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The electric field in the magnetosphere is patchy and irregular because of 
the presence of plasma irregularities. 
1. There are charge separation electric fields of the order of several mV 1m 

at the edges of plasma clouds. These microscopic electrostatic fields are 
perpendicular to the interface between regions filled with plasmas of 
different densities, temperatures or compositions. They are confined in 
thin double layers and have in general components parallel and 
perpendicular to the local magnetic field. 

2. Secondly, there are convection electric fields arising from the bulk 
velocity of plasma irregularities with respect to the average background 
plasma. Impulsive penetration of magnetosheath plasma filaments is a 
source for these plasma irregularities and for their relative motions in 
the Plasma Boundary Layer. The distribution of these small scale 
convection electric fields is as patchy as the Iplasma distribution itself; 
their intensity is of the order of ImV 1m. 

3. The third category of electric field is the large scale convection electric 
field (associated with corotation and overall motion of the magneto
spheric plasma). Its intensity is lof the order of 0.5 mVm (or less) in the 
vicinity of the magnetopause. High latitude pressure gradients in the 
atmosphere and momentum transferred impulsively from intruding 
solar wind plasma irregularities to the ionosphere determine "the two
cells circulation in the polar ionosphere, and, consequently, influence 
the large scale flow pattern in the outer magnetosphere. The simple 
dawn-dusk electric field model, and the more detailed E3H electric field 
model, are two examples wh ich can be tested with ATS 5 & 6 or other 
in situ space-craft observations. 

4. Finally there are induced electric fields which are produced by time 
variations of the local magnetic field intensity. The daily wobble of the 
decentered and tilted magnet ic dipole is a cause of induced E-field in 
the magnetosphere. Solar wind kinetic pressure vari ations at the 
magnetopause is another source of induced E-fields. The format ion and 
decay of a R ing Current in the magnetosphere causes also time varying 
magnetic fields in the outer magnetosphere. 

Keywords: Electric Field-Distribution; Magnetosphere; Plasma Irregulari. 
ties; Ring Current. 
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ELECTROSTATIC FIELDS 

THE first magnetospheric electric field was deduced by Axford and Hines (1961) 
-from high latitude phenomena and geomagnetic storm observations. Figure I 
shows the equatorial cross-section of constant potential surfaces (rP=ct) for this 
·electric field distribution. The electric field intensity is given by 

E = - grad rP ••• (1) 

It can be seen that the largest electric field intensities are concentrated in the 
post-midnight sector where the spacing between constant if> curves is the smallest. 
Furthermore, according to this first theoretical model, the last closed equipotential 
,extends up to the magnetopause, It became evident after 1961 that the plasma is 
corotating in the inner magnetosphere (inside the circle L = 4 of Fig. 1). The 
prevailing electric field at L < 4-5 is equal to the classical corotation electric field 
as described by Hones and Bergeson (1965) . Whistler observations as we11 as 
incoherent radar measurements at low and mid-latitudes have been used to 
·determine the equipotential curves in that inner region of the magnetosphere . 
. Fig. 2 shows the constant lines for L = 5 as deduced by Richmond (1976). 
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:FIG. 1. Equatorial cross section of the magnetosphere. The solid lines correspond to equipo
tential contours of the Axford and Hines (1961) electric field model deduced from 
high latitude and geomagnetic-storm observations. Note the large electric field 
intensity in the post-midnight local time sector. 

Using whistler observations, Carpenter discovered in 1963 a characteristic knee 
in the equatorial density distribution (see lower panel of Fig. 3). This sharp 
·discontinuity in the cold plasma profile was called the plasmapause_ 
The plasmapause is a field aligned boundary which resembles a doughnut 
encircling the earth. The local time dependence of the equatorial section has been 
determined by Carpenter (I 966) from whistler measurements. It is shown by dotted 
Jines in Fig. 4. It can be seen that it has a characteristic dawn-dusk asymmetry 
indicated by a bulge in the dusk local time sector. 

To account for this bulge and for the tear drop of the plasma pause, ad hoc 
magnetospheric electric fields were introduced in 1967 by Brice and by Nishida 
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(1966). The last closed equipotential of their E-field models simulates the local 
time dependence of the actual plasmapause. A simpler version of this new type of 
,electric field is the uniform dawn-dusk E-field whose constant :cf> curves are shown 
in Fig. 4 by dashed lines. 
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18 LT 
FIG. 2. Equatorial cross section of the inner magnetosphere. The solid lines correspond to 

equipotential contours deduced by Richmond (1976) from ionospheric plasma drift 
velocities obtained at low latitude incoherent scatter and whistler observing stations. 
Note that the closed equipotential contours do not differ much from those of the 
corotation electric field, for L < 5. 

The position of the stagnation point in this analytical E-field model is a 
mathematical singularity which determines the position of the last closed 
equipotential and, presumably, the plasmapause according to the theory of Brice 
(1967), Nishida (1966) and Kavanagh et al. (1968). Indeed plasma convecting with 
the electric drift velocity 

VE = E X B/B2 ... (2) 

is corotating and trapped on closed streamlines parallel to the constant cf> lines. 
However, plasma convecting parallel to open equipotentials eventually crosses the 
magnetopause at the frontside and escapes as described by Nishida (1966). A 
diffusive equilibrium density distribution can, therefore, build up inside the last 
closed equipotential surface, but not outside. Hence, 'the plasmapause knee could 
result in such an E-field provided there is somewhere a stagnation point where 
E and V E are equal to zero. 
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FIG. 3. The upper panel shows observed whistler frequencies vs. time. The nose frequencies 
(fn) vs. propagation times (In) are plotted in the central panel. The lower panel 
shows the equatorial plasma density (N) [: deduced from the propagation time (tn)], 
vs. the equatorial distance (L) [: deduced from the corresponding whistler nose 
frequency (fn)] [after Carpenter. (1963)]. 

In 1972, Mc IIwain deduced an empirical magnetospheric electric field which 
fits his observations of electrons and ions made on board ,the ATS5 spacecraft at 
geostationary orbit: i. e., for L = 6.7. Two years later, Mc IIwain (1974) confirm
ed and refined his electric field model which is shown in Fig. 5. 
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FIG. 4. Equatorial cross section of the magnetosphere. The dashed Jines are equipotential 
contours of the uniform dawn-dusk electric field introduced by Kavanagh et aI. 
(1968). The -solid line is the last closed equipotential contour. The equatorial 
location of the plasmapause deduced from Whistler observations by Carpenter (1966) 
is indicated by dots. The average plasrnapause position deduced from 000 5 
observations by Chappell et al. (1971) is given by crosses. 

It is interesting to note that this empirical field model resembles more closely to 
the early model of Axford and Hines (Fig. 1) than the uniform dawn-dusk model 
(Fig. 4). Indeed the E3H model has also a large intensity in the post-midnight 
sector which implies super rotation for L > 4 between 0000 Lt and 0600 LT. 
Recent incoherent radar observations support well this prediction. 

Furthermore, as in the model of Axford and Hines, the last closed equipoten
tial surface extends up to the magnetopause, or at least up to the Plasma 
Boundary Layer. 

Fig. 6 shows ATS6 spectrograms obtained at geostationary orbit for steady 
geomagnetic conditions (Kp = 1-2). Fig. 7 has been drawn with the same scale 
as Fig. 6. The solid line in Fig. 7 shows the calculated Universal Times for which 
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ATS6 should have detected particles of a given energy, assumed to have been 
injected at the inner edge of the Plasma Boundary Layer and to have drifted 
subsequently in the E3H electric field shown in Fig. 5. It is remarkable how well the 

-.traces in Fig. 7 fit the actual edge of the bright area in the spectrograms of Fig. 6. 
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F IG. 5. Equatorial section of the magnetosphere. The dashed lines are equipotential contours 
of Mc llwain E3H electric field model deduced from ATS5 spectrograms during 
quiet geomagnetic conditions (Kp =I-2). The shaded area is the cross section of the 
region containing closed E x BI B' convection streamlines. Note that the convection 
electric field intensity has a maximum in the post-midnight sector 'as in the Axford 
and Hines (1961) model. 

The dotted line in the lower panel 'corresponds to the Universal Times (or 
Local Times) for which energetic protons emitted at the Plasma Boundary Layer 
,or in the magneto tail reach ATS 6 orbit after having passed through tl).e denser 
.regions in the magnetosphere at smallest L-values. Particles on such orbits are 
Jikely to have been scattered and will be absent in the observed spectrogram. It 



ELECTRIC FJELD DISTRIBUTION IN THE MAGNETOSPHERE 

is interesting to see that the dark oblique strip seen in the lower part of Fig. 6 
follows rather accurately the dotted line in Fig. 7 corresponding to the particles 
with the deepest penetration in the magnetosphere . This leads us to the conclusion 
that, at least for a geomagnetically quiet day, the E3H field model approximates 
satisfactorily the actual magnetospheric electric field distribution (Lemaire & 
Me Ilwain, 1980). 
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FIG. 6. Electron and ion spectrograms obtained with the UCSD detectors on board ATS6, as 
a function of Universal Time, for the day 19 July 1974. Fluxes of electrons and ions. 
for a given energy and at a given Universal Time (or local time: LT = UT-6.33) are 
highest in the brightest areas. The magnetic field intensity (B) along the ATS6 
geostationary orbit is shown in th~ upper panel. 

Electric field models iike those of Figs. 1 or 5 allow for the source of newly 
injected particles detected at geostationary orbit to be located somewhere along 
the dusk flank of the magnetopause or of the Plasma Boundary Layer. On the 
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contrary, an electric 'field of the type shown in Fig. 4 does not allow ma.gneto
sheath particles to drift.4irectly in the inner magnetosphere from the frontside 
or duskside of the magneto pause. For a uniform dawn-dusk E-field model. 
substorm injected particles necessarily have their source somewhere down the 
magnetotail. 
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rIG. 7. Characteristic boundaries in ATS6 energy spectrograms. Solid curves separate energies 
of trapped particles from those of particles injected into the magnetotail or drifting 
in from the Plasma Boundary Layer. Mc Ilwain's E3H electric field distribution is 
assumed in the calculation of the drift paths of electrons and ions in the equatorial 
plane of the magnetosphere. For example, -an electron of 1 KeV,detected along ATS6 
geostationary orbit at 0400 UT (or 2140 LT), was drifting eastwardly on a closed tra
jectory. i.e., a drift path not intersecting the magnetopause; however, the electrons of 
the same energy ( + 1 KeV) observed beyond 0450 UT (or 2230 L T) have been injected 
somewhere at the Magnetopause, at the Plasma Boundary Layer. or down the Tail. 
Protons of energies larger than 30 KeV dr ift westwards on closed trajectories. The 
dolled lines (16 LT and 19 LT) give the U1's (or L 1's) for wh ich particle of a given 
energy and injected at 16. LT and 19, LT along tae magnetopause, are actually 
detected at the ATS6 geostationary orbit. The dottej curve gives the energies of 
particles with the deepest penetration in the magnetosphere. Particles of these energies 
are most likely to be scattered and m issing in the A TS6 spectrograms. 

Of course, all these static electric field models would be expected to match 
.all ATS 5 and 6 observations, especially for geomagnetical1y disturbed days. 
Under disturbed conditions, ATS 5 and 6 spectrograms are very much irregular 
.and are hardly interpretable in terms of any electrostatic field distribution. 
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TIME-DEPENDENT ELECTRIC FIELDS 

When the magnetic field intensity at ground and in the magnetosphere changes. 
because of some variation in the solar wind flow, induced electric field are 
produced in the magnetosphere. These time-dependent electric fields satisfy 
Maxwell's equation 

8 B - = - curl E 
8 t 

... (3) 

The importance of such E-fields has been emphasised by Heikkila and Pellinen 
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.FIG. 8. Induced electric field intensities at geostationary orbit produced by the diurnal rota
tion of the tilted magnetic dipole. The component of the induced electric field vectors 
have been evaluated at geostationary orbit for a point at zero longitude. [after 
Mroz et at., (1979)]. 
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Fig. 10 shows for example the electric potential distribution required in a 
,collisionless model to maintain quasi-neutrality (and satisfy Poisson's equation) 
,everywhere along a cleft magnetic flux tube filled from below with cold iono
spheric 0+ & H+ ions and electrons; warm magnetosheath like electrons and 
,protons are injected from the top. The maximum parallel electric field generated 
in the double layer at 22,000km altitude is 100 mV/m. Parallel electric fields of 
this nature and of this intensity have probably been observed recently in the 
.magnetosphere (see Mozer, 1980). 
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F IG. 10. Electric potential distribution along a dipole magnetic flux tube filled from below 
with cold ionospheric ,plasma and from above with warm magnetosheath like plasma. 
The field al igned electric potential has a sharp gradient between 20000 and 3OO00km. 
The resulting large parallel electric field is necessary to maintain quasi-neutrality iD 
the cold and warm interacting plasmas [after Lemaire & Scherer, (1978)]. 

Fig. 11 illustrates another physical mechanism which produces patchy and 
time-dependent electric fields in the magnetosphere. Indeed, let us consider a 
plasma density irregularity in the equatorial region of the magnetosphere, and 
·assume that the electric field far outside this plasma element is zero (or that we 
are in a frame of reference moving with the convection velocity of the external 
plasma). The electrons and ions trapped inside this field aligned volume element 
will drift in opposite direction under the action of the gravitational force m i (e)g., 

.and will give rise to polarization charges at the eastern and western edges of the 
:plasma irregularity. A charge separation electric field builds up in the vicinity of 
this plasma element, and produces an E x B/ B2 drift in the direction of the total 
.applied force V 6 nmg applied to the excess of mass V 6 nm stored in the plasma 
density irregularity (Longmire, 1963). If the magnetic field lines passing through 
t his plasma element would be rooted in a perfectly insulating atmosphere, the 
;plasma irregularity would be accelerated indefinitely in the direction of the total 
f orce. Consequently, if, ideally, the integrated Pedersen conductivity (Ep) were 
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FIG. 11. lIJustration of the charge separation electric field produced in the vicinity of a cold 
plasma density element by oppositely directed gravitational drifts of electrons and 
ions (after Lemaire, 1975). The maximum electrostatic potential difference that can 
build up between the east and west sides of the plasma element is determined by the 
value of the integrated Pedersen conductivity (1: p) in the ionospheric E-region. The 
resulting plasma interchange velocity (VIC) is directed parallel to the external force 
( D. nm g) and its maximum value is inversely proportional to 1:p• 

-equal to zero, the electric field intensity inside the plasma volume keeps increasing 
.and its bulk speed would grow at the rate: 

dv = g ... (6) 
dt 

However, the ionosphere is not an ideal insulator and Pedersen currents leak 
through the E-region and discharge the potential difference between the two sides 
of the plasma element. Therefore, a constant fall velocity is eventually reached 
for which the loss rate of potential energy is equal to the rate of louIe 
·dissipation in the ionosphere (EpE/2). It can be shown that this maximum 
plasma interchange velocity (VIC) is proportional to the excess of mass (V !:::,. nm) 
.and inversely proportional toEp. 

Therefore VIC is zero when!:::,. n = 0 or when E p ,= OCI ( i. e., for a supercon
-ducting ionosphere). 

From this example, it can be concluded that external forces (gravitational, 
-centrifugal or inertial) can produce irregular and time dependent electric fields in 
the magnetosphere. But curvature drift and gradient-B drifts can also generate 
similar charge separation E-field inhomogeneities. Conversely, any wind motion 
or electric field in the ionosphere can map up in the magnetosphere. This can be 
another major source of patchy and fluctuating E-field in the Earth's magneto
:sphere. 

CONCLUSION 

In conclusion, it can be said that there are plenty of mechanisms which can 
contribute to make the magnetospheric E-field much less uniform than has often 
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been assumed. In view of the variety of such mechanisms, it is even. 
surprising that the static E3H electric field model does in fact fit the observa
tions of Fig. 6 so well. Of course, the present observations were made during 
steady and quiet geomagnetic conditions typical for which the E3H model was. 
originally designed for. 
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