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RESEARCH NOTES 

IMPULSIVE PENETRATION OF FILAMENTARY PLASMA ELEMENTS INTO 
THE MAGNETOSPHERES OF THE EARTH AND JUPITER 

(Receiwd 14 February 1977) 

Ah&act-Assuming that the solar wind plasma is usually non-uniform over distances of 10,000 km or 
less, it is shown that filamentary plasma elements stretched out from the Sun can penetrate impulsively 
and become engulfed into the magnetosphere. 

The diamagnetic effects associated with these plasma inhomogeneities are observed in outer 
magnetospheres and magnetosheaths as dips or directional discontinuities in the magnetic field 
measurements. From the mean penetration distances of these diamagnetic plasma elements one can 
deduce a mean deceleration time, as well as an approximate value of the integrated Pedersen 
conductivity in the polar cusp of the Earth and Jupiter. 

INTRODUCIlON 

From high resolution interplanetary magnetic field meas- 
urements and from plasma observations it can be deduced 
that the solar wind is usually non-uniform over distances 
much smaller than the diameter of the magnetosphere 
(i.e. <20,000 km) and that the solar wind Bow is not 
steady over time periods smaller than the time to be 
transported past the magnetospheric cavity (i.e. <2000 s). 
Therefore current theories for the formation of the mag- 
netopause, based on the assumption that the incident 
solar wind is uniform and steady might be oversimplified. 

Assuming that the solar wind is a mass of intertwined 
filamentary structures or plasma inhomogeneities 
(McCracken and Ness, 1966; Hewish and Symonds, 1969) 
with transverse dimensions of 10,000 km or less, Lemaire 
and Roth (1976) have proposed a new theory for the 
penetration of solar wind plasma into the magnetosphere 
of the Earth. The new mechanism proposed is based on 
continual impulsive injections of magnetosheath plasma 
elements; this concept can be applied to other Earthlike 
planetary magnetospheres. The penetration mechanism is 
briefly described in the next section. 

In the following sections the deceleration time of these 
intruding elements is calculated, and the integrated 
Pedersen conductivity for the polar cusp of the Earth and 
Jupiter is deduced from the average penetration distances 
of the plasma elements. 

TBE PENETRAllON OF A TYPICAL 
PLASMA ELEMENT 

Consider a field aligned plasma element confined in a 
fluxtube extending out from the Sun, as described by 
Gold (1959). If this element is convected with the solar 
wind velocity (w) and if it has an excess density (ii + An.) 
compared to the surrounding medium (ii), the element of 
plasma has then an excess momentum compared to the 
average solar wind in a stationary frame of reference, i.e. 
planetocentric. The solar wind plasma and the plasma 
element will both be compressed and decelerated as they 
pass through the bow shock and the magnetosheath. At 
the magnetopause (considered here as a tangential discon- 
tinuity) the component, w,, of the solar wind velocity 
normal to the magnetopause surface., is zero. When the 
plasma element reaches the magnetopause, its velocity, u. 

is non-vanishing. As a consequence of conservation of 
momentum, the penetration velocity through the mag- 
netopause is 

An. 
u.=w- 

ii+An, 

At any location where such filaments encounter the mag- 
netopause surface, they will produce depressions (or 
bumps, if An, CO), as illustrated in Fig. 1, where the 
shaded area represents a meridional cross section of the 
filamentary plasma element stretched out of the Sun. In 
this illustration we have assumed that the magnetic induc- 
tion (B,) inside the element is nearly parallel to the 
Archimedean spiral direction. 

As described by Lemaire and Roth (1976), the plasma 
confined in this fluxtube will penetrate impulsively into 
the magnetosphere. Since it moves in the outer mag- 
netosphere across a northward magnetic field (B,) with a 
relative velocity (v.) it sets up a convection electric field 
(E, = -v,x B,) creating a negative polarization charge 
on the western edge of the intruding fluxtube, and a 
positive charge on the eastern edge (see Fig. 2a). These 
charges are carried away from the boundary region by 
Birkeland currents flowing along magnetosphehc field 
lines rooted to the Earth’s ionosohere (see Fie. 2b). The 
intensity of these. parallel currenk (and‘conse&ently the 
rate of removal of the polarization charges) is limited by 
the finite value of the integrated Pedersen conductivity 
(P,), so that for a larger P, the Birkeland currents (J,,) will 
be larger; the rate of decrease of the induced electric field 
E,, will be faster and the braking of the inward velocity 
v, will be stronger. Note that in the limit of the MI-ID 
approximation (Xp = 03) the mass element would not be 
able to penetrate through the boundary of an infinitely 
conducting magnetosphere. This implies that the Peder- 
sen conductivity regulates the rate of deceleration (dv,/dt) 
of the penetrating solar wind plasma elements. 

ESTIMATION OF TBE CHARACI’ERISTIC 
DECELERATION TIME 

The kinetic energy density (?nempo,*) of the absolbed 
particles is dissipated in Joule heatmg of the polar cusp 
atmosphere. The characteristic deceleration time (7s) is 
obtained by balancing the rate of Joule dissipation, &,Ei2 
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FIG. 1. ~~ERIDI~NAL SECTION OF 7-m MAGNETOSPHERE 

AND A TYPICAL WTRIJDENT PLASMA ELEMENT. 

(where Ei is the projection of E, in the ionosphere) and 

the time variation of the kinetic energy integrated over 
the volume V of the magnetospheric flux tube crossing 
the plasma element (see Fig. 2b). An order of magnitude 
for 7s can be obtained from 

72= 
16L61n,mp 

“2.2 ’ (2) 

where L is McIlwain’s parameter of the field lines con- 

(b) 
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FIG. 2. Dnmrrrrt ONS OF VJICTOR FIELDS. 

netting the plasma element and the ionosphere; Bi is the 
local magnetic induction in the ionosphere; I is the diame- 
ter of the plasma inhomogeneity along the field line L. 

DISTANCE OF PENETRATION 

The distance (Ax) travelled by an inward moving solar 
wind mass element during the exponential deceleration 
time (7s) is equal to 

Ax = 0.360,~~. (3) 

An average penetration distance (hx) of absorbed plasma 
elements can be deduced from the average position of the 
diamagnetic signatures observed in magnetograms from 
&e outer magnetospheres. For the Earth’s magnetosphere 
Ax is approximately 2 RE or 13,000 km. For a given 
avera e solar wind density and bulk speed (A= 
Scn- B ; w = 400 km s-‘) one can estimate the penetration 
velocity (v,) at the magnetopause of an element with an 
excess density An.: equation (1). Considering that 
AnJti = 5% is a reasonable mean value one obtains t7= = 
20 km s-’ (Table 1). From equation (3) one deduces an 
average value of 7s = 1800 s (30 min). Considering that 
the element is at 10 RF: when it penetrates through the 
magnetopause (I_ = 10) one can calculate Bi, the magnetic 
field intensity in the ionosphere: Bi = 6.2 X lo-’ T. From 
the scale lengths of interplanetary magnetic field ir- 
regularities, it can be concluded that a significant number 
of filaments have thicknesses of 10,000 km or less (I- 
10,000 km). Using equation (2) we are able now to calcu- 
late an approximate value for the Pedersen conductivity 
of polar cusp field lines: I, = 0.2 Siemens (see Table 1). 
This corresponds well with the value of 2, usually given 
for the high latitude regions of the Earth (Chapman, 
1956, Hanson, 1961). 

From the average penetration distancef plasma ele- 
ments in the magnetosphere of Jupiter (Ax= I5 RI, de- 
duced from Pioneer 10 and 11, Smith et al.. 1975) and 
other reasonable values of ri, w, L, 1, and An,lti (re- 
ported in Table 1) one finds I,, = 0.02 Siemens for the polar 
cusps of Jupiter. 

According to these calculations the value of the integ- 
rated Pedersen conductivity is 10 times smaller in the case 
of Jupiter than for the Earth. As a consequence plasma 
interchange motion and Joule heating are probably more 
important in the Jovian than in the terrestrial magnetos- 
pheres and ionospheres. 

TABLE 1. DETERMINATION OF THE WITGRATED PRDERSEN 

CONDUCrIVITY IN THE POLAR CUSP OF THE EARTH AND 
JUPITER 

Earth Jupiter Units 

G 2 15 Planetary radius 
A 5 0.2 crnm3 
6 400 400 km set-’ 

An,lA 5% 5% - 

& 20 20 km sec. ’ 
72 1,800 I.5 x lo5 9.X 

L 10 50 Planetary radius 
1 10,000 100,000 km 

Bi 6.2 x IO-’ 1o-X Tesla 
2, 0.2 0.02 Siemens 
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BELAlTON BElWBEN T?iE MAGNETIC FIELD INSIDE 
AND OU’IMDE A PLASMA ELE- 

When a plasma inhomogeneity is embedded in an ex- 
ternal magnetic field H, the measured magnetic induction 
inside this element is given by 

B,= PO(H+W (4) 

where CL,, is the permeability of free space, and M, is the 
magnetic polarization vector resulting from diamagnetic 
currents (LJ,) flowing along the plasma boundary surface . _. 
(the notations of Stratton, 194i, p. 11, have been used; 
see also Soitxer. 1956. D. 25): H is the sum of the fields 
due to the Earth’s dipole and due to distant current 
systems; M, is related to Jd by 

curl M. = & (5) 

and contributes to modifying the actual magnetic induction 
measured inside the finite plasma element (see Fig. 2~). 

Close to the magnetopause, where f3 (ratio of kinetic and 
magnetic pressures) is of the order of unity, and where the 
magnetospheric field intensity B, (= roH) is relatively 
small, the diamagnetic field p& can be of the order of 
magnitude of B,. Therefore, near the magnetopause, 
one can expect large differences in the magnitudes and 
directions between B, (measured outside the element) 
and B, (as measured inside the plasma inhomogeneity). 

However, deeper into the geomagnetic field where B, 
becomes much larger than &, these differences be- 
tween the magnetic induction outside and inside the tila- 
ment become progressively smaller as is actually observed 
in the outer magnetosphere of the Earth and Jupiter 
(Fairfield, 1976, personal communication; Smith ef al., 
1975; Kivelson, 1976). 

T?iE PLASMA BOUNDARY 

The boundary surface separating the plasma and the 
external region is a directional discontinuity in the mag- 
netosphere (Burlaga, 1968). It can be either a tangential 
discontinuity or a rotational discontinuity depending on 
the angle between N, the normal to the surface layer and 
the external field direction B,. Where N is perpendicular 
to B,, (i.e. N - B, = N * B, = 0) the boundary is a tangen- 
tial discontinuity, and the magnetic field lines inside and 
outside the element are both parallel to the surface of 
separation (Fig. 3a). However, where N- B,#O, the 
boundary is a rotational discontinuity, and the magnetic 

(b) 

FIG. 3. TANGW~AL AND ROTATIONAL DlXON-TlNUITlES AT 

THE PLASMA BOUNDARY. 

x0--- 

FIG. 4. MAGNETOSPHERE wrm PARTIALLY ENOULFED 

PLASMA ELEMENT AS SEEN FROM DIRECTION OF THE NORTH 
POLE. 

field lines penetrate the surface of separation (Fig. 3b). It 
is through these positions of the engulfed plasma bound- 
ary where N * B, # 0, that particles of solar wind origin 
can leak into the external region and be precipitated or 
become trapped along closed magnetospheric field lines. 
Conversely, magnetospheric particles can drift into these 
solar wind tlux tubes through these same places. Since the 
filamentary plasma elements still bulge out of the mag- 
netosphere, as illustrated in Fig. 4, magnetospheric parti- 
cles can be guided along these channels and escape out of 
the magnetosphere of the Earth or Jupiter. Energetic 
electron spikes of terrestrial origin have indeed been 
observed upstream in the interplanetary medium (Ander- 
son, 1968). On the other hand, Chenette er al. (1974) and 
Teegarden et al. (1974) have also detected energetic 
electron bursts of Jovian origin in solar wind flux tubes at 
1 A.U. from Jupiter. 

CONCLUSIONS 

Evidence for continuous injection of filamentary plasma 
elements into the magnetosphere of the Earth and Jupiter 
has been presented. The impulsive penetration and subse- 
quent deceleration of these intruding plasma elements has 
been discussed. 

From the average penetration distances and decelera- 
tion times, approximate values of the integrated Pedersen 
conductivity in the terrestrial and Jovian polar cusps have 
been deduced. The diamagnetic effect due to the ab- 
sorbed plasma filaments is observed in the outer regions 
of planetary magnetospheres. Trapped magnetospheric 
electrons (240 keV) can drift across the boundary of the 
plasma element, which is a rotational discontinuity at 
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certain parta of its surface. It is suggested that these 
energetic particles are ducted out of the magnetosphere, 
through the magnetopause and magnetosheath, along the 
engulfed solar wind tlux tubes. This escape mechanism of 
terrestrial or Jovian electrons is supported by the observa- 
tions of characteristic energetic electron bursts in the 
interplanetary medium at large distances from the corres- 
ponding planetary magnetospheres. 
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ON THE COINCIDENCE OF THE POSITION OF MERCURY 
WITH THE 90-DAY OSCILLATION OF JUPITER’S RED SPOT 

(Received 4 January 1977) 

Abstract-Recent observations have been utilized to investigate the proposed temporal connection 
between the go-day oscillation of Jupiter’s Red Spot and the inferior conjunction of Mercury. The 
oscillations appear to be synchronized with the inferior conjunction of a “mean Mercury” rather than 
the real Mercury implying that the period of oscillation of the Red Spot is constant. Although the 
probability of a synchronization due to chance is small, the failure of the oscillation to coincide with 
the motion of the real Mercury offers a strong argument against a physical connection between the two 
phenomena. 

same as the synodic revolution of Mercury-Jupiter, and 
(2) the eastern elongations of the Red Spot occur near the 
time when Mercury is at inferior conjunction with the Sun 
as seen from Jupiter. (Eastern elongation of the Red Spot 
is defined as that time when the observed longitude of the 
Red Spot is at a minimum compared to its mean lon- 
gitude.) 

INTRODUCTION 

Attention has been directed to an apparent temporal 
connection between the inferior conjunctions of Mercury 
and the go-day oscillations in the longitude of Jupiter’s 
Red Spot (Link, 1975). Link points out that (1) the mean 
period of the Red Spot’s oscillation is very nearly the 


