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Abstract Optical structures located equatorward of the main auroral oval often exhibit dif-
ferent morphologies and dynamics than structures at higher latitudes. In some cases, ques-
tions arise regarding the formation mechanisms of these photon-emitting phenomena. New
developments in space and ground-based instruments have enabled us to acquire a clearer
view of the processes playing a role in the formation of subauroral structures. In addition,
the discovery of new optical structures helps us improve our understanding of the latitudinal
and altitudinal coupling that takes place in the subauroral region. However, several questions
remain unanswered, requiring the development of new instruments and analysis techniques.
We discuss optical phenomena in the subauroral region, summarize observational results,
present conclusions about their origin, and pose a number of open questions that warrant
further investigation of proton aurora, detached subauroral arcs and spots, stable auroral red
(SAR) arcs, and STEVE (Strong Thermal Emission Velocity Enhancement).

Keywords Optical structures · Subauroral region

1 Introduction

Proton aurora and the structures observed at subauroral latitudes occur in a region of mag-
netic field transition. In this region, Earth’s magnetic field changes from a stretched topology
closer to the auroral oval, into more dipolar field lines towards the equator. Optical structures
in this region are diverse in morphology, propagation, dynamics, and lifetimes. In addition,
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some of these structures exhibit different generation mechanisms than aurorae; specifically,
some of these subauroral optical structures are not caused by the excitation from energetic
particle precipitation as is the case with auroral arcs (Vegard 1932).

In this chapter, we review the recent advances made on proton aurora, detached subau-
roral arcs and spots, Subauroral Red (SAR) arcs, and the newly discovered phenomenon
named STEVE (Strong Thermal Emission Velocity Enhancement). For each of these topics
we provide a description of their main features, drivers and formation mechanisms. At the
end of the chapter, we highlight some of the open questions that still remain for this region.

2 Proton Aurora

There are two common uses of the term “proton aurora”. In some contexts, it is used to de-
scribe any aurora that is generated by energetic protons. As energetic electrons and protons
interact with the atomic and molecular oxygen and nitrogen of Earth’s upper atmosphere,
ionization and excitation occur. Spectroscopic observations of photons generated by this
process do not provide information weather the initial atomic excitation—and subsequent
emission—was stimulated by energetic electrons or protons. Accordingly, the term “proton
aurora” refers to excitation produced by energetic proton precipitation.

When spectroscopic data are used to determine the mean energy and flux of energetic
electrons, it is almost always assumed that the relative contribution from protons is negli-
gible (Germany et al. 1994; Galand and Lummerzheim 2004). One exception is the use of
IMAGE-FUV data where the proton contribution could be determined and a proper correc-
tion to the electron contribution could be made (Frey et al. 2003). Another possibility is
the use of a specific model and its comparison to measurement comparisons (Galand and
Lummerzheim 2004). So, in this case additional measurements for instance by low-altitude
satellites with particle detectors are required to determine the relative contribution of ener-
getic protons to the overall aurora generation.

The other common use of the term “proton aurora” refers strictly to emission that comes
from precipitating energetic protons themselves. Bare protons cannot emit any photons but
during precipitation they can undergo charge exchange collisions with atmospheric con-
stituents, briefly become neutral hydrogen atoms, and are then able to emit hydrogen-
specific photons. The brightest and most prominent emissions are the Lyman-α at 121.57 nm
in the ultraviolet and the Balmer-α and Balmer-β lines at 656.3 and 486.1 nm in the visible,
respectively. The process of charge exchange decouples the hydrogen atoms from the guid-
ing magnetic field, at which point they will travel in straight lines (unless neutral-neutral
collisions become important at low altitude) until their electron is stripped off and they be-
come positively charged protons again (Fig. 1). This leads to a spatial broadening of any
existing small-scale structure in the proton precipitation. The resulting proton aurora does
not show fine structure and appears relatively homogeneous on spatial scales of ∼100 km
(Fig. 2). Fang et al. (2004) found that the main dispersion region for a fine proton beam is
located in the altitude range of around 250–450 km, where the first few charge exchange
collisions typically occur. As the energetic protons move at high speed, the resulting hydro-
gen atoms emit photons with a specific Doppler shift and any emission is shifted towards
blue if seen from the ground or towards red if seen from space (see e.g. Chamberlain 1961).
High-resolution spectroscopic measurements then allow estimates of the proton energy (Ga-
land and Chakrabarti 2006). High-resolution spectroscopic separation of the Doppler-shifted
Lyman-α from the much brighter cold emission of the geocorona was the operational prin-
ciple of the IMAGE Spectrographic Imager SI-12 proton aurora channel which allowed for
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Fig. 1 Schematic of the charge
exchange process for energetic
protons which become neutral
hydrogen, can emit a photon,
leave the original magnetic field
line, and get ionized again at
some distance from the original
travel direction. (From Egeland
and Burke 2019)

Fig. 2 Relative intensity of the
total downward H+ and H fluxes
at 300 km altitude with respect to
the homogeneous input at the top.
The incident proton fluxes have a
Maxwellian distribution with the
characteristic energy of E0= 1,
4, 8, and 10 keV. The semi-width
of the proton arc is W= 100 km.
(From Fang et al. 2004)

a substantial reduction of the background and a clear selection of red-shifted signal coming
from protons with more than 1 keV energy (Mende et al. 2000). In the remainder of this
paper we will use this second interpretation of the term “proton aurora” to clearly identify
signal that can only originate from energetic proton precipitation.

The charge exchange and photon emission can generally be described as:

p+ +X → H∗ +X− → H+ hν +X− (1)

where p+ is the energetic proton, X is an atmospheric constituent (mostly N2 but also N,
O, O2), H* is the excited hydrogen atom, X− the ionized atmospheric constituent, H the
hydrogen atom in its ground state, and hν the hydrogen photon. The still energetic hydrogen
atom can ionize again (Fig. 1) and continue as an energetic proton. The process repeats
itself until the energetic proton achieves thermodynamic equilibrium with the surrounding
medium. Additionally, the ionized constituent can emit auroral photons (for instance, the N2
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Fig. 3 A synoptic image of nightside aurora showing the relative location of the hydrogen emissions –
marked with H – versus the mostly electron generated oval, in both the morning (left) and evening (right).
On the evening side the Balmer radiations are equatorward of the electron aurora, while on the morning side
(left) the opposite is the case. (From Egeland and Burke 2019)

1st negative emission) which do not carry information about the generation partner and will
generally be misidentified as “electron aurora”.

First identifications of hydrogen Balmer lines were reported in the 1930/40 s (see Cham-
berlain 1961). Significant effort was then put into the identification of emission lines and
the source of energetic protons (Egeland and Burke 2019). With improved ground instru-
mentation in the 1950/1960 s, particularly space-based particle detectors and imagers, the
distribution and importance of proton precipitation in certain regions was recognized. One
important difference between electron generated aurora and proton aurora is the reversal of
the relative magnetic latitude distribution between both types of aurora (Fig. 3). Before mag-
netic midnight the proton aurora oval spreads equatorward, and peaks in intensity equator-
ward of the electron-generated green line. After magnetic midnight the hydrogen emissions
are mainly observed poleward of the electron oval (i.e., MLat > 70◦). However, the latitude
distributions also depend on the energies of precipitating protons. Today proton aurora ob-
servations allow the assessment of the source region of energetic protons. They also can be
used to identify the associated magnetospheric processes and to evaluate the ionospheric
perturbations induced by energetic protons. The source regions include the cusp, the low-
latitude boundary layer, the mantle, and the plasma sheet, including their dayside extensions
(Galand and Chakrabarti 2006).

Secondary electrons produced within the proton beam contribute to “electron auroral”
emissions. Since they are less energetic than the secondary electrons produced in electron
aurora, they have a different spectral signature. In addition, for a given energy flux, protons
are usually more efficient at ionizing than electrons and yield larger values of the Pedersen
ionospheric conductance (Galand and Lummerzheim 2004). This difference between proton
and electron aurora can lead to misinterpretation when brightness ratios are used to derive
ionospheric conductances with parameterizations that are based on electron aurora. At the
equatorward edge of the afternoon oval, where protons are a significant energy source, the
traditional auroral analysis (Rees and Luckey 1974) using two lines to determine electron
energy is limited. In regions of>4 keV electron precipitation, the presence of proton precipi-
tation (even modest ∼10%), yields a large underestimation of both the electron mean energy
and the energy flux. Overall, the presence of proton precipitation yields a poor estimation of
the electron mean energy. In proton-dominated aurora, the Pedersen and Hall conductances
are often underestimated. However, in location where the protons are not dominant and the
electron precipitation is not too energetic, it is legitimate to estimate the particle charac-
teristics and ionospheric conductances from the FUV brightnesses assuming pure electron



Proton Aurora and Optical Emissions in the Subauroral Region Page 5 of 36 10

precipitation. This is true in particular for the region around midnight (1900–0400 MLT), at
a magnetic latitude of 65–67° (Galand and Lummerzheim 2004).

The general view that proton aurora is located equatorward of electron aurora in the dusk-
side of the auroral oval was later slightly modified as it was shown that the location depends
on the level of geomagnetic activity (Zou et al. 2012). A statistical study of the absolute and
relative locations of the equatorward boundaries of the proton and diffuse electron auroras
used meridian scanning photometers to observe 630.0 nm emission from “electron aurora”
and 486.1 nm (“H-β”) emissions of proton aurora together with particle data from satellites.
The statistical studies showed that the quiet time dusk-premidnight proton aurora extends
slightly equatorward of the electron aurora. This is reversed on the dawnside. In contrast, the
electron aurora during moderate and active intervals lies equatorward of the proton aurora
throughout the nightside region (20–03 MLT). There is a dawn-dusk offset in the auroral
oval location, with the proton aurora shifting toward premidnight and the electron aurora
toward postmidnight. The penetration of the electron boundary equatorward of the proton
precipitation across this MLT range had not been previously identified. Zou et al. (2012)
attributed this to the fact that the equatorward part of the diffuse electron aurora is produced
by lower energy electrons to which the 630.0 nm emission is more responsive and so marks
a more realistic location of the electron equatorward boundary than do the 557.7 nm and UV
emissions used in previous intercomparisons of these boundaries.

On the nightside, the bright proton aurora forms a band of diffuse aurora near the equa-
torward boundary of the electron auroral oval. Donovan et al. (2012) demonstrated that the
precipitation is due to strong pitch angle diffusion that is thought to be the result of non-
adiabatic motion of sub-keV to tens of keV central plasma sheet (CPS) protons as they
traverse the tightly curved magnetic field topology in the vicinity of the neutral sheet. These
authors also provided an overview of the relationship between the spatiotemporal evolu-
tion of the proton aurora and magnetospheric dynamics. They focused on the equatorward
boundary of the proton aurora, the latitude of which has been shown to be strongly correlated
with magnetic field line stretching in the inner CPS, and they provided the first-ever iden-
tification of the position of the ion isotropy boundary relative to equatorial magnetospheric
spacecraft.

The bright proton aurora is generally understood to be the projection of the CPS onto the
ionosphere. Particles in the CPS have sufficient particle energy to cause bright proton aurora
luminosity after strong pitch angle scattering (presumably due to field line curvature). This
region is often interpreted as the transition region between dipolar and tail-like magnetic
topologies. Spanswick et al. (2017) presented statistics of proton aurora luminosity com-
puted from THEMIS electrostatic analyzer measurements for various radial distances in the
magnetotail. These results were compared to ground observations of proton auroral luminos-
ity and used to derive a statistical source region of the bright proton aurora. They found that
near magnetic midnight, the bright proton aurora rarely, if ever, maps to a location beyond
10 RE. They also showed that once inside of 6 RE, the predicted proton auroral luminosities
become large relative to those typically observed. This likely indicates that 6 RE is typically
inside of the ion scattering (isotropy) boundary. Spanswick et al. (2017) further asserted that
this implies the bright proton aurora typically maps to the region between 6 RE and 10 RE
in the tail.

Optical auroral measurements have repeatedly revealed the existence of a transitional
stage between a quiescent preexisting arc and its significant auroral expansion in a substorm
onset. Such a transitional stage of substorm onset (TSSO) is characterized by a gradual
intensification and the emergence of auroral beads, along the preexisting arc. Prior studies
on TSSO were limited to electron auroras which are dominant in optical luminosity. Liang
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et al. (2018) used 12 substorm events to investigate the proton auroral features during the
late growth phase and the TSSO. They confirm the previous notion that the onset electron
auroral arc is usually located at the poleward “shoulder” of the main proton auroral band.
Furthermore, while the electron auroral arc typically intensifies by a few times or even an
order of magnitude during the TSSO, the concurrent proton aurora at the same location as
the electron auroral arc shows much less noticeable variations. The proton auroral variations
averaged over the arc band, as well as that integrated over the entire latitudinal range, are
mostly within 10% of their mean late-growth-phase levels during the TSSO. Substantial
intensifications of proton auroras occur after the poleward expansion of electron auroras.
Even considering the spatial spreading of proton auroras, they estimated that the variation of
ion precipitation fluxes on top of the ionosphere would be typically <30% during the TSSO.
Liang et al. (2018) interpreted it as non-significant ion energization or large-scale magnetic
field reconfiguration during the TSSO. Instead, it is likely that the underlying mechanism of
the TSSO might be some instability wave mode. The instability wavelength is comparable
to the ion gyroradius, so that the ions are demagnetized, suppressing ion flux variations with
the instability. Enhancing upward electric fields in the auroral acceleration region during the
TSSO may also play a partial role in weakening the ion precipitation flux variation.

3 Detached Subauroral Arcs

3.1 Afternoon Detached Auroral Arcs

Afternoon detached auroral arcs are equatorward to the main auroral oval, often connected
to it near noon (Immel et al. 2002). Their properties and conditions are summarized in Ta-
ble 1 of (Frey 2007). They occur in the general magnetic local time (MLT) region of 12–18
hours after a change of either the Interplanetary Magnetic Field (IMF) Bz or By from neg-
ative to positive (Burch et al. 2002). Early after their discovery it was speculated that these
arcs are “leftovers” of a preexisting arc when the auroral oval either contracted (Moshupi
et al. 1979) or moved poleward in response to the Bz or By change, respectively (Burch et al.
2002). Early observations of detached arcs by the ISIS-2 photometers (Anger et al. 1978)
detected only precipitating electrons, while later observations by IMAGE-FUV detected
strong proton precipitation that could account for the entire “electron aurora” signal (Frey
2007). It is unclear if the electron and proton arcs are inherently different, or if the early
photometers were not sensitive enough to detect the missing proton component. It should be
noted that the positions of electron and ion precipitation boundaries in the dusk sector are
nearly coincident for all levels of magnetic activity. However, the latitudinal distribution of
energy fluxes indicates that the positions of electron and ion precipitation maxima are spa-
tially separated. Maximum energy fluxes of ions are observed at the equatorial precipitation
boundary, while those of electrons at the poleward one (Vorobjev and Yagodkina 2014).

Burch et al. (2002) suggested that detached afternoon arcs are generated by a well-
established sequence of events. During stronger geomagnetic activity, which is often related
to extended periods of southward IMF, ions are injected at the night side, drift around the
dusk side towards the dayside, and precipitate into a proton arc along the equatorward part
of the main afternoon auroral oval. That afternoon oval is mostly created by low energy
electrons and has a general diffuse aurora appearance. A polarity change of the IMF Bz or
By causes a contraction and poleward motion of the diffuse auroral oval. However, the ring
current proton precipitation remains unchanged and leaves the proton arc mostly unaffected;
thus, the gap between the oval and the detached arc develops (Fig. 4).
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Fig. 4 Proton aurora images on 9–10 November 2000 demonstrating the separation of a detached afternoon
arc from the auroral oval after a strong magnetic storm and IMF rotation to northward direction. Times shown
are in universal time. Pixels were mapped into geomagnetic latitude and local time coordinates. Noon is at
the top. The false color indicates the emission intensity in Rayleighs. (From Burch et al. 2002)

Spasojevic et al. (2004) present a case study in which coincident observations of IMAGE
in the far ultraviolet (FUV) and extreme ultraviolet (EUV) establish a causal relationship
between a detached afternoon proton arc, and a plasmaspheric plume that extended from
a contracted plasmasphere towards the dayside magnetopause. During a geomagnetic dis-
turbance, the plasmasphere contracted and a distinct plume formed because of enhanced
sunward convection and corotation flows across the dayside (Fig. 5). After a polarity change
of Bz the convection decreased, and corotation dominated the flow inside the magneto-
sphere. This caused the plasmaspheric plume to further corotate into the afternoon sec-
tor where a detached proton arc had developed. Magnetic mapping using the IGRF plus
Tsyganenko-96 magnetic field model (Tsyganenko 1995) established the magnetic connec-
tion between the two phenomena. It was early on speculated that the proton precipitation
may be due to pitch angle scattering of energetic protons by electromagnetic ion cyclotron
(EMIC) waves, which may be preferentially generated within the plume since the presence
of cold, dense ions lowers the threshold for the EMIC instability (Spasojevic et al. 2005;
Spasojevic and Fuselier 2009).
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Fig. 5 Contour plot of the
plasmapause (black circles) and
the mapped proton arc (gray
diamonds) in the geomagnetic
equatorial plane. The coincidence
of both features creates the link
between the plasmaspheric plume
and the afternoon arc (reproduced
from Spasojevic et al. 2004)

Electromagnetic ion cyclotron (EMIC) waves are generated in the equatorial region of
the plasmasphere-magnetosphere by internal wave-particle interaction with ring current ions
(Fraser et al. 2006; Ebihara and Khazanov 2016). In ground observations, they are observed
as Pc 1-2 (0.1–5 Hz) waves, and one group of waves exhibits a spectral fine structure that
has been classically explained by bouncing packet field-aligned propagation. An unstruc-
tured class of Pc 1-2 waves, including intervals of pulsations with diminishing period, lacks
a fine structure pattern and is the dominant emission observed in the middle and outer mag-
netosphere by satellites. The cold/cool magnetospheric plasma has a profound effect on
the generation and spectral properties of EMIC waves (de Soria-Santacruz et al. 2013). The
waves are often observed at geostationary orbit within the outer magnetospheric extension of
plasmaspheric plasma plumes as seen by the IMAGE spacecraft in the EUV imager instru-
ment and are associated with subauroral proton arcs seen by the FUV imager. This provides
evidence in support of a ring current loss mechanism induced by pitch angle scattering of
protons by EMIC waves (Jordanova 2020). Characteristic frequencies introduced into the
cold/cool plasma by heavy O+ and He+ ions determine the EMIC wave spectra, and these
may be used in plasma diagnostic studies.

Jordanova et al. (2007), confirmed the connection between EMIC waves and afternoon
detached arcs with calculations using a kinetic physics-based model coupled with a dy-
namic plasmasphere model. These authors calculated the growth rate of EMIC waves self-
consistently with the evolving ring current H+, O+, and He+ ion distributions. The afore-
mentioned study found that EMIC waves are preferentially excited, and proton precipitation
maximizes, within regions of spatial overlap of energetic ring current protons and dayside
plasmaspheric plumes and along steep density gradients at the plasmapause. The model
matches very well the temporal and spatial evolution of FUV observations of the detached
proton arc (Pierrard et al. 2009).

The connection between particle precipitation and EMIC waves was also seen on the
ground as geomagnetic Pc1 pulsations and Intervals of Pulsations with Diminishing Peri-
ods (IPDP) (Yahnin and Yahnina 2007; Yahnin et al. 2009). Particle precipitation signatures
of ion-cyclotron interaction were described from low-altitude satellite measurements of the
energetic proton fluxes as well as from observations of the proton aurora. As a result, local-
ized proton precipitation patterns were shown as an elongated region of the precipitation,
presumably mapped onto the plasmaspheric plume. Clear evidence of the pitch-angle scat-
tering associated with the ion-cyclotron wave activity was found near the equatorial plane
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in the region conjugated with the localized proton precipitation at low altitude. Thus, the
revealed precipitation patterns determined the location of the region of intense pitch-angle
scattering of energetic protons. The proton arcs tend to appear at lower latitudes at later
magnetic local times (MLTs). This agrees with the fact that the IPDP occurrence exhibits
a similar behavior and that the IPDP end frequency tends to increase with increasing MLT
(Yahnin et al. 2009). The spatial-temporal correlation of IPDP with proton aurora arcs con-
firms the expectation that the proton arcs are the ionospheric image of the region where
the ion cyclotron instability develops in the equatorial magnetosphere. In the case of IPDP,
the instability develops when drifting proton clouds resulting from particle injections in the
night sector contact the plasmaspheric plume onto which the proton arcs map.

Ground-based observations of aurora and geomagnetic pulsations at subauroral latitude,
using an all-sky imager and an induction magnetometer revealed isolated auroral arcs sep-
arated equatorward from the main auroral oval (Sakaguchi et al. 2008). The arcs were ob-
served in both pre- and post-midnight sectors during the late recovery phase of geomagnetic
storms. They found that as isolated arcs moved equatorward (poleward), the frequencies of
the simultaneous Pc 1 pulsations increased (decreased). Using the Tsyganenko-02 magnetic
field model (Tsyganenko 2002), the observed Pc 1 frequencies were almost the same as
the frequencies of He+ EMIC waves at the equatorial plane connected to observed isolated
arcs. These results also imply that the dynamics and instabilities in the inner magnetosphere
can be monitored from the ground as low latitude auroral emissions away from the ordinary
auroral oval.

The characteristics of precipitating ring current (RC) ions/electrons and precipitating ra-
diation belt electrons associated with wave-particle interactions in the plasmaspheric plume
in the main phase of a geomagnetic storm was investigated by Yuan et al. (2010, 2013). With
observations of the NOAA-16 satellite, within the anisotropic zone, the peak of precipitating
RC electron flux was equatorward to that of precipitating RC proton flux in a plasmaspheric
plume recognized by the IMAGE and LANL-91/94 satellites. An enhancement of precipitat-
ing flux for >3 MeV electrons was simultaneously observed by NOAA-16 with the increase
of precipitating RC proton flux within the anisotropic zone. Theoretical calculations of pitch
angle diffusion coefficients for RC protons and for radiation belt electrons caused by EMIC
waves demonstrated that precipitating flux enhancements of RC protons and >3 MeV ra-
diation belt electrons are a result of EMIC wave-particle interactions in the plasmaspheric
plume. These results suggest that EMIC waves in the plasmaspheric plume can scatter not
only RC ions but also radiation belt electrons into the loss cone, thus explaining the existence
of both proton and detached electron arcs.

3.2 Subauroral Spots

There are two types of subauroral spots, those with pure electron precipitation and those
with pure proton precipitation. Their size is of the order of ∼100–300 km diameter, they can
last for many hours, and they generally corotate with 70-95% of the full corotation speed.
General properties and conditions are summarized by Frey (2007). The very first study of
such patches in the evening region, coined Evening Corotating Patches (ECP), concluded
that they are relatively rare, occur during weak geomagnetic activity, and are created by high-
energy electrons (Moshupi et al. 1977). Their location and coincident plasma measurements
led to the conclusion that they had to be created by particles originating at the plasmapause.
The electron cyclotron wave resonance was suggested as a potential generation mechanism.

ECP also showed up in ground-based all-sky camera observations in many different
wavelength bands (Kubota et al. 2003). The patches were clearly visible in emissions that
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Fig. 6 (Top) Relationship
between the latitude of SAMPS
observation and the minimum
Dst of the previous geomagnetic
storm. The correlation is 0.98.
(Bottom) Relationship between
the corotation speed of SAMPS
and the L-shell of the location.
The correlation coefficient is
−0.68. (From Frey et al. 2004)

are generated by higher energy electrons, but they were absent in low-energy electron aurora
and proton aurora. Simultaneous particle measurements by a low-altitude satellite confirmed
the absence of proton precipitation, and the electron energy was greater than 10 keV. Earlier
observations from a different study placed the patches at plasmapause latitude (Moshupi
et al. 1979). The interaction of cold plasmaspheric plasma at plasmapause undulations with
drifting higher energy electrons, could account for the scattering of electrons into the loss
cone and cause their precipitation into the ionosphere (Krall and Huba 2016).

The second category of subauroral spots created by pure proton precipitation was first
described as Subauroral Morning Proton Spots (SAMPS), which were seen in the proton
aurora channel of the IMAGE-FUV Spectrographic Imager (Frey et al. 2004). In the afore-
mentioned study, SAMPS were observed in the Wideband Imaging Camera that is primar-
ily sensitive to emissions from electron precipitation; however, energetic protons will also
excite higher energy levels of atmospheric constituents (N2 and O) that will then appear as
electron aurora. Two passes of low-altitude spacecraft through the same flux tubes confirmed
the pure proton precipitation and the lack of higher energy electrons.

The long observational periods from the high-altitude IMAGE orbit together with the
long-lasting duration of these spots allowed for a detailed investigation into their occurrence
and their dynamics. Frey et al. (2004) found subauroral spots to appear in the recovery phase
of geomagnetic storms. The spots could be seen for several hours moving towards later lo-
cal times with a little bit of lack behind true corotation speed. Different spots appeared at
different geomagnetic latitudes. The authors found a good relationship between the mini-
mum Dst of the prior geomagnetic storm, together with a strong relationship between their
geomagnetic latitude (or L-shell) and their corotation speed (Fig. 6).

Coincident observations of the plasmasphere by IMAGE-EUV confirmed the relationship
between SAMPS spots and spatial modulations of the plasmapause in two instances. In these
two cases, the auroral spots magnetically mapped once to a notch and once to a shoulder in
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Fig. 7 (Top) EUV image of the plasmasphere at 08:06 on 26 November 2001, as mapped to the geomagnetic
equator. The dynamic range was exaggerated to show the notch in the plasmapause at L= 3 and MLT= 4
hours. The left part shows the EUV image with the noon meridian to the left. The right part shows the location
of SAMPS at ±5 min around the EUV center time mapped to the magnetic equatorial plane. (Bottom) The
same for 3 August 2002 at 1740 UT when SAMPS were observed around 1000 MLT. The size of the squares
in the two right panels represents the diameter of the magnetic flux tubes originating in the spots with the
larger area for flux tubes originating at higher latitude and mapping to larger distances. (From Frey et al.
2004)

the plasmapause. Figure 7 shows these two cases with the SAMPS locations mapped into
the EUV images. The speeds of the spot and the plasmaspheric shoulder were 88% and 94%
of the corotation speed, respectively.

The above mentioned connection between the locations of spots and of modulations in
the plasmapause suggested that wave-particle interactions can cause the precipitation of
energetic protons. After strong geomagnetic storms, the originally eroded plasmasphere ex-
pands again. The cold plasma corotates and interacts with enhanced fluxes of trapped ring
current ions. The energy limit for the interaction between ring current ions and EMIC waves
is lowered, allowing a larger portion of the ion distribution function to be scattered into the
loss cone.

The hypothesis that this proton aurora is produced by energetic proton precipitation after
the interaction of ring current particles with electromagnetic ion cyclotron (EMIC) waves
in the equatorial plane of the magnetosphere was further confirmed by ground-based ob-
servations of Pc1 pulsations (Yahnin et al. 2007). Geomagnetic pulsations Pc1, which are a
ground signature of EMICwaves, were found when the proton spot is nearly conjugated with
the ground station equipped with a pulsation magnetometer. Moreover, there is a good agree-
ment between the appearance/disappearance of the spot and the beginning/end of the Pc1
train. Thus, the subauroral proton spots are images on the ionospheric “screen” of magneto-
spheric regions where the ion cyclotron instability develops leading to an intense scattering
of energetic protons into the loss cone.

Proton aurora patches similar to SAMPS were also observed in the same evening lo-
cal time region as the ECP (Zhang et al. 2005). However, simultaneous low altitude satel-
lite particle measurements exhibited the absence of any electron precipitation and showed
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Fig. 8 Collage of “pie-sections”
from eight different original
images by IMAGE-SI
demonstrating the occurrence of
localized proton spots at all local
times. The eight original raw
images were collected on
different dates in 2000–2002

pure proton spectra with average energies of 10–20 keV. Evening proton spots appeared at
lower magnetic latitude of 45°–55° during the main phase of strong storms, while the elec-
tron spots generally appeared at higher latitude of 58°–65° after minor to moderate storms
(Moshupi et al. 1979). This difference may not be important as bigger storms erode the plas-
masphere stronger, but it is still unclear what causes in one case the wave-particle interaction
of EMIC to scatter ions, and in other cases the electron cyclotron waves to scatter electrons.
Are different processes responsible for the ion and electron scattering, or are there just two
aspects of the same process at work? Observations by the IMAGE Spectrographic Imager
(Mende et al. 2000) revealed more cases of pure proton spots occuring at all local times and
not just in the morning and evening (Fig. 8).

In a later study, Sakaguchi et al. (2012) presented ground-based observations using all-
sky imager and search coil magnetometer networks, which provide the large-scale distribu-
tion and motion of the EMIC wave-particle interaction regions. They observed several spots
of isolated proton auroras coincident with Pc1/EMIC waves at subauroral latitudes during
the expansion phase of a storm-time substorm. The isolated auroras were distributed over
4-hours MLT preceding midnight. The POES-17 satellite confirmed enhancements of 30-
keV proton precipitation over the isolated auroras. The equatorward motion of the auroras
and frequency drift of the wave were consistent with the plasmasphere eroding due to a po-
lar cap potential enhancement modeled by a numerical simulation (Sakaguchi et al. 2016).
Similar results were reported by Søraas et al. (2013) who determined proton energies of up
to 100 keV going into a proton spot, which mapped to the equatorial plasmapause.

Observational evidence of rapid luminous modulation of isolated proton aurora (IPA)
spots correlated with Pc1 waves simultaneously observed from the ground, which are equiv-
alent to the electromagnetic ion cyclotron (EMIC) waves in the magnetosphere as reported
by Ozaki et al. (2018). The fastest luminous modulation of IPA was observed in the 1 Hz
frequency range, which was twice the frequency of the related Pc1 waves. The time lag be-
tween variations of Pc1 wave power and the IPA luminosity suggests that the source regions
of IPA are distributed near the magnetic equator, suggesting an EMIC wave-energetic (a few
tens of keV) proton or relativistic (MeV or sub-MeV) electron interaction. The generation
mechanism of this 1 Hz luminous modulation remains an open issue.

Yahnin et al. (2013) compared the projection of “proton aurora spots” with the location
of the plasmapause. Their plasmapause formation model is based on the quasi-interchange
instability mechanism and was used to determine the plasmapause location. This comparison
showed that often the proton aurora spot source is located near the plasmapause location or
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in the cold plasma gradient region just inside the plasmapause. In some events, the proton
aurora spots mapped well outside the plasmapause. They suggested that in the latter case
the ion cyclotron instability develops when westward drifting energetic protons interact with
cold plasma that was earlier detached from the plasmasphere.

In a different study, two Pc1 bands were registered in the event when two proton auroral
spots were simultaneously observed at different latitudes (Yahnina and Yahnin 2012). In this
case, the Pc1 intensity distribution maximum at lower frequencies was related to a proton
auroral spot at a higher latitude and vice versa. Such a spatial correlation between Pc1 pul-
sations and proton auroral spots, together with the previously established time correlation
between these phenomena, demonstrates that subauroral proton spots delineate the region
of ion cyclotron instability in the equatorial magnetosphere at the level of the ionosphere.

The relationship between evening corotating patches and processes in the plasmasphere
and ring current were recently investigated through aurora and simultaneous particle obser-
vations by DMSP/SSUSI (Yao et al. 2019). The patches corotated with the Earth and stayed
at a constant magnetic latitude. The particle measurements confirmed that energetic protons
with energies above 20 keV without any significant electron contribution were responsible
for the patches. The authors argued that the energetic ions producing ECP originate from
the ring current, which is assumed to be filled with hot ions during the recovery phase of
magnetic storms.

4 Stable Auroral Red (SAR) Arcs

In addition to the bright and variable optical emissions observed in the auroral oval, another
zone of visible Magnetosphere-Ionosphere (M-I) coupling is the sub-auroral ionosphere-
thermosphere system. Here, one of the optical structures typically observed is known as a
SAR (Stable Auroral Red) arc. Its location and occurrence are directly linked to the iono-
spheric trough/plasmapause region– a region of reduced electron density. The poleward wall
of the trough is caused by ionospheric plasma produced by the precipitation of low energy
ions and electrons. The equatorward wall of the trough is the gradient caused by normal
post-sunset decay ionospheric plasma. During geomagnetic quiet times, the trough is at ap-
proximately 60◦ magnetic latitude. This corresponds to an L shell value of 4, with L being
the distance at the magnetic equator measured in Earth’s radii. The magnetospheric region
interior to this boundary is the plasmasphere—a region filled by upward flowing cold iono-
spheric plasma. Within the magnetosphere, this important field-line boundary is called the
plasmapause, and it corresponds, approximately, to the separation of co-rotating plasma
from plasma undergoing magnetospheric convection. During geomagnetic storms the iono-
spheric trough and the plasmapause move to lower latitudes—most often to about L = 3.
Auroral features are enhanced and the whole auroral oval moves equatorward. The SAR arcs
intensify and can be observed at L = 3. Figure 9 shows a schematic representation of the
inner magnetosphere adapted from Kozyra et al. (1987). The two rings labeled ‘Conjugate
SAR Arcs’ are the ionospheric foot-points of the overlapping plasmasphere and ring current
regions. A SAR arc is almost always subvisual, typically 10–20 times fainter than visible
aurora. Initial observations showed that brightness levels remain virtually constant for hours,
the emission was described as “spectrally pure” red (630.0 nm-only photons) from atomic
oxygen excited to the 1D (∼2 eV) state by ambient ionospheric electrons with Te > 3000 K,
and was a narrow emission feature (50–200 km) in N-S width, but with great E-W extent
(1000’s km) (Kozyra et al. 1997). This increased electron temperature is produced by heat
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Fig. 9 Schematic representation of the inner magnetosphere showing the overlap between the ring current
and the plasmasphere. SAR arc emissions occur at the foot of the field lines that thread this overlapping region
(Kozyra et al. 1987)

conduction or low energy precipitating electron flux from the ring current (Rees and Roble
1975).

Using 10 years of SAR arc intensities measured by a network of scanning photometers
during 1978–1988, Lobzin and Pavlov (1999) presented a statistical study correlating these
observations with different solar and geomagnetic activity indices. They showed that the
electron temperature in the SAR arc region does not strongly depend on the electron density
and is strongly coupled to the additional heating of the electron gas due to interaction of the
ring current ions and plasmaspheric electrons. As a result, variations of electron temperature
in the SAR arc region with characteristic time scales from several minutes to several hours
could be a manifestation of time variations of ring current parameters.

Takagi et al. (2018) performed a statistical analysis of SAR arc detachments from the
main oval based on 11 years of all-sky camera observations obtained at subauroral latitudes
(at Athabasca, L = 4.3). The authors showed that the yearly variation of SAR arc detach-
ments has a better correlation with the geomagnetic Ap index than the solar F10.7 index.
SAR arcs tend to occur pre-midnight, and at the beginning of a substorm recovery phase.
They concluded that the SAR arcs detach from the main oval as the main auroral oval returns
to higher latitudes at the beginning of the recovery phase. An average SYM-H index of ∼
−20 nT was observed, indicating that the observed detachments could be related to weak
geomagnetic storm conditions or non-storm time substorms.

Seasonal studies have been described by several groups using ground-based data from a
northern hemisphere site (Fok et al. 1993; Kozyra et al. 1997). Thus, the seasonal patterns
they addressed were acquired sequentially and, during different geomagnetic storms. Their
statistical findings were that emission levels were lowest in summer months. Only recently,
SAR arcs were observed simultaneously in both hemispheres and their characteristics were
investigated (Martinis et al. 2019; Hong et al. 2020).
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Fig. 10 (Top) Dynamic Explorer
2 satellite observations of the
northern hemisphere showing the
red aurora at higher latitudes and
a relatively thin arc equatorward
it. This thin arc represents a SAR
arc. (bottom) Ground-based
all-sky image from Millstone Hill
Imager showing a bright auroral
display and a uniform east-west
elongated arc at subauroral
latitudes (adapted from Mendillo
et al. 2013)

The following sections summarize past and present observations of SAR arcs, energy
sources for their formation, and examples of SAR arcs that diverge from their classical
definition.

4.1 Observations: Past and Present

The first observations of a SAR arc from space occurred with the Dynamic Explorer (DE)
polar orbiting spacecraft. Figure 10 (top) shows a SAR arc over North America. The arc is
the southernmost band of emission separated from the more northerly aurora (Craven et al.
1982).

Optical ground-based observations of SAR arcs were performed using scanning pho-
tometers and all-sky imagers. Figure 10 (bottom) shows a SAR arc, equatorward from the
diffuse aurora, observed with the Millstone Hill all-sky imager (Mendillo et al. 2013). A
relatively uniform and stable structure was typically observed. Radar measurements have
revealed characteristic ionospheric parameters such as electron temperature (Te) and elec-
tron density (Ne) within a SAR arc. Figure 11 (left) shows results from the Millstone Hill
incoherent scatter radar. Near 44◦ magnetic latitude decreased Ne and elevated Te in the
altitude range from ∼300 to ∼600 km were measured. In addition, a strong westward drift
was observed, consistent with a SubAuroral polarization stream (SAPS) co-located with a
SAR arc (Spiro et al. 1979; Foster and Burke 2002). These results indicate that SAR arcs
and SAPS might be related phenomena occurring simultaneously.

Previous studies have reported in-situ satellite observations of SAR arcs and SAPS, i.e.,
increased Te, decreased Ne, and elevated westward plasma flow (Rees and Roble 1975;
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Fig. 11 (Left) From top to bottom: (a) electron density height profile using the Millstone Hill ISR; (b) elec-
tron temperature, showing enhanced values near 43°; (c) Westward plasma flows obtained from radar and
DMSP data; (d) 630.00 nm brightness showing a SAR arc (from Foster et al. 1994). (Right) DMSP F15 data
showing ion density (top) and electron temperature Te (bottom). SAR arc signatures are visible as the spike
in Te associated with a minimum in ion density (adapted from Mendillo et al. 2016a)

Kozyra et al. 1997). For example, Fig. 11 (right) shows data from DMSP, orbiting at
∼840 km, during the geomagnetic storm of 12 September 2013. The left panel shows Ne
and Te measurements (a, b) and drifts (c) from Millstone Hill ISR. Airglow intensity from
a collocated all-sky imager (ASI) is shown at the bottom (d). These plots clearly show the
reduced Ne (a), increased Te (b), and westward SAPS flow enhancement (c) collocated with
the higher brightness below 45◦ latitude indicating the presence of a SAR arc (d).

Evidence of wide longitudinal occurrence and long lifetime was reported by the DE-1
spacecraft when a SAR arc was observed in four subsequent, consecutive orbits spanning
28 hours (Craven et al. 1982). Recent observations (Mendillo et al. 2013) using multiple
ground-based all-sky imagers have shown that SAR arcs extend along the entire globe, as
depicted in Fig. 9. Three ASIs, located in North America, Europe and New Zealand detected
a SAR arc during the 27 September 2011 storm as shown in Fig. 12. This study represents
the first time that the same SAR arc has been seen from ground-based images from multiple
continents in both hemispheres. The center of the SAR arc in each image was determined
along the N-S meridian to create the local time versus latitude pattern for that night. Those
locations were then mapped to the magnetospheric equatorial plane and their positions ver-
sus Local Time (LT) and L value appear at the bottom of Fig. 12. There is a clear trend
of the SAR arc/plasmapause moving earthward from dusk to dawn (O’Brien and Moldwin
2003), similar to the morphology observed in SAPS (Foster and Vo 2002). To merge the
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Fig. 12 (Top) Sample images of a SAR arc at Asiago, Millstone Hill, and Mount John during the storm of
26–27 September 2011. (Bottom) Equatorial plane representation of the location of the arc (adapted from
Mendillo et al. 2013)

three-site LT observations into a single composite result, the positions from each station
were re-mapped into a UT and L value format (Fig. 13). The total data set spans darkness
over ∼24 h of UT storm time. When the end of coverage at one station overlaps the onset
of coverage at the next station, the dusk-dawn asymmetry in plasmapause location can be
seen at specific UT periods. The clearest example of this occurs between 08:00 and 10:00
UT on 27 September when the dusk plasmapause is at L = 3 (from Mount John data) while
the dawn plasmapause is at L = 2.7 (from Millstone Hill data).

Magnetically Conjugate observations of SAR arcs using satellite data have been reported
by Reed and Blamont (1974) and LaValle and Elliott (1972). The Reed and Blamont’s study
was a brief report on the SAR arc of 28–30 September 1967 observed by the photometer
onboard the Ogo-4 spacecraft. The Ogo-4 data in the southern hemisphere located the SAR
arc within a few tenths of the L-value recorded in Idaho (L ∼ 3). LaValle and Elliott (1972)
analyzed three SAR arcs from the satellite OV1-10 that was launched in 1966 in a polar
orbit. One of the SAR arcs was observed as a conjugate phenomenon on 16 February 1967.
Brightness values did not differ much in both hemispheres: ∼ 500 R in the northern hemi-
sphere as compared with ∼ 650 R in the southern hemisphere. Ground based studies in both
hemispheres were presented by Roach and Roach (1963). They reported SAR arc observa-
tions in North America and in New Zealand, but at different times, i.e., not simultaneous
conjugate observations.

SAR arc studies using two ground-based data sets linked by the same geomagnetic field
line, i.e., conjugate-point studies, allow seasonal patterns and other hemispheric character-
istics to be obtained simultaneously, not sequentially, as presented above. Martinis et al.
(2019) showed results from two magnetic conjugate stations, Millstone Hill (USA) and
Rothera (Antarctica), that are part of a network of all-sky imagers built and operated world-
wide by Boston University (Martinis et al. 2018). Previous works addressing ‘seasonal



10 Page 18 of 36 B. Gallardo-Lacourt et al.

Fig. 13 Location of the SAR arc
of 26–27 September 2001 in UT
obtained by merging the data
from the local time patterns in
Fig. 12. (From Mendillo et al.
2013)

asymmetries’ relied on measurements at a single site during different seasons (implying
different background conditions) and different storm conditions. The work by Martinis et al.
(2019) showed for the first time simultaneous inter-hemispheric characteristics of SAR arcs
during the 1 June 2013 geomagnetic storm.

Figure 14 shows unwrapped all-sky images at Millstone Hill (top) and the corresponding
Rothera images (bottom). The circle in each image represents the zenith location and the
asterisk indicates the conjugate location of the imager in the opposite hemisphere. The arcs
are observed at the same magnetic latitudes in both hemispheres, i.e., they are magnetically
conjugate. The middle panel shows the arc overhead at Millstone Hill and the arc observed
at Rothera falls right on top of the conjugate location of Millstone Hill. Both arcs seem to
have similar width, although one of the main differences is that the poleward edge of the
arc at Rothera is sharper and less diffuse than the one observed at Millstone Hill. This ef-
fect is not related to viewing geometry or differences in the two optical systems. Figure 15
shows brightness values (background subtracted) for the SAR arcs at Millstone Hill and
Rothera for all the images taken on 1 June 2013. The ∼30-minute data gap in the Rothera
curve represents a brief period when clouds affected the calibration at this site. A ±25%
uncertainty in brightness is shown in each data point. The SAR arc at Rothera is clearly
brighter than the one observed at Millstone Hill, at times by a factor of 2–3. Both arcs show
simultaneous brightness variations during the night. Martinis et al. (2019) argued that the
observed changes were related to changes in solar wind/magnetospheric activity, as mea-
sured by different solar wind parameters, geomagnetic indices and particle flux data. The
main conclusions in the study showed that: (a) the SAR arc observed at one site is seen at
its magnetically conjugate location; (b) the SAR arc at Rothera (winter) is brighter than the
one observed at Millstone Hill (summer), sometimes by a factor of 2–3 and similar changes
in brightness are observed at both sites throughout the night; (c) both arcs show the same
equatorward motion and have similar latitudinal width, although the poleward edges of the
arcs at Rothera are sharper.

A recent study by Hong et al. (2020) used the Millstone Hill ASI and a conjugate ASI
at the King Sejong Station, close to the Rothera ASI, to compare SAR arcs during the St.
Patrick’s Day storm in 2015. They determined that ionospheric irregularities occurred only
near the diffuse aurora and not in the SAR arc and found that the Millstone Hill arc showed
a broader latitudinal extent.
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Fig. 14 (Top) Simultaneous images from Millstone Hill all-sky imager (ASI) and (bottom) Rothera ASI
at three different times. The black circles indicate the zenith location and asterisks show their respective
conjugate points. (From Martinis et al. 2019)

Fig. 15 (Millstone Hill
(diamonds) and Rothera
(asterisk) SAR arc brightness
(above background airglow
levels). The SAR arcs curves at
both sites follow a similar trend,
with Rothera values being larger
than Millstone Hill values. Error
bars represent the uncertainty in
the determination of the
brightness values. (From Martinis
et al. 2019)

4.2 Energy Source of SAR Arcs

There are no conclusive observations or theories explaining how the energy required to feed
SAR arcs is generated. All the candidate energy source mechanisms require that a fraction
of storm energy be transported from the inner magnetosphere (at L ∼ 3) along magnetic
field lines down to F-region heights via heat conduction or soft electron precipitation (Rees
and Roble 1975). According to Fok et al. (1991, 1993), this heat conduction is understood
as the downward transport (into the ionosphere along field-lines) of energy produced by the
interaction of energetic ring current ions with plasmaspheric electrons.
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Fig. 16 HOPE and EMFSIS data for VAP B (left) and VAP A (right). The location of the plasmapause
coincides with the increase in fluxes in the three ion species between ∼08:00UT and 08:20UT. Both probes
sample the field lines that connect to the subauroral ionosphere where a SAR arc is being measured by the
Millstone Hill ASI (Showed as the shaded blue region)

Cole (1965) described the connection between SAR arc emissions and collisional in-
teraction between ring current ions and electrons in the plasmasphere. The amount of en-
ergy transferred to the thermal electrons is a function of the temperature and density of the
plasmaspheric thermal electrons and the magnitude, composition and energy distribution of
the ring current. Using satellite data and ground-based scanning photometers Kozyra et al.
(1993) explained the occurrence of SAR arcs during the different phases of a storm. For SAR
arcs occurring during the recovery phase, it was observed that O+ was the dominant energy
source for SAR arcs; while during the main phase of the storm, medium energy H+ was sig-
nificantly enhanced. Column electron heating rates were computed using a well-established
model (Rees and Roble 1975) that takes into account the flux and energy of ring current ions
and their interaction with plasmaspheric thermal electrons at a given temperature and den-
sity. Calculations show that the maximum energy losses depend on the interaction between
ring current ions of particular energy ranges with thermal plasmaspheric electron popula-
tions. For a SAR arc’s typical electron density (Ne) and temperature (Te), the peak in energy
loss for H+ and He+ occurs at E< 10 keV, and for O+ it occurs between 30 keV and 50 keV.
These average maximum energy loss rates are shifted toward lower energy ions if the plas-
maspheric Ne and Te are smaller (Kozyra et al. 1993). Modelling results show that after the
interaction between the high energy ions and the plasmaspheric population an enhanced flux
of very low energy ions (∼10’s eV) is observed (Fok et al. 1993).

Ongoing studies are combining Van Allen Probes data with ground-based all-sky imagers
detecting SAR arcs, trying to find out if these eV ion populations are observed near L-
shell magnetic lines connecting with the sub-auroral ionosphere. Low energy ions measured
by the Helium, Oxygen, Proton, and Electron (HOPE) instrument have been observed to
increase near the magnetic equator on magnetic field lines that connect to locations where
SAR arcs are observed. In Fig. 16 we show low-energy ion fluxes measured by HOPE, as
well as cold density profiles derived from upper hybrid wave measurements provided by
the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS). The
blue-shaded regions mark the mapped locations of the ground-based observed SAR arc, for
each probe (B is leading A). It can be seen that the arc maps to the plasmapause region and
coincides with enhanced low energy ion fluxes. Figure 17 shows pitch-angle information
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Fig. 17 The H+ ion distributions observed by Van Allen Probe B. (a) The high frequency wave electric
spectrogram observed by HFR instrument; the energy spectrograms of spin-averaged proton fluxes observed
by HOPE at energies (b) from 500 eV to 50 keV and (c) from 1 eV to 100 eV; the pitch angle spectrograms of
proton fluxes observed by HOPE at energies of (d) 5.3 eV, (e) 11.5 eV, and (f) 84.2 eV. The spacecraft travelled
from the plasma trough to the plasmasphere at ∼07:49 UT. The pitch angle distribution of protons evolved
from mostly field-aligned to pancake-like during the plasmapause crossing, indicated by the appearance of
trapped protons during ∼07:40–08:00 UT

for H+ ions at several energies. When VAP-B crosses the magnetic field lines linked to the
SAR arc predominantly trapped particles were observed, i.e., no evidence of ion outflows, as
shown in the 11.5 eV and 82.4 eV panels between ∼07:30 and 08:00 UT. We also looked at
the wave data for this event. During 07:30–8:00 UT, the EMFISIS data (not shown) indicate
that no EMIC (electromagnetic ion cyclotron) waves were detected by either VAP A or
B. VAP EFW (electric fields and waves) data published by Thaller et al. (2015) indicate
persistent SAPS presence in the magnetosphere during this period.

Other generation mechanisms include interactions between thermal electrons and low
frequency EMIC waves (Cornwall et al. 1971) and Landau damping of kinetic Alfven waves
(Hasegawa and Mima 1978). Direct observations of ion cyclotron waves in the SAR arc re-
gion (L < 4) are not common. Anderson et al. (1992) studied the Pc 1-2 waves (0.1–4 Hz)
in the L shell range 3.5–9 near the equatorial plane. They found that for L< 5 Pc 1-2 waves
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occurred 1–2% of the time, while this percentage increased to 10–20% on the dayside at
L > 7. This result was also obtained with the CRRES satellite. Iyemori et al. (1994) studied
the relationship between Te enhancements in the sub-auroral ionosphere and Pc 1 waves
measured near the plasmapause using DE 2 spacecraft. After examining thousands of orbits,
only 22 events with large amplitude waves were found. Some of these events were accom-
panied by Te enhancements. Lanzerotti et al. (1978) examined two intervals of irregular
magnetic activity during SAR arc observations on December 17–18, 1971. By assuming a
wave amplitude of 10 nT the authors concluded that it was plausible that sufficient wave en-
ergy might be available to produce the SAR arc. Kozyra et al. (1987) showed a case where
intense ELF hiss was observed at a field line in the magnetosphere that connected to an
optically observed SAR arc. Recently, Wang et al. (2019) performed test-particle simula-
tions at L = 5 to demonstrate the possible cold (1–10 eV) electron heating by EMIC waves
with wave amplitudes of a few nT through nonlinear Landau resonance. The importance of
plasma waves in SAR arc formation still remains poorly understood.

The role of large perpendicular electric fields in the ionosphere on the formation of SAR
arcs has also been considered. At sub-auroral latitudes in the F-region it is fairly common to
observe east-west elongated structures characterized by large northward electric fields of up
to ∼100 mV/m, or a few mV/m in the equatorial plane, confined to narrow bands inside the
main ionospheric trough in the evening local time sector. Depending on their characteristics
they can be SubAuroral Polarization Stream (SAPS) (Foster and Burke 2002; Foster and Vo
2002; Clausen et al. 2012), SubAuroral Ion Drift (SAID) (Spiro et al. 1979; Mishin 2013),
or Polarization Jet (PJ) structures (Galperin 2002). Sazykin et al. (2002) suggested that the
presence of strong localized SAPS-like electric fields is potentially capable of powering
weak (∼100 Rayleigh) SAR arcs. SAID events are supersonic westward plasma drifts on
the equatorward edge of the diffuse aurora in the evening and nighttime sector. Their optical
F-region signatures are weak 630.0 nm red arcs collocated with regions of fast convection.
These weak arcs resemble SAR arcs observed during the recovery phase of magnetic storms,
but have lower intensities, shorter lifetimes, and occur without a significant heat flux from
the magnetosphere. Ion-neutral collisional heating and ion composition changes during PJ
events may be an additional source of 630.0 nm emission. Ion-neutral frictional heating in
the F-region may be capable of providing energy enough to excite weak emissions even
without the heat flux from the magnetosphere postulated as the source of SAR arcs. As a
test to distinguish PJ-related SAR arcs from ring current-induced arcs, Sazykin et al. (2002)
suggested that some enhancement of the highly forbidden 5200 NI spectral line is expected
in PJ-related arcs due to optical relaxation of N(2D).

It is possible that more than one mechanism is playing a role in the generation of energy
to feed a SAR arc. For example, Jordanova et al. (1999) considered interactions between
ring current protons and EMIC waves of the He+ wave branch. The maximum wave gain
occurred in the post-noon to midnight local time sector, just inside the plasmapause. Landau
damping of these waves could represent an additional heat source for the elevated electron
temperature observed at F region heights during the storm period. Total magnetospheric
heating, resulting from both Coulomb collisions and wave-particle interactions will thus
maximize near dusk, in agreement with previously reported westward intensifications of
SAR arcs emission (Kozyra et al. 1993; Mendillo et al. 2016b).

The relative contribution of the above-mentioned heating processes to the electron tem-
perature enhancement at sub-auroral latitudes and SAR arcs excitation should be quantita-
tively investigated in future studies.
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Fig. 18 SAR arc with embedded structures observed on the night of 2 October 2013 at Millstone Hill.
After ∼30 minutes, the beaded structures begin to dissipate and a ‘regular’ uniform arc is left (adapted from
Mendillo et al. 2016a)

4.3 Departure from ‘Stable’ and ‘Homogenous’ SAR Arcs

Recent studies have shown that SAR arcs are far from being ‘stable’ structures and not all of
them agree with the “classic” definition of a single east-west, geomagnetic latitude-aligned,
uniform emission feature. Mendillo et al. (2016a) presented observations of a stable auroral
red (SAR) arc observed from the Millstone Hill observatory that contained embedded sub-
structures. Patches of emission occurred during a ∼30 min period in the pre-midnight sector
that coincided with the main phase onset time of a moderate geomagnetic storm. Later in the
evening, the pattern evolved into a classic SAR arc of uniform brightness east to west. Fig-
ure 18 shows these ‘beaded’ structures superimposed on the uniform arc. Several brightness
peaks with average longitude spacing of ∼4° can be identified. Concurrent images in the
oxygen green line (5577 Å) showed similar patches of emission but without a background
arc. Observations of total electron content (TEC) from GPS satellites showed increases in
TEC and phase fluctuations when the ray paths crossed the optical features. This case seems
to represent an example of two emission mechanisms within a single SAR arc: a dominant
level of emission due to thermal excitation, augmented by small bursts of soft energetic par-
ticles that excite additional 6300 Å radiation and 5577 Å. These observations led Mendillo
et al. (2016a) to hypothesize that the inner edge of the plasma sheet (source of the soft pre-
cipitation that creates diffuse aurora) and the ring current-plasmapause interaction region
(source of the downward heat flux that creates the SAR arc) occupied the same flux tube
of 0.2 RE extent in the geomagnetic equatorial plane during the ∼30 min period when the
beaded structures were observed.

Other morphological departures from single and ‘stable arcs’ are shown in Fig. 19. The
left panel shows an image with two SAR arcs, representing the presence of two boundaries
in the plasmasphere. Evidence of this kind of structuring seems to be possible as seen in
Nishimura et al. (2019) who showed the presence of two separated ionospheric troughs
and electron temperature peaks when looking at DMSP 17 data (see their Fig. 2a). The
middle panel shows an arc with finger-like structures extending to the north, evidence of
irregular and dynamic poleward boundaries. In the right panel, several small-scale patches
of enhanced brightness are observed along the arc. The cases shown in Fig. 19 indicate
that the assumption of a uniform Magnetosphere-Ionosphere interaction region needs to
be reconsidered to take into account the non-uniform ionospheric response as a result of
associated complex plasmapause/ionospheric trough boundaries.

5 STEVE

The discovery of a new phenomenon located several degrees equatorward from the auroral
oval is an excellent example illustrating that new developments are still occurring in auroral



10 Page 24 of 36 B. Gallardo-Lacourt et al.

Fig. 19 Examples of lack of uniformity observed during three different SAR arc events. (Left): A double
SAR arc observed at Mount John in New Zealand; the arc closer to the diffuse aurora is brighter than that lo-
cated equatorward. (Middle): Northward finger-like structures accompany the SAR arc observed at Millstone
Hill. (Right): Several small-scale structures are seen within the SAR arc. (Figure adapted fromMendillo et al.
2016b)

and subauroral research. Amateur night sky watchers and auroral photographers have docu-
mented this upper atmospheric phenomenon for decades, but the scientific community only
recently began analyzing it in further detail. The story of this discovery has been recently
published by Gallardo-Lacourt et al. (2019).

Based on auroral photographers’ observations, the optical structure appears as a narrow
luminous mauve structure across the night sky over thousands of kilometers in the east-
west direction. Due to the location of the emission (equatorward of the auroral oval), the
phenomenon was initially incorrectly named ‘proton arc’. Observers later changed the name
to ‘Steve’, a denomination without physical implications. As described below, based on the
observed characteristics of this phenomenon, the name ‘Steve’ was subsequently changed
to Strong Thermal Emission Velocity Enhancement, or STEVE.

In 2018, MacDonald et al. reported a STEVE event for the first time in the scientific
literature. One of the primary tasks in this study was to identify STEVE in the scientific
optical dataset with the aid of amateur auroral photographer data. As observed in red-line
All-Sky Imager (ASI) data, STEVE appeared adjacent to, and equatorward of, the aurora
oval (i.e., in the subauroral region). During this event, the structure extended thousands of
kilometers in the east-west direction but had a width of only tens of kilometers in latitude.
Figure 20 shows the STEVE event observed on July 25, 2016 reported by MacDonald et al.
(2018). The event lasted for about an hour while propagating from east to west, covering the
entire longitudinal extent of the ASI.

In addition to STEVE, MacDonald et al. (2018) reported a green feature resembling a
picket fence that is sometimes observed together with STEVE. This green structure had
smaller longitudinal and latitudinal dimensions than STEVE.

At the same time of the STEVE observation, the Swarm-A satellite crossed the location
of the emission corroborating that the structure was located in the subauroral region. In ad-
dition, Swarm-A revealed that the observed luminosity was collocated with a hot (∼6000K
electron temperature) stream of fast moving (>6 km/sec) plasma less than 50 km in north-
south extent. In addition, Swarm-A measured a small magnetic field perturbation consistent
with a small downward field-aligned current (FAC). This result suggested that STEVE may
not be generated like auroral arcs, which are associated with upward FACs (downward or
precipitating electrons) (Kamide and Akasofu 1976). Based on these observed characteris-
tics, scientists converted “Steve” into the backronym of Strong Thermal Emission Velocity
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Fig. 20 STEVE event reported
by MacDonald et al. (2018)
observed in REGO at Lucky
Lake on July 25, 2016

Enhancement, or STEVE. As shown in Fig. 21, STEVE’s maximum luminosity (Panel a) is
collocated with fast moving ions (Panel b), extremely high electron temperature (Panel c),
and the plasma trough (Panel d). The in-situ observations shown in Fig. 21 are consistent
with a Subauroral Ion Drift (SAID); Archer et al. (2019a) recently corroborated the relation-
ship between STEVE and extreme SAIDs which are characterized by faster moving ions,
higher electron temperatures, and lower electron densities than regular SAIDs.

This initial case study byMacDonald et al. (2018) suggested STEVE to be fundamentally
different from traditional aurora. Several studies over the next two years investigated STEVE
with as many different instruments as possible in order to further our understanding of this
phenomena.

5.1 STEVE’S Generation Mechanisms

In an attempt to understand the generation mechanism behind STEVE’s formation,
Gallardo-Lacourt et al. (2018a) analyzed data from the Polar Orbiting Environmental Satel-
lite (POES)-17 for one STEVE event that occurred on March 28, 2008 and was identified by
the Time History of Events and Macroscale Interactions during Substorm (THEMIS) ASI.
Figure 22 shows energy flux for ions (left) and electrons (right) for this event. The trapped
particle population (90◦ view angle) and precipitating particles (0◦ view angle) are in black
and blue curves, respectively (except for panel j that only shows 0◦ and 30◦ view angle).
The green vertical line indicates the time when the magnetic footprint of POES-17 crosses
STEVE. For protons, there is no clear evidence of precipitating particles at the time of
STEVE. The situation is similar for high energy electrons (>30 keV); however, for low en-
ergy particles (50 eV–1 keV) the detector captured a significant increase in the precipitating
electron flux (several orders of magnitude) at the time of STEVE. Nevertheless, the authors
reported that the integrated energy flux for this event is at least two orders of magnitude
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Fig. 21 Swarm-A satellite crossing STEVE on July 25, 2016. Adapted from MacDonald et al. (2018)

smaller than the average energy fluxes reported for visible auroras (Zhang and Paxton 2008;
Newell et al. 2010), concluding that these low precipitating energy fluxes cannot be respon-
sible for the luminosity observed in STEVE.

This result suggests that STEVE is not produced by particle precipitation similar to the
aurora but generated locally in the ionosphere.

A more recent study by Nishimura et al. (2019) investigated the magnetospheric drivers
of several STEVE events and the “picket fence” originally identified by MacDonald et al.
(2018). Although the mauve emission observed in STEVE could be explained by F-region
thermal emission (like in SAR arcs), this mechanism could not explain the green features
observed in the picket fence. The authors analyzed the processes involved in the generation
of both phenomena by using a combination of non-traditional data from citizen scientists’
photographs, ground and space-based imagers, and satellite data. The study showed for the
first-time conjugate features for STEVE in the two hemispheres by using citizen scientist
data in the northern hemisphere and the first STEVE observation measured by the Spe-
cial Sensor Ultraviolet Spectrographic Imager (SSUSI) instrument on board of DMSP F-17
satellite in the southern hemisphere. The reported absence of proton precipitation for these
STEVE events supported previous findings and confirmed that STEVE does not correspond
to proton precipitation or a proton arc. The authors also reported that the picket fence struc-
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Fig. 22 POES-17 satellite particle data. Proton (left) and electron (right) flux. (From Gallardo-Lacourt et al.
2018a)

Fig. 23 STEVE event observed in the northern and southern hemisphere together with a picket fence occur-
ring on 8 May 2016. (a) Citizen scientist observation at the West Coast of North America. (b) REGO ASI
observed STEVE at the Lucky Lake station, while THEMIS ASI measures auroral activity at higher latitude.
(c) SSUSI instrument on board of DMSP F-17 detected the STEVE arc in the southern hemisphere. Figure
adapted from Fig. 1 by Nishimura et al. 2019

ture was associated with electron precipitation of the order of 10 keV and weak upward
Field-aligned current (FAC). Figure 23 has been adapted from Nishimura et al. (2019) and
shows a STEVE event and picket fence occurring on 8 May 2016.

According to Nishimura et al. (2019), electron precipitation was only observed for events
where the picket fence was present; in absence of the green-rayed structure no electron
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Fig. 24 STEVE event captured with REGO ASI at Lucky Lake (LUCK) on September 27, 2017. (a) STEVE
is a narrow structure located equatorward of the auroral oval. In this event, STEVE lasted about 2 hours.
(b) Keogram with STEVE event showing the structure’s equatorward displacement. (From Gallardo-Lacourt
et al. 2018b)

precipitation was detected. These observations support previous findings establishing that
STEVE is locally produced in the ionosphere, but also suggest that the picket fence struc-
ture is formed by electron precipitation, which is an auroral-like process. In addition, the
authors reported observations of waves and strong electric fields that could be responsible
for producing heating in the F region ionosphere, as well as a structured electron boundary
that may drive precipitation for the picket fence structure.

5.2 STEVE’s Morphology and Geomagnetic Conditions

Gallardo-Lacourt et al. (2018b) reported a statistical analysis of STEVE’s properties for
28 STEVE events identified in two optical data bases (THEMIS and REGO ASI) from
December 2007 to December 2017. They reported that all the events occurred between 22-01
MLT and on average STEVE lasted for about one hour and its latitudinal width was ∼20 km.
STEVE also showed a latitudinal displacement (equatorward for most of the events) of about
50 km on average during its entire duration. STEVE’s longitudinal extent was ∼2145 km
across the North American sector, limited by the ASI field-of view. Figure 24 shows an
example of the STEVE events analyzed by Gallardo-Lacourt et al. (2018a, 2018b). STEVE
lasted about 2 hours and covered the entire FOV of the ASI. The keogram (panel b) illustrates
the equatorward motion that was typically observed for STEVE events.

Gallardo-Lacourt et al. (2018b) analyzed magnetosphere and solar wind data to investi-
gate the geomagnetic conditions under which STEVE develops. The Dst index for the events
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Fig. 25 AL-index for 28 STEVE events (left) and for SuperMAG substorms (right). Adapted from Gallar-
do-Lacourt et al. (2018b)

was relatively moderate at ∼20 nT and Kp increased from 2 to 3.5 about 12 hours before
STEVE was observed. In addition, the average solar wind speed and dynamic pressure were
∼550 km/s and ∼3 nPa, respectively.

From a superposed epoch analysis of AL index, the STEVE events reported in the study
occurred about 1 hour after substorm onset at the end of a prolonged expansion phase.
Figure 25 (adapted from Gallardo-Lacourt et al. 2018b) shows the AL index for the STEVE
events (left panel) and the average AL index for the 16k substorms from the SuperMAG
database. This result suggested that for STEVE to be observed, large amount of plasma
may be injected from the magnetotail towards the inner magnetosphere. It is possible these
injections effectively increase the ring current pressure and further enhance the subauroral
westward flows, an effect that is consistent with the Swarm observations from MacDonald
et al. (2018) and Archer et al. (2019a).

Recently, Archer et al. (2019b) analyzed photographers’ data to estimate the altitude at
which STEVE and the picket fence are produced. They used triangulation to analyze one
event in which both structures were observed. They concluded that the picket fence was
located from roughly 95- to 150-km altitude and STEVE to range from roughly 130- to
270-km altitude. During this event, they suggested that STEVE and the picket fence were
aligned with each other along similar magnetic field lines. Figure 26 shows (a) the estimated
altitudes for STEVE and the picket fence and (b) the median brightness for the red, green and
blue channels, for the photograph in panel a. The authors highlighted that these qualitative
observations should be interpreted with caution as the photographs have not been color
calibrated for scientific purposes.

5.3 STEVE’s Spectrum

Recent observations using an imaging spectrograph from the recently deployed Transition
Region Explorer (TREx) array showed the spectrum of the picket fence and STEVE for the
first time (Gillies et al. 2019). The spectrograph is designed to capture nighttime aeronomical
phenomena with emissions between 400–800 nm, with a resolution of 0.4 nm.

Figure 27 shows the picket fence spectrum. The blue curve corresponds to the luminos-
ity of the picket fence and the green (red) line corresponds to the background luminosity
poleward (equatorward) of the picket fence structure, as shown in the inset. The location of
the picket fence was obtained by fitting a Gaussian curve to the luminosity profile and the
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Fig. 26 (a) Estimated altitude
for STEVE event and picket
fence on 16 September 2017.
(b) Median brightness from red,
blue and green channels for each
row of pixels in panel a. Adapted
from Archer et al. (2019b)

Fig. 27 Spectrum of picket fence structure obtained using the Transition Region Explorer (TREx) imag-
ing spectrograph. Inset shows the locations where the respective luminosities were extracted. Adapted from
Gillies et al. (2019)

background was defined by extracting the luminosity at 3σ poleward and equatorward. Fig-
ure 27 shows that the blue line (picket fence) clearly differs from the background at 557.7 nm
which corresponds to the green line emission. The authors concluded that the picket fence
is dominated by OI 557.7 emission with intensities higher than the normal level of airglow,
indicating that the picket fence is likely produced by electron precipitation.
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Fig. 28 STEVE spectrum obtained with the TREX imaging spectrograph. Adapted from Gillies et al. (2019)

The Gillies et al. (2019) study also presented a STEVE spectrum. The methodology
to obtain STEVE and the background luminosity was similar to the one applied to the
picket fence described above. The blue line in Fig. 28 shows STEVE’s spectrum. The
green and red lines indicate the background luminosities poleward and equatorward, respec-
tively. STEVE spectrum shows an elevated emission continuum at all wavelengths, with
slightly higher intensity at ∼630.0 nm emission. The total luminosity of STEVE was ap-
proximately 6 kR higher than the background. The authors concluded that STEVE’s spec-
trum contains two major contributing components: the OI red-line doublets (630.0 and
636.4 nm) and an overall enhancement of a continuous spectrum spanning between ∼400
and 730 nm. The 557.7-nm green-line emission within STEVE only contributes a minor por-
tion to the total STEVE brightness and is comparable to the night airglow intensity. Finally,
Gillies et al. (2019) asserted that the observations essentially exclude STEVE from being
an auroral phenomenon, consistent with previous studies (Gallardo-Lacourt et al. 2018a;
Nishimura et al. 2019).

6 Outstanding Issues

Although much progress has been made to understand the structures at subauroral latitudes,
there are several unresolved issues. For proton aurora for example, understanding the mech-
anism that produces proton scattering in the magnetosphere will give us important informa-
tion about the interaction between the central plasma sheet and the inner magnetosphere.
Some of these important open questions are for example: What are the differences between
the electron and proton aurora spots? Which particular wave-particle interaction processes
lead to the precipitation of protons?

In the subauroral region, several questions remain unanswered. Regarding SAR arcs, the
mechanism responsible for the generation of energy that produces SAR arcs is not fully
understood. The role that SAPS play on the formation of SAR arcs is still a topic under
investigation. In addition, more studies are necessary to know how often, and under what
conditions, sub-structures within SAR arcs develop. With respect to STEVE, although its
spectrum has been analyzed, we do not understand the underlying chemistry playing a role
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in its formation at the predicted altitudes. In addition, the physical mechanisms responsible
for the optical signature of STEVE have not yet been identified and the relationship between
STEVE and the picket fence phenomenon is still unknown. Lastly, even though STEVE and
SAR are observed at similar latitudes, it is not known if or how STEVE can be related to
SAR arcs.

In general, the overarching question regarding all subauroral phenomena relates to their
potential commonality and their specific differences. Although the subauroral structures dis-
cussed in this chapter share a similar location with respect to the auroral oval, it is not known
whether they are generated by the same wave-particle processes. The development of new
ground-based observatories, together with simulation studies, would help advance our un-
derstanding of proton aurora and the optical structures in the subauroral regions. In addition,
new satellite missions, both planned and under development, will bring a clearer understand-
ing and complete view of the highly coupled system at these latitudes.
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