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Abstract. We present the results of a statistical study using
optical images from ALIS (Auroral Large Imaging System)
to investigate the spatial and temporal variations of structures
in diffuse aurora. Analysis of conjugate Reimei data shows
that such fine structures are a result of modulation of high-
energy precipitating electrons. Pitch angle diffusion into the
loss cone due to interaction of whistler mode waves with
plasma sheet electrons is the most feasible mechanism lead-
ing to high-energy electron precipitation. This suggests that
the fine structure is an indication of modulations of the effi-
ciency of the wave–particle interaction. The scale sizes and
variations of these structures, mapped to the magnetosphere,
can give us information about the characteristics of the mod-
ulating wave activity. We found the scale size of the auroral
stripes and the spacing between them to be on average 13–
14 km, which corresponds to 3–4 ion gyro radii for protons
with an energy of 7 keV. The structures move southward with
a speed close to zero in the plasma convection frame.

Keywords. Ionosphere (Particle precipitation; Wave-
particle interactions) – Magnetospheric physics (Auroral
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1 Introduction

Diffuse aurora is characterized by a broad area of fairly uni-
form luminosity. Some might call it the least spectacular
form of aurora, but it is the most energetically important one.
It contributes to the majority of the energy input from the

magnetosphere into the polar ionosphere during both active
and quiet geomagnetic conditions (Newell et al., 2009).

Recent studies have shown that the diffuse aurora is caused
by precipitation of plasma sheet electrons with energies of a
few to tens of keV that are scattered into the loss cone due
to interaction with whistler mode waves (Ni et al., 2011a,b),
while the more dynamic discrete aurora is caused by particles
that are accelerated along the magnetic field lines.

Optical observations of diffuse aurora have shown that it
often contains fine structures. At first it was believed that
these structures were small-scale discrete auroral structures,
caused by accelerated electrons, but later studies show that
they in fact are variations of the modulation of the diffuse
auroral precipitation.Ebihara et al.(2010) andSamara et al.
(2010), among others, have reported observations of small-
scale structures in diffuse aurora caused by precipitation of
non-accelerated high-energy electrons.

Variations in diffuse auroral structures, both spatial and
temporal, can be used to study the magnetospheric wave pro-
cesses responsible for scattering electrons into the loss cone.
Samara and Michell(2010) looked at the frequency of pul-
sating diffuse auroral structures to study the wave activity
causing the scattering, and found that they were consistent
with frequencies of chorus waves.

Structure in diffuse aurora is sometimes called black au-
rora.Obuchi et al.(2011) andPeticolas et al.(2002) studied
the relationship between black aurora and precipitating elec-
trons using optical and particle data and concluded that the
regions of black aurora are caused by suppression of pitch
angle scattering by whistler mode waves.
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One type of structure often found in diffuse aurora is reg-
ular, parallel stripes.Sergienko et al.(2008) studied this type
of structure using optical data from ALIS (Auroral Large
Imaging System) and electron spectrometer data from the
FAST satellite. They found that this regular pattern is caused
by the modulation of the efficiency of the pitch angle diffu-
sion of high-energy electrons.

Li et al. (2011a) found that the modulation of chorus
waves, which leads to the modulation of the auroral lu-
minosity, can be caused by density variations or compres-
sional Pc4–5 pulsations. These mechanisms each play a dom-
inant role in different parts of the magnetosphere (Li et al.,
2011a,b).

In this study we use ALIS images to investigate the spa-
tial and temporal variations of the diffuse aurora. We are in-
terested in structures that create the wavy pattern seen in the
ALIS images. The scale sizes of these structures are of the or-
der of about 1–20 km. The scale size and the variation of the
structures, mapped to the magnetosphere, provide informa-
tion about the characteristics of the modulating wave activity.
Reimei data are also available for one event confirming that
the structures correspond to non-accelerated electrons. From
the same event, magnetometer chain data are also available
providing information about how the structures move in re-
lation to the background source plasma. This will constrain
the possible processes giving rise to the structured diffuse
aurora. Our objective is to present the observational data and
give examples of mechanisms that are consistent with our re-
sults.

2 Instrumentation

ALIS (Brändstr̈om, 2003) currently consists of five remotely
controlled stations in northern Scandinavia. Each station is
equipped with a sensitive CCD detector with a 1024× 1024
pixel and a filter wheel with six positions for narrow-band in-
terference filters. The stations are separated from each other
by a distance of approximately 50 km and are located so
that their fields-of-view overlap, which makes it possible
to study the aurora from different angles simultaneously. In
this study we use data from the Kiruna (67.86◦ N, 20.42◦ E)
and Skibotn (69.35◦ N, 20.36◦ E) stations for cases when the
cameras are looking at zenith. With a total pixel number of
1024× 1024 and a binning of 4× 4, the image size used was
256× 256 pixels, with a 70◦ and 90◦ field of view. Thus the
pixel resolution is approximately 500 m and 700 m at an al-
titude of 110 km for the Kiruna and Skibotn cameras respec-
tively. We use a 5577̊A filter with 1 s exposure time and a
time interval between exposures of 10–15 s.

3 Observations

Widths of diffuse auroral strips were collected using the
ALIS camera in Kiruna and Skibotn separately, during five
events (18 December 2006, 8 November 2007, 5 December
2007, 15 December 2007 and 25 January 2008). In total 514
diffuse auroral structures were measured. Events were se-
lected where it was possible to find stable structures, mean-
ing that they do not change significantly in shape during a
period of 2–3 min. Figure1 shows examples of such struc-
tures, taken during two of the selected events. The primary
interest in this study is structures creating the wavy pattern
seen in the ALIS image and occurring in the equatorward
part of the auroral zone during the recovery phase of a sub-
storm, i.e. after injection of particles into the magnetosphere.
The structures are stretched out from east to west, forming
stripes of higher and lower (background) luminosity.

Figure2 shows keograms and magnetometer data for the
same events as in Fig.1. The first event shows a typical sub-
storm, with breakup starting around 21:52 UT. The area of
interest for our study lies between the two black lines in the
keogram, i.e. between 23:00 and 24:00 UT, in the recovery
phase of the substorm. This first event has similar geomag-
netic conditions and is also, from a morphological point of
view, similar to an event studied bySergienko et al.(2008)
where it was suggested that these auroral stripes were created
by precipitation of high-energy electrons as a result of pitch
angle diffusion into the loss cone by whistler mode waves.

The events of 18 December 2006, 15 December 2007 and
25 January 2008 are similar from a morphological point of
view. The remaining two events, 8 November 2007 and 5
December 2007, have slightly different morphology. For the
latter we also have particle data from the Reimei satellite
(Asamura et al., 2003) presented in Figs.3 and4. The left-
hand panel of Fig.3 shows the track of the satellite (red line)
as it passes the field of view of the ALIS imager at the Ski-
botn station. The axes show the pixel number, but the image
is oriented in such a way that the lower border is to the south
and the upper border to the north. The right-hand panel of
Fig. 3 shows the energy spectrum along the satellite track as
a function of geographical latitude, moving from the bottom
part of the ALIS image to the top. The electron spectra show
a high flux in the 2–6 keV range across the whole image. In
the most poleward part of the image, there is also a popula-
tion of accelerated, lower energy electrons, with a peak en-
ergy of 500–800 eV. An enhancement of the more energetic
electron fluxes can be discerned where the satellite crosses
areas of higher luminosity that correspond to the diffuse au-
roral stripes.

The enhancement is further emphasized in Fig.4, where
the left-hand panel shows the estimated intensity for the
green auroral line, from Reimei data (black line) along with
the intensity obtained from three consecutive ALIS images
taken during the passage of the satellite. It is clearly seen how
the electron flux intensity increases as the satellite passes
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Fig. 1. Example of images from two of the events. Upper panel shows images from the Kiruna camera from 18 December 2006, and the
lower panel shows images from the Skibotn station from 5 December 2007. The red dot marks the location of magnetic zenith. The yellow
line is the line along which the intensity profile in Fig.5 was taken.

the auroral stripes. We also clearly see that the structures
do not change much during the passage of Reimei through
the field of view of the ALIS camera. The middle and right-
hand panel of Fig.4 show the energy spectra inside and out-
side one of the diffuse structures. There is no difference be-
tween the downgoing and the trapped electrons inside the
stripe. Outside the stripe the downgoing electron flux de-
creases more rapidly with energies greater than 3 keV. This
suggests that electrons were not accelerated but instead scat-
tered due to pitch angle diffusion. Thus enhanced precipi-
tation of the more energetic electrons of 2–6 keV energy is
responsible for the diffuse aurora, in accordance with some
previous studies (Ebihara et al., 2010; Samara et al., 2010).

In one case, where it was possible to use data from more
than one station, the altitude of the aurora was determined us-
ing triangulation. By fitting the projection altitude and find-
ing the best match from two images taken at different loca-
tions, the altitude was estimated at around 110 km, which is
a typical altitude for the green line emission peak in diffuse
aurora. In the remaining cases the same altitude was used.
Changing the altitude from 100 to 110 km changes the width
by approximately 0.5 km, which is much less than the scale
sizes that we are interested in and does not have a significant
effect on the result. Taking into account a north–south drift
speed of around 65–220 m s−1 (discussed further in Sect. 4)

and an exposure time of 1 s, the effect of smearing due to
drifting of the structures is negligible.

Errors due to perspective effects also need to be taken into
account. When looking at a structure that is not in magnetic
zenith, it will appear to be broader since we will be mea-
suring not only the width of the structure but also part of
the height. There will also be a contribution from the back-
ground luminosity. For this reason we chose to look only at
structures that are within 10 degrees from magnetic zenith.

4 Method and results

We have analysed about 500 diffuse stripe-like structures,
recorded during five events, using ALIS. All the structures
were extended in the east–west direction, aligned along a
geomagnetic latitudinal line, and the brightness profile was
taken across the image in the north–south direction (in ge-
ographical coordinates). The geomagnetic parallel and geo-
graphic parallel are not co-located; hence, the results were
adjusted by multiplying with the cosine of the deviation an-
gle. To determine the width of each stripe, a multiple Gaus-
sian was fitted to the brightness profile (see Fig.5). By fitting
a Gaussian function (black) to each peak, we were able to re-
trieve the full width at half maximum (FWHM), which cor-
responds to the stripe width. The expression for the multiple
Gaussian used is
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Fig. 2. (a)Keogram made from images from the Kiruna station from 18 December 2006. Stripe widths were calculated for the time interval
23:00–00:00 UT, marked with two black lines in the figure.(b) Magnetogram for the same event.(c) and(d) are the same as(a) and(b) but
for the Skibotn ALIS camera, 18 December 2006 and 5 December 2007. The magnetogram is retrieved from data from magnetometers in
Kiruna and Tromsø respectively.

Fig. 3. Left: ALIS image from Skibotn station taken on 5 December 2007 at 00:36:30 UT, along with the Reimei track (red line) marked
with the geographical latitude in degrees. Right: electron energy spectrum as a function of geographical latitude, i.e. along the track of the
Reimei satellite.

Y = V0 +

∑
i

V1iexp(−(x − V2i)
2/2V 2

3i)

whereV0 is the background luminosity,V1i the amplitude for
the Gaussian curve,V2i the position of the peak, andi is the
number of the stripes. The FWHM is given by 2V3

√
2ln(2).

In total 514 diffuse auroral structures were measured, and
the result is shown in Fig.6. The size ranges from 2.2 to
46.8 km with a mean value at 13.2 km, and the distance be-
tween the stripes ranges from 4.0 km and 37.2 km with a
mean value at 14.0 km. The planetary Kp index value ranged
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Fig. 4. Left: the black line shows the intensity for the green auroral line, calculated from Reimei data. The red, green and blue lines are the
intensity obtained from three consecutive ALIS images taken during the passing of the satellite. Middle: energy spectra inside one of the
auroral stripes for downgoing (pitch angle 0–30◦) and trapped electrons (60–90◦). Right: energy spectra between the stripes for downgoing
and trapped electrons.

Fig. 5. The intensity profile taken along a line across the auroral
stripes (green), with the fitted multiple Gaussian curve (black). The
red line shows the location of magnetic zenith.

from 0 to 4 and the AE index between 0 and 500 nT, and we
found no clear dependence of the width on either Kp or AE
index.

All five events show a clear southward movement of the
auroral structures. The apparent velocity of the structures,
obtained from the ALIS keograms, lies between 65 and
220 m s−1. Additional data from European Incoherent Scat-
ter (EISCAT) radar or the Super Dual Auroral Radar Net-
work (superDARN) could give information about the con-
vection velocity, but unfortunately we do not have usable
data for our events. Instead we use equivalent ionospheric
currents derived from magnetometer data obtained from the
Magnetometers-Ionospheric Radars-All-sky Cameras Large
Experiment (MIRACLE) to get a proxy of the north–south
convection velocity (Vanham̈aki et al., 2003). Equivalent

Fig. 6. Left: histogram of measured widths, for all events, obtained
from structures within 10◦ from magnetic zenith. Right: distance
between maximum intensity of the stripes

ionospheric currents derived from magnetometer chain data
give a robust estimate of the latitudinal extent of the iono-
spheric convection region, so that we get a reliable esti-
mate of north–south expansion of the convection cells, corre-
sponding to north–south motion of the structures. The iono-
spheric equivalent currents correspond mainly to the Hall
currents. They arise due to theE × B drift of plasma and
can be used to get a macroscopic picture of the ionospheric
convection.

Figure7 is an example of the comparison between iono-
spheric currents and the drift of the structures for one of the
events. The upper panel shows the ionospheric equivalent
currents, measured from ground magnetometers. The lower
panel is a combination of the ALIS keogram and a contour
plot of the equivalent currents from the MIRACLE data. The
green stars represent the peak position of three stripes, deter-
mined using a Gaussian fit, that were followed through sev-
eral consecutive images. We cannot get an exact value of the
relative velocity, but we do see that the motion of the struc-
ture is closely related to the motion of the current system.

A rough estimation of the velocity of the ionospheric cur-
rents gives a result of 160 m s−1 above Kiruna. The differ-
ence between the velocities of the stripes and the velocity of
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Fig. 7. Upper panel: MIRACLE ionospheric equivalent current from 18 December 2006. The ionospheric equivalent currents are calculated
from magnetometers on the ground. The black box marks the position, in time and latitude, for the lower panel. Lower panel: keogram of
ALIS images from the same date with contour lines representing the equivalent currents from the image above. The green stars represent the
movement of three auroral stripes.

the currents is much less than the convection velocity itself.
This means that the stripes are approximately moving with
the convection in the north–south direction. This indicates a
steady state wave structure, moving with almost zero velocity
in the plasma convection frame.

Previous studies of auroral arc widths show, just asPar-
tamies et al.(2010) concluded in their study, that the mea-
sured widths depend on the spatial resolution of the instru-
ment. Their statistics, along with previous results (Maggs and
Davis, 1968), show a sharp cut-off near the lower limit of
what their instruments were able to measure. Our statistics
lack this type of cutoff near the lower resolution limit of the
ALIS imagers; instead our statistics show a more Gaussian
shape with a mean value far above what our images are able
to resolve. We therefore conclude that the results obtained in
this study are not dependent upon the resolution of our in-
strument.

Another source of errors is the broadening of structures
that occurs due to perspective effects. This effect is demon-
strated in Fig.8. The left-hand panel shows statistics of stripe

widths within 10 degrees from magnetic zenith, and the right-
hand panel shows stripe widths from the whole field of view.
We clearly see a more distinct tail on the right-hand side of
the distribution when we include structures from the whole
field of view. The perspective effect will be there even for
smaller angles, but we will still be able to get an estimate of
the widths without significant systematical errors.

5 Discussion

The regular wavy pattern observed in the ALIS images indi-
cates a modulation of the efficiency of the wave–particle in-
teraction, causing the diffuse aurora. Both the optical images
and the statistical result show a regular pattern of stripes of
higher and lower luminosity, with an average width almost
equal to the spacing between them, resembling a wave-like
pattern for which the most plausible explanation is a stand-
ing or propagating wave.

The scale size of the parallel auroral structures, mapped
to the equatorial plane of the magnetosphere, can give an
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Fig. 8. Histograms of widths from the two events discussed in Sect.3. The left-hand panel show statistics from the limited region around
10◦ from magnetic zenith. To demonstrate the broadening effect that arises when we measure structures far away from magnetic zenith, the
histogram in the right-hand panel includes stripes from the whole field of view.

indication of the scale size of such a wave. From this study
we obtained stripe widths on the order of a few tens of km,
with a mean value at 13.2 km. The range between 5 and
23 km contains 80 % of the stripes. Mapped to the equa-
torial plane of the magnetosphere, to L-shell 5.6 and 6.3
(for Kiruna and Tromsø respectively), using the Tsyganenko
model (Tsyganenko and Sitnov, 2007), this range corre-
sponds to 75–345 km. The characteristic energy of injected
protons in the magnetospheric source region is around 7 keV
(Christon et al., 1991). We compare our results to the ion
gyro radius, which was estimated to be around 53 km for
7 keV protons, and find that the stripe widths correspond to
roughly 1–6 ion gyro radii.

The distances between the stripes are equal to or slightly
larger than the stripe widths. The mean value is 14.0 km, and
80 % lie within the range of 8–21 km. If the modulation caus-
ing the regular pattern is a pure harmonic wave, the distance
between the peaks would equal two times the widths. In our
case we find that the widths are almost equal to the spacing
between the stripes, which suggests that the process respon-
sible for the interaction of whistler mode waves and electrons
has a certain threshold. As the stripe width is greater than half
the peak-to-peak distance, the pitch angle scattering process
is active during most of the wave, and inhibited only during
a small part.

We also compared the southward drift of the auroral struc-
tures with the ionospheric equivalent currents and found that
they move together with convection with a relative speed that
is close to zero.

Our observational data thus show signs of a standing or
propagating wave with low velocity and wavelengths on the
order of a few ion gyro radii.

As discussed in the introduction, we expect that the struc-
ture in the observed diffuse aurora corresponds to density
or magnetic field structures in the equatorial magnetosphere,
which serve to modulate the wave–particle interaction and
lead to electron precipitation.Ebihara et al.(2010) suggested
that the diffuse aurora they observed was the visual mani-
festation of highly structured cold plasma in the magneto-
sphere. The existing structures could affect the wave–particle
interaction causing precipitation of newly injected more en-
ergetic electrons. Such pre-existing structures would move
together with convection, which is in agreement with our ob-
servations. The size of the structures would not be dependent
on the parameters of the newly injected plasma. Cold plasma
structures can for example be created by temporal changes of
the convection electric field (Chen and Wolf, 1972).

Another class of structures in the magnetosphere is dis-
cussed byStasiewicz and Cheng(2009) – mirror mode struc-
tures propagating as slow magnetosonic solitons. The scale
sizes of magnetic field and density structures predicted by
this theory are in good agreement with our observations (up
to a few ion inertial lengths of about 100 km in the equatorial
plane). The problem is that these structures, though slow for
magnetosonic waves, still move much faster than our struc-
tures, with a speed of about 50 km s−1 in the plasma refer-
ence frame. This corresponds to a velocity of a few km s−1

in the ionosphere.
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Another, related, option is stationary mirror mode struc-
tures as reported byGe et al.(2011). These mirror mode
structures were observed by the THEMIS-D spacecraft in
the dipolarized magnetic field following a substorm-related
dipolarization. The scale size of the mirror mode structures
was about one ion gyro radii, which is somewhat smaller than
our observations. The width of mirror mode structures in the
solar wind is of the order of 10 proton gyro radii (Zhang
et al., 2008), so larger structures are not unlikely. As these
structures are stationary, they would drift with convection.
The magnetic field troughs caused by the mirror mode insta-
bility are longer-lived than the magnetic field enhancements,
and will exist after the instability criterion is no longer ful-
filled. This is therefore a promising candidate to explain our
structures.

6 Conclusions

We have used optical data from the Auroral Large Imaging
System (ALIS) to perform a statistical study of spatial and
temporal variations of diffuse auroral structures. The scale
size of the structures gives us information about the mecha-
nism producing these regular wavy patterns found in diffuse
aurora.

The widths of the diffuse auroral structures found in this
study are of the order of a few tens of km and appear in a
regular pattern. The mean values of the stripe widths and
the spacing between stripes are 13–14 km, and 80 % of the
stripes lie within a range of 5–23 km. This range is mapped
to the equatorial plane of the magnetosphere, and gives a
width of approximately 75–345 km, corresponding to a few
ion gyro radii. These structures move southward with a speed
close to zero in the plasma convection frame. Stationary mir-
ror mode structures in the magnetospheric equatorial plane
appear to be a plausible mechanism giving rise to the ob-
served structures.
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