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Abstract. Analysis of Geotail magnetic data enables us to reveal the antisunward 
electric current flowing along the tail axis. To our knowledge, observation of this 
current has not been reported yet. Distributions of the magnetic field and electric 
current density (along with their dependencies on the tilt angle of the Earth's 
dipole and components of the interplanetary magnetic field) have been derived 
directly from Geotail data, without any ad hoc assumptions. Analysis of the electric 
current density distribution shows that, in addition to currents associated with 
the geomagnetic tail flaring, there is a current (tentatively identified as the Hall 
current) flowing antisunward along the tail axis. The total strength of this current 
is of the order of 1 MA. It closes through the midnight sector of the auroral zone 
resulting in field-aligned currents in the region of the Harang discontinuity. 

1. Introduction 

The midnight sector of the auroral zone is one of the 
key regions for ionospheric-magnetospheric coupling. 
Two convection cells merge near the midnight merid- 
ian resulting in the reversal of the convection direction. 
Ionospheric currents associated with the plasma convec- 
tion are directed eastward and westward in the evening 
and morning sectors, respectively. In the midnight sec- 
tor, both electrojets exist for the same local times, and 
the boundary between them is known as the Harang dis- 
continuity [Harang, 1946]. In the evening sector, west- 
ward plasma convection (and hence eastward electrojet) 
corresponds to the northward electric field, whereas the 
electric field responsible for westward electrojet is di- 
rected southward. Hence the electric field reverses its 

direction at the Harang discontinuity ['Heppner, 1972]. 
Measurements of the field-aligned currents [Iijima and 
Poretara, 1978] have shown that three'sheets of the elec- 
tric current accompany the Harang discontinuity un- 
der quiet geomagnetic conditions. This distribution of 
field-aligned currents in the night polar cap is shown 
schematically in Figure 1 (top). Two sheets of down- 
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ward current enclose the upward electric current. The 
poleward current sheet is an extension of the Region 1 
currents in the morning sector, and the current sheet at 
the equatorward side corresponds to the Region 2 of the 
field-aligned currents in the morning sector. These field- 
aligned currents close somewhere in th e geomagnetic 
tail, where a generator of the current system is located 
(while the ionosphere is an electric load). If we assume 
that the magnetosphere is symmetric with respect to 
the X Z plane (containing the vector of the solar wind 
velocity and the Earth's magnetic dipole), the feasible 
way to close the field-aligned currents in the vicinity of 
the midnight meridian is to allow an antisunward cur- 
rent, flowing along the tail axis, as shown in bottom of 
Figure 1. The existence of such an axial current in the 
tail is not surprising: it may arise as a Hall current in 
the plasma sheet, caused by the cross-tail electric field. 
Since that field is directed predominantly from dawn to 
dusk (i.e., Ey > 0), and the north-south component of 
the magnetic field in the plasma sheet Bz is also pos- 
itive, the Hall current, indeed, should be antisunward 
[Podgorny et al., 1988; Dubinin et al., 1988]. 

On the other hand, the antisunward field-aligned cur- 
rent near the midnight plane (if it is strong enough) 
would destroy the symmetry of the magnetic field with 
respect to the XZ plane. The magnetic field lines would 
become twisted, invalidating the simple pattern of the 
closure current sketched in Figure 1. Thus the existence 
of the axial electric current in the tail requires a spe- 
cial investigation. To our knowledge, no observations 
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of that current have been reported yet, and this is not 
quite surprising. First, the axial current, if it really ex- 
ists, is too weak to be observed in single crossings of 
the geomagnetic tail. Second, it cannot be obtained in 
single-fluid numerical MHD simulations, since it is Hall 
current, whose treatment requires, at least, a two-fluid 
MHD approach. A good way to reveal that current from 
data is to obtain a distribution of the electric current 

density in the geomagnetic tail using large amounts of 
magnetic field measurements taken during plasma sheet 
crossings. This is the main goal of the present paper. 

2. Method 

We use an approach which enabled us to calculate 
the distribution of the magnetic field and electric cur- 
rent density in the comet Halley coma [Israelerich and 
Ershkovich, 1994; Neubauer et al., 1995]. The coordi- 
nate system used in this paper is the solar wind mag- 
netospheric system (GSWM) defined as follows [Tsy- 
#anenko et al., 1998]. The X axis is antiparallel to the 
observed vector of the concurrent solar wind velocity, 
and the ¾ axis is perpendicular to the Earth's mag- 
netic dipole so that the X Z plane contains the dipole 
axis. 

Consider a cross section of the geomagnetic tail at 
x = x0, covered by a grid {yj, z•}. We assume that 
the magnetic field in the tail is the function of seven 
variables: three coordinates {x,y,z}, by and bz compo- 
nents of the interplanetary magnetic field (IMF) (we 
neglect a possible dependence on the x component of 
the IMF), the tilt angle ß of the Earth's dipole, and 
the dynamic pressure of the solar wind p, so that B - 
B(x, y, z, by, bz, sin •,p). Next we assume that in a vicin- 
ity of a grid point (j, k) the magnetic field components 
can be approximated by the first-order terms of the Tay- 
lor series: 

Zi(x, y, z, by, bz, sin •, p) = Bi(xo, Yi, zj, O, O, O, (p) )+ 

Ox (Y - + 
OBi OBi OBi OBi 
Oby by + •-•zbz + • sin ß sin • + -•p (p- (p)), (1) 

where {p) is the average solar wind pressure. 
Considering all magnetic field measurements 

{sl'meS(x,y,z)} 

in the vicinity of the grid point 

(Ix- xol 5/x•, ly- y•l-</Xy, Iz- z•l _</x.) 

, we obtain the values of Bi, OBi/Ox, OBi/Oy, OBi/Oz, 
OZi/Oby, OZi/Obz, OZi/Osin •, OZi/Op at that point 
by minimizing the merit function 

• { [B•'mes(x, y, z) -- Bx(x , y, 2:, ...)]2 
l 

[B•'mes(x,y,z) By(X,y,z, .)]2 
[Z/z, mes (x ' Y, 2:) __ Zz(x ' Y, 2:, ...)]2 (2) 

under the condition that the magnetic field is diver- 
genceless 

(xo, 0, 0, 0, 
Ox Oy 

oz,(xo, o, o, o, 
+ 

4 o,(xo, o, o, o, (p>): o. (a) Oz 

The conditional extremum of the merit function has 
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Figure 1. (top) Distribution of field-aligned currents 
in the nightside of the polar ionosphere. (middle) The 
electric field and field-aligned current density distribu- 
tion along the midnight meridian [Dubinin et al., 1988]. 
(bottom) A sketch of the midnight field-aligned currents 
closure through the geomagnetic tail. 
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Figure 2. Distribution of the number of data points used for the calculation of the magnetic 
field and electric current at each grid point. White line shows the boundary of the region where 
the number of experimental points per grid cell 'was less than 100. 

been found by using the Lagrange multipliers method. 
In this way, we immediately obtain the magnetic field 
in the entire cross section x - x0, as well as the elec- 
tric current density j - c/47•V x B, and (in the linear 
approximation) their response to the transverse compo- 
nents of the IMF, to the Earth's dipole tilt, and to the 
solar wind pressure. 

We used the data set consisting of 5-min averages of 
Geotail magnetic field measurements, made in the geo- 
magnetospheric tail during the period from January 1, 
1993, to July 20, 1997. The measured magnetic field 
components were represented in the GSWM coordi- 
nates, and each data point was tagged by the concurrent 
values of the IMF by and b•, the solar wind pressure, 
and tilt angle •. Further details on the data set can be 
found elsewhere [ Tsyganenko et al., 1998]. 

The magnetic field distribution was calculated for 
the magnetotail cross section at x -- -20 R• 'within 
a rectangular area lyl • 20R•, Izl • 5R•), covered 
by a 21 x 21 grid 'with the cell size 2R• by 0.5 R• 
in Y and Z directions, respectively. For each cell we 
used the data taken within a box I x -x01 _< 10 R•, 
]Y- Yjl -< 1 R•, and I z - z• I _< 1 R•. The size of data 
boxes in Z direction (2 R•)'was intentionally assumed 
twice that for the 'cells (1 R•), so that each data point 
actually contributed to two adjacent cells and provided 
a "sliding" averaging of the data across the plasma 
sheet, which reduced irregular fluctuations in the re- 
sultant model field and current density. The density 
distribution of the data points over the grid is shown 
in Figure 2. Regions with a poor coverage by Geo- 
tail (with the number of data points per cell less than 
100) are separated by a thick white line in the plot; the 
magnetic field distribution could not be accurately de- 
termined in those areas and hence those regions were 
eliminated from the study. 

For each grid point the parameteres {ai• -- {x, y, z, by, 
b•, •, p• are to cover more or less uniformly the param- 
eter space near the point b• -- 0, b• -- 0. ß - 0, and 
p - (p). In order to check this requirement, we have 
calculated the average values of parameters (a•lj• -- 
• a•,j•/N• for each grid point {xj, y•, their dispersion 
at each grid point a•(a•) -- •-•(ai,j•-(aiij•):/Nj•, and 
compared the dispersion of average values cr2((ai)j•) -- 
•-•((ai)jk- ((ai)j•))2/(NN x MM) with the average 
j,k 

value of dispersion (erj• (ai)) -- E erj•(a•)/(NN x MM). 
j,k 

Here Nj• is the number of measurements near the grid 
node (xj,y•, NN x MM is the total number of grid 
nodes, and ((ai>jk> -- E(ai)jk/(NN X MM).The re- 

j,k 

suits are listed in Table 1. The parameter space near 
the point {0, 0, 0, (p}} is covered uniformly if ((ai}jk) < 
o'((a•)•k) < (O'•k(a•)}. One can see that this condition 
holds for the solar wind parameters (the IMF and the 
dynamic pressure). There is some violation of the cov- 
erage symmetry for the tilt angle due to the seasonal 
dependencies (the tilt angle is predominantly negative 
for Geotail crossings). Therefore we performed a special 
check for the tilt angle control of the magnetic field and 
electric current distributions (see Figure 5a and discus- 
sion in section 3). 

Table 1. Comparison of Dispersion of Average Values 
With the Average Value of Dispersion 

) 
b•, nT -0.10 0.60 2.90 
b•, nT 0.00 0.40 2.50 
sin ß -0.19 0.17 0.17 

p- (p), 10 -s dn cm -2 0.00 15.60 66.50 
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Figure 3. Measured magnetic field components against 
their calculated values. 

3. Results 

The calculated distributions of the magnetic field 
and electric current density components are shown in 
Plate I for by - bz - 0, ß - 0, and p - (p). Our 
method was based on several simplifying assumptions 
of which the most serious one is the linear variation of 

the magnetic field components as functions of the vari- 
ables •x,y, z, by, bz: •,p). For that reason we need to 
verify our results. A simple verification method is to 
compare the values of the field components, predicted 
by (1), with the measured ones. 

Figure 3 shows the plots of the measured magnetic 
field components B? s against their values B? ød, cal- 
culated from (1) using the obtained set of values of the 
parameters Bi and OBi/Oxk at the grid nodes. Individ- 
ual points in the plots correspond to the values of B? s, 
averaged over 2 nT bins of B• ød, the vertical bars rep- 
resent the data scatter, and the dashed lines are best 
linear fits. The agreement between the measured mag- 
netic field components and their values, predicted by 
the discrete linear model (1), is fairly good. The corre- 
lation coeificients for Bx, By, and B• components are 
0.88, 0.8, and 0.7, respectively. 

Another way to check the consistency of our re- 
suits is to compare the values of the spatial deriva- 
tives •Bi (yj, zk)/•Xm }, entering in (1) and obtained 
by minimizing the merit function (2), with those calcu- 
lated directly from the node values (B•(yj, z•)} as, for 
example, (Bi(yj, z•+z) - B•(yj, z•_z))/2A•. If our pro- 
cedure is valid, then both values should be nearly equal. 
Figure 4 shows the scatterplot of the derivatives calcu- 

-10 l , • ,I , 
-10 -5 0 5 10 

Derivatives obtained by minimization 

Figure 4. Magnetic field derivatives calculated 
from the magnetic field distribution (Bi(yj,z•+•)- 
B•(yj,zk_z))/2A• plotted ag•nst the derivatives 
c•Bi(yj,z•)/•z obtained by minimization of the merit 
function (2). 
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Plate 2. The distributions of the electric current density components calculated from the mag- 
netic field distribution. 
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lured as (B,(yj, zl•+l) - Bi(yj,zl•_l))/2/kz against the 
derivatives OBi(yj, z•)/Oz, obtained by minimizing (2). 
The two sets of derivatives agree fairly well, with the 
correlation coef[icient r - 0.8. Plate 2 shows the elec- 

tric current density calculated from the node values of 
{Bi(yj, z•)) as curl B under assumption that O/Ox - O. 
Again, these distributions fairly well agree with the dis- 
tributions obtained by minimizing the merit function 
(Plate 1). 

Finally, knowing the node values B• nøa and the deriva- 
tives OB•/Oby, OB•/Obz, and OB•/Osin• allows us to 
calculate the magnetic field distribution and hence the 
position and shape of the cross-tail current for any given 
values of the tilt angle • and of the IMF by and bz. 
The response of the tail current sheet to those param- 
eters was addressed and revisited in many papers since 
early studies of the tilt-related warping [e.g., Russell 
and Brody, 1967] and of the IMF-induced twisting [Rus- 
sell, 1972] of the tail current. 

Both these effects are clearly observed in our model 
distributions. Figure 5a shows the position of the 
current sheet for • = -15 ø, and Figure 5b displays 
the twisting effect for by = 5 nT. (However, we did 
not find any significant effect of the IMF b• upon the 
shape/position of the current sheet.) We compared 
these results with the warping/twisting effects found 
by Tsyganenko et al. [1998] from Geotail and ISEE 2 
data. Dashed lines in Figure 5 show the current sheet 
position given by that model. Again, the agreement be- 
tween the independently obtained results is fairly good. 
Hence we conclude that our results can be used for fur- 

ther analysis. 
The distribution of the axial component jx of the 

electric current density (Plate lb) shows that there is 
an antisunward electric current along the tail axis. This 
current is significant compared to the background of 
the antisymmetric distribution of jx with jx < 0 for 
y < 0 andjx > 0 for y > 0. The antisymmetric part 
of jx is due to the geomagnetic tail flaring, manifested 
in the finite By component in the tail. For z > 0 the 
By component associated with the flaring is negative 
for y > 0, and positive for y < 0, while for z < 0 
both Bx and By reverse their sign. This behavior of 
the By component can be clearly seen in Plate lc. It 
corresponds to an antisymmetric distribution of jx, so 
that jx < 0 for y < 0 and jx > 0 for y > 0. As 
clearly seen in Plate lb, this symmetry is violated due 
to an additional antisunward current. As a result, the 
location of the reversal of the total jx is shifted toward 
positive y, and the negative current at the morningside 
(y < 0) is nearly twice stronger than the positive one 
at the eveningside of the tail. The effect can also be 
seen in the plot of jx = jx(Y) (for z = 0), shown in 
the top panel in Figure 6 by a solid line. The bottom 
panel shows the result of separating the profile of jx 
into antisymmetric (associated with the tail flaring) and 
symmetric parts (dashed and solid lines, respectively). 
The latter may be tentatively identified with the Hall 

current in the tail, which closes through the ionosphere 
near the midnight meridian and results in the electric 
current configuration, schematically shown in Figure 1. 

The upper limit for the Hall current density can be 
roughly estimated by assuming that all ions entering in 
the tail plasma sheet remain unmagnetized (and hence 
do not participate in the earthward electric drift), while 
the electrons are fully magnetized. The resultant an- 
tisunward current in the central plasma sheet equals 
•x • necEy/B•. Taking Ey • 1.5 x 10 -4 V m -1, corre- 
sponding to the potential drop of 50 kV across the tail 
width of • 50 RE, the plasma density n • 0.1 cm -a, 
and B• • 1 nT, we obtain the upper limit for the Hall 
current •x • 2.3 nAm -2, which does not contradict our 
model result • • 0.5 nAm -•'. 

The total axial current Ix through the cross section 
obtained by the integration of our •x distribution equals 
1 MA. If one assumes that the entire current closes 

through the night sector of the ionosphere between 22 
and 02 magnetic local time and the latitudinal width of 
the field-aligned current sheet is • 1 ø, the resultant vol- 
ume density of the field-aligned current is 5/•A m -2, in 
good agreement with the currents observed at low alti- 
tudes. Thus we conclude that the Geotail magnetic field 
data reveal the existence of the electric current, flowing 
along the geomagnetic tail axis and closing through the 
night sector of the auroral zone. 

The antisunward Hall current along the geomagnetic 
tail axis should grow with the convection electric field 
Ey. This implies that the current should be stronger for 
negative interplanetary magnetic field, as the cross-tail 
potential drop increases. This effect can be clearly seen 

(a) 
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Figure 5. Distributions of the Bx. component in the 
geomagnetic tail (x = --20RE) for (a) the tilt angle 
ß = -150 and for (b) the IMF component by = -5 nT. 
Thick solid line shows the position of the neutral sheet. 
Dashed line corresponds to the neutral sheet position 
obtained in the model calculations of Tsyganenko et al. 
[1998]. 



25,926 ISRAELEVICH ET AL.' ELECTRIC CURRENT IN GEOMAGNETIC TAIL 

0.3 

0.2 

0.1 

0.0 

.0.1 

-0.2 

-0.3 

-0.4 

-0.5 

-0.6 

-0.7 -- 

-0.8-- 

-0.9 
-20 

0.3 

I I 
-lO o lO 20 

Y (Re) 
I 

0.2 .... - x .. 

0.1 

0.0 A t 
-0.1 

.0.2 

-0..3 

-0.4 

-o.5 ,, I I , I ,, ,,, 
-20 -10 0 10 20 

Y (Re) 

Figure 6. (top) Dawn-dusk profiles of the axial component of the electric current density jx(Y) 
for z - 0. Solid line corresponds to the model distribution of the electric current density for IMF 
bz - 0. Dashed line gives the same dependence for IMF bz - -5 nT. (bottom) Symmetric (solid 
line) and antisymmetric (dashed line) parts of the model profile of ix(Y) for IMF bz - O. 

from the obtained distributions of the electric current 

density. We calculated jx for different values of bz from 
the distributions B(x0, yj, zk, b•) = B(x0, yj, zk, O) + 
(OB/Obz)bz. Results for bz = -5 nT are shown in the 
top panel of Figure 6 by dashed lines. The axial current 
density increases by 50%, as the IMF bz drops from 0 
to-5 nT. 

4. Conclusion 

Using Geotail magnetometer data, we obtained distri- 
butions of the magnetic field and electric current density 
and their response to both the tilt angle of the Earth's 
magnetic dipole and to the by and bz components of 
the interplanetary magnetic field. These distributions 
have been derived directly from the data, without any 
ad hoc assumptions on the configuration of the electric 
current. Well-known features, such as the current sheet 

warping for tilted orientation of the geodipole and the 
current sheet twisting around the x axis, induced by the 
y component of the IMF, are reproduced correctly. The 
current sheet position is not affected by the bz compo- 
nent of the IMF. 

Th,• distribution of the jx component of the elec- 
tric current density reveals both the current, associ- 
ated with the geomagnetic tail flaring, and the anti- 
sunward Hall current. The axial antisunward current 

closes through the midnight sector of the auroral zone 
and corresponds to the upward field aligned current, 
observed near the Harang discontinuity. 
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