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Abstract. Electric potential patterns have been obtained from the IZMIRAN 
electrodynamic model (IZMEM) for the northern and southern polar regions during 
summer, winter, and equinox. The model is derived from a large quantity of 
high-latitude ground-based geomagnetic data (above 4- 57 ø corrected geomagnetic 
latitude) at all magnetic local time hours. A linear regression analysis technique 
has been used to obtain the quantitative response of each magnetic observatory to 
changes of interplanetary magnetic field (IMF) components. Since no ionospheric 
conductivity model exists specifically for the southern polar region, the statistical 
model of Wallis and Budzinski (1981) has been applied in both hemispheres. A 
cross-polar "background" potential of •35 kV, derived by Reiff et al. (1981), is 
used to calibrate IZMEM's potential patterns. The model's responses to changes 
in the IMF By and B• components are analyzed to obtain a set of "elementary" 
convection patterns in both polar regions for each season of the year. Asymmetry in 
the potential pattern geometry in both hemispheres can be attributed either to the 
influence of the "northern" ionospheric conductivity model which was applied to 
the southern polar region, or to some natural phenomena. The modeled background 
cross-polar potential for the condition when B• = By = 0 is found to be •37 kV. 
Average values of the modeled potential drop caused by each nanotesla of the IMF 
are the following: ~14 kV for southward B•; • -4 kV for northward B•; and • 4-4.5 
kV for By components. The latter is not applicable to the "dawn-dusk" potential 
drop; it may be applied across the cusp region only. Nevertheless, a combination of 
the background and elementary potential patterns in the case studies gives a certain 
estimation of the cross-polar potential drop, which may be strongly distorted during 
time of large By. It is concluded that IZMEM provides realistic convection patterns 
parameterized by the IMF component directions and magnitudes and may be used 
to provide routine estimates of convection patterns and electric potentials if IMF 
data are available. 

Introduction 

Interpretation of ground-based geomagnetic pertur- 
bations by means of ionospheric electric fields and cur- 
rents began with the fundamental works of K. Birke- 
land, S. Chapman, and H. Alfven. Since then Kern 
[1966] found a relation between the scalar current func- 
tion obtained from divergence-free portion of the steady 
current distribution in a thin spherical layer and the 
density of the field-aligned currents in the case of a uni- 
form ionospheric conductivity. Because of the nonuni- 
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form character of ionospheric conductivity, novel nu- 
merical methods have been developed to resolve the 
equations that relate the magnetic field perturbations 
on the Earth's surface to the ionospheric electric field 
potential [Faermark, 1977; Mishin et al., 1980; Kamide 
et al., 1981]. The evolution of ideas set forth by Chap- 
man and Alfven has been presented in detail by Feld- 
stein and Levitin [1986]. Considerable progress has been 
made since that time in inferring three-dimensional cur- 
rent systems by combining the ground-based magnetic 
data and modeled ionospheric electric potential and 
fields. The assimilative mapping of ionospheric electro- 
dynamics (AMIE) technique [Richmond and Kamide, 
1988], which is a further development of the KRM 
method [Karnide et al., 1981], has begun to be widely 
used for the analysis of electrodynamic state of the high- 
latitude ionosphere [e.g., Knipp et ai., 1991]. 

Empirical models of high-latitude electric fields for 
different orientations of the IMF have been developed 
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from satellite observations [e.g., Heppner, 1977; Hep- 
pner and Maynard, 1987; Hairston and Heelis, 1990]. 
Subsequent synoptic studies of radar measurements [see 
Foster, 1983; AIcayde el al., 1986; de la Beaujardiere 
el al., 1991] have yielded results that are in substan- 
tial agreement with statistical satellite models. Most 
of the ground-based magnetometer studies that are 
based on the KRM and later the AMIE techniques also 
show a good agreement with satellite and radar models 
[e.g., Friis-Chrislensen el ai., 1985; Knipp el al., 1993]. 
There are also a number of reports representing the 
theoretical approaches to the modeling of high-latitude 
convection patterns [see Heelis el ai., 1982; Clauer and 
Friis-Chrislensen, 1988; Blomberg and Marklund, 1991, 
and references therein]. 

At the end of the 1970s, numerical techniques which 
are similar to the KRM were developed independently 
by two scientific groups in Russia: the IZMIRAN elec- 
trodynamic model (IZMEM) at the Institute of Terres- 
trial Magnetism, Ionosphere, and Radio Wave Propaga- 
tion, Troitsk, Moscow Region [Belov et al., 1977], and 
the technique of inversion of the magnetograms (TIM) 
at SibIZMIR, Irkutsk [Mishin et al., 1977]. We refer 
the reader to the original work of Mishin et al. [1980] 
for details of the TIM technique. Here we shall describe 
the IZMEM method only. 

AMIE, KRM, and TIM techniques analyze ground- 
based magnetic field perturbations derived for an event 
with a duration from a few hours to a few days. They re- 
quire a selection of nearby "magnetically quiet" period 
which is a most subjective part of the analyses because 
the IMF conditions might be considerably different for 
"disturbed" and "quiet" periods. These techniques use 
also spherical harmonic expansion to process initial geo- 
magnetic data and cover sizable gaps between magnetic 
observatories, especially at high latitudes. Therefore 
the expansion uncertainties are much higher, for exam- 
ple, in the Arctic ocean or Antarctic region than for 
Canada or Scandinavia. 

At IZMIRAN, a regression analysis was used to study 
geomagnetic variations caused by changes in the inter- 
planetary magnetic field (IMF). Initial results have been 
published in Russian in the proceedings of IZMIRAN 
and Geomagnelism and Aeronomy [e.g., Afonina el al., 
1980] (see other references in the work by Levitin et al. 
[1982] and Feldslein et al. [1984]). These investigations 
have utilized geomagnetic data from the northern polar 
region only. However, using magnetic observations from 
the southern polar cap [Mansurov el al., 1981], we have 
applied the same regression technique to the Antarc- 
tic data [Papitashvili el al., 1983, 1989, 1990]. This 
approach provides a parameterization of geomagnetic 
variations by the IMF, and the ionospheric electrody- 
namics may then be defined. The IZMEM does not 
require a selection of magnetically quiet period or use 
of the spherical harmonic expansion. These distinguish 
the IZMEM from other techniques. 

The purpose of this paper is to describe briefly a 
numerical scheme of the IZMEM, present a summary 
of results obtained in the form of average patterns of 

the high-latitude electric potential in both hemispheres 
parameterized by the IMF conditions, and show the 
IZMEM's ability to model electric potential patterns 
for any moment of time when the IMF data are avail- 
able. The numerical scheme also estimates ionospheric 
electric fields associated with three-dimensional current 

systems. The model has a transportable FORTRAN 
code and may be run on a personal computer. 

Model Description 

We postulate that the magnetosphere-ionosphere cou- 
pling link can be considered as a black box, which ac- 
cepts changes of the IMF and solar wind plasma (SW) 
parameters (Bx, By, Bz, velocity V, and density n) as 
an input signal, and induces ground-based geomagnetic 
perturbations as an output signal. This approach has 
already been used in others works, in particular, those 
employing the linear prediction analysis [see Clauer, 
1986, and references therein]. A number of interplane- 
tary parameters are known to be associated with mag- 
netospheric interaction [Levitin et al., 1982]. For ex- 
ample, there is much evidence in the literature show- 
ing impact of the IMF By and Bz components on the 
magnetic field at the Earth's surface. The division of 
Bz into negative and positive values may represent dis- 
turbed and quiet geomagnetic conditions, respectively, 
though a northward Bz can induce a strong polar cap 
currents as well. The IMF B• component has been 
found to show little correlation with geomagnetic vari- 
ations [Maezawa, 1976; Levitin et ai., 1982; Troshichev, 
1982]. Therefore we can compute the regression coeffi- 
cients KBx but may disregard their contribution to the 
model. We have tried a number of SW parameters (ve- 
locity V, density n, temperature T, and some of their 
combinations) to find a better correlation with ground- 
based data and concluded that V 2 and nV 2 show signif- 
icant correlations. The V • term may, in part, represent 
"quasi-viscous" interaction of the solar wind plasma 
with Earth's magnetosphere; the nV • is proportional 
to dynamic pressure of the solar wind. 

We use a regression model where regression coeffi- 
cients relate any ground-based geomagnetic field com- 
ponent, for example, H, to changes of the corresponding 
IMF parameter: 

i K}iB z H i = Kk.•, B• + Kji.y By + B z + H O i (1) 

The free term of equation (1) can be expanded for the 
solar wind parameters: 

uo' = .%v, v? + n, + uoo' (2) 

Here K•/ are regression coefficients for i = 1,...,24, 
where i is universal time (UT) hour; HO i is a resid- 
ual part of (1) for the average conditions of solar wind 
(n = 4 cm -a, V = 450 kin/s); HO0 i represents geo- 
magnetic variations which are free of the 1MF and SW 
impact (we shall omit index i further). In this paper 
we shall consider the model parameterized by the IMF 
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only and refer the reader to the work by Levitin el al. 
[1982] and Papitashvili et al. [1990] where the solar 
wind parameters are considered. 

The total hourly mean values of the IMF and ground- 
based geomagnetic data for each season of the year 
(summer, winter, and equinox) and both northern and 
southern polar regions above •- 4-570 corrected geo- 
magnetic (CGM) latitude have been used in the regres- 
sion analyses. The regression geomagnetic model for 
the northern polar region has been developed using the 
data from 15 magnetic observatories in 1968-1969 [Lev- 
itin el al., 1982]. The northernmost station was Thule 
(• = 86.2ø). The same model for the southern hemi- 
sphere has been obtained from the 1978-1980 and 1983- 
1984 data (21 magnetic observatories and autonomous 
magnetometers). Here the data from four stations pole- 
ward of-85 o latitude were available and the southern- 

most station was at • = -89.1 o [Papitashvili el al., 
1990]. 

The arrays of the IMF and geomagnetic data were 
subjected to regression analyses for each of 24 UT hours 
of each day over the entire season of the year (120 days). 
The resultant magnetic local time (MLT) daily vari- 
ation of regression coefficients KH and AH0 around 
daily mean value H0 were obtained. These results have 
been compared for the same hourly mean values of the 
IMF and geomagnetic data, and IMF values one hour 
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Figure 1. Linear regression dependence of an intensity 
of geomagnetic field horizontal component perturbation 
at Thule against the negative and positive IMF Bz val- 
ues. [After Papitashvili el al., 1981]. 
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Figure 2. Diurnal variation of KZBy regression coef- 
ficient at Thule during 1965-1970. [After Papitashvili, 
19821 . 

ahead of the ground-based data. A better correlation 
was obtained when the same hourly mean values were 
compared. 

With this model we assume that ground-based geo- 
magnetic disturbances are proportional to variations of 
the IMF components and there are a variety of physi- 
cal mechanisms that provide links that transfer energy 
from the solar wind plasma to the high-latitude magne- 
tosphere and ionosphere. The assumed linearity was 
studied and confirmed for the Bz component [Papi- 
lashvili el al., 1981; Troshichev, 1982]. Figure 1, for 
example, shows a dependence of the total horizontal 
component perturbation, /kT- (K•B z + K•,oz)•/9', at 
Thule for negative and positive IMF B• and for dif- 
ferent MLT hours during summer. Dashed lines show 
a regression between AT and Bz for two separate ar- 
rays of original data: for B• < 0, and B• > 0. Short 
segments represent a regression between ground-based 
data and the IMF within binned (by 2-6 nT) intervals 
of B•. All of these segments follow the corresponding 
dashed regression lines. 

The solar cycle variation has been studied by Papi- 
lashviii [1982]. Figure 2 shows an example of the KZBy 
diurnal variations for the Z component at Thule dur- 
ing the summer for each year separately (1965-1970), 
and for all of the original data combined into one array 
corrected for the secular variation. The magnitude and 
shape of the variations are similar for each year. There- 
fore a regression model of geomagnetic variations can 
be used over the entire solar activity cycle. These two 
studies (linearity and solar cycle) have been carried out 
for the polar cap stations only (Thule, Godhavn, Vos- 
tok, and Mirny), and they should be extended in future 
for the auroral and subauroral magnetic observatories. 

The "regression modeling" approach has several ad- 
vantages: (1) total values of geomagnetic field compo- 
nents are used in the analysis, and there is no subjective 
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selection of a perturbation baseline; (2) the technique 
uses many measurements made by a limited amount 
of magnetic observatories at different local times due 
to the Earth's rotation, therefore, 24 values of Kn are 
found for each observatory; (3) only an interpolation 
of Ks along meridians is required, instead of spheri- 
cal harmonic expansion; (4) only the IMF values are 
required to model geomagnetic variations, and then 
electrodynamic parameters can be obtained using the 
IZMEM during all three seasons of the year in both 
northern and southern polar regions. 

This regression model of geomagnetic variations is 
used as an input for numerical solution of the second- 
order partial differential equation [Faermark, 1977]: 

v x - v x x 
Here ½b is electrostatic potential (• - 0 at T - :t=57 ø), •2 
is a tensor of nonuniform ionospheric conductivity, n• is 
a unit radial vector, and 9 is an equivalent current func- 
tion, uniquely related to geomagnetic perturbations on 
the Earth's surface. A definition of the current function 

in the IZMEM method is similar to that in the work by 
Kamide et al. [1981]. By analogy with the AMIE tech- 
nique [Richmond and Kamide, 1988] the IZMEM ap- 
proach represents a regression mapping of ionospheric 
electrodynamics (RMIE). 

Equation (3) may be rewritten in spherical coordi- 
nates 0 (colatitude) and A (east longitude) [Feldstein 
and Levitin, 1986]: 

- sin0Es• +sin• 0q EH• 

+ 
= sin•• • sinO 0A a (4) 

where EH and Eli- are height-integrated Hall and Ped- 
ersen ionospheric conductivities specified on a grid of 1 ø 
geomagnetic latitude and one MLT hour. Since no iono- 
spheric conductivity models exist specifically for the 
southern polar region, the particle precipitation statis- 
tical conductivity model of Wallis and Budzinski [1981] 
and the solar UV conductivity model of Robinson and 
Vondrak [1984] are used for both hemispheres. 

The distributions of electric potential can be deter- 
mined and parameterized as a superposition of the IMF 
related terms: 

ß (•, MLT, B•, B•) = •(•, MLT) As, 

+ •,(•, MLT) Als• + (I)o(•, MLT) (5) 
Here 9• is a corrected geomagnetic latitude; MLT is mag- 
netic local time; • may represent electric potential, as 
well as electric and magnetic fields, ionospheric (Hall 
and Pedersen) and field-aligned currents, or Joule heat- 
ing rate; As, and Als• are dimensionless amplitudes of 

the IMF components for a given MLT hour; ½bz and ½b• 
are the solutions of (4) for each set of regression coeffi- 
cients and correspond to changes of a given parameter 
(electric potential, ionospheric currents, etc.) on the 
IMF 1-nT step; •0 is the solution of (4) for the sets of 
free term in (1) during different conditions in the IMF 
(e.g., negative or positive Bz and B•). 

The •0 term in (5) represents the "background" po- 
tentiM, which exists in the ionosphere during average 
conditions in the solar wind, that is, "viscous" convec- 
tion according to Reiff et al. [1981]. The other terms 
of the (5) represent the "elementary convection cells" 
at high latitudes caused by the IMF components. A 
combination of these elementary cells for definite con- 
ditions in the IMF will reproduce a typical convection 
pattern observed by satellites and radars over the polar 
regions. Therefore, as the (1) describes a basic struc- 
ture of the high-latitude geomagnetic variations, the (5) 
allows one to construct a quantitative model of the iono- 
spheric electrodynamics. 

The IZMEM electrodynamic parameters have been 
obtained initially using the ionospheric conductivity 
distributions derived for 1700 UT and 0500 UT (north 
magnetic pole at local noon and midnight respectively). 
To avoid the UT dependence of the IZMEM output, 
the averaged ionospheric conductivity distribution (be- 
tween two derived for 1700 UT and 0500 UT) has been 
used to compute the entire set of electrodynamic pa- 
rameters. This averaging assumes that the geographic 
and geomagnetic poles are coincident. In this case the 
difference between the cross-polar potentials for the 'av- 
eraged' and UT-dependent models is about ~25- 30%, 
but the electric potential distributions are very similar. 
The following analysis and figures are presented for the 
UTaveraged model. 

While we have used a commonly adopted division of 
the year into seasons (May-August: northern summer 
and southern winter, November-February: northern 
winter and southern summer; March, April, Septem- 
ber, and October are equinoctial months for both hemi- 
spheres), it is also possible to bin the data by the Earth's 
dipole tilt and develop the UT-dependent model where 
the solar UV ionospheric conductivity will be better uti- 
lized. 

Convection Patterns Parameterized by 
the IMF 

The IZMEM model outputs (electric potential, elec- 
tric and magnetic fields, ion convection velocity, etc.) 
have been already compared with the satellite and radar 
measurements [e.g., Beiov et ai., 1984; Dremukhina et 
ai., 1985; Papitashvili and Clauer, 1993]. The calcu- 
lated values of electrodynamic parameters are usually 
smaller than the measured data. Geomagnetic distur- 
bances obtained from the regression model (1) have not 
been separated into the internal and external variations 
and extended upward on the ionospheric level. There- 
fore an amplification factor should be derived from the 
comparison with experimental data. For example, Feid- 
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stein and Levitin [1986] compared OGO 6 observations 
[Heppner, 1972] with the modeled electric fields and ob- 
tained the factor of 3.0. Another approach will be used 
to calculate amplification factors in this paper. (Note 
that all of the following figures present the uncorrected 
model outputs, that is, without the use of amplification 
factor.) 

Modeled Electric Potential for Bz - By - 0 

The ground-based geomagnetic data have been ini- 
tially divided into two arrays according to the sign 
of Bz, that is, for the disturbed (Bz < 0) and quiet 
(Bz > 0) states of the magnetosphere. These arrays 
have been subjected to regression analyses separately. 
Therefore two sets of all terms in the equation (1) have 
been obtained. The free term in both cases shows ge- 
omagnetic disturbances remained in the polar regions 
when the IMF equals zero. The electric potential dis- 
tributions inferred from the free terms should be similar 

for the disturbed and for the quiet conditions because 
the separate arrays are subsets from the gencral popu- 
lation. 

Figures 3 shows electric potential distributions for 
the disturbed conditions. Similar distributions were ob- 
tained for the quiet conditions (not shown). These pat- 
terns may also be considered as "convcction patterns" 
bccause ionospheric plasma moves along the equipoten- 
tial lines: clockwise in the negative vortex and anti- 

clockwise in the positive vortex. These particular pat- 
terns for Bz = By = 0 would be classified as viscous 
cells because the background potential "...remains when 
the merging theory predicts zero, and this residual may 
logically be attributed to non-merging (close model) 
transfer processes..." [Rei. ff et al., 1981, p. 7645]. 

The "standard" two-cell convection is well developed 
in both hemispheres; the vortices occupy almost the 
same areas for each season. There is a little asymme- 
try in the location of antisunward transpolar fio;vs in 
both hemispheres, but they are directed generally from 
0900-1000 MLT to 2100-2200 MLT. Reiff et al, [1981] 
have sketched the possible flow over the entire polar cap; 
however, Reiff and Burch [1985] have relnoved this flow 
for the zero IMF condition. We think that the convec- 

tion flow across the center of polar cap may exist even 
when the II•[F Bz = By = 0 because the magnetosphere 
will be closed completely and viscous interaction can 
take place 0vcr the cntirc magnct0pausc surface, For 
example, Friis-ChriMensen et al. [1985] have obtained 
the electric potential distribution for zero !MF, which is 
very similar to our "northern summer" pattern in Fig- 
ure 3. It is particularly interesting how convection pat- 
terns are similar in both hemispheres, especially since 
they were obtained from the data of different years, and 
even different solar activity cycles. 

Modeled cross-polar potential (the MAX-MIN value) 
shows a seasonal dependence. Averaged (between dis- 
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Figure 3. Modeled background (free of the IMF impact) electric potential distributions over 
the' northern and southern polar regions for disturbed (Bz < 0) conditions. Polar plots are in 
the corrected geomagnetic latitude - magnetic local time coordinates. Contour intervals equal 
1.5 kV. 
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Table 1. Amplified Electric Potential in Kilovolts Modeled by the IZMEM to Changes of the Interplanetary 
Magnetic Field 1-nT Step 

B• •0 B• •0 By • 0 By •0 

Season Hemisphere ! * Bz = By = 0 4-B u Bz < 0 B• > 0 B• < 0 B• > 0 

Summer northern 3.2 30.4 14.1 -3.2 5.4 5.4 -5.4 -5.4 
southern 3.0 37.8 10.5 -4.5 -4.8 -5.1 6.0 6.6 

Equinox northern 2.3 41.4 15.4 -2.5 4.6 4.4 -4.6 -4.4 
southern 2.7 30.5 13.0 -2.4 -0.5 -0.5 2.7 3.0 

Winter northern 1.5 40.5 13.0 -4.8 4.8 2.7 -4.8 -2.7 
southern 2.5 40.5 15.8 -5.8 -4.8 -3.8 7.8 7.0 

Average potential drop 36.8 q- 5.1 13.6 q- 1.9 -3.9 q- 1.4 4-3.9 4- 1.7 4-5.0 4- 1.7 

*Amplification factors f are calculated from the cross-polar background electric potential ~35 kV, derived by Reiff et 
al. [1981]. 

turbed and quiet conditions)values for summer, equinox, caps during summer and equinox; however, it is dis- 
and winter are 9.5, 18.0, and 27.1 kV respectively in 
the northern hemisphere, and 12.6, 11.3, and 16.2 kV 
in the southern one. The electric potential significantly 
increases in the northern hemisphere from summer to 
winter; this is not the case for the southern hemisphere. 
We have no explanation for this: perhaps it is a natural 
phenomenon or the northern ionospheric conductivity 
causes this discrepancy. 

If we assume that the viscous cross-polar electric po- 
tential is not changing with the season, we can com- 
pare the modeled values with the background potential 
of ~35 4. 10 kV obtained by Reiff el al. [1981] from 
the low-altitude satellite observations. Recalling that 
the IZMEM derives smaller values than actual measure- 

ments, we may divide the background potential by the 
averaged modeled values and then fit the obtained ra- 
tios by a straight line against the division of the year 
into seasons (four months each). This procedure re- 
sults in the amplification factors: summer 3.2 (north), 
3.0 (south); equinox 2.3 (N), 2.7 (S); winter 1.5 (N), 
2.5 (S). These numbers can be used for further ampli- 
fication of modeled (for each IMF parameter) values 
until more information about ionospheric conductivity 
in the southern polar region will be collected. Table 1 
shows the amplification factors, corresponding modeled 
background cross-polar potential, and the potential val- 
ues for different IMF components. Average cross-polar 
potential of 36.8 kV (after amplification) for the IMF 
Bz = By = 0 condition is guaranteed to be close ~35 
kV derived by Reiff et al. [1981]. 

Modeled Electric Potential for B• < 0 

Figure 4 shows the standard two-cell convection pat- 
terns caused by the southward IMF (Bz < 0), which 
would be classified as "merging" cells in the model of 
Reiff and Burch [1985]. Modeled patterns are very sim- 
ilar in both hemispheres with antisunward transpolar 
convection flow which is directed generally from 1000- 
1100 MLT to 2000-2200 MLT [Friis-Christensen et al., 
1985]. This flow moves through the center of polar 

placed towards afternoon in winter. During summer 
both dawn and dusk convection vortices are approx- 
imately equal; the dawn cell is larger in both hemi- 
spheres during equinox and winter. 

The cross-polar (dawn-dusk) potential inferred from 
IZMEM is slightly larger in the northern hemisphere: 
summer 4.4 kV (north), 3.5 kV (south); equinox 6.7 kV 
(N), 4.8 kV (S); winter 8.7 kV (N), 6.3 kV (S). However, 
amplification of these values by the corresponding fac- 
tor from Table i results in the comparable cross-polar 
potential. The average cross-polar potential change for 
a 1-nT step of the southward IMF is 13.6 kV. This 
is comparable with the value inferred by Reiff et al. 
[1981]: see equation (b(kV) = 32 4- 14.7 B, for B, < 7 
nT in their Table 1. As these merging convection cells 
encompass the viscous cells, the total cross-polar po- 
tentiM will increase correspondingly. A typical value of 
the cross-polar potential for the IMF Bz = -5 nT and 
average solar wind conditions will be around 100 kV in 
accordance with the numbers from Table 1. 

Modeled Electric Potential for B• > 0 

Figure 5 shows the 'reverse' two-cell convection pat- 
terns for the northward IMF (B• > 0), which would 
be classified as "lobe" cells in the model of Reiff and 
Batch [1985]. The sunward convection flow is directed 
from midnight to dayside over the near-pole region. 
The main finding here is that the reverse convection 
cells are spreading over the entire polar region; they 
are not limited to the high-latitude polar cap only as 
suggested by Reiff and Burch [1985]. Friis-Chrislensen 
et al. [1985] have obtained also the expanded reverse 
convection down to 70 o latitude, but their results do 
not reveal the sunward convection flow near the noon 
meridian. 

The reverse convection in our model extends over au- 
roral latitudes and forms a third convection cell situated 
near midnight during equinox and winter. The flow 
concentrates near midnight at ~ 4-770 latitude during 
the southern equinox and northern winter. This may 
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Figure 4. Modeled electric potential distributions for the southward IMF (Bz - -1 nT) com- 
ponent. Contour intervals equal 0.5 kV. 
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be a manifestation of substorms which occurred dur- 

ing northward Bz (note that UT hours with substorm's 
activity were not excluded from geomagnetic data sub- 
jected to regression analyses). 

The reverse Convection is caused by "dusk-dawn" 
electric fields. Because the MAX and MIN values on the 

figure may show extreme points over the entire polar re- 
gion, the dusk-dawn potential 'across a dayside portion 
of the polar cap must be taken into account separately: 
summer -1.0 kV (north),-1.5 kV (south); equinox 
-1.1 kV (N),-0.9 kV (S); winter-3.2 kV (N),-2.3 kV 
(S). Amplification of these values by the corresponding 
factor from Table ! results in the comparable poten- 
tial drops. The average cross-polar potential change for 
a 1-nT step of the northward IMF is -3.9 kV. There 
is still a recognizable seasonal asymmetry: the "sum- 
mer north" potential equals -3.2 kV, and the "winter 
south" one equals ,.-5.8 kV. The other pair ("summer 
south" and "winter north") have closer values: -4.5 kV 
and -4.8 kV. Reiff et al. [1981] theorized that they may 
overestimate the ~35 kV background potential drop by 
as much as 5 kV because of the presence of an embed- 
ded reverse convection cell (i.e., Bz > 0) in the analyzed 
data. This value is comparable with our -3.9 kV per 
+1 nT of Bz. 

Modeled Electric Potential for By 

Figures 6 and 7 show the single-cell convection pat- 
terns for the IMF azimuthal By component during the 
disturbed (Bz < 0) conditions. Similar patterns dur- 

ing the quiet (Bz > 0) conditions are not shown. This 
represents the ionospheric current system termed DPY 
by Friis-Christenscn and Wilhjelm [1975]. The DPY 
current system is produced by me. ridional electric fields 
whose dawn-duSk potential difference is almost ze.ro 
[Feldstein and Levitin, 1986]. Therefore only 'the elec- 
tric potential across the polar cusps must be• ;onsidered 
for the IZMEM calibration purposes (equat0rward iono- 
spheric electric field is assumed as positive). 

. 

Convection in both Figures 6 and 7 is in an agreement 
with the Svalgaard-Mansurov dffect, which indicates a 
different direction of flows in the northern and south. 

ern polar caps for the same sign of By.. The central 
vortex in the northern hemisphere is well developed dur- 
ing all seasons of the year; its center shifts with a sea- 
son from magnetic pole to 850 latitude along the 1100 
MLT meridian. This movement is more complicated in 
the southern hemisphere. The northern nightside posi- 
tive (negative in Figure 7) vortex becomes larger during 
equinox and winter. The southern potential patterns 
are more structured. The near-cusp DPY currents are 
well developed during all serous except the southern 
equinox. The nightside :"DPY-type" currents concen- 
trate during equinox and winter near 800 -850 in both 
hemispheres. 

The "cross-cusp" potential (Figure 6) inferred from 
the IZMEM for the. IMF positive By during the dis- 
turbed conditions are summer 1.7 kV (north),-1.6 kV 
(south), equinox 2.0 kV (N), -0.2 kV (S), winter 3.2 
kV (N), -1.9 kV (S). The same values during the quiet 
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Figure 6. Modeled electric potential distributions during disturbed (Bz < 0) conditions for the 
positive azimuthal IMF (By - +1 nT) component. Contour intervals equal 0.3 kV. 
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Figure 7. The same electric potential distributions as on Figure 6 but for the negative azimuthal 
IMF (By --1 nT). Contour intervals equal 0.3 kV. 

conditions (not shown) are summer 1.7 kV (N),-1.7 
kV (S), equinox 1.9 kV (N),-0.2 kV (S), winter 1.8 kV 
(N),-1.5 kV (S). 

The same cross-cusp potential in the northern hemi- 
sphere for negative IMF By are opposite to that in Fig- 
ure 6 because the northern geomagnetic data were not 
separated for the regression analyses by the sign of By. 
The southern cross-cusp potential (Figure 7) for the dis- 
turbed conditions are summer 2.0 kV, equinox 1.0 kV, 
and winter 3.1 kV. Same values for the quiet conditions 
(not shown) are summer 2.2 kV, equinox 1.1 kV, and 
winter 2.8 kV. Table 1 presents all these values after 
amplification. 

It seems that a division of the original geomagnetic 
data according to the IMF disturbed and quiet condi- 
tions plays a lesser role than a division in accordance 
with the IMF By sign. The average cross-cusp poten- 
tim change for a 1-nT step of the IMF By component 
equals 4-5.0 kV for positive By, and 4-3.9 kV for neg- 
ative By, that is, the IMF By > 0 component causes 
larger geomagnetic disturbances than By < 0. On the 
average, the IMF azimuthal component produces ~4.5 
kV of the cross-cusp potential to changes in 1 nT of By. 

Discussion 

The elementary convection patterns presented in this 
paper should not be compared directly with existing 
empirical convection models, for example, the models 

of Heppner and Maynard [1987] or Hairston and Heelis 
[1990]. Each of these elementary convection cells rep- 
resents a separate component of the IMF interaction 
with the magnetosphere and its ionospheric manifesta- 
tion. The final pattern is a superposition of the elemen- 
tary cells for any given situation in the IMF. Heppner 
and Maynard [1987] stated that standard two-cell con- 
vection pattern can be rotationally twisted clockwise 
when the IMF Bz becomes strong, and the sign and 
magnitude of By will play a significant role in the dis- 
tortion. Their model shows a sunward convection in 

the dayside polar cap as a deformation of the two-cell 
pattern. After a massive analysis of satellite data the 
authors concluded that "...the nightside dilemmas that 
plague three- and four-cell models designed to explain 
sunward convection in polar regions under +Bz condi- 
tions do not appear..." [Heppner and Maynard, 1987, p. 
4467]. A similar conclusion: "...the clockwise rotation 
of the potential pattern with increasing Bz (positive) 
while the conductivity remains constant..." was made 
by Feidstein and Levitin [1986, p. 1170] from the analy- 
sis of ground-based geomagnetic data only. The results 
presented here confirm these conclusions. 

The asymmetry in geometry of convection patterns in 
both hemispheres may be caused by an application of 
the northern ionospheric conductivity model, and per- 
haps also by a natural "north-south" asymmetry in the 
electric potential. The southern geomagnetic pole, for 
example, is located asymmetrically against the north- 
ern one; southern polar magnetic local midnight occurs 
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at 1530 UT - only 10 hours past the local midnight at 
the north geomagnetic pole at 0530 UT. Ellipticity of 
the Earth's orbit may also enhance the asymmetry of 
the polar cap potential distributions because the planet 
is in its perihelion in the beginning of January and the 
southern polar cap is lighted better. Therefore the iono- 
spheric conductivity should be slightly larger for "sum- 
mer australis" than for "summer borealis". The latter 

is not applicable for equinoctial months and for win- 
ters in both hemispheres. For example, we found the 
"northern background" potential smaller during sum- 
mer than the "southern background" one (30.4 kV and 
37.8 kV respectively; see Table 1), but both potentials 
are equal during winter. One can see from equation (3) 
that the southern summer potential should be larger 
if the smaller (due to the influence of the Earth's or- 
bit ellipticity) northern summer ionospheric conductiv- 
ity is applied to the southern hemisphere. The rel- 
ative perihelion-aphelion difference in the Sun-Earth 
distance is about 3 %, which means that the corre- 
sponding illumination (and hence conductivity) of polar 
ionospheres should differ by about 6%. 

The IZMEM can successfully model magnetic and 
electric fields measured by satellites, for example, Cos- 
mos 184 [Belov et al., 1984], Magsat [Dremukhina et 
al., 1985], OGO 6 [Feldstein and Levitin, 1986], DE 
2 [Drernukhina et al., 1990]. It was found that the 
IZMEM output values are smaller, in general, than mea- 
surements by factor ~3.0 - 3.5. Similar values are ob- 
tained for the summer season in this paper and the 
corresponding amplification factors are estimated for 
equinox and winter. These numbers should be con- 
firmed or corrected in future studies. 

In conclusion, we summarize average values of electric 
potential caused by 1-nT step in the IMF as they are 
modeled by IZMEM with the use of amplification fac- 
tors: ~14 kV for the IMF southward Bz, ~-4 kV for 
the IMF northward Bz, and ~ 4-4.5 kV for the IMF 
azimuthal By components. The average background 
cross-polar potential for the zero IMF is ~37 kV. A 
combination of the elementary cells allows one to model 
quantitatively the convection patterns for different con- 
ditions in the IMF. For example, a combination of the 
viscous and merging cells for B, - -5 nT gives 107 
kV of the dawn-dusk potential drop. This value may 
change drastically for strong By. The background po- 
tential will be eroded during positive B,, but it will not 
become zero for Bz = 7 nT because the correspond- 
ing electric field develops in the dayside polar cap only. 
Large reverse cross-polar potential ~80 kV may develop 
for Bz = +10 nT and By - 4-10 nT. 

The IZMEM model can be used to investigate the 
particular case studies but it is limited to specifying 
large-scale, quasi-steady events. While it works fine for 
hourly mean values, it can also be used for studying 
time-varying phenomena; in that case a proper time 
delay between the IMF changes and their manifestation 
on the Earth's surface should be taken into account. 

The "geomagnetic activity history" during last 20-40 
min is also important, for example, if a substorm occurs 

during this period, the model can not be applied. The 
latter conclusion is not firm in all cases and we continue 

to investigate capabilities of the IZMEM to model such 
short-term events. 

Finally, the IZMEM model may be used in compari- 
son with the results of other modeling techniques. For 
example, the AMIE technique uses an initial distribu- 
tion of electric potential, then ground-based geomag- 
netic data and additional satellite and radar measure- 

ments are subjected to the analysis. We believe that 
AMIE technique will provide a good output if a good 
ground-based coverage is achieved. However, Arctic 
ocean and Antarctic large land mass will never be prop- 
erly covered with geomagnetic observations. So, there 
is a problem of getting good global coverage for AMIE 
modeling. The IZMEM model can provide an initial es- 
timation of global potential distributions as a valuable 
input for the AMIE technique at least when the IMF 
data are available. The IZMEM model may analyze 
particular events when the ground-based geomagnetic 
data collection is impossible or significantly delayed. 

The IZMEM model has also a "now-casting" capa- 
bility providing realistic convection patterns over the 
entire polar regions. Since there are low-altitude satel- 
lite plasma drift measurements (e.g., DMSP data), the 
electric potential inferred from these data can be com- 
pared with a set of modeled cross-polar potential pro- 
files along satellite trajectories, which may represent 
a number of situations in the IMF; for example, elec- 
tric potential patterns can be modeled in advance for 
each 1-nT step between -30 to +30 nT of Bz and By. 
The modeled profile similar to the observed data gives 
an approximate estimation of the IMF values during 
the satellite pass, and, therefore, the IZMEM can re- 
produce (now-cast) the entire convection patterns over 
both polar regions. Another example is that if the IMF 
data will be available an hour in advance (e.g., from 
the L1 satellite), the IZMEM can predict the potential 
pattern configuration and magnitude in both polar re- 
gions. The IZMEM exhibits these capabilities for the 
large-scale, quasi-steady events, but the model cannot 
forecast magnetic substorm. 
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