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With Triad and the Scandinavian Magnetometer Array: A Case Study
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Abstract. By using coordinated two-dimensional ground-based
and satellite magnetic measurements obtained during a morning
sector pass of the Triad satellite over the Scandinavian Magne-
tometer Array we were able to derive current densities of a
large-scale westward electrojet system as well as those of a
small-scale arc-associated system. The broad westward electrojet
constituted a Hall current flowing in the same region where
balanced field-aligned current sheets were observed. The field-
aligned currents were directed downward in the north and
upward in the south and were closed in the ionosphere by
southward Pedersen currents. South of the maximum of the
broad electrojet, in the region of grossly upward field-aligned
current and near to a quiet auroral arc, another small-scale
current system was found with essentially the same configu-
ration as the electrojet system. The current densities of this arc-
associated system were slightly higher or comparable to those
calculated for the electrojet system.

Computation of the X,/Z, ratio gave an indication of the
latitudinal distribution of energetic particle precipitation. In
contrast to the evening sector, the energetic particles precipitate
in the southern half of the auroral oval, where X ,/X, ratios of 2,
and up to 4 near the auroral arc, have been found, while ratios
close to 1 in the northern half indicate lower energetic electron
precipitation. In addition we have also paid attention to the
comparatively smaller magnetic disturbances observed by Triad
perpendicular to the field-aligned current sheets and along the
vertical axis. The perpendicular horizontal variation may be
explained by the leakage of the toroidal magnetic field due to
east-west gradients of the field-aligned sheet current density. The
variations in the vertical component are due to the same source
as the north-south component and can be seen because of the
inclination of the field lines.

Key words: Triad satellite — Scandinavian Magnetometer Array —
Morning sector auroral electrojets - Field-aligned currents -
Auroral arc currents.

1. Introduction

It is a well-known fact that magnetic measurements on the
carth’s surface are not sufficient in order to determine the real
ihree-dimensional current distributions responsible for geomag-
retic disturbances. Instead, there are always various equivalent
current systems that may explain a magnetic disturbance field
configuration observed on the ground. A good example for this

basic problem in the field of geomagnetism was the different way
in which on one side Birkeland and Alfvén (Birkeland 1908,
1913; Alfvén 1939, 1940) and on the other hand Chapman and
Vestine (Chapman 1935; Vestine and Chapman 1938) explained
the main features of high-latitude magnetic variations. Birkeland
and Alfvén proposed a three-dimensional ionospheric and field-
aligned current system whereas Chapman and Vestine preferred
a two-dimensional system confined to the ionosphere. At that
time, when only ground-based magnetic observations were pos-
sible, the debate could not be settled since both current systems
have equivalent ground magnetic effects (Fukushima 1969).

On the other hand, magnetic measurements still play an
important role in the exploration of ionospheric and magneto-
spheric currents, because the more direct methods as, for exam-
ple, the measurement of plasma parameters by means of in-
coherent scatter, sounding rocket or satellite experiments, also
have inherent difficulties. For example, one can underestimate
the field-aligned current flow by counting only particles in a
limited energy range with rocket and satellite spectrometers, as
described by Klumpar etal. (1976) and Evans etal. (1977).
Furthermore, the ‘equivalence problem’ can be overcome by
including measurements of additional relevant quantities like
conductivity and electric fields in the analysis (see Baumjohann
et al. (1980) for a broader discussion of this topic).

Another possible solution would be magnetic observations
made on a three-dimensional grid. Up to now nobody has built
a ‘three-dimensional magnetometer array’, but one magneto-
meter configuration which for certain magnetic disturbances
may come close to this ideal case consists of the two-dimen-
sional Scandinavian Magnetometer Array (Kiippers et al. 1979)
and the Triad satellite (Armstrong and Zmuda 1973). Provided
that the current flows are stable during the satellite pass, the
magnetic measurements along the trajectory can partially add
the third dimension.

For a first case study in using coordinated Scandinavian
Magnetometer Array and Triad observations for analysing
auroral zone currents we have chosen a morning sector pass of
the Triad satellite over a westward electrojet since here the
ground magnetic fields were rather stable and indicated two-
dimensionality, i.e., independency of the east-west coordinate.
There have been extensive studies of ionospheric and field-
aligned currents based on data from the Alaska or Alberta
meridian chains of magnetometers and the geomagnetically east-
west aligned component of the Triad magnetometer (e.g.,
Armstrong et al. 1975; Rostoker et al. 1975; Kamide and Aka-
sofu 1976; Kamide et al. 1976b; Kamide and Rostoker 1977). As
compared to these earlier studies, we have incorporated three

0340-062X/80/0048/0007/$02.20



improvements in our analysis: The first improvement is that
with the array measurements we were able to show that the
magnetic fields were indeed nearly two-dimensional which ve-
rified the validity of a two-dimensional analysis. The second
important difference is that our analysis is quantitative instead
of qualitative, as were the earlier ones. The last improvement is
an additional discussion and interpretation of the comparatively
small magnetic variations observed by the Triad satellite in the
north-south and vertical directions.

By means of separation and subsequent upward continuation
of the external part of the ground magnetic fields to ionospheric
heights with a method similar to that recently applied by
Mersmann et al. (1979) we were able to compare directly the
latitudinal distribution of magnetic fields at 100 km (just below
the ionospheric current layer) and at the Triad altitude of
800 km (above the ionosphere and in the region of field-aligned
currents). Using this data set we calculated current densities for
Hall, Pedersen and field-aligned currents. The high spatial re-
solution of our results permitted us to discuss even a small-scale
structure in the westward electrojet system associated with an
auroral arc. In addition, computation of the ratio between Hall
and Pedersen conductivity allowed us to draw some conclusions
on the latitudinal distribution of the energy of precipitating
particles. Finally, we were also able to explain the magnetic
observations made by Triad in the north-south and vertical
directions in the framework of the whole three-dimensional
current system.

2. Instrumentation and Data

On February 22, 1978, between 2237 and 2239 UT (around 0130
MLT) the Triad satellite traversed the postmidnight auroral
oval over Scandinavia. Figure 1 displays the temporal variations
of the geomagnetic components observed at the observatory of
Kiruna, Sweden (67.8°N, 20.4°E). The magnetogram indicates
that the pass occurred between two negative magnetic bays and
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Fig. 1. Standard magnetogram from the geomagnetic obser-
vatory at Kiruna for February 22, 1978. The vertical dashed line
gives the time when Triad passed approximately over Kiruna
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Fig. 2. Magnetic deflections along the satellite trajectory ob-
served on February 22, 1978 around 2238 UT. The A%, B7, and
Z'% components are more commonly known as 4, B, and Z
components, but have been renamed to omit confusion with the
Kiruna system A4, B, and Z components (see Fig. 3 and text). The
dashed lines in the A and B’ diagrams give the baseline relative
to which the disturbances investigated in our analysis have been
defined

during a time when the magnetic field was rather stable in-
termittently. This is confirmed by our other ground obser-
vations. Accordingly, all disturbances observed with the Triad
magnetometer along the satellite track could be attributed to
spatial variations.

A detailed description of the triaxial magnetometer onboard
Triad has been given by Armstrong and Zmuda (1973). Figure 2
shows the magnetic variations observed at a rate of 2.25 samples
per axis and per second during the above mentioned time
interval. When passing southbound over Scandinavia the A7}
Triad magnetometer axis is directed approximately 30° west of
geomagnetic north, and the B axis is directed about 30° south
of geomagnetic west. Accordingly, opposite to Alaskan passes,
where the A’ sensor is aligned nearly in the magnetic east-west
direction, both horizontal sensors show significant variations.
The Z'; sensor shows only very weak variations. This sensor is
directed vertically upwards, and is therefore not antiparallel tc
the main magnetic field vector.

A complete description of the Scandinavian Magnetometer
Array has been given by Kiippers et al. (1979). We therefore only
display the locations of the magnetometers used in this study in
Fig. 3, by giving the spatial distribution of 2 min averaged
(2237-2239 UT) equivalent current vectors on the earth’s surface
(in nT). These vectors have their origin at the station where the
corresponding magnetic disturbance has been observed. The 105
averaged horizontal magnetic field vectors along the satellite
track are also drawn into the same figure, with the satellite
trajectory projected down to 100 km height along the magnetic
field lines. The equivalent current vectors are given relative to
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Fig. 3. Two minutes averaged equivalent current vectors on the
ground and 10s averaged horizontal magnetic disturbance vec-
tors along the satellite track (projected down along the fieldlines
to 100 km). The equivalent current vectors have their origin
(solid dot) at the station where the corresponding magnetic
disturbance has been observed. Also indicated are the axes of
the Kiruna system which is explained in the text

the quiet night level, while the Triad magnetic field vectors are
given relative to the baselines shown in Fig. 2. These baselines
have been constructed by fitting cubic splines to the undisturbed
magnetic components north of 70° and south of 60° invariant
latitudes.

It can be seen that the main equivalent current flow con-
stitutes a westward electrojet and that both equivalent current
arrows and satellite magnetic fields are nearly everywhere west-
ward directed. The constant westward direction of the equiva-
lent current arrows indicates that the electrojet was flowing

uniformly in longitude. The maximum westward magnetic field
at 800 km height coincides (as projected down along the field
line) with the maximum westward equivalent current arrows on
the ground, but a secondary maximum can be seen in the Triad
data near the northern coast of Norway. The ground-based
magnetometers show no corresponding maximum of equivalent
currents, but a slower decrease of current intensity north of the
maximum westward current flow than south of it.

The coordinate system indicated in Fig.3 was described by
Kiippers etal. (1980) and was named the Kiruna system. It is
a Cartesian coordinate system obtained by a stereographic
projection of the globe onto a tangential plane centered at
Kiruna, Sweden. Cartesian coordinates are very suitable for
analysing local ionospheric-magnetospheric current systems as
done within this paper. The yy, axis of the system whose origin
is situated at Kiruna has been chosen as the tangent to the
projection of the line ¢,=¢, (KIR)=64.8° with ¢, denoting the
revised corrected geomagnetic latitude as given by Gustafsson
(1970). The x,, axis points about 12° west of geographic north at
Kiruna. The horizontal components of the magnetic distur-
bances observed with the satellite and on the ground have been
mapped into this system and have been denoted (A4, By) and
(A, Byy), respectively. The A components are aligned parallel to
the x; axis and the B components parallel yy;. Z, and Z;
components and z axis are aligned perpendicular to this plane
and are positive when vertically downward directed.

3. Separation and Upward Continuation
of Two-Dimensional Ground Magnetic Fields

The rather constant westward direction of equivalent current
arrows and Triad magnetic fields suggest that it is possible to
apply methods of two-dimensional potential theory for comput-
ing the external part of the southward magnetic field distribu-
tion along the x,; axis at ionospheric heights. Two-dimensio-
nality in this respect means that all quantities are independent of
one coordinate which in our case turns out to be yy,.

The latter fact is illustrated by Fig. 4 where we have plotted
the observed 4,, and Z,, components (average values between
2237 and 2239 UT, see above) versus xg,. The figure shows that
there is indeed little y,, dependence especially in the A4, com-
ponent, while the larger scatter in the Z,, components is very
probably due to local induction anomalies or coastal effects (see
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Fig. 4. Average latitude profiles of 4,, and Z,,
components (solid lines) observed on the ground.
The solid dots and triangles denote A,, and Z,, field
values observed at stations within —150 km <y, <
+150km, i.e., close to the Triad trajectory (cf.

{'ig. 3), while open dots and triangles denote

somponents observed at more distant locations
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Kiippers et al. 1979, for a discussion of this topic). Accordingly a
two-dimensional analysis can be applied to the (4,,, Z,,) com-
ponents in a (xy;, z) coordinate system. For that purpose we
have constructed an average latitudinal profile of the observed
Ay and Z,, component each along the x,, axis, with an extrapo-
lation towards zero on both sides (solid lines in Fig. 4). It should
be noted that the A,, profile clearly shows the aforementioned
asymmetry around the sharp peak. The Z,, profile crosses the
zero level at the minimum of 4,, and also shows an asymmetric
distribution.

If the 4, and Z,, components are assumed to be periodic
along the x,; axis, with 2nky ! defining the basic spatial wave-
length (large as compared to the length of our profiles), the
following Fourier expansions of the external and internal parts
of these components are valid between the ionosphere and the
conducting layers in the earth (in these and the following
formulas we use x and y instead x; and y,, for the sake of
simplicity)

0
AMe(x, z)= —j Z a, ejkx—kz7

n=0

Api(x,2)=—j Z b, eitx+kz,

n=0

)
ZMe(xa Z) =+ Z an ejkx»kz’
=0

£

Zyy(x.2)=— Y b, etk (1)

n=0

where k=n-k, denotes the wavenumber and j the imaginary
unit. The Ay, and Z,, components are caused by external
sources, €.g., in the ionosphere and magnetosphere, and vanish
for z— o0, while the Ay; and Z,; vanish for z— — oo and are
caused by internal sources, ie., induced currents below the
earth’s surface (z=0). The observed total magnetic components
on the ground are given by the superposition of the external and
internal parts

(%, 0)=—j Z (a,+b,) e,

Z\y(x,0)= i (a,—b,) e/**. 2

A comparison of Egs. (1) and (2) shows that F[Ay.(x, 0)], the
Fourier transform of the external part of 4,, at the ground, ie.,
the set of coefficients —ja,, can be determined by a super-
position of the Fourier transforms of the observed values of
Ay (x,0) and Z,,(x, 0) according to
FLApe(x. 0)]=3(F[Ay (x, 0] +jF[Z)y(x, 0)]). ©)
Accordingly, Fourier analysis of the observed A4,, and Z,,
latitudinal profiles on the ground (solid lines in Fig. 4), com-
bination of the 4, and Z,, Fourier transforms according to
Eq. (3), multiplication of the resultant Fourier coefficients with
e*** (h is the assumed height of the base of the ionospheric
current layer) and subsequent Fourier synthesis yields the exter-
nal magnetic north-south component which is due to iono-
spheric and magnetospheric currents just below the ionospheric
current layer. We have chosen h=100km according to the
observed average height distribution of westward electrojets
(Kamide and Brekke 1977).

This method is similar to that recently applied by Mersmann
etal. (1979). The basic difference is that they separated external
and internal parts in the spatial domain by using the Kertz
operator, which is basically a Hilbert transform (Kertz 1954;
Siebert and Kertz 1957; Weaver 1964), while we separated in the
wavenumber domain. In order to avoid the problem of unstable
solutions during continuation towards the sources (large factors
e**" greatly enhance small scatter in short wavelength parts; see
Mersmann et al. 1979) we have computed the Fourier spectra by
a harmonic analysis with a sufficiently large spacing of 4xy,
=120 km between neighbouring field values which were taken
from the solid curves shown in Fig. 4. The average upward
continued spectrum has then been synthesized with a 60 km
spacing to be comparable with the 10 s averages of the westward
B component observed by Triad.

In Fig.5 we display the resultant A, profile at 100 km
height together with the profile of the east-west disturbances B
observed by Triad. The asymmetry of the 4,, and Z,, profiles
observed on the ground gives two clearly separated minima in
the Ay, profile at ionospheric height. Both Ay, (xg;, —h) and
B (xg;) have nearly the same shape, the same small-scale struc-
ture, an almost identical amplitude (for both the minimum is
—400 nT), and they both are confined to nearly the same latitu-
dinal extent (about 1200 km). The wavy structures at the ends of

Fig. 5. Latitudinal profiles of the approximately

magnetic flux density [nT]

-300]

northward external magnetic horizontal component
Ay, at the height of 100 km (just below the assumed
ionospheric current layer) and of the approximately
eastward horizontal disturbance B; observed by
Triad and projected down to 100 km along the
fieldlines. The Ay, and B, curves can be regarded
as giving westward and southward ionospheric
height-integrated current density if one substitutes
100 nT by 160 mAm~"! for A, or 100nT by

80 mAm~! for By, respectively. The horizontal
dashed line gives the zero-level, the other dashed
line in the region of the small-scale structure gives
the approximate magnetic flux density B, as-
sociated with the large-scale electrojet system in this
area and the bar around the small ‘a’ denotes the
approximate position of the observed auroral arc
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the Ay, profile belong to a spatial wavelength of 240 km, i.e., the
smallest wavelength resolved in our analysis, and are very
probably related to the above mentioned instability problem.
The factor e**" amounts to about 15 for this wavelength, and
accordingly the observed amplitude of +15 nT of this wave-
length at k=100 km seems to be due to height-continued errors
in A and Z that are of the order of 1 nT at ground.

4. Yonospheric and Field-Aligned Currents
and the Hall to Pedersen Conductivity Ratio

For a two-dimensional situation like the present one we can
relate the magnetic field distributions displayed in Fig. 5 to the
real (not merely equivalent) auroral zone current system in the
following way:

As Bostrém (1964) first clearly pointed out this system (if
two-dimensional and if confined to the auroral latitudes) con-
sists of the electrojet whose magnetic field is observed on the
ground, and of meridional currents that are field-aligned above
the ionosphere and are closed within the lower ionosphere (and
in the magnetosphere). The meridional currents possess a to-
roidal magnetic field that may be parallel or antiparallel to the
electrojet and that is unobservable on the ground.

Since in our case the vertical thickness of the electrojet, that
flows in the negative y direction is small as compared to its
latitudinal extent, its large-scale features may be described by a
surface current density J, (negative in our case). This quantity is
related to the height-continued northward magnetic flux density
according to

L) =2 Ay, —h) @
Ko

if h is the height of the base of the electrojet layer (note that z
denotes depth). Accordingly, the curve denoted by A, in Fig. 5
gives directly the electrojet height-integrated current density J, if
100 nT are replaced by 160 mAm™'. The maximum westward
current density is 620 mAm~! for the southern and 280 mAm ™!
for the northern peak of the J, distribution. Between these two
extrema the surface current density decreases to about 210
mAm~ !, and the total current is approximately 2.4 -10° A.

The magnetic component B, as observed by the Triad
satellite (Fig. 5) must be interpreted as the toroidal magnetic flux
density generated by the poloidal (meridional) current system, as
it has been done for similar disturbances since the first analyses
of Triad data (e.g. Armstrong and Zmuda 1970; Zmuda and
Armstrong 1974). This system may be described by a spatial
field-aligned current density j (x) (positive if parallel to the
earth’s magnetic field) above the ionospheric current layer, and
by a surface current density J,(x) that connects the field-aligned
currents within the ionosphere. Because By is zero outside this
current system we get from Maxwell’s first equation

_14dB,;

jH(X)_No I ©)

Current continuity within the poloidal system may be expressed
ny

dJ,
di =Jj I (x)- (6)

The combination of these two equations yields

J(0= By () )
Ho

This equation shows that the second curve in Fig.5 may be
interpreted as the height-integrated density of the northward
current (negative, i.e., southward in this case) in the electrojet
region if 100 nT are replaced by 80 mAm~'. Accordingly, we
recognize a maximum southward current density of 310
mAm~!, about 190 mAm~"' for the northern secondary ex-
tremum, and 120 mAm~! in between.

The field-aligned current density has been calculated by
differentiating the B, profile (Fig. 5) according to Eq.(5). The
result is displayed in the upper part of Fig. 6. The j,(x) curve
shows relatively pronounced structure that will be discussed
below. The maximum current densities are 2.5 pAm~? with
upward and 1.5 pAm~?2 with downward flow. The total field-
aligned surface current density is 370 mAm~"' for both up- and
downward flowing current.

Since the large-scale field-aligned currents have a magneto-
sheric source (e.g. Bostrom 1975; Rostoker and Bostrom 1976)
the associated ionospheric electric field must be southward
directed along the x, axis for the given gross pattern of upward
field-aligned current flow in the south and downward in the
north. Accordingly, we can interpret J,=X, E_ as Pedersen and
J,=X 4 E, as Hall current and get from Egs. (4) and (7)

>
Ay, —h)=>- = (x)- Br(x). ®)

2:P

The latitudinal profile of the ratio X/X, which results from the
profiles of 4y, and B; (Fig. 5) according to this relation is given
in the lower panel of Fig. 6. It shows a decrease with increasing
latitude from values close to 4 near the southern boundary of
the current system and in the region of intense upward field-
aligned current flow to values close to 1 in the north where a
broad region of downward field-aligned current is observed.
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Fig. 6. The upper diagram displays the latitudinal distribution of
field-aligned current density calculated by differentiating the By
profile given in Fig. 5. Positive values denote downward cur-
rents. Dashed line and bar around ‘a’ have the same notation as
in Fig. 5. The lower panel gives the derived (cf. text) latitudinal
profile of the ratio between Hall and Pedersen conductivity on a
logarithmic scale
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5. Magnetic Variations in the North-South
and Vertical Component at Triad Altitude

In the previous sections we were concerned with the strong
magnetic variations observed by Triad in the B, (approximately
geomagnetic east-west) direction and related to the meridional
current system of balanced field-aligned currents and Pedersen
currents. In this section we will try to interpret the compara-
tively smaller variations in the A, component (approximately
geomagnetic north-south; maximum amplitude about 50nT) and
the even smaller ones in the Z; component (vertically down-
ward; maximum amplitude about 20 nT). One possible source of
magnetic variations in the A; and Z, components at 800 km
altitude is the magnetic field associated with the electrojet. We
have calculated this contribution from J,(x) as given by the
curve Ay (x) in Fig. 5 in combination with Eq. (4). The result is
given by the curves 4; and Z; in the upper part of Fig. 7. One
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Fig. 7. The two upper panels display the magnetic flux density of
the ionospheric westward electrojet (cf. Fig. 5) at a Triad alti-
tude. The two lower panels give the magnetic disturbances
observed by Triad at 800km altitude in the northsouth and
vertical component after subtraction of the above-mentioned

fields of ionospheric origin

can see that they are changing only slowly with latitude and that
they have maximum amplitudes of 50 and 20 nT for 4, and Z,.
respectively. Magnetic fields of more distant sources like the ring
current should change even more slowly and may hardly be
distinguishable from the quiet level. If we subtract 4, and Z,
from A; and Z,, respectively, we should get the residual mag-
netic disturbances due to probably more local sources. Since 4,
and Z; have a very gradual slope south of 60° and north of 70°
invariant latitude, i.e., in the regions where we have fitted the
cubic splines to construct the baseline, no decision can be made
between these variations and the well-known slow variations
due to the spacecraft attitude uncertainty. Accordingly, we have
here first subtracted the fields of ionospheric origin and then
constructed a new baseline by fitting cubic splines to the nor-
thern and southern ‘undisturbed’ region. The results are given in
the lower part of Fig. 7 and the variations indeed reflect a quite
local character.

The (Ay—A;) variations show an almost antisymmetric
shape with respect to x,;~0. If one projects this location along
the magnetic field lines down to 100 km altitude in order to
compare it with the location where the large-scale field-aligned
currents change their direction as given in the upper part of
Fig. 6 (around x,;=200 km), one finds that both locations ap-
proximately coincide. One also finds that the northern maxi-
mum (A;—Aj) is located at the northern edge of the field-
aligned region and that the southern minimum is close to the
southern edge. Both these facts hint to the explanation that the
(47— A;) magnetic variations constitute a leakage of toroidal
magnetic flux [B; due to a westward decrease in the field-
aligned current intensity. This decrease is consistent with a slight
decrease of the westward electrojet in the same direction which
can be noted when carefully examining Fig. 3.

The actual leakage magnetic flux density depends on both
the gradient of the westward decrease and on the longitudinal
location with respect to the central meridian and the western
termination of the electrojet. With the data set available we
cannot determine these parameters, but we have calculated the
A, component in 800 km altitude by assuming that the Pedersen-
field-aligned current system given in Figs.5 and 6 decreases
linearly by 109, per 100 km in the westward direction and that
the western termination was 1000 km and the central meridian
2000 km apart. The resultant curve is displayed in Fig. 8 and
one can see that there is a reasonable agreement with the
observed (A;—A;) curve of Fig. 7 regarding shape, zero-cross-
over, location of the extrema, and amplitude in the central
region between the two arrows.

The observed (4, — A4,) profile cannot show the very gradual
increase and decrease of the calculated A, south and north of
the locations indicated by the arrows, since these are the regions
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Fig. 8. Calculated northward component of
magnetic flux density due to a leakage of the
toroidal magnetic flux (the model current
system is explained in the text). Outside the
region between the two arrows cubic splines
have been fitted to the observed data for
baseline determination and no agreement
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components (Fig. 7) can be expected
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Fig. 9. Comparison of the two quantities related in Eq.(9) (x
denotes the inclination of the earth’s magnetic field)

where cubic splines have been fitted to the variations observed
by Triad for the baseline determination and consequently the
(Ay— A;) curve must be close to this baseline. We should also
note that a westward decrease of 109, per 100 km is about twice
as much as the westward decrease of the southward magnetic
field observed on the ground, but we feel that our calculations
give at least good evidence that the observed (4,—A4,) va-
riations are due to the leakage to toroidal magnetic flux.

If the Triad Z sensor would be aligned along the magnetic
field direction one would expect to observe no effect of field-
aligned currents in this sensor. But the sensor is actually aligned
gravitationally and therefore the following relation holds (with
¥(x) denoting the latitude dependent inclination of the fieldlines
as given by geomagnetic charts):

—[Z:(x)=Z,(x)] = [44(x) = 4,(x)] ctn y(x). )

We have calculated the above two quantities and display them
in Fig. 9. It can be seen that both curves agree rather well and it
can therefore be assumed that the (Z,— Z)) variations are due to
the same sources as the (4, — A4,) variations, ie., very probably
due to the leakage of toroidal magnetic flux.

6. Discussion

Our analysis has provided results for the distribution of iono-
spheric Hall and Pedersen currents and field-aligned currents
associated with a westward electrojet in the morning sector. The
large-scale features of such current systems are already rather
well known and generally in agreement with our results. Small-
scale structures in the latitudinal current density distribution are
still a much debated topic (Kamide 1979) and the relationship of
the sharp southern peak in ionospheric current density and the
intense field-aligned current sheets with an auroral arc will be
discussed as the second topic. Another important result is the
latitudinal dependence of the conductivity ratio, and from this
we will draw some conclusions about the particle precipitation
in the morning sector during the present event.

Large-Scale Currents

The electrojet constitutes a westward Hall current of about
24-10° A flowing in nearly exactly the same region where
grossly balanced field-aligned current sheets of 370 mAm ™! are
observed flowing downward in the north and upward in the
south. These currents are linked in the ionosphere by southward
Pedersen currents, and the toroidal magnetic field caused by this
meridional current system was observed by Triad above the
1onosphere and was of the order of 200-400 nT. In contrast, the
meridional magnetic field of the electrojet was about 30-50 nT
at the Triad altitude.

The values given above are within the range found in earlier
studies with the Chatanika radar and the Triad satellite for the
same local time sector (e.g. Brekke etal. 1974; Kamide and
Brekke 1975; Iijima and Potemra 1976, 1978; Horwitz etal.
1978a, b; Kamide and Horwitz 1978). Also our observation that
balanced field-aligned currents close along one meridian is in
agreement with the statistical field-aligned current flow pattern
given by other authors (Yasuhara etal. 1975; Sugiura and
Potemra 1976, lijima and Potemra 1976, 1978; Hughes and
Rostoker 1977), who all note balanced field-aligned currents
during 2 to 4 h around magnetic midnight.

We should note that our assumption of a purely meridional
southward directed ionospheric electric field caused by the
balanced field-aligned currents (and consequently the westward
current to be a pure Hall current) is not without contradiction.
For example Hughes and Rostoker (1977, 1979), using obser-
vations of westward electric fields around midnight by Mozer
and Lucht (1974), proposed that the quiet time westward elec-
trojet in the 22-02 MLT sector is mainly a Pedersen current
while the Hall current is directed more northward. After
examining a great amount of published electric field patterns
(Heppner 1973, 1977; Holzworth etal. -1977; Horwitz etal.
1978a, b; Maynard 1974; Wedde et al. 1977), we have found that
westward electric fields are confined mostly to the Harang-
discontinuity region (where indeed northward Hall currents may
be found; e.g. Kamide and Horwitz 1978; Baumjohann 1979;
Baumjohann et al. 1980) in the late evening sector. Furthermore
southward directed fields appear to predominate in the postmid-
night sector in support of our earlier assumptions. This apparent
contradiction may be resolved by the fact that Hughes and
Rostoker (1977, 1979) discussed the quiet time current con-
figuration and used quiet time electric field data while our data
and most of the above cited electric field patterns are repre-
sentative for more disturbed times, when the westward Pedersen
current is concentrated behind the surge in the evening sector
(Rostoker and Hughes 1979).

Therefore we suggest that during disturbed times the zonal
westward closure current of the net field-aligned currents
around magnetic midnight (Kamide etal. 1976b, ¢) is the Hall
current whose magnetic signatures have been observed on the
ground. This closure is in agreement with a model already
proposed by Heppner etal. (1971a,b), and has been verified
recently by Baumjohann et al. (1980) for the eastward electrojet
in the dusk sector by comparing two-dimensional distributions
of ionospheric electric and ground magnetic fields.

Small-Scale Current System Associated
With an Auroral Arc

Mersmann et al. (1979) have found an electrojet current density
that was not a smooth latitudinal distribution from their study
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of an eastward electrojet with essentially the same method as
applied here. In their case a small decrease in current density
was found, and evidence was given that this decrease was
possibly due to a local westward current inside an auroral arc.
The existence of this arc could not be verified due to cloudiness
and some ambiguity remained. In our case a similar structure is
found both in the ionospheric and field-aligned current densities,
but it is much stronger in amplitude, and is of a greater spatial
wavelength (about 500 km). Again the weather in Scandinavia
was rather cloudy but one of the Scandinavian all-sky-cameras
produced analysable data. This camera was located at Hankas-
almi in southern Finland and during the time of the Triad pass a
rather stable quiet arc was seen near the northern horizon of the
camera. This arc was located approximately between x ;= — 160
and —100 km (H.J. Opgenoorth private communication, 1979),
which means in the region where we observed intense upward
field-aligned current and strong westward ionospheric current
flow (cf. Figs. 5 and 6).

Accordingly, we interpret the peaks in the observed 4,,, and
By curves (Fig. 5) at x, ;= —120 km as enhanced westward Hall
and southward Pedersen current flow between a pair of re-
latively thin sheets (each about 100 km wide) of intense field-
aligned currents (cf. Fig. 6 upper panel) that is associated with
the observed auroral arc. The center of this system is situated
about 300 km south of the secondary peaks which now may be
contributed to the maximum of a broad westward electrojet
current density distribution. Of the total 620 mAm~' Hall
current density inside or near the arc, about 450 mAm~"' may
be attributed solely to the small-scale arc system. The arc-
associated westward Hall current density is therefore greater
than the maximum current density of the broad westward
electrojet (270 mAm~'), and the total arc-associated Hall cur-
rent contributes about 209, to the total westward current. Of
the maximum southward Pedersen current density of 310
mAm~' about 220 mAm~! may be arc-associated and are
therefore of about the same magnitude as the current density
near the maximum of the westward electrojet. The maximum
field-aligned current densities (cf. Fig. 6, upper part) can be
nearly solely attributed to the arc and we get 2 uAm~—? as-
sociated with the arc compared with a maximum of 1 pAm~?
associated with the main electrojet. In terms of sheet current
densities, this means that a current of about 200 mAm~! flows
downward to the north of the arc and flows upward above or
south of the arc. This field-aligned current closes via the south-
ward Pedersen currents. Compared to the electrojet-associated
field-aligned current, whose sheet current densities may be esti-
mated to be also about 200 mAm™!, the total arc-associated
vertical currents have the same magnitude.

It should be noted that the current densities given are more
minimum current densities for the arc system, since the latitu-
dinal resolution of our analysis is restricted to spatial wave-
length greater than 200 km. Auroral arcs and most probably
also the associated current systems are much smaller (e.g. Davis
1978) and our data may display smoother curves and lower
peaks than were actually there.

We have also compared our observations with results of
rather rare earlier studies on morning sector auroral arcs. Ka-
mide and Rostoker (1977) noted that discrete arcs in the morn-
ing sector are found in the region of intense upward field-aligned
currents in the southern half of the westward electrojet. Be-
aujardiere etal. (1977) found, by means of incoherent scatter
observations, an arc-associated enhancement of the westward
current flow of about 160 mAm~"'. Because of their fine re-
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solution rocket-borne experiments are best suited to study
phenomena associated with auroral arcs. But to the best of our
knowledge, only one rocket flight into postmidnight aurora has
been made (Sesiano and Cloutier 1976). Since this rocket was
flown through a highly structured multiple arc system the results
are hardly comparable with ours. The field-aligned sheet current
densities determined in our study are within the range (160 to
1200 mAm~') obtained from the Rice University rocket flights
into auroral arcs in the premidnight sector (Anderson and
Vondrak 1975).

We should note once more that our interpretation of the
westward current as a Hall current, and the southward current
as a Pedersen current is based on the assumption that the field-
aligned currents are driven by a magnetospheric source with the
ionosphere acting as a load. As described earlier, this mecha-
nism is commonly accepted for the large-scale currents, but it is
still a matter of debate if the field-aligned current pairs as-
sociated with auroral arcs are driven by the magnetosphere (e.g.
Mallinckrodt and Carlson 1978) or by a polarization electric
field in the ionosphere (e.g. Carlson and Kelley 1977). The
second model implies an ambient zonal westward electric field
which, as described earlier, is rarely observed in this MLT
sector. Furthermore the non-existence of this electric field can be
concluded from the rather stable location of the auroral arc
(arcs drift southward under E x B motion of a westward field;
see for example Kelley et al. 1971). Therefore we tend to believe
that a magnetospheric source can indeed be assumed, but this
question can only be decided by simultaneous electric field
measurements and we hope that a future study incorporating
Triad, the Scandinavian Magnetometer Array, and the STARE-
radars (Greenwald et al. 1978) will help in this respect.

Hall to Pedersen Conductivity Ratio

South of x,,;=0km the X,/¥, ratio varies between 2 and 4 and
is within the range given by Brekke et al. (1974) based on their
Chatanika radar observations. North of x,;=0 this ratio reduces
to values around and slightly below 1, and is therefore smaller
than the minimum value given by Brekke etal. (1974). But
Evans etal. (1977), who computed ionospheric conductivities
based on auroral electron data obtained during a sounding
rocket flight, determined values between 0.8 and 1.4. Both
groups used a different atmospheric model and the difference in
the ratios found may very probably be attributed to uncertain-
ties in these models, while our calculations are free from these
ambiguities.

The ratio between the two conductivities allows some con-
clusions on the energy of precipitating particles, since energetic
auroral electrons penetrating the atmosphere reach different
altitude levels depending on their energy (Rees 1963). Experi-
mental evidence for this can be found for example in Brekke
etal. (1974) and Evans etal. (1977) who both noted that maxi-
mum enhancements of the X,/X, ratio are found to be coin-
cident with energetic particle precipitation.

For our case this means that particles with higher energies
precipitate in the southern third of the westward electrojet
region, where the most intense Hall and upward field-aligned
current densities and the auroral arc have been found. The

‘average energy of the precipitating particles gradually decreases

towards north, where the field-aligned currents flow downward.
This latitudinal distribution of particle precipitation is op-
positely to that in the evening sector (see, for example, Lui et ai.
1977) but agrees with other results found in the morning sector



by direct measurements with the Isis (McDiarmid et al. 1975;
Klumpar et al. 1976) and Injun (Frank and Ackerson 1971)
satellites, by monochromatic all-sky observations (Mende and
Eather 1976) and by studying the relative location of discrete
aurora in the electrojet region (Kamide et al. 1976b; Kamide
and Rostoker 1977).

7. Summary and Conclusions

In the present paper, for the case of a morning sector pass, we
have demonstrated the usefulness of coordinated two-dimen-
sional ground-based and Triad satellite magnetic observations.
We have shown that, for the two-dimensional case studied, it is pos-
sible to derive quantitatively the real ionospheric-field-aligned
current system and the latitudinal distribution of the Xy/Zp
ratio and that it is possible to explain also variations observed
by Triad in the north-south and vertical component. This has
been done by using only two very basic and well accepted
assumptions: that the balanced field-aligned currents are of
magnetospheric origin thereby causing a purely southward elec-
tric field, and that the altitude of the ionospheric current layer is
100 km.

For the event which we investigated the more detailed results
include the following:

1. A broad westward electrojet (about 1200 km wide) was
observed at about 0130 MLT. It constituted a Hall current of
about 2.4-10° A flowing in the same region where balanced
upward and downward flowing field-aligned current sheets of
about 200 mAm~! were observed. These currents where closed
in the auroral ionosphere along the same meridian by south-
ward Pedersen currents of about the same maximum current
density as the field-aligned currents.

2. South of the maximum of the broad electrojet and near
the location of a quiet auroral arc another latitudinally small
but very intense peak in the ionospheric current density was
observed. This small-scale arc-associated current system had
essentially the same configuration as the large-scale electrojet
system. The about 250 km wide westward Hall current had a
maximum density of 450 mAm~!, greater than the maximum
current density of the main electrojet, and contributed 209 of
the total westward current. The field-aligned currents flew
downward in the north and upward over or south of the arc and
their maximum current densities of about 2 uAm~? were twice
as high as those of the electrojet associated pair. The total field-
aligned current flow was closed by southward Pedersen currents
of 220 mAm~1!,

3. While we found X /X, ratios close to 1 in the northern
half of the westward electrojet and in the region of downward
field-aligned currents, this ratio increased to values between 2
and 4 in the southern half with the highest values near the
location of the auroral arc and the intense upward field-aligned
currents. Relating these ratios to the energy of precipitating
particles we have concluded that in contrast to the evening
sector energetic particles precipitate in the southern half of the
auroral oval (as defined by the electrojet borders) where the
discrete arc has been observed. Lower energetic particle pre-
cipitation appears to occur in the northern half.

4. The disturbances observed by the geomagnetic northsouth
component of the Triad magnetometer (perpendicular to the
lield-aligned current sheets) may be explained by a leakage of
the toroidal magnetic flux due to a probable decrease of the
field-aligned current intensity in the westward direction. Due to

the inclination of the earth’s magnetic field these variations can
also be seen in the gravitationally aligned vertical component.

It should be mentioned, that the present conclusions are
derived on the basis of only one case studied. Future work has
to show if the conclusions may be generalized.
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