
|00000107||

J. Geophys. 48, 101-115, 1980 Journal of 
Geophysics 

Ground-Based Observations of an Onset of Localized Field-Aligned 
Currents During Auroral Breakup Around Magnetic Midnight 
H.J. Opgenoorth1 •2 , R.J. Pellinen1, H. Maurer3, F. Kuppers 2 , W.J. Heikkila 4 , K.U. Kaila'. and P. Tanskanen 5 

1 Finnish Meteorological Institute, Division of Geomagnetism, Vuorikatu 24, Box 503, SF-00100 Helsinki 10, Finland 
2 lnstitut fiir Geophysik der Universitiit Munster, Gievenbecker Weg 61, D-4400 Munster, Federal Republic of Germany 
3 lnstitut fiir Geophysik und Meteorologie der Technischen Universitat Braunschweig, Mendelsohnstrasse 1 A, 
D-3300 Braunschweig, Federal Republic of Germany 
4 University of Texas at Dallas, Center for Space Sciences, Richardson, Texas 75080, USA 
5 Air Force Geophysics Laboratory, Hanscom Air Force Base, Massachusetts 01731, USA 
(on Leave from Department of Physics, University of Oulu, Linnanmaa, SF-90570 Oulu 57, Finland) 

Abstract. The substorm on 2 March 1978 was selected for study 
as a relatively weak substorm, starting at about local magnetic 
midnight, that could be observed with instruments in Northern 
Scandinavia. The analysis is based on a comparative study of 
data from the IMS magnetometer network, all-sky cameras, pulsa­
tion magnetometers, and riometers in the Scandinavian area. In 
addition other data are used to support the results, e.g., a photo­
graph from the DMSP-F2 satellite, showing the auroral situation 
over Scandinavia, and further west, immediately after the substorm 
onset. 

The substorm was preceded by a weak activation of aurora 
and magnetic disturbance about 3 min before the onset. After 
a fading that lasted for 20 sand could be observed only in optical 
aurora, the substorm onset led to a strong brightening of the 
aurora, an enhancement of the westward electrojet, a sudden rise 
in the ionospheric D-layer absorption, and Pi B type pulsations. 
Immediately after the onset, the ground magnetic data suggest 
the appearence of a pair of oppositely directed, localized, field­
aligned currents (FACs). The main development of the signatures 
of the downward FAC was clearly delayed by about 3 min. There 
were significant correlations between the magnetic signatures of 
the two FACs and different features and spectra of the optical 
aurora, both in time and location. The observed Pi B type pulsa­
tions lasted as long as a growth in the local onset-connected FACs 
could be inferred. 

Within the first three minutes the localized three dimensional 
current system developed into a more sheet-like configuration. 
An expansion to the west, possibly accompanied by a westward 
travelling surge, was traced with riometers and magnetometers 
on Iceland and Greenland. 

Key words: Auroral substorm - Magnetic substorm - Substorm 
onset - Field-aligned currents - Auroral electrojet. 

1. Introduction 

The global features of magnetospheric substorms have been de­
scribed in many papers (e.g. Akasofu 1964; McPherron et al. 1973; 

Akasofu 1974; Fukunishi 1975; Kamide and Akasofu 1975; 
Kisabeth and Rostoker 1974; McPherron 1979). The numerous 
case studies reported in these papers have led to the knowledge 
of substorm phenomena that we have today. However, more de­
tailed event analyses are needed to increase our understanding 
of the physics involved in localized and transient effects appearing 
during substorms. Careful consideration of parameters such as 
local magnetic time, latitude, amplitude of the observed distur­
bance, and general magnetic activity around the event may permit 
a more general interpretation that can test the global picture of 
substorm phenomena. In this paper we shall give an example 
of such a study. 

The coupling mechanism between the magnetospheric pro­
cesses and the ionospheric phenomena observed from the ground 
is nowadays understood to be represented by currents driven along 
the magnetic field lines. Bostrom (1964) introduced two field­
aligned current (F AC) configurations, which could possibly be 
responsible for the polar electrojets. In the first case (later referred 
to as the Bostrom I model), the auroral electrojet is the ionospheric 
closure-current between a pair of field-aligned line-currents at 
the eastern and western end of the electrojet, while in the second 
case (later referred to as the Bostrom II model) the auroral electro­
jet is the ionospheric Hall-current that is driven between a pole­
ward and an equatorward field-aligned sheet-current. In recent liter­
ature it seems to be generally accepted that a F AC-configuration 
of the Bostrom II type exists permanently and is responsible for 
the quiet time eastward and westward electrojets. On the other 
hand, the substorm-related three-dimensional current system 
seems to be represented to a greater extent by the Bostrom I 
type, involving an upward F AC on the evening- and a downward 
FAC on the morning side of the location of substorm onset (Clauer 
and McPherron 1974; Iijima and Potemra 1976; Rostoker and 
Bostrom 1976; Kisabeth and Rostoker 1977; McPherron 1979). 

In several magnetospheric substorm models (Atkinson 1971; 
McPherron et al. 1973; Akasofu 1977; Bostrom 1977; Heikkila and 
Pellinen 1977) the substorm related FAC-system is explained as be­
ing caused by deviation of the magnetospheric cross-tail current, par­
tially closing via field lines and the ionosphere. The models differ 
mainly in their attempts to explain 
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- possible trigger mechanisms for the substorm onset, 
- energization of particles to the observed energies up to MeV 

(Pellinen and Heikkila 1978a and references therein), 
- anisotropy in the precipitating particle energy spectra (Lui et al. 

1977). 
- well defined distribution patterns of precipitating electrons and 

protons (Fukunishi 1975), 
- mechanisms to maintain the deviation of the cross-tail current, 
- expansion of the disturbance in the neutral-sheet plane. 

The ionospheric phenomena on the evening side of the expand­
ing substorm region have already been studied to great extent. 
Very early scientists were attracted by such striking phenomena 
as the auroral westward travelling surge (WTS) (Akasofu et al. 
1965a) and sharp transitions from positive to negative variation 
in the H-component of magnetic recordings (Heppner 1954; Har­
ang 1946). It has been found that the area covered by the WTS 
can be regarded as the local area of substorm-connected electron 
precipitation (Akasofu et al. 1969), carrying the western upward 
FAC (Kamide and Akasofu 1975; Wescott et al. 1975). It forms 
the leading edge of the substorm-enhanced westward electrojet 
(Pytte et al. 1976; see also Swift 1979; McPherron 1979, and refer­
ences therein). 

Less is known about comparable features produced by the 
downward F AC on the eastern, expanding side of the substorm 
region. Certainly the much wider scatter of precipitating protons 
and positive ions (Vallance Jones 1976, p. 54) will be a reason 
for the lack of sharp auroral and magnetic features. Nevertheless 
photometer observations show a substorm related enhancement 
of Hp-emissions (Fukunishi 1975; Oguti et al. 1974) where the 
downward F AC is expected to be located (Pellinen and Heikkila 
1978a). 

Due to spatial limitations of instrument networks, ground­
based observers have recorded the onset of a substorm mainly 
close to its central meridian. Since the three-dimensional current 
system can be expected to be quite small in extent at the very 
start of a substorm (Pellinen and Heikkila 1978a), it should be 
possible, as this study will show, to observe the features of nearly 
the entire onset current-system with suitably located instruments. 

The studies of the local behaviour of the auroral electrojets 
with a meridian chain of magnetometers, in connection with other 
observations (Kisabeth and Rostoker 1971, 1973; Kisabeth 1972; 
Akasofu 1974), resulted in a better understanding of the substorm­
connected current systems as well as in an improvement of analysis 
methods. The next step in ground-based substorm studies was 
the installation of a two-dimensional magnetometer array in an 
area that was already covered by networks of other instruments, 
such as all-sky cameras, riometers, photometers, pulsation magne­
tometers and others. This type of network was first installed by 
Bannister and Gough (1977, 1978) in Canada. Later Kuppers 
et al. (1979) started a more extensive network in northern Scandi­
navia. The area of the Scandinavian array is sufficiently large 
(ca. 1,000 x 1,000 km 2 , see Fig. 1) to cover a good portion of 
the entire substorm-onset phenomenon if one restricts analyses 
to weak or moderate substorms, recorded near to the initial onset 
location. As there seems to be little or no principal difference 
between weak and intense substorms (Kamide et al. 1975), this 
restriction still allows the generalization of the results. 

Recently Untiedt et al. (1978) described the observation of 
a substorm onset near magnetic midnight with the first part of 
the Scandinavian IMS-network of stations. Since the auroral 
breakup was, in this particular case, initiated over the eastern 
part of their observation area, they recorded only the signatures 
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Fig. 1. Map of recording stations within the Scandinavian area 
from which data have been used in the present study. The different 
symbols that are used to indicate the various instruments are 
given in the right bottom corner. The stations with riometers 
are underlined. The observational coverage by all-sky cameras 
is indicated by broken circles (as defined by 15° elevation angle 
and 100 km height). The broken lines mark the area within which 
irregularity drift-velocities have been computed from the ST ARE­
data. (for further details concerning the stations see Table 1) 

of the western edge of the area of upward FAC. In the hope 
of recording events with the region of substorm onset being opti­
mally located with respect to the ground-based network of stations, 
the so called Auroral Breakup Campaign (ABC-I) was carried 
out in February and March 1978 (IMS-newsletter No. 12, 1977). 
Of the events recorded within the three weeks of the campaign 
a moderate substorm that occured on 2 March 1978 was selected 
for the present comparative study. 

In the next section we shall describe the instruments from 
which data has been used in our analysis. We also introduce 
the methods of data processing and presentation. In Sect. 3 a 
general overview of the geomagnetic situation during the substorm 
analysed will be given, followed by the description of observations 
during the growth phase, substorm onset, and expansion phase. 
In the final section we will discuss how far the observations pre­
sented are in correspondence with observations of other scientists, 
and whether they can be explained by the models for the magne­
tospheric substorm. 

2. Instrumentation and Methods of Data Processing 

Due to the enhanced recording activity coordinated amongst the 
European IMS-participants, many kinds of data-sets have been 
available for this study. In this section we will describe only the 
instruments used by the authors even though various other data 
have been studied and considered in the final interpretation. These 
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Table 1. Permanent or temporary 
Station stations from which data have been Symbol Geogr. coord. Type of instrument" 

used in the present study and institution b 

Andenes AND 69.3° N 16.0° E M(UM) 
Arvika ARV 59.6 12.6 M(UM) 
Bear Island BJN 74.5 19.2 M (AOT) 
Berlevag BER 70.9 29.1 M(UM) 
Boyarskaya BOY 65.8 33.8 M (PGI) 
Evenes EVE 68.5 16.8 M(UM) 
Fredvang FRF 68.1 13.2 M(UM) 
Glomfjord GLO 66.9 13.6 M(UM) 
Hasse la HAS 62.1 16.5 M(UM) 
Hellvik HEL 58.5 5.8 M(UM) 
Ivalo IVA 68.6 27.5 M (TUB), R (SGO) 
Jokikyla JOK 63.8 26.1 M(UM) 
Kevo KEV 69.8 27.0 M (TUB), R (SGO) 
Kilpisjarvi KIL 69.1 20.8 A (FMI) 
Kiruna KIR 67.8 20.4 M (UM), A, P, R (KGI) 
Klim KLI 57.1 9.2 M(UM) 
Kunes KUN 70.3 26.5 M (TUB) 
Kuusamo KUU 65.9 29.0 M (TUB) 
Kvikkjokk KVI 66.9 17.9 M(UM) 
Lavangsdalen LAV 69.7 19.9 P (UO) 
Lovo LOV 59.4 17.8 M (SGU) 
Lovozero LOZ 68.0 35.0 M (PGI) 
Lycksele LYC 64.6 18.7 M(UM) 
Martti MAR 67.5 28.3 M (TUB) 
Mattisdalen MAT 69.9 22.9 M(UM) 
Mieron MIE 69.I 23.3 M(UM) 
Muonio MUO 68.3 23.6 M(UM) 
Namsos NAM 64.5 11.1 M(UM) 
Narssarssuaq NAR 61.2 314.6 R (DMI) 
Nattavaara NAT 66.8 21.0 M(UM) 
Okstindan OKS 65.5 14.3 M(UM) 
Oulu OUL 65.1 25.5 M (UM), R (SGO) 
Pello PEL 66.9 24.7 M(UM) 

M=magnetometer, A=all-sky Pit ea PIT 65.3 21.6 M(UM) 
camera, P=photometer, R=riometer Ramfjord RAM 69.8 19.6 R (AOT) 
b If not explicitly explained in the text: Risede RIS 64.5 15.1 M(UM) 
AOT=Auroral Observatory at Tromso, Ritsemjokk RIJ 67.7 17.5 M(UM) 
UM= University at Munster, Rostadalen ROS 69.0 19.7 M(UM) 
SGU =Swedish Geological Survey, Rovaniemi ROV 66.6 25.8 R (SGO) 
KGI = Kiruna Geophysical Institute, Sauvamaki SAU 62.3 26.7 M(UM) 
SGO=Geophysical Observatory at Skarsvag SKA 71.1 25.8 M (TUB) 
Sodankylii, TUB=Technical University at Skogfoss SKO 69.4 29.4 M(UM) 
Braunschweig, PGI=Polar Geophysical Sodankylii SOD 67.4 26.6 R (SGO) 
Institute at Apatity, UO =University at Soraya SOY 70.6 22.2 M(UM) 
Oslo, NTNF=Royal Norwegian Council Storavann SRV 65.8 18.2 M(UM) 
for Scientific and Industrial Research, Tjomes no 66.2 342.9 R (NTNF/UB) 
UB=University at Bergen, DMI=Danish Umba UMB 66.7 34.5 M (PGI) 
Meteorological Institute, FMI =Finnish Vadso VAD 70.1 29.7 M(UM) 
Meteorological Institute 

instruments will be described later, when necessary. Results from record on 16 mm colour film, specially processed to a sensitivity 
magnetic pulsation data for this event are published elsewhere of ASA 640, thus allowing an exposure time of about 2 s. The 
(e.g. Wedeken et al. 1979; T. Basinger et al., paper in preparation). digital time display is accurate to the nearest second. Radioactive 

The locations of the different kinds of instruments are shown sources are used to activate calibration surfaces, visible on each 
in Fig. 1. More detailed information concerning the stations is photograph, for calibrations in both the red and the green part 
listed in Table 1. During the night of 2 March 1978 two all-sky of the spectrum. 
cameras (ASC) of the same design (Hypponen et al. 1974) were Distinct auroral structures in the ASC-pictures have been digi-
operating at Kiruna and Kilpisjiirvi, recording at rates of 1 frame tized along their lower borders, rectified and mapped under the 
per minute and 3 frames per minute respectively. These cameras assumption of a normal height of 100 km (Boyd et al. 1971). 
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Where possible, the final locations of aurorae have been averaged 
over the results of both cameras. The error in the location of 
the auroral forms so derived is less than 20 km, according to 
our experience with several stations (Opgenoorth 1978). 

Data from 36 stations of the IMS-magnetometer network in 
Scandinavia have been used in the present study. A detailed des­
cription of this network and of the instrument types has recently 
been given by Kiippers et al. (1979) and Maurer and Theile (1978). 
Additional instruments run by observatories or other institutions 
that were used in this study are given in Fig. 1 and Table 1. 

The magnetic as well as the auroral data will be presented 
in a special cartesian coordinate-system, the so called KIRUNA­
system. This was introduced by Kiippers et al. (1979) for easier 
display and processing of data from the Scandinavian area. The 
system is centered at Kiruna in a plane tangent to the globe 
at the same location. The familiar horizontal components H and 
D are rotated to A and B respectively; B is parallel to the YKi-axis 
which is the tangent to the revised corrected geomagnetic latitude 
in Kiruna (Gustafsson 1970), A is orthogonal to B along the 
xK;-axis, and Z remains unchanged. The use of the KIRUNA­
system in a number of studies (e.g. Untiedt et al. 1978; Baumjo­
hann et al. 1978) showed good results in reducing the geometrical 
effects while the physical effects become clearer. 

The magnetic disturbance vectors have been determined in 
comparison to a baseline which has been taken in the early mor­
ning hours of two quiet days before and after the considered 
night, in order to avoid Sq-effects. The data will be presented 
mostly in the form of so-called equivalent current vectors (TEC= 
total equivalent current), derived by turning the horizontal magne­
tic disturbance vector clockwise through 90° The vertical compo­
nent will be indicated by different symbols for positive and nega­
tive variations or by isolines. 

The need to differ between quiet-time current-systems and sub­
storm-connected ones, as well as the need to recognize the charac­
ter of changes in an existing current-system, made the use of 
so-called differential equivalent current vectors (DEC) necessary. 
The basic idea of this method is the assumption that a current 
system observed at a time t 1 stays constant until a time t 2 , while 
an additional current system develops during the same time inter­
val. According to the free superposition of magnetic fields, the 
difference between the magnetic disturbance field at the time t2 

and the field at the time t 1 can be regarded as the relatively 
independent effect of the new current system. The final result 
is naturally very much dependent on a reasonable choice of the 
times t 1 and t 2 . However, even when the current system at the 
time t 1 does not stay constant until 12 the patterns of the resulting 
DEC-vectors still reveal clearly the changes in the pre-existing 
system (e.g. Fig. 4). It should be pointed out that, due to the 
implied ambiguity, DEC-vectors have to be interpreted with care. 
In most cases other data (e.g. optical observations) allow restric­
tion of the various possible causes of a certain pattern. The idea 
of splitting the total magnetic disturbance field was first introduced 
in the analysis of magnetic-latitude profiles by Kisabeth and Ros­
toker (1973) to study the small scale magnetic effects connected 
with auroral loops and surges. It was later applied by Untiedt 
et al. (1978) to data from a two-dimensional magnetometer array, 
and has shown its power in separating transient local phenomena 
from the more intense global magnetic disturbances. 

Other ground based data considered in the analysis of the 
present event were available from the Danish Ionlab riometer 
network (Stauning 1978), the riometer operated in Kiruna, the 
Finnish chains of riometers (for technical details see Ranta 1978) 
and pulsation magnetometers, and the Scandinavian-Twin-Aura-
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ral-Backscatter-Radar (STARE) at Hankasalmi, Finland and 
Trondheim, Norway (Greenwald et al. 1978). Unfortunately the 
observation area of ST ARE was slightly too far to the north 
for the special aims of this study. A meridian scanning photometer 
equipped with filters for measuring the wavelengths 486.1 nm (Hp), 
490.7 nm (N'.D, 630.0 nm (0 1), and 480.1 nm (background) was 
in operation in Kiruna, in addition to the all-sky camera. Because 
of the change of filters, the time resolution for this instrument 
was 4 min for a constant elevation. A faster, 4-channel, simulta­
neous-scanning photometer was operated in Lavangsdalen 
(Norway), but some operational changes during the time interval 
considered restricted the use of the data for our purposes. 

Due to fortunate circumstances the ground-based data can 
be supported by a photograph from the DMSP-F2 satellite taken 
during a pass over Scandinavia (pass. no. 3837) with a camera 
scanning perpendicular to the satellite orbit (see Fig. 6). The pic­
ture shows the auroral situation over Scandinavia at about the 
time of the substorm onset, and the situations over Iceland and 
Greenland at later times. The movement of the sub-satellite point 
could be used to infer a time axis. The given coordinates have 
been corrected to a sphere at the altitude of the visible auroral 
forms, i.e. 100 km, with allowance for the varying aspect angles 
of the scanning camera. A more detailed description of the use 
of DMSP-satellite data has been given by Pike and Whalen (1974) 
and Eather (1979). 

3. Observations 

General Situation 

The substorm analysed from the night of 2 March 1978, between 
2200 and 2300 UT, is not isolated in the classical sense, but 
well separated from other activations in the course of the night. 
It's clear and distinct features also support the assumption that 
it is independent from the previous substorm, which started around 
1830 UT. 

This earlier substorm has a duration of more than two hours, 
reaching an intensity of about 500 nT. During this time consider­
able auroral activity is observed north of Scandinavia. Also, the 
main part of the substorm-connected westward electrojet is situat­
ed north of the area of observation. After these preceding substorm 
activities, the magnetic disturbances at stations all along the night­
side of the auroral oval return to almost zero level until 2200 UT 
Correspondingly, auroral observations for that time show clear 
dark sky. 

In Fig. 2 the three components of magnetograms along profile 
4 (i.e., from SOY to SAU) including BJN are plotted in a stacked 
form to give an overview over the magnetic signatures of the 
substorm studied in this paper. It should be noted that they are 
relatively weak, reaching a maximum intensity at MUO of only 
200 nT The onset of the substorm can be recognized by the sudden 
deflections of all components at about 2223 UT The disturbance 
is very localized and at that time restricted mainly to the Scandina­
vian area. Only later, in the course of the substorm expansion­
phase, do magnetic stations further east (e.g., Dixon, USSR) and 
west (e.g., Leirvogur, Iceland) record the start of a negative H-bay 
(data not shown here). At stations in mid-latitudes and even sub­
auroral latitudes, the effects of this substorm are too small to 
permit a reliable analysis. 
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Fig. 2. Magnetic va ria tions on 2 March 1978 from 2200 to 2300 UT at sta tions a long a meridian. A and B denote horizontal 
components para llel to the xK; - and YK; - axis respectively. Z is positive downwards. Horizontal lines indicate undisturbed levels 
(see Sect. 2) 
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Fig. 3. Total horizontal eq uiva lent current vectors at stations within Scandinavia before and after the appearance of a new discrete 
auroral form (aurora indicated by solid lines and shaded area) (upper panels). 

Differential equivalent current vectors for the two minutes during which the new auroral form becomes appearent and grows 
in intensity. The vertical components are indicated by the size of the station symbol (o =negative. +=positive) (lower panels) 

Pre phase 

Before the actual substorm onset, very faint growth-phase phe­
nomena can be observed. Soon after 2200 UT a very weak west­
ward equivalent current starts to grow slowly in intensity. At 
the same time a broad , diffuse auroral band becomes visible in 
the ASC-pictures and the Lavangsdalen photometric recordings, 
extending from the western to the eastern border of the observation 
area . The location at 2218 UT. as shown in Fig. 3 (upper left 
panel), is about xK;=-50 to - 150km. After 221 8 UT some 
discrete, but nevertheless still faint auroral forms suddenly appear 

over northern Norway. This change in auroral acttv1ty causes 
no clear response in the tota l equiva lent current vectors (Fig. 3. 
upper right panel) . 

It is more interesting to look at the DEC-vectors for the time 
interval during which the discrete aurora appears (Fig. 3, lower 
panels). They show that a circular, fully closed. equiva lent current 
with a counterclockwise sense of rotation is added to the pre­
existing current system a t approximately the position of the new 
aurora. From the ASC-pictures it cannot be clearly deduced that 
the development of the new auroral form takes about 2 min. as 
should be expected from the DEC-patterns. The Lavangsdalen 
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Fig. 4. Horizontal components of the differential equivalent cur­
rent vectors for a 20 s interva l of sudden auroral brightening. 
(The brigh1ened aurora is represented by solid curves of different 
thicknesses. indicating different intensities.) 

photometer. however. revea ls that. in fact. the growth in the 
557.7 nm intensity is 3 kR from 2228 to 2219 UT a nd still 2 kR 
from 2219 to 2220 UT. Referring to the papers by Fukushima 
(1 976) and Untiedt et al. (1978) such a ground magnet ic signature 
may be attributed to an onset of a loca lized upward FAC and 
the associated current fl ow in the ionosphere. Due to the ambiguity 
of DEC-vectors, a switch-off of a loca lized downward FAC could 
also be responsible for the same pattern. In this case the concurrent 
observation of the appearance of a new discrete aurora, with 
good correlation in time and location, makes it possible to decide 
that the feature observed in the D EC-vectors is most likely to 
be produced by a loca lized upward FAC. carried by precipitating 
electrons. which also excite the observed auroral emission. 

At 2222 : 00 UT the diffuse band further to the south brightens 
and develops into discrete auroral arcs, as shown in Fig. 4 ; the 
D EC-vectors for this time interval are shown in the same figure. 
They reveal that. at this time, the magnetic ground signature a t 
the position of the aurora l brightening is due to a pure enhance­
ment of the westward electrojet without a perturbation in the 
B-component. In the meantime the equiva lent current in the north­
east decreases. 

Subslorm Onsel 

Immediately before the aurora breaks up. the southernmost arc 
fades again for a very short time of about 20- 30 s. This fading 
can be seen in the ASC-photograph at 2222: 43 UT in F ig. 5. 
Perhaps due to the very short time and narrow lat itudinal extent 
of the fading. no corresponding features in the magnetic recordings 
can be uniquely indentified. 

The start of the breakup over Scandinavia can be fixed by 
A SC-data to shortly after 2222: 43 UT (see Fig. 5). It starts clearly 
to the west of the observation area a nd expands very fast at 
first in a longitudinal direction. Even though we observe. in this 
case. only the eastward expansion. it seems reasonable to assume 
that the same effect happens on the western side as well. Since 
this longitudinal expansion along the brightening arc occurs within 
approximately 40 s it would probably appear in ASC-data with 
I min time resolution as an instantaneous brightening of the equa­
torwa rd arc. as reported by Akasofu (1964). The northward expan­
sion speed of the a urora immediately after the breakup is a bout 
2 km/s. later decreasing to I km/s. according to the digitized ASC­
data. The northward expansion over western Scandinavia can also 
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Fig. 5. All-sky camera photographs at Kilpisjarvi, Finland. for 
the time interval discussed on March 2. 1978 

be recognized in the DMSP-picture in F ig. 6. From the picture 
it is possible to see that the main part of the intense aurora, 
and thus probably the initial location of the breakup, lies west 
of the Norwegian coast a t about 0°- 5° eastern geographical longi­
tude. i.e .. very close to local magnetic midnight (Whalen 1970). 

The auroral breakup is accompanied by a strong burst of 
Pi-type pulsations (T. Basinger, private communication) and a sud­
den increase in the ionospheric D-layer absorption. The riometer 
recordings in Fig. 7 show that the sharpest absorption onset occurs 
simulta neously with the auroral breakup and is only recorded 
by stations at the same latitude, i. e., Kiruna and Ivalo. A compari­
son of shape and amplitude of the onset at both stations supports 
the idea tha t the main area of particle precipitation lies nearer 
to Kiruna than Ivalo and may possibly correspond to the area 
of initial auroral breakup. It should be noted that the enhancement 



Fig. 6. Photograph from the DMSP-F2 satellite taken over the 
area between Scandinavia (upper right corner) and Greenland (left 
side) at about the time of the substorm onset. The city lights 
of Reykjavik are encircled, The time axis refers to the movement 
of the sub-satellite point. The coordinates are corrected for a 
height of I 00 km above the ea rth's surface 

of the diffuse arc at 2222 : 00 UT (Fig. 4) may correspond to the 
smaller absorption onset observed at Sodankylii, slightly before 
the main absorption increase. 

In Fig. 8 the total equivalent current systems before and after 
the substorm onset are shown. The TEC-vectors at 2222 : 00 UT 
(upper panel) are strongest in the vicinity of the visible aurora. 
The electrojet is still clearly separated into two major portions, 
but, as pointed out before. the southern portion grows towards 
the onset. while the northern one decreases. About two minutes 
after the onset at 2225: 00 UT (lower panel) the westward equiva­
lent current flow at the latitude of the auroral intensification is 
drastica lly enhanced. 

To get an idea about the current system that is directly related 
to the breakup, and superposed on the pre-existing one. it is 
aga in reasonable to consider the DEC-system. based on the time 
of the moment when the aurora faded prior to the breakup. i.e., 
2222 :40 UT. The time by which a new current system has possibly 
developed seems at first glance to be 2225: 20 UT . when the aurora 
reaches it's first maximum in northward expansion and increase 
of brightness. The resulting DEC-vecto rs in Fig. 9 (central panel) 
show. in the western part. a distinct U-shaped equivalent-current 
loop around the location of initia l auroral intensificat ion. The 
sense of rotation in this loop is counterclockwise with growing 
negative Z variations towards it's center. But in the northeastern 
part of the picture there is another equivalent current loop with 
a clockwise sense of rotation. Correspondingly. here the enclosed 
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Fig. 7. Rela tive ionospheric absorption during the night of March 
2, 1978 recorded by some riometers within the Scandinavian area. 
(The curve from Kiruna is taken from a different type of strip-chart 
recording as can be seen from the curved time marks.) 

Z variation is pos1l!ve. T o understand the development of this 
system in space and time we analysed several series of D EC-vectors 
for varying time intervals as well as based on different starting 
times. Finally we were able to trace the following history of the 
substorm-connected equivalent current system during the first few 
minutes after the onset: 

At the time of the auroral breakup a counterclockwise equiva­
lent current loop develops around the loca tion of the initial auroral 
intensification. The development of this loop lasts until the aurora 
reaches a first maximum of brightness at 2225: 20 UT. The forma­
tion of the clockwise equivalent current loop starts simultaneously 
with the other one. but deve lops much more slowly. As can be 
seen in the right-hand panel of Fig. 9. a good port ion of it still 
seems to be added during the interval from 2225: 20 UT to 
2226 : 20 UT. when the development of the counterclockwise loop 
has already finished. During the same time a decrease of auroral 
intensity is observed over the Scandinavian a rea (see Fig. 5). From 
the DMSP-photograph in Fig. 6 it can be seen that. at this time. 
there is no decrease in aurora l activity further to the evening 
side of the auroral oval. Also, from the Kiruna ASC-data . there 
is some evidence for an intense aurora remaining south-west of 
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the Lofot islands in the vicinity of the counterclockwise current 
loop. The approximate position of the remaining bright aurora 
is indicated in Fig. 9 (right panel). Unfortunately the Kiruna city 
lights disturb the western part of the ASC-pictures and prevent 
a more exact location of the aurora in this part of the observation 

78-03-02 

L 250 km YKI 

- +o 100 nT 

- +o 100 nT 

22 22 00 TEC 

22 : 25 :oo TEC 

Fig. 8. Total equivalent current vectors for times before and after 
the substorm onset. (Vertical components again indicated by the 
same symbols as in Fig. 3.) 

area. From Fig. 9 it can also be noted that the position of the 
clockwise equivalent current loop is north of the breakup aurora 
during the first minute after substorm onset and later within 
the area where the aurora ceases. 

Considering the excellent temporal and spatial correlation be­
tween aurora and magnetic field as described above there must 
be a connection between the obviously local decrease of the intense 
discrete aurora and the main development of the clockwise equiva­
lent current loop. Vice versa, there seems to exist a causal relation­
ship between the counterclockwise equivalent current loop and 
the auroral breakup. But. even though a time shift in the final 
development of the two loops of about 2 min is obvious, it has 
not been possible to find a clear separation of the two loops 
in time. Such a separation would have indicated the possibility 
of a switch-on and switch-off of one and the same current system. 
However, in this case. the two oppositely directed equivalent­
current loops clearly coexisted during the whole 3-4 min after 
the substorm onset. Thus it seems reasonable to consider both 
features as being connected with the ground signatures of the 
three-dimensional magnetospheric substorm onset current-system. 
The resulting pattern is shown by the DEC-vectors for the interval 
2222: 40 to 2226: 20 UT in Fig. 9 (left panel). 

Unfortunately the observation field of the STARE-radar does 
not reach far enough to the south to cover the area where the 
auroral breakup takes place, However, in the recordings at 
2225: 20 UT (shown in Fig. 10) there seems to be some evidence 
for a clockwise curvature in the irregularity drift-direction at the 
position where we observe the northern part of the counterclockwi­
se equivalent current loop. Also, corresponding to the western 
part of the clockwise equivalent current loop, there is a counter­
clockwise irregularity drift at the same location. 

78 -03 -02 22: 22:40 - 22: 26: 20 DEC 22:22: 40 - 22:25:20 DEC 22:25:20 -22:26:20 DEC 

L, 
250 km Kl 

horizontal components I kR 
10 kR 

'~- 100 kR 
- 1000 kR 

Fig. 9. Differential equivalent current vectors for selected intervals during the early time of the substorm development. The vertical 
components are shown separately in the lower panels by isolines computed from the values recorded at the stations. The aurorae 
at 2223: 00 UT in the central and 2226: 00 UT in the right panel are indicated by solid curves and shaded areas with intensity 
scaling 
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Expansion Phase 

As pointed out in the previous chapter, the expansion speed of 
the aurora to the north is 2 km/s at the beginning of the breakup, 
and later, 1 km/s. This northward expansion of the poleward 
border of the visible aurora lasts until about 2235: 00 UT, reach­
ing a northernmost position of about xK; = 400 km. The expansion 
speed decreases further during the later expansion phase. Until 
the end of this phase the aurora enhances and decreases several 
times and some possibly related phenomena can be found in the 
magnetic data. However, most of these very local features are 
embedded in the simultaneous growth of the westward electrojet. 
A further analysis will therefore be relatively complicated and 
we will devote this particular study to the substorm onset. 

The limited area of ASC-observation does not allow observa­
tion of substorm expansion to the east and to the west, but in the 
magnetic data an expansion of the equivalent current system can 
be traced for at least the first three minutes after the substorm 
onset. The clockwise loop which is (immediately after the onset) 
relatively small and of nearly circular shape expands to the east. 
A series of DEC-vectors at one minute intervals, each of them 
based on the end time of the previous one, (shown in Fig. 11) 
reveals that the equivalent current added to this loop between 
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Fig. 10. Irregularity drift velocity vectors computed from the 
STARE-data at 2225:20 UT 
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2224: 00 and 2225: 00 UT is already oval shaped, and that the 
DEC-vectors for the time from 2225: 00 to 2226: 00 UT no longer 
show a closure to the east. but are. by that time, already U-shaped. 
During the whole development of the eas~ern border, both the 
western border of this loop and, on the opposite side, the eastern 
border of the counterclockwise loop stay remarkably stable. It 
can be concluded, therefore, that the same kind of expansion 
to the west takes place on the western side of the counterclockwise 
loop. and is not observed due to a lack of stations in that area. 
Baumjohann (1979) reported an expansion of the same character 
as shown in Fig. 11 for a counterclockwise equivalent-current loop, 
which had been observed in relation to a substorm onset over 
the eastern part of his observation area. That a westward expan­
sion of the substorm phenomena in fact occurs in the present 
case as well can be deduced from the following observations fur­
ther to the west. 

As mentioned before, the Finnish chain of riometers, as well 
as the riometer at Kiruna, recorded at the time of the substorm 
onset a steep increase in the ionospheric D-layer absorption. The 
same observation was made by Stauning (1978) with his riometer 
at Ramfjord, Norway. However, riometers further to the west 
show a significant delay in the absorption onset. Figure 12 shows 
how the area of increased absorption expands to the west, reaching 
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Fig. 12. Riometer recordings at stations in Scandinavia. Iceland. 
and Greenland on March 2, 1978 (from Stauning 1978). 
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Fig. 11. Differential horizontal equivalent current vectors for three subsequent one-minute intervals during the early time after the 
substorm onset 

109 



|00000116||

Tjornes on Iceland at about 2235: 00 UT. The expansion possibly 
continues as far as Greenland, where the absorption over 
N arssarssuaq rises suddenly at 2240: 00 UT. All three stations 
are on approximately the same geomagnetic latitude and, during 
this night, as can be seen from the satellite picture in Fig. 6. 
well situated within the auroral oval. Magnetic stations at the 
same location (Narssarssuaq) or very near to the riometer (Leirvo­
gur) record the onset of a negative H bay at the same moment 
as the area of increased absorption arrives (data not shown here). 
In both cases the negative H variation is accompanied by a nega­
tive Z deviation and a sudden distortion in the D component 
which is clearly positive before the arrival. If one assumes that 
the western border of the substorm onset current system began 
at about 5° E geographic longitude, the resulting average expan­
sion speed to the west would be about 1.3 km/s between Scandina­
via and Iceland and about 4.5 km/s between Iceland and Green­
land. 

To the east, the only station from which data was available 
to the authors is Dixon, USSR, about 2,000 km east of Scandina­
via. Here a small negative H onset was recorded at 2232:00 UT, 
which could possibly be related to the substorm onset over Scan­
dinavia under discussion. Assuming the initial eastern border of 
the substorm onset current system at 30° E geographic longitude, 
this would correspond to an eastward expansion speed of about 
3.4 km/s. 

4. Discussion 

Even though the substorm analyzed in this paper produces only 
very weak magnetic disturbances, it shows all the features that 
are known to occur during the course of a substorm of larger 
intensity. The clear separation from the previous intense substorm, 
as well as the faint growth-phase phenomena, prove that the event 
is independent and not an enhancement of an earlier system, as 
in a multiple-onset substorm reported by Pytte et al. (1976). 

Development Before the Substorm Onset 

The slow increase of westward equivalent current that starts after 
2200: 00 UT may be the result of a weak growth-phase preceding 
the substorm onset. Enhanced particle precipitation is indicated 
by the faint diffuse band of auroral luminosity that becomes visible 
in the ASC-pictures after about 2215:00 UT The diffuse and 
faint character of the visible aurora and the related westward 
equivalent current are not enough information to decide whether 
a southward movement of the aurora and the related current 
system takes place during the growth phase. Nevertheless the ob­
served features clearly occur south of the latitude of the previous 
substorm activity. 

The sudden appearance of discrete aurora at 2119: 00 UT may 
be connected to a magnetospheric growth-phase. Several authors 
(Akasofu 1964; McPherron 1970; Pytte et al. 1976; Pellinen and 
Heikkila 1978 b) have reported the observation of transient bright­
ening or the appearance of discrete aurorae connected to small 
negative perturbations in the magnetic H component, taking place 
particularly during the growth-phase of a magnetospheric sub­
storm. This phenomenon has been given different names, e.g., 
trigger bay (Rostoker 1968), pseudo-breakup (Akasofu 1964), etc., 
but in all cases it was believed to be of magnetospheric origin, 
and to be related to the same kind of instability which, in a 
more effective situation, leads to the onset of a real substorm. 
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Our observations (Fig. 3) strongly suggest that these precursors 
are connected to a localized onset or enhancement of upward 
field-aligned current, which would support the opinion of the 
above cited authors (see also the observations of Untiedt et al. 
1978). 

At the second auroral intensification observed before substorm 
onset, taking place just after 2222: 00 UT (see Fig. 4), the aurora 
enhances along the whole portion of the auroral oval that can 
be observed by our instruments, causing a pure strengthening 
of the westward equivalent-current flow at the narrow latitudinal 
region of brighter aurora. Immediately after this final auroral 
enhancement, before the actual onset, the auroral arc fades for 
a time shorter than 40 s, as can be seen from the ASC-picture 
at 2222:40 UT, in Fig. 5. 

According to the theoretical model for substorm onset in the 
magnetotail by Pellinen and Heikkila (Heikkila and Pellinen 1977; 
Pellinen and Heikkila 1978 a, b; Pellin en 1979) this fading occurs 
due to a localized decrease in the magnetospheric cross-tail electric 
field, which results in a reduction of the most effective acceleration 
mechanism for quiet time auroral particles, the Fermi (or curvature 
drift) acceleration (Sharber and Heikkila 1972). Pellinen (1979) 
has given a detailed description of the sequence of events that 
leads to auroral fading: the increase of the cross-tail current and 
the related thinning of the plasma sheet will be approximately 
linear during early times of the substorm growth phase, but, after 
a certain moment, the increase of the cross-tail current becomes 
locally non-linear. During the linear growth and the early phase 
of the non-linear growth, enhanced particle precipitation into the 
ionosphere can be observed, which results in a momentary increase 
in the D-layer absorption, ionospheric conductivity, and auroral 
brightness in a narrow latitudinal region. In fact, all these observa­
tions have been made around 2,222: 00 UT 

The non linearly growing cross-tail current will induce a grow­
ing electric field which is oppositely directed to the magnetospheric 
dawn-to-dusk field and will, after certain time, become locally 
stronger than the latter (Pellinen 1979). The short-lived situation 
of balance between the two fields will cause a momentary fading 
of the ionospheric phenomena associated with reduced particle 
precipitation (Pellinen and Heikkila 1978 b ). As soon as the in­
duced electric field dominates the cross-tail electric field in a loca­
lized region of the neutral sheet, the mechanism described by 
Heikkila and Pellinen (1977) and Pellinen and Heikkila (l 978a) 
may result in the onset of the actual substorm phenomena. 

Field-Aligned Currents Associated With Substorm Onset 

In the introduction, we have pointed out that, with a network 
of the type and spacing as used for this study, it should be possible 
to infer a good portion of the onset-connected three-dimensional 
current system. Based on the data presented in the previous sec­
tion, we believe strongly that, in this case, our ground-based sta­
tions were situated directly under (or at least very near) the foot­
prints of a localized pair of oppositely directed field-aligned cur­
rents, which were related to the substorm onset. Let us try to 
consider the magnetic and electric effects of such a pair of field­
aligned currents on the ionosphere and magnetometers on the 
ground. 

Under the assumption of homogeneous or axi-symmetric con­
ductivity in the ionosphere, one should expect circular counter­
clockwise (clockwise) ionospheric Hall-currents to be driven 
around the upward (downward) F AC, decreasing with growing dis­
tance from the center. In such a case only these Hall-currents 
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Fig. 13. Theoretical pattern of the magnetic ground effect of two 
vertically-incident field-aligned line-currents into a homogeneously 
conducting ionosphere in the forms of equivalent current vectors 
and a representative latitude profile (upper panel). 

Ground perturbation of an ionospheric westward current (cen­
tral panel). Combined ground effects of the above two panels 
(lower panel). 

The chosen latitude profile is indicated by a broken line, broken 
vectors indicate the points for which no corresponding measure­
ments could be presented in the experimentally observed pattern 
in Fig. 9 

will produce a magnetic disturbance on the ground, while the 
effects of the radial Pedersen-currents, combined with the FA Cs, 
will vanish (Fukushima 1976). In Fig. 9 (left panel) two equivalent 
current loops can be seen, having the correct sense of rotation 
for the expected field-aligned current configuration at a substorm 
onset. The observation that, at the positions of the loops, the 
irregularity flow directions recorded by the ST ARE-radar (Fig. 10) 
are antiparallel to the equivalent currents supports the idea that 
the observed ground effect is produced by real ionospheric Hall­
currents (Baumjohann et al. 1978). 

Besides the two oppositely directed loops in Fig. 9, a certain 
asymmetry becomes apparent, which indicates the additional effect 
of a westward directed current. In Fig. 13 we demonstrate that, 
in fact, a superposition of two Hall-current loops and an additional 
westward current can account for the equivalent current pattern 
observed in connection with the substorm onset. The westward 
current will partly cancel the oppositely directed parts of the loop 
currents, while the parallel directed parts will be enhanced. The 
maximum and minimum of the vertical Z component will appar­
ently be shifted to the north and south, respectively. In comparison 
to the theoretical latitude profiles for a meridian exactly through 
the center of the clockwise equivalent current loop, the observed 
latitude profiles for all three components along profile 4 (i.e., 
from SOY to SAU, see Table 1 and Fig. 1) are shown in Fig. 14. 
It can be seen that the observed profile is in fact very similar 
to the one that should be expected for the modelled superposition 
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Fig. 14. Differential equivalent latitude profiles for the time inter­
val during which the onset-connected current system develops. 
The meridian is located near the center of the clockwise equivalent­
current loop 

of a clockwise Hall-current loop and an additional westward cur­
rent. The positive B-component in Fig. 14 indicates that profile 
4 must be situated to the east of the clockwise loop center. 

But what, in this case, is the reason for the observed westward 
equivalent current? The assumption of a homogeneous conducting 
ionosphere will not be valid for auroral latitudes, but (due to 
continuous particle precipitation along the auroral oval) there 
will always be a region of enhanced conductivity. Nevertheless, 
locally homogeneous conductivity will, to a first approximation, 
still be a reasonable assumption for the explanation of ground 
signatures of very localized FA Cs. as observed in connection with 
pseudo-breakups and auroral spirals, when the effective width 
of the FAC-connected disturbance is smaller than the latitudinal 
width of the auroral oval. In the case of the more intense, and 
possibly wider substorm onset connected FACs, however, a belt 
of higher conductivity has to be considered. 

In a series of papers Fukushima (1974, 1975a, b) has discussed 
the ground magnetic effect of a single downward directed F AC 
which flows into a belt with Hall- and Pedersen-conductivity 3 
and 2 times larger, respectively, than in the surrounding ionosphere. 
In order to maintain current-continuity he had to assume cer­
tain boundary conditions at the borders of the belt. The most 
probable conditions discussed are open field-lines at the poleward 
boundary, allowing secondary F AC to flow, and closed field-lines 
at the equatorward boundary, resulting in charge accumulation 
and dissipation via secondary ionospheric currents. 

The basic results of his calculations are that, for such a configu­
ration, the circular Hall-currents remain the same in principle 
as in the case of homogeneous conductivity, but are stronger 
inside the belt than outside. The Pedersen-currents, however, are 
no longer completely matched by the ground effect of the F AC, 
but have a dominating component along the belt in both direc­
tions away from the point of primary incoming F AC. If one 
adds to Fukushima 's results the effects of an upward F AC to 
the west of the downward one, the resulting ground-effective Pe­
dersen-current will be westward directed. The combined ground 
perturbations of the Hall- and Pedersen-currents in such a case 
will be somewhat similar to the pattern drafted in Fig. 13. 

However, from Fukushima's numerical results it becomes clear 
that in all cases discussed, where the auroral-zone Hall-conductivi­
ty is larger than the Pedersen-conductivity, which according to 
Brekke et al. (1974) is a correct assumption, the magnetic ground 
perturbation caused by the ionospheric Pedersen currants will be 
several times smaller than the one caused by Hall-currents. Also, 
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other model calculations (W. Baumjohann, private communica­
tion) for a similar type of observed equivalent current pattern, 
assuming a conductivity channel with the ratio of Hall- to Peder­
sen-conductivity being 2/1, show that the westward Pedersen-cur­
rent produced by a pair of field-aligned line currents alone can 
not account for the observed perturbation of the two Hall-current 
loops. Thus the only explanation for this discrepancy must be 
that, after the onset of the substorm, the quiet-time westward 
Hall-current, which is driven by the permanently existing global 
F AC-configuration, also increases. In fact, observations by Iijima 
and Potemra (1976) and Mozer (1971) have shown that the global 
FA Cs and associated electric fields do increase immediately after 
substorm onsets. 

It should be mentioned here that all the models discussed 
above still neglect the inclination and curvature of the field-aligned 
currents, which should produce magnetic effects mainly on the 
equatorward side of the onset region. For a more sophisticated 
modelling of the real three-dimensional current configuration, the 
effects of currents induced in the ground have also to be considered 
more exactly than with only the assumption of a perfect conductor 
at a certain depth. In Fig. 9 (lower left panels) it can easily be 
seen that, e.g., the inductive coast effect is relatively strong at 
the Norwegian coast (station AND), producing distortions mainly 
in the Z component, during rapid changes in particular. Neverthe­
less erroneous contributions from the ground will not give rise 
to a wrong interpretation for the current pattern considered, the 
error being mostly in magnitudes. 

Supporting Observations 

So far we have considered only magnetic data in discussing 
whether the observed phenomena could have been produced by 
a localized pair of FA Cs. This is, in fact, in agreement with several 
other observations, as we will show below. 
A sudden Pi-type pulsation burst is, according to other reports 
(e.g., Saito 1969; Kisabeth and Rostoker 1971, Pytte et al. 1976), 
very closely connected to the onset or enhancement of F AC and 
related ionospheric current systems. At this substorm onset a Pi­
burst was observed to start simultaneously with it between 
2222: 00 and 2223: 00 UT, to reach maximum amplitude at about 
2225: 00 UT, and to cease shortly after 2226: 00 UT (T. Basinger, 
University of Oulu, private communication). This is exactly the 
time interval during which we observe the development of the 
entire double loop system in the DEC vectors. 

The very good spatial and temporal correlation between the 
optical auroral observations and the development of the onset­
connected equivalent current system is in agreement with our inter­
pretation. The initial auroral breakup, and later the remaining 
intense discrete aurora is very well situated within the counter­
clockwise current loop, i.e., under the upward directed FAC which 
should be carried mainly by energized precipitating electrons (Aka­
sofu et al. 1969). Vice versa, the downward F AC should be carried 
at least to some extent by energized precipitating protons and 
positive ions (Potemra 1979; Klumpar et al. 1976; Pellinen and 
Heikkila 1978a) which are not able to produce bright aurora 
(Vallance Jones 1976, p. 54). This is in agreement with the observa­
tion that the aurora ceases over the Scandinavian area after 
2225: 20 UT, when there is still a large portion of clockwise equiv­
alent current added to the onset-connected current system. The 
DMSP-photograph and the ASC-data show that this decrease 
in the aurora seems to be restricted to the area of probable down­
ward F AC only. 

The clear delay of about 2 min between the arrival of substorm­
energized electrons (as indicated by the auroral breakup and the 
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Fig. 15. Photometric recordings of the photometer in Kiruna for 
the wave lengths 486.1 nm (Hp) and 630.0 nm (red 0 1), with back­
ground subtracted, for a representative elevation angle of 75° N. 
The original curve for the 630.0 nm line has been shifted 110 s 
back in time to correspond to the excitation of the aurora rather 
than its emission 

counterclockwise loop representing upward FAC) and protons 
(as indicated by the localized cessation of the aurora and the 
final development and widening of the clockwise loop representing 
downward FAC) is an important observation. The delay had been 
reported earlier by Fukunishi (1975). If one accepts that the sub­
storm onset connected energization of particles of both types must 
occur at the same time, by a symmetric mechanism capable of 
producing the observed distribution pattern, the relatively large 
delay in the arrival of the slower protons must mean that the 
energization mechanism is located far away from the earth, most 
probably in the magnetotail. Differences in arrival times of elec­
tron and proton beams produced in the magnetotail at substorm 
onset were also obtained in the simulation calculations by Pellinen 
and Heikkila (1978a). 

Some photometric data from the instruments in Kiruna (Swe­
den) and Lavangsdalen (Ramfjord, Norway) show the delayed 
arrival of protons. The photometer at Lavangsdalen was not scan­
ning during the time interval considered, but was viewing constant­
ly along the magnetic field lines, i.e., towards an ionospheric region 
approximately over Rostadalen (ROS). The Hp-emissions from 
this region, which is very near to the possible location of downward 
FAC, start to rise after 2225: 00 UT, when the visible aurora 
decreases in that area. Also, the photometer at Kiruna records 
Hp-emissions from nearly all elevation angles only some minutes 
after the substorm onset. 

In Fig. 15 only the development of the Hp- and 630.0 nm em­
issions from a representative elevation angle of 75° over the north­
ern horizon at Kiruna is shown. As we are mainly interested 
in comparing the moments of excitation of the two emissions, 
the curve for the 630.0 nm emission was shifted 110 s back in 
time corresponding to the average delay in the emission of this 
particular wavelength. Thus the two curves became approximately 
directly comparable, although not originally recorded synchron­
ously. It can be seen that the rise in the Hp-emissions is preceded 
by a high short-lived peak of red auroral emissions, which is 
certainly related to the substorm onset. The entire photometric 
data set (not shown here) reveals that, in contrast to the Hp­
emissions, this peak is observed at Kiruna only from about 40° 
to 90° N elevation. If one compares this observation with Fig. 9 
and Fig. 14, it seems as if the red emissions are restricted to 
the area of initial downward FAC, while the proton-emissions 
observed later correspond in time and location to the final area 
of downward FAC, which has clearly widened and spread out 
further to the south. Since, according to Klumpar et al. (1976), 



|00000119||

Kamide and Rostoker (1977), and Klumpar (1979), the downward 
equivalent current is carried to a large extent by upward going 
ionospheric electrons of low energy, the photometer observations, 
together with the ground signatures of localized downward FAC, 
give rise to some questions. It may be possible that the red auroral 
emissions that usually come from heights greater than 200 km 
(Vallance Jones 1976) have in this case been excited by upward 
going electrons. If this happens to be the case, it would suggest 
that the necessary upward directed field-aligned acceleration 
mechanism for ionospheric thermal electrons is related to the posi­
tive charge of the cloud of energized protons arriving from the 
magnetotail, as the red auroral peak is observed to decrease when 
the protons arrive at the ionosphere. However, the answer to 
this question has to be postponed until better observations are 
available. 

The expansion of the onset-connected three-dimensional cur­
rent system is in good agreement with the observations of other 
authors. To the west, the travelling disturbance resembles the 
features observed in connection with westward travelling surges 
(Kamide and Akasofu 1975; Kisabeth and Rostoker 1973), the 
speed, in the beginning at least, being of the same magnitude 
as given by Akasofu et al. (1965 a). Figure 12 shows that the expan­
sion of this relatively weak substorm reaches at least far as Nars­
sarssuaq in Greenland. To the east, the expansion speed is consid­
erably faster than to the west. The northward expansion stops 
after about 400 km, as reported by Akasofu et al. (1965b) for 
a moderate substorm. 

No statement can be made on whether the central meridian 
of the three-dimensional substorm current system stayed stable 
during the whole development of expansion. According to Pytte 
et al. (1976) the position of the central meridian and the develop­
ment of the substorm expansion can be deduced from a longitudi­
nal profile of stations in mid-latitudes. An attempt was made 
to apply this method to the data from this substorm also, but 
due to the low intensity, the amplitudes at mid-latitudes were 
only of the order of nT, thus being too small to permit reliable 
analysis. 

5. Summary and Conclusions 

In this paper we reported observations of a moderate substorm 
with an extended network of ground-based stations. Even though 
the majority of the disturbances were relatively weak, the most 
typical features of a substorm have been observed. The results 
of this study can be summarized as follows: 

The extent of the IMS-network of stations in Scandinavia has 
proved to be close to the scale-size of substorm onset phenom­
ena. 
The three-dimensional current system, which is connected to 
a substorm onset, is represented most likely by a localized 
pair of oppositely directed field-aligned line-currents of the 
configuration proposed by Bostrom (1964) (Bostrom I model). 
During the later course of the substorm, the very localized 
three-dimensional onset current system expands to east and 
west and develops into a more sheet-like configuration. 
The main magnetic ground perturbations observed at the sub­
storm onset seem to be produced by ionospheric Hall-currents, 
driven by the electric fields of the local, as well as the global, 
field-aligned current-configurations. 
The auroral breakup is obviously related to the onset of a 
localized, upward directed, field-aligned current, carried by 

precipitating electrons, which represents the western part of 
the three-dimensional onset current system. 
The eastern part of the onset current system can reasonably 
be attributed to the effect of a downward field-aligned current. 
Ground based observations indicate that this downward cur­
rent is carried by upward going ionospheric electrons during 
the first 2 min of the substorm development. Later, at least 
some part of this current is carried by precipitating magneto­
spheric protons, arriving delayed. 
For the first two minutes after the substorm onset the down­
ward field-aligned current is well correlated with red auroral 
emissions, which may be excited by upward accelerated ion­
ospheric electrons. Later the intensity of Hp-emission exceeds 
that of the red aurora. 
A burst of Pi-type pulsations is associated with the onset of 
the field-aligned currents, lasting for as long as the growth 
in the ground signatures of these currents can be observed. 

The event reported in this paper has made us believe that 
we are dealing with a phenomenon characteristic of auroral sub­
storm onset, which has never, up to now, been observed in it's 
entirety, even though it has been included in substorm models 
for a long time. We are sure that, with our experience in this 
study, we will be able to recognize signatures similar to our data 
again in the future and study them in more detail. The much 
better optical equipment that is planned for operation in the Scan­
dinavian area in the future, will help us especially in clarifying 
some of the questions which have arisen in this study. 
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