps is a problem in campaign 
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observations. A more flexible setting to easily conduct burst-mode observation would be 

helpful.  
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7. Concluding remarks 

1. The purpose of this thesis was to observationally constrain the physical mechanism 

connecting the magnetosphere and the ionosphere by analyzing the poleward 

expansion and pulsating aurora based on ground-based high-speed observation. 

Targeting these two major themes of the aurora, this study began with the 

development of the necessary observation equipment. The developed HAI was 

installed at SYO and TJO in 2018. The system worked at a 100 fps sampling rate for 

the overwinter period almost continuously. Quick-look data can also be checked in 

daily bases via the website. For every season, ~100 TB of data were obtained at each 

site. 

2. We reported the best example of the asymmetric spatiotemporal development of the 

propagating auroral structures that were observed by identical ground-based all-sky 

imagers at the N–S magnetic conjugate points. The large displacement of the 

conjugate points (1.7–2.3 MLT from the nominal conjugate points) were consistent 

with the theoretical expectations. The asymmetric propagating auroras were 

consistent with the expectations of the results from recent global MHD simulations, 

which supports the hypothesis that the direction of the Hall current plays an important 

role in controlling the development of substorm surges. The discrepancy between the 

position of the bright aurora and the position of the shear motion in the propagating 

aurora is an open question. A simulation with higher spatial resolution may reproduce 

the observed results in the future. 
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3. Rapid pulsating aurora were found to be caused also by chorus waves. Encouraging 

results were obtained to promote an understanding of wave–particle interaction in 

the highest-frequency domain at ~20 Hz.   
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