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Abstract. A pulsation event has been studied which showed Ps6-
type characteristics with a period of about 20 min. Data from 
a number of magnetometer and riometer measurements over a 
large area have been combined with balloon measurements of 
the electric field to obtain a detailed description of the ionospheric 
current system during the event. The pulsations reported here 
occured over an interval longer than 3 hand showed large magnet
ic variations, up to 700 nT A model of the three-dimensional 
current flow has been derived which agrees with the data. It is 
concluded that most of the magnetic disturbance measured on 
the ground is caused by Hall-currents. 
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Introduction 

Long-period geomagnetic pulsations are common during sub
storms in the auroral zone, pulsations with periods greater than 
150 s being called Pi3 type according to international classification. 
These irregular pulsations have been subdivided into two distinct 
groups namely PiP (Raspopov 1970) and Ps6 (Saito 1972). The 
groups are separated mainly by their occurrence in local time 
and by magnetic signature (Kiselev and Raspopov 1976). Ps6 pul
sations are quasi-periodic with periods in the range l 0-40 min 
and are strongest in the Y component of the magnetic field both 
on the ground and at high altitudes. They occur mainly in the 
morning hours and are closely correlated with auroral activity. 

The magnetic variations reported here showed the characteris
tics of Ps6 pulsations, but were longer-lasting and stronger than 
those usually measured. They occurred over a local magnetic time 
period from 0430 to 0700. The peak to peak amplitudes in the 
Y and Z components were up to about 700 nT The maximum 
intensity was measured at a latitude between Kiruna and Tromsi:i 
which made this event particularly suitable for study due to the 
reasonably good coverage of groundbased measurements in that 
area. Furthermore electric field measurements were carried out 
from balloons during the same time interval as the magnetic pulsa
tions and they showed a clear correlation. A map showing the 
location of the observing stations is shown in Fig. 1. 

Due to the fact that groundbased magnetic measurements 
alone cannot distinguish between numerous possible two-or three
dimensional equivalent current systems in the ionosphere and mag-
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netosphere (Fukushima 1976) it is necessary to support them with 
other measurements in order to get a more complete physical 
description. Here we have used electric field and cosmic noise 
absorption measurements to put constraints on the three-dimen
sional model for the current system. 

The characteristics of the Ps6 pulsations have been studied 
in some detail by Saito (1974, 1978). He proposed a mechanism 
with field-aligned currents at the eastern and western ends of 
the substorm westward electrojet and attributed Ps6 to the mean
dering of the current system during the course of the substorm 
from the midnight region toward both east and west. Kawasaki 
and Rostoker (1979) have suggested a three-dimensional current 
model of narrow longitudinal extent in which antiparallel Birke
land current sheets are linked by equatorial flowing ionospheric 
current. 

In this study the pulsation event of 8 July 1975, an unusually 
strong and long-lasting Ps6 event, has been studied in detail. The 
results are compared with earlier suggested mechanisms, and a 
model of the three-dimensional current flow which agrees with 
the data is presented. 
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Fig. l. Map showing the location of the observing stations and the 
balloon 
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The magnetic event observed by ground based magnetometers 
in Northern Scandinavia, 8 July 1975 between 0200 and 0500 
UT. corresponding to 0430- 0730 ML T, showed regular periodic 
variations. Figure 2 shows the magnetogram from Kiruna where 
large Z component variat ions (up to 700 nT) were recorded 
throughout the 3-h period. The positive excursions have time con
stants of less than one minute while those for the negative excur
sions are of the order of 20 min. The Y component showed sym
met rical changes of up to 600 nT wit h peaks coinciding with the 
rapid positive excursions in the X component. The X component 
showed that the periodic st ructure was superimposed on a west
ward electrojet of about 500 nT. 

Comparison with 3 years of magnetic recordings at Ki runa 
showed that the unique featu res of this event were the very long 
duration (most events were less than one hour) and the la rge 
am plitudes. Data from a cha in of standard magnetic stat ions from 

UT 

75° 

Fig. 2. Standard magnetogram, Kiruna 

Fig. 3. Bostrom-Zaitsev diagram for the 
magnetic Y component 

59° to 78° latitude (Fig. 1) have been used to locate the disturbance 
in latitude. The center varied very little during the nigh t and 
was generally loca ted between Kirumt a nd Tromso. the latitudinal 
extent being about 5° as shown in Fig. 3 for the Y component 
in the form of a Zaitsev- Bostrom diagram (Za itsev and Bostrom 
197 1). 

The University o f Munster operated a meridian chain of closely 
spaced magnetometers with high time resolution ( 10 s) at Mikkel
vik (MlK. 70°04', 19°02'), Kiruna (KIR. 67° 50' , 20° 25'). Natta
vaara (NAT, 66°45 ', 2 1°00') and Pite{1 (PIT. 65°15', 21°35'). These 
sta tions constituted the first part of the Scandinavian Magne
tometer Array which was built up during the years 1974- 1976 
(K uppers et al. 1979). The recordings from these sta tions a rc 
shown in Fig. 4. The A and B components are aligned along 
the .\·Kl· and YKI· axes of the Kiruna system. respect ively (cf. K uppers 
et a l. 1979). Since those axes are perpendicular and para llel respec
tively to <I>; (KIR)=64.8° with (/>; denoting the revised corrected 
geomagnetic latitude (G ustafsson 1970), A and B components may 
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Fig. 4. Miinster magnetograms. with low pass fillered (T> 30 min) data 
superimposed 

be regarded as corrected geomagnetic north and east components, 
respectively. In order to separa te the 20-min va riations from the 
more slowly varying contr ibution of the electrojet a fi lter (with 
the -6 dB cutoff point at a period of 30 min) has been used: 
the low frequency signal. i.e .. the slowly varying elect rojet contri
bution has a lso been included in Fig. 4. The disturbance vectors 
di scussed in this paper a re measured relative to th is new reference 
line and thus represent the more rapid variations. 

In order to derive information about the particle p recipitat ion 
during the present event. recordings from the r iometers a t Kiruna 
and Kevo (69° 45'. 27°0 1'. Fig. l) have been used. From Fig. 5 
it can be seen that the recordings at both sta tions look very simi lar 
but that the absorption recorded at Kevo is delayed relative to 
K iruna by 3- 5 min. Kevo is located about 350 km east of Ki runa 
which means tha t this time delay corresponds to an eastward 
motion of the maximum absorption region with a velocity of 
a few km/s. 

T he 20-min variat ion is very pronounced in the riometer data 

140 

mV/m 
South 100 

50 

0 

0 

mV/m 
w .. st 100 

50 

0 

0 

TI ME (UT) 

Fig. 5. Ba lloon electric field data a nd ground based riometer recordings. 
The periods of northward and southward magnetic equivalent current 
vectors. defined from the Mlinster magnetometers . have been drawn 
a s a .. square wave .. . The .. square wave .. has been shifted by 3 min 
when superimposed on the electric field reco rdings to com pensate for 
the location of the balloon. The 111.,.ows indicate the time of due south
ward current 

and shows good correlation with the magnetic va riations of Figs. 2 
and 4. T herefore. it may be concluded that the magnetic variations 
arc closely related to precipitation of electrons of a few tens of 
keV. 

T he Dan ish Space Research Inst itute had a balloon equipped 
wit h electr ic fie ld detecto rs a few hundred km west of Kiruna 
during the nigh t d iscussed in this paper. The balloon was located 
as fo llows : at 0200 UT: 68" 42'. 11 ° 2 I ' ; at 0300 UT: 68° 36'. 
10°46' : a t 0400 UT : 68°30 '. 10°00' (Fig. I). The horizonta l compo
nents of the electric field a re shown in Fig. 5. These recordings 
show more structure than the absorption data but the 20-min 
variat ion can be identified easily par ticularly in the east-west com
ponent. Peak to peak amplitudes of more than 100 mV/ m were 
recorded. It may a lso be seen from F ig. 5 that variations with 
periods greater than 30 min are very sma ll in the cast-west compo
nent and somewhat larger in the north-south component. although 
sti ll smaller than the higher frequency componen ts. It was men
tioned earlier that a fi lter technique was used to separate the 
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possible stable structure drifting in 
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Fig. 7. Continuous current cell structures during the whole event similar to Fig. 6 
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current system due to the electrojet from the system that is attribut
able to variat ions with a period of about 20 min. Figure 4 shows 
that the northward A component was dominated by a rather 
steady electrojet during the interval of interest. On the other hand, 
the eastward B component was dominated by the 20-min varia
tions. In the following a detailed description will be made of 
the magnetic data after it has been passed through the high pass 
filter. 

In order to indicate the equivalent current pattern associated 
with the magnetic disturbance, the magnetic disturbance vectors 
at the four stations operated by the University of Munster have 
been rotated 90° clockwise. Figure 6 shows the equivalent curren t 
pattern for the time interval centered at 0313 UT, when a maxi
mum in the eastward magnetic component corresponding to a 
southward current vector was observed . The time axis has been 
drawn from right to left to illustrate a possible stationary system 
moving in the eastward direction. The same horizon tal and vertica l 
distance scale is obtained in Fig. 6 if the assumption is made 
that the current pattern drifted with an eastward velocity of 
1.3 km/s over the meridian-chain magnetic stations (as indicated 
by the riometer observa tions). The curren t pattern shows two 
cells with a southward current between them, where the largest 
current was also concentrated. Similar two ce ll patterns could 
be drawn for all maxima in the eastward magnetic component 
during the time interval 0200-0500 UT (see Fig. 7). The center 
of each current cell separates regions of current vectors with north
ward and southward components. The "square wave" in Fig. 6 
corresponds to time intervals of a northward and southward com
ponent of the currents, and the arrows indicate the time of maxi
mum southward current. The same square wave a lso been superim
posed on the riometer recording from Kiruna in Fig. 5. A compari
son between the magnetic and riometer data obtained at Kiruna 
as seen in Fig. 5 shows that the maximum in the absorption was 
closely correlated with the change from northward to south ward 
directed equivalent currents but the time of maximum southward 
curren t was delayed relative to the maximum absorption. There
fore. maximum precipitation of electrons occurred inside the east
ern counterclockwise current cell. At the balloon a simi lar time 
d ifference (2- 3 min) between the maxima of the measured X-rays 
and eastward maxima of the electric field was observed ( Iversen 
et al. 1977). 

To illustrate the relation between the east-west electric field 
component and the equivalent current component the same square 
wave pattern was superimposed on the electric field measurements 
in Fig. 5. where the wave has been advanced 3 min relative to 
the balloon recording to compensate for the fact that the electric 
field measurements were made about 300 km west of Kiruna. 
The 3-min delay has been estimated from the measured difference 
between the riometer absorptions at Kiruna and Kevo, assuming 
the same velocity fo r the structures west of Kiruna . The observed 
time difference between the maximum eastward electric field at 
the balloon and southward current observed at Kiruna varied 
between 3 and 4 min. Although electric and magnetic measure
ments were not made at the same locations, there is good evidence 
that the eastward electric field corresponds to southward equiva
lent currents. The electric field measurements show considerable 
high frequency fluctuations and a rather steady bias but a good 
correspondence can be found between eastward and westward 
directed excursions of the electric field and southward and north
ward directed components of the equivalen t currents, respec
tively. 

The other component of the horizontal equiva lent current 
(east-west direction) in the two cell pattern has the following be-
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Fig. 8. DMSP picture of the a urora in the southern hemisphere at about 
0140 UT 

haviour: south of the latitudinal center line through the cells, 
the direction will change from eastward to westward at the time 
when the maximum southward current passes the meridian of 
the stat ions (see Fig. 6) and the opposite change occurs north 
of the center line. Therefore, the east-west component of the cur
ren t vectors will show different temporal va riations for recording 
stations north and south of the latitudinal center of the distur
bance. The change from eastward to westward current has been 
indicated in Fig. 5 on the panel showing the north-sourth electric 
field component and marked N (also shifted by 3 min , see above). 
The change in the opposite sense has been marked S. It can 
be seen from Fig. 5 that the period of southward currents generally 
corresponds to large changes in the north-south component of 
the electric fie ld. It may be noted that the electric field measure
ments of the north-south component showed short period varia
tions. particularly in the time interval 0235-0245 UT, which can 
also be identified in the magnetic data north of Tromso (see 
Fig. 3) but are not shown so clearly in Fig. 7. The lack of corre
spondence of the north-south electric field in a few cases is not 
unexpected and a time shift of a few minutes will give a good 
fit (the two measurements a re made about 300 km apart and some
what non-symmetrical patterns such as changes in drift velocity 
could cause that difference). The correspondence therefore sug
gests that the east-west current vectors and the north-south electric 
vectors are physically correlated. 

The event discussed here occurred in the middle of the summer 
and no auroral data could be obta ined in Scandinavia. However, 
the DMSP satellite recorded aurora in the southern hemisphere 
during the same time interval. Figure 8 shows the auroral image 
obtained at 0140 UT. Loop structures with a north-south extent 
of 200- 300 km and a separation between the structures of about 
900 km were recorded. Similar structures were observed on all 
the fo llowing satellite passes at 0322, 0403 and 0503 UT. The 
satellite pass at 0545 UT is shown in Fig. 9 where very clear 
loops can be seen . Comparing this with the magnetic observations 
in northern Scandinavia it ma y be concluded that auroral fo rms 
were observed in the southern hemisphere aurora l zone which 
could correspond to the eastward travelling magnetic disturbances. 
A direct comparison cannot be made because the DMSP satellite 
traversed a region of the auroral oval whose fieldlines are con-
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Fig. 9. DMSP picture of the aurora in the southern hemisphere at about 
0545 UT 

nected in the northern hemisphere to a region several thousand 
km west of Scandinavia. 

Similar temporal variation to that observed by the groundbased 
and balloon measurements can also be seen in the ATS-6 magnetic 
field and energetic particle data (ATS-6 was at the time near 
the Kiruna longitude, personal communications McPherron and 
Mcllwain, respectively). This shows that fie ld aligned currents 
are observed at the equator along the same field lines. This will 
be the subject of a later study. 

Discussion 

The event discussed in this report showed very regular variations 
in the magnetic field, particularly in the Y and Z components, 
for several hours. The magnetic variation, with the low frequency 
component ( > 30 min) removed has been displayed in Fig. 7 where 
nine consecutive events with very similar patterns in the equivalent 
current vectors can be noted. The apparent structure as seen by 
the magnetometers was a two-cell pattern east and west of a 
southward current and moving in the eastward direction at a 
velocity between 1 and 2 km/s, with the higher velocity at the 
beginning of the disturbance period. The intervals between the 
patterns were not of exactly equal lengths. The events occurred 
at 02 18, 0234, 0250, 0313, 0325, 0346, 0406, 0425, and 0442 UT 
which means intervals of 16, 16, 23, 12, 2 1, 20, 19, and 17 min, 
respectively, between the events. Using an average velocity of 
1.5 km/s this would give a spacing of 1000 to 2000 km between 
the two-cell structures. 

The riometer absorption showed a one to one correlation with 
the magnetic events. The time when the absorption peak occurred 
could not be determined very accurately but in general the maxi
mum in the absorption observed over Kiruna occurred close to 
the center of the eastern counterclockwise current cell and was not 
coincident with the southward current. This was a lso supported 
by the time difference between the electric field and X-ray mea
surements at the balloon. 

The electric field as measured on a balloon a few hundred 
km west of Kiruna showed variations corresponding to the mag
netic variations and the conclusion could be drawn that the orien
tations of the magnetic and electric field vectors in the east-west 
direction were coincident, to within the uncertainty of the measure
ments. 

Let us now discuss the three-dimensional current system asso
ciated with the observed variations in magnetic and electric fields 
and riometer absorption. The observed magnetic field pattern 
could be explained by two possible equivalent current systems. 
One of these would be similar to a short north-south aligned 
Bostrom type l system (Bostrom 1964) and would consist of a 
pair of field-a ligned line currents, about 100 km apart in the region 
of maximum southward equivalent current, (in Figs. 6 and 7) 
linked in the ionosphere by a southward directed Cowling current 
(Baumjohann et al. 1977). The other possible system would be 
somewhat similar to a Bostrom type 2 configuration. Here, we 
again have a pair of field-aligned currents, but now with the 
upward and downward directed ones located in the eastern and 
western cells, respectively. If the height-integrated Hall and Peder
sen conductivities a re homogeneous, the magnetic effects of fie ld
aligned and Pedersen currents will cancel each other and ground
based magnetometers will observe only the clockwise and counter
clockwise Hall current loops around the field-aligned currents 
(Fukushima 1976 ; Bostrom 1977). 

The simultaneous observations of electric fields and riometer 
absorption give some evidence that this second equivalent current 
system comes closer to the real three-dimensional current system 
than the first one. Firstly, the maximum riometer absorption, 
which reflects energetic electron precipitation and hence upward 
field-aligned current flow (K lumpar et al. 1976; Kamide and Ros
toker 1977; Kl um par 1979), tends to be located in the eastern 
cell and not in the region of maximum southward equivalent 
current. Secondly, the east-west electric field is parallel to the 
east-west magnetic field and perpendicular to the north-south 
equivalent current vectors. This indicated that the magnetic distur
bances on the ground are caused solely by Hall-currents, as de
scribed in the second model. 

In order to support the above discussion and to give some 
quantitative va lues, we have constructed a simplified numerical 
model fo r the dual equivalent current cell pattern centered on 
0313 UT. Following Fukushima ( 1974) one can calculate the elec
tric field in the ionosphere due to a field-aligned line-current pair 
by substituting for them a pair of positively and negatively charged 
fie ldlines (the electric charge dissipating as a Pedersen current 
in the ionosphere from the footprints of those two fieldlines is 
assumed to be compensated by field-aligned current from the mag
netosphere). The radial component of the electric field in the 
ionosphere is given by (with Q electric charge density per unit 
height from ionosphere to infinity) : 

E,(r, /,) = ± Q/4 rrer. 

By assuming some distribution of height-integrated Hall and 
Pedersen conductivities, we can compute the ionospheric currents 
using the ionospheric Ohm's law. Subsequently the field-a ligned 
currents may be determined from the divergence of the horizontal 
currents. 

For numerical modelling we have divided the ionosphere into 
small cells each 50 x 50 km and for each cell we have computed 
electric fields and currents in the manner described above. The 
height of the ionospheric current layer has been chosen as 100 km 
above the earth's surface in agreement with the average height 
of the westward electrojet after Kamide and Brekke ( 1977). The 
magnetic fields on the ground caused by the ionospheric-magneto
spheric currents and by induced currents in a perfect conductor 
below 125 km depth (typical depth for periods of the order of 
15 min , after Mareschal 1976). have been calculated using the 
Biot-Savart law. 

The model parameters and the resultant equivalent current 
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Fig. IOa- f. Parameters of the model current system and resultant equivalent current system on the ground. a Location of negatively (square) 

and positively (cross) charged fieldlines. b Ionospheric electric field vectors attributable to these cha rges. c Ionospheric Hall (square) and Pedersen 
(cross) conductivity. d Ionospheric currents. e Upward (square) and downward (cross) field aligned currents. f Equivalent currents on the ground ; 
squares and crosses denote negative and positive Z components. respectively 

vectors on the ground are displayed in Fig. 10. By assuming a 
positive and a negative line charge density of 3 · 10- 7 Cm - 1 and 
a longitudinal spacing of 200 km (Fig. I Oa) we obtained maximum 
westward electric fields of 70 mvm - 1 and maximum eastward 
directed ones of 40 mvm - 1 (Fig. !Ob). 

This would be equivalent to peak-to-peak amplitudes of 
11 Om Vm - 1 and hence in reasonable agreement with the observed 
values. Furthermore, we have assumed homogeneous Ha ll and 
Pedersen conduct ivities of 40 a nd 20 fl- 1

, respectively, which a re 
in the range of those values given by Horwitz et al. ( 1978 a. 
b). The assumption of uniform conductivity is probably too simple 
but good enough for our coarse model. The resultant ionospheric 
and field-aligned current densities are displayed in Fig. IOd- e and 
one may note maximum southward height-integrated Hall currents 
of the order of2 Am - 1 and a total up- and downward field-aligned 
current flow of about 3 · 105 A. The Hall current density of 2 Am - 1 

is very high in comparison to about 500 mAm - 1 found for the 
westward electroj et in the morning sector by Sulzbacher et a l. 
( 1980) and Baumjohann and Kamide (in press 1981 ). In addition, 
the field-aligned current in each of the double cells constitutes 
10%- 20% of the total field-aligned current flow in the midnight 
to forenoon sector (lijima and Potemra 1976. 1978). The equivalent 
current vectors on the ground. caused by the three-dimensional 
current system (and the induced currents) are shown in Fig. I 0 f 
and we feel that the distribution comes rather close to that ob-
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served around 0313 and displayed in Fig. 6. A comparison of 
horizontal and vertical components of Figs. 6 and !O f. also indi
cates that a depth of 125 km for the perfect conductor is a good 
estimate. Otherwise both horizontal and vertica l components for 
the same model could not fit the observed data . since induced 
currents enhance the horizontal and reduce the vertical compo
nents of the external magnetic field. Lastly. we note that our 
model has been const ructed only for one pair of field-aligned 
currents while the observations show a series of severa l pairs. 
However, the pairs are separated by more than 1000 km and since 
E varies as l /r. neighbouring pairs would affect each other's elec
tric field only very slightly and would not change the overa ll 
pattern as displayed in Fig. I 0. 

Several previous studies have been carried out on eastward
travelling features along the morning auroral oval which could 
be related to the results presented here. Akasofu ( 1974) and Snyder 
and Akasofu ( 1974) reported on eastward drifting fl-bands. Tsuno
da and Fremouw ( 1976) presented radar auroral signa tures with 
eastward motions in the morn ing sector. Wescott et al. ( 1976) 
found anomalous behaviour of barium st reaks in the vicinity of 
fl-bands indicating downward acceleration of electrons. 

Baumjohann ( 1979) has shown a case where Ps6 pulsations 
are act ually associated with eastward drifting fl-bands. He found 
eastward velocities of 0.8 km s - 1 and also the equivalent double 
cell current pattern. consistent with the present results. 
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Saito (1974) and Saito and Yumoto (1978) investigated several 
models for Ps6 magnetic perturbations and concluded that the 
meandering current model proposed by Saito could explain most 
of the features in the Ps6 data. The model presented in this paper 
with pairs of east-west oriented, eastward-travelling Hall current 
!oops, when superimposed on a westward electrojet, will produce 
a current system which is equivalent to the model proposed by 
Saito. But our model gives the real current configuration while 
Saito's model is an equivalent one based on magnetic data alone. 

Kawasaki and Ro stoker ( 1979) reported eastward-travelling 
1egions of large magnetic perturbations with propagation velocities 
111 the range 0.8-2 km/s, which seem comparable to those found 
rn our event. They modelled the disturbances with a three-dimen
'ional current system where antiparallel Birkeland current sheets 
were linked by an equatorward flowing ionospheric current. Al
though their three-dimensional model current system produces 
the same magnetic field perturbation pattern as our Hall current 
system, the riometer data, the electric field data and the magnet
ometer data do not, when taken together, support their model. 
As mentioned earlier the electron precipitation was located in 
the eastern cell and not in the region of the maximum equatorward 
equivalent current and it was also found that the east-west electric 
field was parallel to the appropriate magnetic field vectors. 
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