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Abstract. At the end of the sixties it became obvious that two-dimensional dynamo models can explain
nearly all facts, which had been found morphologically for mean annual Sq-fields. During the recent
decade new or improved methods to measure electric fields (e.g. incoherent scatter facilities) and to
investigate great data files have been developed. New informations received with these methods about the
existence of regular variations of the Sg-field in dependence on season and universal time and about the
electric field have been summarized in Section 2. All attempts to describe also these variations with a
two-dimensional dynamo model did not lead to any success, but showed a strong theoretical over-
estimation of the asymmetries. Therefore, it must be concluded that three-dimensional plasmaspheric
current systems, taking into consideration the coupling between both hemispheres along the high-
conducting magnetic field lines, are needed in order to explain the regular variations of the Sq-field. The
basic equations for two- and three-dimensional dynamo models, different methods for the solution of
these equations and the resulting models from different authors are compiled and discussed (Section 3).

Based on all morphological and theoretical results a plasmaspheric-ionospheric current system has been
constructed and some properties of the plasmaspheric field-aligned current distribution, have been
derived.
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1. Introduction

The aim of this review paper is to summarize our knowledge about large-scale
electric fields and currents and the magnetic variations resulting from these currents
in the mid-latitudinal ionosphere and the plasmasphere during undisturbed condi-
tions, i.e. to review the electrodynamics or electrostatics of large-scale phenomena
within these parts of the magnetosphere and ionosphere. There are three reasons to
summarize the present knowledge in this special field of research:

—During recent years a great number of new interesting morphological and
theoretical results have been received by different groups. Many of these papers have
been published in journals of more or less regional distribution or in russian
language. A critical review of these results leads to some new very interesting
conclusions.

- Incoherent backscatter measurements in mid-latitudes gave already new and
more detailed informations about the electric field in this region. These measure-
ments open new aspects for the electrostatics of the ionospheric and magnetospheric
plasma. More coordinated observations of all existing stations started during the last
two years, promising more detailed results (for instance about seasonal variations).
Therefore it seems to be useful to summarize our present knowledge about seasonal
and UT-variations of electric fields and currents.

- Ithas already been possible to measure field-aligned currents in higher latitudes.
A further improvement of the sensitivity of these measurements would give the
possibility to detect also field-aligned currents of smaller intensity in other regions. It
would be interesting to know what kind of field-aligned currents one should expect
from indirect indications.

For more than a century ground-based magnetic measurements taken at many
observatories in different latitudes presented the only information concerning
electrodynamics in ionosphere and magnetosphere. A very great amount of
information is concentrated within these measurements. In order to derive from
ground-based magnetic observations informations suitable for the discussion of the
electrostatics or electrodynamics in the plasmasphere it must be taken into consi-
deration that these geomagnetic variations are an integral parameter, i.c., that the
geomagnetic variations measured on ground are a superposition of some outer and
inner magnetic fields. Therefore, the different contributions must be separated. Since
in this review, we are only interested in quiet conditions in the plasmasphere, we
have to investigate S, and S} types of geomagnetic variations. It is wellknown, how
to separate the inner and the outer part of the geomagnetic field (see Chapman and
Bartels, 1940). Concerning the outer part of the magnetic field variations one has to
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investigate, whether the magnetic fields are build up only within the plasmasphere or
whether there are additional contributions from currents flowing in the outer
magnetosphere, e.g. near the magnetopause. This question will be discussed in
Section 2.

During recent years also measurements of the electric field within the mid-
latitudinal ionosphere by direct measurements and within the plasmasphere by
indirect measurements became available. These measurements gave the possibility
to extract a first raw approximation for a median model of the dependence on local
time and latitude (see Section 2). There are effects indicating the existence of
seasonal variations of the electrostatic potential in the ionosphere. For quiet
conditions the measurements seem to show that a penetration of the electric field
from high latitudes into mid-latitudinal regions is very unprobable, but for the
night-time conditions such a penetration is open for further discussion. From the
plasmasphere the dependence of the potential in the equatorial plane in dependence
on local time is known in a first approximation including some details, as for instance,
the noon-bulge and the afternoon-bulge. For the day-time all results speak for a
coupling between the ionosphere and the plasmasphere, but for the night-time some
decouplings cannot be excluded. For more details see other reviews as Blanc and

Amayenc (1976), Wagner and Schifer (1980).

1.1. GENERATING PROCESSES FOR THE ELECTRIC FIELDS

Concerning the generator for these electric fields it became clear that in principle,
there are at least two different types of processes. One generator called ‘the
atmospheric dynamo’ is situated in those ionospheric regions, where the different
collisions between neutral particles and electrons on one side, and neutral particles
and ions on the other lead to a different motion of ions and electrons across the
magnetic field and consequently to a charge separation.

For high latitudes the measurements have shown that this generator process
cannot be the main source for the electric fields. The main contributions for these
latitudes come from a second type of generators — the magnetospheric dynamo
processes — located far away from the Earth in the neighbourhood of the magneto-
pause and the magnetospheric tail. A detailed discussion of these processes is out of
the scope of this paper.

In the following the physical mechanism of the atmospheric dynamo will be
discussed more in detail, but without a quantitative treatment, which is reserved for
section 3. Within the ionosphere between 90 and 200 km the plasma is partially
ionized and collisions between neutral and charged particles play an important role.
This region is characterized by the fact that the collision frequency for collisions
between neutrals and ions is greater than that for collisions between neutrals and
electrons. In other words, there exists a region, where the electrons are more tied to
the magnetic field B than the ions. This situation has been characterized in the right
hand part in Figure 1 by comparing the collision frequencies and the gyrofrequencies
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Fig. 1. Spitzer (o), Pedersen (o), and Hall (o,) conductivity in dependence on height for noon-time
(full curve) and midnight (dashed curve).

of electrons and ions for different regions. Consequently, in this region charge
accumulations and electric polarization fields E can be built up as a result of the
different motions of the electrons and ions due to the different interactions with the
neutral gas particles. This process has been called the ‘atmospheric dynamo process’.
It is the dominating mechanism producing ionospheric electric fields.

From Maxwell’s equations of electrodynamics it follows that the distribution and
generation of ionospheric electric fields by the atmospheric dynamo process can be
described by

curl curl E+u0%a(E+vn xBo)=0,
(1.1)

divj=0=div (¢ - E)+div (o * (v, XBy))
(v, neutral wind, e conductivity tensor, j current density) see Mohlmann and Wagner
(1970). These equations describe quasistationary electric fields in the ionosphere.
These fields propagate in a diffusion-like fashion out of the region of generation.
Internal gravity waves and acoustic gravity waves can generate these time-dependent
and relatively small-scale electric fields. The amplitude of these electric fields can be
of the same order of magnitude as that of large-scale electric fields. These quasi-
stationary processes will be a task for future investigations.

Since we are interested in large-scale global ionospheric electric fields during quiet
conditions, we have to discuss electric fields with time scales of the order of 1 day.
Taking into account that the diffusion length for an electric field within the iono-
sphere with a time scale of 1 day is of the order of 10 Earth radii, it can be understood
that these electric fields have propagated around the Earth and reached a quasi-static
state (curl E=0, E = —grad §). Considering the accuracy of the available measure-
ments of electric fields, it has been shown by Méhlmann (1971) that a quasi-static
approximation is sufficient to describe large-scale ionospheric electric fields. With
(1.1) follows

div (o - grad §) =div(e : (v, XBy)), (1.2)

(S = electrostatic potential).
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From the so-called ‘dynamo-equation’ (1.2) it is obvious that the electric field E
depends as well on the conductivity tensor & of the ionospheric plasma as on the
structure of the neutral winds v,,.

The electrodynamic properties of the magnetospheric and ionospheric plasma are
introduced in this equation through the tensor of electroconductivity

(241} 0 0
o=|(0 gy, —02]. (13)

0 a2 (o8}

Currents parallel to the magnetic field are proportional to the Spitzer-conductivity
oo, and currents perpendicular to the magnetic field are dependent on the Pedersen-
conductivity o; and Hall-conductivity o, (Akasofu and Chapman, 1972).

The tensor of electro-conductivity of the ionospheric plasma has been derived by
the theory of plasma transport processes. The ionospheric plasma is tied to the
magnetic main field of the Earth. This magnetic inhibition of free streaming is
effective only in directions perpendicular to the magnetic field lines. Diffusion across
the magnetic field leading to a weakening of the original inhibition is possible only
because of collisions with neutral particles, which allow the charged particles to
emigrate from one field line to the other. The resulting electro-conductivity must be
described by a tensor. Figure 1 in the left part gives an estimation of the height
dependence of the components of this tensor. The conductivity parallel to the
magnetic field oy, the Spitzer-conductivity, the Pedersen-conductivity o, and the
Hall-conductivity o> have been shown. From these material properties of the
ionospheric plasma three interesting conclusions concerning electric fields and
currents can be drawn:

- For large-scale electric fields and currents in the ionosphere there must be a
‘quasi-short-circuit’ along the magnetic field lines due to the dominating parallel
conductivity. This means that for all geographical regions without the magnetic
equator and its neighbourhood the electric fields have only a very weak height
dependence.

- Essential currents perpendicular to the magnetic main field can flow only in a
height region between 100 and 200 km.

- The ionospheric conductivity distribution shows strong gradients of the
perpendicular components at about 100 km and at about 130 km, which may have an
importance for the generation of large-scale ionospheric electric fields (see below).

Equation (1.2) also shows that the electric field depends on the generating neutral
winds. Therefore, it is necessary to discuss the dynamics of the neutral gas.

The energy driving the neutral wind systems results from the absorption of solar
radiation within the atmosphere. Speaking generally, there are two main regions of
absorption, i.e. two heat sources driving neutral wind systems. One heat source exists
in the ozone-layer, and in the watervapor-layer, both below 85 km. The neutral gas
motions produced by absorption of the solar radiation within these layers can be
described by the tidal theory see Lindzen (1971), Wagner (1968), Chapman and
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Lindzen (1970), Volland and Mayr (1974), Volland (1974a, b). In the tidal theory it
has been shown that a lot of different wind modes may be generated, but most of
these cannot propagate to greater heights than 100 km because they are absorbed
and dissipated near the turbopause. Only modes with great vertical wavelengths are
able to penetrate through this region. In many cases also the amplitudes of these wind
modes are diminished by absorption and dissipation.

Solar radiation in the EUV- and UV-part is absorbed by ionization processes and
dissociation processes of molecular oxygen and molecular nitrogen well above
100 km. The center of this absorption regions exists in about 150 km. This heat
source has been observed first by neutral gas density measurements showing the
existence of a well pronounced diurnal bulge (see Jacchia, 1965), which may be
detected in different altitudes. This heat source creates thermospheric wind systems.
These wind systems have been investigated by Kohl and King (1967), Blum and
Harris (1972, 1975a, b), Hines (1965), Geisler (1966, 1967), Lindzen (1967).

The amplitude and the phase of this thermospheric wind has been calculated in
dependence on latitude, longitude and altitude by Volland and Mayr (1973). The
results are shown in Figure 2. Mathematically, it is possible to describe this
thermospheric wind in a good approximation by a modified Hough-function (1,
—2)*. Since the tidal mode (1, —2) can be generated at F-region heights too (see
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Fig. 2. Relative wave amplitudes of the (1, —2)-tidal mode pressure and wind components in depen-
dence on colatitude after Volland and Mayr (1973).

* The 1, —2 tidal mode corresponds to the (1, — 1) mode in the older literature on tidal modes.
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Volland, 1976a), it is possible to use the Hough-function (1, —2) with a modified
height-dependence for the description of one main wind component for the whole
ionosphere.

Knowing the main properties of the electric conductivity and the neutral winds, it
is possible to draw some conclusions about the effectiveness of the dynamo process.
The influence of both the electric conductivity of the ionospheric plasma and the
neutral winds on the generation of electric fields is described by (1, 2).

As can be seen from the right-hand part of Figure 1, the region, where electric
fields may be produced, extends from about 100 km up to about 150 km. The
perpendicular conductivities have their maxima in the region between 100 km and
125 km. In the lower parts of this region, tidal wind modes may be dominating, in the
upper part, thermospheric winds may play an important role. Three principal
conclusions for the electric fields may be drawn from the general situation described
in Figure 1:

~ Let us investigate that altitude range, where the perpendicular conductivities
have their maxima. Different neutral wind modes may exist within this region. Each
wind mode having a vertical wave-length smaller than the altitude range of high
conductivities will create electric fields changing rapidly (in their direction) and
therefore being cancelled out due to the high parallel conductivity through the whole
altitude range. All these winds will result at most in very small electric fields. In other
words, only wind modes with a vertical wave-length > 20 km may lead to observable
field strengths. This statement is independent of the amplitude of the wind modes,
i.e. if we have a neutral wind composed of one wind mode with high amplitude and
small vertical wave-length, and another wind mode with much smaller amplitude,
but a very large vertical wave-length, only the second wind mode will be effective in
generating electric fields, and therefore, will be interesting for the comparison of
measured neutral winds, and measured electric fields.

~ Since only the composed action of electric conductivity, and winds determines
the amplitude of the resulting electric field, not only the E-region with high
conductivity, but lower wind velocity, but also the F-region with lower conductivity
but higher wind amplitudes may be a region suitable for the generation of iono-
spheric electric fields. For a long time only the E-region dynamo has been taken into
consideration. But Rishbeth (1971), Matuura (1974) and Volland (1976) suggested
that the F-layer-dynamo may give considerable contributions. This has, at least for
low latitudes, proved by Heelis et al. (1974) (see Figure 3). The dotted curve shows
averaged vertical ion velocity measurements from Jicamarca, the full curve gives
theoretically computed values using only the E-layer-dynamo and the dashed one
values from E- and F-layer dynamo-electric fields; all data for 300 km altitude.
Reproducing the measurement is only possible introducing the F-layer-dynamo.

— Physically, it is clear that regions with steep gradients of electro-conductivities
are those of strong charge accumulations. The strongest spatial dependence of the
fields in the dynamo-equation (1.2) is that of the height-dependence of the electro-
conductivities. Therefore, the dominating charge accumulations are connected with
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Fig. 3. Vertical drift velocity, average from 1968-69 Jicamarca observations of Woodmann (1970)

around equinox (...... ) compared with vertical ion velocity at 300 km above the equator computed

theoretically from tidal E-region electric field only (——) and tidal E-region and F-region polarization
fields (- - -). (After Heelis et al., 1974).

the vertical o-gradients. In general, the effectivity of the horizontal changes of v,, and
o in generating charge accumulations is smaller by one order of magnitude or more,
since the connected characteristical lengths are smaller by the same order than the
characteristical length for the vertical & changes. An exception for this discussion are
sunrise and sunset conditions in the equatorial electrojet region.

Electric fields may be generated in different regions but due to the domination of
the parallel conductivity they are always superposing and giving the same potential
along the line of force. This means, that the large-scale ionospheric electric field does
not change essentially with height.

Electric currents are driven by this field mainly in the region of highest conduc-
tivity, i.e. that currents perpendicular to the magnetic field mainly flow in the region
between 100 and 150 km. This agrees with the results of many rocket measurements.

For high latitudes many estimations have shown that the atmospheric dynamo
process is not effective enough to explain the measured electric fields during quiet
conditions. To produce these electric fields the winds should have amplitudes of
150ms ™' to 1500 ms™'. Such velocities do not exist in the atmospheric dynamo
layer during quiet conditions. Therefore, the ionospheric electric fields at higher
latitudes must be due to magnetospheric dynamo processes and connected with the
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field-aligned current layers. Detailed measurements of the (spatial) structure and
distribution of these coupling currents seem to be the key for the progress in
understanding of large-scale magnetospheric electric fields and their ‘generators’.
First results in this direction have been deduced from TRIAD-measurements (Iijima
and Potemra, 1976), a review see Akasofu (1977) or Wagner (1977, 1978).

2. Regular Variations of Electric Field and Currents and Related Magnetic
Variations

2.1. CONTRIBUTION OF DIFFERENT SOURCES TO THE Sq VARIATIONS AND
PLASMASPHERIC ELECTRIC FIELDS

During recent years there has been an intensive discussion of the question how much
of the Sq-fields originates from electric fields and currents generated in the iono-
sphere and how much from the distant magnetosphere.

Olson (1970) estimated the contributions of the magnetopause currents and of the
tail currents to the Sg-variations. Field-aligned currents of the DRP current system
were shown to give a noticeable contribution to the Sg-variations in medium
latitudes as has been shown by Fukushima and Kamide (1973) and Bhargava and
Jacob (1971). For the Sq-variations in low latitudes Sarabhai and Nair (1969) and
Kane (1971) found a pronounced correlation with parameters of the solar wind.
Similar results have been found by Nishida (1971), but these have been criticized by
Matsushita and Balsley (1972).

These results led Matsushita (1971) to the hypothesis that also the convection
within the plasmasphere and therefore the Sg- vortices are a by-product of the main
convection system in the tail, driven by energy from the solar wind. Theoretically a
similar — but not identical — hypothesis is given in the paper of Glushakov and
Samochin (1974). On the basis of experimental data this hypothesis of the influence
of high-latitudinal electric fields on the ionosphere in medium latitudes has been
checked by Stening (1973), Carpenter and Kirchhoff (1975), Matsushita (1975), and
cthers. On the other hand, Lyatzkij and Maltzev (1975) showed theoretically that
Sq-like equivalent current systems also result from a pair of field-aligned current
sheets near the polar cap, if there exist downward flowing currents in the morning
and upward currents in the evening sector. Mishin et al. (1975) showed that
field-aligned currents and the various possible convective systems in the distant
magnetosphere may result in noticeable contributions to the Sq-current system.

Since so many different sources may contribute to the electric fields, currents and
geomagnetic Sq-variations in medium latitudes, it is necessary to estimate whether
the sources from the distant magnetosphere (or the high-latitudinal ionosphere) or
the atmospheric dynamo process give the overwhelming contribution. This problem
has been discussed by several authors.

Matsushita (1975) showed that day-time variations of the electric field in high
latitudes are not correlated noticeably with fields in medium latitudes, so that there is
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no reason to assume that the high-latitudinal electric fields penetrate into the
plasmasphere during undisturbed conditions. An analogical conclusion follows from
the investigations of Gringauz et al. (1977) about the noon-bulge of the plasmapause.

Carpenter (1978) investigated whistler-data and showed that the data strongly
support the conception that the electric fields observed inside the plasmasphere are
due to ionospheric dynamo processes. The noon-midnight asymmetry (or noon-
bulge) of the plasmasphere appears to be a consequence of these fields.

Vertlib and Wagner (1977) showed that the geographical latitude is much more
suitable for the description of seasonal variations of the Sg-current system than the
geomagnetic one and concluded that only a minor part (10 to 15%) of the Sg-current
system is due to magnetospheric contribution (see also Wagner, 1971).

So we concluded that the main source of electric fields and currents in the quiet
day-side plasmasphere and of magnetic variations in the quiet mid-latitudinal
ionosphere is the atmospheric dynamo. Magnetic variations due to the various
magnetospheric processes give a contribution up to 20%, depending very much on
the location of the observatory and on activity (see review Heppner (1972, 1977),
Stern (1977), Mishin et al. (1979)). During recent years daily variations of iono-
spheric electric fields have been determined from ion drift velocity measurements.

vp = (ExB)/B? (2.1)

by incoherent scatter stations in medium latitudes. Based on such measurements an
averaged gross distribution in dependence on (apex) latitude for the electrostatic
potential has been calculated by Richmond (1976) as a series of spherical harmonics
up to n =6 (see Figure 4a). This global map is an important step towards a better
understanding of the processes. The two extrema at 07:00 LT and 20:00 LT coincide
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Fig. 4a. Global distribution of the electrostatic potential in ionospheric heights (Richmond, 1976)
(Distance of isolines —1 kV).
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(1, —2) and (1, 1) and a zonal component after Méhlmann (1977).

with the ends of the high conducting equatorial electrojet region thus illustrating the
importance of conductivity gradients for the generation of polarization fields (see
Section 1).

Measurements of the daily variations of the ion drift velocity for equinox (averages
and a special day) are shown for Saint-Santin in Figure 5 (from Blanc and Amayenc,
1976). Such measurements give a good possibility to testify theoretical calculations.
Some preliminary investigations have shown that a regular seasonal variation of the
electric field in medium latitudes seems to exist, but so far the results are sparse. So,
we have to state that for the global electric fields we know only the gross features. The
only possibility to investigate more detailed regular variations (e.g. seasonal) offer
magnetic measurements.

2.2. LoNGITUDINAL (UT) AND SEASONAL VARIATIONS OF §g CURRENT SYSTEMS

Worldwide measurements of the mean solar daily quiet geomagnetic variations show
that in a first approximation these variations depend on local time f on latitude ¢. Ina
second approximation one finds seasonal dependencies of the Sq-variations due to
the declination of the Earth’s rotation axis towards the ecliptic plane and longitudinal
(1) or universal time (T'; UT) variations due to the non-coincidence of the magnetic
axis with the rotation axis of the Earth. Results of this kind of investigations are
especially interesting because they show for the first time that the symmetrical
dynamo model is insufficient and plasmaspheric field-aligned currents play an
important role.

2.2.1. Longitudinal or UT-Variations of the Sq-field

Watching the Sq-field from the Sun one sees regular periodical variations with
universal time 7 as an effect of the rotation of the magnetic axis. Since T =t —A,
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Fig. 5. Comparison between theoretical ion drift values computed from different dynamo models and

experimental results obtained at Saint-Santin: (1) Stening (1974) dynamo model, (2) Matsushita/Tarpley

(1970) dynamo model, (3) Matsushita (1971) plasmaspheric model, (4) Mohlmann’s global model (1977),

(5) Schifer (1978) threedimensional model, (6) experimental data March 19-20, 1974, and (7) ‘median’
model taken from equinox and winter results after Blanc and Amayenc (1976).
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these variations may be described analytically by terms depending on the geographic
longitude A.

Two different methods have been used to analyse the UT-dependence of the
Sq-field; using the spheric harmonic analysis the total current and the positions of the
foci of the vortices of the equivalent current system have been calculated from a
global data material for different UT-values. In this manner the UT-dependence of
the total current and the position of the foci has been calculated by Hasegawa (1936,
1937, 1938, 1950), Price and Wilkins (1963), and Benkova (1941) for the material of
the Second International Polar Year 1932/33. The main results (see Figure 6) were:

(a) For the foci there exists a regular variation in latitude with UT with an
amplitude up to 15-20°.

(b) The co-latitude of the focus has a maximum between 15:00-18:00 UT in the
northern hemisphere as well as in the southern one.

(c) The variation of the total current with UT was found to be in antiphase on both
hemispheres by Hasegawa, whereas from Benkova’s data it was found by Mishin and
Bazarzhapov to be in phase (see Mishin, 1976).

Nowadays the methods have been improved and the global coverage of the data as
well as its accuracy is better. Using the spherical harmonics analysis combined with
the method of the election of optimal spectra of the approximating functions
developed by Mishin and Bazarzhapov, these authors investigated the UT-variation
for the IGY-period (see Mishin er al., 1971; Mishin, 1976). Calculations have been
performed for annual mean values but also for different seasons. Figure 7 shows
detailed results for different seasons (equinox, northern winter, northern summer).

The upper part of Figure 7 gives the total current, the lower one the position of the
foci in dependence on co-latitude and local time ¢ for different UT-values. Without
taking into account the peculiarities of the different seasons, the following general
results are obvious;

(a) The co-latitude of the foci shows a UT-variation, which occurs in phase on
both hemispheres. On the northern hemisphere the co-latitude has its minimum
around 05:00 UT and its maximum around 17:00 UT. The amplitude of the
latitudinal variation is smaller on the northern hemisphere than on the southern one.

(b) The longitude of the focus also depends on UT in such a manner that the focus
position describes a closed orbit during one day. On the northern hemisphere the
focus moves anticlockwise, on the southern hemisphere clockwise.

(¢) The total current shows a UT-variation of 30-50% of the daily mean value, the
variations are greater on the southern hemisphere than on the northern one. The
variations are in phase on both hemispheres with a maximum at 12:00-18:00 UT.

These results, in principle, are valid for all seasons. Differences occur due to
changes in the daily mean value and due to the superposition of an annual and
semi-annual variation. Figure 7 shows the maximum of the total current for northern
winter at 15:00-18:00 UT and for northern summer at 12:00-15:00 UT. The
amplitude of the UT-variation of the northern total current in winter is twice that
found during summer. Neglecting smaller details one can state that the UT-variation
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of the focus latitude does not differ very much from season to season. The UT-
variation of the focus longitude resp. the local time of the focus is much more
complicated. At the top of Figure 7 the time-difference A¢ of the occurrence of the
current density maxima in the northern and southern hemisphere has been drawn in
dependence on universal time (UT) and season. The maximum always occurs at
12:00 UT. The average At is always positive, i.e. the maximum in the northern
hemisphere always occurs earlier than that of the southern hemisphere.

The second method to analyse the UT-variations of the Sq-field was developed by
Mishin and Nemzova (1966), Nemzova (1966), and Mishin (1976). This method
separates the UT- from the LT-variation of the Sq-field for the magnetic field
strength F=vX 2+ Y%+ Z? or the horizontal intensity H =VX*+Y? X, Y, Z
magnetic components of the Sq-field): Let us write as usually

F(t, T,¢)= X [am(T, @) cos mt+ B, (T, ¢) sin mz] (2.2)
m=0
with
am(T, )= Y. (axm cos KT + by, sin kT,
k=0

(2.3)
BT, ¢)= Y (cim coS kT +dy , sin kT) .
k=0
Taking into consideration only first-order terms one may write
F(t,T,p)=a¢p+acosT+bsinT+A'cost+B'sint+F' =
=dago+aiocCos T+ bl.() sin T+ ag.1COSt+Coa sint+F' (24)

with F' describing smaller and irregular contributions from higher harmonics. From
(2.4) follows:

F(t9 T; ¢)=FL+Fu+F’a
F =A'cost+B’'sint=R cos (t—¢) (LT-component), (2.5)
F,=acosT+bsinT=rcos(T—y) (UT-component).

If one has a representation of the Sq-variation from many observatories in the form

F=7% (A,cosnT+B,sinnT)=

n=0
(2.6)
=ao(@)+A;cosT+B;sinT

these data may be used to calculate the coefficients of the LT- and UT-component F;
and F,: Introducing ¢t = T+ A (A = geographic longitude) into (2.4) it follows from
(2.6)
Ai(p, A)=a(p)+A'(¢)cos A +B'(¢)sin A,
(2.7)
B (¢, A)=b(p)—A’(¢)sin A +B'(¢) cos A.
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Using this system of equations and having descriptions of F by (2.6) for observatories
at the same latitude ¢ and different longitudes A, it is possible to calculate a and b as
well as A" and B' as a function of latitude, i.e. to separate the LT- and UT-
dependencies (see (2.5)). The results have been drawn in Figure 8, showing the
amplitudes R, r and phases ¢, v of the functions F; and Fy; in dependence on latitude
¢ for equinoces of the IGY for the F- and X -components. The LT-part F; shows, in
principle, the well-known behaviour. According to Figure 8 the amplitude of the
UT-component is 2-8n7T in medium northern latitudes but much greater on the
southern hemisphere. On average, the UT-variation reaches 20-40% of the daily
mean value. The phases for F are much more difficult to describe, because they
consist of different parts. For the X -component the phases in the northern and
southern hemisphere correspond very well. From these data Mishin (1976) assuming
F ~H =~ (27/0.6)I 4, has estimated the current density and the total current in the
northern and southern vortex. He found: The total current changes periodically with
UT, having an amplitude of 50-100 kA and a maximum in the period 12:00-
18:00 UT. The UT-variations occur in phase on both hemispheres. The amplitude is
greater at the southern hemisphere. These results totally coincide with those
described above and given in Figure 7. Additional investigations for the different
seasons give the same results. So, two independent methods led to the same results
for the UT-variations. Concerning the foci these new results coincide with the older
ones (see above). The latitudes of both foci shift from north to south from before-
noon to the afternoon (see Figure 7). Mishin (1976) has explained this variation of
the focus latitude as a direct result of the precession of the magnetic axis around the
rotation axis, i.e. a consequence of the daily variation of the dipole.

This idea is also supported by the result that the UT-variation of the foci shows
only a small seasonal variation. In order to explain the UT-characteristics of the total
current (in phase variation on both hemispheres, greater amplitudes on the southern
one) it is necessary to examine the influence of the precession of the magnetic axis on
the electric conductivity.

2.2.2. UT-Variations of the Electric Conductivity-Tensor
The Pedersen-conductivity o; and Hall-conductivity o> can be calculated by

2 2
en, Ve € N, Vi
0'1 =

+
2 2 bl 3
m, v,+tw, m; v; tw;

(2.8

2 2
€ Nge W, e n, w;

g2= m, vi+w: m vi+el

Knowing the collision frequencies v,, v, the electron density n, and the main
geomagnetic field in dependence on latitude and longitude, it is possible to calculate
the gyrofrequencies w,, w; and o o,. The longitudinal variation of the main
magnetic field results in a UT-variation of the conductivity. Adam et al. (1964)
calculated the magnitude of the main field in 160 km height in dependence on
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latitude and longitude (see Figure 9a). They found that the amplitude of the
longitudinal variation:

(a) reaches 20-30% of the average latitudinal value;

(b) is stronger by a factor 3—4 on the southern hemisphere than on the northern
one;

(c) shows a 360° periodicity with a maximum at A =120° on the southern
hemisphere; and

(d) shows a 180° periodicity with two maxima at A = 120° and A =270° with the
same magnitude on the northern hemisphere.

The UT- or longitudinal variation of the main magnetic field is presented in
another form in Figure 9b (see Cole and Thomas, 1968). Starting at an altitude of
300km in one hemisphere, the value of B at the corresponding geomagnetic
conjugate place at 300 km altitude has been computed and contours of equal

T.Gauss o) T,6auss ¢

0.55
0.55

0.55
055

0.50

0.50
0.40

0.35
0.35 '-v/_\ 10 035 SN g

0.35

0.35

0.40

0.45 S~
0.50 gg 40—~ /\\\.— 50
\//’\ 0.50 B i 60

0.50
e —— 65 0.50 —7//7 e

0.55 —- 70 050 //f\\\ 70
055 R 75 0.50 75
T T T 77T T T T 17711 L L I R A B LI I AL
0° 90° 180¢ 270° 360° I 0° 90° 180° 270°  360°
0.2 Gauss
A A

Fig. 9a. Total intensity of the main magnetic field in 100 km altitude in dependence on geographic and
geomagnetic coordinates after Adam, Benkova and Orlov (1964).
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differences of B have been drawn B (North) — B (South) on the northern and B
(South) — B (North) on the southern hemisphere.

Using the data from Figure 9a and the electron density data from Izmiran (1958,
1963), Nemtzova and Mishin (1970), and Mishin and Erushenkov (1966) calculated
the electric conductivity in dependence on local time, universal time and latitude.
Since the data will be used here to interpret UT-variations of equivalent currents and
since these currents perpendicular to the magnetic field will mainly flow in the height
region 90-150 km (see Figure 1), we will concentrate on the UT-variation of the
height-integrated conductivities

150

150
21=J‘ 0'1dh and 22=J‘ 0'2dh
90 90

as well as the Cowling-conductivity
33=31+(2)°/ 5.

The highest conductivity values occur around local noon. Due to the longitudinal
variation of the main field, the UT-variations of the local noon values show 24- and
12-hour periodicities with amplitudes and phases depending on latitude; these
variations may be described by

2

3, =Y remcos(mT —agm), k=1,2,3. (2.9)
m=0

The results are drawn in Figure 10. It is obvious, that on the northern hemisphere
UT-variations of the conductivity are rather small and practically absent especially
for X5. On the southern hemisphere the amplitudes are much higher, especially in
20-30° latitude; maxima for all X; and for all southern latitudes occur about
13:00 UT (a, =200°. On average, the maximal amplitude of the UT-variation is
about 30% of the daily mean value. For estimations values 3, averaged across the
vortex area of £3:3,:3,=5:2:1 may be used. The next step (see below) is to
investigate whether this increase of the conductivity on the southern hemisphere
with a maximum at 13 : 00 UT is able to produce the UT-variation of the total current
on both hemispheres.

2.2.3. Seasonal Variations of the Sq-Field

It has been known for a long time (see Chapman and Bartels, 1940; last review Kane,
1976) that there exists an annual variation of the Sq-field, but some details and also
the ratio Iummer/ Iwinter have been controversery. During the last decade it has been
shown that besides the annual variation there also exists a semi-annual one (see
Wiese, 1951; Matsushita and Maeda, 1965; Mishin et al., 1966; Wagner, 1968,
1969; Vertlib and Wagner, 1970, 1977). As for the UT-variations, in this case two
different methods have been used, too.

Vertlib and Wagner (1970, 1977) studied the annual and seasonal variations and
their dependence on latitude for 22 stations. Quiet days have been selected for the
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years 1952 to 1961. Median monthly Sg-variations have been calculated for each
observatory. In these calculations averaged night-time data have been used as
reference level. To amplify the effect of the seasonal variations summed ranges (the
sum of the absolute values of the 24 mean hourly values) have been used. The
method of principal components (Vertlib and Wagner, 1970, 1977) has been used to
derive the seasonal and latitudinal dependencies from the complete data set for all 22
observatories. This method leads to a description of the seasonal (r = number of the
month) and latitudinal (¢) dependencies by

F(T’ 40) = k§1 ¢k(7) Tk (‘P)’ 1= Tmax - (2'10)

For the H-component an annual variation as well as a ‘semi-annual’ variation of the
summed ranges has been found (Figure 11). The upper part of Figure 11 shows the
annual variation and its dependence on latitude whereas the lower part shows the
‘semi-annual’ variation and its latitudinal dependence. Both variations show a
symmetric behaviour to the equator. In this connection it must be mentioned that the
data from the southern hemisphere have been combined with the data from the
northern hemisphere in that manner that the summers coincide. The amplitude of
the annual variation decreases with decreasing latitude in accordance with the higher
variation of the energy input time in dependence on season in higher latitudes. The
‘semi-annual’ variation shows two maxima around the equinoces. The maximum in
spring is higher than in autumn. The main feature of the latitudinal dependence of
the ‘semi-annual’ variation consists in a strong increase of the amplitude of this
variation from about 45° geographic latitude towards the equator and only small
variations towards higher latitudes.

In contrast to these properties of the H-component, for the D-component only an
annual variation has been found. The amplitude of this annual variation decreases
with decreasing latitude. In the D-component no pronounced ‘semi-annual’ varia-
tion seems to exist. Speaking in terms of equivalent current systems these results
seem to indicate that the ‘semi-annual’ variation of the amplitude of the Sg-
variations characterized by the summed ranges has to be explained by ‘semi-annual’
variations of the strength of a nearly azimuthal current. Independently, Schéfer
(1978) found additional hints to believe that there exists such a zonal current.

An increase in solar activity (i.e. of the R-number) in both components (H, D)
creates only an increase in the amplitude but no principal changes in the seasonal and
latitudinal dependencies. (Vertlib and Wagner, 1977).

Another group of authors investigated the seasonal variations of the mean
Sq -field, using the spherical harmonic analysis i.e. analysing the seasonal variation of
the total currents of both vortices and of the positions of the foci. For illustration,
Figure 12 shows the results of Mishin et al. (1966) for the IGY (American sector).
They found an annual and a ‘semi-annual’ variation, which for the high solar activity
conditions of the IGY may reach the same amplitude as the annual. The seasonal
variations reach a maximum amplitude of 30% of the mean annual value. A more
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Fig. 12. Seasonal variation of the total current (a) and the positions of the foci (b) of the Sg- vortices in
the American sector, IGY-data after Mishin et al. (1966).

detailed investigation shows that the ratio annual variation/mean annual value for
the northern hemisphere is 0.20, for the southern 0.26, but the ratio of the annual
variation on both hemispheres (4Js)?/(4Jn)* is 1.6 due to the fact that the mean
annual value on the southern hemisphere is somewhat higher. The maximum of the
annual variation occurs at local summer, that of the ‘semi-annual’ variations at the
equinoces. The focus latitudes show only a very small but complicated variation. For
the longitude (local time) of the focus they found a wave-like variation of consider-
able amplitudes which is greater for the southern, smaller for the northern focus. For
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northern summer and the equinox the northern focus has a lower longitude, i.e.
occurs earlier, than the southern one. That means that during these months the
northern vortex is shifted towards the morning hours in comparison with the
southern vortex.

2.2.4. Seasonal Variation of the Conductivity

Seasonal and especially annual variations are assumed to be an effect of the
declination of the Earth’ rotation axis towards the ecliptic plane i.e. the antisym-
metric inflow of solar energy. Therefore, it must be checked how this fact is
reproduced in the electric conductivity. These calculations have been done for
noon-values by Nemtzova and Mishin (1970) for different latitudes in the same
manner as described above. The variations are rather complicated, showing at least
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Fig. 14. Two-dimensional scheme of the generation of the Sg-current system. (a) (1, — 2) tidal wind field.
(b) resulting electromotive forces. (c) horizontal current system. (d) equivalent current system after
Chapman and Bartels (1940).
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‘semi-annual’ variations besides the annual one. For the integral conductivities at
local noon these data have been described by

3
3= Y Rymcos(mr—Brm), k=1,2,3, (2.11)

m=0

when 7 is the number of the month. The results are shown in Figure 13. The maximal
amplitudes of the annual variation are greater at the southern hemisphere, the
phases are independent on latitude and maxima occur at local summer. Since the
other components are smaller and rather complicated, they will not be described in
detail. A comparison with the corresponding data for the Sq-field (see Figure 12)
shows that the annual variations have the same phases and approximately the same
ratio of annual variation to the annual mean value. The relative amplitude of the
‘semi-annual’ variation in Sq is considerably higher than for the conductivity. In this
case also the phases are different. Therefore, it seems to be impossible to explain the
‘semi-annual’ variation without taking into account other processes independent on
the conductivity (see Wagner, 1968; Mishin, 1976). The next step, now, is to check
whether the annual variation of the conductivity is able to produce the observed
variations of the Sq-field.

2.2.5. Summary of the Most Important Facts and Construction of an Empirical
Three-Dimensional Model for the Sq-Currents

The characteristics of the Sq-fields and their sources, which have been described
above may be summarized in the following way:

(I) The mean annual system of equivalent Sq-currents consists of two vortices.

(a) The direction of the equivalent currents is anticlockwise in the northern
hemisphere and clockwise in the southern hemisphere.

(b) The density of the currents is 2 to 5x 10' Akm™
1-2x10° A km™" near the geomagnetic equator.

(¢) The foci are situated in a latitude of about ¢; =30-40°.

(d) The focus in the southern hemisphere has been found for #,>12:00 LT and in
the northern hemisphere for #<12:00LT. The time difference between both
hemispheres is A4 =1 hr.

(e) The boundary between the two vortices follows the geomagnetic equator.

(IT) Seasonal variations lead to a modulation of the intensity of the (daily
averaged) Sq vortices (I, Is) and of the coordinates of the foci #, ¢;. The variationy of
I, Is show an annual and a semi-annual period. A maximum of the annual variation
occurs in local summer, the maxima of the semi-annual variation during the
equinoxes.

(a) The amplitudes of both waves seem to be linear correlated and show a ratio
r»/ri1=0.6.

(b) The ratio Igmmer/ Iwinter = 1.5 is smaller than it has to be expected from the
two-dimensional dynamo theory.

! in middle latitudes and
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(c) The time difference of the foci in both hemispheres Az varies from about 2.5 hr
during northern summer to about 0 during northern winter and is close to 1.0 hr
during the equinoces.

{(d) The maximum of the semi-annual variation during northern spring is higher
than during autumn. The main feature of the latitudinal dependence of the semi-
annual variation of the H-component consists in a strong increase of the amplitude
from about 45° geographic latitude towards the equator and only small variation
towards higher latitudes. There is no pronounced semi-annual variation in the
D-component.

{e) An increase in solar activity creates only an increase in the amplitude but no
principle changes in the seasonal and latitudinal dependencies.

(II1) UT-variations lead also to a modulation of the intensities Iy, Is, and of the
coordinates of both foci.

(a) The variations of the intensity I on the northern and southern hemisphere are
nearly in phase.

(b) The amplitude of this modulation reaches about 40% of the mean value; the
amplitude is considerable higher in the southern hemisphere in comparison with the
northern one.

(¢} The time of the occurrence of the maxima of the modulation shows a seasonal
variation but is found to be always in the interval 12:00-18:00 UT.

(d) The focus of the S, vortex shows an anticlockwise rotation in the northern and
a clockwise one in the southern hemisphere.

(e) The time difference of the occurrence of the fociin both hemispheres A# shows
a sinus variation with UT with an amplitude =2.00 hr and a maximum close to
12:00 UT.

(f) During the equinoces one finds for any moment UT 4¢ > 0.

Let us now try to understand these dependencies in a qualitative way using the
theory of the atmospheric dynamo:

The tidal wind mode (1, —2) has been drawn in Figure 14a, the corresponding
dynamo field v X B in Figure 14b assuming a central dipole field for B. Approxima-
tively the dynamo currents in the two-dimensional theory may be described by
j=23:(E+vxB). These dynamo currents are shown in Figure 14c. Obviously these
currents show all characteristics mentioned for the mean annual Sg-field in (I) except
(I.d). If one, however, takes into consideration that in the real geomagnetic
(nondipolar) field the daily averaged angle between the magnetic and the noon-time
geographic meridian is approximately equal to At also the characteristic (I.d) is at
least qualitatively understandable.

The question arises whether the model described in Figure 14c, i.e. the two-
dimensional dynamo model is also suitable for the description of the characteristics
of seasonal and UT-variations of the Sq-system (see points (II) and (IIT)). Using the
two-dimensional dynamo theory Nagata and Sugiura (1948), Akopyan (1966),
Afraimovitch et al. (1966), Zaitzev (1968) calculated the UT variations Iy and Is and
found that they show an antiphase behaviour with extrema at 16:50 and 04:50 UT,
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i.e. during noon and midnight on the northern geomagnetic hemisphere. The reason
for this antiphase behaviour must be seen in the precession of the magnetic axis: Let
us assume that the generation region for the Sq-currents is fixed in a solar coordinate
system so that only the dynamo field v X B produces an UT-variation proportional to
the UT periodic changes of the magnetic dipole field. The precession of the dipole
axis leads for the same moment to the maximal value of the magnetic field in the
northern vortex and the minimal value in the southern vortex region and vice-versa.
Therefore, it is clear that from the two-dimensional theory one will find an antiphase
behaviour of the total current in both hemispheres.

In the papers mentioned above the geomagnetic main field has been approximated
by a dipole and the electrical conductivity by scalar laws. Mishin ez al. (1970, 1971,
1976) calculated UT-variations using two-dimensional dynamo theory with more
realistic magnetic fields and electric conductivities, but in principle they found the
same result i.e. an antiphase UT-variation of the currents. The same authors also
tried to explain the seasonal variation of the Sq-currents using the two-dimensional
theory. The main result from these calculations was that the ratio Isummer/ Iwinter
reaches values which are much higher than 1.5. In any case using the two-dimen-
sional theory results in an increase of the north-south asymmetry of the intensity of
the dynamo currents in comparison with the experimental data. To solve this
disagreement and to explain the UT and seasonal characteristics of the Sq-field (see
(ILb) and (IIl.a)) it is necessary to include the electric coupling between the two
hemispheres and field-aligned currents into the model. An analogous conclusion has
been drawn by Van Sabben and Yanagihara (1971) from an analysis of the annual
variation of 4¢# (see (IIl.c)).

The resulting model of the field-aligned currents has been shown in Figure 15a.
The currents are flowing into the summer hemisphere within the inner part of the
Sq-vortex and are flowing out of this hemisphere at the periphery in order to avoid
the creation of an antisymmetric polarization field. In the summer hemisphere the
field-aligned currents create Hall currents flowing clockwise and in the winter
hemisphere Hall currents flowing anticlockwise. In this manner the field-aligned
currents result in a decrease of the summer Sq-vortex and an increase of the intensity
of the winter Sg-vortex i.e. decreasing the north-south asymmetry in cor-
respondence with what is needed in order to explain the measurements. If one
assumes that the main magnetic effect on the Earth’s surface comes from the central
part of the system of field-aligned currents, the model given in Figure 15a is abl: to
explain the observed annual variation of 4 (see (IIl.c)). The estimations (Mishin et
al.,, 1970, 1971, 1976; Yanagihara, 1971) show that the average density of the
field-aligned currents is 10™'* A cm ™2 and near the foci ~107'' A cm™>

Let us now discuss Figure 15b, which should help us to understand qualitatively
the physics of the observed phenomena. Let us assume that on one of the hemi-
spheres e.g. the southern one a Sq similar electric field Egs (clockwise field) is
generated. Due to the anisotropy of the electric conductivity this field results in a
vortex of Pedersen-currents (X5 Fs) and Hall-currents (X5 - Es) directed away
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Fig. 15. Threedimensional current systems derived by Yanagihara (1971) for northern summer and
Mishin (1976) for northern summer (a) and northern winter (b).

from the point P, where P is the centre of the vortex (see Figure 15b). The existence
of these Hall-currents means that there flows a field-aligned current k - 21x - E,
from the conjugated point P’ in the northern hemisphere into the southern hemi-
sphere. The polarization field E, can easily be calculated from the condition that the
current flowing from the northern hemisphere from point P'(3x - E,) is equal to
that current which flows at P into the southern hemisphere (2,5 - Es— 215 * E,); this
leads to the relationship E, = (25s/(Zin+21s)) - Es. Further k = mR, where Ry is
the radius of the vortex. The polarization field E, creates a current vortex in the
northern hemisphere, which is magnetically conjugated to the southern one. It can be
shown that the current in the northern vortex flows anticlockwise i.e. the resulting
current in the northern hemisphere is also Sq-like as that in the southern hemisphere.
This fact is a key-point for the understanding of the main tendencies of the
UT-variations of Iy, Is, which has been mentioned in (III.a) and of the relatively low
ratio Iiummer/ Iwinter (s€€ (IL.b)). Summarizing the ideas described above it is possible
to formulate equations for the current intensity in the vortices in both hemispheres as

In= [21N+2%N/(21N+213)] « En+[(Zon - 228)/(E1in+215)] - Es
Is=[Z1s+ 355/ (Zin+ 318)] - Es+[(Zan - 225)/(Sin+215)] - Ex - (2.11)

Mishin (1976). Using once more the condition that the field-aligned current j is
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Fig. 15a.

Fig. 15b.

equal to the inflowing current, i.e. 7R * jj=2m - Ro- X, - E,, one finds
H=2(Z1n Zas Es— 215+ 3on - En)/(21n+215) /Ry (2.12)

with R, for the radius of the vortex and assuming the direction towards the southern
hemisphere as the positive field-aligned current direction.
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These simple equations give the possibility to estimate the general influence of the
coupling between both hemispheres and to check, whether the introduction of such a
quasi-short-circuit coupling would result in a better agreement between the obser-
vations and the models. This estimation will be performed as well for the UT-
variations as for the seasonal variations.

(a) UT-variations of the intensity of the dynamo-currents resulting from the
three-dimensional model (2.11): Let us, as generally, assume that the UT-variation
of the electric field is due to the diurnal shift of the S,-vortices relatively to the wind
fields. Then the phases of the UT-variation of the electrostatic field on both
hemispheres will differ by 180°. Using the abbreviations

2N=2N0[1 + xr cos (T—a)], 25=Zso[1+7COS(T_B)].
EN=EN0[1+p COS(T+‘YN)], ES=ESQ[1+p COS(T+’Ys)] , (213)
220/Z10=u, 3s0/Zno=K, Eso/Eno=K'

this means yn=1v =70°, ys=7y+180° As has been described in (2.2.2) and is
demonstrated in Figure 10, the electric conductivity also shows a UT-variation
differing between the northern and southern hemisphere. If one assumes that the
conductivity conditions are mainly determined by the conductivity in the central
region of the S,-vortices from Figures 10 and 13, one finds

a =f=200°% P«=‘/~2—; Kxin=2;

Kv_yvm=0.5; »x=0.0—-0.2 (2.14)
with K =K',
Ai=0.5[ix1-u = iv_vil, i =ixru+ivovil ,
(2.15)
(") x1-u = 2i + 4i, (") v-vm = 2i — 4i,
and
i'=[[1+Kyr cos(T —200°) + K,p cos (T —70°] (2.16)
L= Z()EO

from (2.11), (2.13), (2.14), and (2.15) it is possible to determine the coefficients L,
K1, K2 in (216)

Averaging the values of the amplitude for the first harmonic of the UT-variation
of 3, for medium latitudes of the southern hemisphere from Figure 10 we find
r =0.3. The amplitude of the UT-variation of the electric field p can be estimated
only very roughly. Data from Maeda (1957) show that p is of the order of 0.1. We
used a value of p = 0.15. With these estimated rough values it is possible to calculate
the UT-dependence of the currents in(T) and is(T) and the seasonal variations of
these UT-dependent currents 4i = (i}xinn— ({}v—vmn. The results of these rough
estimations have been drawn in Figure 16. The points respectively crosses give the
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Fig. 16. Comparison of the observed general trend for the UT-variation of the total currents in the
northern and southern vortices for different seasons with rough theoretical threedimensional estimations
(dots (N) and crosses (S)).

results of the estimations, whereas the curves show the trend of the principal
observed data (drawn more in detail in Figure 7). In spite of some differences, the
general agreement between the estimations‘and the measurements is quite satis-
factory.

(b) UT-variations of the focus shift 4¢; between both hemispheres estimated from
(2.12): Whereas (2.11) gave us the possibility for a comparison with current density,
the Equation (2.12) allows to estimate the field-aligned currents resulting from the
coupling of both hemispheres. One result of the introduction of such field-aligned
currents is a shift between both foci (see Figure 15a and Yanagihara, 1971).
Assuming that the foci of the S,-vortices represent geomagnetically conjugated
points on the geomagnetic noon meridian in latitudes of 30-40°, for the UT-variation
of 4t one would expect a simple oscillation with the following characteristic: The
maximum should occur at 10:30UT and the amplitude of the diurnal variation
should be 2 X 23°= 3 hr. The observed values 4¢;, however, have their maximum not
in the neighbourhood of 10:30 UT but near 12:00 UT, and the diurnal variation of
the coordinates of the foci is not a monotonical one. The amplitude of this variation is
considerable higher in the southern hemisphere than in the northern one (see Figure
7). All these facts lead to the assumption that in addition to the trivial part of the
UT-variation described above there exists a second contribution to the UT-variation
with an amplitude of 1-2 hr and a maximum in the interval of 12:00-18: 00 UT. This
second contribution may be a result of the field-aligned currents described by (2.12).
Taking into consideration, only the first harmonics of the electro-conductivity (see
Figure 10) and assuming

Sin+t31s=(0.530)[1-0.5r cos (T —a)] "
one finds from (2.12)
Ji=(@4/Ro) u 2o(Es— EN) . 2.17)

For the near noon region, one finds a field-aligned current j; which is directed into the



426 C.-U. WAGNER ET AL.

northern hemisphere and has its maximum near 13:00 UT. For |Es—En|=~
1mV m™ ', Ro=2000 km, the estimations lead to jy=10""> A cm™>. According to
Yanagihara (1971) such field-aligned current leads to a shift of the foci of A¢4 =1 hr,
which corresponds to the expected value for the second contribution.

(c) Influence of the coupling between both hemispheres on the annual variation of
in, is estimated from (2.11): As has been discussed above, two-dimensional dynamo
theories result in an overestimation of the annual variation. Since the first terms in
the right-hand side of Equation (2.11) for iy, is resp. more or less coincide with the
formula j = 3;E describing approximatively the current density in two-dimensional
models, the second part of the Equation (2.11) gives an estimation of the influence of
the field-aligned current on current densities. Discussing the annual variation of the
current density these second terms on the right-hand side of (2.11) are of great
importance. These terms are due to the antisymmetry of the electro-conductivity and
the winds on both hemispheres creating current densities approximatively described
by the first terms, and lead to a decrease of the annual variation of iy, is. If the ratio
fsummer/ Ewinter 18 about 4 for the two-dimensional dynamo-models (Mishin, 1976),
from (2.11) one finds only a ratio of about 2, which is close to the observed values.

(d) Estimation of the annual variation of the focus shift 4 resulting from (2.12):
Assuming for simplicity 3> =221, Zummer = 22 winter, One finds from (2.12)

A 8
= 3—R_0 31 winter (En—Es).

If Esummer> Ewineer, the field-aligned current j; flows into the summer hemisphere
and leads consequently to positive values Af during northern summer and to
negative values during northern winter. The density of the field-aligned currents is
/=107 A cm? leading to an amplitude of the annual variation of 1-2 hr. The
amplitude and the phase of this annual variation coincides qualitatively with the
observations.

(e) Influence of the coupling on the semi-annual variation: It cannot be decided
today, whether it would be possible to explain the observations about the semi-
annual variation in the same manner. However, since in (2.11) and (2.12) there occur
products of the type 3\ - 2, both showing an annual variation, one has to expect also
a semi-annual component in the field-aligned currents. It may be that within a
self-consistent calculation of jj and E not only the field-aligned current, but also the
total electric field and therefore, also the current iy, is will show an oscillation with
maxima around the equinox.

These estimations and discussions based on a very simple three-dimensional dynamo
model indicate that it should be possible to explain the physical mechanisms leading
to nearly all observations summarized at the beginning of this paragraph by
three-dimensional dynamo models. The most important simplifications within this
model consist in neglecting the spatial variation of the ionospheric electro-conduc-
tivity and in replacing the equivalent ionospheric currents by one-dimensional
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current vortices. For the authors, it was surprising and encouraging that such a simple
superposition of the influence of field-aligned currents gave the possibility to explain
a great number of observations, which could not be explained on the base of
two-dimensional models.

In this review paper, we described only regular variations. It should rather be
mentioned that there exists a whole complex of irregular variations of the electric
field and the current systems in the undisturbed plasmasphere, which are correlated
with variations of the velocity, the density and the magnetic field of the solar wind.
The amplitudes of these irregularities may reach the same order of magnitude as the
regular variations. Since this topic is out of the scope of this review, we only should
like to refer the review papers by Kane (1976), Mishin (1976, 1977, 1978, 1979).

Whereas this section results in an empirical model which gives us the possibility to
reach a qualitative understanding of some of the new facts which have been found
during recent years in the following section we will describe the quantitative theory
of two-dimensional and three-dimensional dynamo models and summarize to what
extent it has been possible to check the qualitative ideas quantitatively.

3. Large-Scale Dynamo-Electric Fields and Currents

Large-scale dynamo-electric fields and currents are connected with two different
phenomena in the Earth’s ionosphere and plasmasphere.

— Horizontally closed current systems are driven by N-S symmetric dynamo-
action. These horizontal currents are flowing in a relatively thin current layer.
Therefore, they can be assumed to be (approximatively) ‘two-dimensional’. The
electrostatic field connected with these currents is the dominating ionospheric
symmetric electric field at median latitudes and directed perpendicular to the
magnetic field. The relevant physical process will be discussed in Section 3.1.

— Global ‘three-dimensional’ currents are driven by asymmetric dynamo-action.
These currents are closed through plasmaspheric field-aligned currents. They are
driven by antisymmetric electric fields. Their component perpendicular to the
magnetic field can be neglected in comparison with the symmetric electric field.
Models for ‘three-dimensional’ current systems will be described in Section 3.2.

3.1. SYMMETRIC DYNAMO-ELECTRIC FIELDS

The physical processes resulting in dynamo-electric fields have been discussed in
Section 1. The relevant potential equation can be found to be

dive grad § =dive(v, XBy), (1.2)

where B, represents the geomagnetic main field, and o has been computed with
respect to this Bo. This linearizing procedure is possible due to the relative smallness
of the resulting variations 8 B of the magnetic field with respect to Bo. Furthermore, it
can be shown that the large-scale charge accumulations ¢ = — 9 48, connected with
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(1.2) are neglectably small compared with the ionospheric electron density. There-
fore, @ does not depend on S and the potential § can be computed from (1.2) using
models of the ‘parameter fields’ @, v, and B,.

As has been discussed in Section 1 the following three ‘physical pictures’, which
result from the ionospheric distribution of the electro-conductivities oy, o1, and o,
(see Figure 1), can be used to simplify the procedure of solution of (1.2). At least,
these ‘pictures’ are obvious properties of the solutions of (1.2) for real ionospheric
conditions. They are:

— Due to the dominance of o, with respect to ¢, and o, the ‘magnetic field lines’
can be assumed to be electrostatic equipotentials. A weaker formulation of this is an
expansion of S in powers of o1/ (Mohlmann, 1977).

- As will be discussed more in detail in connection with antisymmetric dynamo-
effects, and as a result of o1/00« 1 antisymmetric electric fields are ‘quasi-short-
circuited’. Therefore, the dominating ionospheric large-scale dynamo-electric field is
caused by ‘symmetric dynamo-action’ (Schafer, 1978).

- Internally closed (short scale) radial currents do not play any essential role in the
generation of (horizontally) large-scale electric fields. This follows from the approx-
imation of a relatively thin current carrying region taking into account (J,/Jy)=
(d/R)« 1 with d is the thickness of the dynamo-layer and R the Earth’s radius. This
formula results from an order of magnitude estimation from div j=0.

It shall be noted here that the approximation j, =0 gives the possibility to
eliminate E, from the dynamo Equation (1.2) and to derive a ‘two-dimensional’
equation for S, depending on latitude and longitude. Dynamo equations of this
two-dimensional type have been derived first from Baker and Martyn (1953). They
have been discussed extensively by Matveev in the book from Bazarzhapov et al.
(1979). A great amount of papers in connection with the atmospheric dynamo has
been based on these two-dimensional equations and referred to be within the frame
of a ‘two-dimensional dynamo-theory’. The simplest solution for the electric field Eq
follows with the boundary condition mentioned above

0=jr =er°(E0+vn XBO) s

where e, represents the radial unit vector. Analytical solutions for § for different
tidal wind fields v,, have been found by M6hlmann (1971, 1977). He found that these
solutions for the potential S are precisely enough (in comparison of the accuracy of
the available measurements of the electric field) to discuss the gross-structure of the
global distribution of the ionospheric dynamo-electric fields.

This ‘zero-order’ solution S, cannot give a satisfying description of the horizontal
currents. To compute them, equations of the Baker/Martyn-type (see for instance
(3.12)) have to be solved (see Chapter 4 in Bazarzhapov et al., 1979; Mohlmann,
1977). Equations of this type have to be solved numerically.

The most complicated way to solve (1.2) is a numerically treatment for realistic
fields of @, v, and By. In this case boundary conditions have to be used to describe the
influence of coupling-currents between the hemispheres.
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This discussion shows that the two-dimensional theory seems to be very useful to
calculate the gross-structures of dynamo-electric fields. In the following some
simplifying methods for these calculations will be discussed and the results received
by different authors will be critically reviewed.

3.1.1. An Analytical Solution

As has been shown by Mohlmann (1976, 1977) from t -grad $o = 0 and (j,), =0 the
two ordinary differential equations (t = B,/B) (in spherical coordinates)

dz

—=1(4-32)" e, (3.1)
%S’9= ~R@4-32)"2 07" e, (0v, X By) 32
¢

can be derived for the case of ‘equipotential field lines’ with z =sin® 9. A centered
dipole for B, has been used and the dynamo-process is assumed to occur at r = R,
Using the wind models

v,= ¥ Csin"&sin (s¢ +¢o), (3.3)
k=0
ve=cos ¥ Y Ay sin® 9 sin (s¢ + o), (3.4)
k=0
Vo= Y By sin® 9 cos (s¢ +pp) (3.5)
k=0

with s as the longitudinal wave-number the resulting zero-order potential can be
shown to be of the form

(k+1)/2

So= —MyR cos (s¢ + ¢o) [Z}io sin**' ¢ (—r—) x

k+1
Tasz+23Ak © (k+2)/2
X + ¥ sin" 9| =
(k+1>2 s 5 kgosm ﬁ(r) X
—) a +s
2
w (k+3)/2
X__r_s Ci + Y sin**? &(E) ————-—;—-———ZSAk ]+
(k+2> a2+s2 k=0 r (k+3) a2+sz
2 2
o0 R (k+1)/2
+ MR sin (s +(p0)[ > sin“*! 19(—;) X
k=0

Ak +1 o (k+2)/2
anBk & )aAk+ S sin**? 19(5) X

EEER
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(k +2)
2 k e k+3 R (k+3)/2 (k 3)aAk
—_— — ——. .

X 2 + E sin 19( ) ] (3 6)

(k+3) PRI

.2+2 k=0
(2)“ s 2

Here the abbreviation oy = ac»/(1+ 3 cos” #)"/? has been used.
These equations have been used by Mohlmann in order to calculate the elec-
trostatic potential resulting from different tidal wind modes.

3.1.2. A Simplified Potential Equation

As has been mentioned above the Spitzer-conductivity oy at ionospheric heights is
greater by orders of magnitude than the perpendicular conductivities o, and o,. For
obtaining a small dimensionless parameter ¢« 1 the conductivities may be
represented as follows

oo = cofo(r), o1=c1f1(r), o2 =c1fa(r), (3.7

where the dimensionless functions f(r) are nearly of the same order of magnitude.
Introducing now

£ =S« 1 (3.8)

Co

we can seek solutions of (1.2) of the form
S=73Y £’S,. (3.9
v=0

A similar representation can be found for E and j. Consequently, the potential
equation transforms now into the following hierarchy of coupled equations
(Méhlmann, 1974):

div fo t(t - grad Sp) =0,
div fot(t - grad §;) =div f1(I —tt) (v, X Bo—grad So) +
+div fot X (v, X Bo—grad So) ,
div fot(t - grad S,) = —div f1{I —tt) grad S,_, +
+—div fotxgrad S, . (3.10)

(I = unit tensor).

To close this hierarchy means to transform it by using physically founded assump-
tions into a closed finite set of coupled equations.

Such additional assumption is j, = 0, meaning that vertical currents do not play any
essential role in generating large-scale electrostatic fields. For the zero-order electric
field this gives t - Eq = 0. The magnetic field lines can therefore be assumed to be
electrostatic equipotentials. Assuming now additionally t- E; =0, the condition
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e, * j; = 0leads to a closed equation for Eq by using Ohm’s law. This solution may be
called the ‘zero-order solution’ for the large-scale ionospheric electric field. This has
been investigated analytically for a group of atmospheric tidal wind fields by
Mohlmann (1974).

The assumption t- E; =0, giving the basis for the zero-order solution leads to
relatively simple equations. However, there is no ionospheric experimental evidence
supporting this assumption (MShlmann, 1977). Therefore a more accurate way to
close the hierarchy must be investigated. From j, = 0 follows

t-E;= —gl(t e) e, Eo—%g X
0 0
X (t . er)_l (er Xt) ) E0+(t : ero'O)_1 €, - (avn X BO) (311)

Introducing this into the second equation of (3.10) a closed equation for S, can be
derived. This is of the form:

sin & , . 880
1+ -5+
T oo g LT3 008" D)~
+[i L glt3cos’d  om (1+3cos219)”2]
00 MY T o9 s 2cosd
aSe o1 %S, [60’1 1 9 (1+3 coszﬂ)l/zJ 38,
X ——+— s+ — —+—0y—————— [ — =
% sind de dp sind 98 2cos ¢ de
=rdiv(I—(t-e,) " te,) [o(v, X Bo)]. (3.12)

This relatively simple two-dimensional equation for the zero-order potential S is
of the ‘Baker/Martyn-type’. The theory, the properties and the methods for solution
of this type of equations in connection with the two-dimensional dynamo-theory
have been discussed intensively by Matveev in the book of Bazarzhapov et al. (1979).
For the case of constant (height-integrated) conductivities and velocity fields,
derivable from a potential 4, Matveev found solutions for the electrostatic potential
and the Stoke’s current function in a representation with spherical harmonics.

3.1.3. Numerical Solution for the Electrostatic Potential

A numerical solution of a Baker/Martyn-type equation has been derived by
Dvinskikh (1974) for the electric potential generated by the (1, —2) tidal mode. The
most complicated solution of (1, 2) has been derived numerically by Matuura (1974)
for a thermospheric wind system depending on activity indices (K, F10,7) and using a
realistic model for the electro-conductivities. The basic potential equation was divy
Jz = 0. The same equation has been used by Schieldge et al. (1973). They used a
composition of (1, —2), (2, 2), (2, 3), and (2, 4) tidal modes and a realistic model for
the electro-conductivities. A more indirect method for the computation of the
large-scale ionospheric electric field has been used first in the pioneering work by
Maeda (1955) and Kato (1956) and later on by Tarpley (1970) and Matsushita
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(1971). This indirect method starts from E = o'_lj —v, X By leading to curl 6~ 'j = curl
v, X Bo. Models for v, give informations about 6" « j and j, while information about
i can be used to determine v,. In both cases, E can be determined from the known
fields o' - j and v, X Bo.

In principle, also the method of ‘equivalent circuits’ developed by Stening (1968,
1973, 1977) and Kirchhoff (1975) can be used for the two-dimensional calculation of
the symmetric dynamo-electric field.

3.1.4. Results of the Two-Dimensional Symmetric Dynamo Models

Two-dimensional dynamo models seem to be especially useful for the calculation of
electrostatic ionospheric fields. The actual problem in the dynamo theory of iono-
spheric electric fields today is to determine which velocity fields are effective in
dynamo actions. The symmetric theory gives the possibility to calculate the elec-
trostatic potential for any given wind field. By comparison with the global dis-
tribution of measured electric fields (see Figure 4) or the daily variation of these fields
for one station (see Figure 5), it is possible to estimate the contributions from
different wind components.

Mohlmann tried with good success to reproduce the Richmond’s map of the
ionospheric electrostatic potential (compare the right-hand and left-hand side of
Figure 4). He found that the (1, —2) and the (1, 1) tidal wind mode are effective in
generating the large-scale ionospheric electrostatic field. It is interesting to note that
a zonal part appears in Richmond’s results. This is a new and unexpected result. The
physical origin of this zonal part is unknown at present. A connection with zonal
unipolar precipitation seems to be possible. For the global approximation of
Richmonds map Méhlmann found

§=3.77%10%sin 9 cos’ 3 —800+4S, 5 (8, ¢ +20°) +
+24S(1,1)(‘0, @ +200°)

Sa.-2), Sa,1) electrostatic potential for the (1, —2), (1, 1) wind modes.

Concerning the dynamo effective winds the results of the computations of all
authors agree in the following points:

- wind fields, equal or similar to the (1, —2) tidal mode seem to give an essential
contribution to the dynamo-electric fields (Stening, 1973; Tarpley, 1970;
Mohlmann, 1974, Schieldge et al., 1973; Kirchhoff, 1975; Matuura, 1974; Dvin-
skikh, 1974),

- semi-diurnal tidal modes seem to play an essential role, too (Schieldge et al.,
1973; Kirchhoff, 1975),

— the thermospheric wind systems are effective, too, in dynamo-action (Matuura,
1974; Mohlmann, 1974; Kirchhoff, 1975).

But there is no reason to overestimate the degree of our knowledge: So far (to our
knowledge) only Mohlmann has compared his results with Richmond’s map. For
other wind fields and the resulting electrostatic potentials equivalent current systems
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have been used to check the accuracy. But this method is too insensitive (see below).
If one compares the calculated daily variation of the ion drift velocity components
produced by the electrostatic field with the observed values (see Figure 5) one can see
that wind fields giving a good agreement between calculated and median regular
equivalent Sq current systems do not show a good agreement with the electric field
measurements. Very often one even sees contradictions. This situation has also been
recognized by Richmond et al. (1976), who tried to improve this situation, but
without any convincing success.

In spite of the limitations (see above) two-dimensional dynamo models very often
have been used to calculate the horizontal current systems in the ionosphere.
Generally, the quality of the calculations has been testified by comparison with
equivalent current systems deduced from global measurements. Many authors have
shown that two-dimensional models give a good agreement for median equivalent
current systems. But a comparison of different calculations of this kind shows that
this agreement does not depend very much on the composition of the tidal wind
modes used by different authors, showing that the equivalent current systems are not
sensitive enough to decide between different combinations of wind fields. One detail,
visible in median regular equivalent current systems so far has not been explained by
two-dimensional models and this is the shift of the foci on both hemispheres.

It has also been tried to use the two-dimensional dynamo model for the explana-
tion of the seasonal and the UT-variations of the Sq-field (for an intensive discussion
of these calculations see Mishin, 1976). For the seasonal variations, e.g., this kind of
calculations leads to a very strong asymmetry between both hemispheres, which is in
strong contrast to the observations, and shows the necessity to include coupling
processes between both hemispheres in order to decrease the asymmetry (see
Section 2.2.5).

3.2. THREE-DIMENSIONAL PLASMASPHERIC CURRENT SYSTEMS
3.2.1. Basic Equations

To simplify the calculations in the two-dimensional dynamo theory it has been
assumed that j, =0 i.e. field-aligned electric currents j; are not important. This
condition is equivalent to the assumption that the velocity field, the magnetic field
and the electric conductivity are symmetric for every pair of conjugated points; this is
characteristical for symmetrical conditions.

In reality, however, all these parameters and also the electrostatic potential differ
at geomagnetic conjugated points. Therefore is in principal E; # 0. Together with the
fact oy» o, this leads to field-aligned currents and a current system, which is
generally three-dimensional. The corresponding theory is the three-dimensional
asymmetrical dynamo theory. The high electric field-aligned conductivity leads for
conjugated points to a ‘quasi-short-circuit’ between both hemispheres and therefore
to a weakening of the original potential differences. In this sense the field-aligned
currents are quasi-short-circuit-currents. The intensity of these currents depends on
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the degree of asymmetry. A contribution to the asymmetry of the electric field and
the currents comes as well from the main geomagnetic field as from the electric
conductivity and the neutral winds. The geomagnetic main field and the electric
conductivity are rather well-known. On the other hand, the informations about the
neutral wind are rather sparse. In order to understand the observations described in
section 2 it would be interesting to know how great the contributions to the
asymmetry are from the different sources. For this purpose every quantity has been
divided into a symmetrical and into an antisymmetrical part relative to the geomag-
netic equator. In this case one finds from Ohm’s law

j=(6 ' +e®)E'+E“+(v'+v*) x (B°+B%)]. (3.13)

Here the indices at the top indicate the symmetrical (s) and the antisymmetrical (a)
part relative to the equator. The symmetrical and antisymmetrical part of a scalar
function (e.g. K') or a vector (e.g. j) may be described by the values of these quantities
at magnetic conjugated points in the northern and southern hemisphere (see De
Witt, 1965; Maeda, 1974; Matveev, 1976a; Schafer, 1978):

Ky=K°'+K* Ki=K°—-K°*,
je =i @) —je(m = 9],
iy =i, @ +jy(m =],
it =L@ +jelm — )],
is =iy =jy (= 9)].

By height-integration of the basic relation that the current system must be diver-
genceless (div j = 0) one finds

j,- =sin Ij|| = —‘diVH J?.I (314)

(I is the inclination) for the radial current density at the upper edge of the current
carrying layer, if one assumes that no radial currents are flowing at the lower edge of
the current layer. The horizontal height-integrated symmetrical current system J
leads to divy ju=0.

The quasi-short-circuit (o/o.>10"% leads to an averaging out of the anti-
symmetrical part of the polarization field (E3/Ef <10%, that means that the
antisymmetrical part of the electrostatic field may be neglected. Even in the
three-dimensional dynamo theory the electrostatic field may be calculated
from the two-dimensional potential equation resulting from the condition
divyg J5=0 (see Matveev, 1971; Schieldge et al., 1973; Matuura, 1974;
Méhlmann, 1974). The three-dimensional current system may then be calculated
from (3.14). Equation (3.14) may be rewritten in the form

].r — _divH{zaEs|H+zavs xBa|H+zsva xBa]H"'

+ 2V X B’y + 2V x B* |y} (3.15)
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when X represents the height-integrated conductivity tensor. From this equation the
different sources for field-aligned currents are obvious: the north-south asymmetry
of the geomagnetic field and of the electric conductivity results in field-aligned
currents changing with universal time. Furthermore, the seasonal asymmetries of the
winds as well as of the electric conductivity produce a seasonal variation of the
field-aligned currents.

Since the antisymmetrical part of the electric field may be neglected, this field
cannot drive horizontal currents, which close the antisymmetrical current system
(ZvxB)®. As a result of the quasi-short-circuit the antisymmetric currents crossing
the equator in the ionospheric current layer can be neglected, too. Consequently
antisymmetric horizontal currents can be closed only along the geomagnetic field
lines through the plasmasphere.

The methods to treat the three-dimensional problem have been developed, first of
allin the papers of De Witt (1965), Cocks and Price (1969), Van Sabben (1966, 1969,
1970), Matveev (1971). On the other hand, Stening (1968) has developed quite
another method to calculate the three-dimensional currents and the electric fields
which is based on ideas developed in the electro-techniques, the equivalent circuit
method. In his hierarchy of equations {see Section 3.1.) Méhlmann (1977) formu-
lated a first-order-equation for the calculation of the geomagnetic field-aligned part
of the electrostatic field.

Contributions to the three-dimensional dynamo-theory came from many addi-
tional authors: Nishida and Fukushima (1959), Dougherty (1963), K. Maeda and
Murata (1965), Price (1968), Stening (1968, 1971, 1977), Mishin et al. (1968, 1970,
1971, 1976), Matveev (1970a, b 1976a, b), H. Maeda (1966, 1974), Schieldge et al.
(1973), Schéfer (1978). In the following we intend to summarise the main results.

3.2.2. Results

Field-aligned currents which are produced due to the seasonal asymmetry of the
electric conductivity have been estimated by Van Sabben (1970) and more in detail
by Maeda (1974). This contribution may be calculated taking into consideration the
first three terms on the right-hand side of (3.15). Maeda (1974) in his calculations
used that wind model he found earlier (Maeda, 1966) from a solution of the indirect
task of the dynamo theory, the conductivity was computed from CIRA-1965 and
electron density measurements. The electric potential has been calculated using the
equation divy J3;=0. The assumption of vertical geomagnetic field lines limits the
results of Maeda to higher and median latitudes. Another limitation of his :al-
culations results from the fact that he considered only UT-averaged current systems
in dependence on season, i.e. the effect of the symmetric part of the B-field is
averaged out.

Nevertheless the results of Maeda are fundamental and give a good possibility to
estimate the contributions from the different terms in Equation (3.15). Figure 17
shows the resulting field-aligned current system. In Figure 17a the field-aligned
currents resulting from the seasonal asymmetry of the electro-conductivity are
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Fig. 17. Field-aligned current system after Maeda (1974) resulting from the seasonal asymmetry of the
electric conductivity {case 1), of the winds (case 2), and both electric conductivity and winds (case 3).

shown and in Figure 17b those from the asymmetry of the winds (related to the
second and third term on the right-hand side of (3.15)). In Figure 17c the field-
aligned current system for the total (superposed) seasonal variation has been drawn.
In the central part of the system the currents are flowing into the summer hemi-
sphere, the centre of the current inflow is close to the focus of the equivalent
Sq-currents and the current density is about 1002 Acm™. Comparison of Figure
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17a and Figure 17b shows that the asymmetry of the winds creates much more
intense field-aligned currents than the asymmetry of the electric conductivity. All
these features agree quite well with the facts known from observations (compare
Section 2.2.5). On the other hand Maeda (1974) (see Figure 17) did not find intense
field-aligned currents in the near equatorial region. In his picture currents showing a
direction opposite to that of the central part only occur in medium latitudes on the
morning and on the evening side. Furthermore, the centre of the currents in Figure
17 is situated at much lower latitudes than has to be expected from the observations.
Maeda (1974) concluded that the night time part of the field-aligned current systems
will become considerably less intensive if the daily variation of the conductivity is
taken into consideration.

Recently, Schifer (1978) also investigated the seasonal component of the field-
aligned currents. In his model he used height-integrated conductivities in depen-
dence on solar zenith angle given by Maeda and Murata (1968) and the tidal wind
modes (1, 1), (1, —2), (2, 2) in a representation developed by Méhlmann (1975). To
determine amplitude, phase and the relative contributions of these tidal modes, the
magnetic field connected with J§ has been computed and compared with the
antisymmetric part of the geomagnetic Sq-variation of several stations. The sym-
metric electrostatic field E° has been computed using MShlmann’s method (1974,
1977) i.e. excluding the equatorial region. The geomagnetic field has been approxi-
mated by a centered dipole. That means that Schifer (1978) took into account the
first three terms on the right-hand side of (3.15). The results of the analytic
computations (see Figure 18) again show field-aligned currents on the dayside,
flowing into the summer hemisphere, with clear maxima around noon. The centre of
the inflow lies near 30° latitude. The amplitude of the field-aligned current density is

T T T
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600._
<100
o
hel
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©
= 400
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200 200 /150 J100 Jeo
0
— 0
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Fig. 18. Current density distribution of the threedimensional model for northern summer
after Schifer (1978).
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of the order of 3 x 1072 A cm™2. In addition to the central part he found a centre of
outflowing currents in higher latitudes near 50° latitude.

Another investigation taking into consideration seasonal as well as UT-variations
has performed by Matveev (1976b). He built up a model considering only antisym-
metrical winds i.e. considering the third and fourth term in Equation (3.15). The
asymmetrical wind system changing with UT is calculated from a potential ¢ with
v = grad ¢, tidal winds are not included. This potential 4 was estimated by solving the
indirect task of the dynamo theory (calculating winds from geomagnetic equivalent
currents) with the method of Maeda (1966). The geomagnetic main field has been
approximated by a tilted dipole. The electric conductivity has been computed from
electron density data in dependence on the zenith angle of the Sun. In this model the
asymmetry of ionospheric winds is the dominating source for the field-aligned
currents. For the structure of the field-aligned current, Matveev found a similar
picture as given in Figure 17, but in addition a more equatorial region of currents
with directions opposite to those of the currents in the centre. He also found strong
dependencies on UT.

Another very interesting investigation about the seasonal and the UT-components
of the field-aligned current system has been performed by Schieldge et al. (1973).
These authors using data from a world-wide network of magnetic stations con-
structed maps of equivalent currents for four moments of universal time for August
5,1958. The aim was to calculate that three-dimensional current system which gives
for the horizontal calculated dynamo currents the best agreement with the equivalent
current systems. For their global dynamo model they used a tilted dipole field,
realistic conductivity distributions and height-dependent tidal winds. So, they took
into account all terms in (3.15). The solution of the equation for the electrostatic
potential is given in form of canonical series of harmonics S} (cos 6) with n, m up to
8. For this task the authors practically had to solve an ‘incorrect given task’, which
must be solved in principle using regularization methods. The authors solved this
problem empirically and determined 8 parameters, which, in principle, give the
amplitudes and phases of the wind system represented by them in form of four modes
1, -2), (2, 2), (2, 3), and (2, 4). This determination has been performed for any
moment UT. Using this method the authors were not only able to calculate a system
of horizontal dynamo currents, which is qualitatively close to the observations but
also maps of the electrostatic fields associated with these computed currents.
Unfortunately, the data for field-aligned currents and the polarization field have
been published only for 03:30 UT. For this special moment the calculated map for
the electrostatic potential considerably differs from the map presented in the Figure
4, which describes observed data (however averaged over UT). On the other hand,
the gross-features of the calculated field-aligned currents seem to coincide quite well
with those presented in Figure 17¢. In this connection, it is interesting to mention that
due to the authors the generation of the field-aligned currents is mainly due to the
action of the neutral winds with mode (2, 3) and does not mainly come from the mode
(1, —2) as Maeda (1974), Matveev (1976b), and Stening (1977) stated. According to



LARGE-SCALE ELECTRIC FIELDS 439

Schieldge er al. (1973) currents of the type presented in the Figure 17¢ in the near
equatorial region will result in a daily variation of the Y-component of the
ground-based magnetic field with an amplitude up to 20 nT in good correspondence
with observations. These kinds of Y -variations in the near equatorial region due to
field-aligned currents have also been investigated by Schafer (1978) and Stening
(1977).

Of course, it is of special interest to compare these results with those received by
Stening (1968, 1971, 1977) using quite another method for the calculations. Stening
investigated the UT-component as well in the horizontal as in the field-aligned
currents. As velocity field he used the (1, —2) mode, the magnetic field is given by the
IGRF-1965 and his conductivity calculations included dependencies on the
magnetic field as well as on solar zenith angle. He calculated field-aligned current
systems for three different seasons (summer, winter, equinox) and for three moments
of UT corresponding to local noon for the Asian/Australian, European/African,
and American longitudinal sectors (02:00; 10:00; 18:00 UT). The results of
Stening’s calculation are presented in Figure 19. About the degree of similarity or
disagreement with Figure 17b or 18 the reader should develop its own opinion. In
order to understand the cause for the differences it is necessary to consider the
approximations for the calculations and in the model: the winds are tidal winds
of (1, —2)-mode and do not change with season; the dynamo-emf. in both hemi-
spheres are identical and have been determined from the equation e=
(ex ' Gn+es ' Gs)/(Gu+ Gs) where ey, es are the emf in the northern and southern
hemispheres and G, Gs are electric conductivities averaged along the line of force.

These results clearly demonstrate the strong dependence of field-aligned currents
on universal time and also the strong dependence on the wind (see Figure 19 first and
last picture). Furthermore, Stening found strong field-aligned currents close to the
equator with opposite direction to those in medium latitudes. As Stening (1977) has
shown these field-aligned near-equatorial currents create variations in the ground-
based Y-component in that way as they have been observed in the American and
European/African zone. This finding is not unexpected since also Schieldge et al.
(1973) were able to explain these Y-variations with a field-aligned current system
similar to that given in Figure 17¢. In spite of some shortcomings and disadvantages
the results of Stening give an interesting contribution to the whole picture.

In conclusion one has to state that all these calculations are only first steps, and this
development is quite at the beginning. Nevertheless, the results of Maeda (1974),
Matveev (1976), Schieldge et al. (1973), Stening (1977), and Schifer (1978) give
already informations about the seasonal component of the field-aligned currents. It
also should be mentioned that these results are not too far from the empirical model
described in Section 2.2.5. Figure 20 tries to summarize these results schematically
for northern summer. Inside the plasmasphere (L =1.5) on the dayside we have
field-aligned currents near local noon flowing steadily into the summer hemisphere.
Outside of this central part towards morning and evening and towards other
latitudes, we have more diffuse field-aligned current regions where the currents flow
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Fig. 19. Field-aligned current systems (1072 A/cm ™) after Stening (1977) for different seasons (E, J,
D), geomagnetic longitudinal sectors (zone 1-3), and winds.

in the opposite direction. These field-aligned currents are closed by ionospheric
currents mainly in the E-layer. This three-dimensional current system is totally
embedded into the plasmasphere.

The field-aligned currents combined with the UT-variations need further investi-
gations but, in principle, seem to be explainable by the three-dimensional dynamo
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theory. On the other hand, the constant part of field-aligned currents which has been
deduced from experiments seems to be only explainable using additional physical
processes.

4. Summary

The study of large-scale fields in medium latitudes has a rather long history. In the
earliest epoch averaged Sq-fields have been investigated and interpreted on the base
of a two-dimensional dynamo model using linear assumptions for the electric
conductivity of the ionosphere and very simple models for the neutral winds. During
the second epoch the anisotropy of the ionospheric electrical conductivity has been
included into the theory and the models for the neutral winds have been improved
using as well tidal theory as solutions of the indirect task of the dynamo theory. It
became obvious during this epoch that two-dimensional dynamo models can explain
nearly all facts, which have been found morphologically for averaged Sg-fields (see
Section 2.2.5(1)).

During the recent decade new or improved methods to measure e.g. electric fields
(e.g. incoherent scatter facilities) and to investigate great data files have been
developed. Using these methods informations about the existence of regular varia-
tions of the Sq-field and the electric field have been found:

— Direct measurements of the electric field by incoherent scatter stations gave the
possibility to construct a first global map of the distribution of the (averaged) electric
field in the quiet plasmasphere (see Figure 4).

- Annual and semi-annual variations of the Sg-field characteristics have been
determined (variations of the total currents and the position of the vortices,
variations in the time differences between both foci etc. (see Section 2.2.5)).

~ UT-variations of the Sq-field have been identified (modulation of the total
currents and the position of the vortices etc. (see Section 2.2.5)).

The seasonal and UT-variations are due to asymmetric conditions on the northern
and southern hemisphere. All attempts to describe also these variations with a
two-dimensional dynamo model did not lead to any success, but showed a strong
theoretical overestimation of the asymmetries in comparison with the measurements
of the Sq-field. The only possible conclusion was to assume the existence of an
additional process, which leads to a decrease of the asymmetry between both
hemispheres. Such a process is given by the coupling between both hemispheres
through the high-conducting magnetic field lines. Therefore, it must be concluded
that three-dimensional plasmaspheric current systems are needed in order to explain
the regular variations of the Sg-field. Rough estimations showed that such a
three-dimensional dynamo model should be able to explain most of the new
morphological findings about regular variations of the Sq-field. So far, quan-
titatively, only some first approximations of such a three-dimensional model have
been computed (see Section 3.2).

Concerning the electric fields the coupling between both hemispheres leads to a
quasi-short-circuit. Therefore, the anti-symmetric components of the electric fields
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must be rather small and the symmetric components calculated with a two-dimen-
sional dynamo model can be aspected to be good approximations. A combination of
dynamo-effective wind modes giving a good approximation of the global E-field has
been found (see Figure 4), but, on the other hand, the agreement with measurements
at single stations is not at all satisfactory.

The morphological results described in Section 2 and the theoretical calculations
compiled in Section 3 give the possibility to construct a three-dimensional current
system (see Figure 20): Inside the plasmasphere (L = 1.5) on the dayside there exists
a concentrated region of field-aligned currents near local noon flowing steadily into
the summer hemisphere. Outside of this central part towards morning and evening
and towards other latitudes we have a more diffuse field-aligned current region,
where the currents flow in opposite direction. The characteristic amplitude of the
current density of these field-aligned currents is about 107"? A cm ™2, depending on
universal time and season. To understand the regular variations of the Sq-field one
has to assume a seasonal component of the field-aligned current flowing into the
summer hemisphere and being concentrated close to the foci of the Sq-vortices. In
their central part the UT-dependent field-aligned currents flow into the northern
hemisphere for the period 05:00-19:00 UT. For the period 19:00-05: 00 UT these
currents decrease and change their sign. There are some indications for the existence
of a time- and season-independent component of the field-aligned currents flowing
always into the northern hemisphere.

The tasks to be solved in near future are:

- To improve our knowledge about the electric field and its variations by
performing simultaneous, coordinated measurements; to prove the existence of
field-aligned currents inside the dayside plasmasphere;

- to identify and separate non-plasmaspheric contributions from the Sq-varia-
tions during daytime;

- to improve the methods needed to solve the three-dimensional dynamo equa-
tions and especially to improve the models for ionospheric winds, electric conduc-
tivity and for the main geomagnetic field; to introduce more realistic boundary
conditions for high and low latitudes.

In conclusion, one can state that during the recent decade there has been a very
interesting development of the old problem of the Sq-system giving a good funda-
ment to treat interesting magnetospheric problems in near future.
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