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Abstract This chapter reviews fundamental properties and recent advances of diffuse and
pulsating aurora. Diffuse and pulsating aurora often occurs on closed field lines and in-
volves energetic electron precipitation by wave-particle interaction. After summarizing the
definition, large-scale morphology, types of pulsation, and driving processes, we review ob-
servation techniques, occurrence, duration, altitude, evolution, small-scale structures, fast
modulation, relation to high-energy precipitation, the role of ECH waves, reflected and sec-
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ondary electrons, ionosphere dynamics, and simulation of wave-particle interaction. Finally
we discuss open questions of diffuse and pulsating aurora.

Keywords Pulsating aurora - Diffuse aurora - Wave-particle interaction - Whistler-mode
chorus - Energetic electron precipitation

1 Introduction

This chapter reviews diffuse aurora, with a particular emphasis on recent advances in pul-
sating aurora in the past 20 years. Section 1.1 describes definition and basic properties.
Section 1.2 reviews a historical context of pulsating aurora. Section 2 describes recent ob-
servations of pulsating aurora over the past 20 years, including measurement techniques
(Sect. 2.1) and observational findings (Sect. 2.2). Section 3 states recent advances in simu-
lation. Section 4 briefly summarizes those findings and discusses open questions.

1.1 Definition and Basic Properties

Diffuse aurora is caused by precipitation from the plasma sheet without additional acceler-
ation in the low-altitude magnetosphere. Unlike discrete or Alfvenic aurora, diffuse aurora
is a region of glow without large-scale structures (Lui et al. 1973) and does not form rays
or show shear or rotational motion (Yamamoto 1988). Pulsating aurora is a type of diffuse
aurora that appears as irregular patches with quasi-periodic on-off switching of its intensity.

R.G. Michell
robert.g.michell @nasa.gov

R. Kataoka
kataoka.ryuho @nipr.ac.jp

T. Sakanoi
tsakanoi @pparc.gp.tohoku.ac.jp

D.K. Whiter
d.whiter@soton.ac.uk

S.-i. Oyama
soyama@isee.nagoya-u.ac.jp
Y. Ogawa
yogawa@nipr.ac.jp

S. Kurita
kurita@isee.nagoya-u.ac.jp

Department of Electrical and Computer Engineering and Center for Space Physics, Boston
University, Boston, MA, USA

2 Space Science Center, University of New Hampshire, Durham, NH USA

3 Department of Geophysics, Graduate School of Science, Tohoku University, Sendai, Japan

4 Institute for Space Earth Environmental Research, Nagoya University, Nagoya, Japan

5 Department of Physics and Astronomy, University of Calgary, Calgary, Alberta, Canada

6 Department of Arctic Geophysics, The University Centre in Svalbard, Longyearbyen, Norway
7

Birkeland Centre for Space Science, Bergen, Norway

@ Springer


mailto:robert.g.michell@nasa.gov
mailto:kataoka.ryuho@nipr.ac.jp
mailto:tsakanoi@pparc.gp.tohoku.ac.jp
mailto:d.whiter@soton.ac.uk
mailto:soyama@isee.nagoya-u.ac.jp
mailto:yogawa@nipr.ac.jp
mailto:kurita@isee.nagoya-u.ac.jp

Diffuse and Pulsating Aurora Page 30f 38 4

The horizontal size and periodicity are typically ~10-200 km of ~2-20 s (Royrvik and
Davis 1977; Yamamoto 1988). Auroral intensity modulation of a similar size and period can
also occur over discrete aurora but such modulation is not included in this definition.

Pulsating aurora is dominated by the green color at 557.7 nm wavelength. The intensity
is somewhat dimmer than typical discrete aurora but is visible in human eyes as blinking
patches over the sky (some hundreds of R up to tens of kR at 557.7 nm; a few hundred R to
~10kR at427.8 nm) (McEwen et al. 1981). The intensity modulation relative to background
ranges over ~50-100%.

The emission and ionization occurs in the lower E-region ionosphere at ~90-107 km
(Stenbaek-Nielsen and Hallinan 1979; Kataoka et al. 2016; Jones et al. 2009). The vertical
extent of pulsating aurora is a few to a few tens of km. The altitude is nearly constant during
individual pulses but gradually increases with MLT (Stenbaek-Nielsen and Hallinan 1979).

Early research associated with pulsating aurora is described in detail by Lessard (2013)
and goes as far back as Stgrmer (1955) and references therein. Although a limited number of
publications on pulsating aurora appeared in the literature during these times, interest in the
topic increased, somewhat, during the International Geophysical Year (1957/1958) and then
significantly with a joint Canadian/Japanese Pulsating Aurora Campaign in Saskatchewan
in 1980 (McEwan and Duncan 1981). Throughout the period between that campaign and the
last decade, research on pulsating aurora continued at a steady, though perhaps reduced, rate.
However, community interest in the topic has grown recently and has resulted in significant
strides in our understanding of the process.

Large-Scale Morphology A connection between pulsating aurora and magnetospheric
substorms was described long ago, by Akasofu (1968). During a substorm expansion phase,
bright and dynamic arcs race poleward. Those arcs are typically driven by quasi-static or
Alfvenic acceleration of electrons. Following this activity, aurora is characterized by the
presence of dim, diffuse auroral patches. After a period of perhaps 10-20 min, these patches
can appear to pulsate and continue to pulsate for several 10 s of minutes or more. Fig-
ure 1 shows a typical pulsating aurora event during a substorm. Pulsating aurora starts
~10-30 min after substorm poleward expansion and lasts throughout the rest of the sub-
storm. The overall activity typically lasts for ~1.5 hour, while events can last for many
hours for long-lasting enhanced geomagnetic activity (Jones et al. 2011, 2013). Pulsating
aurora occupies the equatorward portion of the auroral oval (also illustrated in Fig. 2), and
the occurrence region expands with geomagnetic activity. For weak geomagnetic activity
(Kp < 2), pulsating aurora is localized to the midnight-dawn sector at ~65-70 deg latitude.
Pulsating aurora extends to the dayside for moderate activity and to lower latitudes (Kp ~ 3),
and can be seen at all local times at more active conditions (Oguti et al. 1981a; Royrvik and
Davis 1977).
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Fig. 1 Pulsating aurora distribution and evolution during the 10—11 UT, 1 March 2011 substorm, detected
by the THEMIS all-sky imagers
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The poleward portion of the auroral oval is dominated by discrete aurora (Figs. 1-2).
Transient auroral brightenings along the poleward boundary of the substorm surge (poleward
boundary intensifications or PBIs) occur repetitively and propagate equatorward (streamers).
Once the streamers reach the equatorward portion of the auroral oval, pulsating aurora in-
tensifies and its occurrence region extends poleward. At post-midnight, this interaction can
be seen as poleward-stretching torch-like structures or Omega bands containing pulsating
patches that emerge at the poleward boundary of the diffuse auroral region (Oguti et al.
1981b; Sato et al. 2015), often followed by streamers (Henderson 2012).
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The whole pattern of pulsating aurora at post-midnight drifts eastward with a speed of
a few hundred meters/sec up to a few km/s and extends toward the dayside. The drift is
dawnward after midnight and duskward before midnight (Nakamura and Oguti 1987). The
patch drift speed has been reported to follow the E x B drift speed (Yang et al. 2015). The
westward drift before midnight suggests that pulsating auroral structures are determined by
distribution of cold plasma in the magnetosphere rather than by eastward magnetic drift of
energetic electrons. However, some types of pulsating aurora, such as the streaming and
propagating types (see below), propagate much faster than a typical convection speed. This
suggests that convection of cold plasma is not the only process that controls pulsating aurora
dynamics. Some patches indeed do not follow the E x B drift speed (Grono et al. 2017,
Grono and Donovan 2018; Humberset et al. 2018).

Types of Pulsation Each patch generally shows a series of pulsations that typically lasts
for several minutes, and the pulse amplitude and shape stay constant for the duration (Ya-
mamoto 1988; Humberset et al. 2018). Pulsation of each patch is incoherent with neigh-
boring patches; the pulsation period and phase of a patch are independent of those at other
patches (Scourfield et al. 1972). Pulsating aurora can also co-exist with non-pulsating diffuse
auroral patches (Shiokawa et al. 2014; Grono and Donovan 2018).

Pulsating aurora has various types of the spatial structure of intensity modulation. Com-
monly known types are (1) pure pulsation: pulsation at a fixed size and shape, (2) expan-
sion: pulsation expanding from a core and receding back, (3) streaming: a patch moving
away from its original position usually along diffuse auroral boundaries including Omega
band (at tens of km/s), (4) propagating: recurrent waves synchronous over hundreds of km
in size sweeping north—south (at ~10 km/s), (5) flaming (field-aligned motion), (6) flashing
(~0.2-0.5 s rapid pulsation, including 3-Hz modulation), and (7) flooding (east-west elon-
gated patches equatorward of streaming patches, moving in east-west) (Oguti et al. 1981a;
Yamamoto and Oguti 1982). The propagating pulsation tends to occur at dawnside and is
correlated with geomagnetic pulsation (Oguti et al. 1981b). Figure 3 show selected snap-
shots of Movies 1-6, which show high-speed imaging of pure/expanding pulsation, stream-
ing pulsation, and non-pulsating substructures. See Sect. 2.2.3 for details.

The on-off temporal sequence of pulsations can be classified into three types: (1) Pos-
itive pulsation has “on” time longer than “off” time; (2) negative pulsation has “on” time
shorter than “off” time; (3) irregular burstlike pulsation and complex mixtures of (1) and
(2) (Yamamoto 1988). The “on” time has two primary populations (~0.2-0.5 s and 2-6 s).
The pulsation period has a wide range as mentioned above, but the pulsation “on” time is
fairly constant across different types of patches, while the pulsation “off” time is variable
(between nearly zero and longer than 1 min) (Yamamoto 1988). Pure, streaming and propa-
gating pulsation has ~2-6 s of “on” time. A more rapid pulsation (~0.2-0.5 s) is found for
flash and 3-Hz modulation. Those rapid pulsations do not necessarily occur coherently over
a patch but occur at substructures of patches (Nishiyama et al. 2016). The ~3 Hz modulation
appears in more than 50% of all pulsating auroras in the midnight and morning sectors, and
the amplitude of modulation using panchromatic imaging ranges up to 20% (Royrvik and
Davis 1977).

Dayside Diffuse and Pulsating Aurora Most pulsating auroral studies concern the night-
side, and much of this chapter covers nightside pulsating aurora. But here we review dayside
diffuse and pulsating aurora, which is also associated with substorms. Typically, these ob-
servations have been at high latitudes (i.e., near cusp latitudes), as opposed to the traditional
occurrences, which tend to be near the equatorward edge of the auroral zone.
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Fig. 3 Selected snapshots of diffuse and pulsating aurora. (a) Streaming pulsation (Movies 1 and 3), (b) pure
and expanding pulsation (Movies 2 and 4), (¢) pure pulsation and its moving boundary (Movie 5), and (d)
non-pulsating substructures within pulsating aurora (Movie 6)

There have been, however, at least a couple of notable exceptions. First, Royrvik and
Davis (1977) noted that “all-sky camera data from Byrd Station (near the equatorward
boundary of the auroral oval) demonstrate that the pulsating aurora can extend eastward from
the darkside auroral oval around the noon meridian or even beyond”. Note that, because of
the relative orientations of the magnetic and geographic poles in the southern hemisphere,
stations in the auroral zone remain in darkness 24 hours per day.

In addition, Berkey (1978) presented photometric and riometer observations obtained just
after twilight (1300-1600 MLT) at College, Alaska, and showed the occurrence of pulsating
aurora in the afternoon sector. The events were detected by simultaneously observing the
sky with a 428 nm photometer and a riometer. They compared 428 nm emissions to sunlight
(actually, to twilight). As the sun set, a pulsating aurora signature was observed correspond-
ing to absorptions that were present before the optical signatures could be observed, due
to sunlit conditions. With this arrangement, only a half dozen events were observed dur-
ing the winter of 1967-1968. Still, the results suggest that the pulsating aurora generation
mechanism can operate on nearly global scales.

At high latitudes (on the dayside), pulsating aurora was first reported by Brekke and
Pettersen (1971), using data from Spitzbergen. In that report, they described this aurora as
seldom being more than 5% of the total 427.8 nm emission and having pulsating periods
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Fig. 4 Schematic illustration of chorus and pulsating aurora connection (Nishimura et al. 2015)

from 25-40 s. Occurrence rates varied with magnetic local time, with a maximum being
slightly before magnetic noon.

Craven and Burns (1990) examined data from Davis, Antarctica (ILAT of —74.5 de-
grees), using optical emissions at 557.7 nm. At this wavelength, the authors typically found
an enhancement of 250 R (or less) on a 1 kR background and also noted that pulsating pe-
riods tended to be 20-30 s, quite similar to Brekke and Pettersen (1971). Occurrence rates
peaked near 14.5% with a peak in occurrences near 1330-1400 magnetic local time (i.e.,
postnoon).

Wu and Rosenberg (1992) addressed the apparent discrepancy reported by these authors,
regarding whether the peak in occurrence comes before or after magnetic noon. These au-
thors examined 427.8 nm emissions from South Pole station and found a single-peaked
distribution at magnetic noon during quiet times and a double-peaked during moderate ac-
tivity at 1000-1030 MLT and 1400-1600 MLT. They note a number of variables that could
account for ow their results differ from that of Craven and Burns (1990) and Wu and Rosen-
berg (1992), emphasizing differences in MLT of the observing times at these stations.

1.2 Driving Processes

The mechanism that drives pulsating aurora had long been thought to be associated with
VLF waves near the equator that scattered energetic electrons in that region (Tsuruda et al.
1981). Rocket observations indeed found that pulsating aurora is primarily driven by mod-
ulating electron precipitation of energies above a few keV (Johnstone 1978; McEwan and
Duncan 1981). As described in Sect. 2 and in recent review papers by Li et al. (2013) and
Ni et al. (2016), quasi-periodic precipitation into the upper atmosphere is caused by a group
of chorus waves in the equatorial magnetosphere that turn on and off quasi-periodically in
~10 s periodicity and scatter plasma sheet electrons into the loss cone. Thorne et al. (2010)
was able to show that, specifically, lower-band chorus is most effective for electron precipi-
tation at higher energies (>7 keV) and that upper-band chorus is more important for energies
below ~3 keV. Figure 4 illustrates this process.

Confirmation of this process was provided by Nishimura et al. (2010), who showed ev-
idence of lower-band chorus waves, measured by THEMIS spacecraft, in conjunction with
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ground-based optical observations of pulsating aurora. Correlation between chorus and pul-
sating aurora last for hours and are highest among other types of waves (Nishimura et al.
2018), giving a firm evidence that the chorus-pulsating aurora connection is not spurious.
The chorus-pulsating aurora connection allows to test accuracy of magnetic field models and
evolution of magnetic field geometry (Nishimura et al. 2010, 2018, Kawamura et al. 2019).

Evidence of equatorial electron scattering above pulsating aurora was presented by
Jaynes et al. (2013), who showed data from the Magnetospheric Electron Detector
(MAGED) on the GOES 13 satellite while it was located in a position where its mag-
netic footprint mapped to the ground in a region with pulsating aurora. These data included
a direct correlation between diffuse luminosity fluctuation periods and particle pulsation
periods over an energy range of 30 to 50 keV and, to a lesser degree, 50-100 keV.

Finally, Kasahara et al. (2018) showed data from the Japanese ARASE satellite as it
passed over The Pas (in Manitoba, Canada) where pulsating aurora was observed, with cho-
rus waves being highly correlated with energetic electrons spanning from 10 keV to 30 keV.
Individual elements of chorus waves would create more rapid modulation of precipitating
electrons and have been shown to explain the 3-Hz modulation (Ozaki et al. 2015). Such a
comprehensive measurement is both unique and important, as it provides direct confirmation
of the theory.

The cause of the chorus modulation is, of course, of interest and a number of authors
have determined that the periodicity of pulsating aurora has a latitudinal dependence. Such
a situation might arise, for example, if chorus waves modulation is driven by field-line res-
onances (Thomas and Stenbaek-Nielsen 1981; Duncan et al. 1981; Creutzberg et al. 1981).
Much more recently, Spanswick et al. (2005) showed that pulsations in the cosmic noise ab-
sorption (indicative of energetic electron precipitation) correlate with field-line resonances,
and Jaynes et al. (2015) showed in-situ observations of structured chorus waves in conjunc-
tion with an apparent field-line resonance, along with ground-based observations of pulsat-
ing aurora, although the modulation of chorus waves occurs at half the period (twice the
frequency) of the ULF waves. The resonance in this case is a poloidal mode, which would
include compressional wave power that might drive the oscillations.

A similar result was obtained by Motoba et al. (2017), but with regard to dayside aurora.
These authors correlated all-sky imager observations of pulsating aurora with compressional
Pc3 waves, which they suggest are driven by upstream waves.

As mentioned above, patch motion can be characterized by the E x B drift, and magnetic
drifts of energetic electrons cannot explain its motion. These properties suggest that patch
motion reflects structure of cold plasma in the magnetosphere rather than drifts of energetic
electrons. While it is still unknown how such cold plasma regions form and regulate auro-
ral pulsation, satellite observations have shown modulating low-energy plasma fluxes that
suggest to originate as plasma outflows from the ionosphere and to modulate wave growth
rates (Nishimura et al. 2015; Liang et al. 2015). Substantial ionization and heating in the
ionosphere are associated with pulsating aurora (Hosokawa and Ogawa 2015; Liang et al.
2018), and such processes may be the source of plasma outflow. Waves going to the southern
(northern) hemisphere interact with electrons moving to the northern (southern) hemisphere.
Waves do not necessarily propagate toward both hemispheres at the same time, and this can
explain incoherence of pulsations in the two hemispheres, although overall morphology of
pulsating aurora has conjugacy (Fujii et al. 1987; Watanabe et al. 2007).

Spectroscopy of pulsating aurora also supports that the typical energy of pulsating aurora
is above a few keV (McEwen et al. 1981). Pulsating aurora is dominated by emission at
the 557.7 nm wavelength, and the intensity ratio between 557.7 and 427.8 is about 4-5.
Emission at 630.0 nm is generally weak and unchanged during pulsations. However, some
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events are associated with discernible 630.0 nm emission coincident with the pulsations,
although the level of intensity modulation is much smaller than at the other wavelengths.
In such cases, pulsating aurora involves a small amount of < keV electrons (Eather 1969;
Liang et al. 2016).

2 Recent Advances
2.1 Observation Technique

Diffuse aurora appears quite faint in ground-based all-sky images except during westward
travelling surges (Lui et al. 1977). Pulsating aurora occurs within regions of diffuse au-
rora and can be measured by the same instruments but with a high cadence to capture high
frequency pulsations. Historically, these forms of aurora have been measured using direct
visual observations and photographic images (Lessard 2013 and references therein), all-sky
imagers, television and image intensifier camera systems, meridian scanning photometers,
and spectrometers. Apart from the optical signatures, measurements have been made of al-
ternate signatures such as ionospheric electron density using radars (Kirkwood et al. 1988),
cosmic noise absorption with riometers (Arnoldy et al. 1982; Berkey et al. 1980), iono-
spheric currents with magnetometers (Arnoldy et al. 1982; Oguti and Hayashi 1984; Michell
and Samara 2015), electron and ion precipitation using particle detectors or electrostatic an-
alyzers onboard sounding rockets (Bryant et al. 1969) and spacecraft (Evans et al. 1987),
and X-ray bremsstrahlung emissions using X-ray detectors on air balloons (Sgrensen et al.
1973).

Technological advances in the past couple of decades have enhanced the capabilities of
the above measurement techniques. All-sky imager networks that had used photographic
films, are now entirely digital cameras with solid-state optical detectors. Scientific grade
CCDs, that can measure both weak and intense emissions simultaneously, are used in cam-
era networks such as MIRACLE in Scandinavia (Sangalli et al. 2011), and in THEMIS
Ground-based Observatory (GBO) in North America (Mende et al. 2008). Electron multi-
plication CCD (EMCCD) detectors are being used in more recent experiments, which are
highly sensitive and have better frame rates. Most cameras use narrow-band filters that allow
quantitative measurement of intensities from particular auroral emissions. Auroral Structure
and Kinetics (ASK) is a multi-spectral imager consisting of three EMCCD cameras with
identical, narrow (3° or 6°) fields-of-view centered on magnetic zenith (Dahlgren et al.
2008). Each ASK camera is fitted with a different narrow passband interference filter, in
a combination designed to image the energy and flux of the electron precipitation in fine-
scale auroral features at up to 32 frames per second (Lanchester et al. 2009; Dahlgren et al.
2016). The Multispectral Observatory Of Sensitive EMCCDs (MOOSE) suite of imagers
was deployed in Poker Flat, AK as a pathfinder for future larger arrays for exploring the
electrodynamics of the aurora from ground multi-spectral imaging. It consists of five An-
dor Ixon DU-888 EMCCD imagers that have a 1024 x 1024 pixel chip each, with internal
binning and sub-framing capabilities that allow trade-offs between temporal and spatial res-
olution (details in Michell et al. 2014). These imagers are well suited to high spatial and
temporal resolution auroral morphology studies (such as, Michell et al. 2012). However,
the driving force behind this observatory was the simultaneous use of these imagers with
filters of different wavelengths for a multi-spectral view of the aurora in real time. To that
end, each imager has telecentric optics to allow the use of narrowband pass filters for two
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dimensional auroral photometry studies which are actively used to infer the average energy
and total energy flux of the precipitating electron distribution, such as Grubbs et al. (2018).

Modern auroral TV-cameras use image-intensified charge coupled device (ICCD) detec-
tors, and are capable of obtaining 25-30 frames per second, and are better at measuring
faint aurora than their older counterparts. Scientific complementary metal-oxide semicon-
ductor (sSCMOS) cameras, that allow higher frame rates with similar sensitivities as CCDs,
have been used to observe the fine-scale morphology of aurora. An NIPR-CMOS system,
installed in February 2014 at Poker Flat Research Range, is capable of measuring auroral
emissions at a high resolution of 2048 x 2048 pixels, at 100 frames per second, within a
field of view corresponding to 25.6 x 25.6 km at 100 km altitude (Kataoka et al. 2015).

Photometers measure intensity of light, through a tube consisting of a lens, filter and a
detector. Meridian scanning photometers, with filters, scan the magnetic meridian and pro-
duce elevation profiles of auroral emissions at different wavelengths typically: O 557.7 nm
and 630.0 nm, N; 427.8 nm, Hg 486.1 nm (Deehr and Lummerzheim 2001; Johnston 1989;
Unick et al. 2017). Spectrographs, measure the spectrum of the aurora with light collected
through a narrow slit, and focused through a grating onto a detector. An imaging spectro-
graph, such as the CEDAR Optical Tomographic Imaging Facility (COTIF), measures all
elevations simultaneously, with a time resolution identical for all emission wavelengths dic-
tated by the instrument sensitivity (Semeter et al. 1999).

One area of substantial interest has been to study the altitude profiles of auroral emis-
sions. These can be estimated using a few different techniques: (1) multiple cameras view-
ing the same volume of sky from different directions (Whiter et al. 2013) in combination
with tomography-like methods (Enell et al. 2012; Kataoka et al. 2016), (2) spectral mea-
surements of the same region of the sky (Semeter et al. 1999), (3) space-based visible and
UV tomography (Comberiate et al. 2007; Solomon et al. 1984). The Auroral Large Imaging
System in Scandinavia is specifically built for the first technique and is the first system in
the world that can produce three-dimensional luminosity distribution of aurora (Briandstrom
2003; Tanaka et al. 2011). ALIS is capable of measuring scale-sizes down to 100 m at a
5 sec temporal resolution, and its imagers are equipped with filter wheels that study visual
and sub-visual aurora. The system, which can be remotely-controlled via internet can be
made to point in any direction.

Identitying diffuse and pulsating aurora automatically is challenging, and several auto-
matic auroral image classification techniques have arisen over the last two decades using
techniques from computer vision, pattern recognition, and machine vision. Over the last few
years, advancements in machine learning and access to predefined algorithms have enabled
the application of deep neural networks on large auroral-image datasets. Using this tech-
nique, Clausen and Nickisch (2018) were able to classify images into no aurora, cloudy,
moon, arc, diffuse and discrete with about 82% accuracy. Tracking the convection of auroral
forms has also been a topic of increasing interest in the past decade. Grono et al. (2017) used
a technique based on wavelet filtering to track the velocity of pulsating aurora patches.

The ionospheric effects of pulsating and diffuse aurora have been studied using a few
instrument types. Fabry-Perot interferometers (FPI) are widely used to estimate ionospheric
wind velocities and temperatures by measuring the atomic line profiles of low-light emis-
sions. These instruments have been employed to study the effect of pulsating aurora on the
variation of wind velocities (Oyama et al. 2010, 2016). A novel experiment was carried out
using an eight-microphone array of ground-based infrasonic receivers at Fairbanks, Alaska,
to correlate atmospheric acoustic pulsations with pulsating aurora (Wilson et al. 2005).

Another extensively used tool to study the signature of aurora in the ionosphere are the
Incoherent Scatter Radars (ISRs). ISRs can estimate a number of different quantities varying
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in altitude by using model estimates of the neutral atmospheric composition and ionospheric
chemistry. The EISCAT radar system in Northern Europe and the Advanced Modular ISR
(AMISR) systems in North America are the two main ISR systems currently used to study
the ionosphere in the auroral regions. The following quantities are derived from the power
spectra of the backscattered radar waves: the altitude profiles of electron density, electron
and ion temperature, and line of sight velocity (Robinson 2004). The AMISR systems have
the ability to probe multiple points in the ionosphere simultaneously using the electronically
steerable phased-array system (Nicolls and Heinselman 2007). As a result, with appropriate
assumptions they can estimate the ion velocities in the F-region, and neutral-wind velocities
in the E-region. Using electron density profiles from ISRs it is possible to estimate Hall and
Pedersen conductivities in the ionosphere (Hosokawa et al. 2010; Kirkwood et al. 1988),
energy spectra of precipitating electrons (Fang et al. 2010; Semeter and Kamalabadi 2005;
Sivadas et al. 2017), ionospheric electron heating (Liang et al. 2018), and Hall and Pedersen
currents. Atmospheric radars such as PANSY in Antarctica (Sato et al. 2014) can be used
to identify deep mesospheric ionization during diffuse or pulsating aurora (Kataoka et al.
2019). SuperDARN, a global network of high-frequency radars in the Arctic and Antarc-
tic, uses coherent scatter signals to study ionospheric plasma convection. Recently, it was
shown that attenuation in the background atmospheric radio noise during solar proton events
can be used to estimate ionospheric absorption similar to riometers (Bland et al. 2018), and
the same technique can be used to detect energetic precipitation within diffuse or pulsat-
ing aurora (Bland et al. 2019). Riometers are passive receivers operating in the range of
30-40 MHz, and are used to measure the extent to which comic radio noise is absorbed by
the ionosphere. The absorption is primarily a result of the D-region ionosphere, ionized by
high energy precipitation, UV and X-rays. In the last two decades, imaging riometers have
been built that can be used to image the spatial structure of energetic precipitation (Honary
et al. 2011; Kosch et al. 2001; McKay et al. 2018).

Besides ground-based instruments, space- and air-borne experiments have also con-
tributed substantially to our understanding of the diffuse and pulsating aurora. Of particular
importance are observations of particle energy spectra and waves by THEMIS and GOES-
13 in the magnetosphere, and optical images by the low-earth orbiting satellite Reimei and
e-POP (Lui et al. 2015). Electric field and electron temperature measurements from Swarm
(Knudsen et al. 2017), measurements of Chorus, Hiss, and EMIC waves in the magneto-
sphere using spacecraft such as CRRES, THEMIS and RBSP (Nishi et al. 2018), particle
measurements by low-earth orbiting satellites such as DMSP, FAST, NOAA, and ARASE
(Kasahara et al. 2018), X-ray images from the PIXIE on-board the low-earth orbiting PO-
LAR satellite, ultra-violet images from WIC on-board IMAGE (Mende et al. 2002) and
GUVI on-board TIMED (Zhang et al. 2005), are among the other datasets available to study
the source and signature of pulsating and diffuse aurora. Though rare, early rocket-borne
experiments recorded energy flux variations of precipitating electrons that correlate with
optical observations of pulsating aurora (McEwen et al. 1981).

2.2 Observations
2.2.1 Pulsating Auroral Properties

Large-Scale Occurrence and Duration Jones et al. (2011) reported that the most proba-
ble duration of pulsating aurora events is between 90 and 120 min yet events persisting for
several or more hours are common. Within their set of 74 events spread across 119 days
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of good optical data from Gillam THEMIS all-sky imager, the likelihood of observing pul-
sating aurora at pre and post-midnight is 14% and 54%, respectively, indicating that this is
predominantly a morning-sector phenomenon. Jones et al. (2013) highlighted a particularly
long-lived event which covered more than 10 hours magnetic local time and endured for
at least 15 hours until the cameras shut down at sunrise. Cameras are often unable to ob-
serve the end of morning-sector pulsating aurora events, making it impossible to accurately
determine their duration or occurrence (See Sect. 1.1 for dayside measurements). Using a
set of 398 events identified in a decade of MIRACLE ASC data, Partamies et al. (2017a)
found the median lifetime of pulsating aurora to be 1.4 hours, in agreement with Jones et al.
(2011). They highlighted the conservative nature of these estimates using all-sky images
from Svalbard which captured pulsating aurora continuing beyond what could be observed
by the MIRACLE ASCs in Lapland. In fact, the SuperDARN detection method by Bland
et al. (2019) reported 1.16 hours longer median duration (2.83 h) as compared to optical ob-
servations (1.67 h). As the radar detection is independent of optical observing conditions, a
seasonal occurrence variation could be revealed showing the highest occurrence rates during
the winter months (up to ~50% at 4-5 MLT).

Altitude of Patches The altitude of aurora is primarily inferred through either stereo-
scopic imaging or the measurement of electron density profiles. Auroral stereoscopy is the
triangulation of structures simultaneously observed from multiple locations. Electron den-
sity profiles can be used to approximate auroral altitude since peak emission and electron
density are closely related. Apart from these, other methods have been used to less accu-
rately establish the range of altitudes that pulsating aurora can originate from (Liang et al.
2016; Grandin et al. 2017).

Kataoka et al. (2013) demonstrated stereoscopic auroral imaging utilizing ground-based
digital single-lens reflex (DSLR) cameras, which are cheaper and more portable than
scientific-grade CCDs. Applied to two case studies, a discrete ray structure and pulsating
aurora, they found broad altitude distributions which peaked above and below 100 km alti-
tude, respectively. Kataoka et al. (2016) used this same technique with sSCMOS cameras to
perform the first-ever stereoscopic auroral imaging at 100 frames per second, determining
the emission altitude of a pulsating patch to be 85-95 km and that it could vary by 10 km
over 5 s. The overlapping fields-of-view of the MIRACLE all-sky imager network allowed
Partamies et al. (2017a) to stereoscopically observe a decrease in peak emission height by
approximately 8 km during the onset of a pulsating aurora event, lowering the hardest 10%
of precipitating electrons to approximately 90 km. This was further found to apply primarily
to the events occurring towards the end of substorm recovery phases when the patch sizes
were systematically decreasing (Partamies et al. 2019).

While studying thermospheric wind variations within pulsating patches using a Fabry-
Perot interferometer, Oyama et al. (2016) observed electron density peak heights in simul-
taneous EISCAT observations between 93 and 100 km with a maximum at 96 km. Using
high-frequency EISCAT data Hosokawa and Ogawa (2015) separately measured the altitude
profile of pulsating aurora during its bright and dim states and identified a 10 km difference
that is lost when the measurement is more commonly performed with lower-resolution radar
data.

Grandin et al. (2017) used the Sodankyld Ton-Neutral Chemistry model to estimate the
amplitude of cosmic noise absorption (CNA) modulation during pulsating aurora, finding
that uniform modulation of the ionization profile between 80 and 150 km matched their
CNA observations. Close correlation was found between the temporal evolution of CNA
and optical emission intensity. More recently, a good correlation between optical emission
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intensity and CNA was observed during amorphous pulsating aurora (Grono and Donovan
2018) but not during patchy pulsating aurora (Yang et al. 2019). Limited to a single event
with an overpassing satellite their results suggest that amorphous pulsating aurora is asso-
ciated with higher energy precipitation (peaking at ~20 keV) than patchy pulsating aurora
(peaking at ~9 keV).

Liang et al. (2016) examined pulsating patches imaged by a 630 nm redline REGO all-
sky imager and found that when compared to “white light” THEMIS all-sky imager data
mapped to 110 km altitude, the redline pulsations overlapped best at an average altitude of
156 km. This is noticeably lower than steady-state redline auroras, which are conventionally
mapped to 230 km (Jackel et al. 2003).

Patch Evolution Diffuse auroras also involve fine-structures at a few to a few tens of km
(Sergienko et al. 2008; Shiokawa et al. 2009). These fine-scale structures were suggested
to form along the western edges of eastward drifting pulsating auroral patches when the
convection drift slows down, and to grow from Rayleigh-Taylor instability at the boundary
of a drifting patch. Fukuda et al. (2016) reported rapid, often repetitive expansions around
the edges of patches related to their intensity modulation. The expansion speed was typically
10s km/s, comparable to Alfvén speeds, indicating that this phenomenon could arise from
the slow and fast-mode Alfvén waves. Samara and Michell (2010) observed that pulsating
patch intensity is not symmetric in time, but rather increases more slowly than it decreases.
Similarly asymmetric intensity rise and fall times were measured by Dahlgren et al. (2017),
who reported an average of 1.6 and 1.4 s, respectively. Based on analysis of optical and
radar data of individual patches, precipitation energy and energy flux were found to be 60%
lower during off times mainly due to the reduction of high-energy particle flux. Despite this,
the energy of precipitating particles remained greater than a few keV throughout off times.
The presence of high energy precipitation during both on and off times led the authors to
suggest that the same precipitation mechanism is in effect during both time periods. No high-
frequency modulation was detected in the two studied events. The speed of patch evolution
can be a useful criterion for differentiating pulsating aurora.

Pulsating Aurora Relation to Substorms Pulsating aurora has been recognized as a char-
acteristic of post-onset aurora. While approximately 60% of pulsating aurora observations
have been collected during substorm recovery phases (Partamies et al. 2017a), they are not
uncommon in expansion phases. Pulsating auroral patches observed during substorm expan-
sion phases have a tendency to grow in size, while the more common patches seen during the
substorm recovery phases mainly decrease in size (Partamies et al. 2019). Pulsating auroral
patches have recently been found within the growth phase auroral arc of a substorm (McKay
et al. 2018).

It was noted by Weygand et al. (2015) and Partamies et al. (2017b) that every auroral
omega band is accompanied by simultaneous, or nearly simultaneous, pulsating aurora ei-
ther directly inside the auroral omega structure or further equatorward within the same band
of diffuse aurora. This is not true of the converse, since the existence of pulsating aurora does
not require particularly high geomagnetic activity (Partamies et al. 2017a) while the occur-
rence of omega bands does imply above average substorm activity (Partamies et al. 2017b).
In particular, torch-like omega bands have been observed to consist of pulsating aurora (Sato
et al. 2015). Their passage is typically followed by appearance of pulsating aurora, but can
sometimes be preceded by pulsating aurora as well (Sato et al. 2017). The relation between
omega bands and pulsating aurora was found to hold for eastward-expanding auroral surge
(EEAS) events, which also take place shortly after substorm onsets (Tanaka et al. 2015).
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Other Patch Characteristics The thickness of pulsating auroral patches can be estimated
from electron density altitude profiles which reveal where particle precipitation has ionized
neutral atmospheric particles. Utilizing electron density profiles measured by PFISR, Jones
et al. (2009) observed a pulsating patch approximately 15-25 km thick. This result was
corroborated by Hosokawa and Ogawa (2015) who observed similar thickness in EISCAT
electron density profiles of four pulsating auroral patches.

The lifetimes of pulsating auroral patches are most commonly measured on an individ-
ual basis, and efforts that could allow their determination en masse have been few. While
implementing an automatic algorithm to track pulsating patches, Grono et al. (2017) found
that the number of images unique patches were identified in could function as a proxy for
patch lifetime. It was observed that the lifetime of the shortest-lived structures was less than
1 min, while the longest-lasting could endure for 10s of minutes.

Humberset et al. (2018) quantitatively and qualitatively assessed the evolution of four
patches over a portion of their lifetimes, measuring the stability of their shape and coherence
of their pulsations. They found that 85-100% of the patch shape persist for 4.5-8.5 min. In
addition, detailed characteristics of these patches were provided, including their emissions
and apparent size which ranged approximately from 2.7-3.8 kR km~2 and 1000-4800 km?,
respectively. Similar patch sizes were later reported by Partamies et al. (2019) and Ozaki
etal. (2019).

It was noted by Grono et al. (2017) that while pulsating patches have been seen to follow
ionospheric convection (Yang et al. 2015, 2017), all structures that could be defined as pul-
sating patches do not move in the same manner. Grono and Donovan (2018) proposed three
categories of pulsating patches based on the stability of their shape and the spatial extent of
their pulsations. Amorphous Pulsating Aurora (APA) describes rapidly evolving pulsating
features that are generally difficult or impossible to track between successive images cap-
tured at a 3 second cadence. Patchy Pulsating Aurora (PPA) and Patchy Aurora (PA) are
long-lived structures that can persist for 10s of minutes, but PA does not pulsate. These two
types of aurora are clearly related, and appear to differ only by the existence of a modulating
mechanism in their source region. While the apparent motion of APA appears unrelated to
convection, Grono and Donovan (2018) revisited the events of Yang et al. (2015) and Grono
et al. (2017) and found that they reported PPA and PA patches moving with convection.

Grono and Donovan (2019) found that pulsating aurora does not occur poleward of the
proton aurora. Amorphous pulsating aurora appears within and equatorward of the proton
aurora, while patchy and patchy pulsating auroras predominantly form equatorward of the
optical b2i boundary (Donovan et al. 2003). The optical b2i is a variant of the b2i bound-
ary (Newell et al. 1996), defined by the rapid decrease in downward proton fluxes. This
boundary is the ionospheric marker of the isotropy boundary (e.g., Sergeev et al. 1983),
indicating the transition between stably trapped protons and those scattered by magnetic
field curvature. That patchy and patchy pulsating auroras primarily form equatorward of
this point suggests that mechanism and conditions responsible for their structuring occurs in
the region of mostly dipolar magnetic field.

Yang et al. (2019) reported evidence that APA was associated with higher energy electron
precipitation than PPA. They investigated cosmic noise absorption (CNA) associated with
APA and PPA, finding that CNA is systematically higher during APA than PPA and better
correlated with its brightness. Furthermore, they found one conjunction between the FAST
satellite and both APA and PPA. The APA feature had higher energy precipitation than the
PPA feature.

Pulsating aurora is not generally coherent between the two hemispheres (Watanabe et al.
2007). Although pulsating aurora has the tendency to occur simultaneously on both hemi-
spheres (Partamies et al. 2017a), the shape of the auroral form is generally different between

@ Springer



Diffuse and Pulsating Aurora Page 150f 38 4

the two hemispheres, and there is little or no interhemispheric correlation in the intensity
variations. This property suggests that waves do not occur simultaneously in the northern
and southern hemispheres but have different frequencies and sizes so that precipitating par-
ticles are modulated differently in different hemispheres.

2.2.2 Morphology of Non-Pulsating Diffuse Aurora, Small-Scale Structures

Fine small-scale structures are sometimes seen within non-pulsating diffuse aurora both in
the dayside and nightside, while viewed through sensitive detectors. They are often termed
structured diffuse aurora (SDA). In the dayside, they are most often observed at magnetic
local noon. Two types of SDA have been identified to coexist within this region: stripy
or patchy forms that drift towards higher latitudes and forms adjacent to discrete aurora
that moves slowly along with it. Han et al. (2017) found that the latter has an increased
He?>* concentration, which find their way into the magnetosphere from magneto-sheath,
suggesting that the magneto-sheath particles may play an important role in producing the
dayside diffuse aurora. The stripy and irregular forms of dayside aurora seem to be produced
by electrons of energy ~1-10 keV (Han et al. 2015). Simultaneous measurements from an
all-sky imager and THEMIS spacecraft by Nishimura et al. (2013) suggests that the SDA
patterns reflect the spatial distribution of whistler-mode waves and ambient plasma density
near the magnetic equatorial plane.

One of the earliest reports on the statistics of narrow discrete arcs by Maggs and Davis
(1968), may have included a large fraction of nightside SDAs according to Stenbaek-Nielsen
etal. (1999). Nightside SDA are regular, parallel auroral stripes brighter than the background
luminosity observed mostly during the recovery phase of substorms (Sergienko et al. 2008).
These aurorae have been shown to be associated with electrons >8 keV scattered into the
loss-cone from trapped magnetospheric particles (Samara et al. 2010). A statistical analysis
of about 500 diffuse stripe-like structures recorded during 5 events have found the scale sizes
of these stripes to be on average about 13—14 km, and with a separation of about 5-23 km
between each other (Axelsson et al. 2012). This separation maps to about 75-345 km in the
equatorial plane of the magnetosphere. Using ionospheric equivalent current estimates from
ground magnetometers, Axelsson et al. (2012) concluded that the stripes move equatorward
at a speed close to zero in the plasma convection frame (~100-200 m/s). As in the case of the
dayside aurora, the fine structures are understood to be a visual manifestation of cold plasma
density or magnetic field structures in the equatorial magnetosphere (Axelsson et al. 2012;
Ebihara et al. 2010). A further study on nightside SDAs by Sivadas et al. (2019) showed the
diffuse structures within the energetic electron arc (EEA, Sergeev et al. 2012) equatorward
of the growth phase arc. This precipitation was concluded to mark the outer radiation belt
boundary of the 30-300 keV electrons and, despite the high energies, contribute to ~46%
of the total 427.8 nm emission.

Apart from the SDA mentioned above, Dahlgren et al. (2012) reported an observation of
an unusually narrow filament of ~70 m width, forming an irregular ring of ~3.8 km scale
size within the diffuse aurora. The authors argue that the source mechanism of this filament
is unlikely to be quasi-static potential structures, Alfvén waves, or pitch-angle scattering in
the magnetosphere as the primary electron spectra is sharply mono-energetic at ~8 keV with
a moderately high energy flux of ~230 mW/m?, and confined to extremely narrow widths.
Peticolas et al. (2002) analyzed six different nights of conjugate optical and satellite data
that showed black aurora within uniform diffuse aurora. The black aurora corresponded to
electron energy flux dropouts in FAST satellite measurements, with surrounding energy flux
of electrons >2 keV in the diffuse aurora. The authors argue that pitch angle diffusion by
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chorus waves is suppressed in the localized magnetospheric regions leading to the observed
black auroral features in the ionosphere.

More recently reported fast auroral transients (McKay et al. 2019) resemble non-
pulsating auroral patches, which propagate azimuthally within the CNA arc on the equa-
torward side of the growth phase arc. The estimated propagation speed of the transients was
~10 km/s without a preference between eastward and westward motion. Similarly to the
SDAs observed by Sivadas et al. (2019), the auroral transients map to the equatorial plane
distance of about 9—12 Re.

2.2.3 Substructure and Fast Modulation

Two main frequency bands have been reported within pulsating aurora during one persistent,
several hour event (Samara and Michell 2010). Lower frequency pulsations, within the range
of 50-500 mHz, were present in large patches (10-50 km) seen by an all-sky imager, while
fine-structures observed by a narrow field-of-view imager pulsated at higher frequencies,
between 0.5-15 Hz. It was further suggested that pulsation frequency anti-correlates with
the size of pulsating structures and correlates with the emission intensity of the pulsating
structures. Thus, larger and dimmer auroral structures feature lower pulsation frequencies.

Much faster modulations with frequencies up to 54 Hz were documented by Kataoka
et al. (2012) for one case using a state-of-the-art high-speed imager with a frame rate of
500 frames per second. These are the fastest variations observed to date, and they were
seen at the edge of larger pulsating patches. In agreement with Samara and Michell (2010),
the pulsation frequency appears to be related to structure size such that the smaller auroral
features undergo faster pulsations. Ozaki et al. (2018) reported Particles and Waves in the
INner magnetosphere using Ground-based network observations (PWING, Shiokawa et al.
2017) 100 Hz all-sky imager observations of a patch pulsating which demonstrated rapid
evolution on the order of 10s of ms. This behaviour was attributed to successive chorus
elements, or possibly to the chorus subpacket structures. It was further demonstrated that the
spatiotemporal evolution of a single auroral patch experienced one-to-one correspondence
with the individual chorus elements on the timescales of a few hundreds of milliseconds
(Ozaki et al. 2019). This gives a more thorough insight into the processes controlling the
patch sizes, but requires a theoretical foundation to understand the nature of their structuring.

Three independent and adjacent patches with periods between 4-7 s were observed by
Nishiyama et al. (2012) with a high-speed camera (100 frames per second). One of the
patches experienced high frequency modulation of about 1.5 Hz in a small region near the
centre of the patch. Further, the small size of this patch supports the observation of Samara
and Michell (2010) that smaller structures undergo higher frequency fluctuations.

Based on a statistical study of 53 events, Nishiyama et al. (2014) determined that quasi-
periodic intensity modulation frequencies most commonly range between 1.5-3.3 Hz. More-
over, modulation frequency was found to correlate with the emission intensity (correlation
coefficient 0.58), being particularly strong during the morning MLT hours (coefficient 0.67).
However, the frequency of pulsating aurora on—off transitions shows no significant correla-
tion with brightness. The high-frequency intensity modulations exist superimposed on the
quasi-periodic on—off transitions whose frequencies are well below 1 Hz (216 s).

Nishiyama et al. (2016) used a principal component analysis to identify independent sub-
structures within a pulsating auroral patch for the first time. They found that the most rapid
fluctuations are localised on sub-structures smaller than 20 km in diameter which oscillate
back and forth relative to the larger patch drifting along E x B. The authors proposed that
the oscillation related to the propagation of chorus wave packets. In agreement with Samara

@ Springer



Diffuse and Pulsating Aurora Page 17 of 38 4

and Michell (2010), these substructures underwent higher frequency modulation than was
exhibited in the larger patches.

Humberset et al. (2016) identified and tracked six well-defined patches and concluded
that they did not pulsate with a regular period. The typical on-time for patches was found
to vary between 3-5 s while the typical off-time was shorter, having a median of 0.6 s.
Thus, they suggested that the term fluctuating be used instead of pulsating to describe these
auroras.

Fritz et al. (2015) carried out a study of black aurora embedded within pulsating patches.
They found that black aurora forms an apparent firm boundary between the auroral forms,
much like the optical emissions as described by Humberset et al. (2018). This paper also
shows evidence of black auroral curls, suggesting the presence of counterstreaming shear
flows, perhaps in conjunction with field-aligned currents.

Six movies are available as electronic supplements as examples of fast variation of diffuse
and pulsating aurora. Figure 3 shows representative snapshots and highlights the regions of
interest. Movies 1 and 2 are obtained by the PWING EMCCD camera at Kevo, Finland at
100 frame/s on 14 January, 2018 at 02:20 and 03:10 UT. Movie 1 shows streaming pul-
sating aurora, where a series of auroral patches emerge, move rapidly away from original
locations, and disappear. Movie 2 shows pure and expanding pulsating aurora, where each
patch illuminates simultaneously over the patch or starting from its center. Motion of the
pure/expanding pulsating aurora is much slower than for streaming pulsation, and each patch
can be traced over several pulsations. When the images are down-sampled to 3-s (Movies
3 and 4), Movie 3 does not show the coherent motion seen in Movie 1, while Movie 4 still
allows to trace each pulsating auroral patch over a few minutes. APA pulsations could arise
from time-aliasing of rapidly-propagating pulsating aurora, and PPA pulsations are slowly
drifting patches such as pure and expanding pulsations.

Similar but higher spatial resolution observations have been made with the ASK instru-
ment introduced in Sect. 2.1, two samples of which are shown as Movies 5 and 6. The movie
shows the rapid dynamics of a pulsating aurora patch seen above Tromsg, Norway, on 15
December 2006. The bottom panel shows a sequence of images in N, 1PG (673.0 nm, a
prompt emission from high energy precipitation). The top panel shows the absolute inten-
sity along the cut highlighted by a white line on the bottom panel. In Movie 5, a sharp
boundary defining the leading edge of the patch moves at an approximately constant veloc-
ity. Once this boundary has passed the field of view, the patch exhibits pure pulsation with
“on” and “off” periods of highly varying lengths, and it is also clear that the patch “fills up”
and empties from a specific direction rather than turning on and off uniformly. During the
longer off periods the intensity drops to the noise floor. Movie 6 shows pulsating aurora with
non-pulsating substructures. During the “on” period, the patch intensity is uniform, while
bands of non-pulsating diffuse and black substructures appear during the “off” period. The
substructures slowly drifted and changed shapes.

2.2.4 High-Energy Precipitation

Typical characteristic energy of the pulsating aurora electrons is in the range from a few
keV to ~100 keV (e.g., Bryant et al. 1975, Sandahl et al. 1981; Miyoshi et al. 2010). Since
the energy is higher than discrete and diffuse aurora, the emission altitudes of the pulsating
aurora is lower than other auroras (e.g., Brown et al. 1976, Partamies et al. 2017a).

If we consider that the characteristic energy of the pulsating aurora electrons is high, their
cyclotron resonance with whistler mode chorus waves, lower-band chorus (LBC) waves es-
pecially, is a plausible candidate to cause the pitch angle scattering, while Electron Cy-

@ Springer



4 Page 18 of 38 Y. Nishimura et al.

clotron Harmonic (ECH) waves are less likely to cause such high energy electron precipi-
tations (e.g., Thorne et al. 2010). The relationship between LBC and the pulsating aurora
has been confirmed by various authors (Nishimura et al. 2010; Jaynes et al. 2013; Miyoshi
et al. 2015b). Kasahara et al. (2018) showed that the flux inside the loss cone increases si-
multaneously with the chorus waves by the Arase observations, and these electrons inside
the loss cone correspond to the pulsating aurora on the ground. The characteristic energy of
precipitating electrons depends on the magnetic local time. Hosokawa and Ogawa (2015)
found that the ionization altitude, which indicates the precipitating energies of the pulsating
aurora electrons, decreases in the morning side from the EISCAT observations. Oyama et al.
(2017) indicated similar results.

Recently, it was found that sub-relativistic electrons precipitate into the middle atmo-
sphere simultaneously during the pulsating aurora (Miyoshi et al. 2015a). Miyoshi et al.
(2015a) proposed a model, in which wide energy electron simultaneously precipitate into
the atmosphere during the pulsating aurora, if the chorus waves propagate to higher latitudes
(Horne and Thorne 2003). The Miyoshi theory showed that chorus waves can cause tens keV
electron scattering near the magnetic equator, which contributes to the optical emissions of
the pulsating aurora. And then, several chorus waves can propagate to the higher-latitude
along the field line as observed by Cluster (Santolik et al. 2014), which causes the scatter-
ing of sub-relativistic and relativistic electrons due to changes of the resonance condition.
The Miyoshi theory suggested that the scattered sub-relativistic/relativistic electrons are ob-
served as relativistic electron microbursts simultaneously with pulsating aurora.

This finding is important to consider the effects on the middle and upper atmosphere,
because a few hundred keV electrons can ionize in the mesosphere and cause enhancements
of NO, and HO, and resultant decrease of O3 (Turunen et al. 2016).

Considering the results expected from the Miyoshi theory, it has been postulated that the
microbursts of relativistic electrons occur in association with the pulsating aurora (Miyoshi
et al. 2010; Saito et al. 2012). Quasi-3 Hz modulations embedded in the main modulation
of the pulsating aurora and these internal modulations are caused by each rising tone ele-
ments of chorus waves (Miyoshi et al. 2015b). The time scale of the internal modulations of
the pulsating aurora is similar to or a little bit longer than the microbursts of the relativistic
electrons, suggesting a close relationship between the internal modulations of the pulsating
aurora and the microbursts. Recent low-altitude observations such as SAMPEX and Fire-
bird II suggested scale size of tens km, which may be the same scale size of the pulsating
patch or smaller (Crew et al. 2016). It is interesting to investigate the relationship between
the pulsating aurora and the microbursts of relativistic electrons, which contribute to more
quantitative understanding of the pulsating aurora.

2.2.5 Role of ECH Waves

In the inner magnetosphere (L 2 8), diffuse aurora including pulsating aurora is mainly
caused by lower-band chorus waves as demonstrated in Sect. 1, 2.2.3, 2.2.4. On the other
hand, upper-band chorus and ECH waves can also, theoretically, scatter electrons through
cyclotron resonance (e.g., Lyons 1974; Ni et al. 2008) and can account for lower energy por-
tion of precipitating particles. Miyoshi et al. (2015b) showed that a close set of upper-band
chorus waves causes the stable precipitations at ~1 keV, while lower-band chorus bursts
cause the main modulation of more energetic electrons, and a train of rising tone elements
embedded in the lower-band chorus bursts drives the internal modulations. Notwithstanding
the long radiative timescale of 630.0-nm emissions, pulsating auroral emissions at wave-
length of 630.0 nm have been reported (Eather 1969; Liang et al. 2016). Their generation
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mechanism cannot be explained by gyroresonance with lower-band chorus waves because
the gyroresonance energy of lower-band chorus waves is too high to cause 630.0 nm emis-
sions in the ionospheric F region. Liang et al. (2016) suggested that upper-band chorus and
ECH waves may scatter the pitch angle of low energy electrons and cause faint 630.0 nm
pulsating aurora in addition to the 557.7 nm pulsating aurora. Fukizawa et al. (2018) per-
formed a detailed event study using coordinated Arase satellite and ground-based optical
observations and showed that ECH wave intensities had a positive correlation with pulsat-
ing auroral intensities whose period was a few dozen seconds, and that lower-band chorus
wave intensities had correlation with pulsating auroral intensities whose period was a few
seconds. It was suggested that lower-band chorus waves cause short-period pulsating aurora
at low altitude, while ECH waves cause long-period pulsating aurora at high altitude.

In the outer magnetosphere (L 2 8), the occurrence rate of moderately intense cho-
rus emissions (>10 pT) drops significantly, while moderately strong ECH emissions
(~0.1-1.0 mV/m) have been reported to extend up to ~12 Rg (e.g., Roeder and Koons
1989; Ni et al. 2011, 2017). These observations suggest that ECH waves may play a leading
role in driving diffuse aurora at L 2 8. Liang et al. (2011) showed that intensities of ECH
waves had an unambiguous positive correlation with those of diffuse auroral precipitation
using the simultaneous in-situ wave and particle observations by THEMIS satellites and
ground-based NORSTAR optical auroral observations at L = 11.5 during either an absence
of chorus emissions or very weak chorus emissions. The scattering rate of central plasma
sheet electrons by ECH waves, the subsequent ionospheric precipitation flux, and resulting
auroral brightness were quantified by Ni et al. (2012), who concluded they were consistent
with observations. ECH waves can play an important role in the outer magnetosphere to
cause diffuse aurora.

2.2.6 Reflected and Secondary Electrons

Advances in imaging of aurora have opened up the exploration of auroral signatures to faster
timescales, smaller spatial scales and, overall, scales that require wider dynamic range to
enable more detailed morphological resolution. It can be said that a significant part of new
insights come from such a change coupled with our ability to handle much larger volumes
of data, a necessity when recording many hours a night of auroral activity. The recently
observed optical signatures of inter-hemispheric electron reflections within pulsating aurora
(Samara et al. 2017) are in that category. These had been inferred to be observable from
prior theory and modeling work but even initial verification from optical signatures had
been elusive partly because of the observational conditions needed.

Pulsating aurora is often observed against a non-pulsating background created by soft
electrons (Smith et al. 1980; McEwen et al. 1981; Sandahl 1985). This background has
been identified by Evans et al. (1987), who suggest that these electrons originate from the
opposite hemisphere in conjunction with simultaneously occurring pulsations there. They
determine that this population arises from secondary electrons and backscattered electrons
produced by the primary high energy pulsating electrons. e-POP satellite observations over
pulsating aurora have also detected upgoing low-energy electrons, which are considered to
be backscattered secondary electrons (Knudsen et al. 2015).

Samara et al. (2017) highlighted a case where the temporal and intensity variations of
pulsating auroral are in good agreement with the predictions of the SuperThermal Electron
Transport (STET) code. A pulsating aurora event was observed at Poker Flat, AK with
the MOOSE imager suite in multiple fields of view but it was the very narrow field of
view imager (4 degree field of view) that was operated at 56 frames per second (16 ms
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exposure time) with no filter that enabled the observations of the secondary electron peaks.
This type of analysis is only possible with a narrow field of view and high frame rates. In
the optical signatures Samara et al. (2017) identified four primary peaks and assumed that
they are caused by a pitch-angle scattering mechanism in the equatorial magnetosphere,
which would send electrons into both loss-cones (northern and southern hemispheres) at the
same time (Nishimura et al. 2010). This would produce primary peaks in both hemispheres
at the same time. As part of this process a portion of these primary electrons get scattered
back up and head toward the opposite hemisphere producing the secondary peaks observed.
These faint secondary pulses were visible in the data because of the high frame rate, the
high signal-to-noise ratio—maximized by the white-light imaging—and the morphology of
the pulsations. Specifically, the temporal characteristics of the auroral event must be such
that the “pulsation-on” time is short—Iess than the bounce time of a few seconds—and the
spacing between pulses must be larger than at least several bounce periods. The beginning
of the event analyzed in Samara et al. (2017) met both of those criteria with “pulsation-on”
times of ~1 s and times between the main pulses of 6-9 s. The spacing of the peaks (1.5 to
2 s) corresponds to electron energies of 6-10 keV, for a field line length of 14.26 Re, which is
consistent with many observations of diffuse and more specifically pulsating auroral electron
precipitation.

Modeling work using STET, such as Khazanov et al. (2017), has shown that the reflected
primary and secondary electrons can lead to significant changes in the precipitating electron
distributions in regions of diffuse aurorae. Due to the highly time-varying nature of these
processes and the short bounce periods of 1-5 s, it has proven difficult to quantify any
evidence of these reflected electrons in optical auroral observations. The Samara et al. (2017)
work advanced our understanding of electron precipitation in two ways. First by offering a
peak into a scale we do not often see and second by verifying predictions from consistent
theoretical work. These results are consistent with the predictions of the STET model, both
in terms of the production of a reflected electron population and the relative intensities of the
reflected electron distributions. They are also consistent with early in-situ measurements and
theoretical work suggesting that ~10-20% of the precipitated electron fluxes get reflected
back to the conjugate hemisphere (O’Brien 1964; Rees 1968).

There is a distinct variation in the reported measured electron energies associated with
pulsating aurora (from a few keV to as high as 140 keV) suggesting both different gen-
eration mechanisms but also different resulting ionospheric effects. In all previous studies
the secondary and backscattered electron populations that exist within the diffuse aurora
have not been considered. As such the optical signatures of reflected electrons have broad
implications because they highlight that the formation of the auroral electron distributions
within regions of diffuse and pulsating aurora contain contributions from reflected primary
and secondary electrons. These electrons, which can be the result of multiple reflections, can
ultimately lead to larger fluxes than expected when considering only the primary injection
of magnetospheric electrons. While they have largely been missing from the current theo-
retical studies of particle precipitation the inclusion of a reflected electron population which
can have immediate implications for studies of magnetosphere-ionosphere coupling.

2.2.7 Ionosphere Dynamics
The effect of pulsating aurora on the ionospheric electrodynamics (current system) has been
studied extensively by using ground-based radars and satellites in the last decade. Hosokawa

et al. (2008) introduced an interval of pulsating aurora during which the ionospheric electric
field, as detected by a SuperDARN radar in Iceland, oscillates in close correlation with the
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optical pulsation. They interpreted this oscillation as a result of quasi-periodic appearance of
polarization electric field generated by a modulation of electron density (i.e., conductance)
due to precipitation of pulsating aurora electrons (this idea is based on an earlier study by
Oguti and Hayashi 1984)

Later, Hosokawa et al. (2010) demonstrated, by using the EISCAT radar in Tromsg, that
the electron density and Hall conductance actually changes in harmony with the optical
pulsation, which implies that pulsating aurora has a potential to modulate the ionospheric
current system in the quasi-periodic manner. They also directly measured similar pulsations
in the northward electric field by using one of the remote site radars in Kiruna, which should
be a result of quasi-periodic appearance of electric field within the patches of pulsating
aurora. However, to explain the origin of electric field oscillation by the current hypothesis in
a quantitative manner, we need to consider an escape of charges accumulated at the boundary
of pulsating aurora patches. Based on the calculation of Hosokawa et al. (2010), about 70%
of charges should escape from the edges of pulsating aurora patches. Such a significant
escape of charges could be associated with field-aligned current (FAC) flowing in/out along
the boundary of pulsating aurora patches

An earlier study by Fujii et al. (1985) detected such small-scale structures of FAC in
the vicinity of pulsating aurora patches by using a magnetometer onboard the MAGSAT
satellite. They indicated that FACs are actually flowing near the edges of the patches. More
recently, Gillies et al. (2015) have introduced similar observations of FACs in the vicinity
of pulsating aurora patches by using Swarm satellite. They identified strong downward cur-
rents just poleward and equatorward of the pulsating patches. Weaker upward currents are
observed throughout the interior of the patches, leading the authors to suggest that currents
might close via horizontal currents in the ionosphere. Such a FAC near the boundary is ba-
sically consistent with the model of Oguti and Hayashi (1984). The above-mentioned set of
studies indicates that electric field can be modified within the patches of pulsating aurora by
the local ionospheric electrodynamics. Such a change in the ionospheric electric field may
modify the large-scale magnetospheric electric field only within the source region of pul-
sating aurora patches. This process could characterize the shape of pulsating aurora patches
by determining the spatial structure of cold plasma density in the magnetosphere. Not only
that, the modification of electric field by the ionospheric feedback process may introduce
a difference between the apparent patch motion in the ionosphere and the motion of cold
source plasma in the magnetosphere, especially when the ambient large-scale electric field
is relatively small (as in the case in Humberset et al. 2018).

The distinct difference in altitude of diffuse and pulsating aurora is important because it
is indicative of the presence of two separate populations of precipitating electrons, with the
higher-energy population being the pulsating one. In order to understand the relationship
between diffuse and pulsating aurora, Brown et al. (1976) triangulated ground-based optical
observations of diffuse and pulsating aurora from a 10 km baseline. This configuration pro-
vides, essentially, a measurement of the lower border of these emissions. They report that
the diffuse aurora can have lower borders from 118 km to 375 km (based on 10 measure-
ments). The median altitude of these events was near 150 km, which imply precipitation
energies of up to ~1 keV. The pulsating aurora (19 measurements), however, tended to have
lower borders from 82 km to 105 km, with a median altitude of 92 km, implying 10 keV
to 60 keV electron precipitation. Their Fig. 2 shows a schematic drawing illustrating the
altitudinal relationship of pulsating aurora and the higher-altitude diffuse aurora in which it
is embedded.

Partamies et al. (2017a) also triangulated ground-based optical measurements, an effort
that included 400 intervals of pulsating aurora. They find that the peak in auroral emission
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height decreases by ~8 km at the start of a pulsating aurora event, suggesting a correspond-
ing increase in precipitating electron energy. While this result might appear to indicate a
gradual transition from lower energies (with the diffuse aurora) to the higher energies of
pulsating aurora, this is not the case. In fact, a distinct effort to exclude other types of aurora
from this study, events were selected so that the start was when the pulsating aurora became
the dominant auroral feature.

Using data from the Reimei satellite, Miyoshi et al. (2015b) showed optical observations
of pulsating aurora that are well-correlated with electron measurements. They conclude that
the electrons that coincide with the variations in brightness are those with energies above
3 keV (but up to the instrument limit of 12 keV). Lower energy electrons are also present,
with energies of ~1 keV but having stable signatures (i.e., producing diffuse aurora). They
note a gap between these two populations, which they attribute to lower- and upper-band
chorus waves. They also note that quasi-3 Hz modulation of only the higher energy por-
tion of the electron precipitation and deem these to be driven by processes internal to the
scattering mechanism.

Sandahl et al. (1980) provided a somewhat similar result. Using data from a rocket
launched from the Esrange Space Center into pulsating aurora, with instrumentation to mea-
sure electron energies from near 0 to 200 keV, they found fluctuations in precipitating elec-
tron fluxes at energies above 5 keV, with a peak in energy flux at about 20 keV. Electron
fluxes decrease significantly near 40 keV, but they show that weak pulsations were observed
even up to 140 keV. As Miyoshi et al. (2015b) would later show, these authors also reported
a ~3 Hz modulation, but only at higher energies, above 25 keV in this case. Non-pulsating
electrons are also measured below 5 keV, down to a few hundred eV, but with no gap, as
described by Miyoshi et al. (2015b).

2.2.8 Ion Outflow

As explained by Strangeway et al. (2005), ion outflow (O ions that have acquired gravita-
tional escape speed) is a two-step process. At lower altitudes, ion upflow can occur via one
of two very different mechanisms (Wahlund et al. 1992). In Type 1 ion upflow, O ions are
heated near 110-120 km altitude by Joule heating, a process that can lift this population up
to perhaps several hundred kilometers. In Type 2 ion upflow, precipitating soft electrons col-
lide with and heat ambient ionospheric electrons which then expand upwards adiabatically,
thereby creating an ambipolar electric field that lifts the O ions to altitudes of several hun-
dred kilometers. In either case, once the O™ ions are at these higher altitudes, they may be
further energized by ambient waves that can accelerate them to escape velocity (then called
ion outflow). If this secondary process does not develop, the ions will drift back downward
to the ionosphere.

This process is most prevalent in the cusp region, where intense Joule heating and
Alfvenic aurora (i.e., soft precipitation) are common. One would not expect to find ion
upwelling in pulsating aurora because of the apparent lack of such processes in these cases,
although the recent results described in the previous section may indicate otherwise.

Liang et al. (2015) sought to determine what processes define the shape and size of
patches and highlighted a number of theories suggesting that flux tubes above the patches
must contain enhanced cold plasma that determine the structure. These authors further sug-
gested that ion outflow could provide the requisite cold plasma, though no observations of
upflow were presented in that paper. Evidence of PFISR observations of ion upflow (not
outflow) over pulsating aurora are presented by Liang et al. (2018), which they attribute to
the deposition of heat flux from higher altitudes that lead to the formation of an ambipolar
field and subsequent ion upflow.
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Kenward et al. (2019) also used PFISR observations, in conjunction with all-sky imagers
filtered at 557.7 and 630.0 nm and were able to show that the soft precipitation directly
heated the electron population in the F-region. This heated population led to the forma-
tion of an observed ambipolar field, its resulting parallel electric field and the associated
upflow. Still, as these authors point out, the upflow speeds are well below escape speeds
(near 450 km altitude, where the data are acquired) and the question of whether a secondary
process exists at higher altitudes that would further energize these ions is an open one.

2.2.9 Coupling to the Thermosphere

In this section, coupling of pulsating aurora to the thermosphere is addressed via a discussion
of four disparate papers. Wilson et al. (2005) used an infrasonic array of 8§ microphones to
record acoustic pulses driven by pulsating aurora. They conclude that the acoustic pulses
result from ionospheric heating due to the precipitating electron population, which then
couples to the thermosphere to launch downward pulses. They show that their signatures
originate from sources within 35 km of the zenith above the array (assuming a source height
of 110 km).

Oyama et al. (2010) used data from a Fabry-Perot Interferometer (FPI) and an all-sky
imager (both at a wavelength of 557.7 nm), as well as the EISCAT UHF radar, to study ther-
mospheric winds in pulsating aurora. They found that in pulsating aurora, when convection
electric fields were smaller than 15 mV/m, wind fluctuations were then isolated at the edges
and/or in the darker areas of auroral patches. The largest vertical amplitudes they observed
were up to 20 m/s, suggesting that the wind fluctuations were localized to the patches.

In terms of atmospheric effects of pulsating aurora, Takahashi et al. (2017) followed up
on an earlier report by Tsuda et al. (2013) that described a decrease in mesospheric sodium
in conjunction with pulsating aurora. Takahashi et al. (2017) examined data from a single
event over Tromsg, Norway, observed using an all-sky imager and EISCAT Tromsg radar,
with the radar showing enhanced ionization below 100 km. Simultaneous observations by
the sodium lidar at Tromsg showed sodium depletions at those altitudes of 5-8%, lasting
8 min. Based on model results, the sequence they describe begins with pulsating auroral
electron ionization producing N1 and OF, followed quickly by the transition of NI to NO*.
The environment of NO* and O; ultimately leads to the depletion of sodium via charge
transfer reactions with these ions.

An entirely different atmospheric impact is described by Turunen et al. (2016), who
sought to quantify the role of pulsating auroral electrons on ozone depletion, noting that the
energetic precipitation produces odd nitrogen and odd hydrogen. Through catalytic reaction
chains, these populations drive the ozone depletion either at the high altitudes where the
initial ionization occurs, or at lower altitudes following transport of these populations. In
their paper, they consider a single event that included >200 keV electron precipitation that
led to model results showing depletion of odd oxygen by several tens of a percent.

3 Numerical Simulation
3.1 Wave-Particle Interaction, Chorus/ECH Generation, Scattering

Wave-particle interactions cause the pitch angle scattering of energetic particles in the mag-
netosphere, resulting in diffuse/pulsating aurora. Among a variety of wave modes in the
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magnetospheric plasma, whistler-mode waves play dominant roles in the pitch angle scatter-
ing of energetic electrons. Whistler-mode chorus emissions are typical example of whistler-
mode waves in the magnetosphere. Chorus emissions are coherent electromagnetic waves
observed mainly in the dawn side of the magnetosphere, characterized by their spectral
features showing rising/falling tones and by the periodic generation of wave elements in
the time scale closely related to pulsating aurora. Understanding of the chorus generation
mechanism is essential for the thorough understanding of the mechanism controlling the
periodicity of pulsating aurora.

The theory of the whistler-mode chorus generation has been substantially advanced since
2000’s, based on the development of the nonlinear wave growth theory by Omura et al.
(2008, 2009) supported by results of numerical experiments (Katoh and Omura 2007; Hik-
ishima et al. 2009). By an electron hybrid code simulation in a spatially one-dimensional
simulation system along a field line of the dipole field, Katoh and Omura (2007) reproduced
that coherent wave elements with rising tones are emerged from a band of whistler-mode
waves around the magnetic equator. Hikishima et al. (2009) also reproduced the whistler-
mode chorus generation in the equatorial region by a plasma full particle code. Omura et al.
(2008, 2009) proposed the nonlinear wave growth theory for the chorus generation from the
magnetic equator.

The theory and simulation suggest that the generation process of chorus can be catego-
rized into (1) linear phase and (2) non-linear phase. Under the presence of energetic electrons
having a temperature anisotropy of the velocity distribution function, a band of whistler-
mode waves is generated around the magnetic equator. The time scale of the wave growth
can be estimated by the growth rate of waves based on the linear theory (e.g., Kennel and
Petschek 1966; Summers et al. 2013). As the wave amplitude grows, a coherent whistler-
mode wave appears from a band of waves, and then nonlinear effects become significant
on the motion of resonant electrons. Thereby the wave generation process undergoes the
non-linear phase.

Omura et al. (2008) suggested that an electromagnetic electron hole will be formed in
the velocity phase space through nonlinear wave-particle interactions in the equatorial re-
gion of the magnetosphere. They also suggested that the most of resonant electrons will be
untrapped from a coherent whistler-mode wave and that nonlinear trajectories of resonant
untrapped electrons result in the formation of nonlinear resonant currents. Based on the non-
linear wave growth theory, the threshold amplitude required for the chorus generation has
been proposed (Omura et al. 2009). A series of electron hybrid code simulations have been
performed for different number density of energetic electrons (Katoh and Omura 2011), for
different spatial gradient of the background magnetic field (Katoh and Omura 2013), and for
different temperature anisotropy of energetic electrons at the magnetic equator (Katoh et al.
2018). Results of the simulations revealed that distinct chorus with rising tones appeared
when the wave amplitude of a band of whistler-mode waves exceeds the theoretically es-
timated threshold amplitude. Simulation results in Katoh and Omura (2011) also revealed
that the frequency sweep rate becomes high for large wave amplitude of chorus elements,
as predicted by Omura et al. (2009). The proposed nonlinear wave growth theory well ex-
plains not only simulation results but also satellite observation. Kurita et al. (2012) analyzed
THEMIS data of chorus elements without a gap at half the gyrofrequency. They showed that
frequency profiles of the wave amplitudes of the chorus elements are well explained by the
optimum wave amplitude proposed by Omura and Nunn (2011). Hikishima et al. (2010) re-
vealed by a plasma full particle code simulation that microburst precipitation of 10-100 keV
electrons accompanies the generation of discrete chorus emissions.

There are many reports from the low-altitude satellites and sounding rocket experiments
that the precipitating electrons have clear energy dispersions, which have been used for the
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time-of-flight analysis to estimate the modulation region of the pulsating aurora. Miyoshi
et al. (2010) proposed a model for the modulations of the pulsating aurora electrons, in-
cluding the effect of the propagation of the chorus waves along the field line. They derived
the theoretical curve of energy dispersion for precipitating electrons. The theoretical energy
dispersion is fitted with the observed energy dispersion to estimate parameters of chorus
waves. Later, Saito et al. (2012) extended this theoretical energy dispersion including rela-
tivistic effects.

More recently, Miyoshi et al. (2015b) conducted the GEMSIS-RBW test-particle simu-
lations (Saito et al. 2012) to calculate cyclotron resonance between upper- and lower-band
chorus waves and electrons bounced along the field line. In general, lower-band chorus
bursts every a few seconds include a few rising tone elements, while continuous upper-band
chorus include continuous elements. There is a half-gyro frequency gap between lower-
band and upper-band chorus waves. As shown in Fig. 5, burst precipitations more than a few
keV are observed with energy dispersion. Besides the burst precipitations, stable precipita-
tions are found around 1 keV. From investigations of the simulation, the burst precipitations
are caused by the lower-band chorus waves, while the stable precipitations are driven by
the upper-band chorus waves. There is a precipitation gap between the burst precipitations
and the stable precipitations, which corresponds to the resonance energy of the half-gyro
frequency gap. Characteristics of energy spectrum of precipitating electrons are well con-
sistent with the energy spectrum measured by the low-altitude satellite (Miyoshi et al. 2010,
2015b, Nishiyama et al. 2011a, 2011b). The study indicates that the origin of the internal
modulations of the pulsating aurora is the train of the rising tone elements, while the main
modulations is the lower-band chorus bursts. These relationships are confirmed by satellite-
ground based conjugate observations; main modulations and chorus bursts: Nishimura et al.
(2010), Kasahara et al. (2018), internal modulations and rising tone elements: Ozaki et al.
(2018). Also, the background emissions of the pulsating aurora (Evans et al. 1987) is caused
by the upper-band chorus waves.

It is interesting to note the possibility of tens keV and sub-relativistic/relativistic electron
precipitations associated with the pulsating aurora. Miyoshi et al. (2010, 2015a) proposed a
model that chorus waves propagating along the field line cause wide-energy electron precip-
itations from a few keV to multi-hundred keV and MeV electrons if chorus waves propagate
to the higher latitudes, and they suggested that precipitations of multi-hundred keV and MeV
electron simultaneously occur during the pulsating aurora. The theoretical energy dispersion
curve derived from Saito et al. (2012) that includes precipitations from a few keV to more
than MeV can be used to compare with the future observations on precipitating electrons for
wide energy electrons associated with the pulsating aurora.

As we have mentioned in Sect. 2, ECH waves are another candidate to cause the pitch
angle scattering to cause diffuse aurora (Ni et al. 2012; Zhang et al. 2015) and pulsating au-
rora (Liang et al. 2010). Ni et al. (2012) estimated scattering rate of electrons by ECH waves
and claimed that ECH waves can play an important role to cause the diffuse aurora in higher
L-shell region. Several studies estimated linear growth rate of ECH waves (Ashour-Abdalla
and Kennel 1978; Zhou et al. 2017; Liu et al. 2018), and Zhou et al. (2017) and Liu et al.
(2018) concluded that the loss-cone distribution should be a free energy source to drive ECH
waves. Detail distribution function data have been observed by Van Allen Probes (e.g., Zhou
et al. 2017) and Arase (Kazama et al. 2018) in the inner magnetosphere, comparisons be-
tween in-situ particle/wave observations and ground-based optical measurements are useful
to identity generation of ECH waves and scattering of electrons.
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3.2 Spatial Extent, Modulation

The size of pulsating aurora patches has been explained by the spatial scale of wave-particle
interactions occurring in the equatorial region of the magnetosphere. Demekhov and Trakht-
engerts (1994) proposed a flow cyclotron maser model as a mechanism controlling both tem-
poral and spatial scale of pulsating aurora. Assuming a plasma duct formed along a field line
as a region where efficient wave-particle interaction occurs, they proposed that the pulsation
‘on’ time of pulsating patches corresponds to the duration of interactions in the duct and that
the pulsating ‘off” time is the time interval restoring free energy inside the duct through the
transportation of energetic electrons. The modulation of auroral brightness inside the patch
has been explained by the repetition period of individual chorus elements. The size of the
duct has been related to the spatial structure of ambient plasma. Katoh (2014) performed a
simulation study of the propagation of whistler-mode waves in the meridional plane of the
inner magnetosphere. While the simulation results showed that the duct is formed by either
enhancement or depletion of plasma density, the propagation property of waves inside the
duct becomes different depending on the plasma density structure. The propagation property
should affect the spatial modulation of auroral emissions inside pulsating patches.

3.3 Modeling Parameters, Consistency with Observation

Recent development of computational resources enables us to perform numerical experi-
ments with realistic initial conditions as we observe in the magnetosphere. A self-consistent
simulation of the whistler-mode chorus generation was performed in Katoh and Omura
(2016) with the real spatial scale of the inner magnetosphere. They showed that the spectral
properties of reproduced chorus elements are consistent with those observed by the Clus-
ter spacecraft (Santolik et al. 2003). The consistency between the simulation and satellite
observation has also been performed in Demekhov et al. (2016).

4 Summary and Open Questions

This chapter reviewed fundamental properties of diffuse and pulsating aurora. Section 1
summarized the definition, the large-scale morphology, types of pulsation, and driving pro-
cess of diffuse/pulsating aurora. Section 2 reviewed recent advances. Section 2.1 covered
observation techniques, Sect. 2.2 presented recent findings on occurrence, duration, altitude,
evolution, small-scale structures, fast modulation, relation to high-energy precipitation, the
role of ECH waves, reflected and secondary electrons, and ionosphere dynamics. Section 3
reviewed recent advances in simulation of wave-particle interaction.

Despite that major advances have been made in recent years, the community still faces
outstanding questions on fundamental properties of diffuse and pulsating aurora as listed
below:

e Origin of chorus modulation. Although the auroral pulsation has been found to originate
in chorus modulation, it is still an open question what controls chorus modulation. Density
modulation and non-linear processes have been suggested but no definitive conclusion
has been made. Since whistler-mode waves in the plasma sheet do not always exhibit
rising tones but also show falling tones or unstructured emission. Those different types
of wave generation processes need to be investigated for understanding pulsating auroral
modulation.
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e Pulsating auroral patch size. The size of pulsating auroral patches reflect the size of co-
herent chorus size. This is also likely true of substructures of pulsating chorus and ele-
ments of chorus waves. However, it is unclear what determines the size of coherent chorus
waves. It is much larger than electron gyroradius or chorus perpendicular wavelength, and
thus collective processes beyond the electron scale are expected to play a role.

e Origin of fine-scale diffuse aurora including substructures. Diffuse aurora is not a struc-
tureless feature but involves fine-scale substructures. One fundamentally important issue
has to do with the persistence of the shapes of pulsating patches that sustain over several
minutes, even in cases where the patches appear to have disappeared but then reappeared.
Although ideas such as pressure-driven processes have been proposed, it is not understood
how such structures form in the magnetosphere and what determines the size and modu-
lation. Since it is difficult to have satellite conjunctions with fine-scale aurora, knowledge
of such structures has been severely limited. The implicit question is whether the precip-
itation source (i.e., near the equatorial region) or the ionosphere itself is responsible for
the shape of patches. In the latter case where, for example, ionospheric conductivity plays
arole, the question would then become how this might contribute to a feedback process.

e A related question is what determines the propagation speed of patches. Again, the answer
may indicate that the ionosphere is intricately linked to the patches (i.e., if the patches are
tied to convection), or may suggest that patches are simply signatures of source region
dynamics.

e Role of ECH waves and upper-band chorus. While lower-band chorus has been identified
as the dominant source of waves for pitch angle scattering, ECH waves and upper-band
chorus have also been associated with pulsating aurora. A thorough study is desired to
find the probability and conditions that those wave modes become important. Also the
role of parallel potential drop and secondary electrons should also be investigated.
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