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Magnetism of the Earth 

Chapter I. 

Previous Publications 

On several occasions the Coast and Geodetic 

Survey has publ ished short monographs on geo
magnetism, suitable for the general reader. A 
version prepared in 1945 by Albert K. Ludy and 
H. H erbert H owe is the basis of the present revi

sion, which seeks to bring in the newer develop
ments without a major reorganization of the 
material. 

Importance of a Knowledge of 

the Earth's Magnetism 

The human race managed without the imple

ments of reliable navigation for untold ages, in
cluding most of the span that is covered by writ
ten records. Nevertheless, there were seafaring 
nations from the dawn of history. There is rea

son to believe that Phoenician traders voyaged to 
distant Britain and Malaya; they are supposed to 
have utilized a canal that was dug between the 
Nile and the Red Sea about 1500 B.C. and was 
kept open at intervals for 2,000 years. But the 
maritime commerce of early days was conducted 
only at frightful cost, in lives and wealth. The 
writi_ngs of H omer bear witness to this, with their 
frequent reference to the wrath of Poseidon. 

The ancients had no compass. W henever the 
heavens were obscured, any vessel on the open 
sea was precariously dependent upon her master's 
success in reading the winds and waves. With 
the introduction of the compass in late medie,·al 
times, all this was changed. H ere was so .. ,ething 
to give reliable directions, regardless of wind and 
weather. I t is scarcely a mere accident that the 
age of d iscovery closely followed the development 
of the compass. The safe return of Columbus 
from his epoch-making voyage gave impetus to 

Introduction 
a new spirit of exploration that finally culminated 
in the mapping of nearly the whole surface of 

the globe. 
Although centuries have passed since the com

pass released the mariner from his age-old dread 
of the trackless oceans, it still holds an important 
place in navigation, and is the simplest and 
cheapest direction finder on land and sea and in 

the ai r. 
Since there are few places where the needle 

points to true north and since the direction is 
continually changing with time, the user needs 
correct information regarding both the direction 
of the pointing and its changes. 

Small vessels and boats depend en ti rely on the 
magnetic compass. Larger vessels and sub
marines are usually equipped with the gyro
compass, which has many advantages; but since 
it has moving parts which must be kept in good 
order, one or more magnetic compasses are kept 
in reserve. The magnetic compass has another 
nautical use, namely, the determination of the 
direction of sea currents. Air navigation has 
always relied basically on the earth's magnetism 
for direction finding. Several special types of 
compass, the more elaborate employing the 
principle of the earth inductor and other devices, 
have been developed. Provision is made at many 
airfields for determination of the errors in the 
compass pointings, and th is requires accurate 
knowledge of the earth's magnetic field at the 
place of testing. 

T he compass was one of the most important 

surveying instruments in the early centuries of 
the modern era. It is not, however, an instru
ment of precision; results of great accuracy are 
not to be expected in compass surveys, and the 
use of a compass as a surveying instrument should 
be avoided where circumstances permit ( espe-
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cially in areas where local control surveys have 
been made), or where pronounced local mag

netic disturbance renders the compass unreliable. 
On the other hand, it has the advantage of speed 
and simplicity, and is useful for retracing lines 
of old surveys originally established by compass, 
and for surveys where great accuracy is not re
quired, particularly in wooded areas. Nearly all 
the early land surveys of the United States, as for 
example those by George Washington, were made 
by compass. Transfers of property often require 
identification of boundaries established by com• 
pass, so that knowledge of the changes in mag
netic directions with time becomes important. 
The extension of the magnetic work of the U.S. 
Coast and Geodetic Survey to cover the in terior 
of the country was partly due to this need. 

The compass has also been much used in recon
naissance surveys, and military use of the compass 
for the same purpose is made by every army. 

Geologists use magnetic instruments to locate 
deposits of magnetic iron ore and to trace buried 
magnetic format ions which may be associa ted 
with oil and minerals. Obviously the importance 
of this application will increase as known deposits 
of these natural resources approach exhaustion. 

The upper atmosphere is ionized by solar radi
ations and thereby becomes electrically conduct• 
ing. The ionization is closely associated with 
the changes in the earth 's magnetism, including 
those known as magnetic storms. Since the ioni
zation is int imately connected with radio com
munication and with some of its disturbances, 
the earth's magnetism has a definite relation to 

radio communication. 
Natural electric currents known as earth cur

rents occur in the ground ; they are usually small 
but at times are strong enough to interfere with 
wire and cable communication and even with 
transmission of electrical power. Earth currents 
have been found useful in studying features of 
the earth 's crust; their rapid fluctuations are inti
mately connected with those of the magnetic 
field . 

The study of the highly penetrating radiation 
known as cosmic rays has shown that these rays 
are affected by the earth's magnetic field and its 
fluctuations. 

The most intense penetrating radiation now 
known to be present in space lies in the Van Allen 
radiation belts. These belts, d iscovered by satel
lite-borne instruments during the International 

Geophysical Year of 1957-58, consist of energetic 
electrons and protons that are trapped in the 
earth's magnetic field. 

Since there are so many practical uses of the 
earth's magnetism, it is important to know its 

configuration, its distribution, its short-period 
and long-period changes, and its relation to other 
phenomena originating in the sun, in the atmos
phere, or within the earth. Its uses are constantly 
extend ing, and at any time some phase which has 
hitherto been of purely scientific interest may be 
found to have a practical application. 

M agnets a nd M agne tic Fields 

The most obvious distinguishing characteristic 
of a magnet is its ability to attract iron or steel. 
This property is exhibited in nature by the lode
stone, a variety of the mineral known as magne
tite ( magnetic oxide of iron, Fe3O,). The 
lodestone is called a natural magnet. 

There are generally two regions of the surface 
of a magnet, one near each end, at which the at
traction is the g reatest. For descr iptive purposes 
the attractive force may be treated as though it 
emanated from two imernal points called the 
poles ("point poles"). An ordinary magnet has 
a magnetic axis, which is approximated by the 
line joining the poles. A mag net suspended or 
supported so as to turn freely in the horizontal 
plane takes a definite direction, which in most 
places is roughly north and south. The pole 
near the north-seeking end is called the north pole 
of t he magnet, the one near the south-seeking 
end the south pole. Like poles repel, unlike 
poles attract each other. ( Magnets used aboard 
ship for compensating compasses are often 
painted, the north-seeking end red, and the south
seeking end blue. The two portions of the mag
nets are conventionally said to ha1·e "red" and 
"blue" magnetism respectively.) 

The force between two ( hypothetical) point
poles is proportional to the strength of each pole, 
and inversely proportional to the sq uare of the 
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distance between them. This law was established 

by Coulomb in 1785, and was one of the first 
fruits of the intensive studies that led to the 
modern era of electricity. A unit pole (in the 
cgs electromagnetic system) is one which, in a 
vacuum, produces a force of I dyne on a similar 
pole at a distance of I centimeter. The strength 
of one pole of a magnet multiplied by the dis
tance between poles gives the magnetic moment 
of the magnet. 

Although point-poles probably have no phys
ical reality, a modification of that concept may 
be used to give a mathematical picture which 
represents the behavior of a magnet accurately 
down to molecular dimensions. Instead of being 
concentrated at a point, positive and negative 
pole strength is considered as distributed 
throughout the magnet. Each bi t of the magnet 
is thus characterized by a definite pole strength 
per unit volume, which is positive at the north 
end of the magnet, zero in the middle, and nega
tive at the south end. 

Another picture, which is equivalent mathe
matically and probably more accurate physically, 
is obtained by considering each bit of the magnet 
as having a certain magnetic moment per unit 
volume, which must be specified as to both mag
nitude and direction. It is greatest in the middle 
and least at the ends, the rate of change at any 
point being proportional to the density of pole 

strength discussed in the previous paragraph. 
T he effects of a magnet in the surrounding 

space are conveniently described by saying that 
the magnet produces a magnetic field. At e\·ery 
point, the field is characterized by a definite in
tensity and direction. Its magnetic intensity is 
usually defi ned as the force upon a (hypothetical) 
isolated point-pole: unit field acting upon a unit 
pole produces unit force. 

Although intensity could be measured by the 
force upon a point-pole, a more accurate method 
is as follows: The ~agnetic field tends to impel 
one pole of a suspended magnet along the field 
in one direction and the other pole in the opposite 
direction. Unless the magnetic axis is parallel 
to the direction of the field, there is a tendency 
to rotate the magnet about its center ; that is, the 
field produces a torque on the magnet. If the 

magnetic axis is held at right angles to a uniform 
field, the torque is equal to the intensity of the 
field multiplied by the magnetic moment of the 
magnet. 

Such a torque may be measured in various 
ways. One method is to oppose it with the 
known torque of a quartz-fiber suspension; in 
this case, only the horizontal component of the 
field is measured, since the vertical component 
is opposed by gravity, not by the suspension. 

If a piece of iron is brought near a magnet, or 
is otherwise subjected to a magnetic field, it will 
become magnetized by induction, and can then 
attract other iron. Iron is roughly classified as 
"hard iron" (including most varieties of steel), 
which can be magnetized only with diffculty but 
which then retains much of i ts magnetism; and 
"soft iron," which can be magnetized much more 
readily but loses most of its magnetism when 
the inducing field is removed. Hard iron can be 
magnetized more readily if it is hammered while 
held in the magnetic field . (Iron that is "hard" 
in this sense is not necessarily hard in the various 
other senses in which the word is used.) 

One method sometimes used to magnetize an 
iron or steel object is to place i t between the pole
pieces of an electromagnet; another commonly 
used procedure is to place the object in a solenoid 
or elongated coil of wire and pass a heavy uni
directional electric current momentarily through 
the coil. Sometimes, for special purposes, the 
object is magnetized by stroking it with an exist
ing magnet. Thus, in observations with a dip 
circle the magnetization is reversed in the middle 
of each set by stroking the needle with two bar 
magnets. Before 1820 the standard way of mag
netizing a needle was to stroke it with lodestone 
or with another magnet. It should be noted that 
when two magnets are stuck together, pulling 
them apart by a longitudinal sliding motion 
m ight tend to weaken them. 

With respect to their magnetic properties, all 
substances are diamagnetic, paramagnetic, or fer
romagnetic. The magnetic behavior of sub
stances of the first two categories is of practical 
concern only when large volumes of material 
are acting (as in the effect of the earth's crust 
upon its magnetic field); but all three are of con-
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siderable scientific importance. Most substances 
are weakly diamagnetic. 

A paramagnetic body shows positive suscepti
bility (ratio of induced magnetic moment per 
unit volume to the field that produces it): it is 
attracted by either pole of a magnet, and if a rod 
of such a substance is placed near a powerful 
magnet, it tends to rotate until its greatest dimen
sion lies along the field. A diamagnetic body 
shows negative susceptibility: it is repelled by 
either pole of a magnet, and in the vicinity of a 
magnet, it tends to rotate until its greatest dimen
sion is across the field. The susceptibilities of 
diamagnetic and paramagnetic substances are 
very small, ranging from about -0.000002 to 
+0.00012 (cgs electromagnetic units). In fact, 
we usually think of such materials as nonmag
netic. 

Ferromagnetic substances may be regarded as 
a special variety of paramagnetic substances, but 
are here considered a separate class. When the 
applied field is removed, they retain a portion of 
their magnetism; their susceptibilities may be 
several hundred cgs units. Iron, nickel, and co
balt are the elements generally regarded as 
ferromagnetic. 

A magnet loses strength when heated, but if it 
is not heated too much, it will regain full strength 
when cooled. If it is heated to a higher tempera
ture, it will not recover full strength; and if it 
is heated to the Curie point (750° centigrade for 
iron), it ceases to be ferromagnetic. If it is then 
cooled, it becomes ferromagnetic again, but does 
not automatically regain its magnetism; if, how
ever, it is in a magnetic field as it cools, it will 
usually be magnetized by induction :ind will re
tain some of this new magnetism. 

Permanent magnets are finding a wide variety 
of applications, and their manufacture has be
come an important branch of the metallurgical 
industry. In recent years a number of new al
loys have been developed which can be magne
tized several times as intensely as was possible 
with the older magnet steels, and which there
fore provide magnets especially useful for some 
purposes. However, the use of these magnets 
in geomagnetic instruments, including ships' 
compasses (seep. 47), presents some new prob-

lems. It might be supposed that the performance 
of a compass would be greatly improved by in
creasing the magnetic moments of the magnets 
attached to the card, but other problems might 
arise, such as an increased tendency to oscillate 
(if the period of oscillation of the compass were 
brought closer to the rolling period of the vessel) 
and troubles due to slightly magnetic components 
of the compass card. Traces of magnetic material 
in the compass bowl, which might not affect the 
performance of a compass equipped with weak 
magnets, may become highly magnetized by in
duction if excessively strong magnets are used on 
the compass card. Under such conditions the 
performance of the card may be quite unsatis
factory, and it is impossible to compensate for 
the ill effects by the usual methods. 

A related problem is the procurement of non
magnetic alloys from which to make the instru
ments used for magnetic measurements. (Much 
commercial brass is magnetic, because of impuri
ties.) The problem may be solved with the aid 
of special metallurgical techniques. 

Electromagnetism.-An electric current pro
duces a magnetic field . In order to produce a 
field of sufficient intensity without excessive cur
rent, it is customary to send the current through 
a coil of wire, wound so that the fields due to 
the various turns reinforce one another. A type 
of coil of special importance in magnetic meas
urements is the Helmholtz coil. Basically, a 
Helmholtz coil consists of two wires formed into 
circles of the same diameter with a common axis; 
but the planes of the circles are separated by a 
distance equal to their radius. The field pro
duced near the center of a Helmholtz coil is very 
nearly uniform over a comparatively large region. 
In actual practice, it is necessary to use, not single 
wires, but two closely wound coils. Examples of 
the use of H elmoltz coils are discussed on pages 
49 and 58. A 4-coil array of proper configuration 
[37] 1 is also used and will produce a more nearly 
uniform field in a given volume for a given di
ameter. (Seep. 58.) 

A changing magnetic field produces electrical 
effects. In a closed circuit ( an earth-inductor 

1 Numbers in squ2re brackets refer to the bibliography on 
pages 78- 79. 
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coil or a Auxgate-magnetometer coil for example) 
the effect is an induced electromotive force which 
produces a current. The electromotive force de
pends on the time rate of change of the Aux of 
induction through the circuit. If the coil is in a 
vacuum the induction corresponds to the mag
netic intensity. If the coil is wound on permeable 
material, then the flux of induction includes the 
effect of the intensity of magnetization within 
the material. The flux density, or induction, is 
the amount of Aux per unit area, taken normally 
across the Aux.~ 

According to present theory, all magnetism is 
really electromagnetism, the magnetism of an 
ordinary magnet being attributed to the un
neutralized rotations and revolutions of the elec
trified particles which it comains. The basis of 
this conception was proposed by Ampere in 1820. 

Definitions 

The earth acts like a· great spherical magnet. 

in that it is surrounded by a magnetic field. (See 
p. 72.) The measuremenc of the earth's magne
tism at any place consists of determining the di
rection and intensity of that field. 

At any place two planes of reference are neces
sary for such measurements: the plane of the 
horizon; and the true meridian, which is defined 
by the great circle through the geographic poles. 

True bearing and true azimuth of an object arc 
alternate names for the angle between the true 
meridian at the point of observation and the 
vertical plane containing the object and the point 
of observation. The direction adopted for o0 

is not always the same-in geodetic and magnetic 
surveys o0 is usually true south ; in sea and air 
navigation o0 is customarily north. 

The magnetic meridian at any point is defined 
as the vertical plane fixed by the direction of the 
lines of force, i.e., by the direction taken by a 
perfect compass needle. The magnetic prime 
flertical is the vertical plane at right angles to the 

2 In the cgs electromas:netic system of units. th~ Bux density 
and the m3gnetic intensity arc numerically equal m a vacuum, 
and nearly so in air. Th.e . name gauu w~s long used for the 
units of both these quantities; for measuring the earth s field 
the unit gamma ( l'Y=0.00001 gauss) was devised. Since 
1932 the name otrsttd has come into p:enera l use amon~ physi
cists and engineers for the unit o f intensity, "gauss'' being 
re~rved for flux density. 

magnetic meridian. Magnetic bearing and mag
netic azimuth are similar to true bearing and 
true azimuth, except that they are referred to the 
magnetic meridian. 

The magnetic declination, D, is the angle be
tween the true meridian and the magnetic merid
ian, and is considered east or west according as 
magnetic north is east or west of true north. De
clination is often called variation of the compass 
or simply variation. When it is desired to attach 
a sign to the declination, east declination is usu
ally considered positive, and west declination 
negative ( though in some older literature the 
reverse convention is used) . 

The dip, or inclination, I, is the angle which 
the lines of force make with the plane of the 

horizon. Ir is considered north or south accord
ing as the north-seeking or south-seeking end of 
the needle dips below the horizontal. orth dip 
is regarded as positive. 

The three quantities declination, dip, and hori
zontal intensity (H ) are often called the mag
lletic elements. Since the three elements are a 
complete vector representation of the total field, 
F, any other component of the field may be com
puted from them. The total intensity and hori
zontal intensity are always regarJ~ .I as positive. 
Other magnetic elements are the flertical in

tensity, Z, considered positive when dip is posi
tive; the north component, X ; and the east 
component, Y. The interrelation of these ele
ments is shown by figure I. Some of the 
formulas connecting them are: 

Z= H tan/ 
Z=Fsin/ 
H=F cos I 
H = ,tx~ + Y 0 

X= H cos D 
Y= H sin D 
F= .J1---12 +V 
F= .Jxz + y2 + Z2 

The maglletic equator is an imaginary line 
passing through the points of the earth's surface 
at which the field is horizontal; i.e., along this 
line the dip and the vertical intensity are zero. 

A magnetic pole of the earth is a point at 
which the field is vertical; i.e., the dip is 90° 
and the horizontal intensity is zero. The com
pass does not point toward the magnetic pole, 
nor is the pole similar to a pole of a magnet as 
defined on page 2. A magnetic pole of the earth 
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Figure !.-Typical aspect of vectors showing interrelation 

of the magnetic elements, seen from the northeast. 

D Mallnetic declination Y East component 
I locl,nation (or dip ) Z Vertical intensity 

H Horizontal intensity F Total intensity 
X North component 

is sometimes called a dip-pole. This term avoids 
confusion with other poles such as the "geomag

netic poles" defined on page 9, or the "poles" 
of maximum total intensity. 

At any instant, each magnetic element has 

different values at different points. The gradient 

in gammas per mile ( or minutes per mile) is 

not uniform. Where the irregularities are large, 

there is said to be local disturbance or anomaly. 

It is natural if caused by the presence of magnetic 

material in the geological forma tion, and artifi
cial if caused by the works of man. 

At any specified point, the magnetic elements 
are continually changing. It is found convenient 
to separate the change into several portions de
pending upon the time intervals involved, as 
described in the next four paragraphs. 

The average value of a magnetic element for 
one year differs from that for the next. This 

change can only be determined by actual observa
tion, since no general law or formula has been 
found that fits the facts. It may progress in one 
direction for many years, but ultimately reverses. 
This change with the years is called the secular 

change. The amount of secular change in 1 

year is called the annual change. 

When the average monthly values of an ele
ment are corrected for the trend of secular change, 
it is found that there is a small systematic varia
tion from month to month; for example, in North 
America the horizontal intensity increases slightly 
during the summer. This is called annual varia
tion. 

There is a small Buctuation of each of the mag
netic elements, which repeats itself with some de
gree of regularity day after day, and is known as 
the daily variation. 

The magnetic elements are usually disturbed 
to some extent by irregular fluctuations, which 
tend to affect much of the earth's surface simul
taneously. Such fluctuations are ordinarily a 
minor feature, but occasionally (more frequently 
in high latitudes) they become violent and pro
longed, constituting a magnetic storm. 



Chapter II. The Earth 
1

s Permanent Magnetic Field 

and its Secular Change 

A magnet supported at its center of g ravity 

in such a way as to be free to assume any posi
tion would come to rest with its magnetic axis 
directed along the lines of force of the earth's 
magnetic field. The angle which this direc
tion makes with the horizontal plane varies 

according to locality, and may have any value 
from o0 to 90°. F or example, at W ashington, 

D.C., the dip of the needle would be about 7r 0
• 

If the magnet is slightly deflected from its 
equilibrium position, it will oscillate with a 
frequency inversely proportional to the square 
root of the intensity F. With a calibrated mag
net F could be computed. 

Practical methods for determining direction 
and intensities are described on pages 44 to 58. 

A piece of iron subjected Lo the earth's mag
netic field becomes magnetized by induction 
just as it does when placed in the field of a 
magnet. This fac t is of the greatest importance 
to navigation in modern ships, since the iron 
which enters so largely into their construction 
becomes magnetized by induction and has a 
disturbing effect on the compass; every time the 
ship changes its direction, its magnetism changes 
and the effect on the compass changes. (See 

p. 42.) 
The earth's magnetism does not of itself affect 

the human senses. It is evidenced only by its 
effect on magnetic and electrical instruments, 
and by various geophysical phenomena. 

Some G eneral Characteristics 

of the Earth's Field 

The distribution of the fie ld over the sur
face of the earth is so irregular that observations 
must be made in many places in order to get a 

satisfactory picture of the phenomenon. (See 
chapter IV.) Special names are given to the 
places where the magnetic field is horizontal 

( magnetic equator) and where it 1s vertical 
( magnetic poles). 

Magnetic Equator 

At the magnetic equator, the dip is zero. The 
magnetic equator is south of the geographic 
equator in South America, and north of it in 
Africa, Asia, and much of the Paci fic. (See fig. 
3.) Its position is not fixed, but slowly changes. 

North of the magnetic equator, the north end 
of the dip needle dips below the horizontal, 
whereas south of it the south end dips. As one 
goes away from the magnetic equator, the dip 
angle and the vertical intensi ty increase. 

M agneti c Latitud e 

If the earth were uniformly magnetized par
allel to the axis of rotation, the dip would be 
related to the latitude (<I>) by the equation 
tan / = 2 tan cf>. For some purposes, it is con
venient to com pute a quantity <I> by inserting in 
this equation the actua l dip at any point. This 
quantity is called the magnetic latitude of that 
point. As thus defined, it is 90° at every local dip 
pole as well as at the principal ones. 

Some recent literature considers "magnetic 
latitude" as equivalent to "geomagnetic latitude," 
which is defined on page 9. 

Magnetic Po les 

In the vicinity of the magnetic poles, the hori
zontal intensity is very small. (Seep. 5.) H ence, 
in those reg ions the compass cannot be used to 
determine direction, although the total intensity 
at the magnetic poles is roughly twice as great 
as at the magnetic equator. 

Strictly speak ing, there are many "magnetic 
poles," most of them associated with local anom
alies of small extent and due to geological forma
tions containing traces of magnetic mater ial. 

7 
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The two poles referred to above are those which 

characterize the normal field (see P: 11 ), and are 
known as the pri11cipal magnetic poles, or more 
commonly, as the magnetic poles.' The prin
cipal magnetic poles are more than r,500 kilom
eters from t he geographic poles and are not dia
metrically opposite each other; in fact, the line 
joining them misses the earth's center by some 
1, 1 oo kilometers. 

There is a widespread belief that the compass 
points toward the magnetic pole. As a matter of 
fact, in large areas the direction of magnetic 
north differs 10° or more from the direction of 

the magnetic pole. 

Along the roISt meridian in the United States, 
the declination ranges from about 9° to 13° 
East, although the magnetic pole lies due north. 

When acted upon by the earth's field alone, 
the compass needle is not drawn toward any 
special point ( i.e., there is no attraction), but it 
responds to a turning force exerted by the field 
upon each of the innumerable tiny magnets of 
which it is composed. It indicates nothing more 
~han the orientation of the earth 's field at the 
spot where it is used. 

The magnetic poles should not be confused 
with the points of maximum total intensity. 
Find ing these points is even more difficult than 
finding the poles, but it is unlikely that they are 
-:oincident with the poles; only the simplest of 
the idealized models of the field would require 
such coincidence. 

The locations of the magnetic poles have prac
tical importance for the following reasons: ( r) 
the compass loses its directi\•e force in their vicin
ity; (2) the isogonic lines must pass through 
them (p. rr); and (3) it is of some interest to 
know just how much they move. 

Locating the magnetic poles.- It might be 

supposed that within a few hundred miles of the 
magnetic poles the needle should point toward 
them, but even this appears to be incorrect. 

The task of locating the principal magnetic 
poles is beset with many difficulties: ( r) They 

' The principal magnetic poles can be theoretically dcS11<· 
nated even in the presence of anomaly; sec S. Chapman. Notes 
on isomagnctic charts: IV-Gcomas.:nct.ic dtp-poles. their na• 
ture and that of the isoma!Znctic Imes in their nei~hborhood. 
Tu,. Mag., 46, 1)-26, 1911: p. 17 . This paper is one of a 
series discussing many features of magnetic charts fro m a 
theoretical viewpoint. 

are in relatively inaccessible regions; ( 2) there is 
a large area over which the dip is nearly 90°; 
(3) they are not fixed points, bu t move over some 
tens or even hundreds of kilometers because of 
daily va riation and magnetic storms; (4) because 
of local disturbance there are probably ( as al
ready stated) many magnetic poles at any par
ticular time, so that selection of the principal 
poles would be difficult even if the field remained 
constant. 

Several Arctic expeditions included attempts 
to locate the north magnetic pole. In 183, Cap

tain James Clark Ross gave its position as 70°0:/ 
., 96° 46' W. From observations by Captain 

Roald Amundsen in the vicinity of the pole in 
1903-06, the position was estimated as 71 ° ., 
96° W. Recent determinat ions by the Dominion 
Observatory of Canada provide the current in
formation. The various estimates are sufficiently 
accurate to refute the old theory that the mag
netic pole circles around the geographic pole in 
a few hundred years, for that would require a 
change in longitude of the order of 90° in the 
interval from r831 to the present. 

The earliest information regarding the posi
tion of the south magnetic pole was likewise ob
tained by Ross, who made the first near approach 
to it in I 839- 40. A d ip of 89° 48' was observed in 
1909 by Douglas Mawson of Shackleton's ex
pedition; from this observation he placed the 
magnetic pole at 72°25' S., 155° 16' E. Observa
tions made during the International Geophysical 

Year ( 1957-58) and the subsequent period have 

added much to our knowledge of the field in 
Antarctic regions. 

The positions of either the north or the south 

magnetic pole, determined by successive in

vestigators, should not be interpreted as a record 

of the movement of the poles. T he changing 

positions are due primarily to the accumulation, 

especially in recent years, of more observations 

that permit the designation of the pole locations 

with much greater confide~ce. The positions 

adopted for the 1960 isogonic charts of the world 
are: 

'.'forth magne1ic pole 

South magnetic pole 

La1i111dt 

· 74-9° :-.. 
. . 67.t O s. 

L1Jnv,it11dt 

10 1.0° w. 
142.7° E. 
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Mathematical Ana lysis 
For certain purposes it is useful to have a 

mathematical analysis or description of the earth's 
magnetic field. Spherical harmonics a re well 
suited for this purpose, although a satisfactory 
treatment requires many terms-probably of the 
order of several score or a few hundred in 
number. 

One of the recent analyses is Vestine's 48-term 
analysis of the field (38 ], depicting the 1945 
magnetic charts. 

l n theory, the spherical harmonic analysis can 
separate the main field into portions of internal 
and external origin. H owever, the poor distrib

ution and the weakness of the data preclude a 
satisfactory separation. Although early analyses 
have indicated an upper limit of a few percent for 
the externally originating portion of the field, it 
is generally believed by geophysicists that the true 
figure is probably less than r percent in accord
ance with more recent results. This small frac
tion, generated by currents flowing in the iono
sphere and in the space beyond, is of great inter
est, and it is to be hoped that when the current 
World Magnetic Survey program ( including Pro
ject Magnet of the U.S. avy Hydrographic Of. 

D I 

1955 world charr ... . .. . . . ... . . 2.8\V 63. 2 
Centered dipole . . ... . . .. .. .. . . .. . . .. 1.5 51. 7 
Difference . .. .. . . . . . . .. ..... ........ 1. 3 11. 5 

The surface points associated with the axis of 
the centered dipole are called the geomagnetic 
poles ( or sometimes the magnetic axis poles or 

poles of homogeneous magnetization). The 
great circles that lies 90° from the geomagnetic 

poles is called the geomagnetic equator. The geo• 

magnetic latitude of a point on the earth is the 

angular distance of the point from the geomag

netic equator. Geomagnetic coordinates are 

usually reckoned on the basis of an adopted lati

tude of 78.5° for the geomagnetic poles. 

The portion of the main field that is of in

ternal origin decreases above the earth's surface 

approximately as the inverse cube of the distance 

from the center of the earth. In outer space

say at distances greater than ro to 15 earth radii-

fice-see p. 42) is essentially complete, the data 
will be sufficiently extensive and accurate to yield 
a more reliable percentage figure. 

The fi rst-degree harmonics account for certain 

general aspects of the main field and represent 

about 80 percent of it Oil the average. T his 

much of the field ( namely that given by the 

first-degree harmonics) can be exactly duplicated 

by the field of a short bar magnet located at the 

center of the earth and properly oriented ( cen

tered dipole). Exactly the same surface result 

would be obtained if the magnetic moment of 

this bar magnet were distributed uniformly 

throughout the earth's spherical shape, instead of 

being concentrated in a centered dipole. F rom 

the analysis by Finch and Leaton [ 40] of the 

1955 field this bar magnet would have a mag

netic moment of 8.07 X 1025 cgs. units and it will 

be directed toward a point Oil the surface at 78.3° 

South latitude, II r.o0 East longitude. 

At selected points, the field of the centered di

pole may differ from the main field by consid

erably more than 20 percent. For example, for 

44 ° North latitude, 105° East longitude, we find 

chart values and centered dipole values as follows: 

1-1 X y z F 
cgs cgs cgs cgs cgs 

. 259 . 259 - .013 .5()9 . 574 

. 264 . 263 - .007 .334 . 425 
- .005 - . 004 - .006 .175 .149 

the fields of external origin ( interplanetary or 
interstellar ) are preponderant. 

Magnetic Charts 

Our knowledge of the earth's actual magnetic 
field is derived directly from observations. The 
results of observations may be listed in tabular 
form, but from these the field can scarcely be 
visualized. Accordingly, magnetic charts are 
prepared which give convenient representation 
of the different features. On the charts, iso• 
magnetic lines are drawn through places having 
the same value of some element. The names of 
these lines and of the charts w hich portray them 
are as follows: declination-isogonic; dip or in
clination-isoclinic; and intensity ( e.g., horizon-
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tal, vertical, or total intensity )-isodynamic. 
For most parts of the earth, the data are more 

complete for the isogonic charts than for other 

charts. Isogonic charts are indispensable, since 
from them are derived data shown on every 

mariner's chart and every aeronautical chart. 

Since the average strength and direction of the 
field change from year to year, a chart must be 
prepared as of a given date or "epoch." Most 

countries have agreed that isogonic charts shall 

be published at 5-year intervals, for epochs repre

sen ted by years ending in "o" and "5" ( for ex

ample, 1960.0, meaning the beginning of the 

calendar year 1960); and that the charts of other 

elements shall be revised at 10-year imervals, for 

1955.0, 1965.0, etc. 
Ai-ailable data.- In some countries, the ob

sen·ations of magnetic declination are quite 

numerous, whereas in a few remote regions none 

at all have been made. (See p. 40.) For the 
United States, observations a t about ro,ooo points 

are available, with a smaller number fo r the other 

magnetic elements. Without a far grea ter den

sity of observations, only general trends can be 

shown by the lines. 
I n many parts of the earth, and especially in 

the Gnited States, there has been a vast amount 

of detailed magnetic mapping, especially of ver

tical intensity or total intens ity, in connection 

with geological exploration. Such measurements 
have lim ited utility in the generalized charting 

program, owing to thei r scattl:red coverage and 
the character of the data. \Vhen a component is 

measured for geological purposes, the values are 

not usually expressed in absolute terms but are 
differences referred to an arbitrary zero point, 

so that they are not directly usable if absolute 
values are needed. 

Construction of the charts.- T he method 
of using observed data to prepare charts va ries 

with the number and spacing of the observations. 
Usually, the more observations, the greater the 
irregularity they reveal. In general, the available 

values of the desired element are plotted on a base 
map and isomagnetic lines are drawn to conform 

best with them. It might seem desirable to draw 
the isomagnetic lines so that all greater values 

would be on one side and all lesser ones on the 

other. T h is, while always possible, is not usually 

desirable, since the principal purpose of the chart 
is to ind icate the most probable values al places 

where no observations have been made. The 

problem of the magnetic cartographer is some
what similar to that of the topographer, who has 

to draw his contours ( lines of equal clc\'ation) 
from observations at a limited number of points. 

His situation is even more that of the hydrogra

phcr in that both, unlike the topographer, are 
without information regarding the inter\'ening 

region. T he chief difficulty is in deal ing with 
irregularities. 

In some parts of the earth, there is little local 

disturbance. As discussed in greater detail on 
page 14, the effect of magnetic material dimin

ishes rapidly with distance. This eflect might 

be called a "natural smoothing process." 

The amount of smoothing on a magnetic chart 
is determined in part by its scale and in pa rt by 

the density of the observations. On the same 
chart the smoothing will be greater in areas of 

sparse data. Cartographers are not in complete 
agreement as to the amount of smoothing that 

should be done; there is no generally accepted cri

terion for this step f .p). There are arguments 
for showing on world and regional charts o nly 

that portion of the geomagnetic field that has its 

origin in the earth's core. The objectil'e is to 
suppress fine-structure<l anomaly and presen·e 

regional patterns, without injecting intermediate 
features of kinds that do not exist in nature. 

The Coast and Geodetic Survey compiles and 
publishes mag netic charts of the United States 

on a scale of r :5,000,000. This scale seems appro
priate for showing all the detail that is warranted, 

in general, by the density of the obserl'ations, 

althoug h in Alaska the paucity of the obser\'ations 
probably necessitates more smooth ing than would 

be requi red by the scale of the chart alone. r-. lany 
other countries issue magnetic charts on compara

ble scales, but with more or less smoothing. 
The various maritime nations issue single

sheet world magnetic charts on a scale a,·eraging 

perhaps 1 :40,000,000. Their principal use is for 
ocean and air navigation. 

Figures 2, 3, 4, and 39 are small reproductions 

of va rious magnetic charts, redrawn with much 

I 
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of the detail of the base map omitted. In figures 

2 and 3, many of the isomagnetic lines have also 

been omitted. Figure 39 is a simplified copy of 

the 1960 isogonic chart of the United States. The 

full-size chart is printed at a scale of 1: 5,000,000. 
Since world magnetic charts are ordinarily pre

sented on Mercator projections, it is necessary to 

show the polar regions on separate polar projec

tions, as is done for the world charts published 
'by the U nited States. The American world 

charts are compiled by the Coast and Geodetic 
Survey in callaboration with the U .S. Navy H y

drographic Office (and, in the case of the 1960 
isogonic chart, in consultation with the Royal 

Greenwich Observatory of Great Britain), and 

are published and distributed by the Hydro
graphic Office. The somewhat limited number 

of observations in the polar regions is currently 
being augmented by several magnetic survey 

operations. 
Because of the limited number of observations 

in the region within 20° of the orth Pole and 

within 30° of the South Pole, the lines for large 
parts of these regions are still somewhat 

conjectural. 
Of course all isogonic lines necessarily converge 

at the geographic poles and at the magnetic poles. 
This is shown in figure 4, and is explained by 

Chree in reference [42). 
Interpretation of the charts.-A value 

scaled from a chart is strictly valid only for the 

year given as the epoch of that chart, but it may 
be reduced to another date by applying a correc

tion for secular change. (See p. 16.) Many 

charts contain an auxiliary set of lines of equal 

annual change (called isopors) which may be 
used for this purpose if the desired date is within 

a few years before or after the epoch of the chart. 
If the desired date is a considerable number of 

years earlier than the epoch of the chart, the re

duction should be made by using secular-change 

tables prepared for the purpose. 
A value obtained from a chart is to be con

sidered as the mean for several days, with the 
daily variation and irregular fluctuations aver

aged out. 
A chart value is not, in general, the actual 

value at the point of observa tion, but differs there-

from because of the effect of local disturbance. 
Rather, it may be considered as the normal value 
for the point, which is approximately equal to 

the mean for a fair-sized region centered at the 

point. For the United States, there is perhaps 

an even chance that a value of declination scaled 
from the chart issued by the Coast and Geodetic 

Survey will be within one-half degree of the 

actual value. At some points the true value and 

the chart value differ by many degrees. 
The accuracy of values obtained from a chart 

may be judged somewhat by the agreement be
tween chart and observations in the region. 

Where the observed values differ markedly from 

the values scaled from the chart, the region is 
distu rbed to the amount of the differences or even 

more. One should remember that there may be 
local disturbance where none is indicated by sur

rounding stations, and also that an anomalous 

observed value may be due to a disturbed area 
of very limited extent; but in general the differ

ence between chart and observatiors in any re

gion is a fair guide to the reliability of a chart 

value in that region. 

Local M agnetic Disturbance 

Almost everywhere, the earth's magnetic field 
differs from the regular pattern indicated by the 

ordinary isomagnetic chart, to a greater or less 

extent, because of magnetic material in the 

earth's crust. (These differences are of a dif

ferent sort from those due to man-made struc
tures.) Although these irregularities are not 

uncommon, it is customary to speak of them as 

local disturbance or local anomaly, or as de

parture from normal values. In many regions 

the anomalies in declination are probably less 
than a quarter of a degree over considerable 

areas, but in other regions they are known to be 
much larger. 

A reas of marked local disturbance are found 
in many parts of the earth. In southeastern 

Alaska, there are large disturbed areas in Lynn 
Canal and near Dixon Entrance, and there are 

probably local magnetic poles at Port Snenisham 

and near Juneau. 
There are many disturbed volcanic areas 



Figure 2.- Simplificd isogonic chart o f t he entire world except polar regions, for 19SS. Mercator projection. (Derived from U.S. N avy H ydrographic Office Chart 
1706.) For the north polar reg ions sec figu re 4. 
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figure 4.-SimpJified isogonic cha rt of north polar regions, for 1955. The isogonic lines converge at the magnetic 
poles as well as at the geographic poles. 

throughout the world and special mention should 
be made of the lava flows of W ashington, 
Oregon, and other States. l n E urope, the dis
turbed areas are well known and the following 
are worthy of special note: ( 1) The Kursk 
anomaly in the Soviet Union, extending 270 km 
in a northwest-southeast di rection, the greatest 
known disturbed area anywhere; (2) an anomaly 

in Lapland ( northern Sweden) ; (3) one in the 
Baltic Sea west of Finland, which is claimed to 
have caused many shipwrecks. There are im
portant anomalies in South Africa in the miner
alized regions. Probably because of the wide 

spacing of observations, little is known about 
important distu rbed areas in Asia and South 
America. There are examples in New Zealand 

and the Antarctic Continent. 
Since the effect of magnetic material decreases 

rapidly with increasing distance, magnetic anom
alies are attenuated with altitude. T his effect 
is most marked for the fine-structured constitu
ents of the anomaly pattern. A similar attenua
tion is produced when a volcanic island has a 
thick bed of coral at its surface ( the volcanic 
material is magnetic but the coral is not) or when 
the magnetic material is at the bottom of the 
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sea. In the polar regions, th ick ice sheets should 
have a similar effect. 

The area near Po rt Snettisham in Alaska has 

been investigated on land and sea, and in the air 

as well ( by an observer of the Coast and Geodetic 

Survey in an aircraft of the U.S. 1avy ) . Though 
there is probably a local magnetic pole on the 

land, it has not been located. At a point where 

the water is 100 meters deep, the surface anomaly 
is 30° in decl ination. It is about 15° at an alti

t ude of 300 meters, and is still detectable at 
1 ,ooo meters. 

W henever a requirement exists for precise and 

accurate knowledge of the earth's magnetic field 
at a specified point on the surface, observations 

must be made at precisely that point. Values 
derived by scaling from a magnetic chart cannot 

be certified with absolute assurance, but are 

stated to be estimates subject to a specified prob
able error. The scaled value, as stated earlier, 
represents a mean value for a fa ir-sized region 

( perhaps several tens of square miles) centered 
at the point. 

Artificial disturbance.-Whenevcr magnetic 

observations are being made for any purpose, the 
possibility of artificial magnetic disturbance 

should constantly be borne in mind. Any iron 
or steel or d irect-current electrical circuits near 

the instrument will ha\'e an effect, the magnitude 
of the effect diminishing rather rapidly with in

creasing distance. 

At sea, the iron of a ship is a source of arti

ficial magnetic disturbance. H owever, means 
have been found to compensate for the effect on 

the compass. 

On land, there may be iron in buildings, fences, 

or buried pipes. Electric currents may be en

countered in all sorts of installations. Fortu
nately, alternating currents have no perceptible 

effect on the ordinary compass, since the direc
tion of the resulting magnetic field changes so 

rapidly that the compass cannot respond to it. 
However, powerlines are often supported by steel 

towers large enough to have considerable effect. 

The most t roublesome source of artificial dis
turbance is a direct-current electric railway using 
grounded rails for the return current, since the 

leakage current may affect sensitive instruments 

located several kilometers from the railway. For 

ordinary compass surveys, it is considered that 

500 meters from such a railway is sufficient. (See 

also pp. 40, 41.) 
Geophysical explorations by magn etic 

m ethods.- The existence of local disturbance is 

an obstacle which limits the usefulness of the 
earth 's magnetism for showing direction . Local 

distu rbance is not, however, to be thought of 

solely as an inconvenient obstacle; the study of 

such irregula rities has led to the finding of im
portant natural resources such as oil and minerals 

buried beneath the surface, which are often asso

ciated with geological formations that can be 

traced by magnetic methods. There are other 

kinds of geophysical exploration, such as seismic 
investigation and the study of irreg ularities in 

gravity and in electrical conductivity. The mag

netic measurements are easier to make than some 

of the others, but in many cases the interpretation 

is more difficult. Correct interpretation often 
requires the judicious use of several methods. 

An example of magnetic prospecting in the 
early days is described in the following passage 

[43]: 
The discMcn· of iron in Michii:an was made b,· Wil

liam A. Burt, Deput" U.S. Surveyor, who tn the sprini: 
of 1844, while runnini: special township lines, observed 
bv means of the solar compass remarkable variations in 
the direction of the needle of his instrument, amounting 
to as much as 87 degrees from the normal. Ascnbini: 
this to the occurrence of iron ore, he sought and found 
11 in the ridges and outcrop at several points. 

In addition to surveys made directly for the 

purpose of locating oil and minerals, various sur

veys have been made to get a better understanding 
of the broad features of the earth's structure with

out regard to direct economic results. For ex

ample, magnetic studies of active volcanoes have 

been based on the change of magnetism of the 
lava with change of temperature. 

Since all these surveys are made primarily for 
geological purposes, only differences are needed, 

and relative methods suffice. 
In the earlier years of this work magnetic " field 

balances" were used to measure differences in the 

vertical component of the field. With the devel

opment of magnetometers responding to the 
changes of total field, requi ring no orientation 

with respect to either horizontal or vertical ref-



16 MAGNETISM OF THE EARTH 

erences, measurements could be made much more 
quickly; indeed, most of the magnetic exploration 
work is now done with aircraft. Maps are drawn 
showing patterns developed in the observations, 
whether in terms of actual values of a magnetic 
element or of differences from the value at 
an arbitrarily selected base station. Since, how

ever, the normal change of vertical or total in
tensity with position would tend to distort the 
irregularities, it is customary to apply "latitude 
and longitude corrections" proportional to the 
distance from the base stat ion, derived in a some
what arbitrary way. Often, the corrections are 

derived by scaling the approximate rate at which 
vertical i11tensity changes with latitude or longi
tude on an isodynamic chart. However, surveys 
made by different organizations ordinarily use 
somewhat d ifferent corrections; as a result, such 
surveys cannot be joined together. 

Secular Change 

The secula r change, unlike the transient varia
tions to be considered in chapter IIT, partakes 
largely of the character of the main field itself. 
For example, the underlying causes arc obscure, 
and are believed to lie within the earth (see p. 
20); al,o, the distribution of secular change, like 
that of the main field, is characterized by com
plex regional features, which must be charted tu 
serve the everyday needs of navigation by sea 
and air. 

To determine the course of secular change, ob
servations must be repeated in precisely the same 
places at regular intervals. These repeat ob
servations are the basis of the isopors or lines of 
equal annual change. (See p. 1 I.) The effect 
of magnetic anomaly on the secular change has 
not been investigated thoroughly, but the avail
able data indicate that the secular change is about 
the same in moderately disturbed localities as in 
nearby undisturbed areas. 

The change is not uniform from year to year, 
though in general there are definite trends. 
However, over a long period the change does 
not go indefinitely in one direction ; eventually 
a turning point is reached. The secular change 
of declination at a number of typical locations 

is shown in figure 5. It will be seen that at 
London the declination was II O East in 1580, 

and 24° West in 1810, a change of 35° in 230 
years. At one time, this was thought to indi
cate that it varied in cycles with a period of 460 
years; but it is now known that the actual phe
nomenon is much more complicated. In some 
cases, there has been a reversal in direction of 
change for a few years, and then resumption of 
the original direction of change. 

A serial compilation of observatory results [ 44] 
shows the values of seven magnetic elements, 

tabulated by years. See also reference [ 45]. 
Figure 5 includes the trend of declination for 

one point in the United States. Further details 
on this subject, including tables intended for the 
actual use of surveyors and others who desire to 

know the secular change, are published by the 
Coast and Geodetic Survey in Publication 4er2 

[ 46]. 
The secular change of dip has the same gen

eral character as does that of the magnetic dec
lination. F rom orman's value (p. 69) of 

71 °50' in 1576, the dip at London increased to 
about 74 °30' in 1700, and since then has been de
creasing until it is now less than 67°. The ear
liest determination of the dip in the United States 
was made by Capt. Othniel Beal at Boston in 
1722, 68°22'. From that time it increased to over 

74 ° in 1860, then decreased to 73° in 1905, and 
then began to increase. In 1940 it again began 
to decrease. 

Figure 6 shows the combined secular change of 
declination and dip at a number of points. Each 
curve shows the path of the lower end of an 
imaginary needle held above the page and free to 
orient itself in the earth's field. 

Our information about secular change of in
tensity is much less extensive than that for dec
lination and dip. No method of making ab
solute measurements of intensity was known 
until 1830, and there have always been in most 
countries more observations of declination than 
of intensity. 

Heretofore the determinations of the rates of 
change of vertical intensity and total intensity 
have been particularly unsatisfactory. A value 
of F or Z was usually obtained by combining 
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Figure 5.--Cur-vcs showing approximate secuJar change of magnetic declination at selected pofors. 

values of H and / ; hence F and Z were less ac
curately determined than were H and / (since 

they were subject to error from both of these ele
ments), and these errors in turn produced con
siderable uncertainty in the secular change of 
Z and F. During the past few years, however, 
the development of the proton-precession mag
netometer has provided the magnetic observer 

with an instrument of h igh precision for the di
rect measurement of F. In the future, therefore, 
it is probable that the accuracy of determination 
of secular change of the intensity of the field 
and its components will be limited more by the 
uncertainty of correcting the individual observa
tions for daily variation ( time disturbance) of the 
field than by lack of precision of the measur
ing instrument. 

At most places the rate of secular change 
varies somewhat; the detailed changes from year 
to year are seldom known, except at magnetic 
observatories. The expedient adopted for other 
places is to determine the rate of change from 
observations at intervals usually related to the 
frequency with which magnetic charts of a re-

gion are issued. An ideal situation was that in 
Denmark, where observations were made with
in a period of a few weeks at eight uniformly 
distributed stations, and repeated on a similar 
schedule every 5 years. In larger areas such as 
the U nited States, the observations to determine 
change must be spread over several years; since 
the ratt of change is constantly changing, careful 
study is required to interpret such observations. 

Foci.- The lines of equal annual change are 
interesting when plotted on a world map. For 
much of the earth the changes are small. In some 
places the isopors form closed curves known as 
isoporic foci whose maximum ( in declination) 
may be as much as r5 minutes of arc per year. 

At present, the principal isoporic foci are over 
the continents and the Atlantic and Indian 
Oceans, whereas those over the Pacific Ocean a re 
unimportant. The location of each focus con
stantly changes, as does the maximum amount of 
change which it represents. T he most striking 
illustration of this is found in South Africa and 
t he Indian Ocean. At the magnetic observatory 
at Tananarive, Madagascar, the rate of change 
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Figure 6.-Secular change of magnetic declination and dip 
at London, Boston, and Baltimore. Each curve represents 
approximately the motion of the lower end of a perfectly 
balanced needle. 

of declination in 1911 was about + 1 r' per year; 
in 1938 it was about - 11' per year. At the 
earlier date, there was a positive focus in the 
region of Madagascar, and a negative one in the 
Indian Ocean. But both of these foci underwent 
rapid changes; on the later date the negative one 
was centered near Madagascar, and the positive 
focus had apparently subsided. 

Figures 7 and 8 show the change in the posi
tion of the zero D-isopor in the United States. 

I n general, the north end of the compass was 
moving to the westward on the northeasterly 
side of the line, ancl to the eastward on the south

westerly side. For 1940 and for 1950 there are 
two branches of the line. For 1955 there is a 
loop centered in Pennsylvania and a branch 
crossing northern Maine. It may be noted that 
figures 7 and 8 involve only minor isoporic foci, 
since there are no major foci in the vicinity of the 
United States. 

One surprising result of the study of secular 
change is the conclusion that over a long inter
val the earth's magnetic moment was decreasing 
at a rate of perhaps one-fifteenth percent per 
year. If such a rate continued, it would mean 
that the moment would be reduced to half its 
value every thousand yea rs. This would require 
incredibly large intensities in even recent geolog
ical eras. It therefore appears that either the rate 
of decrease during the last hundred years must 
be greater than the rate existing in past centuries, 
or else there must be some method by which the 
earth can be remagnetized, some other form of 
internal energy being transformed into magnetic 

energy. There is some indication that a mrn
imum in the earth's magnetic moment was 

reached about 1935-40. 
This change of magnetic moment is not the 

same as the regional changes in intensity previ
ously discussed. In some regions the intensity 
is increasing while in others it is decreasing. The 
change of moment refers to the general average, 
over the whole earth, of all these trends. 

Paleomagnetism.-Actual observations of 
the earth's magnetism cover a period of a few 

hundred years at most, and for most of the 
earth they are confined to a much shorter inter
val P ~'"".Ver, there are several methods of 
obta1111ng ve ry approximate secular-change data 
for longer periods. 

One method is based on the hypotheses that 
lava has a Curie point above which it is nonmag
netic (seep. 4), that as it cools it is magnetized 
by induction from the earth 's existing field, and 
that it is not thereafter affected by changes in 
the earth's field. The d irection of the magnetic 
axis of a piece of the lava can be determined 
by suitable measurements, and the difference be
tween that direction and the present direction 
of the earth's field is then to be taken as resulting 
from secular change. However, even if the orig
inal hypotheses were correct, it is quite possible 
that the lava may not lie in its original position, 
in which case incorrect results would be ob
tained. Some experiments using this method 
have not proved conclusive. Tn any case, no 
accurate time scale or rate of change can be 
determined. 

Another method is based on the fact that sedi
mentary deposits usually form slowly, the indi
vidual particles, if magnetized, orienting them
selves in the direction of the earth 's field as they 
settle. Vertical samples from the sea bottom, 
6 to ro feet in length, have been examined by 
special devices and the magnetization was found 
to change direction in d ifferent parts of the 
column. There is a possibility that currents and 
eddies may affect the direction taken by the 
particles. Only estimates can be made about long 
periods of time as nothing is known about the 
actual rate of sedimentation corresponding to any 
given small section of the column. 



, .. 

PERMANENT FIELD AND SECULAR CH ANGE 

1890 

LINES OF ZERO CHANGE 
IN DECLINATION 

1785-1930 

l I J. J. L l 

l! I .!. ' l ' ' ' .!. 

l'/!JO 

1865 

~- l ·i)>· 1815 ° 
~~, 

' .. --.--

19 

l __... 

Figure 7.-Positions of the line along which annual change of magnetic declinarion in the United States was zero, at 
various epochs from 1785 10 1930. 

LINES OF ZERO CHANGE 
IN DECLINATION 

1935-1960 

l l 

L__:111 

T 

.figure 8.-Positions of the line along which annual change of magnetic declination in the Uni1ed States was tero, at 
various epochs from 1935 10 1960. 



20 MAGNETISM OF THE EARTH 

A related method for estimating magnetic 
changes for long periods of time is that of exam
ining varves ( annual deposits of ancient lakes 
which have disappeared). The principle is the 
same as that for the sea deposits, but the results 
are more promising since there is less likelihood 
that currents have influenced the orientation of 
the particles. The varves are identified by vari
ations in type of sediment throughout a year, as 
shown by Antevs, so that time intervals can be 
recognized, though the relation to the present 
time is lacking. The specimens can be oriented 
to true north; hence the directions of magnetiza
tion yield declin:ition as of an unknown date. 
The actual curves are very similar to those in 
figure 5, and the results seem to have real sig
nificance; i.e., that the changes over a given 
period are of the order of magnitude of the 
changes observed in modern times. 

The broad results of paleomagnetic investiga
tions are very surprising. T here is somewhat 
inconclusive evidence of geologically frequent 
reversals in the polarity of the geomagnetic field. 
There has been a slow wander in the mean direc
tion of magnetization through geological time. 
Efforts to correlate such data from widely sep
arated sites have been numerous. The results 
may be interpreted in support of the idea that 
relati \"e to the axis of rotation in space, there 
must have been movement of the earth or its 
crust as a whole (hypothesis of polar wandering) 
and that superimposed on this polar wandering 
there may have been relative movement between 

the continents ( theory of continental drift). 

Origin of the Main Field and of 
the Secular Change 

Various hypotheses have been proposed to ex
plain the existence of the earth's main field and 
its secular change. It is known that the source 
is almost entirely internal. Gilbert, who was the 
first to visualize the field as a whole, conceived 
the earth as a great spherical body, uniformly 
magnetized. Other proposals have invoked a 
wide variety of mechanisms: motions of static 
charges carried around by the earth 's spin; align
ment of atomic magnets by gyroscopic action; 
electrical currents maintained by self-induction, 

by thermoelectric forces, or by self-exciting 
dynamo action. The main-field theory of great
est current interest and promise is the self-ex
citing dynamo theory first proposed by Larmor 
to explain the sun's magnetic field. The dynamo 

action would take place in the earth's fluid core 

[ 47]. Secular variation is thought to result from 

motion of material near the surface of the core 

relative to the mantle, but a fully satisfactory 

theory is still lacking. 

The main field and the secular-change field can 

each be described in terms of a small number of 

discrete sources situated on or beneath the bound

ary of the earth's core. There may be some cor

relation between the two sets of sources; there is 

some evidence that the secular variation is due 

in part to a westward drift of that portion of the 

main-field source structure that produces the 

regional anomalies (48] . 
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Chapter 111. Transient Variations of the Earth 
I

s 

Magnetic Field 

The major portion of the transient variations 
of the earth's magnetism may be regarded as the 
culmination of events on a wider stage, the im
mediate "cause" being a complex of changing 
currents in the ionosphere and beyond. A smaller 
part of the transients, perhaps one-fourth to one
third, stems from internal currents induced by the 
variation of the external currents. The transients 
are definitely known to be associated with solar 
effects and with conditions in the ionosphere. 
T his association leads to important relations with 
radio communication, which in turn throw new 
light on magnetic problems. It is known also that 
a very complex relationship exists between the 
magnetic field and other geophysical phenomena; 
many investigators are intensively studying earth 
currents, cosmic rays, auroras, radiation trapped 
in the Van Allen radiation belts, and effects of 
the earth's magnetic field on artificial satell ites. 

· Daily Variations 

Although the daily variation differs from day 
to day, it is capable of being associated with a 
reasonable cause more readily than is any other 
feature of the earth's magnetism. It is a phenom
enon depending primarily upon local time
that is, upon the hour angles of the sun and moon. 
The lunar daily variation is much smaller than 
the solar daily va riation. 

Description o f the Solar Dai ly V ariation 

The cycle of changes is not simul taneous for 
different longitudes, but each phase of the cycle 
in turn traverses the globe from east to west, 
leading or lagging the sun by a nearly constant 
time interval. The main fea tures of the variation 
occur during the daytime. During the night, 
there is usually little departure from the mean of 
the day. 

The mean daily variation varies m uch through-

out the earth, as shown in figures 9-12 for four 
of the well-distributed observatories of the Coast 
and Geodetic Survey. It must be borne in mind 
that these curves are based on days selected be
cause of their freedom from storms. They rep
resent the average of a la rge number of days, 
so that minor irregularities are ironed out. The 
difference between extreme values on these curves 
is somewhat less than the average of the ranges 
on individual days, because even on quiet days 
the times of the extremes may vary as much as 
two hours. 

There are important differences in the char
acter of t he daily variation from one station to 
another. The reasons for some of these dispari
ties are still obscure. F urthermore, both in am
plitude and in shape the actual curves undergo 
seemingly fortuitous changes from day to day, so 
that average curves are hardly ever valid for 
specific dates. 

The ampl itude of the daily variation, even for 
quiet days, is substantially larger during periods 
of maximum sunspots than during sunspot min
ima. Tt should also be noted that on many days 
there is superimposed on the quiet-day daily vari
ation a greater or less amount of the disturbance
daily variation, discussed on page 31. 

Figure 13 is a reproduction of a standard mag
netogram for a quiet day, and figure 14 for a 
magnetic storm (p. 27) . Figure 15 shows a 
rapid-run magnetogram (p. 53) for a moder
ately disturbed day. 

D eclination.- [n northern latitudes the daily 
Yariation of declination is characterized by an 
easter! y motion of the north end of the needle 
in the morning, with an easterly extreme about 8 
or 9 a.m., local time; then a westerly motion. 

with a westerly extreme about I or 2 p.m.; then 

an easterly motion for 4 or 5 hours. From dusk 

to the early morning there is little change. 

The daily range is greater in summer than in 

21 
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winter, and greater in high latitudes than toward 
the Equator. It should be noted, howe,·er, that 

for the winter months the daily range is about 
the same at Sitka as at H onolulu, and less than 
at the intermediate stations. 

In the Southern H emisphere conditions are 
reversed. The westerly extreme occurs in the 
morning and the easterl y extreme in the after
noon. The greatest ampl itude occurs in the 
southern summer; i.e., in December. 

A portion of the Tropics constitutes an inver
sion zone, in w hich the northern type of daily 
,·ariation predominates in June and the southern 

type in December [49] . 
The practical significa nce of the daily variation 

of declination may be seen from the following 
example : In the United States in summer the 
north end of the compass needle points on the 
average about ro' more to the west at r p.m. than 
it does at 8 a.m. Consequently a line r ,ooo feet 
long run by compass at the time of the westerly 
extreme would have its terminal point 2.9 feet 
to the left of a line of the same length run from 
the same starting point at the time of the easterly 
extreme. 

Horizontal intensity.-The daily variation 
of horizontal intensity has the same general 
characteristics in the Torthern and Southern 

H emispheres, but they vary according to latitude. 
At stations within 25 ° or 30° of the Equator, 
the predominant feature is a pronounced max
imum shortly before noon without a well-de
fined minimum. F rom about latitude 40° to 
high latitudes the predominant fea ture is a pro
nounced minimum shortly before noon. Be
tween, there is a transition belt, where the range 
is smaller and the variation less regular, some
times with two maxima and two minima. This 
difference is clearly shown by the curves for 
Sitka, Tucson, and H onolulu, in figure r 1. Tuc
son is in the transition belt, and the form of the 
curve is qu ite different for different times of 
the year and even for successive days. Since the 
average curve is derived from days of different 
type, the Tucson curves do not represent a single 
type. 

Dip.-The daily variation of dip is of the 
same general character as that of horizontal in-

tensity, but with a maximum where H has a 
minimum, a nd vice versa. There is a predomi

nant maximum or minimum shortly before noon, 
except in the transition belt. 

Total intensity.-There is a predominant 
minimum about noon at Tucson as well as at 
Cheltenham, Md., and at Sitka. At Honolulu 
and at San Juan the ra nge is small, and the phases 
are less pronounced and are different for dif
fe rent ti mes of the year. 

Daily variation n ear the Equator.-An 
outstanding phenomenon of the daily variation 
is found in a narrow belt, no more than 2 or 3 
degrees of latitude in width, approximately cen

tered on the magnetic dip equator. At the center 
of the belt the daily range of horizontal intensity 
is nearly 3 times as large as the range at points 
no more than 300 miles north or south. This 
abnormal daily range in H , as well as a midday 
enhancement of minor disturbances in D, Z, and 
H , is ascribed to a current called the equatorial 
electrojet. 

Description o f the Lunar Daily 

V ariation 

The variation which depends upon the hour 
angle of the moon is known as the lunar daily 

vanat1on. In most cases it is very small ( of 
the order of 2 gammas or less) and can be de
tected only by statistical analysis of observations 
covering many months or yea rs. 

Unlike the solar daily variation, it undergoes 
a progressive change in character throughout 
the lunar month, in a regular relation with the 
moon's phases. Like the solar daily variation, 
it shows abnormal amplitude at stations along 
the magnetic equator. 

Theory of the Daily Variation 

It is known from spherical harmonic analyses 
of the daily variation that some two-thirds to 
three-fourths of it is due to causes outside the 
earth. The sun is too far away to have a direct 
magnetic effect, and it has been found that the 
most reasonable cause is a system of electric cur
rents in the ionosphere. The changes in these 

• 
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external currents induce currents within the 
earth, furnishing the internal source for the re
maining portion of the daily va riation. 

A current system that has been worked out 
for an average day is shown in figure 16. In 
the Northern H emisphere, the flow of current 
is counterclockwise (as viewed from above) over 
the daylight portion of the earth. The average 
current system remains fixed with respect to the 
line joining the earth and the sun, while the 
earth rota tes beneath it. The actual current sys
tem, of course, fluctuates from day to day and 
from hour to hour. 

The height of the currents cannot be de
termined solely by study of the earth 's mag
netism. For data on that point, we must turn 
to research connected with radio. 

lonosphere.-Long-distance radio transmis
sion is dependent upon ionization of the upper 
air; the ionization must be such that there will 
be layers which bend the radio waves back to 
earth, somewhat as a mirror reflects light. The 
waves proceed by successive reflections back and 
focth between the ionosphere and the earth. The 
ionization is caused by X-rays and ultraviolet 
light from the sun, much of the energy being 
absorbed in th is process so that it does not reach 
the earth. The currents which cause daily var
iation are due to motion of the ions. 

The existence of electric currents above the 
earth was suspected as long ago as 1832, when 
Faraday suggested them as a cause of auroras. 
Overhead currents were suggested as the cause 
of the magnetic variations by several persons, in

cluding G. A. Rowell, W. A. Norton, and Bal
four Stewart; of these, only Stewart explained 
the generation of the current by a mechanism 
that won acceptance (see below). In 1902 A. E. 
Kennelly in the United States and 0. Heaviside 
in G reat Britain independently proposed a re
flecting layer to explain the transmission of radio 
signals across the Atlantic. Their hypothesis was 
supported by various subsequent experiments, 
and this envelope came to be known as the 
Kennelly-Heaviside layer. It was then found 
that there were two or more layers; these are 
known collectively as the "ionosphere." 

The ionosphere is now regularly investigated at 

va rious observatories by sending brief radio sig
nals directly upward and recording the interval 
between outgoing signals and their echoes as re
turned after reflection. These inte rvals are very 

short, since the waves travel with approximately 
the speed of light (300,000 km per second) 11ntil 
they reach the ionosphere, where they are re
flected. The altitude at which the wave is re
flected depends on the frequency of the wave 
and on the electron density. As the frequency 

increases the necessary density is greater; hence, 
the wave must go farther before reflection, and 
the time interval between impulse and echo is 
greater. But this interval does not increase stead
ily with frequency; rather, at certain frequencies, 
there is an abrupt increase in the time interval. 
This indicates that there are several different 
layers or regions of ionization so that a wave 
which penetrates the lower region continues until 
it reaches a region with sufficient electron den
sity to cause reflection. If the radio frequency is 
h igh enough, the signal w ill not be reflected. 

Recent rapid advances in space exploration by 
rocket and satellite have added much to our 
knowledge of the ionosphere. H owever, there 
is much that is still obscure [56]. 

T he approximate heights of the principal re
gions, with their identifying letters, are as follows: 

D region: 65-85 km 
E region: 85-140 km 
F 1 reg1011: 140-200 km 
F2 region: 200-1300 km 

A ll these heights are quite variable. At night the 
F, and F2 regions join and the D region prac
tically d isappears. During magnetic storms a 
region may be completely broken up and give 
no reflection at all. 

The above description applies to the region 
between 40° South and 40° North ; in the polar 
regions, conditions are more complex. 

Tides in the ionosphere.-The ionosphere 

is subject to tides that are somewhat analogous 

to those in the sea, but with important dif

ferences. The gravitational tide-producing force 

of the moon is about twice that of the sun; how

ever, the lunar atmospheric tide is only one

fifte<>nth as great as the solar atmospheric tide. 
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Figure 13.-Magoctogra.m foe a magnetically quiet day. 

It is believed that the difference results from 
the enhancement of the solar semidiurnal tide 
by resonance. Solar heating of the atmosphere 
also plays a part in producing the ionospheric 
tides. 

Stewart-Schuster d ynamo theory.- Since 
the ionosphere contains free ions, it behaves 
somewhat like an electrical conductor. When a 
conductor moves across a magnetic field. effects 

are produced which may give rise to elect ric cur
rents (p. 5); likewise, when, for any reason, 
the ions of the ionosphere move, the earth 's mag
netic field deflects them from their initial course, 

and the result may be equivalent to an electric 
current, producing for example the da ily-varia
tion magnetic field. 

This dynamo action is the essence of the theory 

advanced by Balfour Stewart in 1882 to explain 

the magnetic solar daily variation. The required 
primary motion of the ions is ascribed to mass 
tidal and heating action, with resonance, the 
geomagnetic effect being attributed to resulting 
current systems in regions of shorter free paths
say below roo km. The currents are chiefly gen
erated by horizontal motions across the vertical 
component of the magnetic field. This theory, 
fi rst put in quanti tative form by Arthur 
Schuster, is accepted as the explanation of most 
of the solar daily variation and is the basis of 
the current system shown in figure r6. The 
lunar daily variation is explained in the same 
way. 

On. this theory small increments in conduc
tivity of the ionosphere, such as occur during 
solar flares, primarily enhance the already flow

ing current. The magnetic effect obser\'ed on 
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Figure 14'.- Magnecogram for a magnecicalJy dismrbed day with a "sudden commcnccmcnr. 
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the ground is therefore an augmentation of the 
daily variation departure prevailing at this time. 

Magnetic Disturbances and 
Magnetic Storms 

Quiet-day daily variation is normal and should 
not be classed as disturbance. However, from 
time to time the records show disturbance in 
great variety, from moderate fluctuations to 
those which can be completely recorded only 
by insensitive instruments. Any marked degree 
of natural disturbance is classed as a magnetic 
storm. 

T hough the name comes from analogy with 
the meteorological storm, the magnetic storm is 
not perceptible to the senses and has no estab
lished correlation with the weather. Obviously 
no direct association is possible between magnetic 
storms, which a re widespread phenomena, and 
detailed weather conditions, which depend so 
much on local effects. 

Descriptio n of Magnetic Disturbances 

A magnetogram illustrating a magnetic storm 
is reproduced as figure 14. It should be under-

stood, however, that magnetic storms differ 
greatly in the extent and character of the dis
turbance which they show; also, that storms are 
much more intense in higher latitudes than at 
Tucson. 

Though the records of individual storms differ 
greatly among themselves, the change in the 
field at the earth's surface during a magnetic 
storm may be analyzed into th ree main parts: 
( r) a part proceeding according to time measured 
from the commencement of the storm, known as 
the storm-time variation; (2) a daily variation 
additional to that present on quiet days, but much 
greater in intensity and markedly different in 
type, k nown as the disturbance-daily variation; 
and (3) an irregular part, most marked in the 
high latitudes. 

In separating the storm-time portion of the 
record, it is often difficult to fix the time of 
beginning. This uncertainty is frequently so 
great that any reckoning of storm-time varia
tion is futile. On the other hand, many storms 
begin with abrupt changes in all the elements, 
especially marked in horizontal intensity. Such 
occurrences are known as sudden commence
ments. (See fig. 14.) These take place almost 
simultaneously all over the earth. 
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figure 16.-Postulated current sys·cem in the iooosphere, deduced from the 
avenge daily variation observed for quiet days. In the space enclosed by 
each pair of adjacent lines, a current of 10,000 amperes flows jn the in
dicated direction. The total current around each main focus is 62,000 
amperes. (Courtesy of Department of Terrestrial Magnetism, Carnegie 
Institution of Washington.) 

In middle or lower latitudes, the storm-time 
part of horizontal intensity rises to a maximum 
within an hour or two after the start. Then 
there is a steady drop to a value considerably 
below normal, the minimum coming on the 
average within two-thirds of a day. This is fol
lowed by gradual recovery, usually for several 
days, until the normal value is reached. The 
greater the storm, the more rapid is the develop
ment of these phases. 

The detailed aspects of individual magnetic 
storms, while more prominent than the other 
features, are less amenable to systematic study 
and analysis. Chree [ 50] has stressed the fact 
that individual storms vary widely and d isplay 
marked asymmetrical features. Chapman [51, 
52] discusses various studies in this field, such as 
Birkeland's classification of magnetic storms into 
different types. 

There are a number of special forms of mag
netic disturbance, the most important of which 
is the bay. This is a departure from an other
wise undisturbed record, in the form :>f a V or 
of a bay of the sea, from which it gets its name. 
Most bays have no apparent relation to radio 
communication; but a special kind of bay (mag-

netic crochet or solar-Bare effect) is close! y asso
ciated with solar flares and with radio fade-outs 
( p. 32). Other special forms of magnetic dis
turbance are cusped bays occurring during 
storms, micropulsations registered in otherwise 
quiet intervals, sudden commencements preceded 
by small oscillations, and giant pulsations [53]. 

Magnetic storms are correlated with solar con
d itions and the solar rotation, with conditions in 
the upper atmosphere, with the aurora, with 
phenomena of radio communication, with cos
mic-ray intensity changes and with changes in 
the Van Allen belts. 

In the United States, exclusive of Alaska, the 
change in declination in the course of a mag
netic storm may, on rare occasions, be more 

than 4 degrees, and the change in intensity may 
be as great as 5 percent. For example, at the 
magnetic observatory at Cheltenham, Md., the 
ranges on September 18 and 19, 1941, were: 
declination, 4.4 °; horizontal intensity, 2,500 
gammas; vertical intensity 1,400 gammas. (The 
mean values of horizontal and ver tical intensity 

at Cheltenham are about 18,200 and 54,000 
gammas, respectively.) 

On the average, the intensity of a magnetic 



TRANSIEN T VARIATIONS 

VIEW FROM SUN VIEW TOWARDS NORTH POL£ 

Figure 17.-Postulared average current system in the ionosphere for a magnetic storm. (B) gives the storm
time field (which. by definition, is independent of lon_gitude ); (C) gives the disturbance-daily variation, while 
(A) is the sum of these two. Note inton~ currents 10 1uroral zone. (Courtesy of Department of T errestri1l 
Magnetism, Carnegie Institution of \X'ashing ton.) 
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storm increases up to about 67° magnetic lati

tude, and then decreases somewhat toward the 

poles. An extreme example of this increase with 

latitude is the storm of April 2, 1944; the total 

range in declination at Cheltenham, Md., was 

less than 1 °, whereas at Sitka, Alaska, it was 
o,·er 9° . 

The following list shows the dates of some of 

the great magnetic storms: 

October 23, 1847 
August 28, 1859 
February 4, 1872 
November r7, 1882 

October 3 r, r903 
September 25, 1909 
August r r, 19r9 
:\farch 22, 1920 
May r3- 16, r921 
July 8, 1928 

April 16, 1938 
March 24, 1940 
March r, r94r 
September 18, r941 
r-larch 28, 1946 
September 13, 1957 
February Ir , 1958 

July r 5, 1959 
April 30, 1960 
!\'ovember 12-13, 1960 

Measures of intensity of magnetic dist-urb
ance.- 1 t has been considered desirable to assign 

to each day or shorter interval a letter or figure 
indicating whether the magnetic field is quiet 
or disturbed, and to what extent. In fact, re

search of any kind on magnetic storms would be 

almost impossible without such lists. The sim
plest method would be to divide days into "quiet" 

and "disturbed." r n view of the fact that most 

days are somewhat disturbed and only a few are 

greatly disturbed, it is preferable to use a greater 
number of classes, and to use intervals as small 
as 3 hours or even 15 minutes. 

Many different meusures have been proposed 

and used. The reason for so many criteria is that 
there are many features of a magnetic storm ( such 
as length of storm, rapidity of change at time of 

greatest rate, total range, average of the ranges 

during each hour of storm, etc.), and there is 
no general agreement in the selection of those 

aspects which should be regarded as most sig

nificant. With the discovery of the relat ion of 

magnetic storms to radio communication, to 

auroras, and to the incidence of radiation and 

energetic particles from the sun, characterization 

of magnetic conditions has atta ined practical, as 

well as scientific, importance. 

Of the many measures which have been tried 

out, only a few survi,·e. The one with the longest 

life has been the international character figure, C. 
Each magnetic observatory assigns the number o 

(quiet), 1 ( moderately disturbed), or 2 (greatly 

disturbed) to each Greenwich day. The criterion 
for distinguishing them was left to each observa

tory, with the expectation that d ifferent criteria 

would be used, and the mean of all observatories 
would give a better measure of disturbance than 

would any one criterion. 

To evaluate changes in standard for the char
acter figure C, Bartels proposed the interdi11rnal 
variability, u, which is a measure of average dis

turbance over an extended period, such as a 

month or a year, and affords a fairly satisfactory 
means of comparing the magnetic activity of two 

periods. First, a number is determined for each 
<lay, namely the difference of the mean value of 

horizontal intensity for that day and the value for 

the precedrng day, without regard to sign. The 

mean of these figures for a month is reduced 
to an "equatorial value·• by multiplying by an 

appropriate constant depending upon the ob
servatory. Monthly means of u have been deri,·ed 

for the period 1872-1937, and annual means for 

1835-1937. 
A more recent measure is che three-hour-range 

index, K. A figure ranging from o to 9 is as

signed for each interval of 3 hours (Greenwich 
time). Each number indicates that the range of 
the most disturbed element ( usually horizontal 

intensity) during the interval was between cer

tain limits. ( For example, a number 3 for Fred

ericksburg means that the range was between 20 
and 40 gammas.) Each observatory has a differ
ent scale, so chosen that d uring a representati\'e 

period each observatory had approximately the 
same number of K-figures greater than 4. H ow
ever, the " range" used is not strictly the extreme 

range <luring the inten·al; rather, it is the range 
when the "normal daily variation" is subtracted. 
Since this normal daily variation is different for 

different days, the measure is in part subject ive. 

It appea rs to be the most satisfactory measure 

yet proposed; it is free from the weakness of a 

widely changing standard such as applies to 

purely subjecti\'e measures ( see discussion of C 
above), and yet is a more accurate measure of 
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disturbance than the purely objective measures 

th us far proposed [ 54]. 
For some purposes the K-index covers too 

long an interval. The 15-minute Q-index was 
therefore recently introduced to supplement K. 
It is however not merely a K-type index for a 
shorter interval. The Q-index reflects the sum 
of the magnitudes of the largest positi ve and neg
ative departu res, from an objective normal 
curve, during each 15-minute interval. The Q
index is intended for use at polar magnetic ob
servatories and is designed to facil itate correla
tion with auroral and ionospheric records. 

Causes of Magnetic Storms 

Current systems.-As in the case of daily 

variation, current systems in the upper atmos
phere can be postulated which account for the 
phenomena of an a\'erage storm. For example, 
the disturbance-daily variation and part o( the 
storm-time variation can be attributed to the 
combined effect of two current systems, which 

will be briefly described. 
According to this representation, the storm

time portion is ascribed chiefly to a ring current 
around the Equator some thousands of miles 
away. It offers an explanation for the fi rst in
crease in horizontal intensity, followed by the 

decrease over many hours and the fi nal recovery. 
It also fits in with the effects on the different 
clements and the relative unimportance of storm
time in polar regions. As an alternate, or per
haps supplemental, description, the storm-time 
effect can be attributed to a simple current system 
in the ionosphere. (Sec fig. 17(B) .) 

The disturbance-daily variation can be ex
plained only by a much more complex system of 
currents. These currents are ve ry strong in the 
auroral zone, half east-west and half west-east, the 
return circuits being across the polar cap with a 
smaller portion in middle and lower latitudes. 
(See fig. 17( C) .) An analysis of 32 stations at 

which observations were made during the Sec

ond Polar Year (p. 41) conformed with this type 

of current system. This typical current system 

may be a statistical artifact compounded of cur

rent systems with individual characteristics di£-

fering more or less from the average. Further
more there is no satisfactory quantitative theory 
explaining the origin of these currents. T o see 
how such current systems might arise, one must 
turn to the sun, its sunspots and solar Har~. 

Sunspots.- It has been known since the time 
of Galileo that relatively dark spots appear from 
time to time on the face of the sun. They are 
familiar to many people who have seen them 
through smoked glass. They are carefully pho
tographed and examined by astronomers. 

13y means of the Zeeman effect (spl itting of 

spectrum lines in a magnetic field), Hale found 
that sunspots han: intense magnetic licl<l5, with 
Aux density of the order of 4000 gauss. The sun 
as a whole seems to possess a much weaker mag
netic field, comparable with that of the earth 
but having much more more complex local fea
tures. Tone of these solar fields can be effective 
at the distance of the earth except by a process 
of plasma transport, which may play an impor
tant part in some kinds of geomagnetic 

phenomena. 
Sunspots appear to travel across the sun from 

east to west at a fairly regular rate. Although 
the rate of rotation varies with latitude, the mean 

synodic period is about 27.4 days. The spots 
vary in size, but may have d iameters of 50,000 
kilometers or more. Probably the largest on 
record was seen in 1858, with a diameter of 
230,000 kilometers (18 times the diameter of the 

earth). 
The life of sunspots varies a great deal. They 

change in size and shape, and their reappear
ance after one or more rotations of the sun cannot 
be reliably predicted. The spots may be single 
or they may occur in a group. In many cases 
they appear as bipolar pairs, with opposite mag
netic polarity in the spots compr ising the pair. 
T he average number of visible spots varies greatly 
from yea r to year but with a rough regularity 
of increase and decrease between yea rs of sunspot 
minimum and sunspot maximum. The time 
from one minimum to another is called the sun
spot cycle. The sunspot cycle in the past has 
ranged from 8 to 17 years with an average of 

11.2 years. The average time from minimum to 

maximum is 4.6 years, and from maximum to 
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minimum 6.6 years. T he degree of sunspotted

ness at the maximum epoch \'a ries from one cycle 
to another. 

At the beginning of a sunspot cycle, the sun s 
surface is relatively free from spots; then a few 

appear in the middle latitudes of the sun on 
both sides of the sun's equator. As the cycle 

ad,·ances, the spots become more numerous and 

their a,·erage lat itude is less than that for the 

earlier spots. At the end of the cycle, most of 
the spots are near the equator. Before the last 

spots of one cycle disappear nea r the equator, 

new spots of the succeeding cycle are seen in the 
middle latitudes . 

Solar flares.- [£ the sun is studied by using 

the ligh t of a particular line of the hydrogen 

spectrum, there is observed at infrequent inter

,·als an outburst of greatly intens ified emission 
from a \'ery small area of the sun's chromosphere. 

By means of sim ultaneous spectroheliograph, 

radio, geomagnetic, and rocket obser\'ations it 
has been found that a chromospheric eruption on 

the sun may be accompanied by a radio fade

out, ultraviolet and X-rays, magnetic d isturbance 
( magnetic crochets or solar-Hare effects). These 

effects are usually of short duration, lasting less 
than r hour, and 60 percent of them less than 

15 minu tes. They occur only in the sunlit hemi
sphere, and are intense only where the sun is 

within 30° of the zenith. Analysis shows that 

the magnetic effect can be accounted for in the 

same manner as the daily \'ariation ; that is, 
by ultra\'iolet radiation or X-rays from the sun. 

The ionization of the F 1 and F 2 regions usually 

remains unchanged after the fade-out is over, 
but there is some change in the E region. 

There is good evidence then that the magnetic 
crochet is a phenomenon like the daily variation 

and that both are due to current systems in the 
E region, or perhaps below it, somewhere between 

60 and 100 km . 
Certain studies suggest that some of these 

"solar /flares," as they are called, are followed 

after the lapse of about I day by magnetic 
storms. 

Correlation of magnetic storms and solar 
condit ions.- lt has long been known that mag

netic storms tend to be associated w ith the pas-

sage of large sunspots across the suns central 

merid ian. A much stronger correlation is ob

tained, howe\'er, when only those central-zone 

sunspots are considered that generate sola,· 
flares. If a sunspot generates a strong solar Aare. 

the radiation effects will be observed simul

taneously on the earth. If moreo\'er the solar 

Aare occurs near the central zone of the sun 

( within about 45° of the center ) particle effects 
will be observed at a later time. depending on 

how long it takes the particles blown off by the 

solar Aare to reach the earth. Sometimes ener

getic protons reach the earth in about r hour. 

being recorded as sudden cosmic ray increases ; 
more generally the slower particles reach the earth 

in from 20 to 26 hours or more, gi,·ing ri se to 

suddenly commencing g reat magnetic storms. 

Although the sunspots last long enough to 
ha\'e one or more 27-day recurrences of centr;il 

meridian passage, the g rea t storms do not show 
this 27-day recurrence. 

T here is, however, a 27-day recurrence tend
ency for moderate magnetic storms, and many 

of these storms do not ha,·e sudden commence

ments. It is inferred that there are regions 

( called M-regions) on the sun that emit contin
uous streams of particles lasting for several rota

tions. These rotating solar jets overtake the 

earth about once a month ( more exact! y e,·ery 

27 days), as long as the jet continues to st ream 

outward into space. Moderate mag netic acti,·ity 
occurs while the jet is passing o,·er the orbiting 

earth , and for some time thereafter. Recur
rence of moderate magnetic acti\'ity for as many 
as r 7 rotations has been noted. 

The M-regions have not yet been identified. 

Current con cepts.- The discovery of the Van 
Allen radiation belts and the development of 

hydromagnetic theory (55] contr ibute to cur
rently-held concepts in connection with magnetic 

storms, such as: The wind of solar protons blow

ing against the geomagnetic field thus distorting 

the shape of the field; hydromagnetic waves re
sulting from instabilities in the How of the solar 

wind past the geomagnetic field; propagation of 
mag netic disturbance to the earth 's surface in 

the form of hydromagnetic shock waves; spiral
ing and drift of the particles in the Van Allen 
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radiation belt; mirror points; leakage of particles 

from the \'an .-\lien radiation belts into con

tiguous regions of the atmo~phere; and tangled 

magnetic fields f 56 j. 

Aeronomic Phenomena Related to 
Magnetic Storms 

A uroras.- W orlcl-wide magnetic storms are 

generally accompanied by outstanding auroral 
displays. According to the theory described 

abo\'e, when the charged particles which cause 

magnetic storms reach the outer atmosphere, they 

produce the aurora by collisions with the atmos

pheric particles. There is as yet no agreement 

as to just how the particles get to the auroral 

zones. 
The aurora consti tutes the best evidence oi 

the existence of the stream of corpuscles. Ad

d itional e\'idence is afforded by the simultaneous 
occurrence of auroras in north and south lati

tudes, sometimes extending nearly to the Equator, 

and by spectographic studies of absorption of 

light passing through the streams. 

The jet of particles apparently does not reach 
the surface of the earth. The height of the au
rora has been measured many times by means 

of photographs taken simultaneously from 

different points of ,·iew. The method of triangu

lation is applied to details that are common to 
the different photographs. T he lower limit found 

in chis way is about 80 km. Although there are 

many reports that auroras haYe been seen much 
closer to the ground, it seems likely that these 

are based on misleading appearances. 
The northern lights, seen in the Northern 

H emisphere, are called "aurora boreal is," while 
the southern lights are called the "aurora aus

tralis." The total illumination of the aurora is 

rarely greater than that of the full moon. 
The aurora is very impressive because of its 

ever changing form, intensity, and color, and its 

constant apparent motion. Many of the forms 

have been given standard names, such as 

"quiet r.nd moving arcs," "luminous bands," 

"draperies," and "rays." One strik ing form is 

the "corona." In this and other forms, there 

are rays which appear to diverge from a point. 

This i:; mere,y a perspecti\'e effect, caused by the 

tra"el of the particles along the magnetic lines 
of force ( the spirals being of such small radius chat 

from a distance they appea r to be straight lines). 

The point of di\'ergence lies nearly in the di rec
tion o[ the line of force passing through the point 

of obser\'ation; thus, if the dip is 70° , as in the 
central United States, the point of di,·ergence 
will be some 20° south of the zenith. ( This re
lation was discovered by Wilcke in 1770.) ;\ lore 

accurately, the point of d i\'ergence is perhaps 1 ° 
south of the point determined by the lines of force 
at the place of obser\'at ion. 

The frequency of \'isibility of the auroras de

pends on geomagnetic latitude, reaching a maxi
mum in narrow zones (the auroral zones) at 
about 2 3° from each geomagnetic pole. 

Effect of magnetic storms on radio com
munication.-~fagnetic storms have great prac

tical importance in connection with radio com

m unication, especially for the higher frequencies 
that are useful in long-distance transmission. 

While solar daily \'a riation on quiet days has no 

disrupting effect on the ionosphere, a magnetic 

storm may completely disrupt normal condi

tions, especially toward the polar regions. In 
lesser storms the ionosphere is disturbed 

enough to change the reflection of radio wa\'es, 

and sometimes abnormal ionization below the E 
region ( p. 23) may interfere with transmission. 
It has been found that the power required to 

transmit signals received at different times with 

the same intensity at the receiving station var

ies with the K-figure, and when K exceeds 7, 
increase of power will not suffice for transmis

sion across the North Atlantic Ocean. 

It is important to identify the cause of poor 

reception, as there are several causes not at all 

related to magnetic conditions, such as faulty re
ceiving equipment, man-made "static," interfer
ing signals on approximately the same frequency 

as the desired signal, intentional "jamming" so 
as to block a whole band of frequencies, and 
natural "static" or "atmospherics." Magnetic 

storm effects are greater in high latitudes; for 

example, messages can often be sent across the 

orth Atlantic by relaying through a low-latitude 

station when direct communication is impossible. 
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Prediction of radio-communication conditions 
is of great importance. It is provided regularly 
by tht> C.:en tral R~cl io Propagation Laboratory of 

the :\'ational Bureau of Standards. The predic

t10ns are based, in part, on 27-day recurrence of 

similar conditions. H the disturbed regions on 
the sun remained active for 6 months or more. 
and if it were certain that the emanations from 

them would consistently sweep over the earth for 

se,·eral rotations, fairly accurate prediction of 

magnetic activity would be less d ifficult. How

e,er, these conditions do not obtain, and great 
magnetic storms ha,·e little tendency to recur. 

Old disturbances weaken and disappear and new 

disturbances develop, especially during a sunspot 

maximum. At such times, there is more inter

ference with radio communication by magnetic 
storms, and prediction is more u ncertain. 

It has been found that the ion-density in the 
outermost or F, region of the ionosphere shows 

considerable fluctuation which is correlated with 

magnetic disturbance. and that it likewise shows 
an extraord inary change in different parts of the 

sunspot cycle. It may be that this is the most 
sensiti,·e indicator we have of the kind of sola r 

activity that results in magnetic storms and 
disturbance. 

Cosmic Rays 

Primary cosmic rays are chiefly protons of enor
mous energies ( IO' to o,·er 1019 electron-volts) 

approachi ng the earth from outer space. When 

they encounter the earth's magnetic field it acts 

as a crude fi lter. The magnet ic field acting on 
particles approaching in the geomagnetic equa
torial plane prevents those with energies of less 

than about 10 1
" electron-vol ts from reaching the 

outer atmosphere. Less energetic particles are 
able to reach the atmosphere at higher geomag

netic latitudes. The primary particles that reach 

the atmosphere produce hosts of secondaries. 

The intensity of cosmic rays at the surface oi 

the earth varies with geomagnetic latitude. ( See 

p. 9.) The ,·alues at the geomagnetic equator 

are about Io percent less than at 50° geomag
netic latitude, above which there is apparently 
no further decrease. The intensity is nearly in-

dependent of longitude, but there is a difference 

in intensity between cosmic rays coming from the 

cast and those coming from the west. 

Cominuous recording of secondary cosmic rays 

at the surface of the earth has revealed se,·eral 

occurrences of large changes in cosmic-ray in

tensity associated with intense solar Rares and 

great magnetic storms. The cosmic-ray imensity 

increases lagged behind the maximum solar-Rare 

intensi ty by about 1 hour, on the a,·erage. The 

cosmic-ray intensity decreases coincided with tht> 
onset of suddenly commencing great magnetic 

storms, lagging behind the solar Rare by about 
1 day. 

During the course of some great storms, there 

has been recorded an enhancement of a daily 

variation of cosmic-ray intensity. 

1 n some magnetic storms, the intensity of cos

mic rays recorded at the surface of the earth is 

not changed. It has been claimed that the be
havior of cosmic rays may be used to decide the 

question of the existence of the equatorial ring 
current. 

It is of interest that one of the proofs that 

cosmic rays originate in outer space is that the 

effect of at least 15,000 kilometers of the earth's 
magnetic field is needed to explain the beha,·ior 
of the rays. 

Earth Currents 1 

Sir H umphrey Davy suggested as long ago 

as 182r that electric currems Row in the earth. 
but early attempts to detect such currents pro\"ed 

fruitless. However, the establishment and oper

ation of telegraph lines utilizing the ground for 

the return circuit soon disclosed the reality of the 

phenomenon. Sometimes it was possible to sig
nal with the aid of the spontaneous currents thus 
generated in the wires; on the other hand, there 

were occasional instances of irregular currents 

which pre\'ented use of the circuits, as they were 

much more intense than the currents normally 

used for signaling. These outstanding occur
rences were found to coincide with magnetic 

storms and auroras. sharing with the phenomena 

1 This d1~C1.1Siii1on has ~en condensed from the one by W'. J. 
Rooney in reference [ I l). 
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of geomagnetism se\'eral characteristics such as 
world-wide appearance, relation to sunspots, 27-
day recurrence tendency, etc. Occasional meas

urements on telegraph circui ts established the 
existence of currents in the earth not only at the 

time of magnetic storms but also during times 

of quiet magnetic conditions. 

These currents are called earth currents, and 

the term is meant to include only those natural 

currents which flow in the crust of the earth 

in great circuits, and not local currents e,·en if 
they are of natural origin. This would exclude 

local currents generated by chemical processes 

or by temperature differences in the earth; those 
generated by surges due to l ightning discharges: 

and those generated by the movement of water in 

the earth 's magnetic field . as in strong tides and 

oceanic currents. It would also exclude artificial 
or man-made currents due to leakage from power 

systems or electric railway systems. If all these 

local cu rrents, artificial and natural alike, are 

allowed for, there is still positive evidence of 

electric currents ci rculating in the earth's crust. 

Because of various observational problems. 

especiall y the elimination of contact potentials, 

no information is available with regard to any 
constant (direct) earth currents. The study has 

of necessity been confined to the fluctuations. 

There is so much difference between land and 

sea in conducti\'ity char it is di fficult to arrive 

at a satisfactory general picture of the great

circuit ea rth currents. However, it has been 

determined that they flow in both the Northern 
and Southern H emispheres, and are subject not 

only to irregula r and spasmodic d isturbances, but 

also to regula r and periodic rnriations. Both 
the regular variations and the disturbances show 

a consistent relationsh ip to the changes found in 
other cosmic phenomena. At a number of places 
where earth-current potentials have been meas

ured, the resu ltant current flow is practically 
confined to a single azimuth and acts as an alter
nating current with long period. Although th is 

feature is absent at some stations, i ncluding Tuc

son, it is striking that it should be found in so 

many widely separated localities. 
Like the magnetic elements, the potential gra

d ients of earth currents show da ily variation. 

With data now a,·ailablc from polar and equa

torial stations as well as from those in middle 

latitudes, it is possible to map out in a general 
way the circulation represented by and responsi

ble fo r these daily-\'a riation records. There ap

pear to be eight current-whorls rather symmet

rically spaced with reference to the Equator, and 
a secondary series of si milar whorls near the 

poles. T he whorls on the daylight side of the 

earth are large and well defined, while those on 

the da rk side are less definite. These current 
whorls should be considered as fixed; that is, as 

the earth rotates on its axis, any selected point on 
the earth occupies successive positions with re
spect to the whorls. 

Earth-current storms vary widely in type and 

intensity just as magnetic storms do. Potential 
gradients in the earth ·s crust of several rnlts per 

kilometer have been found in extreme cases. 
\1/ orld-wide storms, often characterized by sud

den commencements. are recorded in conjunc

tion with similar magnetic storms. Although an 

exact correspondence is not apparent, the con
nection between earth-current and magnetic dis

turbances is nor merely one of coincidence of 

time. Examination o( a large number of records 
shows a consistent agreement in the nature of 

the d isturbances in the two: for example, fluctu

ations appea ring in the earth-current records 

when the same type of d isturbance is found in 

the magnetic records. At middle-latitude sta
tions the successive fluctuations in earth-current 

records follow closely the changes in magnetic 

vertical intensity and declination, while at Huan

cayo, nea r the Equator, the agreement is closer 

between changes in earth currents and changes in 
magnetic horizontal intensity. 

Although the practical effects of earth cur

rents are usually confined to telegraphic com
munication, there has been interference with 

power transmission on at least one occasion. On 

March 2-1, 19-10, the rate of change of the mag
netic field was so great that the direct currents 

induced in transmission lines caused them to be 
th rown out of ser\'ice through the functioning of 

protecti,·e de\' ices. An inqui ry among 22 power 

com pa nies in ,·arious parts of the Un ite<l States 
and Canada by \V. F. Davidson of the Consoli-
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dated Edison Company of ew York revealed 
that the disturbances were experienced in the 
::\"ew England States, 1ew York, eastern Penn· 
sylvania, Minr,esota, Quebec, and Ontario. o 
trouble was reported in the southern and western 
parts of the United States. 

The fluctuations of the currents flowing in the 
ionosphere (pp. 31-32) induce currents in the 

surface layers of the earth. These induced cur
rents produce a magnetic field, which combines 
with that of the external currents to modify the 
field observed at the surface. In the deeper layers 
of the earth, the field of the induced currents 
tends to oppose that of the external current; thus 
the surface layers partially shield the interior of 
the earth from the effect of the external currents. 



Chapter IV. Magnetic Surveys 

The information given in chapters II and III 
is derived from magnetic surveys, which have 
been made over most of the earth's surface, both 
land and sea. A magnetic survey is conducted 
by measuring one or more of the magnetic ele
ments at numerous points of observation, called 
magnetic stations. The term magnetic station 

is construed to include unmarked points ; it is 
loosely applied even to a geographic position at 
which an observation has been made from a 
moving craft. 

In using the term "magnetic surveys" we shall 

be here concerned only with the measurement 
of absolute values of intensity and/ or direction 
of the magnetic field for use in the compilation 
of generalized, or smoothed, magnetic charts 
and for the determination of secular change in 
the field over a period of yea rs. We thus ex
clude the magnetic measurements of relative 
values of field intensity ( vertical component or 
total-field values) wide! y used in geophysical ex
ploration work, much of wh ich is done by private 
organizations in connection with mining and 
petroleum operations. 

A majority of magnetic surveys (in the sense 
here considered) have been carried out by gov

ernments. (See p. 76.) Since about 1905, the 
chief nongovernmental surveys have been those 
of the Carnegie Instit-ution of Washington, which 
made observations in regions not otherwise cared 
for, primarily for the purpose of providing data 
needed for studies of the nature and origin of 
the earth's magnetism. In some cases, that in

stitution established the importance of the work 

so successfully that the governments concerned 

took it over. 

Problems of the Magnetic Survey 

An ideal description of the main field would 

specify a temporal and spatial average for any 

locality. As to time, the average would be a 

monthly mean about a specified epoch. As to 

space, the average would be a mean value for 
a sizable area, say roo m iles on a side. T he 
ideal description is not achieved in practice; 
nevertheless, it does serve as a guide to the ob
serving and processing programs. 

Among the many points to be considered in 
conducting a magnetic survey are the following: 
Instrumental quality, station recoverability, re
duction to monthly mean, local anomaly, and arti
ficial disturbance. If observations are made in 
a moving craft (sea or air observations) the ef
fect of the motion and magnetism of the craft 
must also be considered. 

Overcoming contam ination from local 
anomaly.- The degree to which the observa
tions are affected by local irregularity is an im
portant consideration. By careful selection of 

the station sites, the grosser effects may be 
avoided; but moderate irregularity is so wide
spread that this device cannot be relied upon to 
yield a smooth distribution. It is therefore de
sirable to make the density of stations high 
enough so that the local anomalies can be prac
tically averaged out. T he density need not be 
as high as that needed for geophysical explora
tion. 

R eduction t o monthly mean.-The neces
sity for applying corrections to observations made 
at magnetic stations may be explained as fol
lows: The observer at a magnetic station actually 
determines the intensity and direction of the 
field at a specific time. Such values, however, 
cannot be related directly to a previous or sub
sequent value observed at the same place because 
the field changes in a more or less irregular way 
each day. This difficulty may be overcome by 
"reducing" the observed values to a mean value 

for the month. This reduction can be made 

from the continuous record of a nearby per

manent magnetic observatory or temporary re

cording station. When the nearest observatory 
or recording station is not very close it is neces

sary to make a series of obeservations over a 
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and in their subsequent use the same vigilance 
must be maintained. 

An observatory must be well removed from 
all sources of artificial disturbance, particularly 
electric railways. There have been many cases 
where it was necssary to move an observatory to a 
new site because of the construction of electric 
railways in the vicinity. An electric railway 
running out from the District of Columbia had 
a faintly perceptible ( though not deleterious) 
effect on the instruments of the Cheltenham 
Observatory even at a distance of more than 19 
kilometers. 

For the same reason, anyone entering the 
variation building must be careful first to divest 
himself of all articles of iron or steel, such as 
knives and keys. The sole of a shoe may con
tain a piece of steel sufficient to produce an ap
preciable effect on the sensitive magnets of the 
variometers. In one case, it was found that a 
prospectve magnetic observer could deflect a sus
pended magnet by holding his hand near it, 
and before he could make satisfactory observa
tions, it was necessary to remove surgically a 
small piece of iron from his hand. 

The variation building should be well insu
lated, so that the daily range of temperature 

inside will not be more than a few tenths of a 
degree. Otherwise, the temperature corrections 
(p. 52) become large and uncertain, since there 
is uncertainty as to whether the observed tem
perature truly represents the temperature of all 
relevant parts of the instruments. 

Two methods used to secure the desired uni
formity of temperature are: ( r) to build above 
ground, depending entirely upon thick layers of 
sawdust, glass wool, or similar insulating ma
terial ; (2) to build below ground, depending 
upon the surrounding earth. The variation 
building at Tucson is partly underground, the 
ground level being about a foot below the top 
of the sidewalls. The insulating walls are made 
of concrete blocks enclosing about 3 feet of saw
dust or wood shavings. Although at most places 
underground observatories have had much 
trouble with damage to instruments from mois
ture, no such trouble is experienced at Tucson 
because of the dry cl imate. 

Since observatories are constructed chiefly of 
wood, it is necessary in some regions to take 
precautions to protect them from termites. 

Magnetic Surveys on Land 

Distribution.-Existing magnetic stations are 
most closely distributed in the most accessible 
regions of the earth. Hence, transportation is 

partly the key to their d istribution. In settled 
areas, the surveys have tended to follow estab
lished lines of communication by road and rail. 

In remote areas, where such means proved m
adequate, the surveys have been conducted by 
boat, pack train, dog sled, and camel train. In 
recent surveys in Alaska and in Central and 

South America, the equipment was reduced in 
weight sufficiently to make air transportation 
feasible, the greater cost of travel being offset by 
the time saved. As might be expected, the den
sity of magnetic stations has always been great

est in Europe. 
Polftr expeditions.-Since one-twelfth of the 

earth's surface lies within the Arctic and Ant
arctic Circles, and since g reat changes occu r 
within those regions, the world magnetic survey 
cannot be considered even approximately com
plete without polar surveys. Because of climatic 
conditions, large portions of the polar areas 
are uninhabited, and there are few permanent 
magnetic observatories beyond the Circles. 

There have been numerous exploring expedi
tions to polar regions, under both governmental 
and private auspices. Most of these have in
cluded magnetic surveys as an important feature 
of their work. Consequently, only the areas 
untouched by these explorations are wholly de

void of magnetic observations. However, the 
value of older data for giv ing the present-day 
magnetic field is small, because of lack of ade
quate repeat observations. 

I n the Arctic, observations have been made on 
the sea ice as well as on land. T he most novel 
of these expeditions was that of the Soviet party 
headed by Ivan Papanin, which landed on the 
ice at the north geographic pole and drifted to 
the vicinity of Greenland, making observations 
en route. 
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In addition to such isolated observa tions there 

have been numerous cases in which a m:gnetic 
observatory was operated in polar regions for 

limited periods. Most noteworthy are the three 
occasions on which, by international coopera
tion, many observatories were operated during 
the same interval. These are known as the First 

International P olar Year ( 1882-83) wi th 14 spe
cial observatories, the Second International Polar 

Year ( 1932-33) with 35 special observatories and 
the IGY ( International Geophysical Year 1957-
58) with 50 or 60 observatories. D uring the 
Second Polar Year many of these observatories 
made observations of other geophysical phe
nomena, such as ionospheric changes, auroras, 
and earth currents, and during the IGY the geo
physical programs included many other disci
plines as wel I. 

Magnetic stations.- In selecting the site for 
a magnetic station, care must be taken to avoid 
natural disturbance ( unless the purpose is to in
vestigate the disturbance), and as far as possible 
to avoid regions in which a rtincial disturbance 
is present or likely to occur in the future. At 
repeat stations, w here observations are repeated 

at intervals of 5 or 10 years, freedom from arti
ficial disturbance is especially important. Since, 
however, it is usually impossible to foresee indus

trial developments for many years ahead, an 
undesirably large number of magnetic stations 
become unusable because of artificial disturb
ance, caused by magnetic materials or electric 
currents. Many stations established in ceme
teries, which were formerly considered ideal sites 
for the purpose, have been affected in recent years 
by the steel burial vaults now used. 

In some regions, the magnetic field near the 
ground varies significantly for a change of only 
a few centimeters in altitude. Consequently, 
whenever there is possibility that a station will 
be reoccupied later, the height of the instrument 
should be recorded, so that the instrument may 
be put in the same place next time. 

Clearly, magnetic stations are subject to special 
hazards, as well as those common to all survey 
monuments, arising from construction work, 
wind- and water-erosion, earthquakes, and mili
tary activities. 

Figure 19.-Magnctic•sra
tion marker. The disk 
js made of bronze, and is 
put into a concrete post. 
(About one-third acrual 
size. ) 

When observations are made for mapping pur
poses only, the stations are sometimes not per
manently marked. H owever, because of the 
many uses to which they are put, it is often 
better to mark them. The standard marker of 
the Coast and Geodetic Survey is a concrete post 
with a bronze disk in the top. ( See fig. 19.) 

When three elements are observed from which 
the entire field may be computed, the observa
tions are said to be "complete." Sometimes only 
one element ( usually declination) is observed. 

To obtain declination, the true azimuth of one 

or more marks must be determined. (Seep. 46.) 

Triangulation stations are sometimes used as 

magnetic stations, since the azimuth is available 

without special observations; but many of them 

are so near highways as to be magnetically dis

turbed by iron fences and passing automobiles. 

Magnetic S urveys at Sea 

Since three-fourths of the earth's surface 1s 

covered with water, the land surveys are inade

quate for a complete description of the main 

nelds. T he land survey must be supplemented 

by sea or air observations. 

For many years, the most difficult problem in

volved in making magnetic observations at sea 

was the instability of the moving support. So 

far as declination is concerned, the problems were 

solved in a reasonably satisfactory manner sev

eral centuries ago, as discussed on pages 64--65. 

About 1900, the Coast and Geodetic Survey 

undertook on one of its wooden steamers, the 

Blake, the development of magnetic surveys at 

sea. T he program had some success, but there 

was too much iron and steel in the vessels of 
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the Sur\'ey, and after a few years the effort was 

relinquished. 
L . A. Bauer, who was in immediate charge 

of the Survey's magnetic work during this period, 
gained much valuable experience which he 
utilized when he became the first Director of the 
Department of T errestrial Magnetism of the Car
negie Institution of Washington. Under his su
pervision the department made many sea obser
vations, first with the brig Galilee, and ( after 
1910) with the nonmagnetic yacht Carnegie. 
The latter ship was equipped with a specially 
designed marine compass, a collimating compass 
for measuring declination, a simple deflection ap
paratus for measuring horizontal intensi ty, a 
special type of d ip ci rcle, and a modified earth 
inductor. All of these were designed to give 
accurate results in spite of the movements of the 
vessel. Secular change was determined by use of 
observations made near points where different 
cruises crossed. Methods and instruments had 
been perfected and the program had been broad
ened to include allied geophysical phenomena 
when the Carnegie was destroyed by explosion 
and fire at Apia, Samoa, in 1929. 

Since the loss of the Carnegie, magnetic ob

servations at sea have been made by a small non
magnetic \'essel operated in the Baltic Sea. and 
more recent!)' by the Russian nonmagnetic vessel 
Zarya, which began operating at the time of the 

International Geophysical Year, 1957-58. 

Compass deviation.-The oustand ing nauti
cal problem of the 19th century was the diffi

culty of navigating an iron or steel Yessel with 

a magnetic compass. The iron not only causes 

the compass to deYiate from the magnetic north, 

by a different amount on each heading; it also 

makes the compass more sluggish. ( An ordi

nary compass is almost useless in a submarine, 

because the mean directi,·e force of the earth"s 

field may be reduced as much as 80%.) 

\1/hen making magnetic observations on board 

ship or on an aircraft the magnetic fields pro

duced by the magnetic iron and steel and by the 

direct-current circuitry of the craft contaminate 

the observed values. Special observations are 

needed to measure the parameters of the contami-

nating field so that corrections may be made 

the refor. 

M agne tic O bservations 1n the A ir 

lmproYed ai rborne measuring equipment has 
opened the way to fast, reliable sun ·eys. Rapid 
advances arc also being maJe in magnetic sur
,eying by rocket- and satellite-borne equipment. 

The airborne suney is primarily a survey of 
the magnetic field at altitude. T he measurement 
of the vector field ( and its g radients) at altitude 
permits reduction to ground level; hence, the 
airborne survey is also an adjunct of land and sea 
surveys. This second function i, important for 
filling in the large gaps in the ocean and polar 
regions where observations have not been made 
or where the observations are so old that they 
cannot be reliably brought up to date by secular 
change corrections. 

In spite of the ability of the airplane to reach 
otherwise inaccessible regions, the Antarctic re
mains a region poorly surveyed, because of the 
long stretches without suitable aircraft base loca
tions. 

In 1949, the Coast and Geodetic Survey, work
ing cooperatively with the U .S. Air F orce, began 
making airborne magnetic obsen·ations using a 
vector airborne magnetometer. :\lounted in

board in a large, suitably modified aircraft, the 

magnetometer was capable of measuring mag

netic total intensity, magnetic dip and declination. 

The data were recorded continuously while the 

ai rcraft was in Aight, thus yielding relati,·ely large 

quantit ies of data over long distances in short 

interYals of time. In the process of a,·eraging out 

the efTect of aircraft pitch, roll and yaw, the con

tinuity of dip and declination is lost and instead 

average values are obtained every 5 minutes 

of time (about every 20 miles). This project 

had to be relinquished after co,·er ing a very 

small portion of the northern part of the \Vestern 
Hemisphere. 

In 1953 the U.S. ::\"avy H ydrographic Of

fice, using essentially the same magnetic in

strumentation-the ,·ector airborne magnetom

eter was developed primarily through the ef-
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forts of the U.S. Naval Ordnance Laboratory
began its Project Magnet, and at this writing has 
flown hundreds of thousands of miles of mag
netic survey track, including a large number of 
round-the-world trips [ 57]. 

For the airborne surveys the problem of con
tamination by the magnetism of the craft is simi
lar to that for the observations at sea. The details 
of compensation are quite different, but the es
sential principles are the same [ 12, 30]. 
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vations can be reduced to month ly mean values 
more accurately than would be possible by using 
the r!:cords from remote observatories. 

Comparison and Standardization 

of Instruments 

The older absolute instruments often di<l not 
agree to the desired accuracy ( r gamma or o'. 1 

fo r observatory instruments ) . There was no way 
to tell which instrument gave results most nearly 
correct. T he International Magnetic Standard 

( IMS) of the Carnegie Institution of Washing

ton was derived by comparing many instruments 
throughout the world, and then assuming that the 
best standard was the mean of them all, the 
differences between the individual instruments 
and the mean being used as instrumental cor
rections necessary to recbce to the I MS. One 
unavoidable uncertainty in such a standard arises 
from the tendency of instrumental cor rections to 
change, either gradually or abruptly, so that the 
standard is somewhat elusive. Nevertheless, the 
widespread use of the I MS has served to make re
sults of differen t surveys more homogeneous. 

In later years, because of its constancy and pre
cision, the sine galvanometer designed and built 
by the Carnegie Insti tution of Washington was 
informally accepted throughout a large part of 
the world as representing the IMS for intensity 
measurements. It measured only the horizontal 
component; there was no reliable instrument of 
corresponding accuracy and precis ion for measur
ing the ,·ertical component or the total field 
intensity. 

The Committee on Comparisons, of the Asso

ciation of Geomagnetism and Aeronomy, T n
ternational Union of Geodesy and Geophysics, is 
charged with the responsibility of carrying on an 
international program of comparison of instru
mental standards among the magnetic observa
tories of the world. For these comparisons the 
QHM is most commonly used, for it is very 
stable, it is l ight in weight and easily transported 
by air, and the technique of using it and obtain
ing satisfactory results is relatively simple. This 
procedure provides a comparison of measure
ments of only the horizontal component of the 

earth 's field. No extensive comparisons of other 
components have been made with this or similar 

technique. 
Within the past few years the proton-precession 

magnetometer has been used at quite a number 
of places for measurement of the scalar intensity. 

Because of the accuracy and precision of the 
proton-precession magnetometer, its use as an 
international magnetic standard is now being 
considered by the Association of Geomag netism 

and Acronomy, of the International Union of 
Geodesy and Geophysics. (See p. 56.) 

Corrections for instruments of lesser accuracy 

are obtained by comparison with an observatory 
instrument. In the fieldwork of the Coast an<l 
Geodetic Survey, instruments are thus standard
ized before and after each field trip. 

Method and Problems of Measur

ing Each Magnetic Element 

For many years the available instrumentation 
has been such that the measurement of H , Z, or 
F was more difficult than the measurement of D 
or /. This has been changed by the introduc
tion of the proton-precession magnetometer and 
the proton vector magnetometer. 

D eclination.-Since magnetic declination is 
the angle between the true and the magnetic me
ridians, both of these directions must be deter
mined. The di rection of the true meridian is 
established by observations on the sun or on a 
star (the North Star is most often used). The 
azimuth of some prominent object, called the 
mark, is determined and azimuths of other ob
jects are obtained by measuring the horizontal 
angles between them and the mark. The prom
inent objects should be at least 300 feet from 
the observer and should be sharply defined. 
Sometimes two stones or concrete posts are set. 
one due north of the other, and suitable scrib
ings or points on the posts thus delineate a 
meridian line. 

The magnetic meridian is determined by a 
magnet free to turn in a horizontal plane. If 
the magnet is supported on a pivot, mechanical 
fr iction must be reduced to a minimum; if the 
magnet is suspended by a fi ber, care must be 
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taken to see that there is no torsion in the fiber 

or that acceptable corrections are made for the 

torsion. There must be a means of determining 

the direction of the magnetic axis of the magnet, 

so that this d irection may be compared with the 

direction of the true meridian. In the most ac

curate instruments the magnet is designed to be 

inverted, so that the difference between the me

chanical or geometric axis and the magnetic axis 
is eliminated from the result. 

The magnet of a surveyor's compass or similar 

instrument is usually supported by a jewelled 

bearing resting on a finely made pivot of very 

short radius-not a "sharp" point. It is balanced 

to prevent excessive dipping by an adjustable 

counterweight. It must be handled with great 

care and always lifted off the pivot when the com
pass is to be moved, for one careless lowering 

of the magnet on the pivot may easily damage 

the bearing surfaces and seriously impair all sub

sequent performance. 
In marine compasses the magnets are usually 

attached to a Aoat and immersed in a liquid so 

that the weight supported by the pivot is rela
tively small. 

The marine gyro-compass is not, of course, a 
magnetic instrument and has no relationship 

with the earth's magnetic field. No further dis

cussion of this device will be given here, except 

to say that it is a complicated piece of equipment 

subject to mechanical and electrical failure, so 

that all ships carry magnetic compasses as stand
by instruments even though most of their naviga

tion may be done with reference to the true direc

tions indicated by the gyro-compass. 
lnclination.- ~fagnetic inclination is the ,er 

tical angle between the plane of the horizon and 

the direction of the magnetic field. The dip 

circle is an obsolete instrument, and direct meas

urements of magnetic dip are now made with 
the earth inductor. 

Horizontal intemity.-The conventional 

absolute magnetometer employs the method of 
Gauss, or the "oscillations and deflections" 

method. A suspended magnet is permitted to 
oscillate in a horizontal plane about the magnetic 

meridian, and the oscillation period T is meas
ured. Then it is replaced by a second magnet 

and the first magnet is used, at a preset distance 

r, to deAect the second magnet. Adjustment is 

made for equilibrium with the two magnets hori

zontal and mutually perpendicular, then the de

flection angle u is measured. The moment of 

inertia K of the oscillated magnet is separately 
determined. The measured values of T, u, r, 

and K give the horizontal intensity (H ) and the 
magnetic moment (M) of the first magnet. 

A method somewhat simpler in principle is to 

suspend a small bar magnet horizontally on a 
fine quartz fiber. The sine of the angle through 

which the magnet is turned when a predeter

mined amount of torsion is put in the fiber ( by 

twisting its upper end) is inversely proportional 

to the intensity of the horizontal field . The 

quartz horizontal magnetometer ( QHM) works 
on this principle; it is a relative instrument re

quiring calibration against a standard. 

The proton-precession magnetometer, which 

is non-directional and therefore measures the 
total intensity of the field in which its sensing 

head lies, can be used to measure the horizontal 

component if the unwanted vertical component 

is approximately nulled by means of a coi l field. 

(See p. 57.) 
Ver tic al intemity.-U ntil the introduct ion 

of the proton vector magnetometer, there was no 

absolute instrument in use in the United States 

that provided satisfactory measurements of the 

vertical component of the field. The method of 
computing Z from observed H and / (Z= 

fl tan /) leads to great uncertainty in the value 

of Z in polar regions. Even as for south as the 

L"nited States, this method of deriving Z is not 

adequate for all purposes. 

Relative measurements of the vertical compo

nent have been made with the magnetic field 
balance and with the magnetometric zero balance 

( B\i!Z). but both instruments require periodic 

reca libration by comparison measurements made 
in fields of known vertical intensity. 

Total intenrity.- Hecause of the difficulty of 

making satisfactory measurements of total in

tensity, or of the changes in total intensity, very 
little work was done with this element fo r many 

years. During the past decade, entirely new con

cepts in magnetometry have appeared in the form 
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of lhe nuclear or atomic instruments, such as 
the proton magnetometer, the rubidium-vapor 
magnetometer ( developed at the Fredericksburg 
Magnetic Observatory in cooperation with the 

'ational Bureau of Standards), and the meta
stable helium magnetometer. All of these are 
nondirectional and measure the magnitude of the 

total field in which they are operating. A meas
urement of intensity with such an instrument 
requires only the determination of the frequency 
of an alternating current or voltage. The pro
ton instrument is at this time ( 1962) the most 
widely used, being employed in magnetic observ
atories, in magnetic field surveys, as an airborne 
magnetometer for geophysical exploration work, 
and as a marine magnetometer with the sensing 

head towed on a cable behind oceanographic re
search and survey vessels. 

The saturable-core ( Auxgate) magnetometer is 
also widely used for ai rborne and seaborne survey 
operations. When mounted inboard it can be 
combined with angle-measuring equipment so 
that the direction as well as the magnitude of the 
total intensity is determined. When towed in a 
"bird" ( or in a "fish" behind a ship) the Aux gate 
magnetometer measures the magnitude of the 
total intensity only. 

Other components.-Although some mag
netic observatories located in or near the polar 

zones have oriented their recording equipment 

so that measurements are made of the fluctuations 

in the north component (X) and the east com

ponent ( Y), as well as the vertical component 

(Z), lhe absolute calibration of such recorders is 

usually derived from measurements of the mag

netic declination (D), inclination(/), and one or 

more of the intensity components H, Z, and F. 

Descriptions of Individual Instruments 

Although there is extensive international co

operation in geomagnetic work, there is a great 

variety in the instruments used in different coun

tries. The instruments selected for description 

in this chapter are chiefly those used by the Coast 

and Geodetic Survey. Somewhat similar instru

ments are used by all countries making magnetic 

surveys, but in many cases they may differ in 

significant respects. 
Figures 20-29 illustrate some of these instru

ments. 
Transit magnetometer.- This instrument, 

sometimes called a transit declinometer, is used 

primarily for the obser\'ation of magnetic decli
nation. Essentially it is a surveyor's transit built 
to specifications that insure freedom from mag
netic impurities in its const ruction and that pro

\ ide a more sensiti\·e compass needle than nor
mally available. There is also a reading micro
scope for observing the precise position o( the 
compass needle. It is a relative instrument, for 
its magnetic index correction must be deterITiined 
by comparison with a standard. Two of these 

transit magnetometers have been equipped with 
auxiliary deflecting magnets, a modification that 
enables measurements of the horizontal-intensity 
component to be made. However, this feature 
has not been widely used. 

Earth inductor.-The heart of this instru
ment, sometimes called an inductor inclinometer, 
is a multi-turn coil of copper or aluminum wire 

wound on a circular coil form carried in a frame. 
The coil can be rapidly and continuously rotated 
about a coil diameter (rotation axis) by means of 
a hand-powered flexible shaft. It is connected to 
a sensitive gah-anometer through a commutator 
and brushes. A Yoltage is induced in the coil 
when it is rotated in the earth's magnetic field; 
the galvanometer indicates the rectified current. 

When the rotation axis is in line with the direc
tion of the earth's magnetic field the galvanom
eter reading will be zero. The commutator is so 
adjusted that the galvanometer current is most 
sensitive to change in the inclination of the axis 
and least sensitive to change in the azimuth of 
the axis. 

fn operation the coil axis is placed approxi
mately in the magnetic meridian. The coil is 
spun while the inclination of the axis is adjusted 
until the galvanometer reading is zero. The in
clination of the rotation axis is then read from a 
vertical circle. 

Magnetic field halance.-This instrument 
is known by various names, a common one 
among exploration geophysicists and geologists 
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Fig·ure 20.-Transir magnecometer, a specially modified engineers' transit 
equipped with a very hnc compass and :1 reading microscope {mounted just 
under the main telescope) for precisely reading the posit ion of the comrass 
needle. Used primarily for measurements of m3.gnetic declin.1tion. but l·an be 
used to observe horizontal intensity "hen equipped \\ 1th an auxiliJry deflector 
magnet. 

being "magnetometer," but that name has the 
disadvantage of permitting confusion with other 
types of magnetometers. A permanent magnet, 
equipped with delicate knife edges and a plane 

mirror, is so mounted that the magnetic axis of 
the magnet is approximately horizontal and in 
the magnetic east-west direction. The position 
of the magnet is observed with a telescope so 
placed that an image of the scale in the telescope 
is reflected by the mirror on the magnet. Coun
terpoises are provided on the magnet for balanc
ing it, and for adjusting the sensitivity and the 
temperature compensation of the instrument. 
The instrument is in a condition of balance when 
the couple due to the action of the vertical com
ponent of the field on the horizontally mounted 

magnet is just equal to the couple resulting from 
g ravitational force acting on the center of mass 
that is laterally displaced very slightly from the 
line of the two knife edges. 

To convert the .changes o( scale reading (in 
divisions) to field changes (gammas) it is neces
sary to know the sensitivity of the instrument; 
this can be measured by means of a Helmholtz 
coil arrangement. To convert scale readings to 
absolute values, it is necessary to read the scale 
at a point where Z is known. The field balance 
is qu ite reliable for measuring changes of Z at 
the same place or at different places over a short 
period of time. T o measure large differences 
the BMZ may be used. 

Occasionally the field balance is made to sense 
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Figure 21.-Earch inductor or inclinometer for measuring dip. 

the horizontal field instead of the vertica l. With 
the magnetic axis of the magnet in a vertical po
sition when balanced, the instrument becomes 
sensitive to small differences in the horizontal 
component of the field. However, ca re must be 
taken to see that the pla ne of rotation of the bal
anced magnet is accurate!; in the magnet:c 
meridian. 

Orientation with respect to the meridian is 
m uch less critical for the vertical field balance. 

BMZ (Magnetometric zero balance).- This 
is a D anish-built, highly dependable magnetic 
balance that overcomes to a considerable extent 
the shortcomings of the ordinary field balance. 
Its magnet, knife edges, and mirror are ground 
from one piece of steel, so that it is mechanically 
very stable. All readings are rriade with the bal
anced magnet in a precisely horizontal position, 
this being accomplished by adjusting a " turn" 
magnet mounted below the housing of the bal
anced magnet. A calibrated dial controlling the 
turn magnet indicates the amount of auxiliary 

field being util ized and thus indicates the reading 
that constitutes the magnetic measurement of the 
vertical component. 

QHM (Quartz horizontal magnetome
ter).- This is another very dependable and very 
s;mple magnetic instrument of Danish origin; 
it uses a small permanent bar magnet suspended 
from a fine quartz fiber in such a way that the 
horizontally placed magnet will turn in .1 hori
zontal plane. When there is no twist in the fi ber 
the magnet assumes a position exactly in the mag
netic meridian, and its position is read through 
a telescope that sees a plane mirror mounted with 
the magnet. If the whole instrument is turned 
in azimuth the magnet, restrained by the earth's 
magnetic field, will lag. The turning of the in
strument is continued through an angle some
what more than 2,,-, until the position of the 
magnet as seen in the telescope is the same as 
before. The magnet has turned through a n 

angle cp, the instrument has turned through 

an angle 2 ,,-+ cp and the twist in the fiber is 
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21r radians. The couple due to the action of H 

51 

on M balances that due to the twist in the fiber. 
Then 

HM sin 'f'=21rk' 

where k' is the couple per unit (radian) twist. 
The parameter C = 21rk' / M is determined by 
calibration where H is known rather than from 

the separate measurement of k' and M. Then 
if the deflection 'f' is measured at other places, 
H is computed from 

H = C/ sin 'f' 

The instrument has a considerable temperature 
coefficient, however, and care must be used to 
see that adequate corrections for temperature 
effects are applied to the results. The relative 

sizes of the fiber and magnets are so chosen that 
the twist ( usually 21r radians) can be introduced 
without difficulty. 

Sine gaivanometer.-The sine galvanometer 
is an electromagnetic instrument for measuring 
H . It consists essentially of equipment for pro
ducing a calibrated field, and a small detector 
magnet. The detector magnet is acted on by the 
horizontal intensity H of the earth's magnetic 
field and by the horizontal coil field, and the 
resulting deflection angle u of the magnet is 
measured. H is computed from the coil field 
and deflection angle. 

The sine galvanometer measurements agree 
with measurements of H with the proton vector 
magnetometer ( p. 57). 

Magnetograph.-A magnetograph consists 
of one or more ( usually 3) variometers, one for 
each element recorded, and a recorder. The 
record produced is called a magnetogram. Most 

magnetographs utilize photographic recording 
because of its simplicity and dependability. For 
special purposes, however, some equipment is 
made with electronic sensing and amplifying de
vices that have sufficient power output to dri,e 
a pen-and-ink recorder. 

The conventional or classical variometer con
tains a recording magnet free to turn about a 
specified axis. The magnet turns in response to 

changes in intensity normal to the axis of rota
tion and to the magnetic axis of the magnet. In 
the D and H variometers, the recording magnets 

-=-· -

Figure 22.-Magnetometric t.ero balance (B~·tZ), used for 
measuring vertical intensuy. 

are suspended from q uartz ncers. The D 
variometer magnet is practically in the magnetic 
meridian, so that it responds to changes in dec
lination (changes of the east intensity). The 

H variometer uses a fiber of 5ufficient stiffness 
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Figure 23.-Quartz horizontal magnetometer (QH~t); used for accurate 
measurement o( horizoncai incens1t). 

so that the suspended H magnet can be turned 
into a magnetic east-west position by introducing 
twist in the fiber; this orientation permits it to 
respond to changes in the north-south ( hori
zontal) component of the field. The Z ( vertical 
component) variometer uses a magnet balanced 
horizontally on knife edges of the highest qual
ity. It will operate with the magnet in any 
azimuth, responding to changes of Z. Each 
variometer magnet has a plane mirror which 
reflects a beam of light. Through a suitable 
optical system, the light is focused to a point at 
the surface of the recording drum on which the 
photograph ic paper is mounted. Normal record
ing speed is 20 mm per hour, with the drum 
turning once in 24 hours. Time lines are put 
on the magnetograms by flashing a line of light 
across the record once each hour. 

The standard magnetogram ordinarily has all 
three components recorded simultaneously on one 

sheet of paper. (See figs. 13 and 14.) In addi
tion to the traces of the 3 magnetic elements, ref
erence lines (base lines) are recorded by means of 
light reflected from fixed mirrors. The base lines 
are used in the absolute calibration of the mag• 
netograph. Often there is a temperature (T) 
trace which records the temperature in the mag• 
netograph building. On many standard mag
netographs "reserve traces" are provided. They 
appear at one edge of the gram just before the 
regular trace goes off the other edge; this occurs 
during times of severe magnetic disturbance. 

Variometer magnets differ greatly in size. In 
the fi rst observatory Gauss used magnets some 

93 cm long. The magnets now used by the Coast 
and Geodetic Survey in D and H variometers are 



INSTRUMENTS 53 

fi~ure 24.-Sine galvanomeler No. 1 of the Department of TerrestriaJ Magnet
ism. Carnegie Institution of \X'asbingcon; used for accurate measurement or 
horizontal intensity by means of an electric current. The current is measurtd 
with .1 potentiometer and standard resistance. 

about I cm long, in Z \'ariometers some 8 cm in 
lengih. The sm.rller magnets permit the \'ari
ometers to be placed relatively close together 
(about 50 cm) without serious interaction among 
them. 

On the magnetograms shown in figures 13 and 
14, the time axis is horizontal. Changes in ver
tical ordinate of a curve indicate changes of D, 
H,orZ. 

Rapid-run magnetographs used by the Coast 
and Geodetic Survey have a recording speed of 

4 mm per minute-12 times the normal record
ing speed. T he variometers are essentially the 
same, but with slightly modified suspension sys
tems to reduce the mechanical moments of iner-

tia. A triple-drum motor-driven recorder is 
used, ,111d each of the three magnetic elements is 
recorded on a separate sheet of paper. The 
drums turn once in 2 hours, or 12 times per day, 
and are shi(ted laterally by 22 mm at the end of 
each revolution. Each recording "track" is thus 
22 mm wide. An array of reserve-trace mirrors 
for each element prevents the loss of record when 
the changes in the field cause the main trace to 
move outside the limits of the track. A rapid
run H magnetogram from T ucson is shown in 

figu re 15. 
A standard magnetograph must be calibrated 

at frequent intervals (usually once or twice a 
week) by observations with absolute instruments. 
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Figure 2).-Typical magnecograpb ac che fredericksbu,g Magnecic Observacory. Ac the right is the Z ,•ariometer; next ,s 
the D vanometer; and next, the H variometer. All arc equipped with Helmholtz coils for sensitivity calibration. The 
small stand near the D variomctcr supports a mfrror for putting time lines on the record. At the far end of the 
pier is che enclosed recording drum; the two lamp holders arc for the recording lamp and the time.flash lamp. 

The calibration consists of the determination of 
the scale value ( reciprocal of sensitivity) and of 

the base-line value of each of the th ree recording 

variometers. With this informi tion the absolute 
value ( relative to zero) of any magnetic element 

can be determined from the recorded traces for 

any instant or interval of time. 

More complete descriptions and discussions of 

variometers and magnetographs are given in 

Coast and Geodetic Survey Special Publication 

283 [24 ). 
A1agnetometer.-The classical magnetome

ter was used almost exclusively by the Coast and 
Geodetic Survey for many yea rs in measuring D 
and H , for it was a "self-checking" absolute mag

netometer. Its fundamental constants depend on 
physical characteristics that can reasonably be ex

pected to remain fixed for years at a time, such 

as length of the deAection bar, temperature co
efficients of magnets and other parts, and mechan
ical moment of inertia of the suspended magnet. 

Using the method of Gauss, the magnetic mo

ment or strength of its principal magnet is rede
termined at the time of each observat ion for H 
and if this figure remains constant ( after correc-

tion for temperature) the self-checking is accom

plished. The principle of operation is briefly 

outlined on page 47, and discussed more thor
oughly in Coast and Geodetic Survey Serial No. 

166 [19). 
N uclear magnetometer.-T he use of some 

kind of nuclear magnetometer both for field 

work and in observatories is on the increase. The 
advantages are two-fold: first, the accuracy of 

the measurements is much higher (for example, 

the error of a single measurement of intensity is 

reduced by a factor of 5, 1 o, or even 20); second, 

the time required for a single measurement is 
reduced by a factor of ten to a hundred. The 
disadvantage of the nuclear instruments is the 

complicated electronic circuity and their depend

ence on expert electronics technicians for main
tenance and repair. 

The simplest and most direct instrument of the 

new category is probably the proton-precession 

magnetometer [ 60 ). A cupful of ordinary water 
furnishes the protons. The water sample is 

"magnetized" by being subjected to a strong elec
tromagnetic field (perhaps 100 gauss) applied 

roughly at right angles to the earth's field for 
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Figure 26.-Rapid-run magne1ogr.1pb at Fredericksburg. T he Z, D, and H var10meters are at the left ; the t r iple-drum 
re-corder is at the r ight. In front of the recorder are three cun·ed racks supporting arrays of front-surface m irrors that 
serve as multiple sources of light for the three variometers. Each variometer has its own recording lamp. and there is a 
fourth lamp for t ime marks, which are put on the record every 5 minutes. 

figure 27.-0bservacory•type magnetometer, desie:ned for abso lute measure• 
rnencs of magnetic declination and honzonta l intensity. 
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., 
Figu.re 28.-Coils and sensing he.ad of pr0ton vector magnetometer. The water 

sample 2nd polarizing coil are at the center. The inner set of four coaxia l 
coils, with axis vertical. is a Braunbek system for nulling Z during the measure
ment of H. The outer pair of co2xial coils. wtth axis honzontal, is a Helm
holtz system for nulling H during the Z measurement. In the F measurement, 
neither coil system is energized. 

a period of a second or two. This polarizes the 

sample so that a significant percentage of the 

protons have their magnetic axes aligned parallel 
to the polarizing field. When the polarizing 
field is suddenly removed, the spinni ng protons 

precess about the direction of the remaining 
(earth's) field, and the angular velocity of pre

cession is precisely proportional to the intensi ty 

of the remaining field. Such a precession will 

induce a weak alternating voltage in a suitably 

placed coil. The frequency of the signal can be 
accurately measured, and the field intensity is a 
function of the frequency alone, not of the am

plitude of the generated signal. The electronic 

components of the magnetometer are concerned 
exclusively with the measurement of the fre-

quency. The physical constant, known as the 

gyromagnetic ratio of the proton, which relates 

the angular frequency of precession to the in
tensity of the magnetic field has been determined 

to an accuracy of about r part in 100,000 [ 61] by 
the National Bureau of Standards, and measure

ments made in other countries agree substan
tially with the NBS value. J n 1960 the 

Association of Geomagnetism and Aeronomy, J n

ternational U nion of Geodesy and Geophysics, 
adopted the following resolution: 

The International Association of Geomagnetism and 
Aeronomy, considering the need for a universal agree
ment rc1:arding the value of the gyromagnetic ratio of 
the proton for measurements of the geomagnetic fidd, 
strongl y recommends that, pending the agreement and 
,pecification br an appropriate international scientific or
gan ization of a final ,·alue, all measuremen ts of the geo-
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magnetic field with a proton free-precession magnetometer, 
using pure water as a proton sample. shall be based on 
the following value of the gyromagnetic ratio: 2 • 67513 X 
1 0 ' radians/gauss second. 

Expressed in other units. the magnetic field in

tensity in gammas is equal to 23.4874 multiplied 
by the frequency in cycles per second of the in
duced a-c. signal. 

:\'uclear total-intensity magnetometers have 
been adapted to the measurement of the \·ector 
field by the addition of bias fields and conven
tional equipment for measuring angles. The 
Coast and Geodetic Sun·ey has developed two 
such vector devices. One is the proton vector 
magnetometer (PVM) [ 58] shown in figures 28 
and 29. With this instrument it is possible to 
measure H and Z as well as F. From these meas

urements dip can be computed; decl ination is not 
obtained. The second type of vector magnetom
eter records in digital form, once each minute, 
fi,·e measurements of field intensity, four of 
which are made with biasing fields. From these 
measurements the complete vector field is com
puted by automatic data-processing techniques 

[62 ]. 
Recent intercomparisons between the sine gal

vanometer and the PVM, for measurement of H , 
covering a period of several months, showed 

average agreement within 0.3 gamma f 63 l• This 
difference is within the accuracy of determination 
of pier differences at the observatory where the 
tests were made. 

Field Control Equipment 
An important auxiliary installation at the 

Fredericksburg Magnetic Observatory consists 
of three sets of coils for producing controlled and 
nearly u niform fields within a large working 
space. With this equipment it is possible to 
simulate the vector field that would be encoun
tered at any point on the earth or in cosmic space. 
I\.'ot on! y is the desired vector field established. 

but the troublesome daily and irregular fluctua
tions are largely canceled. It is thus possible. 
for example, to pre-adjust an instrument in
tended for use in the Antarctic, or to test a new 
magnetometer designed to operate on the moon, 
where the magnetic field is believed to be less 
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:Figu.rc 29.-Comrol console for chc proton vec,or magneto• 
meter, includes ta) ,wuching and dectromc gear for sup• 
plying polarizmg current an<l for prec,~ measurements of 
the pmton-prece!mon frequent.y of the hydrogen nucleii, 3nd 
(b) switching anJ mc:a,unn~ cir<:ults for the currents in the 
nulling coil,. 

than one-tenth of I percent as strong as on the 

earth. 
The three sets of coils have mutually perpen

dicular axes. Their common center is just over 
the pier in the working space. One set of four 
coils is a Braunbek system [ 64] with \·ertical 
axis, a second set of four coils is a Braunbek 
system with horizontal axis in the magnetic 
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meridian, and the third set is a Helmholtz pai r 
(p. 4) with horizontal axis in the magnetic 
east-west direction. In the Braunbek arrays, 
each coil has two independent windings-one 
for producing the desired steady field and the 
other for producing a field in opposition to the 

temporal variation field. The currents for the 
fields that cancel the ambient variations are auto• 
matically monitored by a magnetograph. 

The large coils are about 5.5 meters ia diam
eter, so that the useful working region is about 
one meter across. 



Chapter VI. Origins of Geomagnetic Science 

Second Revis ion by David G . Knapp 

Medieval lore surrounding the mariner's com

pass, with its seeming e\'idence of fearful unseen 
powers and influences, must have been colored 

with a superstitious awe that can scarcely be ap
preciated by the present-day student. Such irra

tional attitudes may well account for the meager
ness of contemporary references to the beginnings 
of compass art, and the unfortunate resul ting ob
scurities in later writings. The labors of a host 
of scholars have erected a considerable body of 
literature on which to draw, though discrimina

tion is needed in handling a number of unsettled 
points, as remarked in the predecessor to this 
publication. Though a fresh approach to the 

subject is not attempted here, some points in the 
earl ier treatment are modified to reflect more 
recent scholarship. For fuller information see 

works by Crichton Mitchell [ 65] and by Balmer 

[5]. 

The Lodestone and its Properties 

At what date the properties of the lodestone 

first became known to man has not been defi
nitely determined. Its property of attracting iron 
was certainly known to the Greeks toward the 
close of the seventh century B.C., as it is men
tioned by Thales, who lived from 640 to 546 B.C. 
T he origin of the word "magnet" is not well es
tablished, but it may have come from the place 
where the lodestone was first found ( in the hills 

of Magnesia) .1 

The names given to the lodestone, magnet, and 

compass form an interesting study and afford 

important clues to the diffusion of the concepts 

1 Of the three ancient plaet"S that bore this name, the onc 
usually cited is a district of Macedonia adjoining the Gulf of 
V6los. The other two Ma~ncsias were in what is now Tur
key--onc the present city of. ~la.nisa. the other ~ towr on the 
Biiyiik Mcndcres River. an important ar~hcolog_1cal_ site about 
4) miles southeast of Smyrna. Alternative dcr1vat1ons of the 
"·ord "magnet" have related , t t}> "magnis' " (~~rong). to 
S,nskrit "mahaji" ( the great or wise-cf. the_ Ma11), and to 
the name of its legendary d1scovcrcr, whose 1ron-t1pped staff 
1s supposed to have adhered to outcrops of the ore. 

Fiture 30.-A version of the "sou,h-pointing char• 
1ot, " believed to be of Chinese o rigin. The prin
cigle of its operation is obscure. From Urbanitzky, 
''Electricitat und Magnctismus im Alterthumc. '' 
(Original was in the Japanese cncycloped 1a W a z1 Ji~ 

compiled by Kai bara Tok sin .) 

involved. Crichton Mitchell cites several writ

ings in which th is topic is explored. The terms 
for "magnet" in various languages tend to be sug
gestive of one or other of its properties. How
ever, this does not establish whether a gi\'en 

term was first linked with magnetic action before 
or after its use with analogous meaning in an
other domain. Some properties of the magnet 
and its names in several languages are: Attrac
tion for iron (French, aimant; Spanish, iman ; 
Sanskrit, thoumbaka); directive property (E ng
lish, lodestone; fcelandic, leidersteen ; Swedish, 
segelsteen); hardness (Roman, adamas; Old Eng
lish, adamant). The Italian form, calamita, may 
be derived from the method of supporting the 
magnet in the early form of compass, namely, on 
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a bit of reed ( calamo) floating in a vessel of 

water. 
The nature of the attraction for iron by the 

magnet was variously explained by the writers of 
antiquity: " Iron gives it life and nourishes it"; 

"A certain appetite or desire of nutriment that 
makes the lodestone snatch the iron"; " llumidity 
in iron which the dryness of the magnet feeds 
upon." One theory of considerable standing 
held that some sort of exhalation or emanation 
streamed from one to another of the bodies con
cerned, and was able to produce the observed 
attraction. 

In addition to the physical properties of the 
lodestone recognized at the present day, curative 
properties for all sorts of maladies were ascribed 
to it in the Middle Ages, just as such properties 
were later ascribed to electricity. Toothache, 
gout, dropsy, hemorrhage, and convulsions were 
among the many complaints which it was said 
to relieve, and even disputes between husband 
and wife came within the scope of its magic 
powers. 

On the other hand, a common belief which pre
vailed for many centuries was that a magnet 
would lose its directive property if rubbed with 
garlic, and mariners were charged not to eat 
onions or garlic lest the odor "deprive the stone 
of its virtue by weakening it and prevent them 
from perceiving their correct course." 

The ancient myths about magnetic rocks and 
hills, typified by the fatal mountain of lodestone 
that broke up ships by drawing the nails out 
( in "The Arabian N ights"), were the precursors 
of equally fantastic ideas in later times, attribut
ing the action of the compass to a supposed 
magnetic mountain or island in the Arctic re
gions, the China Sea, or some equally remote 
place. 

Some writers have credited the Greeks with 
the use of the lodestone to direct navigation at 
the time of the siege of Troy, on the basis of a 
passage in Homer's Odyssey; but this interpre
tation seems not at all warranted by the word
ing of the original passage. According to Ber
telli, a careful examination of the writings of 
more than 70 Greek and L1tin authors, cover
ing the period from the 6th century B.C. to the 

figure 31.-l\fedie"al tloating compass. as shown by 
AthanJS1u1o Kircher. M ;;a.goes s1vc de a rte ~la~-
nctica .. I 1643 I . 

10th century .\.D .. failed to disclose any men
tion of the dirccti1·e property of the lodestone. 

or any suggestion from which one might con
clude that this directi1·c property found any use 
whatever in navigation. astronomy, or sun·ey
ing during that long period of time, though 
there are numerous descriptions of voyages and 
storms at sea where mention of the compass 
would be expected, if it had been in general use 
at the time. 

Apparently the only facts about the lodestone 
which were known before the 10th century were 
its property of attracting iron and of communi
cating that attractil'e power to iron. The prop
erty of polarity was unknown, as indicated by 
the fact that Pl iny and subsequent writers at
tributed the phenomena of attraction, repulsion. 
and neutralization of magnetic action to three 
supposedly different minerals, magnete, teamede. 
and adamas. 

Chinese application do11btful.- There has 
been a persistent belief that the directil'e prop
erty of the magnet was known to the Chinese 
before the beginning of the Christian era. Some 
writers go so far as to say that it was known 
as early as 2634 B.C. According to Klaproth a 
quaint legend relates that in the reign of Huang
ti the Emperor's troops attacked some rebels led 
by Tchi-yeou, on the plains of T chou-lou. Find
ing that he was getting the worst of the conflict, 
T chi-yeou raised a g reat smoke in order to throw 
the ranks of his adversary into confusion. 
Huang-ti was equal to the occasion, however, 
and constructed a chariot which indicated the 
south and thus was enabled to pursue the rebels 
and take Tchi-yeou prisoner. Modern scholars 
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consider this legend as clearly mythical. Huang

ti was probahly the outstanding figure of Chinese 
antiquity, the legendary founder of the Chinese 
Empire, and it would not be surprising if knowl

edge and acts were ascribed to him which really 
belonged to a much later epoch. 

The chih-nan-ch'c or so-called south pointing 
cart, a recurrent curiosity in Oriental literature 
since the third or fourth century, has been claimed 
to have been in use in China as late as the 15th 

century and to have been introduced into Japan 
in the 7th century. (See fig. 30.) A pivoted 
figure with outstretched arm was mounted in 
front of the cart. Certain 17th-century mis
sionaries supposed that a magnet had actuated 
the figure to keep it pointing south. It is now 
considered more likely that the cart was set in 
a place where the directions were known and 
that the figure was connected to the two wheels 
so that on rounding a ben<l the differential effect 
kept the figure pointing in the original direction.~ 

It must be recognized that a knowledge of 

the directive property of magnetized needles may 
have preceded by a long interval the embodi
ment of the principle in the form of a useful 
instrument, particularly if the secret was known 
only to a select class and carefully guarded. A 
remarkable passage in a work entitled "M~ng
ch'i-pi-t'an," which appeared toward the end 
of the nth century A.D., seems to establish 
that the directive property was known in China 
at that period. This passage is as follows: 

A gcomancer rubs the point of a needle with the lode
,tone to make it point to the south, but it will always 
deviate a little to the east, and not show the south; that 
to use the needle, it may be put on water, but it would 
not be steady; and also it may be put on the nail of a 
finger or on the lip of a bowl, but it is too apt to drop, 
because its motion is \'Cry brisk; that the best method 
is to hang it by a thread. and to prepare the contrivance, 
one has to single out a fine thread from a new skein of 
floss silk and fix it with a piece of beeswax on the middle 
of the needle, the latter to be hung up where there is 
no wind; that the needle would tben always point to the 
south; that, on rubbing a needle with a lodestone. it ma\' 
happen by chance to point to the north, and he (the 

2 M . Has himoto, Origin of the compass, in Memoir1 of the 
Rtuar<h Departmtnl of 1ht T oyo Bunko (the Onental 
Library), Tokyo. 1926. No. l, pp. 69-92 . For an excellent 
description of geared mechanisms for accomplishing the re
sult stated above without resorting to differential sears. sec 
A. C. Mou le. The Chinese South-pointing Carriage ,n T' oung 

r;:,~ 't.~~;ibe~
3

'w~~ld l~~:- m;i~;;;n h~wt~~.~r.i; t::atl~~ ~~'i!~~ 
the inside wheel were lod::t"d for e3ch turn. Gradual turns 
would not register at all. 

Juthor) owned needles of both sons, and that no one 
,ould as yet find the principle of it.3 

This passage was repeated in several later Chi
nese works without essential revision, but we 
have no trustworthy evidence of any application 
of this knowledge until quite some time later. 

Medieval Origin of the Magnetic 
Compass 

T he earliest definite mention of the use of the 

compass in Europe occurs in a Latin treatise en
titled "De Utensilibus," written about A.D. u87 
by an English monk, A lexander Neckam. ln 
another book, "De Naturis Rerum," he w rites: 
"Mariners at sea, when through cloudy weather 
in the <lay, which hides the sun, or through the 
darkness of the night they lose knowledge of 
the q uarter of the world to which they are sail
ing, touch a needle with a magnet which will 
turn around until, on its own motion ceasing, 
its point will be directed toward the north." 4 

Whether the first type was a Boating lodestone 
(fig. 3r) remains in doubt. 

At about the same date Guyot de Provins, 
minstrel at the French court, in a politico-satirical 
poem entitled "La Bible," refers to the use by 
sailors of the compass with Boating needle. 

Other writers of the 13th century who speak of 
the use of the compass are Jacobus de Vitry, 
Cardinal of Ptolemais in Syria; Raymond Lully, 
of Majorca; Vincent de Beauvais, a crusader; 
Roger Bacon, the English philosopher (p. 62) ; 
Brunetto Latini, a celebrated Florentine encyclo

pedist; and the poet Dante. Brunetto supposes 
that the lodestone directs the needle toward the 
mariner's star. H e dwells on the d istinction be

tween the polarities of the opposite faces of the 
stone, and the effect each part has on the needle. 

References to the compass in Chinese litera
tu re are fairly well authenticated after the II th 
or 12th century, with some indication that Ara
bian navigators were the first to use a compass 
in Chinese waters. K laproth found "no indubi-

3 Discussed by Friedrich Hirth, A ncient History of China. 
Ne" York. 1908, p. 132. The translation obove 1s that given 
by Crichton l'-fochell. 

• Ncckham's statements are nowad:rys believed to refer to 
a floating compass: see \VI. E. May, J . Inst. Navig .• 8: 283, 
1955. 
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table use" of the compass in navigation by the 
Chinese unti l toward the end of the 13th cen
tury. A primitive floating needle seems to have 
been in use in China in the 16th century.r. 

European origin probable.- T he conclu
sions of Crichton Mitchell with respect to the 
invention of the compass are as follows: 

"(I) That while it is possible that the Chinese 
were acquainted w ith the directive property of 
a magnet by ro93 A.O., they made no further 
use of that property for al least two hundred 

years thereafter. 

"(JI ) That there is no evidence of the origin 
of any such knowledge among the Arabs, and 
it is improbable that they transmitted any in
formation on the matter to Europe, their earliest 
mention of the compass being nearly half a cen
LUry after its fi rst mention in Europe. 

"( 111) That the compass was in use in western 
Europe by 1187 A.D., and taking into considera
tion the fact that the directive property must 
ha ,·e been discovered much earlier, it is most 
probable that a knowledge of that property and 
its application in western Europe were of inde
pendent origin and as early as, if not earlier 
than, [ the same developments] in China." 

A view more favorable to Chinese priority is 
advanced by Needham,6 but his supporting 
arguments have not yet become available. 

Petrus Peregrinus and the pivoted com
pass.- lt is to Pierre Pelerin de Maricourt, 
usually referred to as Petrus Peregrinus, that 
we owe what is probably the first European 
treatise on the magnet and the earliest known 
work on experimental physics. Pierre was a 
native of Maricourt, a little village in Picardy, 
France, and his appellation Peregrinus indicates 
that he had taken part in the Crusades. H e was 
a partisan of Charles of Anjou and was with 
him at the seige of Lucera in southern Italy and 
the time (August, r269) of writing his famous 
letter to his friend and neighbor, Sygerus de 
Foucaucourt-"Epistola Petri Peregrini de Mari-

15 Some of the Chinese references arc reviewed in the 2rticlc 
"Compass" in the I Ith and subS<equcnl editions of the Ency
clopedia Britannica. The article Jikcwise quotes the passages 
from Cardinal de Vitry and from the " Livres dou Tresor" of 
Brunetto Latin i. 

• J. Needham, Science and Civilisation in China. vol. 4, 
in press, 1962. 

court ad Sygerum de Foucaucourt, Miletem, de 

Magnete."' 
In this epistle he ga,·e a clear and concise state

ment about what was then known regarding the 
magnet and its properties, which he had evi

dently tested experimentally. H e conceived and 
made use 0£ a spherical lodestone "in the like
ness of the heavens,'' the precursor of Gilbert's 

terrella. He devised methods for locating the 
axis o( such a magnet, finding that at the axis 
poles a short piece of a needle would stand per
pendicular to the surface of the stone. He mu,t 

also be credited with discovering the fact that 
when a magnet is broken into a number of pieces 
each piece will be a magnet, and with devising 

the methods of couch and rubbing for reversing 
the polarity of a needle ( p. 3). 

In the second part of the discourse he described 
important improvements of the compass, which 
were attained ( 1) by floating the lodestone in a 
circular howl with g raduated rim, (2) by re
placing the floating lodestone with a pivoted 
needle, turning between upper and lower bear

ings, and (3) by supplying an azimuth bar, 
having sighting pins, so that the azimuth of an 
object in any part of the horizon might be 
measured ( fig. 32) . 

It will be noticed that Peregrinus had in his 

improved compass the features needed to ascer
tain whether or not the magnetic needle pointed 
precisely to the north. H e noted ( Part r, Chapter 
X ) that the direction of the magnet is not toward 
the mariner's star, for that star is always out of 
the meridian except twice in each complete 
revolu tion of the firmament. Since he reached 
the conclusion that the poles of the magnet re
ceive thei r power from the poles of the heavens, 

it seems safe to assume that the needle did not 

at that time point far from true north at the 

place where he made his experiments. 

His work 1ias further significance as a rare 

exemplar, fo r medieval times, of the experimental 

approach to 1ature's laws. Small wonder, then, 

that he was hailed with the greatest enthusiasm 

by his advocate, the philosopher Roger Bacon, 

' S.. item [66) of Bibliogf3phy. and S. P. Thompson. Pror. 
Bri1. A rad., 2, 377-108 ( 1906). 
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Figure 32.-Pcrcgrinus' compass with a pivoted nccdJc and a graduated rim 
(after Bc,rtelli). 

whose bold attack on the prevailing authoritarian 

basis of physical knowledge was a harbinger for 

the teachings of Copernicus, Galileo, Francis 

Bacon, Gilbert, and Newton, with thei r varying 

contributions to the emergence of experimental 
science. Roger Bacon characterized Peregrinus 

as the only man, besides Master John of London, 

who at that period could be deemed a perfect 
mathematician ; and as one who understood the 

business of experimenting in natural philosophy, 

alchemy, and medicine better than anyone else 
in western Europe. 

The Amalfi tradition.-The letter of Pere• 

grinus tells us that the invention of a pivoted 

nautical compass took place no later than 12~. 

Once the instrument was put in service, its use 

in navigation must have spread rapidly, g iving 

rise to inevitable refinements and improvements 

of the basic device. Any such change could 

lend color to a claim on behalf of a particular 
person or group to have invented the compass. 

For some 350 years a tradition persisted to the 
effect that the mariner's compass was invented 

by one Flavio G ioja, of Amalfi, Italy, about the 

year 1302. Bertelli made a very thorough in

vestigation of the origin of th is tradition and 

found nothing to indicate that it was founded 
on fact. The first writer to attribute a special 

knowledge of the compass to the Amalfians was 

Flavio Biondo, who, about 1450, made a fi rst 

attempt at a history of Italy. The passage was 
quoted, with Flavio credited as its author, in a 

later work, whence it was carelessly requoted 
with the invention itself attributed to Flavio, 

who fina lly acquired the fictitious surname Gioja 

and the associated date. 

It may be that the Amalfians should be cred

ited with improving the compass by the substi
tution of a pivoted needle for the floating one 

and by the addition of the graduated compass 

card or "rose of the winds" attached to the 
needle and moving with it. 

The M ariner's Co mpass After 

Pe regrinus 

Early Deve lopments 

Cap-and-pivot suspension.-The arrange

ment outlined by Peregrinus, with a needle on 
a staff confined between upper and lower bear

ings, did not afford the best solution to the diffi

culties imposed by the weakly magnetized 

needles then available, since the effects of friction 

in such a mounting are so largely dependent on 
dynamic conditions that are difficult to control. 

The introduction of the cap-and-pivot design 

consti tutes another of the lost milestones in the 
evolution of the compass. In the modern ver

sion of this mounting, a very hard metallic pivot 

is solidly supported from below, and the movable 

card with its needles hangs from a jeweled cap 

which turns on the pivot. I n this type of bear• 
ing the fr iction is small and unifo rm if the sur

faces are properly shaped. 

Compass cards and the rose of the winds.
It has been conjectured that the Amalfians in

trod uced the movable "fly" or card attached to 

the needle; at all events, we are told by Da Buti, 

writing in about 1380, that the sailors of his day 
used a compass at the middle of which was piv
oted a wheel of light paper-an indication that 

this feature was developed within a century of 

the time when Peregrinus wrote. 

The remarkably accurate early charts of the 

Mediterranean Sea, contained in "Porcolani" or 
handbooks of sailing directions, were usually 

embellished with an eight-pointed star or "rose." 

the same figure which ~erved for the fly of the 

early compasses (possibly at first a by-product 
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Figure 33.-A tra,•ellcr's sundial wich compass, made about 1541 and marked to sho\\' 
the magnetic declination. From G. Hellmann, "Die Anfange der Magnetischen 
Bcobachtungen. " 

of the pattern of rhumb-lines that criss-crossed 
the charts). Initials at the several vertices of 
the figure stood for the Italian names of the 
eight principal winds. An alternative system 
of marking the cardinal points utilized the Latin 
names of the corresponding quarters of the 
heavens-septentt-iones, oriens, meridies, and 

occidens. (See fig. 33.) Both systems ultimately 
fell out of use, though a vestige of the former is 
said to survive in the Beur-de-lis at the north 
point (supposedly derived as a combination of 
a spear-head with a "T " for tramontano, the 
north wind) .8 

The demands of accuracy led to the subdivision 
of each of the eight "winds" into four "quarters 
of the wind" (points) separated by r 1 ¼ 0 ; this 
32-point division is still in wide use, and it was 
mentioned by Chaucer as early as 139r. In mod

ern times, the improved accuracy with which 
steam-powered vessels can be steered has resulted 
in the addition of a scale of degrees, and curi
ously enough the ensuing subord ination of the 
older pattern of points has led in some cases to 
a reversion to the eight-point division, like the 
ancient wind roses, the intermediate points being 
then superseded by the degree markings. 

Multiple needles.- In connection with the 
introduction of a movable card, trouble must 
have been experienced so long as only a single 

1 Silvanus P. Thompson, T he Rose of the Wind<: The 
Ori~in and Dcvclopmt:nt of the Cnmpa,s-card. Prorndm,., 
of th, B,iti,h A radrmy, 6, 179- 209, 191 f. Other authornie< 
ha\C :1dvanced different and equ:1lly r,l:rnc;1ble expbnatrons. 

straight needle was used, for _the motions of 

the ship would be apt to impart to the card a 
"wobbling" motion of its u nweighted east and 
west edges. ft is interesting to note that the 
early compasses often had an assembly of two 

needles, joined at their ends and spread apart 
in the middle; this tended to mitigate the d if
ficulty just mentioned, as d id the later use of 
an arrangement of parallel needles. It was finally 
shown that an arrangement should be used which 
would result in a card having approximately 

equal moments of inertia about all diameters, 
and such an arrangement is one feature of the 
Thomson compass.9 

Gimbal rings.- It was an obvious desidera
tum to provide a special mounting for the com
pass so that the bowl as well as the card would 
remain hori zontal despite the rolling and pitch
ing of the ship. This was the purpose of the 
gimbal rings or so-called cardan suspension; this 
form of universal joint, now in such general use, 
made possible greater accuracy in measuring the 
compass bearing on any object, whether terres
trial or celestial, and paved the way for the in
troduction of the azimuth ci rcle and other aids 
to the use of the compass. 

Summarizing, the four chief improvements 
applied to Peregrinus' compass in late medieval 

times were: the cap-and-pivot support, the mova
ble fly, the divided needle, and the gimbal sus-

11 ee \X' . J Peter, The dl\trihutmn u( mas~ in marinc:-
compasses, T ,,,, Mag. 37, 317- 320. 1932. 

.. 
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pension. All these were apparently in use by 
1551, the date of a treatise on navigation by 
Martin Cortes, in which a compass having these 

features is described.10 

M odern Im provements 

The development of the compass in modern 
times has proceeded hand in hand with the 
treatment of the troublesome deviations caused 
by the ship's magnetism (p. 42). It is a cer
tainty that from the first beginnings of compass 
navigation there have been unexplained errors 
from the effects of iron fittings near the compass. 
However, the deviation as a systematic phenom
enon seems to have attracted particular attention 
in the course of Captain James Cook's explora

tion in the southern oceans, during the period 
1772-79. The wide-ranging explorations of 
Cook and others ( especially in the Arctic) 
brought out the fact that deviations become more 
pronounced in high latitudes, where the hori
zontal intensity of the earth's field is small and 
the compass is more readily influenced by ex
traneous forces. Outstanding advances in the 
study of deviation and compensat ion were due 
to Matthew Flinders, Peter Barlow, and (as to 
high-latitude aspects) William Scoresby, Jr. 

With the increasing use of iron in naval ves
sels, accelerated by the introduction of steam, the 
problem of compensating the compass came to 

the fore and engaged the attention of some of 
the ablest scientific minds of the 19th century. 
\Ve owe to Poisson's insight the underlying 
principles of magnetic induction, which came to 
fruition in important advances by Airy and in 
the mathematical achievements of Archibald 
Smith; finally, Kelvin showed how to construct 
a compass to which the theory could be applied 

with complete satisfaction. 
During rough weather, violent motions of the 

ship may cause the compass card to oscillate 
severely despite careful design of the card and 
the use of gimbals. In the time when Cortes 
wrote his treatise on navigation, he could only 
counsel blunting the pivot if the card was too 

10 "Breve compendio de la spheu y de la artc de navcgu·_· 
(~ville). The portwn ~crmJne to the prc~cnt d1scu,~1, n 1s 
iran,lated by H. D. Harradon [66). 48. 79. 

unsteady. In modern practice, two methods or 

damping have proved useful. One is to use 
heavy copper for the compass bowl, so that rapid 
oscillations of the card will be restrained through 
the agency of the Foucault currents generated in 
the copper by the magnetic field of the moving 
needles. The other and older method (proposed 
in 1813) is to fill the compass bowl with liquid; 
this has the further advantage of reducing the 
weight on the pivot. It is said that the idea of 
using liquid in the bowl originated when a heavy 
sea, breaking over a vessel during a storm, acci
dentally filled the compass bowl with sea water, 
whereupon the violent swinging of the card 
ceased, yet the card continued to show directions 
correctly. For war vessels, the stability of the 
liquid compass under the shock imposed by the 
firing of heavy weapons proved to be a decided 
advantage, though it did not afford a solution 
to all the problems involved. 

Early Knowledge of the Magnetic 
Declination 

Discovery of the Effect 

Possibly a Chinese discovery.-The isolated 
passage from "Meng-ch'i-pi-t 'an" quoted on page 
61 has often been cited as indicating that the 
Chinese were aware of the magnetic declination 
before its discovery in Europe. The words "will 
always deviate a little to the cast" certainly sug
gest such an interpretation to the modern reader. 
H owever, the passage contai ns the fu rther state
ment that when suspended by the "best" method 
the needle would "always point to the south." 

Translators are not agreed as to the proper ren
dering of the passage, and the version given 
above is not altogether clear on this point, so that 
some doubt remains as to the original author's 
meaning. Furthermore, there is no elaboration 
of the matter; the whole emphasis is on the re
markable fact of the directional behavior, rather 
than on any precise measure of the phenomenon. 

If the Chinese had known of the magnetic 
decl ination as early as the 12th century, it is rea
sonable to presume (as Bertelli points out) that 

the knowledge would have been handed down 
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from generation to generation. However, at the 

beginning of the 17th century, when the Jesuit 

mathematician and astronomer Matteo Ricci and 
some of his fellow missionaries were allowed by 

the Emperor of C hina to take part in the Tri

bunal of Mathematicians, it was with great diffi 

culty and only by ocular demonstration that they 
were able to convince the Chinese scientists that 

the magnetic and astronomic meridians _were not 

coincident. At that time the decl ination at Pe

king was about 2 ° W ., as determined by Ricci. 

Nearly 2 centuries later Amiot found that the 

Chinese still used that value of declination in 

placing thei r sundials, indicating that the knowl

edge of the fact was preserved for 2 centuries 
after its demonstration by Ricci. 

Observations by Columbus not significant 
here.-Columbus is frequently credited with the 

discovery of the fact that the compass needle 

does not in general point true to the pole and 
that it changes it direction as it is carried from 

place to place. This viewpoint is based on cer

tain obscure statements found in the journal kept 

by Columbus, or rather in documents prepared 

by subsequent writers who made abstracts of his 

journal. O ne passage, however, shows that one 

of the compasses carried on the second voyage 

was constructed with the needles set away from 
the north point of the card, so as to allow for 

the declination prevailing at some place (pre

sumably the locality where the compass was 

made). Columbus appea rs to have been troubled 

by the diu rnal revolution of Polaris, a confusing 

fac tor in the method he followed for checking 

the indications of the compass. Furthermore, all 

his epochal voyages were made in regions where 
the magnetic declinatio n and its space changes 

were relatively small. (See fig. 37.) The whole 
matter has been further obscured by errors of 

long standing in various edi tions and transla
tions of the relevant documents. 

While the discoverer probably had no oppor

tun ity to gain a comprehensive view of the space 

changes in declination, nevertheless he seems to 
have been the first navigator of Western civiliza

tion to penetrate a region of west declination and 
to remark on the behavior of the compass therein. 

In any event, the chief reliance of Columbus, as 

of all navigators of that day, was on dead reckon

ing, not on celestial observation; and the success

ful completion of his voyages, with all their 

consequences to civilization, attest to an oppor

tune skill in that art, coupled with the indomita

ble spirit that proved decisive, completely over

shadowing any defects that might be singled out 

from his speculations on the behavior of the 

compass. 
Evidence of compass charts.-Returning 

now to an earlier day, we find that the compass 

played an important role in the medieval phases 

of cartographic development. This instrument 
came into use during an era when geographic 

knowledge was at a low ebb, but as soon as com

passes of the requisite precision became generally 

available so that mariners m ight determine with 

reasonable accuracy the di rection from one port to 

another, chart construction was established on a 

much surer foot ing. 

The early charts of the Mediterranean coasts o( 

the 14th and 15th centuries were thus oriented 

by compass, in disregard of the ( perhaps un

recog nized) fact that the compass needle does 
not in general point true to the pole. The earli

est of these charts were by Marino Sanuto, be

tween 1306 and 1324; the best, however, are 
those in the atlas of Andrea Bianco of Venice, 

which bears the date 1436. This atlas was sub

jected to a critical comparison with modern charts 

by Oscar Peschel. He found that in spite of 

the crude appliances in use at that date, the 
distances from place to place harmonized in a 

most remarkable manner with later, more ac

curate, determinations; but the places were nut 

always in their proper relations as regards lati
tude and longitude, the departures therefrom 
being quite systematic. This was more noticeable 

in the latitudes because of the greater distances 
involved, places at the west end of the Mediter

ranean being shown too fa r south with reference 

to those at the east end. 

As the charts were based on compass direc

tions, this systematic departure from the true 

direct ions indicates that the direction shown by 
the compass at that time d iffered by an apprecia

ble amount from true north. By measuring the 

angle through which one of these charts had 
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to be turned in order that the places would fall 

in their proper geographic relations, L. A. Bauer 

found that the magnetic declination attributed to 

Rome was 5° E. in 1436 (or more probably be

fore that date as the charts were undoubtedly 

constructed from data obtained dur ing many 

years prior to the date of publication) . 

In later years, after the fact of the magnetic 
declination came to be generally known, it be

came the practice in some localities to place the 

needles at such an angle on the compass card 

that the compass would give true bearings in

stead of magnetic bearings in the particular lo

cality in which it is to be used. T hus lorman, 

in his book, "The ewe Attractive," published 

in London in 1581, says that he finds in Europe 

five sorts of compasses, depending upon the lo

cality in which they were used. T hose made in 

Italy gave the correct magnetic bearings, as a 

rule, presumably because the magnetic declina

tion was small in the Mediterranean; in Holland 
and Denmark the wires were set three-quarters 

of a point or sometimes a whole point " to the 

eastward of the north of the compass." (See 

p. 64 regarding "points.") I n compasses for 
use in F rance, Spain, Portugal, and England, the 

wires were most commonly set at half a point. 

Thus, differing compasses were used in charting 
the coasts of different parts of Europe and the 

East and West Indies as well. I n Russia still 

anorher angle was used. 

orman goes on to say: 

... And the Ma)'ster or Maryner Sayling by these 
Compasses of sundr)' sorts may thereby fall into great 
perill , and the reason is, because that of long time 
these Compasses hauc been used, by them the 
Marine Plats haue bene described of sundry sortes, every 
one according to the Compasse of that Countrey. 

If then he take not the Compasse of the same ,em 
or making that the Plat was made by, then his Garde 
or Plat will showc him one Cou rse and the Compasse 
when he thinketh he gocth well, will carry him an 
other way. 

This d ifficulty is discussed at length by the 

Dutch cartographer Willem Barentsz in a navi

gator's atlas published in 1595. Overlapping 
sets of convergent rhumb lines were provided 

on some of h is charts to facilitate their use with 
either Flemish or Italian compasses as desired. 

As Heathcote points out, these lines show that 

in that period the Flemish compasses were set 

to allow for 6 degrees of east declination. A 

discrepancy between Dutch and Genoese com
passes was also noted by Columbus. ( See p. 66.) 

The earliest known maps on which magnetic 

declination was g raphically depicted are prob
ably certain German road maps by Etzlaub, dat

ing from about the time of Columbus' first 

voyage . . On these maps there appears a figure 

of a compass with its needle pointing about 

, 1 ¼ 0 east of north. Again, a map of the coast 

of Palestine, which was included in a work pub

lished in 1532, contained a figure which similarly 
seems to represent the declination as 25 ° west 
( apparently an excessive value)." Such maps 

were the precursors of the isogonic charts dis

cussed on pages 9-12 and 74. 
Eviden ce in sundial compasses of first 

knowledge of the declinati.on .-The investi
gations of Hellmann indicate that it was the con

struction of sundials that first required a defin ite 

recognition o( the magnetic declination, so far 

as ca n be established from the available records. 

Besides fixed sundials, the use of which may be 
traced back into the Babylonian-Chaldean pe

riod, there were also in olden times portable 

sundials for travelers, the distinctive feature be

ing a small compass, to be used no doubt for 

the purpose of orientation. Samples of these 

portable sundials are preserved in many museums 

of Europe. The majority of them ·are of German 

origin, and it appears that as early as the middle 
of the 15th century uremberg was a recognized 

center for the manufacture of sundials provided 

with magnetic needles. 
Thanks to the searching investigations of W. 

Wolkenhauer there have been brought to light 

three compass sundials constructed prior to , 500. 

The most important of these was preserved in 

the Museum Ferdinandeum at Innsbruck. This 
is a pocket sundial not much larger than a watch. 

It bears the date 1451, and is made of copper 
( or bronze), gilded and decorated with a black 

enameled imperial eagle. According to Hell
mann, there appears to be no questio n that this 

sundial was made in uremberg, probably for 

Emperor Frederick III. 

1:1 G. Hdlm:inn : The bc~innm'"S of ma~m:t1c ob~rvation!i. 
Ttrr. Mag .• 4. 73. 1899, p. 79. See also Ttrr. Mai., 13, 97, 
1908. 
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The cardinal points are indicated on the rim 
of the compass box. Acro~s the bottom of the 
box there is a heavily engraved line, forked at 
one end, which it is believed indicates the direc

tion of the compass needle at Nuremberg at the 
time the instrument was made-about Ir O east 
of true north. 

Hellmann has found that st ill another speci
men, in the Bavarian 1ational Museum, dating 

from the year 1456, and very probably by the same 
maker, likewise has engraved on the compass 
a line making an angle of about r 1 ° with the 
true north-south line. As the making of com
pass sundials had evidently reached a high state 
of perfection in the middle of the 15th century, 
H ellmann argues that this angle of 1 1 ° E. may 

refer to an earlier date than 145r, as it is known 
that the same angle was used by Nuremberg 
compass makers well into the 16th century. 
H owever, it has been suggested that the en
deavor may ha\'e been simply to allow one point 

as a sufficiently close approximation to the pre
vailing declination; one point of the nautical 
compass equals I 1 ¼ degrees. The same amount 
of east declination is indicated on the early 
German road maps already mentioned. 

One of the most famous of the compass 
makers, as they were called, was Georg Hart
mann, who lived in Nuremberg from r518 until 
his death, serving as vicar of the church of St. 
Sebaldus. H e constructed such sundials in g reat 
numbers for persons of high rank, among others 
Duke Albert of Prussia, with whom he corre

sponded. In one lelter H artmann speaks of 
making eight compass sundials of ivory and four 
smaller ones of boxwood, most of them designed 
for use in latitude 55° . 

We have no means of determining at what 
date the makers or users of compasses became 
convinced that the failure of the compass needle 
to point exactly north was not due to imperfec
tion of construction or to the peculiarity of the 
lodestone with which the needle was rubbed, but 
it is to H artmann that we owe the first recorded 
determination of the magnetic declination on 
land. Under date of March 4, 1544, he wrote 
to Duke Albert of Prussia that from his own 
observations he had found the declination to be 

about 6° E. at Rome and 10° E. at Nuremberg 
and more or less at other places.14 As Hart
mann was living in Rome in 1510, his observa
tion must refer to that date. 

Even before that date, as we have seen, the 
compass makers adopted the practice of placing 
a line on the sundial to indicate the angle be
tween true north and the direction taken by the 
compass needle, and Wolkenhauer gives a valu
able summary of the angles of the early com
pass sundials according to the country or place 

from which they originated. Thus it has been 
possible, from some of the old sundials which 
have been preserved, to derive values of the 
magnetic declination for the date of their con
struction. From the one shown in figure 33, 
for example, an ivory sundial made by H ierony

mus Bellarmatus in 154r and found in the col
lection of the Prince de Conti, it is concluded 

that the declination was about 7° E. in Paris in 

t541. 

Early M ethod s o f Dete rmin ing the 

M agnetic Declination 

The first method was no doubt that of noting 
the magnetic bearing of the pole star (in prac
tice, of a point beneath it on the horizon), and 
this was probably the one employed by Colum
bus. That no g reat accuracy could be attained 
in this way is self-evident, and it is doubtfu l 
whether at fi rst the motion of the pole star about 
the pole was recognized and taken into account, 
though such motion was clearly explained by 
Peregrinus in r269. (See p. 62.) 

Felipe Guillen, a Sevillian apothecary, devised 
an instrument for a more accurate determination 
of the declination, which he called brujula de 

variacion and which he presented to the King 

of Po rtugal in 1525. With this instrument the 
magnetic bearing of the sun was noted at equal 
altitudes before and after noon, with the aid of 
the shadow from a stylus. Half the difference 
of the bearings was the declination. 

The first book giving directions for determin-

11 See item (66 ] of Biblio~raphy on p. 78. The story that 
one Peter Ads1j?.tr determintd the declination in 1269 was dis
credited by \'Q'enckebach in 1836 ; it arose from a spurious pas• 
sap.e in one of the manuscrjpts derived from tht' Peregrinus 
letter. 
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mg the declination appears to be one by Fran
cisco Falero, published at Seville in 1535. He 
gave three methods, all making use of the sun: 

( 1) magnetic bearing of the sun at apparent 
noon, when the shadow of the stylus falls to 

the north, ( 2) Guillen's method of equal alti
tudes, and (3) magnetic bearing of the sun at 
sunrise and sunset. 

In 1537 Pedro unes improved Guillen's in
strument by adding a device for measuring the 
sun's altitude and invented a new method for 
the determination of latitude at any time of day. 
Infante Dom Luis of Portugal, who had re

ceived instruction in mathematics and astronomy 
from 1unes and had shown great interest in all 
nautical problems, presented such an instrument 
to Joao de Castro, commander of one of the 11 
ships that sailed to the East Indies in , 538, and 
charged him to give it and the new methods a 
thorough test. H ow completely Castro carried 
out his instructions is shown by the very full 

journals or log books in which he recorded all 
his nautical, magnetic, meteorologic, and hydro
graphic observations and notes on allied phe

nomena from 1538 to 1541. They include 43 
determinations of the magnetic declination, notes 
regarding the instruments and methods, the de
viation of the compass, magnetism of rocks, etc. 
After reading the journals, Hellmann did not 
hesitate to pronounce Joao de Castro to be the 
most noteworthy representative of scientific ma
rine investigations up to the close of the epoch 

of discoveries. It is of iruerest that, on one oc
casion, the journal recorded serious errors owing 
to the proximity of the ship's armament. (See 

ref. f 661-) 
The metl1ods thus given such a thorough trial 

came gradually into general use among naviga
tors, and we find them described by writers in 
Spain, England, and Holland as late as the end 
of the 16th century, but without mention of 
Guillen, Falero, or unes. 

Norman and the Magnetic 

Inclination 

Although H artmann, the Nuremberg maker 
of sundials, had noticed in 1544 that the north 

7 30-34 7 0 - 64 - 5 

end of the compass needle tends to dip below 
the horizon, it was left for Robert orman, of 
London, to devise an apparatus with a needle 

supported on a horizontal axis and actually meas
ure the amount of dip. In his book "The Newe 
Attractive," published in 1581, orman tells "by 
what means the rare and strange declining of 
the needle from the plane of the horizon was 
first found." orman was an instrument maker 
who had had 18 to 20 years of practical experi
ence as a seaman. In making compasses he no
ticed that it was always necesary to put small 
pieces of wax on the south end of the needle 
in order to balance it, although it had been per
fectly balanced before magnetization. He paid 
little heed to this fact, however, until he had 
occasion to make an instrument with a needle 
6 inches long and was constrained to cut away 
:;ome of the north end to secure a balance. In 
doing this he cut it too short and spoiled the 
needle. 

Vexed by the necessity of doing his work over 
again ("hereby being stroken in some choller" 
as he says), orman devised an instrument to 
determine how much the needle touched with 

the stone would decline, or what-greatest angle 
it would make with the plane of the horizon. 
With this instrument he measured the dip at 

London in 1576 and fou nd it to be 71 °50'. The 
general character of the instrument is indicated 

by the sketch in figure 34, copied from Nor
man's book. 

Norman continued his investigations and 

proved experimentally that the force exerted on 

the needle by the earth's magnetism does not 

produce motion of translation but simply that 

of rotation. To do this he first stuck a steel 

wire through a piece of cork of such size as 

to support the needle on the surface of a vessel 

of water. Then he cut away the cork bit by bit 

until it would float the wire well beneath the 

surface. At the same time he adjusted the po

sition of the cork with respect to the wire so that 

the wire would lie horizontal. After being 

rubbed by the stone, the north end of the wire 

dipped below the horizon as the needle had done 

in the d ip circle, but the supporting cork still 
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Figure 34.-First dip circle (after Norman, 1576) . 

held it in equil ibrium, neither sinking nor rising 
to the surface. (See fig. 35.) 

He also weighted several pieces of steel wire 
before and afte r magnetization, using a "fine 
gold balance," and showed that no change of 
weight occurred, thus disproving the assertion 
made by some that the act of rubbing one end 
of the needle by the stone added to its weight. 

It should be remarked that the prevailing opin

ion of orman's day regarded the compass as 
being drawn toward a "point attractive" usually 
identified with the celestial pole or with a sup
posed magnetic mountain or island (p. 60) . 

orman refuted this false idea, maintaining as 
a result of his experiments (a) that the supposed 
point toward which the north end of the needle 
tended to di rect itself was not above the horizon 
but below it, and (b) that it was not a "point 
attractive" but a "point respective"-or in mod
ern terms, that the needle was not attracted but 
merely directed toward the point, which he be
lieved lay somewhere in the continuation of the 
line through the dipping needle, so that dip ob
servations in other places would serve to fix the 
position of the point by intersections. He ven

tured the opinion that the angle of d ip would 

be found to change according to the distance 

from the "point respective." The actual be
havior of the dip needle at various distances from 
the earth's north magnetic pole is not at all in 
accord with Norman's hypothesis of a "point 

respective," yet his experiments and deductions 
constituted a large forward step and an un
doubted stimulus to the next great advance in 
the science. 

In his book orman called attention to the 

common practice of adjusting the compass card 
to correspond with the declination in the region 
where it was to be used, and to the confusion 
which had resulted from the use of such com
passes in making maps. (See p. 67.) 

Annexed to later editions of 1orman's book 
( if not to the first) appeared "A discourse of 
the variation of the compasse, or magneticall 
needle," by William Borough, which explained 
several methods of determining the magnetic 
declination and gave directions for its use in 
navigation. Borough called attention to the ir
regular d istribution of the earth's magnetism, 
borne out by his own experience as a nav igator, 

a nd showed that the observed compass varia

tions cannot be explained by a magnetic north 

pole toward which the needle is directed, thereby 

Figure 35.-Norman 's cxperimenr co show ,he 
absence of ncc force on a magneriied needle. 
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refuting a widespread belief which ne,·ertheless 
persists in some quarters to the present time. 
(See p. 8.) 

The Work of William Gilbert 
The yea r 1600 is a memorable one in the his

tory of the sciences of magnetism and electricity 
for in that year appeared Dr. W ill iam Gilbert's 
famous work "De Magnete," g iving the most 
complete summary of the properties of magnetic 
bodies up to that time, and containing his theory 
that the earth itself is a g reat magnet. 

Gilbert was born at Colchester, England, rn 
1540, and after graduating at St. Johns College 
and serving there as mathematical examiner, he 

took up the study of medicine and received his 
degree in 1569. He is said to have practiced as 
a physician with great success and applause. 
His skill attracted the attention of Queen Eliza
beth, by whom he was appointed physician in 
ordinary, and who showed him many marks of 
her favor, besides settling upon him an annual 
pension to aid him in the prosecution of his 
philosophical studies. 

Gilbert's early investigations were directed to 
the study of chemistry, but later he turned his 
attention to electricity and magnetism, his in

terest aroused perhaps by 1orman's discovery of 
the magnetic dip and the publication of "The 

ewe Attractive" in 1581; for it is stated that 
Gilbert had been actively engaged in the study 
of magnetism for nearly 18 years before the ap
pearance of " De Magnete" in 1600, so that he 
must have begun about 1582. 

Gilbert went about his investigations in a 
thorough and systematic manner. The many 

citations in the book attest his familiarity with 
previous w ri tings on the subject, and it is said 
that he spent £5,000 on his experiments, "ex
amining very many matters taken out of lofty 
mountains or the depths of seas, or deepest cav
erns, or hidden mines, in order to discover the 
true substance of the earth and of magnetic 
forces." H e evidently had a collection of lode
stones of various kinds coming from a number 
of different localities. Gilbert, like 1orman, was 
a thoroug~ believer in the importance of experi-

mentation, and he had no patience with the 
"conjectures and opinions of philosophical specu
lators of the common sort." Nearly every con
clusion drawn rests on experiments made o,·er 

and over under slightly varying conditions; in 
this lies the great value of Gilbert's work on 
the properties of magnetic bodies. H e was not 
willing to accept the statements of others until 

he had satisfied himself experimentally that they 
were cor rect. 

l n connection with h is conception of the earth 
as a g reat magnet, Gilbert paid particular atten
tion to experiments with a terrella, or spherical 
lodestone, and a Yery small pivoted magnetized 
needle ( versorium) as long as a barleycorn. His 
description of one terrella gives its diameter as 
6 or 7 fingerbreadths, but he evidently had sev
eral terrellas. 

" De Magnete, Magneticisque Corpor ibus, et 
de Magno Magnete Tellure," as the title indi
cates, was written in Latin, but an English trans
lation by P. Fleury Mottelay was publ ished in 
1893, and it is from that translation that the in
formation here given has been derived.';; Un

fortunately Gilbert frequently made use of what 
he terms "words new and unheard-of," besides 
attaching to many others a significance far differ
ent from that generally accepted at this day, 
so that the translator had d ifficulty in determin
ing the exact meaning of some passages in the 
book. 

T he earth a great magnet.-Gilbert first dis
cusses the sources and characteristics of various 
kinds of lodestone and iron ore, and their funda
mental similarity. He then urges a comprehen
sive theory to the effect that the lodestone is the 

fundamental form of matter; that lodestone con
stitutes all but the outer shell of the earth a nd 
that the various forms of matter with which we 
are familiar are derived from lodestone by dis
integration; that the earth, being a g reat lode
stone, has poles and a magnetic equator, just as 

•• Mottclay translates the full title of Gilb.rt·, work as fol. 
lows: "On the loadstone and ma~netic bodies and on the 
great magn<t the earth. a new phys,ology. demonstrated with 
many arguments and experiments. · Another translation was 
distributed by the Gilbert Club in 1901 and republished in 
19)8 with an introduction by Derek J. Price (17). It is 
characterized by high scholarship and meticulous adherence to 
the style and format of the original. The reprint includes 
voluminous notes by the principal translator. S. P. Thompson. 
reflecting his painstaking researches on numerous facets of 
compass history and the rise of geomagnetism. 
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Figure 36.-Gilbert's representation of the field about 
a spherical magntt such as the earth. 

the terrella has its magnetic poles and a neutral 
line between. And the earth takes a definite 
direction in space, just as the terrella takes a 
definite direction with reference to the earth; 
it rotates daily about its axis, thereby defining 
(so he believed) the d irection in which a rotating 
tcrrella always tended to come to rest. Although 
most of Gilbert's reasons for considering the 
earth a great lodestone have since been dis
carded ( see p. 20), his idea that the earth acts 
in much the same way as a spherical magnet was 
the starting point for the future development of 
the science of terrestrial magnetism. The re
nowned Galileo was captivated by Gilbert's 

treatise, which supported the Copernican view 

that the earth rotates about an axis. 

According to Gilbert's theory the compass needle 
should everywhere point in the direction of the true 
meridian. Though he gave no table of values of the 
magnetic declination in "De Magnete," he was fa
miliar with what was known of irs distribution at that 
time and recognized the errors inherent in the instru
ments and methods t hen in use. He explained the 
fact that the needle does not in general point uue north 
by saying that the north end of the need le is drawn 
toward the land in the northern hemisphere ( the south 
end in the southern hemisphere) becaust ,.,f the greater 
amount of lodestone in the more elevated portions of 
the earth's crust. He supported this statement by ex
periments with a terrd la on which irregular masses 
p,ojected above the spherical surface. At that time the 
declination was small in the interior of Europe and he 
was able to find a spot near the center of the raised 
mass o n the terrella where the versorium showed no 
variation. From this he concluded that declination was 
greatest near the borders of the land and decreased to 

zero in midocean and also in the middle of continents. 
Later observations showed the error of his conclusions. 
He was evidently familiar with the fact that the force 
directing the cc,mpass needle, the horizontal force, is 
greatest at the magnetic equator and decreases toward 
the magnetic poles, as he gives that as the reason why 
the observed declinauons arc greater in higher latitudes 
than near the equator, the needle being more susceptible 
to disturbing causes near the surface as the directive 
force becomes less. 

Although Gilbert probably had no observed 
value of dip except the one determined by or
man at London, he was able with his terrella to 
obtain a very good idea of the distribution of 
dip on a uniformly magnetized sphere ( fig. 36). 

ote that his diagram correctly shows how the 
dip on such a sphere would change from zero 
at the equator to 90° at either pole, the change 
being most rapid in crossing the equator. He 
devised an ingenious graphical method of find
ing the dip for any latitude, based on the assump
tion that the axis of magnetization coincided 
with the axis of rotation. This assumption 
would lead to a different construction in terms 
of modern theory ( see p. 7), but Gilbert's was 
a remarkably close approximation and a radical 
improvement over orman's "point respective." 
It yielded for the latitude of London approxi
mately the value observed by Norman. A 
prompt confirmation of Gilbert's bold prediction 
regarding increase of dip with latitude was af
forded by H udson, on his voyage across t'he 
Barents Sea in 1608, when he made many dip 
observations giving values in excess of 84° . 

Gilbert proposed to use dip observations as a 
means of determining latitude; he designed an 
instrument for measuring the dip, and showed 

how it might be mounted on board ship for 
the purpose. At the same time, he disparaged 
the analogous notion of finding longitude from 
the declination (a favorite project since the time 

of Columbus), holding that the needle "does 

not follow the rule of any meridian" and that the 
declination is " in divers ways ever uncertain." 

He anticipated that similar irregularities of dip 

might impair the usefulness of his method of 

finding latitude, and cautioned against relying 

on the method until the d istribution of dip should 
be charted, though he seemed to think the irregu
larities would be small. It may be noted that 
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the existence of a considerable discrepancy be

tween the earth's geographic and magnetic axes 

(of which he was skeptical or unaware) is an 
important factor in both propositions. 

In Book II an explanation is given of the 

difference between the attraction exerted by elec

trified bodies, particularly amber, and that ex

erted by the lodestone and other magnetized 

bodies. The mutual action between lodestone 

and iron is examined in g reat detail . 
Gilbert discusses in Book III the "verticity" or 

directive p roperty of the lodestone. He notes 

that a bar of iron may be magnetized without 
being rubbed by the lodestone; that, for example, 

heated iron that is hammered while cooling ac

quires "verticity" dependent upon the direction 

it is held; also that an iron bar fixed in a north

and-south direction for many years will become 
magnetized. This latter fact was discovered on 

January 6, 1586. A piece of iron which for a 

long time had supported a terra-cotta ornament 

on the tower of the church of San Agostino at 
Rimini was bent by the force of the winds and 

so remained for 10 years. The fria rs, wishing to 

have it restored to its original shape, took it to 
a blacksmith, and in the smithy it was di'scov

ered that it resembled lodestone and attracted 

iron. 

Impressed with the fact that the earth as well 

as the lodestone exerts an influence at a distance, 
in spite of intervening bodies, Gilbert used the 

term "orbis vi rtutis" ( fig. 36) to denote the 

magnetic field of a magnet-the space surround
ing a magnet through which its influence ex

tends-apparently getting the idea from Norman, 
who spoke of the "vertue extending rounde about 

the stone in g reat compasse." 16 

An interesting sidelight on the times in which 

Gilbert lived is afforded by the following state
ment in his book: " ... and as the planets and 

other heavenly bodies, accord ing to their posi

tions in the universe and according to their 
configuration with the horizon and the earth, 
do then impart to the newcomer ( newborn in

fant) special peculiar qualites, so a piece of iron, 

18 Some other possible sources for Gilbert's idus arc dis
cussed bv \V/. James King in a paper. " T he natural phtlos• 
ophy of William Gilbert and his predecessors:· U.S. Na11onal 
Museum Bui. 218. pp. 121- 140. 1959. 

while it is being wrought and lengthened, is 

affected by the general cause, the earth." 

Though derisive of astrologers, Gilbert could 

thus point up his insights in magnetism with a 
supporting argument drawn from astrological 

tenets, which were not wholly disavowed by 

philosophers until considerably after Gilbert's 
day. 

Discovery of the Secular Change 

The next noteworthy contribution to the sci
ence of terrestrial magnetism was Gellibrand's 

discovery in 1634 of the change of the magnetic 
declination with time. Up to that time it had 

been supposed that the declination, though dif
ferent at different places, was fixed and invaria

ble a t any one place, except it might suffer a 

change "by the break up of a continent," as 
Gilbert put it. 

Henry Gellibrand was a professor of mathe

matics at Gresham College. He made a careful 

determination of the magnetic declination at 

Diepford, about 3 miles southeast of London 

Bridge, on June 12, 1634, and got the value 

4°06' E . Now Edmund Gunter, another mathe

matician of Gresham College, had found it to 

be 5° 56½' E. on June 13, 1622, and Borough 

and or man had found r r O 15' E. about 1580. 
Gellibrand repeated his observations and then 

examined carefully the published observations of 

Borough, without finding any material error. 

Clearly, therefore, the magnetic declination had 

cha nged by a considerable amount between 1580 

and 1634. 

Gellibrand announced his discovery in a book 

entitled "A Discourse Mathematical on the Vari

ation of the Magneticall Needle, together with 

its Admirable Diminution Lately Discovered." 

He refrained from speculating as to the source of 

the change, "whether it may be imputed to the 

magnet or the earth, or both," saying that it 

must be left to future times to discover. 

Gell ibrand's discovery was of the greatest im

portance to all users of the compass. o longer 

could the mariner feel confident that on visiting 

a distant port he would find the same value of 
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declination as had been observed by previous 
navigators, nor could the land surveyor retrace 
the lines of an old compass survey without first 
finding out how much the declination had 

changed in the meantime. 

Since Gellibrand 's time, observations have 
shown that the dip and intensity of the earth's 

magnetic field also are changing with lapse of 
time, but the cause of the change is still not 
fully understood. The idea has been advanced 
repeatedly that the secular changes were due 
to shifting of the magnetic pole, but it has been 
long since established that they are too complex 
to be described in that simple fashion . ( See p. 16.) 

Much of our understanding of the main-field 

patterns as well as of the secular change is trace
able to the persistent assaults on Arctic geomag
netism carried out by explorers during the 18th 

and 19th centuries.17 

Historic Magnetic Charts 

Methods of showing the value of the magnetic 
declination by means of compass roses, as on 
some of the medieval charts ( p. 66), were ill 

adapted for use on general charts of the oceans 
and continents because of the changes of the 
declination from place to place. W e are told 
that "magnetic charts" were prepared by Santa 
Cruz about 1536; it is not known what his mode 
of delineation was. As the record stands, how
ever, it was not until the next century that a 
suitable method was devised-a method destined 

to find wide appl ication in meteorology, topo
g raphic mapping, and other branches of physical 
geography. This invention was disclosed for the 
first time in a Latin work published in 1641 by 

Athanasius Kircher, who credits it to the Jesuit 

mathematician Christopher Borrus. The earliest 

extant example of the type, and probably the 

first such chart to have a firm foundation in 

observed data, was the work of the astronomer 

Edmond H alley, who published in 1701 a chart 

( fig. 38) showing lines of equal magnetic decli

nation over the Atlantic Ocean, based upon his 

11 D. G. Knlpp. Arctic u~ct.s of gcom:ignctism. ch. 12 in 
The Dynamic North. bk. I. Chief Naval Oper. for Polar 
ProJects ( OP-03A3). 6$ pp .. 19$6. 

observations made between 1698 and 1701 on a 
"pink," the Paramour, at the expense of the 
British Government. His second chart, prob
ably published a year later, gave the lines of 
equal variation over the Indian Ocean and the 
extreme western part of the Pacific as well as 
over the Atlantic. The name "isogonic lines" 
was applied to H alley's curves after they came 

into general use. 

Van Bemmelen gives 1
• an extensive collec

tion of early values of the magnetic declination 

and a series of isogonic charts which he prepared 
for the years 1500, 1550, 1600, 1650, and 1700. 
The one for 1500 is shown in figu re 37. Al
though any charts for these early epochs are 
necessarily only rough approximations because 
of the limited number of observations available, 
the series in question nevertheless brings out 
well the change in the distribution of the mag
netic declination over the earth's surface from 
century to century. 

Halley's example soon led the way to other 

uses of the scheme, and was the inspiration for 
th:: first dip chart, published in 172 t by William 
W histon. Many of the early magnetic charts 
were prepared with the avowed objective of en
abling the mariner to find his longitude by means 
of magnetic observations. (Seep. 72.) Whiston 
expressed the hope that this might be accom
pl ished with dip observations. His chart, how
ever, was restricted to southeastern England, 
and it was not until 1768 that a world chart of 
inclination was published, the work of Johann 
Carl W ilcke of Sweden. This chart attested 
the general confirmation of Gilbert's prediction 
concerning the distribution of dip. The cor

responding relation for intensity was discovered 

by Lamanon in 1787, and independently by 

Humboldt on his travels in America ( 1798-

1803). The voyages of Duperrey in 1822-25 

afforded further elucidation of the pattern of 

the earth's magnetism, particularly with regard 

to the magnetic equator. 

1s "Die Abwcichung dcr li.iagnctnadel,'' in Obstrialions 
madt al rhe Ro,al /llagntlual and i\1ettorological Oburra
lory at Bata,·,a, 21, supplement, 1899. Some of the charts 
of van Bemmclcn, as well as those of H3Jley, arc re
produced and discussed in S. Chapman's "Edmond Halley 
as physical geographer. and the story of his charts:· R oy. 
Asrr. S()c., Occas. Notes, No. 9, London, 19-U. 
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Figure 37.-Van Bcmmclcn's isogonic chart for 1500. Scale at Equator, 1:130,000.000. ( Published in 1899. East dcclina• 
tion shown with ncgrn,c s,gn.) The approxim1tc track of Columbus' Atlantic crossing of 1492 has bttn added. 

Discovery of the Daily V ariation 
of Declination 

For half a century after the existence of secular 
change was well established, it was supposed that 

this was the only time-dependent feature of the 

earth's magnetism. H owever, in 1635 a party of 

French missionaries, guests of the Siamese king, 
recorded on December 9 and Io a succession of 

determi nation of the declinat ion which failed to 

agree; the reported results 19 of four observations 

showed a spread from 0°16' W. to 0°38' W. 
As all these observations were made at the same 
place ( at Louvo, now Lop-buri, T hailand) they 

must be regarded as the pattern of early obser

vations containing an intimation of the occur

rence of transient changes in the d irection of the 

compass needle. 
The credit for the discovery of the daily ,·aria

tion must properly be given, however, to the 

19 "A relation of the V0)'3ge t :> Si.3.m performed by s,x Jes 
uits sent by the French King to the Indies and China in d:c 
year 1685, with their astrological observations and their re
marks of natural philoso_phy, geography, hydrography, and 
history." (By F1thcr Gui Tachard.] London, 1688. pp. 
231-2. Sec also P. S. Aab. Report on terrestrial ma~net1sm 
in Siam. Internat. Assoc. Geomagnetism Acronomy, Bui. 5. 
l?P- 81-86, 1925. Tachard's «suits arc noteworthy for the 
impetus they lent to further studies (see ref. ( I 8). p. 407). 
They were scrutiniztd successively by .Musschcnbr~k. by 
Swcdenbor~. and by Celsius. in their considerltion o f the 
evidence for transient fluctuations. 

notec.l London horologist George Graham, who, 
after many hundreds of observations of the dec

lination at various times of the day, made in 
1722 a definite announcement of h is discovery. 

A few years later, with the aid of a needle made 

expressly for the purpose, the discovery was veri

fied and amplified by the Swedish Astronomer 
Anders Celsius ( whose name is perhaps better 
known in connection with the Centigrade tem

perature scale). H e was followed in this by a 

host of other investigators; in fact, the daily 
varia tion, because of its complexity and periodic 

character, has afforded a fruitful and well-tilled 

field of investigation. Celsius, with his colleague 

and successor H iorter, is likewise credited with 

discovering ( 1747) the relation between mag

netic disturbance and the aurora. The seasonal 
change in the daily variation of declination was 

brought to light by Canton in 1759, and its in
version in southern latitudes by John MacDonald 

in 1795. 

Developments Culminating in the 
Work of Gauss 

Graham was probably the first to suggest that 

relative values of the intensity of the ea rth 's 



76 MAGNETISM OF THE EARTH 

magnetism might be obtained by noting the time 
of vibration of a compass needle, but there is 
no record of observations by him. Frederick 
Mallet was the first one to make such observa

tions, and in 1769 he found the times of vibration 
to be the same at St. Petersburg as at a place 
in China. I n 1776 Jean Charles Borda, a French 
mathematician and astronomer, improved upon 
the work of Mallet and made observations with 
the needle of a d ip circle mounted in the mag
netic meridian, du ring an expedit ion to the Ca
nary Islands. With the dip needle so mounted, 
relative values of the total intensity may be ob
tained, whereas the vibration of the compass 
needle would give relative values of the· hori
zontal intensity. Considering the limitations of 
the instruments then in use, it is probable that 
greater accuracy was obtainable wi th the dip 
needle than with the compass. Upon the de
velopment of an instrument with a magnet 
supported by a silk fiber, probably due to H a n
steen, much greater accuracy was possible with 
the horizontal magnet. 

Poisson was no doubt the first ( 1828) to con
ceive a method for making absolute determina
tions of the intensity, but it was left for Gauss 
to devise the practical detai ls of a complete pro
cedure, a method still in widespread use ( p. 47). 
His first paper on magnetism, publ ished in 1832, 
was devoted to this subject, and a few months 
later, working with Weber at Gottingen, he 
developed a magnetometer with fiber suspen
sion, for declination a nd absolute intensity ob
serva tions. In the same yea r he established a 
magnetic observatory at Gottingen and later de
veloped suitable instruments for measuring the 
variations of declination and horizontal inten
sity. It is interesting to compare Gauss' bifilar 
va riometer, having a magnet more than 3 feet 
long that weighed 25 pounds, on a suspension 
17 feet long, with a modern instrument having 
a magnet no longer than a carpet tack, suspended 
on a filament of quartz less than 6 inches long. 

In 1838, Gauss published his fa mous paper 
"Allgemeine T heorie des Erdmagnetismus," in 
which he developed a potential formula in terms 
of spherical harmonics to represent the facts of 
the earth's magnetism as known at that time. 

Th is method has formed the basis for most of 
the mathematical discussions regarding the 
various alternative distributions of magnetism 
or electric current that might be postulated to 
account for the earth's magnetism. ( See p. 9 
and ref. [ 16].) 

This study of the earth 's magnetism as a 
whole d irected attention to the need for more 
accurate and more extended information regard
ing the distribution of the earth 's magnetism 
over the surface. With the assistance of Hum
boldt, Gauss succeeded in arousing the interest 
of scientists in other countries; the ensuing pro
g ram constituted one of the earliest examples of 
international cooperation for the study of a 

world-embracing natural phenomenon. Mag
netic surveys were undertaken on a broad scale, 
some of them encompassing regions where mag
netic observations had not previously been made. 
One of the best-known outgrowths of the inter
est then aroused was the expedition of Ross to 
the vicinity of the magnetic south pole. 

Soon after 1840, magnetic observatories were 
establ ished at widely separated points to secure 
simultaneous data regarding the variations of 
the earth's magnetism. (See p. 38.) Some of 
them were discontinued at the close of the lim

ited period for which international cooperation 
had been arranged, but others continued in op
eration much longer, some (as the one at 
Toronto, Canada) even to the present day. It 
is of interest to note that, thanks to the zeal of 
Alexander Dallas Bache, later superintendent of 
the Coast Survey, a magnetic observatory was 
operated at Girard College, Philadelphia, from 
1840 to 1845, and that va riation observations 
were made in Washington from 1840 to 1842. 
One of the meteorological and magnetic observa
tories established by Russia was at Sitka, Alaska, 
and was in operation from 1842 to 1864. In 
spite of the inferior instruments then available, 
the operation of these observatories served to 
establish the principal features of the short
period va riations of the earth's magnetism. 

Growth of magnetic s11rveys.-From that 
time onward the importance of a knowledge of 
the earth's magnetism was recognized more and 
more, and one after another the several nations 

( 
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instituted magnetic surveys of their own posses
sions. Great Britain took the lead with a survey 
of the British Isles between 1836 and 1838. The 
work was later repeated and extended to India, 
Canada, Australia, ew Zealand, Egypt, and 
South Africa. early all European countries 
have now been surveyed magnetically in more 
or less detail, and the same is true of large 
regions in Asia and in the Western Hemisphere. 

In the United States there were scattered ob

servations by Long (r8r9), Nicollet ( 1832-36), 
Locke ( 1838- 43), and Loomis ( 1838-41). T he 
last named made the first general collection of 
results of magnetic observations in this country 

and prepared the fi rst magnetic maps, covering 
the eastern part of the United States. Outstand
ing in this period was the magnetic survey of 
Pennsylvania and of pans of adjacent States by 

Bache in 1840-43. 
When the Coast Survey was reorganized in 

1843, the making of magnetic observations was 
included in its regular functions; and from that 
time forward many magnetic observations were 
made, at first confined to the coasts (to supply 
the necessary compass data for its charts) but 
later extended to the interior States. 

Conclusion 

W ithout endeavoring to relate the numerous 
and rapid advances in geomagnetism since the 
time of Gauss, it should be pointed out that 

they have been the fruit of a remarkable tradi
tion of cooperation, informally manifested in 
many ways and formally implemented through 
such bodies as the International Meteorological 
O rganization, the First and Second Polar Year 
Commissions, the International Association of 
Geomagnetism and Aeronomy, the Special Com
mittee for the International Geophysical Year, 
and its successor the International Geophysical 
Committee. There has been excellent liaison 
among these organizations. 

Summarizing briefly the early history of ter
restrial magnetism, we note that it had its be
ginnings in the ancient lore of the lodestone, 

for many centuries a curiosity or mystery with 
no practical application. E ventually we find the 
mariner provided with a crude floating compass, 
suitable only as an expedient of last resort when 
other methods of finding direction fa iled. It 

nevertheless served to demonstrate the incalcu

lable value of the basic principle in the service 

of a growing sea trade, and soon gave place to 

improved forms, leading to the discovery in suc

cession of magnetic declination, of inclination 

or d ip, of secular change, of the daily variation, 

and of other short-time changes; and to the in

vention of isogon ic cha rts. Finally, we have 

noted the researches of Gauss and his contem

poraries, which mark the culmination of all the 

older discoveries and the inception of the mod

ern science of geomagnetism. 
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Figure 38.-Hallcy's " Atlantic chart," the oldest exuant isogooic chart (1701) . 
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Figure 39.-Isogonk chan of the United Scares for 1960. 
The isogonic Lines or lines of equal magnetic declination arc de.awn for January 1960. Magnetic declination is subject to both rar,id and gr .. dual tcmp0raJ changes. The gradU&I 

E~t of the &&Onie line (line of uro dccli~ation) the north end of the compass needle changes arc indiatcd on this. chart !>Y stipp ed linc.s of equal annual change.•~ cstima~ for 
points wcsr of true north· west of the agonrc line the compass points cast of true north. 1960. N.otc that the legend,,,,,,.,,,,, (or d1tr111S1•&> '?'•ans that the prcva.l,og dcchnauon 
The. li!'cs arc drawn to show a smoothed distribution; sinuos,tics may be rciiardcd only as is numcr,cally mcrcasing (or decreasing) , Where an _isoporic li,ic crosses the agonic line 
a.a md,cation of irregularity and oot as a close reprcsc.otatjon of the actual distribution. the legend changes from ina,asing to ~,creasing, or vice versa. 
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