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Abstract. High time and space resolution optical and
radar measurements have revealed the in¯uence of
electric ®elds on E-region electron density pro®les in
small-scale auroral structures. Large electric ®elds are
present adjacent to auroral ®laments produced by
monoenergetic electron ¯uxes. The ionisation pro®les
measured within and beside the auroral ®laments show
the e�ects of plasma convection due to electric ®elds as
well as the consequences of the response time to large
and dynamic ¯uxes of energetic electrons. Without high-
resolution optical measurements, the interpretation of
the radar data is limited.

Key words. Auroral ionosphere á Ionosphere-
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1 Introduction

Small-scale spatial structure in optical aurora that has
been observed for decades has recently been comple-
mented by in situ measurements on satellites of energetic
particle ¯uxes, electric ®elds and currents. This devel-
opment is the result of the high time resolution of the
new instruments, which is essential for interpreting data
from platforms travelling at speeds of several km/s. The
Freja satellite and the FAST satellite have provided such
high spatial resolution measurements (e.g. Carlson et al.,
1997; Boehm et al., 1994, 1995). Satellite and rocket-
borne measurements are acquired as a function of time,
but represent, primarily, the spatial variation of the
measured parameters. We have used ground-based
optical imaging and radar measurements to investigate

coincident space and time variations in small-scale
aurora. In particular, we show the spatial relationship
between electric ®elds derived from tristatic radar data
and auroral ®laments at one location over time-intervals
inaccessible to satellites and rockets. We use a time-
dependent auroral model to interpret the measurements.
The analysis shows the e�ect of plasma convection due
to the large measured electric ®eld. It also highlights the
problems associated with interpretation of radar data,
due to the response time of the ionosphere to large and
dynamic ¯uxes of electron precipitation.

The auroral model used in the following analysis is
described in Lanchester et al. (1994), with further
re®nements essential to this work described in Lanches-
ter et al. (1997). In the latter, it was found that the
incoming ¯ux of electrons in a very bright and narrow
(100 m) auroral ®lament was made up of a monoener-
getic sheet, embedded in a wider region of electron
precipitation with a spread of energies. The model was
adapted to accept as input the combination of the two
¯uxes, with di�erent spectral characteristics. The im-
portant point made in that work was that the radar
measurements of electron density were taken over a ®eld
of view that combined both the monoenergetic beam
and the surrounding broad spectral distribution. This is
found to be the case in the present event, but there are
other factors at work as well, which are discovered only
by comparison of modelled and measured electron
density pro®les. Kaila and Rasinkangas (1989) have
shown that single Maxwellian or monoenergetic distri-
butions do not explain all observed pro®les. Similar
results were found by Rasinkangas et al. (1989).

2 Observations

The observations used in this work were made at
Tromsù, Norway, during an auroral campaign in
January 1995. The EISCAT UHF radar experiment
(PULSE) was designed to measure the electron density
during rapidly varying auroral events, with power
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pro®les measured to very high resolution (range
1.05 km, 0.2 s) in the E region between 75 and
145 km. The plasma parameters are obtained in the F
region at lower resolution (range 12 km, 3 s), and
tristatic measurements of plasma velocity are made at
278 km. The ®lter photometer had a ®eld of view of 0.5°
which was coincident with the ®eld-aligned radar beam.
The emission used in this work is at wavelength
427.8 nm, but measurements were also made at 630.0,
557.7 and 486.1 nm (University of Oulu). Two image-
intensi®ed CCD cameras were operated at 25 frames/s
with ®elds of view of 86° ´ 64° and 15° ´ 21° (Max-
Planck-Institute for Extraterrestrial Physics). Both cam-
eras had short-wavelength cut-o� ®lters at 650 nm, thus
eliminating the long-lived emissions from atomic oxy-
gen, and allowing the prompt emissions of N�2 (Meinel)
and N21PG bands to produce a very sharp image (Frey
et al., 1996). Cameras were also operated by the
University of Sussex.

The event described here occurred between 21:05 and
21:07 UT on 30 January, 1995, about 10 min later than
another active auroral event analysed in Lanchester et al.
(1997). Between the two events the sky above the radar
at Tromsù was without auroral structure and radar
measurements showed low values of electron density.
All-sky images from Tromsù (P. Smith, private com-
munication) show that a large folded band of aurora
remained active in the southern sky, with a very bright
bulge forming in the eastern part at 21:03 UT, with the
whole length of the arc system in very active state,
displaying fast temporal variations along its length. At
21:05 UT, this activity reduced, leaving an east-west
extended band on the southern horizon. This band
began to move north towards the radar, while at the
same time new auroral forms appeared ahead of its
motion. The arrival of aurora in the ®eld-aligned radar
beam at 21:05:20 UT is seen in the E-region electron
density pro®les of Fig. 1a, which show a very abrupt
increase at this time. The auroral images from the two
cameras show that the aurora in the radar beam was a
complicated display of fast-changing structure between
21:05:20 and 21:05:50 UT. The wide-angle camera puts
this in context, and shows that the ®eld of view of the
narrow-angle camera is sampling the structure within
the arc system, which has a large fold in its length. The
sequence of images from the wide-angle camera in Fig. 2
starts at 21:05:36 UT during this active period; north is
to the right and east is at the top. The position of the
radar beam is marked with a cross. Following a burst of
activity, the arc system, clearly made up of two main
bands, retreated south to about 30 km from the radar
beam, leaving the sky in the immediate vicinity of the
radar apparently dark. The `arc' then moved steadily
north crossing through the ®eld-aligned position at
21:06:06 UT and continuing to the north. This second
passage of an `arc', which in fact was made up of two
main structures, and within which there was much
elemental structure, is analysed in greatest detail below.
The sequence including two passages of the auroral
form over the radar is shown in panels 1±9 of Fig. 2
which are separated by a few seconds.

The second panel of Fig. 1 shows the electric ®eld
components for the same 2-min interval 21:05±
21:07 UT. The vectors are shown at the highest time
resolution of 3 s. The errors in these measurements are
likely to be large, perhaps �30% (Lanchester et al.,
1996). However, the time-series demonstrates the large
and variable electric ®elds that are measured close to
auroral structures. At the start of the interval the electric
®eld is predominantly pointing to the south, in the
direction of the approaching arc system. When the arc
reaches the radar (21:05:20 UT), the electric ®eld vectors
swing between SE and NW as the structures pass
through the beam. A very large SE ®eld is measured at
21:05:42 UT when the arc is extremely bright, with the
fold in its length such that the electric ®eld vector points
towards the arc. The electric ®eld vector at this time is
superimposed on the wide-angle image (Fig. 2, panel 3)
corresponding to the middle of the 3-s interval. The arc
remained about 10 km from the radar beam during this
measurement. During the next 15 s the electric ®eld
values are close to zero. There is aurora in the beam at
this time, which appears to form as a new, fainter fold in
the original arc. Although it is less bright, it is still
variable and dynamic. During the next 10 s (from
21:06:00) the ®elds are again consistently towards the S
and SE where the arc has retreated to a distance of
about 30 km, with a brighter section in the SE direction.
Once the arc moves back towards the radar and into the
beam, the electric ®eld vectors reverse several times until
after the arc system has passed through to the north,
when the vectors are again consistently to the N and
NW, towards the arc. It must be remembered that
during the 3 s that the electric ®eld is sampled, the
aurora can change signi®cantly.

The other measured quantity, the prompt emission at
427.8 nm from the (0,1) vibrational transition of N�2
1NG, is shown in the third panel of Fig. 1 for the same
2-min interval. The peak of 50 kR is at 21:05:40 UT
during the ®rst passage of the arc structure, and at the
time shown in panel 2 (Fig. 2). At this time a bright-
ening in the arc coincides with a folded structure in its
length. The changes in the intensity measured by the
photometer match exactly the changes seen in the
images from the narrow-angle camera, showing the high
degree of alignment between the two instruments' ®elds
of view on this campaign. This also emphasises the value
of the cut-o� ®lter, which allows only the prompt
emissions of N�2 (Meinel) and N2 1PG from wavelengths
longer than 650 nm to be measured by the imager. The
second passage of the arc structure seen at 21:06:06 UT
is also very bright, with more than 30 kR of 427.8-nm
emission. Between the two events the `background'
emission remains quite high at about 8 kR.

The ®rst auroral increase at the radar (21:05:20 UT)
is much more complex optically in space and time
variations. The arc system was undergoing a brighten-
ing associated with a fold in its length when it was close
to the radar. The second passage of the auroral band
was steadier in its behaviour as it moved north.
Figure 3 is a composite of images from the narrow-
angle camera during this second passage. For compar-
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ison, the last three panels of Fig. 2 show the wide-angle
images as the structure moves from south to north (L to
R), meeting the radar beam at 21:06:06 UT. The
narrow-angle images of Fig. 3 attempt to show the ®ne-
scale detail that is present within the wider features.
This is di�cult to achieve on the printed page using still
images. Again the position of the radar beam is marked.
The two main structures in the arc are seen, but there
are also several very narrow elemental structures
associated with each of the larger bands. It can be seen
that these ®laments are narrower than the ®eld of view
of the radar and photometer. The arrival of each
®lament corresponds to an increase in the 427.8-nm
intensity.

To see this more clearly, photometer measurements
at 0.2-s resolution, for an interval of only 10 s between

21:06:04 and 21:06:14 UT, are shown in Fig. 4 a. These
data have been corrected for scattering and extinction in
the lower atmosphere by applying a correction factor of
1.65 to the measured values. The variations between the
peaks and troughs during the passage of the structured
arc are seen in the 427.8-nm emission, varying by �5 kR
in less than 1 s. Panel b gives the detail from the
EISCAT electron density pro®les at the same time
resolution. The peak electron density is 6 ´ 1012 m)3

and the height of this peak is close to 90 km. The
variations in the emission rate are not re¯ected in the
electron density measurements, which are controlled by
the ion production and loss rates. For this reason there
is also a delay of a fraction of a second in the electron
density following the arrival of the auroral bands in the
radar beam.

Fig. 1. Top panel: electron den-
sity pro®les at 0.2-s resolution
showing both passages of the arc
system through the ®eld-aligned
radar. Middle panel: horizontal
electric ®eld components at 3-s
resolution measured at 278 km.
The largest ®eld at 21:05:42 UT
is in SE direction. Bottom panel:
intensity of 427.8-nm emission
rate in ®eld parallel direction
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3 Modelling

3.1 General

One output of the auroral model is a time-history of
electron density pro®les which can be compared with
those measured by the radar. This leads to an indirect
method for obtaining the incident energy spectrum. The
model solves the electron transport equation, the
coupled continuity equations for electrons and all
important positive ions and minor neutral species, and
the electron and ion energy equations. The input
required is an estimate of the shape and peak energy
of the electron energy spectrum at each time step,

and the magnitude of the precipitating energy ¯ux. By
®tting the measured electron density pro®les to the
results of the model, the most appropriate energy
distribution is found. As described in Lanchester et al.
(1997) the energy of the precipitating ¯ux can be made
up of several components, and in the event described
therein, the majority of the energy ¯ux resided in a very
narrow auroral ®lament of only 100 m width, which had
a monoenergetic spectrum, represented in the model by
a Gaussian distribution with a 10% half-width. It was
embedded in a region with a spread of energies,
represented in the model by a Maxwellian spectrum.
The resulting electron density pro®les from both of these
distributions were sampled by the radar at the same
time, and therefore required careful interpretation.

Fig. 2. Sequence of images from wide-angle camera at 21:05:36.0,
40.1, 43.7, 49.1, 53.0, and 21:06:00.0, 04.1, 07.9, 10.1 UT. The position
of the radar beam is marked with a cross. North is to the right and

east at the top. The horizontal electric ®eld vector (3-s resolution)
superimposed on panel 3 has magnitude 600 mV m)1
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When the ®eld of view of the photometer is ®lled
uniformly with auroral emission, the intensity of 427.8-
nm emission can be used as a measure of the input
energy ¯ux. A conversion factor of 220 R/mW m)2 is
adopted, which was derived from a set of electron
transport calculations (Lummerzheim and Lilensten,
1994). As shown in the previous work, when the narrow
bright ®laments of the aurora do not ®ll the detector
®eld of view, the energy ¯ux as estimated from the
emission rate is an average value. The energy ¯ux
calculated by the auroral model in that event was a
factor of 10 larger, implying that the energy ¯ux of
500 mW m)2 was precipitated in the narrow ®lament
of 100 m width, about one-tenth of the area of the ®eld
of view. In the present case the same arguments can be
applied and an estimate of the energy ¯ux during the
passage of the bright and narrow elements in the arc
system has been made, using the same modelling
techniques.

3.2 Flux-®rst method

To initialise the model, an estimate of the peak energy
and energy ¯ux was obtained from measured electron
density pro®les, using a `¯ux-®rst' ®tting algorithm
(Palmer, 1995). In this method, an ionisation rate pro®le
inferred from radar data is matched against libraries of
model ionisation rate pro®les, both Maxwellian and
Gaussian (10% width), computed with a neutral atmo-
sphere appropriate for the given position and date.
Varying peak energies and a downward energy ¯ux of
1 mW m)2 are adopted.

Figure 5 gives an overview of the energy ¯ux in the
radar ®eld of view during the two passages of the arc
system, obtained using this ¯ux-®rst method. In order to
obtain this result, the EISCAT electron density pro®les
have been converted to ionisation rate pro®les, assuming
a recombination rate coe�cient (a). Although this is a
gross approximation, it allows a very good estimate of

Fig. 3. Images from the narrow-angle TV camera at 21:06:04.5, 06.0, 08.0 and 08.5 UT. The position of the radar and photometer ®elds of view
is marked. The ®eld of view of the camera is 38 km ´ 28 km at 100 km, with north to the right and east at the top
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the peak energy of the precipitating ¯ux, and yields
reasonable limits for the energy ¯ux. The thick line is the
energy ¯ux converted from the measured intensity of
427.8-nm emission. The other two lines result from
di�erent assumed values of a (2 ´ 10)13 and 3 ´ 10)13

m)3 s)1) and show that there is a large di�erence at the

times of increased activity, both between the measured
and modelled, and between the di�erent ¯ux-®rst
estimates. The larger value of ¯ux results from the
larger a. Because a is height dependent (NygreÂ n et al.,
1992), and the height of the peak precipitation is very
variable through this interval, it is not reasonable to

Fig. 4. aMeasured 427.8-nm emission rate for 10 s during the second
passage of the arc system. b Measured electron density at 0.2-s
resolution during second passage of arc system. c Blue curve is the

energy ¯ux estimated from 427.8-nm emission rate as shown in a.
Green curve is the energy ¯ux required to produce the electron density
pro®les shown in d, which match the measured pro®les well

Fig. 5. Energy ¯ux for 2-min interval covering
both passages of the arc system. The thick line is
estimated from the measured 427.8-nm intensity.
The two thin lines are calculated with the `¯ux-
®rst' method described in the text, for two
di�erent assumed values of recombination rate
coe�cient a (2 ´ 10)13 and 3 ´ 10)13 m)3 s)1).
The larger value of ¯ux results from the larger a.
The arrows on the top axis are the times of the
pro®les shown in Fig. 6
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assume the same value throughout. However, this ®gure
serves to show that very large ¯uxes, maybe in excess of
1 W m)2, are precipitating in structures which are
narrower than the radar beam. From this ®gure it is seen
that the ¯ux is in excess of that measured by the
photometer whenever the aurora in the ®eld of view is
bright and structured, and at these times the larger value
of a is appropriate. At times when bright, structured
aurora is absent, the photometer-measured ¯ux is
appropriate most of the time, and the smaller value of
a is a good estimate.

Another e�ect seen clearly in this representation is
the time-delay between the arrival of the energetic
precipitating particles in the beam, as demonstrated by
the photometer increase (thick line), and the increase in
electron density, from which the two thinner lines are
derived (see 21:06:05 UT). The ¯ux-®rst method must be
used with care, remembering that the ¯ux estimates are
just that. Only the full, time-dependent model can
account for the sudden changes that occur as electrons
precipitate through the atmosphere. However, this
method is fast and easy to use, and is able to shed
much light on the changes seen in the measured pro®les,
before a full analysis is attempted. It also provides a
good estimate of the ¯ux magnitude, as the ®tted pro®les
do not vary greatly from the measured pro®les. One
exception to this is seen at around 21:06:00 UT for the
few seconds between the two passages of the arc system.
This will be discussed in the following.

First passage of the arc system at 21:05:20 UT. The six
panels of Fig. 6 demonstrate the results of the `¯ux-
®rst' ®tting algorithm, in this case with a = 3 ´ 10)13

m)3 s)1. The times corresponding to these examples
are marked with arrows on the top axis of Fig. 5.
They are representative of the changes that are seen,
and demonstrate how this method can give a ®rst
indication of the processes at work. Some ionisation
rate pro®les are well ®tted by standard spectral shapes,
others show a signi®cant discrepancy. In each frame
the thick line represents the best-®t monoenergetic
(Gaussian) spectrum, and the thin line is the best-®t
Maxwellian spectrum. These pro®les will be referred to
by the time in seconds after 21:05 UT, as shown on
each panel.

In panels 1 and 2 (23.0 and 24.0) the ®rst aurora has
entered the radar beam and ionisation rates, derived
directly from the measured electron density pro®les,
have increased from small to large values very suddenly.
The increase in E-region ionisation rate is very narrow
in height, and even a monoenergetic distribution is
unable to account for this. This situation lasts for about
10 s.

Panel 3 (31.6) corresponds to a slight lull in the
aurora in the radar beam, and the distribution that ®ts
best to the measured pro®les has a Maxwellian shape.

Panel 4 (41.0) is at the time of maximum intensity of
the aurora in the radar beam. A monoenergetic
spectrum is a good ®t.

Panel 5 (48.0) is an example of the need for more than
one distribution to account for the ionisation produced.
In this case the lower part of the pro®le is closer to a
monoenergetic shape, and the top is more Maxwellian.
A few seconds earlier the lower part of the pro®le was
Maxwellian, with a distinct monoenergetic peak super-
imposed. This mixture of distributions persisted for
about 10 s.

In panel 6 (52.4) the inadequacy of one spectral shape
is clear. There is an excess of ionisation above 115 km
which cannot be accounted for by incoming precipitat-
ing ¯ux. This remains the case for several seconds after
this time with the pro®les becoming distinctly double
humped.

There are three categories seen in this sequence:
pro®les that are too narrow to be ®tted (depleted
electron density), those that exceed a standard ®tted
pro®le above some height, and those that ®t well. The
¯ux-®rst method with its approximations may be a
limitation in some of these cases, and therefore a full
model run is needed before drawing conclusions. The
question that arises from this ®rst analysis is whether the
same processes in the atmosphere are responsible for the
depleted pro®les and for the excess density pro®les, and
next, what are these processes?

3.3 Full model results

Since there is no measured incident spectrum, it is
necessary to estimate a spectral shape and total energy
¯ux as input to this model. The method of combining
Maxwellian and monoenergetic distributions is de-
scribed in Lanchester et al. (1997). This is a very
necessary part of the present analysis, as the pro®les in
Fig. 6 show that more than one distribution is present,
and the optical images show clearly that the narrow
elements do not ®ll the ®eld of view. Only the second
passage of the arc system is analysed here. Given the
complexity of space and time variations, this event is
much easier to unravel, since the `arc' passes through
the radar and photometer from S to N at a steady
rate.

Second passage of arc system at 21:06:06 UT. Details of
this passage of the double arc structure have been shown
in the measurements of the narrow angle camera
(Fig. 3), photometer (Fig. 4a) and radar (Fig. 4b). The
results of a full model run for the same 10 s of data are
shown in Fig. 4c,d. The comparison between the
measured and modelled electron density pro®les in
panels b and d is very good, even though there are some
signi®cant di�erences. The input energy ¯ux required to
make such a good ®t to the measured electron density is
shown by the green line in panel c. This is the total
energy ¯ux, and is made up of two components, the
Maxwellian background and the superimposed mono-
energetic ¯ux at the times of increased auroral precip-
itation. The blue line represents the ¯ux derived from the
427.8-nm intensity (panel a).
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In order to distinguish the physical di�erences
between measured and modelled densities, height
pro®les at chosen times are given in Fig. 7. The ®rst
pro®le is at 4 s after 21:06 UT. (These pro®les will be
referred to by the time in seconds after 21:06 UT.) The
dots are the measured electron densities at 0.2-s
resolution. The solid line is the modelled density at

the same time resolution. In this ®rst pro®le, the
combination of the two spectral shapes can be seen,
with the superimposed monoenergetic contribution
peaking at 90 km. The measured electron density
pro®le is ¯atter than the modelled. This could be
modelled more closely if two monoenergetic spectra
with di�erent peak energies, sharing the energy ¯ux,

Fig. 6. Selected ionisation rate pro®les from the ®rst passage of the
arc system. Black dots are from measurements at 0.2-s resolution. The
thick line is a best ®t to a monoenergetic input ¯ux. The thin line is a

best ®t to a Maxwellian input ¯ux. These pro®les show depletions and
excess ionisation
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were used, corresponding to two di�erent ®laments
being sampled in the beam at the same time. This is
not a relevant adjustment for the present purposes. The
main feature to note in this panel is the total ¯ux
required to make a reasonable ®t to the upper part of
the pro®le. Referring to Fig. 4c, the input ¯ux at this
time is equal to the ¯ux measured by the photometer;
so at the start of the model run the density is
reproduced well by the measured ¯ux.

The second pro®le shown in Fig. 7 is at 7 s, after the
arc has entered the photometer and radar beam. This
pro®le is representative of all the pro®les during the
initial stages of the arc's presence in the beam. The
measured densities are consistently below the values
produced by the model, at heights above 115 km. This is
the same e�ect seen at the start of the ®rst passage of the
arc at 21:05:20 and lasts for several seconds. In that case
the simple ¯ux-®rst method could not ®t a pure
Gaussian distribution to the measured pro®les. For the
second passage, the full model, without the assumption
of an e�ective recombination coe�cient, also fails to ®t
the measured data. The e�ect is seen well in the colour
panels of Fig. 4. The measured density has a cavity seen
as a blue patch at 06±10 s above 120 km. This is not
reproduced by modelling. The third panel of Fig. 7
reinforces the result. The ®nal panel of Fig. 7 shows the

model making a better ®t to the data. The cavity in
electron density is being restored.

These four panels show that, as in the pro®les of
Fig. 6, using the ¯ux-®rst ®tting method, pro®les of
electron density are measured at the start of an auroral
event that are too narrow in height to be ®tted. It is
these depleted pro®les, rather than the excess pro®les,
that tell more about the physical processes that may be
at work. It may be possible to reproduce bulges in
pro®les by adding ¯ux to the low-energy contribution of
the input spectrum, but 1D modelling cannot reproduce
depleted pro®les. It is possible that the bulges in pro®les
are produced by unusual precipitating distributions, but
not density cavities.

4 Discussion

4.1 Large electric ®elds

In looking for a mechanism to explain the unusual
density pro®les, the large and variable electric ®elds
would appear to be a contender. The direction of the
electric ®eld vectors is towards the bright arc as it
approaches and recedes from the radar beam. The
magnitude and changes in the ®elds are almost certainly

Fig. 7. Full model results of electron density pro®les (line) and measured electron density pro®les at 0.2-s resolution (dots)
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even greater than those measured in a 3-s interval. The
arc varies in position and brightness on time-scales
much shorter than 3 s. The electric ®eld has great
variability, with the largest measurement occurring
during a short gap in the aurora in the radar beam,
which is seen in the optical measurements, but not seen
in the electron density measurements. Build-up and
decay of the electron density do not match the very fast
optical changes. It is therefore important to appreciate
the possibility of large electric ®elds which appear to
occur `inside' auroral arcs when no optical measure-
ments are available. The de®nition of an auroral arc is
signi®cant, and is a problem that has been highlighted in
previous work of the present authors, and by other
workers (Borovsky, 1993). The multiple structure of
several parallel elements allows large ®elds to be
measured within an arc system.

The wide-angle image of Fig 2 (third panel) at the
time of the very large electric ®eld (600 mVm)1)
demonstrates the di�culty of interpreting electric ®eld
measurements at high time resolution without the
bene®t of images. The ®eld points towards the bright
arc (SE) during a short time-interval when the aurora
was not in the radar ®eld of view. This gap in the aurora
is not evident in the radar measurements of Fig. 1a,
where the electron density is high throughout this event,
but is seen in the photometer measurements of Fig. 1c.
In this case the arc has moved in and out again from the
radar beam within a few seconds. The largest ®eld is
measured beside the main structure, within about
10 km. The energy ¯ux in the narrow arc elements
immediately prior to this large ®eld measurement has
been estimated at close to 1 W m)2 (Fig. 5). A fold in
the length of the arc was seen at this time to correspond
to an increase in the optical brightness. The large electric
®elds measured beside this structure reinforces the result
of Lanchester et al. (1994) in which large and variable
®elds measured a few kilometres from a dynamic arc
were associated with temporal changes. Only high-
resolution optical observations can unravel such events,
and interpret them unambiguously. Both results indicate
that the largest ®elds are measured a few kilometres
from the arc, but that the temporal changes within the
arc are of great importance.

Recent results from the FAST satellite and from
earlier Freja measurements (Marklund et al., 1997) have
shown that very large electric ®elds, of the same order of
magnitude as measured here, are indeed part of the
current systems close to arcs, and that there is often
structure within these current systems, corresponding to
very narrow regions of both upward and downward
current. The horizontal electric ®elds are found to have
reversals in direction over spatial scales of about 1 km,
which it is postulated correspond to diverging electric
®elds in the dark regions between arc elements (Mark-
lund et al., 1994). The present results con®rm that such
large ®elds are present close to structured arc systems.
Unfortunately the radar measurements are unable to
match the satellite for temporal resolution, but the
combination of optical measurements and radar im-
proves the interpretation greatly.

4.2 E�ect on electron density pro®les

There are two distinct types of measured pro®les
displaying unusual shapes, those seen during the initial
seconds of a bright auroral event, when the region
around 115±120 km is depleted of ionisation, and those
from the region close to an arc, either following its
passage through the radar beam, or immediately
preceding its arrival when there is excess ionisation.
The depleted electron density pro®les seen at 21:05:20 at
the start of the ®rst passage of the arc, and again at
21:06:07, correspond to a plasma scale height of 12 to
16 km which is unrealistically small, and are most likely
the result of horizontal movement of plasma out of the
radar ®eld of view. Similarly, the bulges in electron
density seen at the same height in the pro®les from
21:05:50, between the two passages of the arc, are most
likely caused by redistribution of plasma, resulting from
the large velocities close to the arc boundaries.

Firstly, we consider the density pro®les close to the
arc. As already mentioned, the ¯ux-®rst method does
not do well at ®tting the ionisation rate pro®les in the
interval between the two passages of the arc system
(21:05:53 to 21:06:06 UT), estimating a ¯ux that is lower
than that measured by the photometer (Fig. 5). The full
model run during this interval also has di�culty in
reproducing the measured electron density pro®les,
which have a very distinct double-humped shape at the
start of this interval, and become more and more ¯at in
shape until the arrival of the arc. This is a signi®cant
clue to their being a�ected by electric ®elds, with
horizontal movement of plasma into, then out of, the
beam. After the start of the full model run, the input ¯ux
is kept at the value of the measured ¯ux, estimated from
the intensity of the 427.8-nm emission (see Fig. 4c).
However, this ¯ux is too great. The only way for the
model to produce pro®les as ¯at as those measured by
the radar during the ®rst few seconds of this run, is for
the input ¯ux to be smaller than that measured by more
than 50%.

The photometer measures emissions of 8 kR
throughout this interval, and the TV images show that
there is a background emission. It is possible that some
of the 427.8-nm radiation was scattered into the ®eld of
view of the photometer from nearby bright features, and
not produced by electron impact. Structure would not
be seen during this interval because the cameras were
both operating in a mode with very short exposure time.
This gating is hand-controlled, and allows the contrast
and dynamic range to be adjusted when very bright
aurora is in the ®eld of view. However, on this occasion
the setting was not changed between the two passages of
the arc. This would make observation of fainter struc-
ture di�cult. Obviously there is hard precipitation
present, as the electron density is of the order of
3 ´ 1011 m)3 at heights as low as 85 km during this gap.
In fact, as the arc moves into the ®eld of view of the
narrow-angle camera, extremely narrow bands appear
for fractions of a second in front of the main arc. They
cannot be reproduced well in this paper, but the
remnant of one can possibly be seen in Fig. 3a. These
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bands resemble a twanging string attached to the main
arc.

The other situation we ®nd occurs when the extreme-
ly bright bands of aurora arrive in the radar beam. The
modelled density pro®les exceed the measured pro®les
above 115 km. At this time the ¯ux as measured by
photometer is now several times too small to account for
the peak electron density. As in Lanchester et al. (1997)
this implies, and is borne out by the images from the
narrow-angle camera, that energy resides almost entirely
in sheets of precipitating monoenergetic electrons that
are much narrower than the radar and photometer ®elds
of view, i.e. in widths of 100 s of metres. But the shape
of the pro®les cannot be matched, even with a mono-
energetic spectrum. We suggest that the electron densi-
ties are distorted by the large electric ®elds present near
the arc edges. Plasma movement is occurring out of the
arc elements, which have depleted pro®les, into the
region beside the arc, where the pro®les exhibit bulges.
The 1D model is not able to reproduce the event.

A simple 2D model has been put forward by Palmer
(1995) to account for the observations already de-
scribed. The model is based on the rotation of the
mobility vector from predominantly perpendicular to
the electric ®eld vector in the F region, to predominantly
parallel to it in the E region. Typical height pro®les of
the perpendicular (Hall) and parallel (Pedersen) mobil-
ities with arbitrary scale are shown in Fig. 8 (adapted
from Palmer, 1995). The ion velocity is given by
v = k á E, where k is the mobility tensor and E is the
electric ®eld vector. The pro®les indicate a transition in
the ion velocity direction at about 120 km, assuming
that the electric ®eld maps from the F to the E region,
showing that plasma convection is not uniform with
height. Both parallel and perpendicular mobilities
decrease below about 110 km, allowing little plasma
convection. Above 115 km plasma could be transported
in any direction, depending on the electric ®eld vector,
and not necessarily uniformly with height. Palmer (1995)
has computed examples that readily match our obser-
vations.

5 Summary

The value of combining high-resolution optical mea-
surements with incoherent-scatter radar measurements
is stressed in this work. Interpretation of both radar and
photometer measurements is dependent on modelling
results, which combined with the spatial and temporal
information from narrow-angle imagers, can take ac-
count of the fact that the ®elds of view of the
instruments are not uniformly ®lled by auroral struc-
tures, and that mechanisms are at work in the iono-
sphere which a�ect the pro®les of electron density.
These factors are the response time of the ionosphere to
extremely large and dynamic ¯uxes of electrons, and
large electric ®elds found close to these precipitating
sheets, which are capable of causing horizontal motion
of the plasma.

Without the advantage of optical observations
alongside radar measurements, the interpretation of
the radar data is di�cult. We have seen in the present
results that very large electric ®elds are measured within
regions of precipitation that appear continuous in the
electron density measurements, but are in fact made up
of separate auroral elements moving in and out of the
radar beam. Optical measurements make clear the
sequence of events, and in this case show that the large
electric ®eld is indeed in a region of no aurora. The
radar-measured electron density is slow to respond to
rapid changes. The initial rise in electron density lags the
rise in emissions, and the subsequent variations are
smeared out. The passage of the narrow and energetic
®laments through the radar beam is seen in the images
and reproduced in the photometer measurements.

Detailed modelling of electron density pro®les pro-
duced by ®lamentary precipitation events has shown
that ionisation, recombination and ®eld-aligned di�u-
sion cannot reproduce a variety of measured pro®les.
Large electric ®elds measured by the radar in association
with the ®lamentary aurora can account for the distort-
ed pro®les, but a quantitative treatment requires multi-
dimensional modelling. An elementary 2D model,
suggested by Palmer (1995), provides a qualitative
explanation of the radar observations.

While not the primary focus of this work, large
electric ®elds and ion shear velocities may be responsible
for the dynamic behaviour of the small-scale auroral
features shown in Figs. 2 and 3. Candidate mechanisms
that include ionosphere/magnetosphere coupling are the
Kelvin-Helmholtz instability described in detail by
Keskinen et al. (1988) and Keskinen and Ganguli
(1996), and the 3D magnetic shear model of Otto and
Birk (1991) described in some detail in Lanchester et al.
(1997).
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