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Model Calculations of Currents and Magnetic Fields
Along a Magsat Trajectory

L. A. DREMUHINA, Y. I. FELDSTEIN, AND A. E. LEVITIN

Izmiran, Akademgorodok, Moscow

Recent models have made it possible to obtain distributions of ionospheric and field-alignéd currents
at high latitudes from surface magnetic observations. The surface geomagnetic field variations at high
latitudes are closely associated with interplanetary medium parameters. As a result, a model has been de-
veloped that estimates high-latitude current distributions directly from the interplanetary magnetic field
and solar wind values. Ionospheric and field-aligned current distributions computed with this technique
are compared to the distributions computed directly from the Magsat magnetic field observations by Zanetti
et al. [1983]. There are small variations in the two results, which are apparently due to the different reso-
lutions of the two techniques. However, the current distributions computed from the different techniques

are similar.

INTRODUCTION

Magnetic field variations at the earth’s surface are caused by
several current sources situated in the earth’s ionosphere and
magnetosphere. The identification of these sources is one of
the principal goals of geomagnetic studies. However, the mag-
netic field observations on the earth’s surface alone cannot de-
termine uniquely the distribution of the associated three-di-
mensional current system. In order to make this determination,
additional information on the spatial current distribution is
needed.

By using the ground observations, so-called ‘‘equivalent cur-
rents’’ are usually determined using the potential theory applied
to a spherical shell concentric with the earth. However, the sur-
face magnetic fields are due to a more complicated three-
dimensional current system that includes ionospheric and field-
aligned currents. For this reason, it has been assumed that it
is necessary to measure magnetic fields above the ionosphere
in order to uniquely determine the associated current systems.

Considerable progress has been made in inferring three-
dimensional current systems by combining electric and magnetic
field measurements from satellites with radar observations.
However, it was still not possible to determine the three-
dimensional current distribution in the entire high-latitude re-
gion instantaneously. Ground-based magnetic data have recently
been used to deduce iristantaneous distributions of field-aligned
currents. For the case of uniform ionospheric conductivity, the
Laplacian of the current function is proportional to the field-
aligned current density [Kern, 1966]. This relationship can be
used for the determination of field-aligned current distributions
at high latitudes during summer, when the ionospheric conduc-
tivity is sufficiently uniform [Levitin et al., 1981]. More com-
plicated computer codes have been proposed by Mishin et al.
[1980], Faermark [1980], and Kamide et al. [1981] for the de-
termination of the distribution of ionospheric and field-aligned
currents using nonuniform ionospheric conductivity models.
However, there are constraints pertaining to the spatial distri-
bution of current that are inherent in these models. That is why
it is not surprising that the following opinion has been put forth
[Potemra, 1983]: ‘‘It was not possible (before the satellite era)
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to unambiguously identify current systems that are field-aligned
(Alfven, 1939, 1940) and those that are completely contained
in the ionospliere (Vestine and Chapman, 1938) only from the
study of surface magnetic field measurements (see also Fukushi-
ma, 1969, 1976).”

Zanetti et al. [1983] have indicated the difficulties involved
in the determination of ionospheric and field-aligned current
distributions from ground-based magnetometer data. They de-
termined ionospheric and field-aligned current distributions
from Magsat vector magnetometer data using a method based
on the Fourier transform technique.

The purpose of this brief report is to compare the distribu-
tion of ionospheric and field-aligned currents during a Magsat
pass obtained by Zanetti et al. [1983] with the distribution cal-
culated with the help of the Afonina et al. [1983b] model, which
is based on surface magnetic field variations and interplane-
tary magnetic field (IMF) conditions. The magnetic field vari-
ation expected along the Magsat satellite trajectory is calculated
from the deduced three-dimensional current system model and
is compared to the actual data.

METHOD

The method of calculating ionospheric electric fields and
three-dimensional current systems, including ionospheric and
field-aligned currents, used here was originally proposed by
Gurevich et al. [1976]. The associated computer code was de-
veloped by Faermark [1980] and Kamide et al. [1981] for the
case of nonuniform ionospheric conductivity.

Electric fields, E, and currents, I, in the ionosphere are de-
termined from the relation

E=-v¢ [I=LE=-Eve=1+1
where ¢ is the potential of the electric field, £ is the height-
integrated ionospheric conductivity tensor, I is the total height-
integrated ionospheric current, I, = m, X grad y = Curl ¢
(two-dimensional curl) is the toroidal current, I, = VFis the
potential current, ¢ is a current function uniquely related to
the horizontal magnetic field variation on the earth’s surface,
and n, is the unit radial vector. It is assumed that the electric
field is static, that the dynamo effects of ionospheric winds can
be neglected, and that the geomagnetic field lines are equipoten-
tial at ionospheric heights. The ionosphere is regarded as a two-
dimensional spherical current sheet with height-integrated Peder-
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Fig. 1a Height-integrated Hall current density distribution, Iy, in the
jonosphere (the dotted line and the left-hand scale) along the Magsat
trajectory on December 21, 1979 [Zanetti et al., 1983]. The values of
It computed from the model of Afonina et al. [19834a] are shown as
the solid line (the right-hand scale). The distances in kilometers along
the trajectory are measured from the noon-midnight meridian.

sen (Zp) and Hall (Z5) conductivities. The Hall current is de-
termined in the ionosphere from the following:

IH = EHEXII,

Geomagnetic field lines are taken to be radial, and the field-
aligned current is determined from

j| = div

The electrostatic potential, ¢, of the electric field above the
ionosphere is determined by solving

Curl (-EV¢) = Curl Curl y

In spherical coordinates, ©,\ (where is © colatitude and \ is
longitude), the equation has the form

1 1 1
- [(’EH¢O)6 + - (Eﬂ¢x)x] + - [Cpdr)e - Epdel] =
1 1
;(" Yelo + r—z\hx

where r = sin O. Algorithms for solving the equation for non-
uniform ionospheric conductivity with a given current function,
¥, have been described by Faermark [1980] and Kamide et al.
[1981]. The boundary conditions were taken to be ¢=0 at
O =34° [Faermark, 1980], or ¢ =0 at the pole and 3¢/30 =
0 at the equator [Kamide et al., 1981].

In the model of Afonina et al. [(1983b], the height-integrated
ionospheric conductivity tensor is specified on a grid with a 1°
step in latitude and a 15° step in longitude (1 hour of local geo-
magnetic time). The current function was calculated for different
classes of geomagnetic field variations on the earth’s surface.
Each class of variation was controlled by a specific IMF com-
ponent (B, and B,) and by the solar wind velocity and densi-
ty at B, = B, =0. Methods for determining these variations by
a regression analysis and the resultant equivalent current sys-
tems are described by Levitin et al. [1982]. For the calculation
of ¢ from a given current function, it is assumed that the mag-
netic contributions of the ring current, magnetopause currents,
and tail currents to the equivalent current function can be
neglected. The total integral Hall and Pedersen conductivities
are the sum of the conductivities resulting from both ioniza-
tion by solar wave radiation and corpuscular precipitation. The
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corresponding conductivity values have been taken from the
papers of Mehta [1979] and Wallis and Budzinski [1981].

Therefore, the distribution of ionospheric and field-aligned
currents can be estimated from ground-based magnetic field
variation data by assuming realistic high-latitude conductivity
distributions. During the summer, the distributions of these cur-
rents are not very sensitive to the assumed corpuscular conduc-
tivity model associated with corpuscular precipitation.

RESULTS

The results of the calculation of ionospheric and field-aligned
currents with two very different methods [Zanetti et al., 1983;
Afonina et al., 1983a,b] will be compared to interpret the Mag-
sat data. We examine here the Magsat pass of December 21,
1979, over the summer southern hemisphere. In the summer
season, the ionospheric conductivity distribution is more uni-
form as a consequence of the stabilizing effect of solar radia-
tion. Therefore, the actual ionospheric and field-aligned current
distributions for specific cases should be closer to the average
distributions described by the Afonina et al. [1983a,b] model
than in any other season. Moreover, during this particular or-
bit, Magsat traversed the eastward and westward electrojets in
the early evening and late morning sectors, where the electrojets
are caused by strong convection electric field, and not by high
ionospheric conductivity [Kamide and Vickrey, 1983]. The con-
vection electrojets are located in these time sectors in contrast
to the substorm electrojet, which is located in its midnight sec-
tor (Y. Kamide, personal communication, 1984). The convec-
tion electrojets are more closely connected with the voltage
source in the magnetosphere controlled by interplanetary medi-
um parameters than is the substorm electrojet. The solar wind
density and velocity and IMF components are relatively stable
during this time.

Figure 1a shows the distribution of ionospheric Hall currents,
I (the dotted line and the left scale), along the Magsat trajec-
tory on December 21, 1979, determined by Zanet!i et al. [1983].
Also shown are the results of calculating the Hall current, I},
from the electric field model of Afonina et al. [19834] (the sol-
id line and the right scale), and using the ionospheric conduc-
tivity model of Wallis and Budzinski [1981] for Kp > 3 and
the IMF components B, = -4.3 nT and B, = 0.6 nT [King,
1983]. The similarity between I;; and I¥ is evident.

The magnetic variations computed from the model used here
have fit observed values with rms (root-mean-square) differ-
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Fig. 1b The values of field-aligned current density, Jj Malong the
Magsat trajectory (Zanetti et al. [1983], dotted line) and Jy* from the
model (Afonina et al. [1983b], the solid line).
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Fig. 2 The space-time patterns of the model values of (@) electrostat-
ic potential ¢ and (b) electric field, E, in summer with B, =-4 nT and
B, =0. The model of Wallis and Budzinski [1981] for height-integrated
ionospheric conductivity for Kp< 3 was used. The coordinates are cor-
rected geomagnetic latitude and MLT.

ences of about 30 nT in the polar cap, and 50 nT in the auroral
zone. The values of Iy and I compared in this study and
shown in Figure la agree within these limits.

Figure 15 shows the field-aligned current densities, J;, along
the same Magsat trajectory (the dotted line) according to Zanetti
et al. [1983], and J{ computed with the model of Afonina et
al. [1983b] (the solid line). The arrows indicate the J; flow
direction. The density of J, is obtained from the magnetic field
variation, AB,, along the Magsat trajectory from the relation-
ship [Zanetti et al., 1983]

Ji = 0.796 M
ox

where AB, is in nT, x is in km, and J, is in pA/m?.
Considering the complicated field-aligned current space dis-
tribution, one can find a similarity between J; and J¥. The
slight differences between J, and JM in Figure 15 may be the
consequence of two very different methods of calculating field-
aligned currents from different data input and of instantane-
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ous density deviations from the average value described by the
model.

The differences of the curves for J; and JM in Figure 15 can
also be caused by the proximity of the ground measurements
to the ionosphere. The short-wavelength disturbance features
fall off exponentially, thus changing drastically with respect to
the height difference of the ionosphere and Magsat altitudes.
It is also interesting to speculate about possible relationships
between the irregularity of the JM curve in Figure 15 and the
altitude difference.

It appears that both methods for calculating ionospheric and
field-aligned currents give similar results. However, the meth-
od of ground-based geomagnetic measurements associated with
various interplanetary situations makes it possible to obtain in-
stantaneous fields and current distributions not only along a
given trajectory but also in the entire high-latitude region (©
< 34°).

Figures 2 and 3 show the distribution of electrostatic poten-
tial, ¢, of electric field, E; and of field-aligned current, J;,

Summer

1300 mA/m

Contours of JhA are in uA/m?2

Fig. 3b
Fig. 3 The space-time pattern of the model values of (@) the total in-
tegral ionospheric current, J i” , and (b) field-aligned current, J.M , in
summer with B, = -4 nT and B, = 0.
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Fig. 4 The Magsat magnetometer data (southward and eastward com-
ponents of geomagnetic field variation in geographic coordinates) on
December 21, 1979, with the Magsat April 1981 model subtracted (the
solid line) according to Zanetti et al. [1983]. The dashed line is the mag-
netogram calculated from the three-dimensional current system model
[Dremuhina et al., 1983] with IMF B, = -4.3 nT and B, = 0.6 nT.
The data are plotted versus invariant latitude and magnetic local time
(MLT).

and total ionospheric currents, J¥=J, + Jps in the summer un-
der the interplanetary situation during the Magsat pass on De-
cember 21, 1979. The relevant models of field-aligned and
ionospheric currents, and electric field and its potential, on a
grid with steps of 1° of geomagnetic latitude (0 <34°) and 1
hour of MLT, are stored at the World Data Center B2 (WDC-
B2). These are available as functions of the IMF intensity and
orientation, for three seasons and for various ionospheric con-
ductivity models. Copies of the models may be obtained on mag-
netic tape.

The present methods for determining electric fields and cur-
rents from surface geomagnetic field variations imply that the
ionospheric currents are responsible for such variations. There-
fore, these methods can accurately reproduce the fields and cur-
rents at high latitudes, and with somewhat less accuracy at
medium and low latitudes [{amide et al., 1982; Wolf and Ka-
mide, 1983]. This circumstance arises from the important con-
tribution of the fields of extra-ionospheric origin to the
geomagnetic field variations on the earth’s surface.

We now compare the magnetic field measurements from Mag-
sat and the field associated with our three-dimensional current
system model. Figure 4 shows the geographic north-south and
east-west components of magnetic fields measured by the Mag-
sat magnetogram made on December 21, 1979, from Zanetti
et al. [1983] (the solid line) and the magnetic field disturbance
calculated from the model of Dremuhina et al. [1983] (the
dashed line) using the method described by Kisabeth [1979]. The
ionospheric current distribution was determined for the condi-
tion of B, =-4.3 nT, B, =0.6 nT from the model of Afonina
et al. [1983a]. The field-aligned currents flowing along the di-
pole magnetic force lines connected to the ionospheric current
were taken as the boundary condition. The calculations were
made on a grid with steps of 2° of latitude and 1 hour of MLT,
for ©<31° and a 400-km altitude. The model magnétogram
compares very well to the observed field variations. The differ-
ences in the values of the eastward component in the polar cap
are probably due to an improper choice of the baseline. Zanet-
ti et al. [1982] indicate that the baseline is very sensitive to the
choice of the main geomagnetic field model. An approximate-
ly 250-nT variation of the eastward component probably does
not exist in the polar caps during relatively weak substorms.
If the solid line in the lower panel of Figure 4 is displaced to
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be coincident with the dashed line in the polar cap, the agree-
ment of the two curves improves in the auroral zone where the
field variations are largest. The field model calculations used
to generate the curves in Figure 4 may be used to correct the
Magsat baseline.

CONCLUSION

The present models of ionospheric and field-aligned currénts
based on surface geomagnetic field variations make it possible
to obtain space-time distributions of ionospheric and field-
aligned currents at high latitudes. The surface geomagnetic field
variations at high latitudes are closely related to the parameters
of the interplanetary medium. As a result, models that are based
on the IMF intensity and direction and on the solar wind
parameters may be used to estimate the distribution of these
currents.
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