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Earth's Magnetic Fit 
A New Lc 

The solar wind confines the geomag 
field to form the magnetosphere and magnetic 

Norman F. 

Man's early view of the Earth's mag- 
netic field began with the experimental 
work of men such as Robert Norman, 
a ship's instrument maker in London. 
It culminated in the publication in 
1600 of William Gilbert's great treatise 
De Magnete. These individuals were 
interested in explaining a phenomenon 
which was first known by the ancients 
from the curious attractive properties 
of a lodestone. Used in a directional 
compass, these properties provided a 
means of navigation for commercial 
and exploratory endeavors. Although 
Gilbert's early !theory of the origin of 
the geomagnetic field has not proved 
correct, his general conclusions on its 
geometry and character were amazingly 
accurate. Subsequent advances in the 
theoretical description of terrestrial 
magnetism came through the work of 
the mathematicians Laplace, Poisson, 
and finally Gauss, who in 1838 pub- 
lished a discussion of the mathematical 
analysis of the geomagnetic field. His 
application of potential theory and his 
development of spherical harmonic 
analysis form the cornerstones of mod- 
ern techniques for studying the field. 

The author is on the staff of the Laboratory 
for Space Sciences, Goddard Space Flight Center, 
National Aeronautics and Space Administration, 
Greenbelt, Maryland. This article was originally 
an address presented at the special session "Mov- 
ing Frontiers in Science" of the AAAS meeting, 
Berkeley, California, 26 December 1965. 
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The Solar Wind 

A discussion of the external geomag- 
netic field must begin not with the 
Earth but rather with the Sun and 
the phenomenon of the "solar wind." 
The configuration of the outermost field 
lines of the distant geomagnetic field, 
as well as the interplanetary magnetic 
field, is dominated by this solar plasma 
flux. 

The concept of a solar plasma flux 
was introduced by Chapman and Fer- 
raro in the early 1930's in their studies 
of magnetic storms [reviewed by Chap- 
man (2)]. They postulated that after a 
solar flare the Sun emitted an electri- 
cally neutral but ionized "gas" which 
interacted with the geomagnetic field. 
The solar plasma compressed and tem- 
porarily confined the field to a region 
of space referred to as the Chapman- 
Ferraro geomagnetic cavity. This plas- 
ma flow was considered to be a transi- 
enit phenomenon, and it was not until 
early in the 1950's that continual emis- 
sion of substantial solar plasma was 
seriously considered. Biermann (3), in 
studying the characteristics of type I 
comet tails, which contain ionized 
constituents such as CO+, postulated 
a continuous and substantial solar cor- 
puscular flux. This was necessary to ex- 
plain the observations that comet tails 
are directed away from the Sun and 
ionized. In the late 1950's, in studies 
of the expansion of the solar corona, 
Parker (4) and Chamberlain (5) pro- 
posed different theoretical models ac- 

cording to which the flux was best 
described as either the solar wind or 
the solar breeze, depending upon the 
predicted velocity of the radial plasma 
flow. Direct measurements in space 
have confirmed the solar-wind theory 
as proposed by Parker [summarized by 
Parker (6)]. Figure 1 shows the velocity 
results for isothermal coronal expan- 
sion as dependent on coronal tempera- 
ture and radial distance from the Sun. 
It is seen that beyond a few solar radii 
the solar-wind velocity is approximaitely 
constant. Direct measurements in space 
yield velocities in the range 3 to 7 X 
1 07 centimeters per second [Bridge et 
al. (7); Snyder and Neugebauer (8)] and 
densities in the range 3 to 70 protons 
per cubic centimeter. The concept of 
the solar wind as a continuous solar 
plasma flux is important in a study of 
the present state of 'the geomagnetic 
field because of the far reaching-effects 
of the interaction of the solar wind with 
the geomagnetic field. 

The Magnetosphere and Its Boundary 

The continual flux of solar plasma 
confines the geomagnetic field to a re- 
gion of space which is now referred to 
as the magnetosphere. Less than 3 years 
ago, Hines (9) presented an article 
on the boundary of the magnetosphere 
entitled "The magnetopause: a new 
frontier in space." Rapid advances in 
experimental results, coupled with theo- 
retical studies, have shown that the 

confined and highly distorted geomag- 
netic field offers a number of new prob- 
lems as well as possible solutions to 
many familiar ones in terrestrial and 
extraterrestrial physics. Figure 2 is a 
simplified illustration of the interaction 
of the solar wind with the geomagnetic 
field, as suggested prior to 1962. The 
rarefied solar plasma, consisting princi- 
pally of protons of approximately 1000 
electron volts energy with approxi- 
mately 5 percent helium ions, is shown 
to interact with the geomagnetic field 
as a collection of separate particles. The 
magnetic field turns the particles 
around, reflecting the plasma flow, and 
an effective electrical current is devel- 
oped on the boundary. 

Since 1958, satellites have measured 
the distorted geomagnetic field within 
the magnetosphere, as well as its bound- 
ary characteristics. The measurements 
show that because of the flux of the 
low-energy plasma from the Sun and its 
interaction with the geomagnetic field, 
extraterrestrial space can be divided 
into three regions: (i) The interplanetary 
region where the properties of the in- 
terplanetary medium are undisturbed 
by the presence of the Earth and its 
magnetic field; (ii) the magnetosheath 
or interaction region associated with 
the impact 'of the solar wind on the 
geomagnetic field; and (iii) the mag- 
netosphere, that region containing the 
geomagnetic field and encompassing 
the Earth (the geomagnetic cavity, ac- 
cording to the concept of Chapman and 
Ferraro). 

w~''- x 106o'K -___SOLAR_ 
WIND 

10 20 30 40 50 60 70 80 90 
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Fig. 1 (left). Theoretical results of the magnetohvdrodynamic expansion of the solar corona into interplanetary space, the "solar 
wind" (Parker, 6). The radial velocity [v(R)] of the expansion as a function of radial distance (r) from the Sun in units of 
solar radii (a) is shown for various temperatures of the corona. Fig. 2 (right). Simplified representation of the interac- 
tion of the rarefied solar-wind plasma with the geomagnetic fiald. Direct impact of the plasma, as represented by individual 
particles, with the magnetic field is shown specularly reflected from the boundary of the geomagnetic field, which is distorted 
by this plasma flow. 
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^ ,~Launch Lifetime Distance? Satellite date Inclination* f Range (y6) t Sensitivity: (R e 

Sputnik III 5-15-58 65? 30 <6 X 10't 5% <1.3 
Pioneer I 10-11-58 Earth impact 1 <10 : 1% 3.7-7.0 

12.3-14.6 
Lunik I 1-2-59 Solar orbit 1 <6000 200 7 3-6 
Explorer VI 8-7-59 47? 61 <2 X 10' 3% 2-7.5 
Lunik II 9-12-59 Lunar impact 33.5 hr <1500 50 - 3-6 
Vanguard III 9-18-59 33? 85 104-6 x 10' 4 y <1.8 
Pioneer V 3-11-60 Solar orbit 50 <10a 0.05-5 , 5-9 
Explorer X 3-25-61 33? 2.2 30-5 X 10a 3 -y 1.8-7 

-- 50 0.3 7 6-42.6 
Explorer XII 8-16-61 33? 112 + 500 10 7 4-13.5 
Explorer XIV 10-3-62 33? 300 _ 250 5 7 5-16.5 
Alouette 9-29-62 80? Still transmitting <6 X 10' 0.3% 1.17 
Explorer XV 10-27-62 18 90 !- 4000 40 y 1.7-4.0 
Explorer XVIII <300 -+-0.25 <32 

(IMP I) 11-27-63 33? 181 <40 
Electron 2 1-30-64 61? 90 <120 2 3-11.6 

<1200 20 a 

Cosmos 26 3-18-64 49? 194 <7 X 10-' ?4 Y -1.05 
Electron 4 7-11-64 61? ? <240 ? 3-11.4 

<1200 
OGO-A 9-5-64 31? Still operating <500 - 3 y 3.8-24.3 
Explorer XXI 10-4-64 34? 150 <300 +0.257 6-15.9 

(IMP II) <40 
Cosmos 49 10-24-64 49? ? <7 X 10 4 y -1.05 
Mariner IV 11-28-64 Solar orbit 270 <370 ? 0.7 -y >10 
Explorer XXVI 12-21-64 20? Still operating <2 X 10: ? 2 7 2.5-5.1 
Explorer XXVIII 5-29-65 33? Still operating <300 ? 0.25 7 <42 

(IMP III) <40 
* Inclination of orbital plane to equator. ' Dynamic range of instrumentation (1 10/--1-- oersted). : Not accuracy. ? Geocentric radial distance 
at which data was obtained. 

Separating these regions are two 
surfaces whose physical characteristics 
have only recently begun to be inves- 
tigated: These are the collisionless mag- 
netodydrodynamic shock wave surface, 
which separates the undisturbed inter- 
planetary medium from the magneto- 
sheath, and the magnetopause, which 
separates the interaction region from 
the magnetosphere. 

Here I shall discuss only the mag- 
netosphere and its boundary layer, the 
magnetosheath. A summary of all sat- 
ellites and space probes that have car- 
ried magnetometers for the explicit 
purpose of measuring fields in space 
is given in Table 1. Those experiments 
which have yielded data mainly on the 
geomagnetic field are included, along 
with the pertinent parameters of the 
experiment and characteristics of the 
spacecraft's orbit. Projected on the 
plane of the ecliptic in Fig. 3 are the 
relative positions of these satellite or- 
bits with respect to the Earth-Sun line. 
The positions of the magnetosphere 
boundary and the shock-wave surface 
are also shown. 

Distortion of the Field 

Although early measurements on the 
Pioneer I and V satellites (10) in 1959 
suggested that the regular geomagnetic 
field ends at approximately 14 earth 
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radii (Re), no continuous traversal of 
the boundary was observed, because the 
satellite transmitted d'ata only inter- 
mittently. Less than 5 years ago the 
first experimental evidence on the con- 
finement of the geomagnetic field and 
observations of its boundary were ob- 

tained in the experiments of Heppner 
et al. (11) and Bonetti et al. (12) car- 
ried out by Explorer X. This satellite, 
launched in March 1961, transmitted 
useful information only to the apogee 
of its first orbit. However, these data 
revealed a large-scale distortion of the 

2 

MOI 

MOON 0 

Fig. 3. Presentation of the trajectories of satellites and space probes, projected on the 
ecliptic plane, which have sampled the distant terrestrial magnetic field and that 
between Earth and the orbit of the Moon. Included also are the relative positions of 
the boundary of the regular geomagnetic field and the detached collisionless bow 
shock wave. The position of the Moon is shown in proper scale in earth radii (Re). 

1043 



geomagnetic field on the antisolar side 
of the Earth. 

Earlier detailed mapping of the 
geomagnetic field close to the earth by 
Explorer VI (13) in 1959 had yielded 
data initially interpreted as indicating 
the existence of a permanent "ring cur- 
rent," due to charged particles in regu- 
lar axially symmetric motion around 
the Earth at distances of 8 to 10 R(,. 
(The magnetic field of such a current 
system is directed opposite to the 
Earth's field at distances <8 R,O and 
parallel with the geomagnetic field at 
distances >10 R(,.) However these 
measurements yielded only a compo- 
nent of the field and not the complete 
vector, so a unique interpretation was 
impossible. Subsequently the Explorer 
VI data were reexamined and shown 
to be consistent with the general dis- 
tortion of the geomagnetic field indi- 

cated by Explorer X and later satellite 
measurements (14). Measurements of 
the distant terrrestrial magnetic field 
made by the Russian Moon probes Lu- 
niks I and II detected large depressions 
of the main field' at 2.8 to 4.0 Re (15). 
Recently the Russian Electron II earth 
satellite (16) has 'also confirmed, in ap- 
proximately the same region, smaller 
depressions of the field than those ob- 
served on previous Soviet launches. 
Direct particle measurements in the 
radiation belt (17) do not reveal particle 
fluxes great enough to explain the mag- 
netic-field data in terms of a ring cur- 
rent. The magnetic-field data must be 
interpreted in terms of a permanent, 
non-axially symmetric distortion of the 
magnetosphere so that the local time of 
data observations must be considered. 

Shortly after Explorer X, in August 
1961, the United States launched Ex- 

plorer XII, the first in a series of in- 
creasingly sophisticated satellites to in- 
vestigate various particle, field, and 
plasma phenomena in the geomagnetic 
field and interplanetary space. These 
measurements (18, 19) showed a termi- 
nation of the compressed geomagnetic 
field at a distance between 8 and 10 
R~ on the sunlit side of the Earth and 
simultaneous 'termination of the Van 
Allen trapping region for energetic 
particles. In addition, an increased 
plasma flux, inferred to be thermalized 
solar plasma, was observed beyond the 
magnetosphere. These particle and field 
measurements, combined with the data 
from Explorer X, established the per- 
manent existence of a confined and 
compressed geomagnetic field. 

The relative positions of the mag- 
netosphere and its boundary layer as 
measured by Explorer XII are shown in 
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Fig. 4 (left). Energetic-particle measurements obtained from Explorer XII in 1961 by Freeman (19). The relative positions of 
the various regions surrounding the Earth, as defined by the energetic-particle detectors, are projected on the Earth's equatorial 
plane. Among these regions are the Van Allen radiation belts. Fig. 5 (right). Magnetic field measurements of the distant geo- 
magnetic field from IMP-I inbound on orbit No. 1, 30 November 1963. The abrupt discontinuity in magnitude and direction 
of field at 10.8 R, is identified as the magnetosphere boundary. Theoretical values for the magnitude of the field (F), <, 
and 0 are shown as dashed curves. 
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Fig. 4. These data are projected on 
the equatorial plane of the Earth and 
show the roughly spherical shape of the 
magnetosphere boundary near the sub- 
solar point, and also the limited extent 
of the thermalized plasma. It was also 
possible with these direct measure- 
ments of the boundary position to 
place in a proper perspective the earlier 
measurements by the Pioneer and Ex- 
plorer satellites (20). 

A comprehensive survey of the con- 
fined geomagnetic field and its bound- 
ary and, significantly, magnetic mea- 
surements at the collisionless shock 
wave have been made by Explorer 
XVIII (IMP-I) (21, 22). The magnetic- 
field measurements, as presented in the 
solar ecliptic coordinate system, are 
shown in Fig. 5 on the orbit that passed 
nearest the subsolar point on the mag- 
netosphere boundary (23). 

The Boundary 

It is seen that the observed mag- 
netic field within the magnetosphere is 
directed parallel to that theoretically 
predicted. The magnitude of the field 
increases abruptly within the magneto- 
sphere boundary and gradually ap- 
proaches the theoretical value near the 
Earth. The disturbances and rapid fluc- 
tuations of the magnetic field observed 
beyond the magnetosphere boundary 
are typical of what has been observed 
in that region. Plasma measurements 
obtained by the same IMP-I satellite 
(7) have shown a remarkable correla- 
tion with the position of the magneto- 
sphere boundary. An approximately 
isotropically directed flow of plasma 
immediately beyond the boundary is 
generally observed. 

The magnitude of the field at the 
magnetosphere boundary is approxi- 
mately twice that which would be due 
to the Earth alone. This is understood 
by considering the diamagnetic effects 
of the plasma, which must compress 
and thereby exclude the terrestrial 
magnetic field so that the normal com- 
ponent at the boundary is zero. An 
image dipole on the solar side of the 
magnetopause with the same value as 
the Earth's dipole will yield a zero nor- 
mal component at a plane boundary 
approximating the magnetopause. At 
the boundary it will lead to a doubling 
of the field magnitude. More detailed 
computations of the shape of the mag- 
netosphere boundary have been con- 
ducted by a number of investigators, 
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and are summarized by Beard (24). In 
general they employ the simplified 
model shown in Fig. 2. There has been 
some discussion about the physical 
character of the reflection of plasma 
at the boundary, but the results are 
mutually in good agreement. The 
mathematical problem solved is one in 
which the boundary conditions are 
known but the position of the boundary 
is to be deduced. This represents a 
variation to the classical boundary-val- 
ue problems which are familiar in 
mathematical physics. 

It is possible to estimate the distance 
at which the geomagnetic field will 
terminate by consideration of the bal- 
ance of magnetic pressure, P, and 
plasma momentum flux at the subsolar 
point. If B, is the equatorial field 
strength of the Earth, n is the density 
of the plasma, V, is the velocity of 
the solar wind, B1, is the total field at 
the magnetosphere boundary, and Rb 
is the geocentric radial distance to the 
magnetosphere boundary, then 

P = 2mnVYs2 = B,,2/ 87 

but 

B, 2Bo (R./R1,)` 
thus 

Rb = R- , [Bo2/4rmnVV']' 

Substituting B,, =- 0.3 12 gauss, n = 2 
to 10 protons per cubic centimeter, and 
Vs = 4 X 107 cm/sec yields RI, = 
8 to 11 R., which is in reasonably good 
agreement with observations. 

The magnetic field measurements 
obtained when IMP-I was outbound on 
orbit No. 1 at an angle of 45? to the 
Sun-Earth line 'are shown in Fig. 6. 
As before, the magnitude of the field 
is above that theoretically predicted 
within the magnetosphere, and at 11.3 
R," the magnitude decreases abruptly 
as the directional character of the field 
changes to rapidly fluctuating. Higher- 
frequency fluctuations are inferred 
from the separate presentation of the 
root-mean-square deviations of the 
XS,( YI,, and Z)Q components of the 
field. At a distance of 16.8 Roe the 
average magnitude of the field ap- 
proaches 5 gammas (5 X 10 - 5 oer- 
sted), and the direction of the field 
stabilizes. At the same time, the high- 
frequency fluctuations disappear. This 
change in character of the field is iden- 
tified as representing the detached bow 
shock wave which develops in the su- 
personic flow of the solar wind as it in- 
teracts with the geomagnetic field (25). 

The Interplanetary Medium 

The interplanetary medium con- 
tains an average magnetic field of ap- 
proximately 5 gammas (22), and its 
density is only a few protons per cubic 
centimeter, so that the phase velocities 
in the plasma, that is, the Alfven ve- 

GEOCENTRIC DISTANCE (Re) 

Fig. 6. Magnetic field results on the out- 
bound portion of orbit No. 1 from IMP-I, 
27 November 1963. Clearly evident are the 
magnetosphere boundary at 11.3 R7 and a 
termination of the rapid fluctuations of the 
magnetic field at 16.8 R, identified as the 
collisionless shock wave. 

Fig. 7. Rotating mirror shadowgraph of 
high-speed aerodynamic flow (from left) 
and the detached bow shock wave sur- 
rounding a sphere at Mach number 14. 
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locities, are approximately 5 X 106 
centimeters per second. Since the solar 
wind flow is both deduced (26) and 
measured (7, 8) to be at least 3 X 107 
centimeters per second, the correspond- 
ing Alfven Mach number of the flow 

TO 

SUN 

is at least 6. The characteristic feature 
of the magnetic field as illustrated in 
Fig. 6, in which the three regions of 
space defined at the beginning of this 
article are so clearly identified, is in 
general observed clearly in each radial 

Fig. 8. Comparison of the IMP-I shock wave and magnetosphere-boundary crossings 
with the gas-dynamic shock model of Spreiter and Jones (28). Spreiter and Jones's 
results, shown as solid lines projected on the ecliptic plane, have been adjusted to 
match the observed standoff ratio. The observed shape of the shock wave closely 
matches the predicted shape. 

traversal of the geomagnetic field 
while the satellite is passing on the 
sunlight side of the earth. 

Present interpretations of the inter- 
action of the solar wind with the geo- 
magnetic field are based on an analogy 
with hypersonic gas dynamics. An ex- 
cellent review of the arguments for 
this analogy has been presented by 
Levy, Petschek, and Siscoe (27). For 
reference, Fig. 7 shows a sphere inter- 
acting in a hypersonic gas flow at 
Mach number 14. This shadowgraph 
shows the development of a discontinu- 
ous change in physical properties along 
the roughly parabolic surface, indi- 
cated by the heavy line enclosing the 
sphere. It is important to recognize that 
it is not the Earth but rather its mag- 
netosphere which represents a blunt 
object (approximately spherical on the 
portion around the sunlit hemisphere) 
and which interacts with the solar wind 
flow to develop the detached bow 
shock wave. 

A direct comparison of the theoret- 
ical shape and position of the shock 
with observations is shown in Fig. 8. 
The positions of the shock and mag- 
netosphere boundary are represented 
by dots and crosses, respectively. The 
solid lines which pass through the dots 
and crosses represent the theoretical 
prediction (28) for both the magneto- 
sphere boundary and the detached 
bow shock wave. The theoretical stand- 
off ratio (a measure of the thickness of 

Boundary _ _ 

- 

Solar wind 

Fig. 9 (left). Schematic drawing of magnetic field (solid lines) and plasma flow (dots) in the subsolar region. The flow is 
decelerated by the bow shock. The magnetosphere boundary is resolved into an Alfv6n wave and a slow expansion fan (,after 
Levy et al., 27). Fig. 10 (right). Schematic diagram of the geomagnetic field as distorted by the solar wind, showing lines 
of force in the noon-midnight meridian plane. The "open" tail comprises two bundles of field lines emerging from the polar 
caps centered at geomagnetic latitudes of about 87? on the midnight meridian (after Piddington, 35). 

1046 SCIENCE, VOL. 151 

\- -- 

--- --V- 



Fig. 11 (right). Schematic diagram of the 
spatial distribution of electrons (energy 
> 40 kev) as obtained from Explorer 
XIV measurements near the midnight 
meridian plane in 1963. J, directional flux 
of electrons (Frank, 32). 

. 

the magnetosheath) has been slightly 
adjusted to provide a better agreement 
between observations and theory. In 
the gas-dynamic analogy this means in- 
creasing the equivalent specific-heat 
ratio above the assumed value of 5/3. 

Several studies of the precise mecha- 
nism leading to the development of a 
collisionless shock wave, with specific 
application to the case of the inter- 
action of the solar wind with the geo- 
magnetic field, have been conducted 
(29). Although the details are not well 
understood, the observations strongly 
suggest the existence of a shock wave 
or at least a shock-like phenomenon 
in which the characteristics of the solar 
wind and the interplanetary magnetic 
field abruptly change upon penetrating 
the magnetosheath. The strength of the 
magnetic field is increased, the field 
becomes turbulent, the directed solar- 
plasma flow is randomized, and the 
spectrum is broadened. 

The gross physical characteristics at 
the boundary of the magnetosphere 
have been measured by a number of 
satellite experiments. An important 
finding has been that the magneto- 
sphere boundary is extremely narrow. 
With the assumption that the position 
of the boundary while it is traversed 
by the satellite, is fixed, the thickness 
of the magnetopause is found to be 

- 2 X 107 centimeters, a very small 
fraction of an earth radius. Levy et al. 
(27) have analyzed the problem of the 
detailed characteristics of the magneto- 
pause boundary layer surrounding the 
magnetosphere, as shown in Fig. 9. 
They consider the magnetopause as an 
Alfven wave and a slow expansion 
wave which are coincident near the 
subsolar point but which separate near 

Fig. 12 (right). Measurements of the 
Earth's magnetic tail field near the mid- 
night meridian plane by IMP-I on orbit 
No. 41, 30 April to 4 May 1964. The di- 
rection of the field is observed to closely 
parallel the Earth-Sun line with a rapid 
change from antisolar to solar direction 
on the inbound pass at a radial distance 
of 16 Re. This is interpreted to represent 
traversal of the magnetic neutral sheet 
in the Earth's magnetic tail and is char- 
acteristic of observations of this phenom- 
enon by IMP-I (Ness, 34). 
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the polar regions. In addition, as origi- 
nally noted by Dungey (30), there is 
every reason to anticipate that high- 
latitude geomagnetic field lines will be 
connected with the interplanetary mag- 
netic field as shown in Fig. 9. This con- 
nection has further implications for the 
configuration of the field on the night 
side of the Earth. Satellite measure- 
ments at present are not sufficiently 
definitive to ascertain whether the mod- 
el as proposed is valid or indeed to 

EARTH -I 
ZsE 4 

what extent connection exists. on the 
sunlit hemisphere of the magneto- 
sphere. 

The Earth's Magnetic Tail 

In a 1960 study of the phenomenon 
of the geomagnetic storm, Piddington 
(31) suggested that magnetic field lines 
would temporarily be extended on the 
night side of the Earth somewhat as 
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Fig. 13. Summary of the averaged hourly measurements of the XY component made 
in 1964 by IMP-I while in the Earth's magnetic tail. The lower portion of the figure 
corresponds to measurements performed while the satellite was more than 2.5 R, 
below the ecliptic plane; the upper portion corresponds to positions of the satellite 
above this. Clearly evident is the distortion of the geomagnetic field forming the ex- 
tended geomagnetic tail (Ness, 34). 
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shown in Fig. 10 and would be dis- 
torted by an effective viscous stress of 
the solar wind on the outermost lines 
of force. The first measurements of 
the magnetic field on the night side of 
the Earth at great distance by Explorer 
X in 1961 indicated that such a distor- 
tion existed even in the absence of a 
geomagnetic storm. Subsequently Ex- 
plorer XIV (32) revealed, near local 
midnight, an apparent electron "tail," 
as shown in Fig. 11, in the distribution 
of energetic particles. Using data from 
the same satellite, Cahill (33) measured 
the terrestrial field approaching an ap- 
proximately antisolar direction at a 
distance of 1 6 Re. Recent detailed 
measurements of the Earth's magnetic 
field on the night side, made by IMP-I 
(34), have shown that the geomagnetic 
field trails out far behind the Earth at 
least halfway to the Moon and forms a 
substantial and permanent magnetic tail. 

That such an appendage to the geo- 
magnetic field would exist permanently 
has recently been predicted (35-37). 
A magnetically neutral region separat- 
ing oppositely directed fields has been 
detected ;(34) and is illustrated as the 
neutral plane in Fig. 10. In the model 
of Dessler (36), the Earth's magnetic 
field trails out to 20 to 50 astronomical 
units behind the Earth, following the 
direction of the flow of plasma. Dessler 
also proposes negligible merging of 
field lines across the neutral plane from 
the upper and lower regions of the tail. 
An alternative view has been taken by 
Axford et al. (37) on the basis of initial 
suggestions by Dungey (30) in which 
an appreciable merging of field lines 
on the night side of the earth would 
lead to the development of a neutral 
line and sheet region which would con- 
tain enhanced particle fluxes, such as 
those observed by Explorer XIV. 

Detailed measurements from IMP-I 
on orbit No. 41 in May 1964 yielded 
data obtained when the satellite was 
closest to the midnight meridian plane 
(Fig. 12). These data demonstrate that 
the direction of the field is closely 
parallel to the Earth-Sun line (0 = 0? 
and = 0? or 180?) and that the field 
is directed either toward (p = 0?) or 
away (P = 180?) from the Sun, de- 
pending upon whether the satellite is 
above or below the magnetically 
neutral region identified as the neutral 
sheet. Shown in Fig. 12 on the inbound 
portion of the orbit is the abrupt 
change in the direction of the magnetic 
field at 16 R,. Although the satellite 
motion is predominantly radial there is 
also a slight transverse motion, so that 
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the apparent thickness of the transi- 
tion across the neutral sheet implies an 
extremely thin feature in the Earth's 
magnetic tail. 

A summary of the IMP-I observa- 
tion of the magnetic tail is presented 
in Fig. 13, in which the XY com- 
ponents of the magnetic field -are pro- 

jected on the ecliptic plane. This pres- 
entation, with little distortion, presents 
a correct view of the geomagnetic tail 
field. The data are separated to show 
the results obtained when the satellite 
is above or below an imaginary plane 
at 2.5 R, below the ecliptic (chosen 
for clarity of presentation). In this fig- 
ure it is possible to follow the individ- 
ual orbits of the satellite and to identify 
a single or indeed multiple traversal 
of the neutral sheet on each orbit. Mul- 
tiple traversals .of the neutral sheet are 
interpretable in view of the "wobble" 
of the Earth's magnetic dipole axis 
once every 24 hours and the associated 
orientation of the magnetic neutral 
sheet (34). 

The general interpretation of the ob- 
servations is that lines of force origi- 
nating in the polar cap regions of the 
Earth are distorted by the solar wind 
to trail out far behind the earth and 
form the magnetic tail (see Fig. 14). 
On this basis it is possible to predict 
the colatitude of the polar cap region 
which will correspond to the observed 
characteristics of the magnetic tail field. 
Let Rt be the radius of the tail, B4 the 
magnitude of the tail field, and 0p. the 
colatitude of the polar cap region. 
Then conservation of flux or connec- 
tion of field lines between the polar 
cap and the tail requires that 

Bt=- 4Bo (R./Rt ) 2sin 0,e 

Substituting a value of 16 gammas. 
obtained from the IMP-I measurement, 
for the median magnitude of the field 
in the tail (38) and a value of 22 R, 
for the approximate radius of the tail 
(34) yields a predicted polar cap region 
of approximately 14? colatitude. This 
corresponds well with the polar cap 
region defined by the auroral zone and 

Fig. 15 (right). Comparison of worldwide 
magnetograms during the sudden com- 
mencement of geomagnetic storm, which 
began 10 May 1964 at 0035 UT, with 
.magnetic-field measurements by IMP-I in 
the Earth's magnetic tail. The simultaneous 
worldwide increase at the onset of the 
storm is correlated positively with an in- 
erease in field strength at a distance half- 
way to the Moon. The subsequent main- 
phase decrease is accompanied by an ad- 
ditional increase in tail field magnitude 
(Behannon and Ness, 38). 
4 MARCH 1966 

PROJECTION OF THE SOUTHERN N 
HEMISPHERE MAGNETIC FIELD 
TOPOLOGY ON THE ECLIPTIC PLANE DISTANCES IN EARTH RADII 

Fig. 14. Schematic illustration summarizing the results projected on the ecliptic plane, 
of the IMP-I magnetic-field experiment, 27 November 1963 to 31 May 1964. The direc- 
tion of the interplanetary magnetic field is observed to be approximately 45? to the 
direction of flow of the solar wind. Indicated are the relative positions of the satellite 
during the 6-month period during which the measurements were performed (Ness, 34). 
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also with the boundaries of the trapped- 
radiation belts. The observations of the 
radiation belt have shown that there is 
a strong day-night asymmetry in the 
invariant latitude at which the trapped 
particles terminate; thus the distortion 
suggested in Fig. 10 is substantiated. 
Measurements of intense particle fluxes 
at latitudes higher than the radiation 
belts (39) suggest that their origin is 
within the geomagnetic tail. It appears 
plausible that the tail is the source of 
the energetic particles that form the 
aurora (40). However, the exact mech- 
anisms for acceleration of solar plasma 
particles to auroral energies are not 
clear. 
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Magnetic Storms 

The theoretical study of magnetic 
storms originally led to the suggestion 
that the transient flux of plasma from 
the sun 'compresses the geomagnetic 
field and leads to the initial increase in 
the horizontal component of the geo- 
magnetic field (1). Subsequently the 
solar particles were trapped in the geo- 
magnetic field in a "ring current" which 
then led to the main phase decrease of 
the terrestrial field for a day or so 
afterwards. This ring current then de- 
cayed, and the geomagnetic field re- 
sumed its normal configuration. With 
the recent measurements of a continual 

31 MARCH I APRIL 2 1964 
Fig. 16. Correlation of magnetic-tail measurements during the geomagnetic storm of 
1 April 1964 with measurements of the trapped-radiation boundary obtained by 
satellite 1.963-38C (Ness and Williams, 40). The invariant trapping boundary (A) 
is theoretically predicted by invoking a tail field model of the geomagnetic field and 
is compared directly with observations (a to d). Also included is the planetary magnetic 
activity index Kp which is positively correlated with tail field magnitude. 
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plasma confinement of the geomagnetic 
field and the permanent existence of 
the Earth's magnetic tail, revisions of 
these concepts are necessary. 

Sleveral magnetic storms occurred 
while measurements were being made 
in the magnetic tail by IMP-I. One on 
10 May 1964 has the characteristic 
initial sudden increase in the horizontal 
component followed by a decrease and 
recovery over several days (see Fig. 15). 
Correlated with the data in Fig. 15 are 
the magnetic-field measurements ob- 
tained in the Earth's magnetic tail. The 
sudden compression of the magneto- 
sphere, possibly associated with a 
propagating shock wave in the inter- 
planetary medium, was observed at 
0035 U.T. on 10 May. The correlation 
of magnetic field variations in the tail 
with those on the Earth's surface cor- 
responds to changes in pressure and 
tension on the distant lines of force of 
the magnetic field (41). 

In Fig. 16 measurements of the 
boundary of the trapping region are 
compared with measurements of the 
Earth's magnetic tail field during a 
magnetic storm in April 1964 (42). The 
trapping boundary was measured at an 
elevation of 1000 kilometers by the 
APL satellite 1963-38C. The latitude 
at which the trapping boundary ter- 
minates is predicted with the use of 
a theoretical model of the distorted 
geomagnetic field which includes a tail 
and neutral sheet. Although there is a 
discrepancy between the observed and 
predicted positions of the trapping 
boundary for the particle energies ob- 
served, the changes in this boundary 
are coincident in time and equal in 
magnitude to those predicted. This 
lends very strong support to this tail- 
field topology. In addition, the plane- 
tary magnetic-activity index, Kp is cor- 
related with the tail-field magnitude. 
Detailed studies of the tail field (38) 
during a 3-month period have indi- 
cated that Kp is generally positively 
correlated with tail-field magnitude and 
that an increase of solar-plasma flux 

drags additional lines of force into the 
Earth's magnetic tail. 

Summary 

The Earth's magnetic field has been 
mapped during the past 8 years with 
the most unique "laboratory benches" 
yet developed: satellites and space 
probes. They have introduced and 
stimulated considerable activity in the 
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Fig. 17. Photograph of comet Whipple-Fedtke-Tevzadze (19431), indicating screwlike motions ill the tail. Similarity of solar wind 
interaction with the geomagnetic field and with the cometary coma suggests that the Earth may be compared to a "magnetic 
comet" with the magnetic tail and sheet corresponding to the observable ion-tail in the comet and the magnetosphere corresponding 
to the coma (photograph by C. Hoffmeister, Sonneberg). 

new field of space physics. They have 
also brought to many classical geo- 
physical problems a clear, fresh, and 
more accurate insight. This is particu- 
larly true in the field of geomagnetism; 
the Earth's magnetic field is now 
known to be continuously compressed 
by a solar corpuscular flux, the solar 
wind, and terminated at approximately 
65,000 kilometers toward the Sun. 
However, the Earth's magnetic field is 
extended far behind the Earth in the 
direction away from the Sun, forming 
a magnetic tail. No termination of the 
tail at distances more than halfway to 
the moon is indicated. Suggested tail 
lengths vary from extremes of 50 as- 
tronomical units to only 1000 R(. In 
a related experiment the Mariner IV 
space probe reports the absence of 
electron fluxes associated with the mag- 
netospheric tail or wake at distances 
of 3000 R, (43). At what distance the 
tail terminates and what is the charac- 
ter of the termination are problems 
whose answers are of great significance 
with respect to our study of the geo- 
magnetic field and related terrestrial 
phenomenon. 

Because of the similarity of the phe- 
nomenon responsible for the develop- 
ment of this magnetic tail feature to 
that responsible for the tail of a comet, 
the Earth may be compared to a "mag- 
netic comet" (see Fig. 17). In this 
metaphor the nucleus of a comet would 
correspond with the Earth, the coma 

4 MARCH 1966 

with the magnetosphere, and the 
ionized-gas tail with the Earth's mag- 
netic tail. Such a suggestion is admit- 
tedly rather descriptive, although future 
experimental and theoretical investiga- 
tions may indicate a substantially more 
proper and complete analogy. One of 
the principal problems in the analogy 
is that there is no known mechanism 
for producing a large magnetic field 
in the comet nucleus or coma, so the 
mechanism of formation of the ionized 
gas tails is not yet clear. Capture of 
the interplanetary magnetic field offers 
the most plausible hypothesis at pres- 
ent. 

There are two other aspects of mag- 
netic-field studies which have not been 
treated here but which contribute sig- 
nificantly to a new view of the ter- 
restrial field. One is the recent results 
obtained from Mariners II (44) and 
IV (45) space probes investigating the 
magnetic fields of Venus and Mars. Al- 
though these space probes did not make 
impact with the planets, they passed 
close enough, and contained magnet- 
ometers and energetic particle detec- 
tors sensitive enough, to estimate the 
strength of the planetary magnetic 
fields. Compared with the Earth's mag- 
netic moment of 8 X 1025 electromag- 
netic units, the maximum moment of 
Venus is only 3.4 percent and that of 
Mars 0.03 percent. Thus the Earth is 
unique among these planets in having 
such a strong field. 

The second group of new results per- 
tains to the origin and history of the 
geomagnetic field. Any mechanism for 
the origin of the field must be described 
in relation to the present geometry and 
state of the Earth and its core. How- 
ever, the origin of the field has eluded 
quantitative and explicit theories, even 
with modern computers .capable of 
studying such large-scale geophysical 
systems. The classical theory that the 
field originated in a fluid core "dy- 
namo" still has many advantages (46). 
The recent theory of Malkus (47), 
which depends on an interaction of the 
fluid core with the solid mantle and on 
the associated precessional torques, is 
significant in the light of recent ob- 
servations in paleomagnetic research. 
Measurements of the remanent mag- 
netism of rocks show that the direc- 
tion of the ancient geomagnetic field 
has been both approximately the same 
as and opposite to that of the present 
field (48). This implies that the Earth's 
field has reversed itself. These reversed 
magnetizations are an important fea- 
ture of the Earth's magnetic field in 
past times, and transitions from one 
"polarity" to the other occur over 
relatively short time scales. 

This paleomagnetic research, coupled 
with satellite measurements of the pres- 
ent state of the Earth's magnetic field 
and data on the absence of magnetic 
fields on Venus and Mars, clearly 
stimulates future research on the very 
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unique combination of parameters 
which lead to the existence of the ter- 
restrial magnetic field. The changes in 
polarity imply a dynamic origin, and 
the existence of the solar wind leads 
to temporal variations that depend on 
both the strength and direction of the 
field as well as on the solar wind flux. 
Certainly these new experimental re- 
sults, when fully analyzed and incorpo- 
rated into theoretical models, will make 
an important contribution to our con- 
cept of the origin of the solar system 
as it is currently observed. 
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Between 1895 and 1925, advances 
in physics probably came at a faster 
pace than in any comparable period 
since its beginning in modern form at 
the end of the 16th century. 

Not only were entirely new phe- 
nomena, such as radioactivity, dis- 
covered, but also the very intellectual 
basis of physics was revolutionized 
by relativity and quantum theory. I 
would like to mention a few of the 
main conquests of these three startling 
decades in order to better evaluate 
more recent developments. 

The 19th century closed with the 
discovery of the electron, x-rays, and 
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radioactivity. The 20th century opened 
with the hypothesis of the quanta of 
light, one of the strangest and most 
revolutionary ideas ever introduced in 
science. At that time classical physics 
had reached the peak of its perfection; 
according to some of its most illustri- 
ous students, the end of physics was 
perhaps in sight. Just at that time, 
ironically, a conservative perfection- 
ist, to whom revolution was abhorrent, 
Max Planck, found himself compelled, 
in order to explain black-body radia- 
tion, to introduce a hypothesis that 
contradicted almost everything that 
was known in physics at the time. His 
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singular position is best illustrated by 
the fact-almost unique, as far as I 
know-that he had no precursors or 
rivals thinking along similar lines. 

Einstein, who followed 5 years later 
with the special theory of relativity, 
radically changed our concepts of space 
and time, but he was far from alone 
in his line of thought. 

The two great theoretical ideas, 
quantum theory and relativity-es- 
pecially the first-were then applied 
to a marvelous supply of experimental 
facts, which were discovered in the first 
decades of this century. The photo- 
electric effect, Rutherford's model of 
the atom, the Franck-Hertz experiment, 
the Stern-Gerlach experiment, the 
Compton effect, and the experi- 
mental discovery of de Broglie waves 
are some of the steps in this amazing 
progression. 

The crowning achievement of this 
period was the development of a con- 
sistent form of quantum mechanics 
and the nearly complete understanding 
of the structure of the atom. 
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