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Abstract. We present results of an investigation of the fine
structure of the night sector diffuse auroral zone, observed
simultaneously with optical instruments (ALIS) from the
ground and the FAST electron spectrometer from space 16
February 1997. Both the optical and particle data show that
the diffuse auroral zone consisted of two regions. The equa-
torward part of the diffuse aurora was occupied by a pattern
of regular, parallel auroral stripes. The auroral stripes were
significantly brighter than the background luminosity, had
widths of approximately 5 km and moved southward with a
velocity of about 100 m/s. The second region, located be-
tween the region with auroral stripes and the discrete auroral
arcs to the north, was filled with weak and almost homo-
geneous luminosity, against which short-lived auroral rays
and small patches appeared chaotically. From analysis of
the electron differential fluxes corresponding to the different
regions of the diffuse aurora and based on existing theories
of the scattering process we conclude the following: Strong
pitch angle diffusion by electron cyclotron harmonic waves
(ECH) of plasma sheet electrons in the energy range from
a few hundred eV to 3–4 keV was responsible for the elec-
tron precipitation, that produced the background luminosity
within the whole diffuse zone. The fine structure, represented
by the auroral stripes, was created by precipitation of elec-
trons above 3–4 keV as a result of pitch angle diffusion into
the loss cone by whistler mode waves. A so called “internal
gravity wave” (Safargaleev and Maltsev, 1986) may explain
the formation of the regular spatial pattern formed by the au-
roral stripes in the equatorward part of the diffuse auroral
zone.
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1 Introduction

Diffuse aurora is the most common and the most widespread
type of aurora. The optical definition of diffuse aurora was
introduced byLui and Anger(1973). The first space-borne
imager, the one on ISIS-2, revealed it as a belt of fairly uni-
form luminosity of low intensity that was seen in basically
every orbit. In the night sector the diffuse auroral zone is lo-
cated equatorward of auroral oval of discrete forms and its
width is controlled by substorm activity and by the interplan-
etary magnetic fieldBz component (Feldstein and Galperin,
1985). Precipitation of plasma sheet electrons is thought to
be responsible for the diffuse aurora. Taking into account
that the diffuse aurora occupies a wide area and exists almost
permanently, this electron precipitation is a major source of
loss of magnetospheric particles at∼keV energies (Lyons et
al., 1999).

The mechanisms causing the precipitation of the magneto-
spheric particles responsible for the diffuse aurora have been
under debate for several decades. There are two main can-
didates. The first is that the particle precipitation is a result
of pitch angle diffusion due to interaction of particles with
electrostatic electron cyclotron harmonic (ECH) waves (Ken-
nel and Petscheck, 1966; Bespalov and Trakhtengerts, 1986;
Johnstone et al., 1993; Villal ón and Burke, 1995). The alter-
native theory is electron scattering by whistler mode waves
(Kennel et al., 1970; Lyons, 1974; Horne and Thorne, 2000).
The main argument against the first theory has been that the
power of the ECH waves measured at geostationary orbit
is not sufficient to cause strong pitch angle diffusion (Bel-
mont et al., 1983).The main problem with the second mech-
anism was that, althoughJohnstone et al.(1993) showed that
whistler mode waves can resonate with keV electrons in the
frequency band below the electron gyro frequency, relatively
high temperature anisotropies are required to generate such
waves.
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Fig. 1. Geography of the experiment. The coordinate system is a
cartesian system centred in Kiruna. The X-axis is directed to ge-
ographic East, the Y-axis to geographic North. The background is
the FMI camera image projected to 110 km (Negative). Colour cir-
cles and frames indicate location and field of view of ALIS cameras
projected to 110 km. Red – Kiruna, magenta – Nikkaluokta, blue
– Abisko, green – Silkkimuotka. The dashed red line is the FAST
magnetic footprint at 110 km. The black spot in the lower left sec-
tion of the figure is the moon.

Recently, using data from the wave and particle experi-
ments on the CRRES satellite,Meredith et al.(2000) stud-
ied the evolution of electron pitch angle distributions in the
equatorial plane and their relation to ECH and whistler mode
wave activity. They could show that both types of waves are
responsible for the electron precipitation causing the diffuse
aurora. This result was supported by numerical calculations
conducted byHorne et al.(2003) for analysis of whistler
mode hiss, chorus, and ECH waves during a substorm in-
jection event. The authors found that ECH waves interact
strongly with electrons in the energy range from few hundred
eV to a few keV, while whistler mode hiss effectively scatters
electrons with energy higher than∼3 keV, and chorus inter-
acts with particle with energy less than a few hundred eV.

For a long time many satellite and ground-based measure-
ments gave a description that the diffuse aurora is spatially
uniform. However, modern sensitive high resolution optical
measurements show that diffuse electron aurora can contain
a fair amount of fine structure. Studies regarding this are of-
ten published under the heading black aurora. The term black
aurora is used for relatively small, well defined regions with
a distinct reduction of luminosity within large-scale regions
of otherwise homogeneous, diffuse aurora (Røyrvik, 1976;

Davis, 1978). Peticolas et al.(2002) studied black aurora
using FAST plasma and field measurements and optical TV
observations and found that black aurora occurred in narrow
spatial regions where electrons had partial double loss cones,
while the electrons in the ambient broad region of diffuse au-
rora were characterized by single loss cones. They suggested
that this signature of black aurora can be explained by pitch
angle diffusion of electrons in the diffuse aurora due to in-
teraction with both ECH and whistler mode waves, and sup-
pression of the whistler mode waves in the region of black
aurora. They also concluded, that in the central plasma sheet
region of the pre-midnight auroral oval, partial double loss
cones are common, implying that fine structure of the diffuse
aurora can be explained by spatial (and temporal) modulation
of the efficiency of whistler mode wave-particle interaction.

In our paper we investigate the fine structure of the dif-
fuse aurora in evening sector using conjugate high resolution
optical and particle data.

2 Instrumentation

This study is based on data from ALIS (Auroral Large Imag-
ing System), an FMI (Finnish Meteorological Institute) digi-
tal all sky camera, and the FAST satellite, obtained 16 Febru-
ary 1997 when FAST passed over ALIS.

ALIS consists of unmanned imaging stations located in
Northern Scandinavia in a grid of about 50×50 km. Each
station is equipped with an imager having a high-resolution
monochrome 1024×1024 pixel CCD detector and a filter
wheel with six positions for narrow-band interference fil-
ters. The field of view is 70 degrees diagonally for most
imagers, but there are also two units with a 90 degrees field
of view. The imagers are mounted in a positioning system
and can be pointed so that several imagers can view a com-
mon volume. Detailed information about ALIS is given by
Brändstr̈om(2003) and is also found athttp://alis.irf.se/.

In the present experiment data from three ALIS sta-
tions were used; Abisko (68.36◦ N, 18.82◦ E), Silkkimuotka
(68.03◦ N, 21.69◦ E) and Nikkaluokta (67.85◦ N, 19.00◦ E).
The image size for the mode used was 512×512 pixels, giv-
ing a spatial resolution of approximately 200 m at 100 km for
the 70 degree cameras, and 300 m for the 90 degrees cam-
eras. All images were obtained using a 557.7 nm filter with
a bandwidth of 4 nm, the temporal resolution was 30 s, and
the expose time was 1 s. Figure1 shows the location of the
ALIS stations and the fields of view at 110 km altitude.

For a general overview of the behaviour of the aurora we
use data from the FMI all sky camera located in Abisko. Dur-
ing the experiment the FMI all-sky camera operated with a
557.7 nm filter taking one image every 20 s with exposure
time of 520 ms. A detailed description of this camera is
presented athttp://www.ava.fmi.fi/MIRACLE/ASC/and by
Syrjäsuo(2001).
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Fig. 2. Upper panel – variations of the magnetic field obtained from Kiruna magnetometer data. Bottom panel – keogram from images
obtained by the FMI camera in Abisko at the 557.7 nm emission. The vertical red line indicates the time of the FAST pass.

Electron and ion data were obtained by electrostatic ana-
lyzers onboard the FAST satellite (Carlson et al., 1998). Dur-
ing this event the particle fluxes were sampled at 48 energy
levels (4 eV to 32 keV) and 32 pitch angles (0–360◦) every
0.32 s. Taking into account the FAST altitude of 3400 km,
the spatial resolution of the particle data at 100 km altitude
is approximately 400 m, that is close to the spatial resolution
given by the ALIS cameras.

3 Data overview

3.1 Optical observations

Figure 2 shows data from the Kiruna magnetometer and
a keogram from FMI camera images at 557.7 nm. The
keogram was obtained along the projection of the FAST foot-
print at an altitude of 110 km onto the FMI camera images.
The FAST track is shown by a red line in Fig.3 together with
the all-sky image obtained at 20:09:20 UT. The time of the
FAST pass is shown by a red vertical line in Fig. 2. From
the keogram and the image of the aurora it is seen that FAST
crossed three clearly distinguishable zones of auroral lumi-
nosity. The most equatorward region is a low intensity dif-
fuse auroral band. The northern part of the auroral image is
occupied by discrete auroral arcs. In the FMI camera image
the region between the diffuse band and the auroral arcs ap-
pears to be free of any auroral forms, but, as it will be shown
by the data of ALIS with its much higher sensitivity, this re-

gion is filled by weak auroral forms such as patches, rays,
and arc fragments.

FAST moved from south to north and passed the field of
view of the ground-based imagers around 20:10 UT. Approx-
imately one hour before and one hour after this moment sub-
storm activations were observed in both magnetometer and
optical measurements. From about 19:30 UT the keogram
shows equatorward moving discrete auroral arcs that formed
during the recovery phase of the first substorm. A few min-
utes after the FAST passage these discrete auroral arcs moved
quickly northward and then again moved equatorward until
the next substorm breakup. The behaviour of the diffuse au-
rora was more stable. The wide auroral band narrowed with
time while the center position of the band did not change sig-
nificantly between the two substorms. Such behaviour of the
auroral pattern is typical for the substorm growth phase in the
evening sector. This equatorward diffuse auroral zone in the
pre-midnight sector is the topic of our study.

Figure4 presents three consecutive images of aurora ob-
tained by ALIS when the FAST footprint was inside the field
of view of the instruments. Each plot is composed of images
projected to the same altitude from the three ALIS cameras
located in Abisko, Nikkaluokta and Silkkimuotka. We here
only consider the images from the three stations that observe
the diffuse auroral zone, though, as it is seen from Fig.1, the
Kiruna camera, that was directed northward, provided im-
ages of the discrete auroral arcs also.

As the ALIS camera fields of view overlap it is possi-
ble to estimate the height of the auroral forms by fitting
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Fig. 3. The FMI camera image at 20:09:20 UT. Colour frames
show projections of ALIS camera fields of view at 110 km. Blue
– Abisko, magenta – Nikkaluokta, green – Silkkimuotka. The solid
red line shows the FAST footprint. The dashed red line indicates
the line along which the keogram in Fig. 2 was obtained. This shift-
ing was done to avoid the influence of the moon (the bright spot in
lower left corner).

the projection altitude to reach the best matching of auro-
ral images taken from different positions. For the auroral
stripes the best result was obtained for a projection altitude
of 107 km. This is the altitude, that was used for plotting the
images in Fig.4.

In the images obtained by ALIS the diffuse auroral band,
that appears to be homogeneous in the all sky images, has
clearly recognizable fine structure. This auroral region con-
sists of thin auroral stripes forming a very regular spatial
structure. The stripes stretch along the geomagnetic lati-
tude, have a width of about 5 km and are separated by stripes
with only background luminosity of approximately the same
width. The intensity of each stripe does not vary significantly
in longitude but changes with time. Since the ALIS cameras
took one image every 30 s during this event we can not say
anything about short time intensity variations with periods of
1–60 s that are typical for auroral pulsations. However, the
system of auroral stripes as a whole structure varied in in-
tensity with period of∼5–6 min. The auroral stripes moved
gradually equatorward with a velocity of approximately of
100 m/s. The stripe pattern remained quite stable during
about 20 min.

The region to the north of the auroral stripes, that looks
empty of aurora in the all sky image, is, in reality, filled

by a mixture of different auroral forms. These forms have
very low intensities and look like short-lived auroral rays and
small patches appearing chaotically against the weak diffuse
background.

3.2 Particle data

The auroral particle data measured by instruments on the
FAST satellite on 16 February 1997 (orbit 1940) are pre-
sented in Fig.5. The panels from top to bottom represent
energy spectra of the downward, trapped, and upward elec-
trons. The ion data are not considered because the energy
fluxes of precipitating ions did not exceed 20% of the elec-
tron energy flux and did not demonstrate any fine structure
in the interval of interest. The downward electron spectra
were calculated by integration of the measured differential
energy fluxes within the atmospheric loss cone. The upward
and trapped electron spectra were obtained by integration
within the upward loss cone, and outside the loss cones, re-
spectively. The loss cone was determined from the measured
pitch angle distributions and is equal to 33 degrees.

Similar to the optical data, the electron spectrograms can
be divided into three well-defined regions with clear borders
between them. The most poleward region, after 20:10:14 UT,
consists of multiple inverted-V structures formed by acceler-
ated electrons with peak energy of 1–4 keV. These electrons
are responsible for formation of the multiple bright auroral
arcs that occupy the northward part of the all-sky images.

The electron energy fluxes in the regions south of the
inverted-V structures had much lower intensities. In order to
show the details, this part of the spectrogram is plotted sep-
arately in Fig.6. It is clearly seen that there are two popula-
tions with different characteristics in the differential energy
fluxes. The two populations overlap between 20:09:08 UT
and 20:09:37 UT. The boundary at 20:09:37 UT corresponds
to the boundary 2e defined byNewell et al.(1996) Bound-
ary 2e is wheredEe/dλ (Ee - the average energy of elec-
trons,λ - the latitude) changes sign from plus to minus. The
more poleward, rather featureless, population belongs to the
main (central) plasma sheet. Its average energy decreases
slowly with decreasing latitude in agreement with the well
known fact that low energy electrons in the plasma sheet
reach closer to Earth than do the high energy electrons. The
other electron population, before 20:09:37 UT, has higher en-
ergies. The plasma sheet electrons do not demonstrate sig-
nificant variations in neither downward nor trapped differen-
tial energy fluxes. In contrast, the energy fluxes of the high
energy electron population varied strongly. The variations
appear mainly in the downward energy fluxes where they
are very pronounced and have a periodic structure. Com-
paring the particle and the optical data we can conclude that
this structured electron precipitation was responsible for the
auroral stripes, while the electrons from the central plasma
sheet were connected with the low intensity diffuse aurora
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Fig. 4. Abisko, Nikkaluokta, and Silkkimuotka ALIS images of the aurora projected to 107 km. The blue lines show the FAST footprint.
Red asterisks indicate the position of FAST at the moment when the image was taken. Red lines indicate the time interval±15 s around this
time.

between the stripe zone and the zone with discrete auroral
arcs.

4 Discussion

Comparison of the optical and electron data allows us to sug-
gest that the auroral stripe structure in the equatorward part of
the auroral images was created by high energy auroral elec-
trons with ordered structure in the downgoing electron spec-
tra. To prove this suggestion we calculated altitude profiles of
the 557.7 nm emission along the FAST track. In the calcula-
tion two models were used, a Monte-Carlo simulation of the
auroral electron transport (Sergienko and Ivanov, 1993) and
a model of the auroral green line (Ivanov et al., 1993). The
initial electron fluxes for the electron transport code were ob-
tained from the FAST data by mapping the downward fluxes
from the FAST altitude down to 500 km taking into account
the Earth’s magnetic field convergence. The MSIS90 model
(Hedin, 1991) was used to describe the neutral atmosphere
in both models. The results of the calculations are presented
in Fig. 7. The top panel shows the differential electron flux
of downward electrons at 500 km, the middle panel the cal-
culated volume emission rate, and the bottom panel the cal-
culated column intensity and optical measurements by ALIS.
Good agreement between the measured optical data and the

calculated luminosity in both positions and absolute inten-
sities are demonstrated. The altitude of the maximum of
the calculated 557.7 nm intensity inside the auroral stripes
is about 107 km in excellent agreement with the height ob-
tained from the optical data. From the calculated emission
intensity it is also seen that the plasma sheet electrons cre-
ate homogenous luminosity in the whole diffuse zone, while
the discrete auroral features are created by fluctuations of the
high energy part of the downward electron spectra.

We will now examine the pitch angle distributions inside
and outside the auroral stripes and in the diffuse zone with-
out stripes. We choose the stripe that was crossed by FAST
at 20:09:29 UT and the minimum at 20:09:27 UT. Figure8
shows differential energy fluxes as a function of energy and
pitch angle (top) and the energy flux as a function of energy
for downward and trapped particles (bottom). The columns
from left to right correspond to fluxes between stripes
(20:09:27 UT), in the auroral stripe (20:09:29 UT), and in
the region of lower intensity diffuse aurora (20:09:43 UT).
The electron distributions with energy less than 4 keV are
isotropic in all three spectrograms for pitch angles less than
150 degrees and have a single loss cone (upward). In con-
trast, the pitch angle distributions of electrons with energy
more than 4 keV have different character in different regions.
The high energy fluxes outside the stripe, as well as in the
low intensity diffuse aurora, have double loss cones, while
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Fig. 5. The electron differential energy flux as a function of time and energy for the time interval 20:09:00–20:11:00 UT. The upper panel
presents the fluxes integrated over the pitch angle interval 0<θ<33 (downward), the middle panel the interval 33<θ<147 (trapped), and the
bottom panel the interval 147<θ<180 (upward).

inside the stripe the downward loss cone is partly filled and
the fluxes inside the loss cone are anisotropic.

For quantitative comparison, the electron spectra pre-
sented in the bottom panel of Fig.8 were normalized to unit
solid angle. Inside the auroral stripes there are no differences
between the downgoing and the trapped electron spectra at
any energy. Outside the stripes differences between the spec-
tra appear at the energy where the precipitating loss cone be-
comes partly filled. This indicates that electrons were not
acted upon by any acceleration mechanism and, most proba-
bly, that the electron precipitation was caused by pitch angle
diffusion. The fact that filling of the loss cone depends on
the electron energy and also has a spatial variation shows
that this mechanism is energy sensitive and that its efficiency
varies in space.

In order to investigate the variations of the pitch angle dif-
fusion at different energies and locations we calculated the
anisotropy coefficient, that we define as the ratio of trapped to
downward electron fluxes, at every energy and time. By this
definition, an anisotropy coefficient equal to one indicates
that the precipitating loss cone is completely filled and cor-
responds to strong pitch angle diffusion. Values of the coef-
ficient greater than one correspond to a partly filled or empty
loss cone (weak diffusion), and values less than one indicate

downward field-aligned acceleration. The anisotropy coeffi-
cient as a function of time (or distance along the FAST foot
print) and energy is presented in Fig.9 (bottom panel) to-
gether with spectra of the downward (top panel) and trapped
(middle panel) electrons. It is clearly seen that the anisotropy
coefficients are close to one at energies less than 3–4 keV
everywhere except the 3 s interval around 20:09:35 UT. At
higher energies the anisotropy coefficient grows with en-
ergy but this increase has very different characters in dif-
ferent regions. To demonstrate this difference more clearly,
the anisotropy coefficients for selected times (distances) are
plotted versus energy in Fig.10. The left diagram shows
the anisotropy coefficients inside the auroral stripes (colour
lines), and the right diagram corresponds to spectra between
the stripes. The black lines give anisotropy coefficients ob-
tained in the weak aurora region (at 20:09:49 UT). It is seen
that the energy dependence of the anisotropies in the weak
aurora region and in the interval between the auroral stripes
are very similar. Inside the stripes, on the other hand, the
anisotropy coefficients increase significantly more slowly or
do not grow at all. To explain this difference we suggest that
two mechanisms are responsible for the pitch angle diffusion.
One of them acts effectively on the electrons with energy less
than∼3–4 keV and works in the whole region. The other
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Fig. 6. Same as Fig. 5 but for the time interval 20:09:00–20:10:27 UT and with a different energy flux scale.

causes electron pitch angle diffusion at higher energies and
its efficiency is modulated in space.

As described in the introduction, there are two mecha-
nisms that are discussed in the literature as main pretenders
for the pitch angle diffusion of plasma sheet electrons caused
by wave-particle interactions. These are electron interac-
tion with electromagnetic whistler mode waves (Kennel and
Petscheck, 1966; Bespalov and Trakhtengerts, 1986; John-
stone et al., 1993; Villal ón and Burke, 1995) and interaction
with electrostatic electron cyclotron harmonic (ECH) waves
(Kennel et al., 1970; Lyons, 1974; Horne and Thorne, 2000).
While the interaction of whistler mode waves with high en-
ergy electrons (E>10 keV) was proved theoretically and ex-
perimentally, it was not clear that these waves would effec-
tively interact with electrons at energies less than 10 keV that
are typical of the diffuse auroral zone. From the other side,
the amplitude of ECH waves, measured at geostationary or-
bit, was concluded to be too small to cause strong pitch angle
diffusion and hence diffuse auroral precipitation. However,
more recently, it was shown experimentally (Meredith et al.,
2000) and theoretically (Horne et al., 2003) that both types
of waves are important in pitch angle diffusion of the plasma
sheet electrons during the auroral activity.

From results of numerical modelling,Horne et al.(2003)
showed that whistler mode waves (the hiss band of the
whistler mode) interact effectively with electrons at energies

typically higher than 3 keV, and that they do not resonate with
electrons in the energy range 0.2–3 keV. They also showed
that ECH waves strongly scatter electrons in the energy range
from 0.1 keV to a few keV. The delimiting energy of 3 keV
that divides the electrons into two ranges, one for each of
the above wave types, is in excellent agreement with the cut-
off energy obtained in our experiment, namely the energy at
which the anisotropy coefficient grows above 1. Therefore,
we can suggest that the electron precipitation responsible for
the homogenous low intensity auroral luminosity was caused
by the interaction of plasma sheet electrons with ECH waves.
We can also suggest that the auroral stripes forming the or-
dered structure were due to scattering of higher energy elec-
trons by whistler mode waves.

The spatial structure of the diffuse aurora observed in our
experiment is very similar to the detached auroral arcs ob-
served by the ISIS-2 satellite (Anger et al., 1978). From anal-
ysis of the auroral scanning photometer data on ISIS-2 it was
found that the detached auroral arcs occur predominantly in
the evening sector at times of recovery from moderate geo-
magnetic activity. The latitudinal width of the detached arc
zone varies from∼70 to 200 km. From data of precipitating
particles (Wallis et al., 1979) and conjugate measurements
of the ionospheric parameters by the Chatanika incoherent
scatter radar (Vondrak et al., 1983) it has been shown that the
precipitating electrons in the detached arcs have peak energy
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Fig. 7. Upper panel: Downward electron differential flux as a function of time and energy mapped down to 500 km. Middle panel: Calculated
altitude profiles of the volume emission rate of the 557.7 nm emission. Bottom panel: Column intensities of the 557.7 nm emission. The
black line gives the calculated results. The red line shows intensities taken from the Abisko image at 20:09:30 UT. The blue line shows
intensities taken from Abisko image at 20:10:00 UT.

near 6 keV, while the typical energies of the electrons in the
nearby diffuse aurora are generally significantly lower. Con-
siderable small scale spatial variations (units of km) of the
electron fluxes are usually present within the detached arc
zone.

As a possible mechanism of the detached auroral arcs,
Wallis et al.(1979) have proposed that trapped high energy
electrons, residuary after a substorm injection at some earlier
time, provide the source population for detached arc events.
Pitch angle diffusion of these residual particles due to inter-
action with whistler mode waves was suggested to be the pre-
cipitation mechanism. This scenario is in very good agree-
ment with our observations. It is clearly seen (Fig.4) that
inside the region of the auroral stripes the electrons belong
to two different populations, with energy in the range of 1–
2 keV and 5–9 keV, respectively. The low energy population
is a direct extension of the plasma sheet electrons, while the
high energy particles are electrons residuary after the sub-
storm that occurred approximately one hour before the mo-
ment of observations.

One more phenomenon closely related to diffuse aurora is
the “black aurora”. The term black aurora is used for rel-
atively small, well defined regions with a distinct reduction

of luminosity within large-scale regions of otherwise homo-
geneous, diffuse aurora (Røyrvik, 1976; Davis, 1978). In a
paper byPeticolas et al.(2002) a case study of black aurora
based on conjugate aircraft-based optical observations and
plasma measurements by the FAST satellite was presented.
The authors found that in the diffuse aurora, surrounding
the black arc, the downward differential electron fluxes were
isotropic at all energies creating a single loss cone distribu-
tion. In the region associated with the black aurora the dif-
ferential electron fluxes were depleted in the downward loss
cone at energies greater than 2 keV. It was suggested that in
diffuse aurora both ECH waves and whistler mode, upper
band chorus waves, were responsible for the electron precip-
itation, while the black aurora was a signature of depletion of
the downward loss cone at high energies caused by suppres-
sion of the chorus waves.

An intriguing aspect of our observations is the very reg-
ular periodic spacing in latitude of the stripes. If the auro-
ral stripes result from pitch angle diffusion of electrons by
the hiss band of whistler mode waves, the spacing implies
that there is modulation of either efficiency of wave excita-
tion or efficiency of the pitch angle diffusion in the equato-
rial plane of the magnetosphere. Mapping the characteristic
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Fig. 8. Top panel: Differential electron energy fluxes as a function of pitch angle and energy. Bottom panel: Downward (blue) and trapped
(red) electron energy fluxes as a function of energy. The left column represents a particle distribution between auroral stripes, the middle
column a distribution inside a stripe, and the right column a distribution in the region of weak aurora.

scale of the auroral stripes (∼10 km) and their drift veloc-
ity (∼100 m/s) to the equatorial plane gives approximately
5000 km scale and velocity of 50 km/s in the magnetosphere.
According toHorne et al.(2003) the hiss must be driven
unstable by the temperature anisotropy of electrons at high
energy, and, therefore, a compression magnetosonic wave
can be a possible candidate to produce the periodic varia-
tion of the anisotropy. But for the present event this expla-
nation seems less likely, since the typical Alfvén velocity in
the equatorial plane for the L shell corresponding to the ob-
servation point is at least 10 times higher (>500 km/s) than
the mapped drift velocity. A proposed wave type with low
enough velocity in the plasma sheet is the so called “internal
gravity wave” that was described theoretically in a paper by
Safargaleev and Maltsev(1986) in order to explain the prop-
agation of bays in auroral riometer absorption. The authors
showed that these waves propagate across the magnetic field
with velocities of tens of km/s, in agreement with the value
obtained from our observations.

5 Conclusions

We have presented results of an investigation of the fine
structure of the pre midnight sector diffuse auroral zone ob-
served simultaneously with sensitive imaging instruments
from the ground (ALIS) and the FAST electron spectrometer
from space on 16 February 1997.

Both the optical and particle data show that the diffuse au-
roral zone consisted of two regions. Most equatorward was a
region filled with very regular parallel auroral stripes that ex-
tended along the magnetic latitude. The stripes were signifi-
cantly brighter than the background luminosity, had a width
of approximately 5 km and moved southward with a velocity
of about 100 m/s. Between the region with the stripes and
the region of discrete auroral arcs to the north, there was a
region filled with weak and almost homogeneous luminos-
ity, against which short-lived auroral rays and small patches
appeared chaotically.

From analysis of the electron differential fluxes corre-
sponding to the two different regions of the diffuse aurora
we draw the following conclusions:

Strong pitch angle diffusion of the plasma sheet electrons
in energy range from a few hundred eV to 3–4 keV by ECH

www.ann-geophys.net/26/3185/2008/ Ann. Geophys., 26, 3185–3195, 2008
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Fig. 9. Downward (upper panel) and trapped (middle panel) differential electron energy fluxes. The bottom panel shows anisotropy coeffi-
cients as function of energy and time. The anisotropy values can only be positive, but the pseudo colour scale varies from negative to positive
values in order to contrast anisotropy variations at higher energies.

Fig. 10. The anisotropy coefficients as a function of energy. The
left plot corresponds to regions inside the auroral stripes, the right
plot corresponds to regions between the stripes. In both plots the
black line shows the anisotropy coefficients in the region of weak
aurora.

waves was responsible for the electron precipitation that pro-
duced the background luminosity in the whole diffuse zone.

The more intense fine scale auroral forms were created by
higher energy electrons precipitating as a result of pitch angle
diffusion into the loss cone by whistler mode waves.

A so called “internal gravity wave”, introduced bySafar-
galeev and Maltsev(1986) may explain the formation of the
regular spatial structure formed by the auroral stripes in the
equatorward part of diffuse auroral zone.
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Brändstr̈om, U.: The Auroral Large Imaging System -Design, op-
eration and scientific results. PhD thesis, Swedish Institute of
Space Physics, Kiruna, Sweden, October 2003 (IRF Scientific
Report 279), ISBN: 91-7305-405-4, 2003.

Carlson, C. W., Pfaff, R. F., and Watzin, J. G.: The Fast Auroral
SnapshoT (FAST) mission, Geophys. Res. Lett., 25, 2013–2016,
1998.

Davis, T. N.: Observed characteristics of auroral forms, Space Sci.
Rev., 22, 77–113, 1978.

Feldstein, Ya. I. and Galperin, Yu. I.: The auroral luminosity struc-
ture in the high-latitude upper atmosphere: its dynamics and rela-
tionship to the large-scale structure of the earths magnetosphere,
Rev. Geophys., 23, 217–275, 1985.

Hedin, A. E.: Extension of the MSIS thermosphere model into the
middle and lower atmosphere, J. Geophys. Res., 96, 1159–1172,
1991.

Horne, R. B. and Thorne, R. M.: Electron pitch angle diffusion by
electrostatic electron cyclotron harmonic waves: The origin of
pancake distributions., J. Geophys. Res., 105, 5391–5402, 2000.

Horne, R. B., Thorne, R. M., Meredith, N. P., and Anderson, R.
R.: Diffuse auroral electron scattering by electron cyclotron har-
monic and whistler mode waves during an isolated substorm.,
J. Geophys. Res., 108(A7), 1290, doi:10.1029/2002JA009736,
2003.

Ivanov, V. E., Kirillov, A. S., Sergienko, T. I., and Steen,Å.: Mod-
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Syrjäsuo, M. T.: FMI All-Sky Camera Network, Geophysical Publi-
cations, Finnish Meteorological Institute, ISBN 951-697-543-7,
ISSN 0782-6087, 34 p., 2001.
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