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Abstract

EISCAT incoherent scatter radar system has been designed primarily
to study the auroral ionosphere. Using the most modern modulation
technique high-resolution measurements of physical parameters of auroral
arcs can be made. In particular due to the tristatic nature of the radar
the electric field pattern within the arc can be derived. As an example of
EISCAT auroral experiments we show results from a special Finnish ex-
periment called EFOR-V4 which was run on Nov 1718, 1983. We
observe most of the time a particle E-layer below 100 km altitude which
often disappears before an arc, Electric fields at 172 km altitude and
electron density profiles are investigated, especially in the case of a
westward moving arc occurring soon after 21 UT. At the leading edge
of the arc the electron density profile is characterized by a double
structure: electron density peaks at 88 and 115 km. This structure dis-
appears inside the arc. We conclude that the energy spectrum of pre-
cipitating electrons changes dramatically within the arc. Electric field
measurements related to the same arc show that the electric field has a
westward component in front of the arc. Inside the arc the field turns
eastwards. It is found that both the polarization electric fields and the
field-aligned currents maintain the current continuity across the arc.
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1. Introduction

Auroral arc is the basic form of visual auroras. The most simple form is a
homogeneous east-west oriented quiet arc which is intensified and distorted during
auroral substorms. In order to understand the acceleration of incident auroral par-
ticles, electric fields and characteristics of precipitating particles are to be measured.
Several techniques as ionized clouds, rockets, radars and satellites have been used
for such measurements.

De la BEAUJADIERE et al. (1977, 1981) have systematized the Chatanika radar
observations of auroral arcs according to the patterns of the meridional electric
field across the arc. They identify four types of arcs:

(1) The anticorrelation type where the northward field decreases within the arc.

(2) The correlation type where the southward electric field intensifies within
the arc.

(3) The asymmetric type where the northward electric field is large on the
equatorward side of the arc, decreases within the arc and remains small on
the poleward side of the arc.

(4) The reversal type where the electric field changes its sign within the arc.

This classification of arcs is mainly based on morphological features. MARKLUND
(1984) has proposed a more physical classification scheme which takes into account
the relative influence of polarization electric fields and field-aligned currents on the
electric field pattern. Both of these can maintain the current continuity across
the arc. In this method, the observed electric field pattern within the arc is com-
pared with that estimated from the current continuity equation assuming no field-
aligned currents. The tangential electric field is to be known in these calculations.
By using the method, Marklund has been able to group the arcs into three main
categories: Polarization arcs, Birkeland current arcs and Combination arcs.

In this paper, we discuss the use of the EISCAT incoherent radar to investigate
the physics of auroral arcs. The EISCAT UHF-radar is tristatic and some short-
comings of monostatic radars can be avoided. A recent description of the EISCAT
system is given by FOLKESTAD ef al. (1983). As a concrete example we show
results from a Finnish EISCAT experiment called EFOR-V4 which was run on
November 17—18, 1983 from 19 UT to 6 UT. During the night several auroral
arcs were observed in the radar beam. An especially interesting case is a westward
moving auroral arc which appears in the radar beam after 21.07 UT. The arc is
oriented in a north-south direction and is associated with a substorm activity.

The internal structure of the arc as well as the electric field pattern and the cur-
rents inside and near the arc are discussed.
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2. Auroral arc measurements by the EISCAT radar

In auroral arc measurements by the EISCAT UHF-radar a fixed antenna ge-
ometry is often used. In this geometry the transmitter antenna at Tromse points
to a direction near the local magnetic field line and the remote antennas at Sodan-
kyld and Kiruna stare to a point in the F-layer. During the measurement, the
experimentor waits for auroral arcs, which often are moving with a considerable
speed, to drift through the radar beam. When this happens, one can by using the
Tromse data measure the electron density profile in different parts of the arc.
Also by combining data from all stations the electric field both inside and near
the arc can be measured. A typical time resolution is of the order of a few tens
of seconds but, in favourable conditions, plasma parameters can be measured well
in five seconds. The direction of the arc motion which is important for the inter-
pretation of measurements cannot directly be obtained from the EISCAT-data.
For this purpose one can use All Sky Camera (ASC) pictures.

A fixed geometry, however, is not suitable for all auroral studies. It may happen
that the arcs are stationary or the active auroras stay well to the north or to the
south of Tromse. In these cases the fixed antenna configuration may not see the
auroras at all whereas a measurement where the transmitter antenna is pointed to
many directions in the meridional plane (a latitude scan) would more probably
find the auroras. A latitude scan has, on the other hénd, its drawbacks. During
antenna movement, which takes about 20 seconds, reliable measurements are not
possible. Also the measurements in successive points, usually 25—50 km apart,
cannot easily be related in the case of active auroras. A latitude scan is well
suited for studies of wide-spread diffuse auroras but active auroras are more
efficiently studied if one fixes the antenna and lets the auroras move.

3. The experiment EFOR-V4

In the present experiment the radar beam was held fixed towards south at an
elevation angle of 89 degrees. The remote antennas of Kiruna and Sodankyld were
oriented to a common volume at 172 km. Thus the geometry of the experiment
was not exactly field-aligned. This can lead to some difficulties which are discussed
later.

The pulse modulation pattern of the monostatic part of the transmission is
shown in Fig. 1. It consists of four four-pulse codes and two short pulses. The
pulse length of 20 us results in a peak-to-peak resolution of 6 km but most of
the signal contribution comes from a volume of 3 km in length along the beam.
For the remote sites, a long pulse of 330 us was transmitted. The basic inter-
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Fig. 1. Pulse modulation pattern of the monostatic part of the EFOR-V4 experiment.

of

gration time is 10 seconds. With this modulation the plasma autocorrelation
function is measured in a number of range gates. The various plasma parameters,
electron density, electron temperature, ion temperature, ion-neutral collision
frequency, ion velocity and ion composition are calculated from the measured
autocorrelation functions by a non-linear least square fit method.

Electron density profiles are obtained using the deconvolution method intro-
duced by LEHTINEN and HUUSKONEN (1986). In this method the multipulse
zero lag information is combined with that of separate single pulses. The channel
balancing is done by using the background and calibration measurements. The
combined pulse code and single pulse powers are corrected for range and con-
verted to electron densities by applying a radar constant and an assumed electron
to ion temperature ratio equal to one. This procedure is thought to be good
enough for purposes of this paper.

Doppler shifts are estimated by the matched filter velocity fit method. Because
the pulse codes failed to give reliable estimates of Doppler shifts at the altitude of
the common volume and the long pulse was not received at Tromse, the two shifts
of the remote sites are combined to give a velocity vector assuming a null ion
velocity along the magnetic field. Finally, the velocity vector is rotated 90 degrees
to get the perpendicular electric field.
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4, Observations

The experiment was run during very active auroral conditions. A strong magnetic
activity started at about 18 UT and was most intense between 20 and 22 UT. Fig. 2
shows magnetograms from the north-south chain of the EISCAT-magnetometers in
northern Finland and Norway. The most interesting event of the present study
occurs at about 21 UT when the Y component turns positive indicating a south-
ward directed current in the ionosphere.

An all-sky camera was operated at Kilpisjarvi (KIL) at a rate of 3 frames per
minute. Unfortunately most of the night was cloudy and only a few photos are
available for interpretation. A rectified all-sky camera image taken at 21.05.43 UT
is shown in Fig. 3 on a map which shows also the locations of EISCAT-sites and
EISCAT-magnetometer stations. Two mainly north-south oriented auroral arcs are
identified. By 21.07.03 UT the arcs move westwards and disappear behind the
clouds. This westward movement of the precipitation area is further confirmed
by riometer recordings from Kevo (KEV) and Kilpisjarvi. A sharp increase of
absorption starts at Kevo at 21.02 UT and at Kilpisjarvi at 21.05.30 UT. This
corresponds to a westward velocity of about 1.2 kms'!. The increase was preceded
by a deep minimum of absorption during 2 to 3 minutes, especially at Kilpisjarvi.

Fig. 4 shows the contours of constant electron density from 20.40 to 22.10 UT.
Two kinds of structures are recognized. First, a particle E-layer is seen nearly
continuously below the altitude of 100 km. This indicates the presence of diffuse
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Fig. 2. Magnetic variations recorded at seven EISCAT magnetometer stations on November
17, 1983 from 20 to 22 UT. Abbreviations and locations of the stations are shown in Fig. 3.
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Fig. 3. Rectified all-sky camera image at 21.05.43 UT where two north-south oriented auroral
arcs are seen, Abbreviations: SOR = Sergya, ALT = Alta, KAU = Kautokeino, MUQO = Muo-
nio, PEL = Pello, KEV = Kevo, KIL = Kilpisjarvi, RAM = Ramfjordmoen, KIR = Kiruna and
SOD = Sodankyl.

auroras with a large horizontal extent but which cannot be identified in all-sky
camera pictures because of clouds. Secondly, the vertical structures of enhanced
electron density are related to auroral arcs which hit the radar beam. This is con-
firmed by the observations after 21.07 UT when the arcs shown in Fig. 3 drift
through the beam. It is noticed that an arc is often preceded by a weakening of
the background particle layer. The most prominent gap appears before the arc at
21.07 UT.

Some characteristics of the two auroral layers are illustrated in Fig. 5 which
shows a few electron density profiles at the western edge of the arc at about
21.07 UT. The first clear signature of the arc is seen in the lower E region at
about 85 km at 21.07.01 UT. By 21.07.21 UT this layer has intensified and moved
to about 88 km but at the same time another enhancement occurs at 115 km.
This double structure of the E region disappears by 21.07.41 UT. The lower
F-region is weak in the first three profiles in Fig. 5 but intensifies by 21.07.41 UT.
This indicates that the arc has not been exactly in the meridional plane.
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Fig. 4. Contours of constant electron density from 20.40 to 22.10 UT on Nov 17, 1983.
The outermost line coiresponds to an electron density of § - 1010 m3 and the step is
5.1019 m3, The integration time is 30 seconds. Data between 21.20 and 21.30 UT was
lost during a change of tape.

The results of the electric field analysis from 20.57 UT to 21.12 UT are pre-
sented in Fig. 6 together with the height integrated Hall conductivity. The zonal
component of the electric field shows a smoother behaviour than the meridional
one. This difference in smoothness is probably due to the better signal-to-noise
ratio (SNR) at Kiruna than at Sodankyld and the fact that the zonal component
is determined mainly by the Doppler shift measured at Kiruna whereas the two
remote sites have nearly equal weights in the meridional component.

The zonal component decreases inside the arcs which occur at 20.59, 21.01 and
21.04 UT. The presence of auroral arcs cannot be proved by optical observations
due to the clouds but the Hall conductivity enhances clearly at these times. The
decrease of the zonal component cloud mean that the arcs are oriented in the
east-west direction but other explanations are also possible. As the north-south
oriented arc approaches the radar beam after 21.07 UT the zonal component
points westwards but turns eastwards later when the arc is already within the
beam. After the passage of the arc the field turns back westwards at 21.09 UT.
The field change as well as the conductivity gradient is smaller at the eastern
edge of the arc at the western edge. :



42 A. Huuskonen, J. Kangas and T. Turunen

h/km RRREEEEAN ) b
\\‘\
\\\ -
140 N _
Y ‘\\
d \ \
\ \ B
——  21.06.41 A N
21.07.01 I .
120 2107.21 ; AN N
21.07.41 - ¥ \
* 7 1
-/'/' ‘/
100 - -
)
/, -
/
80 kooomm =TT _
1 I 1 L1 11 1| L 1 1
1010 10" n(e) /m™3

Fig. 5. Electron density profiles displaying the entering of the auroral arc into the radar
beam at 21.07 UT. The times displayed in the figure give the end of the integration period
of 10 seconds.

5. Discussion

The results of this study show that the EISCAT experiment described here is
useful for measuring some of the physical parameters of auroral arcs with a high
resolution. Electron density profiles can be obtained with resolutions of 10 seconds
and 3 km in time and height, respectively. The deconvolution of the zero lags of
the pulse codes as described by LEHTINEN and HUUSKONEN (1986) has been an
essential improvement of the data analysis in this respect. A typical width of an
auroral E-layer is 10—50 km (see Fig. 5 or e.g. REES, 1963 or HUUSKONEN et al.,
1984) and only at the bottom of the layer the electron density can change remark-
ably within one gate. So the altitude resolution that is obtained with this code is
suitable for measuring the electron density profile of particle E-layer. If one wants
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Fig. 6. Variations of the north and east component of the electric field measured by
EISCAT at the altitude of 172 km from 20.57 UT to 21.12 UT on Nov 17, 1983. Increases
in the height integrated Hall conductivity indicate the presence of electron precipitation
event within the radar beam. The integration time is 10 seconds.

to measure with a better height resolution, the use of phase codes can give a reso-
lution as good as 300 meters.

The ion velocity vector, needed for the determination of the electric field, is
obtained at the common volume by measuring one component of the vector at
each of the three sites. In this experiment the common volume was situated at
172 km whereas e.g. in the EISCAT Common Program (CP) experiments it lies
above 300 km. When the experiment was run on Nov 17, 1983 all eight transmitter
channels were available but only six of the eight receiver channels could be used
at Tromse. All these were reserved to the pulse codes and short pulses to get best
possible determination of the plasma parameters in the E-layer and so the long
pulse was utilized only at the remote sites. This placed a severe restriction on the
altitude of the common volume because the pulse codes can hardly give any de-
tectable signals above 200 km. Thus the common volume should be placed at the
lowest possible altitude.
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On the other hand, the effect of ion-neutral collisions on the ion motion in-
creases with decreasing altitude and the electric field is not easily derivable from
the ion velocity below a certain altitude, say 160 km. The altitude of 172 km
was chosen as a good compromise because one can expect to get reliable estimates
of the ion velocity during periods of high electron density and the collisions do
not have much influence on the ion motion. Actually no reliable estimates of the
ion velocity were obtained from the pulse code data and the ion velocity has to
be estimated from the remote data only as described in section 3. Nowadays the
situation is quite different and one can combine in one and the same experiment
both a good determination of the plasma parameters in the E-layer and a good
determination of the electric field in the F-layer. In new versions of the present
experiment called GEN-8 and GEN-9 the common volume is situated at an altitude
of 250 km (see TURUNEN, 1985).

To investigate the relative importance of the field-aligned currents and the polari-
zation electric fields, the eastward component of the height-integrated current den-
sity is calculated in front of the arc, inside the arc and behind the arc. These three
regions correspond to time periods of 21.06—21.07, 21.08-21.09 and 21.09—21.10,
respectively. If the northward current can be assumed to be constant along the arc,
differences of the eastward currents are equal to field-aligned currents. The constancy
of the northward currents in this case is supported by the similarity of the Y-com-
ponent at all EISCAT magnetometer cross stations (Fig. 2). Using the values 3.6,
20.8 and 15.4 Q1 for the height-integrated Hall conductivity, 1.9, 6.0 and 4.4 Q1
for the height-integrated Pedersen conductivity, —28.2, 2.1 and 0.4 mV/m for the
E-component of the electric field and —28.0, —22.5 and —25.0 mV/m for the
N-component of the electric field, height-integrated eastward current densities of
—150, —450 and —380 mA/m are obtained in the three regions, respectively. The
result shows that intense upward field-aligned currents flow at the leading edge of
the westward moving arc.

The double reversal of the electric field across the arc is caused by a polarization
electric field. This polarization field together with the field-aligned currents maintain
the current continuity across the arc. If we compare these results with the classifi-
cation scheme proposed by MARKLUND (1984) it seems impossible to place the
present arc to any well-defined subcategory typified by Marklund. It has to be
noticed that Marklund studied mostly east-west oriented quiet arcs whereas we
are studing a moving north-south oriented arc.

The electronic field was found to point away from the leading edge of the
westward propagating arc which suggests that these westward moving arcs differ
from the westward travelling surge (WTS) which is the optical signature of the
substorm expansion. It has been shown that the electric field associated with a
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WTS points towards the center of the surge (OPGENOORTH, 1983). However, it
may be significant that we obtain here a value of 1.2 kms™ for the westward
velocity of the precipitation region which is also a typical velocity of the WTS.

At first sight Fig. 6 would indicate that the conductivity is enhanced before
the field turns and that the westward field penetrates into the arc at 21.07 UT.
This effect is caused by the non-field-aligned geometry of the present experiment
which may create a time lagt between the conductivity measurement done at the
E-layer and the electric field measurement at the lower F-layer. Fig. 5 shows that
this is indeed the case. In this respect the SNR measured at the common volume
would be a better way of displaying the precipitation regions. Inside the gap, how-
ever, the SNR is low and the integrated conductivity is a better indicator of arcs.
A look at the SNR measured at the common volume shows that the field turns
just at the arrival of the arc.

It is obvious that the energy spectrum of precipitating electrons at the western
edge of the precipitation region has a double structure. The lower enhancement
below 90 km corresponds to the ionization produced by primary electrons with
a characteristic energy of 50—60 keV whereas the maximum at about 115 km can
be related to the electron energies of 5 to 7 keV (see REEs, 1964). The situation
lasts for about 30 seconds after which an intense precipitation occurs throughout
the whole E-region and the double structure cannot be identified any more. Thus
the spectrum of precipitating electrons may change drastically within an arc.

The enhanced layer below the 100 km altitude produced by high-energy
electrons remains quite stable during most of the active period analyzed here.
However, it sometimes weakens or even disappears before the appearance of the
auroral arc produced by lower energy electrons. The gaps are probably caused by
a weaker precipitation near the arcs. When the precipitation stops the ionosphere
gets gradually empty because of recombination. Also the large electric fields near
auroral arcs can remove the ionization. The question about the reason for the
weaker precipitation near auroral arcs remains still open.
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