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Abstract. By using coordinated two-dimensional ground-based
and satellite magnetic measurements obtained during a late after-
noon sector pass of TRIAD over the Scandinavian Magneto-
meter Array (SMA) and irregularity drift measurements by the
STARE Trondheim radar we were able to deduce ionospheric
and field-aligned currents quantitatively. The apparent contra-
diction — which is often met in the afternoon sector — that the
TRIAD measurements indicated upward net field-aligned cur-
rents whereas the ground-based magnetometers showed the sig-
natures of downward net field-aligned currents, was resolved
by taking the polar cap current system and the (different) finite
east-west extent of the field-aligned current sheets into account.
In particular, we found: The most prominent current was a
broad eastward Hall current electrojet of about 4-10° A whose
intensity increased to the east and which was fed by a downward
net field-aligned current sheet of about 220 mAm™! which ex-
tended about 2,000 km in longitude. The meridional current sys-
tem in the eastward electrojet region was formed by a northward
Pedersen current of about 400 mAm~' and the corresponding
balanced field-aligned closure currents in the north and south,
with a peak intensity of about 2 uAm~2 The strength of the
meridional current system also increased to the east. South of
the main eastward electrojet, in sunlit subauroral latitudes, a
broad but weak (less than 40 mAm™!) current (a so-called UV
electrojet) was flowing eastward, while immediately north of
the main (eastward) electrojet a narrow westward Hall current
of the order of 105 A penetrated into the afternoon sector and
diverged up the magnetic field lines as a net field-aligned current
sheet of about 100 mAm~! Within the polar cap a broad west-
ward Hall current (200-300 mAm ™' height-integrated current
density) and duskward Pedersen currents of about 120 mAm™*
were flowing. Current continuity for the Pedersen currents was
provided by about 5,000 km long upward and downward di-
rected field-aligned current sheets of about 120 mAm ™! at the
dusk and dawn polar cap border, respectively. The X5/2p ratio
determined from the magnetic measurements had values around
2 in the eastward electrojet region and was considerably higher
in the westward electrojet region. By assuming that the iono-
spheric electric field had only a meridional component in the
afternoon sector, we deduced the two-dimensional distribution
of electric field vectors from the STARE Trondheim radar mea-
surements and subsequently could compute height-integrated
Hall and Pedersen conductivities. Whereas the electric field de-
creased towards the south and, more slightly, towards the east,
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the height-integrated Hall conductivity showed the opposite
behaviour.

Key words: TRIAD satellite - Scandinavian Magnetometer Ar-
ray - STARE radar — Auroral electrojets — Field-aligned currents
— Tonospheric conductivities

Introduction

It is well known that during periods of enhanced magnetospheric
activity an eastward electrojet flows in the afternoon and evening
sector along the southern part of the auroral oval (Kamide and
Fukushima, 1972; Rostoker, 1972). The eastward electrojet exists
simultaneously with a poleward situated westward electrojet,
which penetrates from the midnight into the evening sector dur-
ing periods of substorm activity (Rostoker and Kisabeth, 1973;
Rostoker et al.,, 1975; Mersmann et al., 1979). The westward
electrojet can sometimes extend past the dusk meridian (Hughes
et al., 1979, Rostoker et al., 1979).

By taking into account the northward electric field observed
by satellites (e.g. Maynard, 1974), rockets (e.g. Maynard et al.,
1977), balloons (e.g. Mozer and Lucht, 1974) and the Chatanika
radar (e.g. Banks et al., 1973) in the eastward electrojet region,
it has been argued that the northward magnetic fields observed
on the ground in the afternoon and evening sector are caused
by eastward flowing Hall currents (e.g. Hughes, 1978; Hughes
and Rostoker, 1977, Mersmann et al. 1979; Rostoker, 1979).
Baumjohann et al. (1978) and especially Baumjohann (1979) and
Baumjohann et al. (1980) could actually verify this for typical
cases by comparing simultaneous two-dimensional measure-
ments of ground magnetic and ionospheric electric fields ob-
tained by the Scandinavian Magnetometer Array (SMA) and
the Scandinavian Twin Auroral Radar Experiment (STARE),
respectively. Moreover, Baumjohann et al. (1980) gave rather
direct evidence that the net fieldaligned current flow (Heppner
etal, 1971a, b, Yasuhara et al., 1975; Sugiura and Potemra,
1976) above the eastward electrojet region is caused by the diver-
gence of the eastward Hall current due to longitudinal conductiv-
ity or electric field gradients, as proposed by Hughes and Ros-
toker (1977, 1979). To date nobody has reported on electric
field measurements in the more poleward situated westward elec-
trojet and thus the nature of this current is as yet rather unclear.

However, since the nearly toroidal magnetic fields of the
current circuits formed by Pedersen and balanced field-aligned
currents are barely observable on the ground (Bostrom, 1964
Kamide and Matsushita, 1979a, b; Baumjohann et al., 1980)
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neither Hughes and Rostoker (1977, 1979) nor Baumjohann et al.
(1980) were able to determine the parameters of the meridional
current systems in the afternoon sector and to compare it with
the longitudinal current circuit formed by Hall and net field-
aligned currents. The toroidal magnetic field of the meridional
current system can be observed, however, by rockets and satel-
lites, flowing above the horizontal currents in the auroral E
layer. In fact, Rostoker et al. (1975) and Kamide and Akasofu
(1976) compared qualitatively the directions of field-aligned cur-
rent inferred from TRIAD observations with the regions of east-
ward and westward electrojets inferred from ground-based mea-
surements by the Alberta and Alaska meridional chains, but
they did not take into account longitudinal gradients and got
quite different results. Moreover, there is an apparent contradic-
tion that satellite measurements on the average indicated strong
upward net field-aligned current in the afternoon sector (e.g.
Sugiura and Potemra, 1976, lijima and Potemra, 1976, 1978)
whereas ground-based magnetometers often showed the signa-
tures of downward net field-aligned currents (Hughes and Ros-
toker, 1977, 1979; Baumjohann et al., 1980).

The aim of the present study is to deduce quantitatively,
for a typical single case, the longitudinal and the meridional
current circuits in the late afternoon sector of the auroral oval
by comparing SMA and TRIAD measurements of magnetic
fields and to get a better understanding of the coupling between
field-aligned and ionospheric currents. That simultaneous SMA
and TRIAD observations form a powerful data set has already
been demonstrated for the morning sector westward electrojet
by Baumjohann et al. (1979) and Sulzbacher et al. (1980). More-
over, simultaneous measurements of one component of the irre-
gularity drifts in the E region by the STARE Trondheim radar
(unfortunately the other STARE radar at Hankasalmi did not
work properly during the present event) allowed us to draw
some conclusions on the ionospheric electric field and conductivi-

ty.

Instrumentation and Data

On 4 January 1979, between 1350 and 1354 UT (around
1630 MLT) the TRIAD satellite traversed the afternoon auroral
oval over Scandinavia during a relatively disturbed time (Kp=
5—). The SMA magnetograms showed positive magnetic distur-
bances lasting for several hours. The disturbance amplitudes
changed only slightly during the TRIAD pass. Accordingly, the
analyzed current system can be regarded as stationary.

Figure | displavs the sites of the magnetic stations used in
this study together with the averaged (1350-1354 UT) equivalent
current vectors (the observatory at New Alesund, far in the
north - 78.9°N, 11.9° E — from which data were used in addition,
is not shown here). A full description of the SMA can be found
in Kiippers et al. (1979) and Maurer and Theile (1978). The
equivalent current vectors are given relative to the quiet night
level.

Also drawn into Figure | are the 10 s averages of the horizon-
tal magnetic field vectors derived from the TRIAD data along
the satellite track with the trajectory projected down to 120 km
height along magnetic field lines. The TRIAD magnetic field
vectors are given relative to a baseline calculated with the algo-
rithm given by Gustafsson et al. (1981). A detailed description
of the TRIAD magnetometer may be found in Armstrong and
Zmuda (1973). The dashed line denoted T gives the terminator
at 120 km altitude.

The coordinate system indicated in Figure 1 was described
by Kiippers et al. (1979) and was named the Kiruna system.

Fig. 1. Four minute averaged equivalent current vectors on the ground
and 10 s averaged horizontal magnetic disturbance vectors along the
satellite track (projected down along the field lines to 100 km). Also
indicated are the axes of the Kiruna system and of the rotated (x,
y) system which are explained in the text. The dashed line denoted
by T gives the terminator at 120 km height

It is a Cartesian coordinate system obtained by a stereographic
projection of the globe onto a tangential plane centered at Kir-
una, Sweden. The yg; axis of the system has been chosen as
the tangent to the revised corrected geomagnetic latitude circle
(after Gustafsson, 1970) running through Kiruna (64.8°%). The
Xk axis points approximately 12° west of geographic north at
Kiruna. In order to simplyfy the first interpretation of the data
and the model calculation we rotated the Kiruna system by
6° clockwise around the vertical z axis and obtained x and y
axes which are othogonal and parallel to the direction of the
electrojets, respectively (see Fig. 1). In the following we will den-
ote the magnetic components measured on the ground parallel
to x, y and z axes as A,,, By, and Z,,, respectively, and those
measured by TRIAD as A, By and Z;. Of course, the results
of the model calculation are independent of the coordinate sys-
tem chosen.

Unfortunately, during the present event only one of the
STARE radars (Greenwald et al., 1978) worked properly: the
Trondheim radar measured the two-dimensional distribution of
one component of the irregularity drift vectors with an integra-
tion time of 1 min. We calculated running averages over three
data points from a given beam and used every second average,
which yielded a spatial resolution of about 30-40 km.

Description of the Current System

The equivalent current vectors in Figure | show an eastward
electrojet over the Scandinavian peninsula, in the same region
where the satellite magnetic field is also eastward directed. North
of the eastward electrojet flows a westward equivalent current,
and here the magnetic disturbance vectors measured by TRIAD
are also westward directed.
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Fig. 2. Ten seconds averaged (about 60 km) horizontal magnetic com-
ponents observed by TRIAD after baseline reduction, projection down
to ionospheric heights and transformation into the (x, y) system. Ar
and By are parallel to x and y, respectively

Since SMA equivalent current vectors and TRIAD magnetic
field vectors are nearly parallel, we can follow, for example,
Bostrom (1964), Anderson and Vondrak (1975), Untiedt et al.
(1978), and Mallinckrodt and Carlson (1978), in assuming that
the eastward electrojet and the westward current to the north
are Hall currents driven by northward and southward electric
fields, respectively, of magnetospheric origin. Additionally north-
ward and southward Pedersen currents must flow in the eastward
electrojet and westward Hall current region, respectively, which
together with the associated balanced field-aligned currents form
the meridional current system.

The assumption of a northward directed electric field in the
southern part of the afternoon auroral zone is strongly suggested
by the results of numerous other measurements (Mozer and
Lucht, 1974; Banks and Doupnik, 1975; Madsen et al., 1976;
Holzworth et al., 1977; Horwitz et al., 1978a, b; Baumjohann
et al.,, 1980; Zi and Nielsen, 1980), and concurs also with the
westward irregularity drift components measured by the Trond-
heim radar (the irregularities measured by the STARE radars
are ExB drifting; see Greenwald, 1979). The assumption of
a southward electric field in the westward current region (and
in the polar cap - see below) is consistent with the typical dawn-
to-dusk electric field configuration at high latitudes (Heppner,
1972, 1973, 1977; Maynard 1974; Heelis and Hanson, 1980).

The A; and By components measured by TRIAD at about
850 km altitude and projected down along magnetic field lines
to 100 km height are displayed in Figure 2. A two-dimensional
calculation of the field-aligned current density (positive down-
ward) according to
; _1 0Br(x)

Jo(X)= o “ax M
shows immediately that the latitudes between x= — 500 km and
x=+300 km are covered by downward field-aligned currents
while between about x= 4300 km and x=+660km a twice
as intense field-aligned current flows upward. The level shift
seems to indicate that between x= — 500 km and x= + 660 more
current flows upward than downward (cf. Sugiura and Potemra,
1976). The significant 4, component clearly shows that the cur-
rent system is three-dimensional (cf. Sulzbacher et al., 1980).

The (time averaged) 4,,, By and Z,, latitude profiles along
the x axis are shown in Figure 3. The Z,, and especially the
A, components (note the different scale) indicate that the east-
ward electrojet increases from the west (profile 1) to the east
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up to profile 5 and then probably stays about constant (profile
6). The westward equivalent current in the polar cap (here de-
fined as the region where no field-aligned currents flow) probably
constitutes a part of the two-cell convection as described by
Friis-Christensen and Wilhjelm (1975) and Nagai and Fukus-
hima (1979). The model calculations following in the next section
will show that the strongly negative Z,, components around
x=1500 km can only be explained by a latitudinally narrow but
strong westward ionospheric current just north of the eastward
electrojet. This current can probably be regarded as the sub-
storm-associated westward electrojet which often penetrates deep
into the evening and even into the afternoon sector (Wiens and
Rostoker, 1975; Rostoker et al., 1975; Horwitz et al. 1978b,
Mersmann et al., 1979 and Hughes et al. 1979). This same west-
ward ionospheric current diverges upward as a net field-aligned
current at its western end (Hughes and Rostoker, 1979 ; Rostoker
and Hughes, 1979).

Assuming vertical magnetic field lines the net field-aligned
currents are related to the longitudinal Hall currents as follows:

0Jy(x, y)

J//(xs ,V) = ay

2
Hence, net field-aligned currents are feeding the eastward electro-
jet west of profile 5 (east of profile 5 J; is presumably constant).

The magnetic field of the net field-aligned currents feeding
the eastward electrojet causes positive level shifts or steps in
the latitude profiles of the east-west component observed on
the ground (Hughes and Rostoker, 1977, 1979; Baumjohann
et al. 1980; Baumjohann and Kamide, 1981). The positive level
shifts can easily be recognized in the measured B,, profiles given
in Figure 3. Despite the poor station coverage in the region
of westward Hall currents a negative level shift can be seen
north of the eastward electrojet. This negative level shift may
indicate that part of the substorm-associated westward electrojet
diverges up the magnetic field lines. However, these upward
net field-aligned currents are weaker than those downward di-
rected ones over the eastward electrojet (since the positive B
step is larger than the negative B step) and thus the SMA mag-
netometers indicate downward overall net field-aligned currents
which is an apparent contradiction to the TRIAD measurements.

However, the apparent inconsistency which has also been
noted by Hughes and Rostoker (1979) and Baumjohann et al.
(1980) can be resolved since it is not so much a physical problem
but is more a matter of interpretation related to different defini-
tions of the term ‘“‘net field-aligned current”. Ground-based
magnetometers mainly respond to those field-aligned currents
which are closing longitudinally via the electrojets and thus
ground-based magnetometer people define these field-aligned
currents as net field-aligned currents (in accord with the original
definition by Heppner et al. 1971a, b which will also be used
throughout the present paper) while TRIAD experimenters define
net field-aligned currents as those currents which are not bal-
anced along one meridional cross section of the auroral oval.
As already suggested by Hughes and Rostoker (1979) the latter
may incorporate also field-aligned currents which close meridion-
ally via polar cap currents and which are observed by satellites
but cannot be detected by magnetometers on the ground.

We will show that in our case a part of the upward field-
aligned current observed by TRIAD is closed meridionally via
the polar cap by duskward Pedersen currents and downward
field-aligned currents in the dawn sector of the auroral oval
(downward field-aligned currents north of the dawn sector west-
ward electrojet have actually been found by Kamide et al., 1976).
Moreover, we will also show that a part of the inconsistency
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stems from the fact that the field-aligned current sheets have
different finite east-west extents and that the sheet current densi-
ties of the shorter current sheets, in particular, may be severely
underestimated when using the conventional infinite current
sheet formulas.

Numerical Modelling

From the analysis above it becomes clear that it is possible
to deduce the essential components of the current system (east-
ward electrojet, westward electrojet, polar cap currents, net up-
and downward field-aligned currents etc.) causing the aforemen-
tioned magnetic disturbances directly from the latitude profiles
displayed in Figure 2 and 3. Moreover, it is even possible to
infer some first estimates on the boundaries and longitudinal
and latitudinal current density distributions. In order to confirm
this semi-quantitative analysis and to determine final values for
electrojet boundary positions and current density distributions
we have set up the model current system displayed in Figure
4 based on our analysis above and have fitted it to our data
in the manner described below.

The Model

The upper panel of Figure 4 shows the meridional part of the
total model current system, which consists of the following com-
ponents: (1) the duskward Pedersen currents flowing in the polar
cap and in the region of the substorm intensified westward elec-
trojet, (2) the northward Pedersen currents over the eastward

electrojet, and (3) the associated balanced field-aligned currents.
As can be seen the polar cap has been approximated by a rectan-
gle which, of course, is a crude approximation of the real geome-
try but good enough to reproduce the effects of the polar cap
currents in the Scandinavian area. While the polar cap Pedersen
current density is presumably uniform (and thus the associated
balanced field-aligned currents are also uniform in intensity)
the sheet current density of the meridional current system over
the eastward electrojet increases concurrently with the eastward
electrojet itself between y=—1,700 km to y=300 km (profile
5) and stays constant until y=3,300 km. The latter assumption
is equivalent to a longitudinally constant Hall-to-Pedersen con-
ductivity ratio in the eastward electrojet region and is in agree-
ment with the results of Brekke et al. (1974). We should note
that our model calculations cannot confirm a strict longitudinal
constancy of the conductivity ratio. However, we can rule out
that the meridional current system stays constant with latitude
since this would lead to unrealisticly small Hall-to-Pedersen con-
ductivity ratios west of Scandinavia

The downward net field-aligned current that feeds the east-
ward electrojet between y= — 1,700 km and y=300 km is shown
in the lower panel of Figure 4 together with the eastward electro-
Jjet whose current strength increases linearly in the same region.
In the polar cap a broad sunward Hall current flows and along
the northern border of the auroral oval a substorm-intensified
westward electrojet penetrates into the dusk sector (in the region
of southward Pedersen currents) and diverges up magnetic field
lines. South of the eastward electrojet, in subauroral latitudes,
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Fig. 4. Sketch of the model current system. The upper diagram gives
the field-aligned currents in the dusk sector auroral zone and at the
dawn sector polar cap boundary which close meridionally via Pedersen
currents in the dusk sector auroral zone and in the polar cap. The
lower panel shows the Hall currents in the dusk sector auroral zone,
at subauroral latitudes and in the polar cap and their associated net
field-aligned currents. Circles with dots indicate upward field-aligned
currents while circles with crosses show downward flowing currents.
The size of the circles and of the arrowheads and the thickness of
the arrows approximately gives the current densities of the field-
aligned, Pedersen and Hall currents, respectively. The hatched horizon-
tal bars denote equatorward and poleward boundaries of the auroral
zone

flows a comparatively very weak UV electrojet (see Rostoker
et al., 1979). No (possibly existing) meridional currents in the
UV electrojet region have been included in our model current
system. Not shown in the figure but included in the model is
a downward net field-aligned current sheet (of the same sheet
current density as the upward net field aligned current over
the westward electrojet) at the northern border of the dawn
sector auroral oval. Such currents have been reported by, for
example, Iijima and Potemra (1976), Sugiura and Potemra
(1976), McDiarmid et al. (1978, 1979) and Hughes and Rostoker
(1979).

In order to calculate the magnetic fields caused by the model
currents at the ground and along the TRIAD trajectory we
have divided the ionosphere in small cells of Ay=50 km and
Ax=60 km each and approximated the current density distribu-
tion by vertical and horizontal line currents whose current
strength is constant within a single cell. Since the geometry of
the spherical earth is somewhat distorted by the transformation
into the Kiruna system at great distances from Kiruna especially
in the polar cap, any absolute values given for x or y greater
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Fig. 5. a Model current density distribution along the TRIAD track
of the net field-aligned currents feeding the eastward electrojet and
diverging from the westward electrojet and from the polar cap Pedersen
currents. b Horizontal magnetic components along the satellite track.
B, is caused by the net field-aligned currents feeding the eastward
electrojet. B, is caused by the net field-aligned currents diverging from
the westward electrojet and the meridional polar cap current system.
B, , is the sum of B, and B, and 4, siny is the respective north-south
component (3 denotes the inclination of the field lines). ¢ Magnetic
field perturbations measured on the ground. The same notations are
used as in b

than, say, 1,500 km should be regarded more qualitatively than
quantitatively.

For a non-homogeneous conductivity distribution the mag-
netic field on the ground will be severely influenced by the pres-
ence of the net field-aligned currents (Baumjohann et al., 1980).
Therefore we first derived the net and balanced field-aligned
and Pedersen current densities by fitting the calculated B (at
satellite altitude) and B,, (on the ground) components to the
corresponding observed components (these are not influenced
by the east-west Hall currents). After subtraction of the calcu-
lated 4, and Z,, components due to the same currents from
the observed components, the heightintegrated eastward and
westward Hall current densities in the ionosphere have been
calculated from the residual components by field separation and
upward continuation as described by Baumjohann et al. (1979)
and Sulzbacher et al. (1980).

Hence, in the following we will first give parameters of net
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Fig. 6. a Model current density distribution along the TRIAD track
of the balanced field-aligned currents closed by northward Pedersen
currents in the auroral zone. b Horizontal magnetic components along
the satellite track caused by the meridional current system in the
auroral zone. ¢ Magnetic components on the ground. The same nota-
tions are used as in b

field-aligned currents and polar cap currents and their associated
magnetic fields on the ground and at TRIAD’s altitude (pro-
jected down along magnetic field lines to ionospheric heights),
then those of the meridional current system in the auroral zone
and finally compare ionospheric Hall and Pedersen currents.
Afterwards we will compare calculated and measured fields due
to the total current system, include electric field data and derive
conductivities.

Net Field-Aligned and Polar Cap Currents

The resultant distribution along the TRIAD trajecory of those
field-aligned currents that close either longitudinally via Hall
currents in the auroral zone or meridionally via polar cap Peder-
sen currents is displayed in Fig. 5a. The magnetic field compo-
nents generated by these currents and the dawn-to-dusk polar
cap Pedersen currents along the TRIAD trajectory and at the
SMA stations are shown in Figure 5b and 5c, respectively.

The field-aligned current sheet that feeds the eastward electro-
Jjet extends about 2,000 km in longitude and has a sheet current
density of about 220 mAm~' and a maximum current density
of 0.4 pAm™ 2. North of this rather broad region of downward
net field-aligned currents exists a latitudinally more confined

but longitudinally more extended (about 5,000 km) region of
intense upward field-aligned current (up to 2.2 pAm™2). About
60% of these upward field-aligned currents (125 mAm™!) are
closed via the polar cap while 40% (95 mAm™*') originate from
the longitudinal divergence of the westward electrojet.

Hence, between y= —1,700 km and y= + 300 km the down-
ward net field-aligned currents feeding the eastward electrojet
have the same sheet current intensity as the upward field-aligned
currents to the north and it is only east of y=+300 km (where
the longitudinal divergence of the eastward electrojet is zero)
that more field-aligned current flows upward than downward.

Figure 5b, where we have displayed the magnetic effects of
the downward net field-aligned currents and of the upward net
field-aligned currents and the meridional polar cap current sys-
tem at TRIAD’s altitude separately (B, and B,, respectively),
shows clearly that the finite extent of the field-aligned current
sheets has to be included, particularly to reproduce the TRIAD
observations: if the east-west extent of the downward field-
aligned current sheet were not much smaller than that of the
upward field-aligned current sheet (2,000 km viz. 5,000 km), the
level shifts of the equally strong downward and upward field-
aligned current sheets would just cancel each other. The 4 com-
ponents observed at TRIAD and on the ground are mainly
caused by edge effects of the downward net field-aligned current
sheet.

The Meridional Auroral Current System

As stated above, we have assumed that the X /X, ratio is longitu-
dinally constant in the eastward electrojet region and thus the
Pedersen and balanced field-aligned current density in the dusk
sector of the auroral zone is supposed to grow linearly between
y=—1,700 km and y= +300 km with the eastward electrojet
and to stay constant east of y= + 300 km.

In Figure 6a the balanced field-aligned current density is
displayed along the satellite trajectory. Again, the downward
field-aligned currents are more broadly distributed (over about
800 km) but less intense (0.4-0.8 pAm ™~ ?) than the upward field-
aligned currents to the north (300 km and up to 2.3 pAm™3).

The latitude profile (along the satellite trajectory) of the east-
west magnetic field component caused by the meridional auroral
zone current system (B,,) is shown in the lower panel of Fig-
ure 6b. The maximum amplitude of this nearly toroidal magnetic
field amounts to about 440 nT. Since the current density of
the meridional current system increases to the east, some magnet-
ic flux leaks out and can be seen in the slightly negative B,
components north and south of the meridional current system
and especially in the north-south A,, components (upper panel
of Fig. 6b) which show a positive deflection of about 30 nT
in the south and a negative one of about 35 nT north of the
B, maximum.

The leakage of magnetic flux out of the meridional current
system can also be seen on the ground (Fig. 6¢). Here the 4,
component amounts to about 30%-60% of that seen at satellite
altitude and the ‘leakage’ B,, component has about 60% of
its magnitude calculated for the TRIAD trajectory. The Z,, com-
ponents (lower panel of Fig. 6¢) stem from gradients of the
ionospheric Pedersen currents.

Height-Integrated Ionospheric Hall and Pedersen Currents

The height-integrated Hall current density J; and Pedersen cur-
rent density Jp along the satellite trajectory (y=125km) are
displayed in Figure 7. The Hall current density was calculated
by field separation and upward continuation of the measured



Ay and Z,, components to 120 km altitude (average height of
eastward electrojet after Kamide and Brekke, 1977) after the
aforementioned 4,,, 4,,, Z,, and Z,, had been subtracted. At
y=2300 km, where the eastward electrojet has its maximum, the
maximum Hall current density amounts to about 800 mAm™ !
and the total Hall current to 4.15-10° A. The height-integrated
Pedersen current density reached a maximum value of
420 mAm~!. The total Hall current strength increases by
210 mAm~! when going to the east as compared to the indepen-
dently calculated downward net field-aligned sheet current den-
sity of 220 mAm ™! and thus current continuity after Eq. (2)
also holds quantitatively. The difference in the reversal of the
direction of Hall and Pedersen currents is mainly due to the
poor data coverage on the ground north of the Scandinavian
coastline and thus to some uncertainty in the Hall current density
distribution north of x=300 km. Part of this difference may
also be due to uncertainties in the calculation of the TRIAD
magnetic field baseline.

South of the eastward electrojet the so-called UV electrojet
can be recognized. It is very weak and has a height-integrated
Hall current density of less than 40 mAm~!. North of the east-
ward electrojet a small region of enhanced westward Hall current
(about 600 mAm™!) can be seen which may be identified as
the substorm-associated westward electrojet. Note that there is
no enhancement of the Pedersen current in that region. Within
the polar cap a Hall current with a height-integrated current
density of about 300 mAm™" is flowing, compared to the afore-
mentioned dawn-to-dusk Pedersen current of 125 mAm™!,

Comparison of Calculated and Measured Magnetic Fields
Due to the Total Current System

All measured magnetic field and equivalent current vectors at
TRIAD and on the ground, respectively, are shown in Figure
8 by dashed arrows, while the values calculated from our best-fit
model are indicated by solid arrows. It can be seen that there
is a very good fit of the equivalent current vectors measured
and calculated on the ground and also a good fit of the measured
and calculated east-west By components along the satellite track,
but the measured 4, component is not reproduced so well.

In particular, the calculated B is the sum of B,, B, and
B, shown in Figures 5b and 6b and reproduces the measured
B nearly exactly if one adds a uniform field of 40 nT which
can be ascribed to uncertainties in the base line reduction scheme
(Gustafsson et al., 1981). The calculated 4, at TRIAD altitude
results mainly from the edge of the downward net field-aligned
current (4, ,, Fig. 5b), from the leakage of the nearly toroidal
magnetic field within the meridional current circuit (4,,, Fig. 6b)
and from the field of the ionospheric Hall current at TRIAD
altitude (not shown here, but see Sulzbacher et al., 1980, for
a more complete analysis of this contribution). Even if a uniform
field of —100nT (due to base line uncertainties) is added to
Ar, aclearly visible difference remains. This difference has prob-
ably mainly to be attributed to an enhancement of upward field-
aligned currents in the region of the terminator (x=300-600 km)
that are not included in the model but have been observed earlier
by, for example, Hughes and Rostoker (1979).

On the ground, the calculated 4,, component is mainly due
to the Hall currents and includes the 4,, (Fig. 5¢) and 4,
(Fig. 6¢) contributions. The calculated B,, components are com-
posed of the above discussed B,, (Fig. 5¢) and B, (Fig. 6¢).
They fit the measured B, components if a longitude-dependent
but latitudinally uniform field is added that decreases from west
(about +15nT) to east (about —15 nT). The cause of this field
contribution is as yet unclear. The Z,; components on the ground
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Fig. 7. Calculated Hall and Pedersen current densities of the model
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Fig. 8. Observed (dashed) and modelled (solid) equivalent current and
magnetic disturbance vectors on the ground and along the TRIAD
trajectory. Otherwise same as Fig. |

are mainly caused by the Hall currents, but are also influenced
by the longitudinal gradients of the meridional current system
(Z,,, Fig. 6¢c). The east-west gradients in the Z, components
partly balance those caused by the eastward electrojet and are
thus the cause for the comparatively weak east-west gradients
in the measured Z,, components (Fig. 3).

Electric Field and Height-Integrated Conductivities

In Figure 9 we display contours of the electric field derived
from the Trondheim radar measurements under the assumption
that the electric field is parallel to the x axis (see above). It
can be seen that the electric field amplitude increases nearly
linearly from south to north and also, but more weakly, from
east to west.

The two-dimensional distribution of the height-integrated
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Fig. 9. Contours of the northward ionospheric electric field calculated
from the Trondheim radar observations under the assumption that
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Fig. 11. Hall-to-Pedersen conductivity ratio along the TRIAD trajec-
tory. The error bars give the estimated uncertainty that is caused
by the poor data coverage in that region

Hall conductivity is easily calculated from the electric field values
and the Hall current density derived from the two-dimensional
SMA observations. X is shown in Figure 10 and ranges from
8-20 S. Xy decreases linearly to the north and increases to the
east. Both features, i.e. latitudinal anticorrelation between Hall
conductivity and electric field and increase of Hall conductivity
to the east, have also been observed by Baumjohann et al. (1980)
in the same MLT sector. It should be noted that Scandinavia
is still slightly west of the terminator (cf. Fig. 1) and that the
solar-UV generated conductivity may play a role in the eastward
electrojet region. However, the increase of the Hall conductivity
to the east is clearly anticorrelated to the solar zenith angle
and must be due to increasing particle precipitation closer to
magnetic midnight.

Since the Pedersen current density is calculated on the base
of the latitudinal TRIAD measurements and the two-dimen-
sional distribution of Jp in our model was based on the assump-
tion of an east-west uniform X,/Z, ratio, it is of no use to
give a two-dimensional X, distribution. However, £, may be

calculated along that part of the satellite trajectory that lies
within the STARE observation area. Here X, decreases nearly
linearly from about 10 S in the south to 5 S in the north.

The Hall to Pedersen conductivity ratio can be calculated
along the whole satellite trajectory even north of the STARE
observation area, since this calculation involves only Jy and
Jp. The result is shown in Figure 11 and it can be seen that
Zyu/Zp is about 2 in the eastward electrojet region while it in-
creases up to 8 within the substorm-associated westward electro-
jet and decreases to values around 3 in the polar cap. No values
can be given for the region where J;; and J, reverse their direction,
The error bars in the northern part of the X,/%, ratio profile
stem from uncertainties in the interpolation of the magnetic
field latitude profiles between the two northernmost observato-
ries and the stations on the Scandinavian mainland.

Discussion

In the following we will discuss some aspects of the coupling
between large-scale field-aligned currents and ionospheric cur-
rents in the dawn-dusk sector, which are not yet fully understood
(Hughes and Rostoker, 1979). For the analysed event on 4 Janu-
ary 1979 we have provided quantitative values for main iono-
spheric and field-aligned currents. The calculated values for
fields, currents and conductivities are within the range of other
values derived from satellite and radar measurements. Moreover,
it is possible to draw conclusions on the energy of precipitating
particles in the dusk sector from the calculated X 4/Xp ratios.

The Large-Scale Three-Dimensional Current System
in the Dusk Sector

The model calculations strongly support our statement above
that the inconsistency between downward net field-aligned cur-
rent determined from ground-based magnetometers and upward
net field-aligned current seen by satellite magnetometers in the
afternoon sector is an apparent one and can be resolved by
taking the polar cap currents and the different finite extent of
the field-aligned current sheets into account. Figure 12, where
we show By, and By profiles calculated for our model current
system between y=—1,700km and y=+800km (about
13-19 MLT) every 500 km (about 1h local time), shows this
even more clearly: Between y=—1,700 km and y=300km the
ground-based By, profiles (left panel) show positive and negative
level shifts mainly due to the downward net field-aligned current
feeding the eastward electrojet and the comparatively weaker
upward net field-aligned current diverging from the substorm
associated westward electrojet, respectively. More easterly, i.e.
at y=800 km (about 18-19 MLT), only edge effects of the down-
ward net field-aligned current sheet can be seen, but they still
have about the same magnitude as the disturbance caused by
the weaker upward net field-aligned currents. The B, profiles
(right panel) show, throughout the whole longitudinal range,
negative level shifts, which are substantially caused by the meri-
dional polar cap current system with its long east-west extent
and its nearly toroidal field. In the conventional infinite current
sheet interpretation those would be ascribed to upward net field-
aligned currents, but it is only at y= 300 km where more field-
aligned current flows upward than downward.

Moreover, Figure 12 shows that our results are in qualitative
agreement with more statistical observations by Hughes and
Rostoker (1979), who give average B,, profiles, and the ISIS-2
measurements by McDiarmid et al. (1978, 1979), whose dusk
sector auroral oval and especially polar cap B; measurements
fit quite well to our model profiles. The measurements of
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McDiarmid et al. (1978, 1979) fit nearly exactly if one assumes
that our observations were made during a period when the IMF
B, component was negative and B, was close to zero. However,
a wide range of IMF orientations can easily be reproduced sim-
ples by changing the current densities in our model.

Hence, our results suggest that, in contradiction to earlier
analyses of either purely ground-based or purely satellite magnet-
ic data (e.g. Sugiura and Potemra, 1976; lijima and Potemra,
1976, 1978; Hughes and Rostoker, 1977, 1979), during active
times no more field-aligned current may flow in than out of
the afternoon sector of the auroral oval. This is consistent with
an earlier proposal made by Heppner in 1971a, b. However,
it may well be that during quiet times, when eastward and west-
ward electrojets and the associated net field-aligned currents
are very weak, the polar cap current system may still persist
and thus significant field-aligned currents may flow out of the
ionosphere along the northern border of the afternoon auroral
oval.

2 u/Zp Ratio and Latitudinal Morphology
of Precipitating Particles

The X /X p ratio shown in Figure 11 is within the range of values
found by other observational methods such as the Chatanika
radar (Brekke etal., 1974; Horwitz et al., 1978 a, b; Vickrey
et al.,, 1981); rocket-borne measurements (Evans etal., 1977;
Behm et al., 1979; Cahill et al., 1980; Briining et al., 1981 ; Theile
et al., 1981) and satellite detectors (Wallis and Budzinski, 1981)
in the afternoon and evening sector of the auroral oval. This
is expecially gratifying since our method (see also Baumjohann
etal., 1979, and Sulzbacher et al., 1980) is quite different from
the methods given above: our method involves only magnetic
field measurements but no neutral atmosphere model as all the
others do.

According to the results of Rees (1963) and, for example,
Vondrak and Baron (1977) and Vondrak and Sears (1978), con-
clusions about the energy of the precipitating particles can be
drawn from the X,/X; ratio (see also Sulzbacher et al., 1980).
From the relatively small Z/%, ratio between x= — 500 km and
x= —250 km we may conclude that the energy of particles preci-
pitating in this region is rather small, while the increasing ratio
in the central and northern part of the eastward electrojet indi-
cates a hardening of the precipitating particle population. The

500 1000 x [km)

comparatively high X /% ratio in the westward electrojet region
gives an additional hint that this current is associated with a
substorm, i.e. caused by the injection and precipitation of high-
energy particles during the substorm.

It is somewhat astonishing that the Xy,/X, ratio is greater
in the polar cap than in the eastward electrojet region. This
means that the particle population precipitating in the diffuse
aurora and originating from the central plasma sheet (cps; Winn-
ingham et al., 1975; Lui et al., 1977) must be less energetic than
that precipitating in the polar cap. However, usually the polar
rain is less energetic (around 100 eV) than the cps precipitation
(around 1 keV) and we may thus conclude that during the present
event the polar cap conductivity was created by the substorm-
associated polar squall (Winningham and Heikkila, 1974) which
can include electrons with energies higher than 1 keV.

Conclusions

In the present study we were able to fit a three-dimensional
modell current system to simultaneous SMA and TRIAD obser-
vations of magnetic disturbances in the dusk sector. Accordingly
it was possible to determine quantitatively the parameters of
the main current loops and to get relevant information on the
coupling between ionospheric and field-aligned currents in the
dusk and also partially in the dawn sector. We have presented
evidence that our model current system is at least qualitatively
representative of the magnetic observations obtained by ISIS-2,
TRIAD and the Alberta magnetometer chain and that it can
resolve an apparent contradiction that resulted from ambiguities
when interpreting either groundbased or satellite magnetic mea-
surements alone. Calculation of the Xg4/Zp ratio along the
TRIAD trajectory from magnetic measurements alone enabled
us to draw conclusions about the energy of precipitating particles
along that meridian and by including measurements of the
STARE Trondheim radar and assuming that the ionospheric
electric field was aligned perpendicular to the eastward electrojet
we could calculate the two-dimensional distribution of the Hall
conductivity within the STARE observation area.

In our opinion, the result most relevant to the physics of
current systems in and above the auroral zone is that during
times of high magnetospheric activity, as in the present case,
inward and outward field-aligned currents tend to be totally
balanced in the afternoon sector but that there are different
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ways to close these currents meridionally (by auroral zone and
polar cap Pedersen currents) and longitudinally (via Hall cur-
rents). The distinction between the field-aligned currents closing
via Pedersen and those closing via Hall currents is particularly
important, since it is very likely that they have different sources:
Pedersen currents dissipate energy through Joule heating and
thus the field-aligned currents feeding them must be driven by
a magnetospheric generator (Rostoker and Bostrom, 1976) while
the Hall currents do not involve energy dissipation and the source
of the field-aligned currents feeding and closing them does not
require input and may be either constituted by the vorticity
of the magnetospheric plasma drift (Rostoker, 1979) or by longi-
tudinal gradients in the ionospheric conductivity (Akasofu et al.,
1981).
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