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Abstract

The field ol pulsating aurora studies is reviewed. The paper
begins with a short description of the characteristics of pul-
sating auroras and the theoretical ideas which, in view of
existing experimental results, seem most important. A selec-
tion of new theoretical results and experimental results from
both ground based instruments and instruments on rockets and
satellites is then presented. There is now convincing evidence
that the luminosity modulation is caused by a modulated flux
of electrons. The electron flux modulation seems to arise from
a modulated resonant interaction between electrons and whis-
tler mode waves in the equatorial plane, but the reason for
the modulation is not known. Measurements concerning the drift
and location of patches and the creation of Pi 1 micropulsa-
tions are also discussea.

Finally some suggestions for future research work are out-
lined. Optical measurements, especially with low light level
TV, have proven to be of great importance in experimental
studies of pulsating auroras.



1. Introduction

It is almost impossible to
mentally without the support
cal intruments are needed
variations and to provide a
situation. low light level
useful. The combination of
data has been very fruitful
future.

study pulsating auroras experi-
of optical instruments. The opti-
to identify temporal and spatial
good description of the auroral

TV has proven to be particularly
optical data and other kinds of
and will be so even more in the

This paper is divided into four parts. The first one is a
short description of the appearance of pulsating auroras and
their most important characteristics. Then theory will be dis-
cussed briefly. The theoretical discussion will be restricted
to theories which seem to be importand in view of recent ex-
perimental results.

In the third part of the paper a selection if important scien-
tific results obtained during recent years will be described
and put into the context of the previously discussed theoreti-
cal suggestions. Finally some views on the direction of future
research will be presented.

2. Description of pulsating auroras

An example of a pulsating aurora is shown in Figure 1. Pulsat-
ing auroras consist of patches that blink on and off with
periods of 1-20 seconds. The blinking is often irregular and
different patches follow different rythms. The nine photo-
graphs were chosen to show maxima and minima of a particular
patch which was crossed by the Swedish sounding rocket S23-L2.
The rocket position is marked with dots. The maximum size of
the patch was about 50 km. The photographs were made from a
low light level TV-recording by Bengt Holback at Uppsala Iono-
spheric Observatory.

There is no general agreement on how to define pulsating auro-
ra. Royrvik and Davis (1976) have suggested the following
definition:

A pulsating aurora is an aurora which does not exceed 10 kR in
luminosity in the N 2

+ 1 NG 427.8 nm band. It undergoes at
least one full cycle in which there is first a rapid increase
and then a rapid decrease. An additional restriction is that
the horizontal motion of the modulated form must be simlar to
that of nearby modulated forms.

Figure 1 bequence of photographs of a pulsating aurora over
Esrange on January 27, 1979. These photographs were
made from a low light level TV-recording by Bengt
Holback, Uppsala Ionospheric Observatory. The dots
show the position of the sounding rocket S23-L2.
From bandah1, 1984.





It should be noted that this definition only requires one
cycle.

Pulsating auroras are mainly found in the midnight to morning
sector in the equatorward part of the auroral oval. This is
the location of the region 2 upward field aligned current.
Pulsating auroras are on closed field lines.

Pulsating auroras are typical of the recovery phase of sub-
storms. The onset of pulsations usually takes place 10-15
minutes after the passage of the westward travelling surge. It
is a very common phenomenon, indeed one of the most common
types of aurora.

One of the most important things to remember about pulsating
auroras is that they are very variable in appearance. This is
essential when data sets from different events are compared.
It is quite possible that different physical mechanisms are
responsible in different cases. It is advisable to give a de-
tailed description of the auroral situation.
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Energy spectra obtained
in a pulsation maximum
(open symbols) and a pul-
sation minimum (filled
symbols) by the S23-L2
rocket. Also included is
a spectrum measured well
outside the loss cone by
GEOS-2 in the equatorial
plane (line). Note the
similarity between the
GEOS-2 spectrum and the
S23L2 spectrum in a pul-
sation maximum, especial-
ly above 3 keV. From
Sandahl, 1984.



The pulsation period of patches may vary between 1 and 20
seconds and each patch follows its own individual rythm. The
period is sometimes remarkably constant but it may also vary
from one pulsation cycle to the next. About half the time
there is also an intensity variation of about 3 Hz superim-
posed on the pulsation maxima.

Patch sizes vary from about 10 km to a few hundred kilometers.
They can have almost any shape imaginable: arcs, arc segments,
irregular forms. Some patches reappear several times without
much change in shape but other ones only light up once.

There is also a systematic drift of the pulsating patches.
This drift is westward in the evening and eastward in the
morning.

Electron spectra in pulsating auroras look rather undramatic
with no large energy gradients. An example taken from the
Swedish sounding rocket S23-L2 is shown in Figure 2. The pul-
sation maximum was characterized by an increase of the elec-
tron flux in the energy range between 4 and 40 keV. In this
case neither the spectrum in the pulsation maximum nor in the
pulsation minimum is well described by a Maxwellian distribu-
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Energy spectra in a
pulsation maximum (open
symbols) and a pulsa-
tion minimum (filled
symbols) measured by a
sounding rocket during
the Canadian pulsating
aurora campaign. From
McEwen et al., 1981.
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tion. On the other hand the spectra measured in a morning side
pulsating aurora by Mchwen et al. (1981) during the Canadian
pulsating aurora campaign are very close to Niaxwellian, as can
be seen in Figure 3. Also in this case the electron flux in-
crease occurred in a limited energy range, about 3-20 keV.

There exists a very good review about pulsating auroras writ-
ten by Johnstone (1978). More details about recent develop-
ments and question marks are given in another paper by the
same author (Johnstone, 1983).

3. Theories concerning pulsating auroras.

It is not understood today how pulsating auroras are caused,
but several suggestions have been given in the literature. The
following discussion will be concentrated to those ideas that
seem most likely.

A tew things are fairly well known. Pulsating aurora is a
modulation in the auroral emission intensity. It is now quite
certain that this light modulation is directly related to
modulated electron fluxes. Many experimental results have
shown that the electron flux modulation is imposed far out in
the magnetosphere in the equatorial plane region.

There is now a lot of evidence indicating that during pulsat-
ing auroras there is resonant interaction between electrons
and whistler mode waves. Through this interaction some elec-
trons alter their pitch angles in such a way that they can
reach the atmosphere and be precipitated. That such a process
is responsible for the precipitation during pulsating auroras
was suggested 15 years ago by Coroniti and Kennel (1970).

but at this stage important questionmarks appear. It is not
known why the wave-particle interaction is modulated, if the
whistler mode waves are coherent, incoherent or both, and how
the electrons in the equatorial plane are supplied. The pre-
cipitation mechanism for the low energy electrons that do not
pulsate is not either understood.

Let us first examine the problem of how the 1-20 second period
modulation is caused. Essentially three mechanisms have been
suggested. The first one was proposed by Coroniti and Kennel
in 1970. They showed theoretically that micropulsations in the
equatorial plane would be able to modulate the growth rate of
whistler mode waves and thus also the rate of pitch angle
scattering. It is well known from ground based measurements
that pulsating aurora and niicropulsations of the Pi 1 type are
correlated. If the micropulsations had beer, present in the
equatorial plane, however, they would have been detected by
the GLOfa-2 satellite and this was not done. For that reason we
may rule this alternative out.

The second mechanism is the relaxation oscillator. This is
actually a common name for two similar mechanisms, one pro-
posed by Trefall et al. (1975) and Trefall and Williams (1979)
and the other one by Davidson (1979, 1985). These are the sug-
gestions that seem to meet the least serious contradictions
from existing data. The basic principles of the relaxation
oscillator mechanism will be explained in section 4.5.



The third suggestion is still at a very preliminary stage.
Chiu et al. (1983) treated a spatial variation often seen in
satellite images of the morning side aurora and suggested that
it is caused by striations in the magnetic field intensity and
warm plasma density created by the mirror instability driven
by inward convecting ions. They suggested that it may be pos-
sible to extend their theory for spatial variations to explain
also temporal variations.

Not only the temporal variations with periods of 1-20 seconds
in the pulsating auroras call for theoretical explanations.
Other important problems are the identification of the elec-
tron source in the equatorial plane, the factors responsible
for the location of the individual pulsating patches and the
cause of the 3±1 hz modulation.

It is more or less generally assumed that the electrons are
injected in the midnight sector and that they then drift to
the morning side, but this has not been proven by measure-
ments. It is not obvious that this is the whole truth. Back-
scattered electrons may also be very important.

A promising suggestion concerning the patch location has been
given by Oguti (1976). He proposed that the patches appear in
regions of increased cold plasma density.

Very little theoretical work has been carried out concerning
the cause of the 3+1 hz modulation. There is, in fact, only
one published paper. In 1978 Ftoyrvik presented a model calcu-
lation using an extremely simplified relaxation oscillator
mechanism.

** decent results

In this section a selection of recent results will be pres-
ented and put into the context of the theory review in section
3.

Agreement between auroral an^ electrons.

Auroral pulsations are directly correlated to precipitating
electrons. Whenever a comparison has been possible this result
has been obtained. In Figure 4 data from the Canadian pulsat-
ing aurora campaign is shown. The photometer recording exhib-
its extremely regular pulsations. Each luminosity maximum cor-
responds to a maximum in the electron energy flux and number
flux measured by a sounding rocket. The rocket was launched in
such a direction that the upleg approximately followed a mag-
netic field line and the photometer viewing direction was
along the same field line.

A comparison between auroral TV-data and electron measurements
on a sounding rocket is shown in Figure 5. This example was
taken from the Swedish sounding rocket S23-L2. The top panel
represents the auroral light intensity on the same magnetic
field line as the rocket. The middle panel shows the electron
energy flux and the agreement is obvious. During this event
the pulsations were very irregular.
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Figure 4 Comparison of the electron energy and number flux
measured by a sounding rocket with the auroral
emission intensity during a pulsating aurora. From
McEwen et al., 1981.

The good agreement between light and electrons also exists for
the 3+1 Hz modulation. This is seen in Figure 6 which shows a
comparison between the flux of >60 keV electrons measured by
the sounding rocket S23-L2 and the auroral light recorded by
auroral TV. t\ video integrator was used to obtain the light in
the patch where the rocket was measuring. In this figure the
time runs from right to left.

4.2 Source location in the equatorial plane

The modulation of the electron flux seems to originate in a
region close to the equatorial plane. This has been known for
many years. All measurements obtained in proper pulsating
auroras give this result. It has been found that pulsation
maxima in electrons of higher energies appear earlier than the
maxima in electrons of lower energies. If it is assumed that
the pulsation maxima are imposed simultaneously the difference
in arrival time gives the distance to the source.
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Figure 5 Comparison of auroral light from a low light level
TV recording and integrated electron energy flux
obtained by the sounding rocket S23-L2. From
Sandahl, 1984.

More recently a dispersion study of the same kind has shown
that also the source for the 311 Hz modulation is located in
the equatorial plane. Figure 7 shows electron fluxes at three
different energies measured by a British sounding rocket by
Lepine et al. (1980). During this flight there were oscilla-
tions of about 2.2 Hz in the flux of electrons.

4.3 Waves in the equatorial plane

Data from the geostationary GLOS-2 satellite have proven very
valuable in the study of pulsating auroras. An example of
whistler mode waves measured in the equatorial plane during a
pulsating aurora is shown in Figure 6. This is data from the
b-30U experiment provided by Paul Gough, University of
Sussex.There was a pulsation in the wave intensity betwen
21.S7.0b and 21.57.14 and the wave intensity was modulated
with a frequency of about 3 Hz. This is clearly seen in the
panel showing the gain for the wave magnetic field measure-
ments. Similar pulsations occurred before and after the one
shown.
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Figure 6 Comparison between flux of >60 keV electrons meas-
ured by a sounding rocket and the auroral light
intensity obtained from a video recording. The
correlation between electrons and light exists also
for the 3±1 Hz modulation. From Sandanl, 1984.

4.4 Resonant wave-jparticle interaction

Thus there are examples of pulsating aurora in the auroral
oval and whistler mode waves with the same type of temporal
variation in the equatorial plane. Can a connection between
the two phenomena be proven?

Figure 9 shows the configuration of the S23 (Substorm-GEOS)
rocket experiment. GEOS-2 was located in the equatorial plane
on a magnetic field line which had its foot point very close
to Esrange where three sounding rockets were launched. One OÉ
them, S23-L2, went into a pulsating aurora approximately at
the time of magnetic midnight.

Electron energy spectra obtained during this flight were shown
in Figure 2. This figure also contains a spectrum measured
simultaneously in the equatorial plane. This spectrum is very
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Figure 7 Electron fluxes at three different energies
measured by a British sounding rocket. Oscillations
with a frequency of 2.2 Hz appear a., all energy
levels. The difference in arrival time show that
the source of the oscillations was located in the
equatorial plane. From Lepine et al., 1980.

similar to the spectrum obtained in the ionosphere in a pulsa-
tion maximum. The pulsation maximum was characterized by an
increase of the flux of electrons between 4 and 40 keV. The
wave spectrum measured in the equatorial plane is shown in
Figure 10. The peak at 0.7 kHz is of the right frequency for
resonance with the precipitating electrons in a pulsation
maximum. The details of this study are given in Sandahl
(1984), and it strongly indicates that the interaction between
electrons and whistler node waves indeed took place.

4.5 The relaxation oscillator

The principle of the relaxation oscillator mechanism for pro-
duction of auroral pulsations is explained in Figure 11, which
wfts taken from a paper by Davidson (19fab). In the lower right
hand corner a pitch angle distribution with an empty loss cone
is shown. The loss cone is empty because of precipitation.
The existence of a loss cone leads to growth of whistler mode
waves. These waves interact with the electrons and this inter-
action changes the pitch angle of the electrons. Some elec-
trons move into the loss cone as is shown in the upper pitch
angle distributions.



12

O

5-

>
UJ

1

i
ii

».-k1

• ' •' • •• -. • •

!
i i

'.-•:" V ,,, , . ' - • - • i r , 'vj

21.57.09 10 11 12

TIME (UT)

13 U

Figure 8 Data from the S-300 experiment on GEOS-2 showing
the waves in the equatorial plane. Courtesy Paul
Gough, University of Sussex.

Then the driving force for the wave generation disappears, but
after a while the particles in the loss cone reach the iono-
sphere and are lost through precipitation. The process can
start again.

There are objections to this theory, but the basic ideas are
promising.

4.6 Cause of micropulsations

As Pi 1 micropulsations and pulsating auroras are correlated it
is essential to find out which one is causing the other. The
solution to this problem is one of the important achievements
of the recent years. Figure 12 shows an exmple of the relation
between optical pulsations measured by a photometer and the
variation in the magnetic x-component. Peaks in the two traces
occur almost simultaneously.

Work by Arnoldy et al. (1982), fcingebretson et al. (1983,1984),
Oguti et al. (1984), Oguti and Hayashi (1984) and Asheim and
Aarsnes (1984) has shown that the Pi1 micropulsations are
secondary effects caused by the precipitating electrons.
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Figure 9 Configuration of the Substorm-GEOS experiment. The
S23 rocket payload and the GEOS-2 satellite per-
formed measurements on approximately the same geo-
magnetic field line.

4.7 Location ot patches

The drift direction and velocity of pulsating aurora patches
are shown in Figure 13. The drift was westward in the evening
and eastward in the morning. Such observations led to the sug-
gestion that the drift is equal to the drift of the cold plas-
ma and that the patches are in fact located in regions of in-
creased cold plasma density (Oguti, 1976). A more precise com-
parison was carried out by Scourfield et al. (1983). They com-
pared the drift velocity of auroral forms to the electron
drift velocity derived from STARE-data. An example of their
results is shown in Figure 14. The general agreement in direc-
tion and magnitude was good, at least in the beginning of the
event.

The definite confirmation of whether the cold plasma density
inside the patches is larger than outside must be obtained by
direct measurements. Figure 15 shows small scale electron den-
sity enhancements in the morning sector measured by the
Chatanika incoherent scatter radar by Senior et al. (1982).
The authors have not stated if there was pulsating aurora
during this event, but it seems very likely that this was the
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Figure 10 The wave spectrum in the equatorial plane contained
a peak at 0.7 kHz. This agrees well with the
resonant frequency for electrons producing a pulsa-
tion maximum. Courtesy Paul Gough, University of
Sussex.
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case. At the time of the measurements the Triad satellite
passed overhead showing that each one of the electron density
enhancements was connected to a localized field aligned cur-
rent. The regions of increased plasma density thus seem to
exist, but it remains to explain how they are created.

5. Some suggestions for future studies

In this section a few points of importance for future research
concerning pulsating auroras will be brought up. A complete
catalogue of unanswered questions is considered outside the
scope of this report.

Whenever pulsating auroras are studied optical instruments
should be in operation. It is necessary to be able to separate
between temporal and spatial variations and find similarities
and dissimilarities between different events. Low light level
TV has proven particularly useful.

In coordinated studies it is important to have common timing.
This seems self-evident but is not quite trival in practice.

A problem of great interest to the auroral particle measuring
community is the development of a method for ground based
monitoring of the precipitating particle distribution. It is
likely that the shape of the electron spectra depends on for
example local time and type of event. The poor understanding
of the 557.7 nm emission makes the intensity ratio 557.7/427.8
less suitable for this purpose. A promising instrument is the
ionosonde (He Dougall et al., 1981).

Another thing, which should be studied, is whether the size
and temporal development of the region with pulsating aurora
really agrees with an injection of keV electrons in the mid-
night sector and subsequent drift. A study of this could be
carried out using on array of low light level TV systems, and
since many scientific groups now own such systems this project
seems relatively straightforward.

More sounding rocket launches are important. The Swedish
sounding rocket program contains one pulsating aurora project
called Aureld-VIP-11. In this project cooperation with the
ground based experiment community is welcomed.
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