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Coincident particle and optical observations of nightside subauroral
proton precipitation
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[1] We report two instances of nightside subauroral proton precipitation observed during
a geomagnetic storm: (1) An arc at � 50ı magnetic latitude (MLAT), which extended
roughly from midnight to 6 magnetic local time (MLT), and (2) A corotating spot at 51.5ı
MLAT, postmidnight. The proton precipitation was observed by both the IMAGE SI-12
proton aurora (Doppler-shifted Lyman-˛) imager, and low-altitude Polar-orbiting
Operational Environmental Satellites (POESs) that serendipitously traversed both the arc
and the spot, providing in situ particle measurements. The Lyman-alpha emission and the
particle observations match closely. The particle measurements showed that the energies
of the precipitating protons extended to several hundred keV, but no enhancements in the
protons below 20 keV were observed. Cluster observations showed that the ring current
contained protons with energies extending from tens of eV to several hundred keV; thus,
the particles are scattered into the atmosphere from an existing reservoir. Outside the
luminous regions, but at the same magnetic latitude, the POES satellites observed
localized regions with enhanced proton fluxes outside, but close to, the loss cone. This
shows that the protons along a large region in MLT are subjected to pitch angle scattering.
Model calculations of the plasmasphere show that the arc and the proton precipitation are
located just inside the plasmapause. The intensity and longitudinal extension of the arc
are modulated by the dynamical pressure in the solar wind. In the dusk sector, ground
stations recorded electromagnetic ion cyclotron waves associated with localized proton
precipitation just inside the plasmapause. This suggests that the proton precipitation is
caused by wave/particle interaction.
Citation: Søraas, F., K. M. Laundal, and M. Usanova (2013), Coincident particle and optical observations of nightside subauroral
proton precipitation, J. Geophys. Res. Space Physics, 118, doi:10.1002/jgra.50172.

1. Introduction
[2] The main features of the aurora are the two auroral

ovals found in each hemisphere. In addition to these ovals,
one finds localized more distinct aurora beyond/outside and
in the ovals itself. These features of the aurora have recently
been reviewed by [Frey, 2007].

[3] Localized precipitation of energetic protons (LPEP)
equatorward of the main auroral proton precipitation zone
has been reported by Søraas et al. [1999]; Frey et al. [2004];
Sandanger et al. [2009]; Yahnina et al. [2002]. Sandanger
et al. [2009] have shown that the enhanced proton precip-
itation occurs inside the plasmapause by comparing LPEP
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observations with near simultaneous determination of the
plasmapause given by Spasojevic et al. [2003] and Yahnina
et al. [2002] that LPEP also can occur in plasmaspheric
plumes. Sakaguchi et al. [2007] report ground-based obser-
vation of isolated proton arcs, which appeared when intense
geomagnetic Pc 1 pulsations were observed both in the pre-
midnigh and postmidnight sector. The arc corresponds to a
localized enhancement of the precipitating ions that was iso-
lated equatorward from the main ion oval. Sakaguchi et al.
[2008] have compared ground-based observations of sub-
auroral proton aurora with particle measurements by Polar-
orbiting Operational Environmental Satellites (POES) with
precipitating protons in the (30 to 250) keV range. Coumans
et al. [2002] compare SI12 observations in the auroral oval
with model predictions of the interaction of auroral particles
with the atmosphere based upon in situ proton and electron
flux measured by POES spacecraft. They showed that in
some regions, especially in the dusk sector, high-energy
protons dominate the proton energy flux and account for a
large fraction of Ly-˛ and other FUV emissions. Yahnina
et al. [2002] have further shown that the proton precipita-
tion at midlatitudes is connected with electromagnetic ion
cyclotron (EMIC) wave generation, and suggested that they
are the particle signature of EMIC generation. Usanova
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et al. [2010] have shown that these enhancements, observed
by a POES satellite, are directly connected with the occur-
rence of EMIC waves observed at ground and at a Cluster
satellite that was conjugate to both the particle observations
and the ground station.

[4] In the present paper, we will discuss subauroral phe-
nomena connected to a proton arc and a spot observed
during a geomagnetic storm on 10 and 11 November 2004.
They resemble what has been referred to as nightside
detached aurora (NDA) [Zhang et al., 2005], and subauroral
morning proton spots (SAMPS) [Frey et al., 2004]. In
both of the reported events, simultaneous in situ particle
measurements from low Earth orbiting satellites (POES)
and FUV images from the Imager for Magnetopause-to-
Aurora Global Exploration (IMAGE) satellite are at hand. In
addition, Cluster observations of ring current particles and
ground-based observations of EMIC waves are used.

[5] In the following sections, we present the instrumenta-
tion related to the IMAGE and POES spacecrafts (Section 2)
and the observations (Section 3). Sections 4 and 5 summa-
rize and conclude the paper.

2. Instrumentation
[6] The IMAGE satellite [Burch, 2000] has an orbit with

perigee around 1000 km and apogee at 7.2 Earth radii. The
orbital period of the satellite is 14.2 h. The IMAGE SI-12
spectrographic imager views the Earth’s upper atmosphere
through a narrow passband centered at 121.8 nm, and blocks
the emissions at 121.56 nm, from cold hydrogen. This
means that SI-12 observes Doppler-shifted Ly-˛ emissions
from descending hydrogen, produced as protons precipitate
and charge exchange with the atmosphere. Its sensitivity
peaks for 2 keV protons, but protons of higher energies can
also be detected [Frey et al., 2003]. However, as the proton
energy increases, the Ly-˛ production becomes less effi-
cient, and emissions are mostly produced at low altitudes,
where it will be absorbed by O2. Coumans et al. [2002]
calculated that in the energy range of 30–80 keV, the effi-
ciency expressed in counts pixel–1s–1 per incident mW/m2

will be 1.75, and in the energy range 80–240 keV, it will be
1.06. Above 240 keV, the efficiency will be negligible.

[7] The camera resolution is 128�128 pixels, the integra-
tion time is 5 s, and cadence is 123 s. On the 10 November
event, the IMAGE satellite was at 2.5 – 5.5 RE from the
Earth. During the 11 November event, the altitude of the
IMAGE satellite was only 2 – 3 RE (relative to ground), and
so SI-12 could resolve finer features in the ionosphere than
usual (apogee observations).

[8] The orbits of the NOAA/POES satellites are polar and
sun-synchronous at an altitude of about 850 km and with an
orbital period of about 100 min. The orbits of the satellites
cover different local times.

[9] The energetic protons are measured by two detec-
tors, which are part of the Medium Energy Proton and
Electron Detector (MEPED). The energy bands for the two
detectors used in the present study are 30–80, 80–250, and
250–800 keV. One of the detectors is directed along the
Earth-satellite radial vector. The atmospheric loss cone is
about 60ı at MLAT 50ı. The pitch angle of the vertical
detector is around 40ı at this latitude thus well inside the
loss cone and observes the precipitation flux that interacts

with the atmosphere. The other MEPED detector looks nor-
mal to the first detector and observes slightly outside the
loss cone. The proton detectors are sensitive to both protons
and neutral particles, but give neither mass resolution nor
the charge state of the particles. As MEPED does not dis-
tinguish between different ion species, the term protons are
used throughout this paper (note that the SI-12 images only
measures hydrogen emissions from precipitating protons).
The electrons and protons with energies below 20 keV are
measured by the Total Energy Detector (TED). TED mea-
sures at 0 and 30ı with the vertical in four energy bands,
154 – 224, 688 – 1000, 2215 – 3075, and 6503 – 9457 eV,
as well as the total energy in mW/m2 for the energy range
150 eV to 20 keV. For a discussion of the MEPED instru-
ment response to heavier ions, see Søraas et al. [2002]. A
full description of the NOAA spacecraft and the MEPED
instrument is given by Evans and Greer [2000]. Yando et al.
[2011] have done a comprehensive Monte Carlo evaluation
of the MEPED instrument, and they suggest a method for
combining the electron and proton telescope data to obtain
corrected fluxes for both species. This is useful because the
MEPED electron and proton data can be hampered by cross
talk under certain geomagnetic conditions.

3. Observations
[10] The storm started on 9 November 2004 and reached

< –250 nT. A second main phase occurred the next day,
with Sym-H reduction exceeding the first dip. The arc was
observed on 10 November in the recovery phase of the first
storm, between the two main phases. The spot was observed
on 11 November, also during storm recovery. Note that this
double-dip storm succeeded a stronger storm (< –350 nT)
that started on 7 November (not shown), which had not fully
recovered (Sym-H was < –50 nT at onset). The timeline of
the storm and observations is shown in Figure 1.

3.1. The Proton Arc on 10 November
[11] The proton arc was observed by the IMAGE satellite

at –50ı magnetic latitude (MLAT), reaching from around
midnight and into the morning sector. The arc was presented
as the region entered the field of view, just after 00:00 UT,
and faded away around 02:00 UT. Thus, the lifetime was at
least 2 h.

[12] In Figure 2, an IMAGE SI-12 picture of the proton
aurora in the Southern Hemisphere is shown. The proton
arc extends from around 23 to 05 MLT, that is a length of
5000 km. The arc was also visible in the other IMAGE FUV
cameras, Wideband Imaging Camera, and SI-13, which
respond both to electron and proton precipitation. It was,
however, relatively fainter in these images compared to
the oval, indicating that the light was generated mainly by
protons. This is supported by POES particle measurements.
The arc is well separated from the main auroral zone that is
located poleward of –56ı MLAT. The light intensity varies
along the arc. The black curve shows the footprint of the
NOAA 16 satellite, which crossed the arc (moving poleward
and towards the dusk) approximately at the time of the
SI-12 exposure.

[13] Figure 3 shows the SI-12 intensity plotted along
the NOAA 16 satellite track (top panel). For each NOAA
measurement, the closest SI-12 pixel, in time and space,
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Figure 1. Sym-H from 9 November through 11 November 2004. The observation periods are indicated
by red (arc) and green (spot).

Figure 2. IMAGE SI-12 picture of the proton aurora in
the Southern Hemisphere. The arc is seen to extend from
premidnight to approximately 5 MLT. Also shown is the
satellite track of NOAA 16. The satellite crossed the arc at
01:15 UT.

is used. The times of SI-12 exposures are shown as verti-
cal dotted lines. Also shown (bottom panel) are the fluxes
of precipitating protons, measured by NOAA 16, in three
different energy bands, indicated by the colors. The solid
curves show fluxes inside the loss cone, and the dashed
curves show fluxes perpendicular to the field line (locally
mirroring particles at the satellite altitude). There is very
good correspondence between the optical arc (starting just
after 01:15:30 UT) and the precipitating protons. In the arc,
the proton intensity increases abruptly in the 30–80 and
80–250 keV bands. The fall in proton intensity is also very
abrupt. Thus, the region of proton precipitation is very lim-
ited in latitude having a half width of 210 km at the satellite
altitude. The arc seen by SI-12 is wider, which may be
due to the point spread function of the instrument, or more
likely by the precipitating protons spreading out in latitude,
due to the multiple charge exchanges as they descend. The
latter is also consistent with the calculated extension of the
luminosity towards higher latitudes, since the field lines are
tilted towards equator [Synnes et al., 1998]. At around –56ı
MLAT, the equatorward boundary of the auroral oval is
reached. The increase in the particles is more gradual here
compared to the arc. The isotropic boundaries (IB) for the
three energy channels are indicated by arrows. The IB for
the highest energy band is at the lowest MLAT.

[14] In the Northern Hemisphere, NOAA 16 observed
LPEP just before 00:49 UT (Figure 4). That is, in a region
conjugate to the proton arc, thus, the subauroral proton pre-
cipitation is a conjugate phenomenon covering a large MLT
region. There was no enhancement in the < 9.46 keV pro-
tons measured by the TED. Thus, there is no low energy
proton precipitation in the arc.

[15] Figure 5 shows IMAGE SI-12 pictures from the
start and at the end of the arc observation period. Also
shown is an MLT keogram, derived from IMAGE SI-12
data, by integrating the intensity between –45ı to –51ı
MLAT. This plot reveals the time development of the inten-
sity and longitudinal extent of the arc during a 2-h period.
The bottom panel shows a measure of the arc length (green),
calculated as the number of bins (1/3 h wide) with more
than nine counts/pixel, as well as the mean intensity of
the arc (red) and the solar wind dynamic pressure (blue)
measuremed by Geotail. The length of the arc could be
determined from 00:50 UT (vertical dashed bar) when the
whole arc is in the field of view of the SI-12 instrument.
Geotail was located in the solar wind at 14, –17, and 7 RE;
thus, pressure changes affect the magnetosphere with very
little time delay (a 3 min time shift has been applied).
The dynamic pressure increased from � 2 nPa to a peak
of� 25 nPa.

[16] Looking at the period after 00:50 UT, we notice
that there seems to be a good correlation between the solar
wind pressure and the arc extent and intensity. They both
exhibit variations similar to the solar wind dynamic pres-
sure. Particularly, the largest increase in pressure, seen at
01:45 UT, coincides with a brief, but strong increase in
longitudinal extent and in the intensity. Smaller pressure
variations also seem to correlate with arc intensity/length.
Pressure pulses can increase the anisotropy of the parti-
cle distributions, generating EMIC waves [Anderson and
Hamilton, 1993], which are suspected to cause the observed
proton precipitation. Laundal and Østgaard [2008] have
shown that the proton aurora is to a large extent modulated
by the pressure, although that study was focused on the main
oval. The good correlation seen in Figure 5 indicates that
this is true also for subauroral proton precipitation.

[17] Another interesting feature seen just before 01:40
UT when the arc suddenly diminished and increased again
in the next image. At the same time, there was a slight
decrease in solar wind pressure. The intensity of the main
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Figure 3. In situ particle measurements, and simultaneous SI-12 intensity along the satellite track. The
top panel shows the intensity at the closest pixel from the satellite track (always less than 0.3ı away), in
the image taken closest in UT. The dotted vertical bars show the time of center of exposure in SI-12. The
colored curves show precipitating particle flux in the channels indicated by the color. The arc is crossed
just after 01:15, and the satellite enters the main oval at 01:19:15. The arrows indicate the isotropic
boundary (IB) for the three energy channels.

Figure 4. In situ particle measurements from both TED and MEPED detectors on NOAA 16,
10 November 2004. The figure shows that a spike is seen in the Northern Hemisphere in the postmidnight
sector, showing the arc was a conjugate phenomenon. The flux of low energy particles (TED) shows no
increase in this region.

oval in this image did not show a similar reduction, which
suggests that the dropout is real and not due to a change in
the SI-12 sensitivity.

3.2. The Spot Observations on 11 November 2004
[18] Figure 6 shows an IMAGE SI-12 picture of the

Southern Hemisphere with a small auroral spot located
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Figure 5. Time development of the arc luminosity: The upper pictures show two images with a visible
arc, from the beginning and end of the observation period. The upper panel of the lower picture shows an
MLT keogram, where each colored square reflects the average intensity in the boxes drawn in the upper
right picture at various UTs. The bottom panel shows a measure of the longitudinal extent of the arc
(green), mean arc intensity (red), and solar wind dynamic pressure measured by Geotail (blue).

Figure 6. SI-12 image of the proton aurora, with a subauroral spot at 1:30 MLT. The satellite tracks of
NOAA 16 and NOAA 17 are also shown. The NOAA 16 satellite traversed the spot approximately at the
time of the picture. The NOAA 17 satellite track is well outside the spot.

at � –51.5ı MLAT (peak intensity) and at 01:30 MLT. The
spot is well separated from the main auroral zone. The mag-
netic footprint of NOAA 16 and NOAA 17 are indicated,
and fortuitously, NOAA 16 traversed the spot at 04:35 UT,
almost at the same time as the IMAGE picture was taken.

Thus, simultaneous observations of light and particles in a
subauroral spot were obtained. NOAA 17 traversed the same
MLAT as NOAA 16 but further towards midnight.

[19] The spot was visible from its entry in the field of
view at 04:32 UT until it diminished at 05:03 UT (Figure 7).

5



SØRAAS ET AL.: SUBAURORAL PROTON PRECIPITATION

Figure 7. Series of SI-12 images, from the 00-03 MLT sector, spanning 04:32:00 (region entry to the
field of view) to 05:07:14, when the spot had diminished.

Figure 8. The top panels show SI-12 intensity along NOAA 17 (left column) and NOAA 16 (right
column) satellite tracks. The bottom panels show perpendicular (dashed) and parallel (solid) proton flux,
measured by NOAA 17 (left column) and 16 (right column). The colors indicate the energy bin. The data
is from 11 November 2004.

Thus, its lifetime was at least 31 min. The location of the
peak intensity moved monotonically from 01:32 to 01:50
MLT, while its geographic longitude fluctuated between
313ı and 315ı. The fixed position in geographic longitude
(well within the expected variation from spot extent and
satellite pointing inaccuracy) implies that the spot corotated

with the Earth, with no discernible lag. The solar wind
pressure was low (0.5 nPA) during the spot observations.

[20] The top panels in Figure 8 show the SI-12 inten-
sity along the NOAA 17 (left column) and NOAA 16 (right
column) tracks. The bottom panels show the particle flux
measured by these satellites in the detectors pointing parallel
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(solid) and perpendicular (dashed) to the field lines. In the
right figure (along the NOAA 16 track), the proton spot
is seen to nearly coincide with the precipitating protons.
There is, however, a slight misalignment between the light
and the particles. This could be due to the � 1ı inaccu-
racy in SI-12 pointing caused by the wobbling motion that
affected the IMAGE satellite at the time of these images.
In the region of the spot, the NOAA 16 proton intensity
increased with nearly three orders of magnitude, and it is
seen in all three channels 30–80, 80–250, and 250–800 keV
in both the parallel and the perpendicular detectors.

[21] At –55ı MLAT, another abrupt increase in the
protons is seen. This increase is not matched by SI-12 mea-
surements. This flux did not give a clear response in the
SI-12 instrument, although a very small increase (� 1 count)
may be seen in the SI-12 plot. The proton flux in the loss
cone, however, is a factor of 10 lower than within the spot.

[22] NOAA 17 crossed the spot latitude approximately
at the same time as NOAA 16, at 04:33 UT, but 1.5 h
in MLT further towards midnight. At this time, NOAA 17
also observed a proton enhancement, but only in the locally
mirroring protons (Figure 8, left column). No protons were
measured in the parallel detector (inside the loss cone), and
no increased luminosity was observed by SI-12.

[23] The particle observations show, however, that the
proton scattering process takes place over a larger region in
MLT than the light measurements indicate.

[24] In the region where the light is observed, the pitch
angle scattering of the protons is strong, and the protons
are driven into the loss cone. There is, however, a more
extended region where the pitch angle scattering is weak and
the protons outside the loss cone increase.

4. Discussion
[25] Both the arc and the spot are due to the precipita-

tion of very energetic protons with energies above 30 keV
and extending to several hundreds of keV. In the spot also,
protons with energies above 250 keV were observed. No
protons with energies below 20 keV were observed in the
arc or the spot.

[26] In order to see if these particles arrive from the ring
current, Cluster satellite observations were examined.

[27] Figure 9 shows Cluster observations from 10
November 2004. Cluster is moving towards perigee
(L = 4.5) that is reached at 03:52 UT. In the bottom panel,
ring current protons with energies up to hundreds keV are
present. The precipitating protons are thus scattered from
this population. Cluster also observes large fluxes of ions
below 20 keV (top panel); but the POES observations show
that if there is precipitation at this energy, the fluxes are
too low to be detected. The middle panel shows the total
magnetic field in the ring current.

[28] It is interesting to notice that in the LPEP, the
three different particle energies have the same latitudinal
extent; while in the auroral zone, the isotropic boundary
(IB), marked with arrows in Figures 3 and 8, is found
at lower latitudes for increasing energies. The protons at
these auroral zone latitudes are believed to be chaotically
scattered in the tail because their gyroradii are large in
relation to the curvature of the tail magnetic field [Sergeev
et al., 1983]. Since the gyroradius increases with energy, the
higher energy particles maintain an isotropic pitch angle dis-
tribution to lower latitudes. In the LPEP, however, a different
scattering mechanism must be invoked. The most likely pro-

Figure 9. Cluster ion data on 10 November 2004 between 00 and 06 UT. The top panel show ions in the
energy range 10 eV to 20 keV. The middle panel gives the strength of the magnetic field, and the bottom
panel shows ions with energies from around 10 keV to 2 MeV. The position of Cluster at 03:42 UT is
GSE 12820, –24158., and 45. km close to local time 8 and at 4.4 Earth radii.
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cess would be wave/particle scattering that is independent
of the field line curvature.

4.1. EMIC Waves
[29] Observations of ion cyclotron waves in the inner

magnetosphere indicate that these waves exist over limited
spatial regions that varies with time and that their occur-
rence frequency increases with L and occur mainly in
the afternoon sector [Anderson et al., 1992]. Studies with
Viking [Erlandson et al., 1990] found Pc 1 waves at the
plasmapause, but also that Pc 1 wave events were not asso-
ciated with gradients in the plasma density and occurred at
latitudes above the expected position of the plasmapause.
Thorne and Horne [1992] examined the propagation and
amplification of ion cyclotron waves, and they found that
the plasmapause density gradient plays an important role in
the gain of these waves. The energetic ring current ions are
the source of free-energy used in the wave amplification.

[30] Early theoretical studies have shown that the EMIC
wave growth leads to the isotropization of the initially
unstable proton distribution and consequent pitch angle
scattering and loss of particles into the ionosphere (e.g.
Cornwall [1965]). The resonant energies for ion interaction
with EMIC waves depend upon the magnetic energy per
particle Em = B2/8�N [Kennel and Petschek, 1966], where
B is the magnetic field and N is the plasma density. EMIC
wave growth results only if the pitch angle anisotropy of the
protons exceeds a critical value Ac [Kennel and Petschek,
1966]. The relation between the energy of the resonant pro-
ton, Er and Em is Er = Em/

�
A2

c(1 + Ac)
�
. This is simply

the statement that the protons must have enough energy, Er,
to satisfy the Doppler-shifted cyclotron resonance condition
in order to resonate with the waves. Cornwall et al. [1971]

noted that this condition took place just within the plasma-
pause so that maximum instability of EMIC waves should
occur in this region.

[31] Due to the lack of direct observations of the plasma-
pause/plasmasphere during our events, a three-dimensional
dynamic model of the plasmasphere developed by Pierrard
and Stegen [2008] has been used.

[32] In the top panel of Figure 10, the modeled plasma
density in the equatorial plane at MLT 02 pertinent to the
POES 16 LPEP and the IMAGE arc observations is shown.
The position of the arc is indicated, and it appears just inside
the plasmapause at L = 2.51. In the bottom panel, the ener-
gies Em and Er are shown. Er is calculated for an anisotropy
value Ac = 0.5. At the plasmapause, there is a large drop in
the minimum resonant energy Er from a few hundred keV
and down to around 20 keV. This means that protons with
energies above 20 keV can resonate with the EMIC waves
and be scattered into the loss cone, and protons with energies
below will not interact with the waves. Both of these claims
are in accordance with the observations, the high energy pro-
tons precipitate, and the low energy protons do not appear in
the loss cone. This is, however, only an illustrative example
where Ac = 0.5 is within the range of values given by
Cornwall [1965] for the anisotropy and the plasma density
is taken from a model.

[33] We do not have observations of EMIC waves
in either hemisphere in the MLT sector of the arc.
In the Northern Hemisphere, however, the Lucky Lake
(MLAT = 60, MLONG = 314.2), Parksite (MLAT = 61.1,
MLONG = 313.7), and Gakona (MLAT= 63.1, MLONG=
266.8) stations all showed intense EMIC waves at around
0.3 Hz between 23:40 UT on 9 November to 02 UT on 10
November covering the time of the arc observation. The pul-

Figure 10. The top panel shows model calculations of the plasma density in the equatorial plane on
10 November 01 UT. The bottom panel gives the critical and the minimum resonance energies. In both
panels, the values are along the radial distance at MLT 02.
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Figure 11. Spectrograms of the D-component (magnetic East-West) of magnetic field from the Lucky
Lake (L = 3.94), Parksite (L = 4.23), and Gakona (L = 4.9) stations between 22 and 03 UT on
9–10 November 2004. During the arc observations, the ground magnetometer stations are located in the
dusk sector.

sation data from the three stations are shown in Figure 11.
The EMIC emissions spanned the range of magnetic local
times between MLT 15:50 and 18:30 (at Lucky Lake and
Parksite) and MLT 12:10–15 (at Gakona).

[34] Duskside EMIC waves were often observed by the
CRRES satellite mission in association with enhanced cold
plasma densities (Fraser and Nguyen [2001]) suggestive
detached plumes or duskside plasmaspause bulge might
be one of the source locations for EMIC waves. Further
CRRES studies (see Fraser et al. [2010] and Halford
et al. [2010]) showed that EMIC waves were frequently
observed during the recovery phase of magnetic storms
that is also consistent with our observations in the after-
noon/dusk sector. We can, however, not conclude that the
protons in the arc are scattered by EMIC waves, as we
have no observations of EMIC waves in this MLT sector.
Furthermore, many studies (Anderson et al. [1992]; Fraser
and Nguyen [2001]) have shown that the occurrence rate of
EMIC waves in the postmidnight local times are extremely
low. The protons in the arc could thus be subjected to some
other scattering mechanism than EMIC waves. This does
not, however, rule out that the protons in the arc could be
associated with EMIC waves but does suggest that it is likely
to be an infrequent occurrence.

[35] Figure 12 shows proton data in two energy bands,
30–80 and 80–250 keV, for both precipitating and locally
mirroring protons observed by POES 15. The satellite
encounters LPEP at MLAT = 55 and MLT = 17 : 36 that
is in the same MLT sector as the Lucky Lake and Parksite
stations and about 5ı south of them. The Pierrard and
Stegen [2008] model predicted the plasmapause to be at 54
MLAT that is close to the observed LPEP. These observa-

tions around dusk are away from the arc, but they support
an association between EMIC, LPEP, and the plasmapause
position in accordance with earlier observations Sandanger
et al. [2009] and Yahnina et al. [2002].

[36] Frey [2007] describes and classifies different types
of aurorae beyond the main oval. Among the categories that
he describes, the ones that are most similar to our obser-
vations are nightside detached auroras (NDA), and (in the
case of the spot) subauroral morning proton spots (SAMPS).
However, there are some important differences that we
discuss below.

[37] The arc is most similar to NDAs that were stud-
ied extensively by Zhang et al. [2005]. The most important
similarity is that NDAs are seen as subauroral proton pre-
cipitation on the nightside (although less frequently post-
midnight), during storm recovery. Their latitudes are well
predicted by the associated value of Dst, which in the case
of the arc would be –52.5ı (Dst = –150 nT), slightly pole-
ward of the observed location. The energy of the protons
was reported by Zhang et al. [2005] to be in the order
of 10 keV, and possibly higher. Since they used Defense
Meteorological Satellite Program (DMSP), energies higher
than 30 keV could not be detected. Thus, if the arc is indeed
an NDA, our observations show that such aurorae can be
associated with energies in the 100 keV range, but in this
case, less than 250 keV. An important difference between
NDAs and the arc is the longitudinal extent, which seems to
be larger in the present observations.

[38] The spot shares many of the above characteristics
and may thus also be a similar phenomenon as the NDAs
reported by Zhang et al. [2005]. However, the observed
spot also shares some characteristics with subauroral morn-
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Figure 12. MEPED particle measurements from NOAA 15. The satellite passed close to the Lucky Lake
and Parksite stations when it observed a spike (arrow labeled A). The arrow labeled B indicates a region
at dawn with an increase in weak scattering (outside the loss cone), which may be a continuation of the
arc observed at earlier hours.

ing proton spots (SAMPS) [Frey et al., 2004]. These spots
are reported to be caused by high energy proton precipita-
tion, although the extent of the energy is not known; since
this study also only reported DMSP measurements. SAMPS
also corotate, are stable and occur during storm recovery—
all traits shared by our observations. Frey et al. [2004] also
reported a very good linear relationship between minimum
Dst and the spot latitude. The latitude of the spot reported in
the present paper is 1.5ı equatorward from the [Frey et al.,
2004] regression line (their Figure 7). The one important
difference between our observation and SAMPS is the mag-
netic local time. The earliest local time reported by Frey
et al. [2004] was 4.5, while our spot is seen as early as
1.4. If this spot is indeed the same phenomenon as SAMPS,
then the particle measurements reported here show that the
proton energies are higher than 250 keV, and possibly as
high as 800 keV. Measurements from the energy channel
800–2500 keV (not shown) show that there was a small
increase in the flux of locally mirroring particles, but no
enhancement in the loss cone.

5. Summary and Conclusions
[39] We have reported observations of two types of sub-

auroral proton aurora, seen by the IMAGE SI-12 camera,
with simultaneous in situ particle measurements by NOAA
POES satellites. Both observations were done during the
same geomagnetic storm but one day apart. The observa-
tions can be summarized as follows: (1) An arc at –50ı
magnetic latitude, primarily located in the midnight-dawn
sector, associated with precipitating protons with energies
reaching at least 80 keV, but not higher than 250 keV; (2) A
corotating spot at� –51ı magnetic latitude, associated with
precipitating protons with energies above 250 keV, but not
higher than 800 keV. In both cases, no protons with energies
below 20 keV were observed.

[40] There is an overall good correspondence between the
light emissions and the particles, although the Lyman-alpha
emission is somewhat broader. The particle observations
reveal, however, the true dimensions of the precipitation
region at the satellite altitude that amounts to 210 km for
the proton arc. One should also note that the region of pre-
cipitation is the same for all energies in contrast to in the

main oval where the location of the isotropic boundary (IB)
depends on energy. Observations of ring current particles
show that these protons could be scattered into the loss cone
from this reservoir and not subjected to local accelerations.
The intensity and extension in MLT of the arc is modulated
by the solar wind pressure.

[41] The measurements further show that the pitch angle
scattering occurs in a wider MLT-region than given by the
Lyman-alpha emissions. This suggests that the scattering
process has a larger longitudinal extent than indicated by
the luminosity. The light observations give only informa-
tion on where the scattering process is intense, and the
protons are brought into the loss cone. The light indicates
where there are sufficient particles within the loss cone to
give detectable light emissions. The particle measurements,
however, reveal the whole region of particle scattering both
where the scattering is sufficient to bring particles into the
loss cone and where only the locally mirroring particles are
increased. Observations show that the LPEP is a conjugate
phenomena occurring at the same MLT and MLAT in the
two hemispheres.

[42] Comparing the LPEP observations with model
predictions of the plasmapause reveal that they occur
just within the plasmapause. This is in accordance with
direct observations of LPEP and the plasmapause position
[Sandanger et al., 2009]. The model thus gives a fairly
accurate position of the plasmapause. EMIC waves are
observed in the dusk sector coincident with LPEP at the
plasmapause in accordance with the prediction [Cornwall
et al., 1971] that the proton distribution is unstable and
will generate EMIC waves. Our findings thus support many
studies mentioned in Section 1 that show a close correspon-
dence between LPEP and EMIC waves.

[43] The arc and spot resemble previous observations
of nightside detached auroras [Zhang et al., 2005] and,
in the case of the spot, subauroral morning proton spots
[Frey et al., 2004]. Similarly to SAMPS and NDAs, the
most likely mechanism for scattering the protons into the
loss cone is an interaction between particles and waves at
the plasmapause. This conclusion is further supported by
the absence of low energy protons, as the energy of the
particles must exceed a critical value before it can take part
in interaction with waves.
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