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Ground-based observations of a very intense

substorm-related pulsation event

H. Liihr, N. Klocker and S. Thiirey

Institut fiir Geophysik und Meteorologie der Technischen Universitit Braunschweig,
MendelssohnstraBe 3, D-3300 Braunschweig, Federal Republic of Germany

Abstract. A very intense pulsation event with characteristics
of the high-latitude Pi2 type occurred in northern Scandina-
via on 2 November 1982 during the evening hours. The
ionospheric phenomena associated with this event have
been measured by the newly installed EISCAT magnet-
ometer cross, by the Finnish riometer chain, and by the
STARE facilities. The magnetic disturbances on the ground
are explained im terms of intense and narrow electrojets
extended in the south-east to north-west direction and drift-
ing with a velocity of more than 2 km/s in the south-west
direction. Within the drifting reference frame the currents
are nearly constant. The electrojets of the first two pulses
had an intensity of about 4 x 10> A distributed over a width
of about 20 km. Just before the onset, the magnetometer
chain was located on the poleward side of a well-developed
Harang discontinuity. The pulsations started concurrently
with a substorm onset and lasted for 40 min. Mapping
STARE measurements into the magnetosphere, we inter-
pret the event as kinetic Alfvén waves generated near the
boundary between differentially drifting plasma regions.
From the combination of magnetometer and riometer mea-
surements we conclude that only odd numbered reflections
of the prime event have been observed.

Key words: EISCAT magnetometer cross — Harang discon-
tinuity — Pi2 pulsation — Ionospheric currents — Alfvén
waves

Introduction

Since two-dimensional ground-based magnetometer arrays
and the STARE facility have provided new observational
techniques, pulsation analysis in the range of Pc5 and Pi2
has been intensified recently. The studies of Allan et al.
(1982; 1983), who found a new type of Pc5, have to be
mentioned. The main characteristic of this type is a west-
ward drifting ionospheric wave front elongated along mag-
netic meridians. Further investigations of Pi2 magnetic pul-
sations were carried out by Pashin et al. (1982) and by Sam-
son and Rostoker (1983).

Detailed knowledge of the properties of pulsations in
this frequency range is of special interest from the point
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of view of magnetospheric-ionospheric coupling. This is
true especially for Pi2 pulsations. Bursts of Pi2 accompany
substorm onsets and each intensification of the electrojet
(Saito, 1961). Due to this one-to-one correspondence Pi2
might provide a key for the understanding of the physical
processes governing the energy release during magneto-
spheric substorms.

The actual mechanism for the formation of the Pi2 is
still far from resolved. Pashin et al. (1982) explain their
observations as oscillating upward-directed field-aligned
currents (FAC) at the western edge of the expanding sub-
storm current system. Oscillations in the period range
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Fig. 1. Map of Scandinavia indicating the locations of the magne-
tometer stations (heavy dots), the riometer stations (dotted ovals),
together with the STARE field of view (dashed line)
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Table 1. Coordinates of the magnetometer and riometer stations

Name Code Geographic coordinates L-values  Type of instrument
Sordya SOR 70.5°N 22.2°E 6.6 Magnetometer
Alta ALT 69.9°N 23.0°E 6.2 Magnetometer
Kautokeino KAU 69.0°N 23.1°E 5.8 Magnetometer
Muonio MUO 68.0°N 23.6°E 5.4 Magnetometer
Pello PEL 66.8°N 24.3°E 4.9 Magnetometer
Sodankyla SOD 67.4°N 26.6°E 5.05 Magnetometer
Kiruna KIR 67.8°N 20.4°E 5.35 Magnetometer
Kilpisjarvi KIL 69.0°N 20.8°E 5.9 Riometer

Kevo KEV 69.8°N 27.0°E 6.0 Riometer

Ivalo IVA 68.6°N 27.4°E 5.5 Riomter
Rovaniemi ROV 66.6°N 25.8°E 4.8 Riometer

Oulu OUL 65.1°N 25.5°E 4.4 Riometer
Jyviaskyla JYv 62.4°N 25.7°E 3.7 Riomter
Nurmijérvi NUR 60.5°N 24.7°E 3.34 Riomter + magnetometer
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Fig. 2. Magnetic variations of the second half of 2 November 1982 along a north-south chain in Northern Scandinavia. The components
X, Y and Z are pointing geographically north, east and downward, respectively

5-20 mHz can exist as eigen-modes of shear Alfvén waves
on closed magnetic field lines (Lanzerotti and Fukunishi,
1974). The driving force of the fluctuations was assumed
to be located in the equatorial plane, where the odd mode
of standing waves can be excited. Samson and Rostoker
(1983) regard Pi2 as the multiply reflected pulse of the initial
FAC at the western end of the substorm-enhanced electro-
jet. Since the westward-directed electrojet expands preferen-
tially along the Harang discontinuity, they expect the larg-
est amplitude of the Pi2 near the equatorward border of
the Harang discontinuity. An ionospheric source of Pi2 was
proposed by Maltsev et al. (1974). The first impulse is gen-
erated concurrently with the brightening of the aurora. The
sudden increase of electrical conductivity causes a markedly
decreased electric field. This E-field transient propagates
along the magnetic field lines to form a standing Alfvénic
wave.

The pulsation event presented here can not be classified
unambiguously. We tend to refer to it as high-latitude Pi2
pulsations as described by Samson (1982). But following
the numerical classification (Saito, 1978), the observed fluc-
tuations belong to the Pi3 type, due to their mean time
period of 340s. The nominal Pi2 band ranges from
6.7-25 mHz. However, Olson and Rostoker (1975) reported
on marked peaks at 3.5 mHz in the spectra of electrojet-
associated Pi2 pulsations. This is not far from the 3 mHz
in our observations.

A comparison with the morphological features of the
physical classes combined under Pi3 yields only a resem-
blance with the substorm-associated polar irregular pulsa-
tions (Pip). Among others, Pip are characterized by (Saito,
1978):

1) A period range from 100-400 s

2) An amplitude up to 100 nT



o ! ®
[
8-11-02 16:00: 00
= T T T A
ol |
|
—_— r ly ¥ )
\ ¥ >
NV t \
\—T—IJ—‘P—/
b Z 1 - -1
L | ]
n L 1 n
66 Y}
s ”
|
8-11-02 16: 20: 00
|
|
|

N¥VV 1
\-..1 :tz><! _//

66 68
r

70 n”
GEOGR. LAT.

8R-11-02 16:40:00

T T

i
|
I
I
I
|
1
|
[
M
Il
|
!
1
!
|
|
I
|

66 68 70 n
GEOGR. LAT.

8-11-02 16:50: 00

T —

<’\‘> . , N
&, 11 —

I 1 1

D ]

i

66 68 70

G .
Fig. 3. Comparison of a model magnetic field (solid lines) of two
antiparallel current bands representing the Harang discontinuity
with actually measured profiles. The crossed and dotted circles on
top symbolize the position of the centres of the westward and
eastward electrojets, respectively. The dashed vertical line indicates
the symmetry axis of the current system. The horizontal compo-
nents X and Y have been rotated by 30° to minimize Y variations
before being plotted into the latitude profiles

3) A duration coincident with the length of substorm
there

4) Associated auroral intensity fluctuations with the ap-
proximate period range of Pip

S) A time lag between the onset of Pip at the higher
latitudes and the onset at an auroral-zone station, resulting
in an apparent travel velocity of 0.5-1.0 km/s towards high-
er latitudes

The features of the pulsations we are dealing with differ
only in the direction of the travel velocity and its magnitude.

In addition to Pip, Ps6 are substorm-associated pulsa-
tions. Some of their characteristics are the following (Saito,
1978):

1) Their periods range from 5-40 min.

2) Ps6 tends to be observed dominantly in the east-west
component of the magnetic field.

3) During a Ps6 event the magnetic field varies its direc-
tion concurrently with fluctuations in the direction of the
lonospheric electrojet.
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4) A time lag occurs from the Pi2-substorm onset to
the Ps6 onset. It increases with increasing longitudinal dis-
tance between the observed point and the midnight me-
ridian.

As regards these selected Ps6 characteristics, the mor-
phological features of the pulsations presented here are dif-
ferent. The unsually large amplitude of the first two pulses
of nearly 1,000 nT is much greater than the subsequent
variations of the magnetic substorm. For this reason the
pulsations do not seem to be a secondary effect of the polar
electrojet as indicated by characteristic (3). Regarding the
time period, we are now at the lower border of the nominal
period range. And — the last argument against Ps6 — our
event is directly correlated with mid-latitude Pi2. The onset
of Ps6 should have been delayed by about 20-30 min (Saito,
1978). A clear classification of the observed event must
be kept open. We tend to regard them as Pi2 like Olson
and Rostoker (1975) did for Pip. It might be that the
strength of the pulsations alone imply disagreements with
currently observed Pi2.

Not only does the extraordinary amplitude make this
event a unique one, but also the great variety of different
observational systems by which it was observed. In this
paper data of the new EISCAT magnetometer cross are
combined with STARE and riometer measurements for a
detailed description of the ionospheric properties of the
event.

Instrumentation

Within this section we give a short description of the instru-
ments from which data have been used in the present study.
The location of the various instruments and facilities are
shown on Fig. 1. The corresponding coordinates of measur-
ing sites can be taken from Table 1.

Most of the magnetic data presented here are recorded
with the EISCAT magnetometer cross. This project is a
joint enterprise of the Finnish Meteorological Institute
(FMI) in Helsinki, the Geophysical Observatory of Sodan-
kyld and the Technical University of Braunschweig. Five
of the planned seven stations were installed on a north-
south chain. They have been in operation since 1 October
1982. A sixth station was run at the Geophysical Observa-
tory Sodankyld for one year in order to determine the base-
line stability. The instruments are fluxgate-type magne-
tometers with a measuring range of +2,000 nT. The analog
output signals are digitized to 12-bit words, giving a resolu-
tion of 1 nT. The data are sampled at a rate of 3.2/s and
averaged, in this case, over a period of 20 s. A very stable
station clock controls the measuring cycle, so that the aver-
aging intervals start simultaneously at all stations. The
bandwidth of the magnetometer is 0.5 Hz; therefore the
frequency response function of the instrument is given only
by the length of the averaging interval.

The digital data are stored on cartridge tapes. They have
to be changed every 14 days and sent to the FMI in Hel-
sinki. Here the data are transcribed onto a computer com-
patible tape. Unfortunately the binary/ASCII-converter did
not work properly at PEL, so some of the data are erratic.
As this malfunction produced only discrete deviations, we
could correct the errors by hand for the period of interest.

In addition to the magnetic data of our six stations,
minute values from the observatories Kiruna and Nurmi-
jdrvi have been used.
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Fig. 4. Magnetic variations on an expanded time scale displaying the whole period of interest. The X- and Y-components are rotated
by 35° in order to have X’ pointing perpendicularly to the current flow. The stations SOD and KIR, situated at the side of the
chain, and NUR in southern Finland are added. In X a uniform dirft of the disturbances around 1700 UT can clearly be seen
between SOR and PEL and, with some delay due to the long distance, down to NUR. The registration of the lateral station SOD
coincides best with MUO and that of KIR best with PEL, indicating a more or less two-dimensional structure of the source

A north-south chain of eight Finnish riometers is oper-
ated by the Geophysical Observatory, Sodankyld. The iono-
spheric absorption measured with these instruments is re-
corded on a paper strip chart at a speed of 60 mm/h. These
analog recordings have been digitized to 1-min values. The
instrument at Sodankyld did not produce proper record-
ings; therefore, we could not use it for this study.

Unfortunately the sky was cloudy over all of northern
Scandinavia on 2 November 1982. For this reason there
are no all-sky camera recordings available.

Observations

On 2 November 1982 the magnetosphere was in a state
of enhanced convection. During the afternoon hours our
magnetometer chain was located beneath a relatively stable
eastward flowing polar electrojet (see Fig. 2). Around 1600
UT the Harang discontinuity passed above the centre of
the chain. Shortly before 1700 UT impulsive disturbances
with amplitudes of up to 900 nT appeared and completely
replaced the previously observed current system. During
the remaining hours of this day, two more substorms oc-
curred at around 2030 and 2230 UT.

Harang discontinuity

In this study we will pay special attention to the pulsations
around 1700 UT. To do this properly it seems worthwhile

to take a closer look at the preceding situation, in our case
the Harang discontinuity. The parameters of the electrojets
associated with the Harang discontinuity have been deter-
mined by fitting a model to the magnetic measurements.
The model consists of two antiparallel sheet currents with

density j(x)=1 —7?—2 They have infinite length and are
T

x“+b
placed at an altitude of 105 km. An acceptable fit can be

achieved with the following parameters:

- total current I, each: 3.7x10% A
— half-width of sheet (2b): 400 km
— distance between current 800 km

centres:

— direction of jets: —60° from north

Figure 3 shows a comparison between magnetic field
profiles calculated from the model (solid lines) and the actu-
al measurements (X, Y, Z) along the N-S profile, at four
different times. The horizontal components have been ro-
tated by 30° prior to plotting, to align the Y-axis with the
jets. The relative movement between the Harang discontin-
uity and the magnetometer chain which results from Fig. 3
can be explained by the rotation of the earth and the motion
of the auroral oval in that local time sector. Consequently,
the Harang discontinuity was stationary in the earth-sun
system throughout the displayed period. At 1656 UT, the
time of the onset of the pulsations, the centre of the west-
ward electrojet was just overhead KAU.
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Fig. 6. Magnetic recordings from three auroral zone stations of
the Izmiran Chain. The horizontal component clearly shows the
signature of a substorm starting simultaneously with our pulsa-
tions. These stations are located about 50° east of our chain
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Pulsation event

This long-lasting stable situation was suspended abruptly
with the advent of the large pulsations. Figure 4 shows the
magnetic variations around 1700 UT on an expanded time
scale. In addition to our north-south chain, magnetograms
from NUR, KIR and SOD are also presented. The coordi-
nate system used for these plots is rotated by 35° about
the Z-axis in order to minimize the variations in the Y’-
component (see Fig. 9). On average, the horizontal distur-
bance vector points in the south-west direction, around
—145° from geographic north (compare Fig. 13). This
event-oriented frame (X', Y’, Z) is used in all succeeding
calculations.

The onset of the pulsation event coincides with Pi2-
activity at mid-latitude stations like Goéttingen (Fig. 5). At
auroral stations of the Izmiran chain, 49° east of our chain,
we also see an onset of a substorm at 16:54 UT (about
21:50 MLT). The substorm lasted for approximately
50 min (see Fig. 6). Both observations indicate that our
event is substorm-related without any delay-time, which is
a general characteristic of all Pi2 pulsations. The fact that
the pulsation periods, observed at Gottingen and expected
at all latitudes, are not present in our magnetograms is
due to the relatively low sampling rate of our magnetometer
stations.

In the following we will focus on the X'-panel (Fig. 4)
for a while. Despite the small extent of the magnetometer
chain, the very first pulse was bounded to the southern
part of the chain. The second pulse was seen, with nearly
the same amplitude, by all stations (except for the more
southern station NUR), but not at the same time. Conse-
quently the disturbance drifted in the equatorward direc-
tion. This is also true for the smaller pulsations during
the subsequent 40 min. The first pulse started at MUO,
1° south of the centre of the westward-directed pre-sub-
storm electrojet. At 1656:40 UT this pulse reached its maxi-
mum amplitude (about 900 nT) at PEL. It was observed
at NUR 3.5 min later. The second pulse built up over SOR
at 1700 UT, at the northern end of the magnetometer chain.
It arrived at NUR at 1706 UT.

We interpret the large magnetic variations as fields of
drifting, but nearly constant, ionospheric sheet currents.
Figures 7 and 8 show the development of the two pulses
in time and space, in a sequence of four latitude profiles
for each event. Both pulses look rather similar in shape
and amplitude allowing a two-dimensional modelling of the
field source for nearly all profiles. This assumption is sup-
ported by a comparison of the magnetograms of the sta-
tions along the chain with those of SOD and KIR, situated
a distance to the east and west of the chain, respectively.
SOD coincides best with MUO, and KIR best with PEL.
Each pair of stations is aligned with the mean direction
of the ionospheric current sheet (Fig. 9) deduced from the
horizontal disturbance vector. The angle between the iono-
spheric source of the pulsations and the magnetometer
chain is about 48°. This angle must be taken into account
if we analyse the current profiles. Projected on the X'-axis,
the distance of 1 latitudinal degree along the chain is re-
duced to 74 km.

Applying this spatial scale to Figs. 7 and 8, we can deter-
mine the width of the ionospheric current sheet from the
latitude profiles. In this case we employed the line current
model. In particular, we inferred a line current at a certain
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the zero crossing of Z. The profiles are computed by spline interpolation

height and an equivalent mirror current in the ground. The
mirror current simulates the induction effects which have
to be taken into account due to the steep slopes of the
magnetic variations. Furthermore, the mirror current is
symmetrical to the ionospheric current with respect to the
conductopause, the upper boundary of a perfectly conduct-
ing layer called the ‘conductosphere’, but has an inverse
direction.

We varied the model until we achieved an acceptable
fit between the calculated fields and the measurements. The
model configuration obtained is shown by Fig. 10a. Fig-
ure 10b contains a comparison between the model field dis-
tribution (solid lines) and the measured components in the
rotated frame at 1701 UT. The estimated depth of the con-
ductopause, of 90 km, is in good agreement with results
published by Mareschal (1976).

For the conversion of the model line current to an iono-
spheric sheet current we used the technique proposed by
Kertz (1954). He has shown that the magnetic field distribu-
tion of a line current, I, at height 4, and x=0 can also
be generated by a sheet current with density J(x) at height
h<h,:

I h—h
J(x)y="
)= T (h—h)?
If we assume 4 =105 km (altitude of Hall current) and take
the inferred ;=115 km, we get a half-width of the sheet

current of 20 km. Within the half-width, about 80% of the
total current is confined. Given the measurements would
be uncertain by 5%, which is a rather conservative assump-
tion, the height A, of the line current could vary within
+ 5 km. This deviation generates an uncertainty in current
width of +10 km.

The X’-component of KAU does not fit the model well.
At this station an enhancement of the horizontal variations
by about 10% can be observed in all profiles. Such behav-
iour has been noticed before (Jones, 1981) and might be
due to an anomalous conductivity in this area.

In summary, the following parameters are deduced from
the model:

— total current: 3.7x10° A

— width of sheet 2(h,—h): 20 km

— direction of jet: —55° from north
— depth of conductopause: 90 km

If we recall the parameters of the electrojets associated with
the Harang discontinuity, we see a remarkable agreement
in total current and flow direction. The width of the jet,
however, is extremely narrow. The drift velocity v, of the
ionospheric currents perpendicular to their flow direction
is deduced from the time differences between the minima
of X’ at various sites. Excluding the growth phase of the
pulses, when the ionospheric source seems not to move, we
get v,=2.2 km/s between ALT and PEL and v,=2.5 km/s
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’
min?

by these plots. The value of X

drifts at 2.2 km/s in the negative X’-direction

Fig. 9. Illustration of the event-oriented coordinate system and the
geometry of the electrojet

a measure for the total current, is more or less the same during the whole interval. The structure

between PEL and NUR. Since the time differences between
distinct pulses during the 40 min are nearly the same at
all stations, the whole event seems to be predominantly
a wave-like phenomenon. Transformed into a coordinate
system moving with v,, the ionospheric source is stationary
in time compared with the observed time period on the
ground.

Comparison with riometer observations

Cosmic noise absorption measurements recorded in the aur-
oral zone are of special interest for electrojet studies. The
absorption is produced by increased ionization of the iono-
spheric D layer. Since the ionization of this layer is due
to precipitating particles, conclusions about the location
of field-aligned currents can be drawn.

Figure 11 shows stacked plots of the Finnish riometer
chain. KIL, situated about 300 km west of the chain, has
been included to substitute SOD. The riometer recordings
look rather similar over the whole north-south extent of
more than 1,000 km. At around 1700 UT the absorption
increases rapidly reaching peak values beyond 6 dB. Subse-
quently, the absorption decreases gradually, going through
a number of relative maxima.

A direct comparison with the magnetic observations is
of special interest as regards the correlation between particle
precipitation and individual magnetic pulses. For this pur-
pose, riometer recordings at IVA, KIL, and ROV are com-
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bined with the X’ components of ALT, KAU, and PEL,
respectively, and presented in Fig. 12. In addition, the au-
tocorrelation functions of X’ are plotted in order to empha-
size the periodicity of the pulsation event. We find a striking
correspondence between absorption peaks in radio noise
and negative deviations in X’, i.e. maxima of the autocorre-
lation function. Furthermore, the good correspondence be-
tween distant sites underlines, again, the two-dimensional
configuration of the source. The combined stations are
aligned roughly with the Y’-axis (Fig.9). Nevertheless,
there are discrepancies, e.g. between the first steep increase
in radio noise absorption at IVA and the first pulse at
ALT, which might be due to inhomogeneities along Y.

The correlation is best seen between KAU and KIL,
which are not well aligned with the Y’-axis but relatively
close together. The correlation indicates the direct relation
between enhanced particle precipitation and pulsations.
This is an important fact for the physical interpretation
of the pulsations. The one-to-one correspondence, however,
implies a further aspect, which will be discussed later. For
the present, we can conclude that positive maxima in the
X’-component of the magnetic field must be different from
negative extrema, because only negative deviations coincide
with enhanced noise absorption. This aspect may also con-
cern the determination of the background field.
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Fig. 11. Ionospheric radio noise absorption recorded by the Finnish
riometer chain

Separation of background field

The separation of the first two pulsation periods from the
background field is a relatively simple task. Due to their
large amplitudes, errors in the actual base line determina-
tion provide a minor effect on the interpretation. Therefore,
we can be fairly sure that the first two periods were not
produced by an alternating current system but by separately
propagating systems with similar properties and the same
direction of flow.

As already pointed out by Pashin et al. (1982), any cur-
rently used separation technique would influence the data
and lead to misinterpretations. The example outlined in
their publication is the effect of the pulse response function
on high-pass filtered data. This leads to oscillations advanc-
ing the rapid switch-on of the currents. In addition, filtering
introduces an artificially determined base line which may
deviate significantly from the true one. If the base line is
the output of a low-pass filter, the remaining fluctuations
can be interpreted as being generated by alternating cur-
rents. Furthermore, if these currents are caused by wave
reflections at the ionosphere (which will be considered in
the next section), we must expect consecutive wave fronts
with changing E-field directions. This would be the case
if the waves travel along the ambient magnetic field
bounded by the ionospheres in the two hemispheres. At
each reflection the electric field changes its sign. A negative
deflection in X’ would be related to an odd-numbered re-



-500nT X'

-500nT

1630 1645 1700 1715 1730 1745 UT

Fig. 12. Synoptical presentation of magnetometer and riometer re-
cordings from related sites. The X’-component is displayed on the
bottom panel and the ionospheric absorption in the middle. Nega-
tive deflections in X and absorption maxima coincide best between
KAU and KIL (vertical dashed lines). The coincidence between
individual events is emphasized by adding the autocorrelation func-
tion of the magnetic registrations, displayed on the top panel. The
autocorrelation function emphasizes the individual pulses of the
event

flection of a wave and a positive to an even-numbered,
respectively.

A comparison with riometer data, however, favours the
interpretation that only current systems with predominantly
north-west directed ionospheric current bands occurred.
Otherwise the riometer data should show variations with
half the period of the magnetic pulsations, because both
wave types are accompanied by upward directed electric
fields and precipitating particles. Thus the background
magnetic field obtained by filter operation would not repre-
sent the actual conditions. These difficulties, inherently cou-
pled with the separation techniques mostly used in Pi2 anal-
yses, may also be relevant in their interpretation. Further
analyses will be necessary.
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Comparison with STARE

The drift velocity distributions of the ionospheric electrons,
as seen by STARE, in conjunction with our observed hori-
zontal magnetic disturbance vectors, are shown in Fig. 13
for selected times. At 1651:40 UT STARE displays an over-
all south-eastward directed drift pattern typical for the
poleward side of the Harang discontinuity. At 1656:40 UT
the disturbance marks a clear border between a southward
electron drift on the poleward side of the STARE field
of view and an eastward drift on the equatorward side.
After the first pulse at 1659:00 UT the previously disturbed
region is completely occupied by a uniform southward di-
rected electron drift. Mapped into the magnetosphere, this
evoluation can be interpreted as a transition from a dawn-
ward-directed to an earthward-directed plasma convection.
The first pulse is then correlated with the discontinuous
border between these two regions.

The second pulse differs from the first one because it
is embedded in a turbulent, but mainly equatorward di-
rected, drift (displayed at 1700:00 UT and 1701:40 UT).
During the subsequent time interval this condition does
not change remarkably. A typical example is shown in the
last panel of Fig. 13 (1705:00 UT). During the whole pulsa-
tion event STARE observed only south-eastward directed
one-dimensional drift structures. Drift velocity vectors with
westward components appear, only confined in small re-
gions, and seem to be of turbulent character. Thus this
comparison supports the conclusion drawn in the last sec-
tion that the ionospheric sheet currents flowed only in one
direction and did not change their sign.

Discussion

In our opinion, the observed disturbances can be explained
by means of MHD theory. Changes in the magnetospheric
convection electric field are transmitted by shear Alfvén
waves along magnetic field lines to the ionosphere, accom-
panied by strong field-aligned currents and particle precipi-
tation (Vasyliunas, 1970; Rostoker and Bostrom, 1976,
Goertz and Boswell 1979; Lysak and Dum, 1983). The in-
duced current system has been studied by Maltsev et al.
(1977) and Mallinckrodt and Carlson (1978). Since the mag-
netic observations indicate a predominant two-dimensional
structure of the associated currents, it is a relatively simple
task to compare the observed to the theoretically deduced
parameters.

We chose the coordinate system in such a way that the
y-axis points horizontally along the ionospheric structure
in a south-east direction. No y-dependency is considered.
The z-axis is parallel to the earth’s magnetic field B, i.e.
z points approximately vertically down, and x completes
the right-hand system. In the cold plasma approximation
the polarization current is continued by field-aligned cur-
rents for which the following equation holds:

OE,
ox

with Xy, = (uov,) ", where v, is the well known Alfvén
velocity v, = By/)/ pop;- E, 1s the wave electric field which
is assumed to be generated by disturbances in the convective
plasma flow in the magnetosphere near the equatorial
plane. Integration along x between the extrema of E, yields
the field-aligned sheet current density

IZ=ZW
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If the perpendicular scale length of E, becomes comparable
to the ion gyroradius or electron inertial length, the proper-
ties of the Alfvén wave changes. Then the field-aligned elec-
tric field is no longer negligible, and the wave is called
a kinetic Alfvén wave. Equation (1) is, however, still valid
(Goertz and Boswell, 1979; Lysak and Carlson, 1981). The
so-called flux tube conductivity Xy can be positive and
negative according to the wave propagation direction along
z. Its value ranges from 0.1 to 1 Q™ !. Current continuity
at the ionospheric boundary of the flux tube leads to the
expressions

(2wl

,o~2 E%,, )
P
[ Zw|-Zp
Ey=-"—F E}, 3
[ Zw|+2p
Ji =2pEy, “4)

Equation (2) is an estimation for the ionospheric electric
field amplitude in x under disturbed conditions (X,> 2).
E%) is the amplitude of the wave field component E,. X,
is the height-integrated Pedersen conductivity. Effects of
inhomogeneous ionospheric conductivities are neglected
here. They have been treated by Ellis and Southwood (1983)
and GlaBmeier (1984). Equation (3) describes the amplitude
of the reflected field E} in relation to that of the incoming
field E}. Since the ionosphere was strongly ionized during
the pulsation event, almost all wave energy must have been
reflected back into the magnetosphere. Therefore El can
be expected to be of the same order of magnitude as EY,
but has switched sign. The case X, ,~Xy is very unlikely
(Southwood and Hughes, 1983) and therefore is also ne-
glected. In this case the ionosphere would act as a perfectly
matched load at the end of a field line. Then the reflection
coefficient is zero. The geometry of this complex current
system is illustrated in Fig. 14.

With the above equations we can estimate fields and
currents of the first two extreme disturbances. The observed
magnetic variations originate from the ionospheric Hall
currents along the wave front. The total current was of
the order of 4 x 10° A, yielding a height-integrated current
density J, = —20 A/m. The width of the current strip was
taken to ly)e 20 km. The STARE drift velocity vectors are
not corrected and therefore preliminary. For strong iono-
spheric electric fields we have to take into account that
the observed irregularities have a tendency to drift more
slowly than the ambient electrons (Schlegel, 1983). For this
reason the electric field can be assumed to be at least of
the order E, ~ —100 mV/m. The height-integrated Hall
conductivity then comes up to X, ~200 Q. This is a very
high value but might be realistic for this special event.
Marklund et al. (1982) found Hall conductivities 2, <
90 2~ ' on a sounding rocket flight. Under the unusual
conditions given, X,/X,=5 is also a reasonable value
(Brekke et al. 1974; Wallis and Budzinski 1981). Then we
have 2p~40 Q! and J;,=—4 A/m. For the oppositely
dlrected field-aligned sheet currents at the poleward and
equatorward side of the jet it follows that |J,| = 2 A/m. Final-
ly we get for the amplitude of the incident electric wave
field Ej~2 V/m, if Z,,~1Q ! is assumed. The order of
magnitude of E} seems to be adequate for an extraordinary
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Fig. 14. Schematic cross-section of the wave front and related cur-
rent system near the ionosphere. The magnetospheric source drifts
relative to the ionosphere. In the drifting frame the features are
time independent. In an interference region above the ionosphere
the electric field of the down-coming and reflected waves nearly
cancel

Table 2. Parameters of the disturbances

Observed or assumed (*) Derived

d=20 km

I,=—4-10° A J, =-20A/m

E, <—100 mV/m Iy = 200Q7!

(*)):H/):P—S Z, = 40Q7!
Ji, =— 4A/m
|J.] = 2A/m

*Zp=1Q7" Ey = 2V/m

magnetospheric source, in comparison to observations re-
ported by Mozer et al. (1980). All values are listed in Ta-
ble 2.

In accepting the MHD-model for the observed distur-
bances, further questions arise. One concerns the apparent
lack of reflected waves from the opposite hemisphere. If
waves are excited near the equatorial plane, we can expect
them to propagate symmetrically in both hemispheres. As
the parameters show, the ionosphere has to be considered
as an excellent reflector on which the electric field reverses
its direction. Consequently, current systems with alternating
signs are expected to pass over the observer. The model
suggested, e.g. by Samson and Rostoker (1983), describes
Pi2 pulsations as multiply reflected waves.

As far as we can interpret our data in comparison with
riometer and STARE measurements, this model does not
hold for the pulsation event under discussion. The autocor-
relation functions of the X’-component of all stations
(Fig. 15) show a distinct repetition period of ~ 340 s indi-
cating oscillations in a bounded system. But on the ground
only odd-numbered reflections have been detected, i.e. ion-
ospheric sheet currents flowing in a north-west direction.
A possible decoupling mechanism between the magneto-
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Fig. 15. Autocorrelation functions of X’. The correlated time inter-
val contains the whole pulsation event. The mean period of 340 s
can clearly be seen

sphere and the ionosphere for Alfvén waves is studied by
Lysak and Dum (1983). A selective reaction of the near-
earth magnetosphere on the incident wave is, however, not
discussed in their model. The source region may also affect
the wave, but has not been considered up to now.

Another important property of the disturbing waves is
their narrow spatial extent perpendicular to the front direc-
tion. The wave length observed in the magnetic field at
the ground is not identical to the spatial distribution of
the ionospheric currents. The typical width of the currents
is of the order of a few tens of kilometers. The fact that
these waves could be observed on the ground is due to
the spacing of the wave fronts. The individual wave fronts
follow one after the other in a distance of more than
500 km. Thus the spatial spectrum also contains wave
numbers k of the order of 107> m~ ' <2 n/h,, where the
ionospheric height 4, is a critical value for ground observa-
tions of magnetospheric waves (Southwood and Hughes,
1983).

Waves with such a small-scale length can be regarded
as kinetic Alfvén waves (Fejer and Kan, 1969, Hasegawa,
1977; Goertz and Boswell, 1979) with parallel electric fields.
The existence of kinetic Alfvén waves in the near-earth mag-
netosphere has been established by Klocker (1982). The
parallel electric field might be strong enough to cause the
observed spatially confined ionospheric ionization which
occurs along with the drifting ionospheric wave fronts. In
the applied model the precipitating electrons have been ac-
celerated at the leading edge of the drifting wave front,

i.e. on the equatorward side of the current system, where
the field-aligned currents are upward directed (see Fig. 14).

Besides the parallel acceleration mechanism there is an-
other effect concerning kinetic Alfvén waves. Depending
on the perpendicular wave number, the phase velocity of
the waves can become smaller than v,. The dispersion rela-
tion for a cold plasma is given by

) K2\ "2
==V [ 1+
ey ( CUZ)

pe
k, and k| are the perpendicular and parallel wave numbers
relative to the undisturbed magnetic field, respectively. ¢
is the speed of light and a)pe=e]/ n,jeom, is the electron
plasma frequency. For an understanding of the relatively
long period of 340 s this effect must be taken into account.

Summary

The pulsation event discussed here belongs, in our opinion,
to the Pi2 type in auroral latitudes. It is substorm correlated
and seems to be generated along a plasma boundary in
the magnetosphere. The specific properties of this event
are the large intensity of the variations and relatively small
field of the subsequent magnetic substorm. The following
conclusions resulting from the discussion are:

— The magnetic perturbations originate from almost two-
dimensional current systems which drift in a south-west
direction with a velocity v,~2.3 km/s. They are observable
down to latitudes L <3.3.

— The mean period of the pulsations is 340 s.

— The ionospheric Hall currents are aligned to the pre-
viously existing Harang discontinuity. Their width is of the
order of 20 km.

— The field-aligned currents are induced by kinetic Alfvén
waves characterized by their small spatial extent perpendic-
ular to B,. There is a nearly ono-to-one correspondence
between the drifting wave front and the locally confined
enhancement in ionization.

— Though the Alfvén waves should be multiply reflected
on the ionospheres in both hemispheres, only odd-num-
bered reflections have been observed. This result is obtained
from comparison between the untreated magnetic field re-
cordings and other observations. Filtering would not have
been an adequate technique for analysing the data.
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