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NOTE R

This work by N.P.Ben'kov is devoted to a study of magnetic
storms and the electromagnetic processes responsible for them.
It contains a survey of the lit4raturo on this topic, a classi-
fication of storms, a doscriptién of the morphology of the pho-:
nomenon, and a calculation of tﬁo extra-ionosphere, responsible

for the regular parts of the maénotic disturbances. It also

contains a description of indiv%dual storms and of related e-

lectric currents., One of the Cﬁaptors is dcvoto& to the clrc—
tric currents induced by the field of magnetic storms in the
conducting layers of the earth. . This work is of interest for
specialists in geophysics, scieétifib workers, postgraduate
students, students taking advanced courses, and specialists in

the field of ionospheric physics.
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“INTRODUCTION

Magnetic storms, i.e., rapid random oscillations of the intensity vector of the
— <
geomagnetic field which from time to time disturb the normal march of the magnetic
elements, constitute one of the most interesting geophysical phenomena. “They were

Ifirst discovered at the very dawn of the d|evelopmont of geomagnetic research, when

) :] the only magnetic instrument available was: the magnetic needle, and have long attrac-

_lted the attention of both navigators and scientists. The Arkhangelt'sk seafarers,

B . . .
...salling on voyages in the basins of the White Sea and the North Arctic Ocean, noted
A .

|
—;unexpected and random fluctuations of the :needle, frequently coinciding with auroral:

) -, |
‘ — displays in the sky. "Our little mother deceives us when the North glows" * is a

well-known maritime proverb which runs back to the middle of the Eighteenth Century. i

At present, when not only magnetic, gyro and astro-compasses but also complex radio-i
navigation and radio control systems are used for marine and aerial navigation, when'
shortwave radio is the principal means of commnication in times of peace and war,
the study of magnetic storms has become of still greater practical interest, being a
necessary element of the theory and application of ionospheric propagation of radio‘
‘waves.

The theoretical significance of the study of magnetic storms is likewise very

great and not primarily, for geomagnetism itself, in which the problem of the irregu-

¥ The discovery of magnetic storms is usually attributed to Hiorter who, in 1741,
discovered the irregular fluctions of the magnetic needle. There is, however, reason

(Bibl.30) to assume that they were known to Russian sailors in Northern waters.

F-TS-8974/V 1
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‘ 8 all forms, there is an intimate relation between the departments of geophysics and o'f'

2 'ffor which a correlation with solar activiﬁy was discovered and which ylelded abundant™

10

{1aF variations Gocuples & Partiéilarly important place, bilt'also for other diﬁ'ajiaﬁi‘

m_ongeophys;cs,usyph_as the phxg}gg_of the jupper layers of tho atmosphere, the study
iof the aurora polaris, the cosmic rays and the earth currents. Since the olectropagﬁ

}nitié”processbs of the'oarth'i‘atmbsphbreﬂare”primarily“due“td’solar‘radiations'or“"*

material from the solution of a number oflproblems related to solar radiation and

Approved for Release: 2017/09/11 C06028201

heliophysics. Magnetic storms, in particular, were the first geophysical phenomeni

behavior of the active regions of the solar envelopes.

The study of magnetic storms, the regularities in their course, and the electro-

magnetic processes causing them, const;tuﬁe the subject matter of the present work.

é

Section 1. General Discussion of the Theories of Hagnetic Storms

Despite the great efforts made by geophyaicists of several generations in atudya
ing the morphology and nature of magnetic storms, many essential questions still
remain controversial, This is explained,:both by the complexity of the phenomenon
which requires the attentive study of a large amount of empirical material for the .
clarification of any regularities at all, and its intimate connection with ionospher-
ic physics and heliophysics. A quantitative theory of magnetic storms is given its .
necessary empirical base only when we know reliably the composition of the upper
layers of the atmosphere, the velocity and laws of motion of air masses, the laws of
radiation by the undisturbed s&lar surface, and by the active formations of the sun.
The exceptionally rapid development of ionospheric and solar physics, which owes

mich to the work of Soviet scientists, allows us to expect that the combined efforts

of geophysicists and astronomers will lead in the near future to a solution of these

problems,

But even today, the basic stages of the theory of magnetic storms have already

been marked out. As far back as 200 years ago, the hypothesis was postulated that

magnetic storms are caused by minute particles of matter flying from the sum. The

F-TS-8974/V
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data subsequently accumlated on the geographical distribution of magnetic activity,
on its fluctuations with time, and on its correlation with solar activity, confirm
this view, and the works of a number of geophysicists (Arrhenius, Angenheister, and
mainly Stoermer, Birkeland, Chapman, and Alfven) laid the scientific foundation for
the corpuscular theories of magnetic storms. The existence of a corpuscular radiatioﬂ
from the sun, proposed to explain magnetic storms and the aurora polaris and succes-
sfully used to solve a number of other problems, still remained a hypothesis until
recent years. It was only in 1950-51 that measurements of the Doppler shift of the
hydrogen lines in the spectra of the aurora confirmed the penetration of a stream of

particles into the upper layers of the earth's atmosphere.

The modern corpuscular theories of storms are based on a chain of independent

problems, beginning with the .emission of the sun's geoeffective corpuscular radiation
the dynamics and electrodynamics of the corpuscular stream en route between the sun
and the earth, and ending with the electromagnetic processes taking plgge on the
earth's surface as a result of the interaction of the corpuscular gtream with the
permanent magnetic field of the earth and the earth's atmosphere. The construction

of the system of electric currents, which constitutes the immediate cause of the
fluctuation.of the magnetic field during the time of a storm, occupies a position of
considerable importance among the links of this chain. The mechanism of excitation

of these currents is in many respects still obscure, and the very existence of the
currents has not yet been confirmed by direct observations, as has been done for the

currents responsible for the regular diurnal variations of the magnetic field #. In

its present phase, however, geophysics offers no other hypothesis of equal value to

F Weasurements of the magnetic field at great altitudes, by means of remote-reading
magnetometers jnstalled in rockets, have shown the existence of a discontinuity in
‘the variation of the field at the height of the E layer of the ionosphere. This dis-
continuity confirmed the existence of electric currents at the level of 90-105 km,
which might, judging by their intensity and diurnal variation, explain the quiet
diurnal variations (5 _variations) of the magnetic field. The hypothesis of currents

flowing in the uper ldyers of the atmosphere was postulated by B.Stewart long before
the experimental detection of the conducting properties of the jonosphere by radio

methods.

F-TS-8974/V
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explain the field of geomagnetic variations, without assuming electric currents ex- )
ternal to the earth's surface. According to the Chapman-Ferraro and Alfven corpuscu-
lar theories of magnetic storms, which are widely recognized today, the excitation
of these currents in the upper layers of the earth's atmosphere, and beyond it, as

a result of the action of a stream of solar corpuscles is a physical reaiity. Other
authors consider the field of magnetic disturbance to be the direct field of flying,
charged corpuscles of solar origin. This view evokes two remarks. First, motion of
electric charges at high velocity is identical with an electric conduction current,
and thus, this view cannot be opposed to the current theory of magnetic storms;
second, considerably more theoretical and empirical arguments can be opposed to it
than can be cited in its favor. The ultraviolet theory of magnetic storms#, ac-

cording to which the prime causes of magnetic disturbances are outbursts of wave

radiation, likewise reduces the effect of the disturbance of the upper layers of the

atmosphere to the formation of certain additional current systems.

For an explanation of the Sqfvariations, a diamagnetic theory had been advanced
previously. According to this theory, the upper conducting layers of the atmosphere,
due to the rotation of charged particles about the lines of force of the permanent
magnetic field are, as it were, magnetized. The magnetic field of these layers,
superimposed on the permanent field, forms the diurnal fluctuations of the magnetic
elements. As a result of the work by Tamm (Bibl.31) and otherg, this hypothesis has
been recognized as unfounded. However, even if the possible existeénce of a diamag-
netic effect were not open to fundamental objections, it would be quite impossible
to use the hypothesis for explaining such complex fluctuations as are observed dur-
ing magnetic storms. For any view of the mechanism of action of a gesoeffective
solar stream on the magnetic field of the earth, it seems that the immediate causes

of the fluctuations of the magnetic field during a disturbance are electric

¥ This theory developed by Meyers and Hulbert, is at present time the object of

violent criticism.

F-TS-8971/V

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

tion
currentsi excited in some manner outside the earth's surface itself, and by induc

ts is
in its depths. Thus an explanation of the morphology and nature of these currents
torms.
of fundamental significance for the development of the theories of magnetic s
t
The calculation and discussion of the electric currents responasible for magne ic

storms is the primary purpose of the present work.

Section 2. The Electric Current Systems of Magnetic Storms

The problem of finding the density and configuration of the currents from the
—~valued
magnetic field observed on the earth's surface is, in the general case, & many-v
one. However, by calling on supplementary information from other fields of geo-

tw -
physics the number of possible solutions is narrowed, leaving only one oOr o pa
)

lated
ameters indeterminate. For example, the very plausible hypothesis was formu

_ | %'Ml‘

N ¥a

2 4 16 78 20 22 24

fux

Fig.l - Storm of 17 July 1947

Magnetograms of Krasnaya Pakhra Observatory

i i herical
that the currents, responsible for the quiet diurnal variations, flow in a 8P
system
layer concentric with the earth's surface. This allowed calculation of the sy
basis
iati herical analysis and gerved as a
of currents of the Sq variations by means of sp N e e
i { . one g ’
for the fornulation of the physical theories of the Sq 1y .
i o] e
height of the current layer, still remained indeterminate in the calculations

i ioniz—
S ~layer. Its value was found by consideration of experimental data on the 1o
q L

i i bances in the
¥ Not necessarily conduction currents. It is possible that the disturban

i ts.
polar region are connected with a peculiar type of discharge currents

F-TS-8974/V 5
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ation of the D and E layers of the ionosphere.
The situation with respect to questions of the construction of the current. _ ..
systems responsible for the field of perturbation ig considerably less favorable,

“In spite of the large number of papers deboted to this subject, it has not yet been

definitively solved, The main reason for! this is the above-mentioned complexity of

the fluctuations of the magnetic element8|during a storm, If the calm (quiet) diurn

variations are so regular (ef., left part pf Fig.l) that a simple averaging of the
data for a few days in a month is eufficiLnt to determine the law of variation of th
magnetic elements, magnetic storms (as wi?l be seen from the right side of the same
figure) belong to those very capricious ahd at first glance completely random phen=-
omena which are so abundent in geophysicsl Magnetic storms are characterized not

only by complexity in the fluctuations of the vector of the magnetic field with time

| follow each other without apparent regularity). The distribution of the vectors of

! 4tudes, often bear 1ittle similarity to each other (Fig.2). The rough qualitative

(rapid fluctuations of various amplitudes and frequently of utterly irregular form,

the distirbing force in space is also extFomely complex, The form and amplituds of

|
the oscillations at different statlons, particularly those located in different lat-

characteristics of the field of magnetic storms (the disturbance is greater in high

than in low latitudes, greater in the evening than in the morning, etc,) have long

been known, However, in order to study with more rigor the morphology of the field;

material was necessary, with long series of observatory data at a large number of

geographical points, While Schuster disposed of the annual data of seven observa- '

‘ by its spatial and time variations, the accumilation of a large amount of empiricel]
!

i

!

! tories in his calculation of the potential of the quiet diurnal variations, which

' allowed him to get an l1dea of the system of currents that well represents the mean

' permitted Chapmen to find only the general outlines of the morphology of the storm ,

]
|
|

' features of the field, the workup of materials trom 22 observatories to a few years

{
|
i

' field,

}
|

| P-T5-8974/V
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The second difficulty produced by the complex structure of the storm field in
studying the causative electric currents, is the need for a special mathematical ap-
paratus suitable for an analytical representation of the field and for the calcu-
lation of the current function. Spherical analysis, which is successfully used to
represent the permanent field and the quiet diurnal variations, has permitted so-
lutions of a number of fundamental problems of the structure of these fields, but it
is practically useless for the investigation of fields with a complex geographical

distribution.

A1l attempts made until now to construct a system of electric currents with
{
fields equivalent to the fields of magnetic storms, were based on modest empirical
material and were calculated by an approximate method (Chapman), or else were based

on data relating to only a limited part of the earth's surface (for instance, 2 few

polar stations) and were calculated under very narrow a priori assumptions (for in-

stance, the postulate advanced by Birkeland, Gnevyshev, and others as to linearity of
the current). As a result, these systems of electric currents do not represent (with
the accuracy that is desirable for theoretical and practical problems) the geographic
distribution and time regularities of the field of magnetic storms. Moreover, they
have been constructed without proper division of the field observed on the earth's
surface into the parts of external and internal origin, without investigating the
question of potential, and without considering a number of other questions whose 50—
Jution could be obtained only by means of the analytic representation of the field.
Most of the known current systems, and in particular the system of Chapman,

which is cited in all manuals and textbooks on terrestrial magnetism, are average
systems, equivalent to an average magnetic storm. The literature contains only few
works devoted to the study of elecfric currents of individual magnetic storms and to
the relations between the average and individual pictures. It follows from this

that there is very great need for a new construction of the current systems of mag-

netic storms, based on the most complete possible empirical material and performed

F-TS-8974/V
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by analytic methods.

The publication of observations of magnetic observatories during the Second

D;m,vwﬁv~a-,~J\¢J*k/Mk~*wfm. l'3°' International Polar Year (1932/33), was

, . J-%* completed in the 1940's. During this year,

Wm0 \\Hﬂrwfﬁ“’\N/F—-]ﬂw' over 60 observatories were in action. The
v

. publication of the observations of a number

* % of Arctic observatories for later years,

D\\’V"‘“WM\./*—/W. 00°
°, ___—~_\\fﬂv§”x/f~—~,,—-—J places a rather broad empirical material at
" VT N A vﬂ/“ll'w' our disposition today. The use of this ma-
terial, particularly abundant for the high

- Pwn‘ latitudes of the Northern Hemisphere, and
i MW—M
(4]

T —

the application of new analytic methods,

-100°

has enabled me to construct systems of e-
lectric currents that are more reliable

than those heretofore known. The discus-

sion of the electric currents so obtained,
from the viewpoint of modern ideas on the
morphology of the ionosphere on a disturbed
day, helped to explain the parameters of

these currents and to formulate certain

l - (3 -

4‘1*3“ conclusions on the mechanism of their ex-
T I 1,

M Bh 2" \bh 20‘

| Fh
P 24 4

Fig.2 - Storm of 8 April 1947

citation. A consideration of the magnetic

field on individual days made it possible
Magnetograms of Observatories:
to follow the development of the electric
Sitka (60°), Tucson (50°), :
o current systems of individual storms, and
Cheltenham (40°), San Juan (30°),
it was found that the current systems of
and Honolulu (21°)
individual storms may be regarded the re-

sult of fluctuations of an average system. The use of analytic methods made it pos-

F-TS-897L /V
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_.sible to divide the field of disturbance into parts of external and internal origin,
and, on the basis of these parts, to judge the electromagnetic parameters of the in- _

terior of the earth.

" Section 3. Content of this Report

Tt follows from the objects of this report, given in Section 2, that it includes
two parts, a geophysical part comprising a study of the morphology of magnetic storms
and of the disturbed ionosphere, and a mathematical part giving the development of

practical methods of calculating the electric currents from the observed distribution

of the magnetic field, to satisfy the specific requirements of our problem.: The geo;

physical part covers the following points:

1. Classification of magnetic disturbances and separation of the perturbation
field into individual parts. I consider that two groups of storms mist be disting-
uished: world (M) and polar (P). The field of & worldwide storm, as stated by
Chapman, is made up of three parts: an aperiodic part or, as it has been customarily
called in all the earlier literature on geomagnetism, ''the stormtime variations'
(Dgt), the disturbed diurnal variations (sD), and the irregular part (Dj). However,
the worldwide storms are always accompanied by a series of superimposed polar dis-
turbances. The subdivision of the field of a worldwide storm must therefore be made
by means of a four-term equation

DS,.—i—SD—}—DI-l—P.

The methods of calculating the various parts of the field are described while
Chapter II is éevoted to the exposition of these questions.

2., Chapter IIT is devoted to a description of the geographical distribution of
the field of Dst' The same Chapter gives the calculation results for the potential
and currents of the field of Dst' The comparative simplicity of the field allowed
us to use the method of spherical analysis. Two alternate systems of currents were
calculated: the ionospheric layer of current, and an equatorial extra-ionospheric

current ring. The ratio between the external and internal parts of the field was

F-TS-8974/V
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obtained in good agreement with analogous data of other investigators.

3. The regularities of the S _variations has been considered: the dependence
on geomagnetic coordinates, the role of Universal Time, the features of the distri-
bution of S on the polar cap, and the longitudinal members. The external system of

currents of the SD variation was calculated by the method of surface integrals and

compared with the Chapman system. The ratio of the external (V ) to the internal

(V ) parts of the potential is discussed, Ve find that the ratio 1? depends on the
latitude and that its mean value is 0.89.

The above-enumerated questions are discussed in Chapter V.

L. A current system of an jdealized polar storm (Chapter VI) is discussed, con-
structed from data of Silsbee and Vestine by expansion of the storm field into a
series of Bessel functions. A resemblance of this system to the system of currents
of the SD variations was found.

5. The seasonal and ll-year fluctuations of the currents of the Dst- and SD—

variations are described (Chapter VII).

The current systems for individual séasons and years were calculated by approx—
imate methods. It was found that the intensity of the D t-current has cyclic fluctu;
ations resembling the fluctuations of solﬂr activity. The geasonal march of the Dgt
current has two waves (one annual and the other semiannual) and is completely exp-

lained from the viewpoint of the corpuscular theory of storms. The seasonal and 1l-

Pear fluctuations of the current systems of 3 are much more complex. The material
|

‘presented by a number of observatories has shown that, during the course of the 11-

year cycle and during the course of the year, both the intensities of the current

eddies and the position of the auroral Zoje vary. The sntensities of the currents in

the middle and high latitudes obeys diffe ent regularities.

|
6. The Dst- and SD-variation of the density of jonization of the F2 layer of
the ionosphere are discussed. It was found that the Dst—variations in the ionization '

of the F2 layer cannot, either from their geographical distribution or from their

F-T5-897L/V 10
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:%-;Bsblute value, be responsible for the ionospheric system of electric currents Te—

!
. |

. ! quired for explaining the D t—variations of the magnetic field., On this bLasis, the%
. conclusion is drawn that the most probable cause of D t—variations is an equatoriali
!
grlng with a radius of 3./ earth radii, A comparison of the SD-currents may be ex-

Ly |
‘ iplained, both in intensity and in form, under the assumption of a drift of the charged

10 —
1 particles of the F2 layer under the action of the ecarth's permanent magnetic field

12
. and of its gravitational rield, Chapter VYIII is devoted to an exposition of these

14 .1

questions,

7. The electric systems of currents of individual magnetic currents are calcu-

1ated in Chapter IX. It is found that in all cases the currents, at a given instant
!

may be represented as the result of the superimposition of typical systems

' of Dst-’ SD-, and P-currents. However, the intensities and configurations of the

gt Sps and P-currents vary within wide limits from case to case.,

8, The external (principal) part of: the field of magnetic disturbances inducea,

D

Esecondary currents in the immer conducting parts of the earth, which in turn influ-
‘j: ence the magnetic rield observed on the earth's surface, The separation of the po-
tential of the field of D ot and the potential of the P-storms into an external and
an internal part made it possible to calculate the conductivity of the deep parts of
the earth and the thickness of the upper nonconducting layer, The calculations were
.] made under three assumptions: 1) the conductivity of the deep parts of the earth is
i constant; 2) the conductivity increases with depth; and 3) the currents induced in
u! the oceans and wet goil are allowed foT. For the estimate of conductivity we use
| not only the data on the P—gtorms and the first harmonic of the Dst-field, but also

A |
the data on the S —variations. The results so obtained on the variation of conduc-

tivity with depth differ somewhat from those of previous authors and are in good
agreement with modern ideas on the internal structure of the earth, based on seismic

‘ data, The division of the field for the harmonic P of the Dst-Variutions carmot be

| F-TS-8974/V
T
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explained within the scope of the Chapman-Price induction theory. Chapter X is de-
voted to these questions.

The mathematical part of the work includes the following factors:

1. The method of surface integrals proposed by Vestine in 19,1 was used for
calculating the external and internal potentials of the SD_field. This method, which
is used for the first time in geomagnetism,'required the development of practical
methods of processing the material and of a technique of computation.

o, The author of the present work has proposed & method of calculating the
current function on a sphere with a radius of a, if the potential observed on the
surface of a sphere R(R < a) is assigned in numerical or graphical form. The method
is based on finding the current function for regions internal with respect to the
sphere R, and on its extrapolation to outer space. The finding of the current
function from the known potential on the sphere leads to the solution of the inner
Dirichlet problem by the aid of a Fredholm ecquation of the second order, Practical
calculation methods were worked out. The method is applied to a calculation of the
currents of SD. The questions connected with the integral method of analysis are
discussed in Chapter Iv.

The principal conclusions from the work are collected in the Conclusion.

Chapter I is devoted to a survey of the literature. Since this work is prim-
arily devoted to questions of the morphology of the perturbation field and of the
construction of the electric currents equivalent to it, out of the wide and varied

1iterature on magnetic disturbances only studies devoted to the solution of these

very questions are mentioned in the survey. Works devoted to other divisions of the

theory of magnetic storms, to descriptions of individual phenomena, oOr to statistics
of magnetic activity are not considered in the survey.

The equatione are separately numbered in each Chapter. In referring to an e-
quation given in the same Chapter, only its number is stated. In referring to an e;

quation from a different Chapter, its number and the Chapter number are given.

F-TS-8974/V
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CHAPTER I
SURVEY OF THE LITERATURE

Section 1. Basic Properties of Magnetic Storms. The Works of Birkeland

The magnetic field of the earth is rarely completely quiet. Very often, the
smooth march of the magnetic elements, due to the quiet periodic variations (solar-

diurnal, S,; lunar-diurnal, L; annual, A) is disturbed by irregular fluctuations of

q’
varied form and amplitude. Any deviations of the magnetic field from the normal
march are called disturbances., Some of tﬁem are so small (tenths and hundredths of

a gamma) as to be detected only by special high-precision instruments (Bibl.16). The
strongest disturbances, expressed in large and sharp fluctuations of the magnetic
elements and lasting from several hours to several days, are called magnetic storms.
Storms are observed similtaneously either over the entire earth or, at least, in the
high latitudes. The amplitudes of fluctuation of the elements during extremely
strong storms exceeds 1,000 y in the middle latitudes and 2,000-3,000 Y in the high
latitudes. During the time of a medium (moderate) storm, the fluctuations are of the—
order of 200-400-to 500-1,000Y depending on the latitude. The rate of variation of
the elements likewise fluctuates over a wide range, sometimes exceeding a few tens of
gammas a second. Occasionally, very slow and smooth variations of the elements are
observed (especially in the low "atitudes, in the Z-component). The fluctuations of
the magnetic elements during a storm are so diverse that, during the entire period

over which the observatories have been recording the magnetic elements, i.e., for

over 100 years, no two identical storms can be found.

F-TS-8974/V 13
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Despite such randomness of fluctuations, statistical regularities obeyed by
magnetic storms have long been known. These regularities are as follows: The in-
tensity of storms (characterized by the frequency and ampliiude of the fluctuations, :
the mobility of the curves, and the magnitude of the deviation from the normal value%)
depends on the latitude., It reaches its maximum values in the high latitudes, in thé

zone of maximum visibility of the aurora; as the pole is approached, the degree of

march with maxima at the epoch of the equinoxes, and also has an ll-year cycle. The

!
disturbance again decreases. The number and intensity of the storms has a seasonal ;
|
{
i
?

maxima of the magnetic cycle lag 1-2 years behind the maxima of the solar cycles.
There is a correlation between individual magnetic storms and the manifestations of
solar activity: sunspots, flares, eruptions. This correlation is of a statistical :
nature for the weak and moderate storms. The strong storms, as a rule, are uniquelyl
related to solar phenomena. Tendencies to a repetition of storms after a synodical.
revolution of the sun and to a lag of storms behind the passage of an active region
across the central meridian, have been noted. Finally, the distribution of the in-
tensity of a storm during the course of the day, the "diurnal march of magnetic act-
ivity", has been found.

An extensive section of the literature has been devoted to these regularities,
and served, as already stated, as the basis for the development of the corpuscular
theories of magnetic storms. Considerably fewer papers have been devoted to the
study of the structure of the field of the storm field itself. A.Schmidt and van
Bermelen (Bibl.,40) were among the first investigators who attempted to find the reg-
ularities obeyed by the storm field, According to them, the vector of the disturbance
systematically varies its direction during the course of the storm, and the "eddies"
into which the storm is divided are displaced along the earth!s surface. Without
taking up this idea of the storm in detail, based as it was on the erroneous as-

sumption that storms are local and of terrestrial origin, let us turn to an exposition

of the memoirs of Birkeland (Bibl.38), which have not lost their significance even
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today. Having set himself the problem of studying the distribution of the vector of
disturbance over the earth's surface and of explaining the origin of the storms,
Birkeland commenced his investigations by accumulating observational data. He under—
stood the particular importance of high-latitude observations and organized two
special expeditions, in 1899/1900 and in 1902/03, during which a special system of

temporary stations, provided with apparatus of the same type and operating under a

common program, was used. In working up this material subsequently, Birkeland com-
piled, for several storms, maps of the geographical distribution of the vector of
disturbance for successive most characteristic instants of time. Birkeland:defines
the vector of disturbance as follows: Fd =F - Fn, where F denotes the observed value
of the magnetic field and Fn the normal undisturbed value. The construction of these
"gynoptic" maps showed Birkeland that, despite the apparent randomness of the fluctu-

ations of the magnetic elements, a certain systematic character is manifest in the

distribution of Fd. The vectors at closely adjacent stations are almost parallel;

a definite relation exists between the vectors and the longitude of the station and,
in particular, the latitude. Birkeland divided the listed magnetic storms, about 30
cases in all, into five types. Type 1, the most frequent, is characterized by the
almost everywhere negative horizontal component of the vector Fd' The maximum mag-
nitude of the vector is reached in the polar zone, declines sharply in the middle
latitudes, and again increases somewhat in the equatorial belt. Storms of this type
were called negative equatorial storms by Birkeland. Type 2, positive equatorial
storms, are storms with a positive horizontal component of Fd; the least disturbance
embraces all latitudes, but its value is usually much weaker than the disturbance of
negative storms. This type was rarely observed. Type 3 and 4 are positive and neg-
ative polar storms and are characterized by the fact that the vector of disturbance
reaches high values only in the high latitudes, while the magnetic field of middle
and low latitudes remains in fact almost undisturbed. Type 5, the cyclo-median

storms, of small value, reach their greatest development on the daylight side of the
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earth in low latitudes. As Chapman later pointed out, the cases of disturbances
classified by Birkeland as Type 5 would be more correctly included among the bay
disturbances accompanying gudden jonospheric disturbances and due to outbursts of

ultraviolet radiatione. These bay disturbances are anomalous intensifications of

these Sqfvariations, but not ordinary disturbances of corpuscular origine.

With respect to the eqpatorial storms Birkeland confined himself to the hypo—-
thesis that they were presumably due to certain systems of electric currents flowing
not far from the equatorial region, and devoted all of his attention to a study of
the polar storms. The most characteristic feature of the polar storms is a sharp
increase of the H-component of the vector of disturbance and the passage of the Z-
component through zero in the auroral zone. From this, Birkeland concluded that the
polar storms were caused by 2 powerful linear current flowing at a certain height
along the zone. Elementary counts, based on the use of the Biot-Sawara 1aw, allowed
Birkeland to make an approximate estimate of the height (100-300 km) and the intensi-
vy (b x 10° to 9 x 10° amp) of the current. The short duration of these storms (last—
ing from one to several hours) forced the assumption that the extension of the current
along the zone is short: 109, or a few tens of degreess Birkeland postulated that
his horizontal current was a part of & U-shaped current system, whose vertical
branches extend beyond the 1imits of the atmosphere. The diagram of 2 typical field
of a polar storm (Fig.B) shows the distribution of horizontal projections of the
1ines of force of the magnetic rield (the solid curves), a graph of the variations of
the vertical component (the lower part of the figure), 'and the system of isopotential
1ines (the broken lines). The nypothetical jJinear current flows in the direction of
the principal axis of the disturbance, marked by the arrow. The maximum value of the
vector Hy, a8 will be seen from the diagram, should be observed at the point C, the
center of the disturbance.

The question of the closure of the Birkeland current system remained open, &s-

suming the possibility of the existence, at a great distance from the earth, of a
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very diffuse branch closing the current system, and also assuming the possibility of
an unclosed system.

This current system 1s in agreement with the views of Birkeland and Stoermer on
the origin of magnetic storms. According to the well-known Stoermer-Birkeland theory,

'which ig frequently set forth in the literature,

the storm field is the field of a solar stream

of charged particles of a single sign, deflected

by the earth!s magnetic field toward the polar

gones. Solving the equation of motion of a

charged particle, Stoermer calculated the pos-

aible forms of the paths and, in particular, ob-
tained paths explaining the above descrived U-
shaped current: the particles, moving along

these paths, approach the earth from space,

penetrate the atmosphere in the high-latitude

region down to a height of 100-300 km, take a

horizontal gsegement of their path in the atmos-

phere, as a rule along the auroral zone, and

Fig.3 - Diagram of Magnetic Field then once more leave the neighborhood of the

of an Elementary Polar Storm (ac- earth. Experimental studies by Brueche(ir-

cording to Birkeland). radiation of a magnetized sphere by a narrow

The arrow shows the direction of beam of cathode rays), which allowed him to fol-

the principal axis of the disturb-
ance (C = Center of Disturbance; low the paths of individual particles, confirmed

Lines of Force; Equi-

a——

potential lines; 7 = Vertical com— the possibility of such paths and thereby gave
ponent of the storm field)
still greater significance to the Stoermer-
Birkeland theory. This theory is thus an attempt to systematize the data on mag-
netic disturbances, to establish an idea of the typical picture of a disturbance, to

calculate the electric current equivalent to it, and to explain its origin. The
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criticism of the physical bases of this theory is commonly known. Serious objectione
to the theory (a stream of particles with only a single sign could not reach the
earth, due to the electrostatic repulsion of the particles; the invasion of the
earth's atmosphere by particles of a single sign must lead to great fluctuations of _
electric potential during a storm, etc.) forced the various investigators subsequent-
1y to abandon the hypothesis of a singly-charged strearm. Let us discuss the remarks
provoked by the morphological part of the study. Since Birkeland's system of station

was located in a narrow longitudinal sector of the Arctic (Iceland, Spitzbergen,

Norway, Novaya Zemlya), he did not discover the fact that positive and negative polaf

disturbances are always observed simultaneously, but in different hemispheres. In
reality, however, a polar disturbance usually covers all the longitudes of the polar
region, the direction and magnitude of the vector of disturbance being different at .
different longitudes. It would thus seem more expedient to construct the system of
electric currents determining the distribution of the magnetic field at all longi-
tudes. Further, Birkeland had too small an observational material on the course of
disturbances in moderate latitudes. The morphology of the equatorial storms there-
fore remained actually unstudied by him, and he did not get a clear idea on the
currents responsible for them. The classification of storms introduced by Birkeland,

as shown below, likewise does not seem usable.

Section 2. Chapman's Investigations and their Revisions

A completely different approach to the study of the morphology of magnetic
storms is contained in the works of Chapman (Bibl.hO). As far back as the beginning
of the Twentieth Century, the works of Moos, Director of the Bombay Magnetic Observa-
tory, contained indications that, during the storms, the horizontal component first
increases (first phase of the storm), then decreases below the normal (second or
chief phase, during which the fluctuations of the magnetic elements are greatest)
and then slowly return to the normal state. The return to the normal state [(in the

literature, various terms are used - restoration phase, aftereffect, Nachstoerung,

F-TS-8974/V 18

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

postperturbation, and noncyclic variation noncyclic change] takes several days, even

when the field is no longer disturbed by irregular fluctuations. The work of Mogq

gave Chapman ground for postulating that the storm field contains regular parts, for
which certain stable systems of electric currents influencing the distribution of
the vector of disturbance of the entire earth are responsible. The varied fluctu-
ations of these currents result in the individual features of each storm, the random
fluctuations superimposed on the average picture of the magnetic variations. Chapman
worked up the variations of the magnetic elements H, D, and Z for 22 observatories
located between 22° and 60° North latitude. His calculations consisted in averaging.
of the values of the magnetic elements by hours, counting from the beginning_of the
storm. As a result of averaging a rather large number of cases (Chapman used the
data of 4O moderate storms), the influence of the irregular fluctuations and of the .
regular part of the disturbance connected with the local time was to a large extent
eliminated. He succeeded in finding the regular part of the storm field taking place
at the same World Time at all longitudes of the same latitude. He termed this part
of the field of a magnetic storm, the stormtime variations, i.e., the variations
taking place according to a time reckoned from the beginning of the storm. During
the 1930's and 1940's, the English term "stormtime variations" was stil]1 used in the
Russian literature on terrestrial magnetism to designate this part of the storm field.
It seems to us preferable to use the term M"aperiodic disturbed variations' as we will
do in future, while retaining nevertheless the symbol Dst-variations or Dst-field
which is generally used today in the world literature. The D i-variations of the H-
(or X) component at all latitudes (or at least at the middle latitudes) were de-
scribed similarly by Moos for Bombay. The Dst_variations of the Z-component, on the
other hand, reduced to the decrease of the element in the first phase of the storm
and to its increase in the second stage. The amplitude of the Dst-variations of the
Z-component is smaller than the amplitude of the H-component. No regular aperiodic

part could be found in the element D, During the entire storm, the fluctuations of
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D, no matter how large they were, usually take place about the normal value of the

element. This is evidence that the horizontal component of the vector of disturbance

on the average is most often directed along the magnetic meridian. The Dst—variations

during the course of moderate and great magnetic storms are the same in form and

differ only in intensity. This made it possible for Chapman to conclude that the

average picture of the Dst-variations was constant (or, more accurately, stable).

In analyzing the classification of storms proposed by Birkeland, Chapman con-
cluded that the positive equatorial storms of Birkeland correspond to the first
phase of the ordinary storm, and the negative ones to the second phase. The insuf-

ficiency of the material, in Chapman's opinion, prevented Birkeland from noting that

the two types of storms are in reality only two successive phases of a single phe-

nomenon. The averaging of the value of the magnetic elements (after eliminating

the Dgy-part for each storm) in accordance with the hours of the Jocal days allowed

discovery of the relation of the field of the magnetic storm on the time of day.

This second regular part of the field of a magnetic gtorm is customarily termed the

disturbed diurnal variation (abbreviated SD). The existence of regular diurnal var-

jations on days of magnetic storms, differing from the diurnal variations on quiet

days, was noted, independently of Chapman, by & number of jnvestigators. Chapman's

calculation showed the existence of the SD~variations in all the elements, and their

regular change with latitudes. A characteristic feature of the SD—variations in the

H and Z components in the temperate latitudes is the minimm value of the elements
in the morning hours and the maximum values in the evening.
The third part of the storm field, in Chapman's opinion, 1is the irregular fluc-

tuations (Di) superimposed on the regular parts and giving a random appearance to

the variation of the magnetic field on disturbed days. Considering the regular

- and SD— to be the principal and mos?t interesting parts, Chapman dir-

parts of Dgy

ected his efforts toward their further investigation, leaving the jrregular part

aside. Considering that the Dst_ and SD—variations we have described to be due to
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electric currents flowing near the earth?s surface (in the atmosphere itself or be-
yond it), Chapman formed an idea, from the pbserved magnetic variations, of the con-
figurations and jntensities of these currents. His systems of electric currents of

magnetic storms entered the geophysical literature as the most probable representa-

tion of the electric currents, and served as a starting point for the development of

the modern theoretical views on the nature of the phenomenon. His systems were con-
structed by an approximate method, without calculating the potential of the observed
fields of variations. He started out from the following postulates:

1. By analogy with the Sqfvariations it may be assumed that the field of Dgy
or Sp observed on the earth's surface is the result of the composition of an extern-
al main field and an internal field due to induction in the conducting part of the
earth. The ratio of the external field E to the internal field I, i.e., E/I = 3/2.

2. The external system of electric currents is a spherical nonuniform current
layer concentric with the earth's surface. The height of the current above the
earthts surface h = 200 km.

3. The direction and density of the current may be calculated from the observ-
ed magnetic field by the Biot-Sawara law, by replacing at each point the action of
the nonuniform spherical layer by the action of a uniform, plane current sheet of
infinite extension. The current systems of the Dst- and Sp- variation so obtained
are presented in Figs. La and Lb. It will be seen that the D 4 currents flow every-
where westward in the direction of the parallels of latitude. The intensity of the
current increases somewhat in the equatorial region, anq jncreases strongly in the
polar cap. The current along the auroral zone is represented in the form of a
linear current of high density. The total intensity of the current flowing in each
hemisphere is 200,000 amp; the current lines on the figures are drawn in such a way
that a current of 10,000 amp flows between adjacent lines. During the first phase
of magnetic storms (increasing H) the current should flow in the eastern direction.

The current system of the SD—variations is much more complex. An analysis of
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the material as shown that on the whole the field of SD-depends on the latitude'aﬁd

local times. For this reason, without taking into account the possible slight longi-

tudinal asymmetry in the distribution of the field, Chapman constructed the current

Sqfcurrents, i.e., fixed, if viewed from

system in the same way as the system of the

the sun., In order to explain the variation of the magnetic elements during the

course of the day, the earth mist be imagined to rotate inside this fixed system.

The system SD consists of four current loops in the moderate latitudes and a layer

of almost parallel currents flowing about the polar cap. As in the case of Dst’ an

increased intensity of the current is observed in the auroral region. The currents :

presented in Figs.4a and 4b correspond to a moderate magnetic storm with decrease of

H in the principal phase equal to about 4OY . During very strong storms, the

currents can be expected to increase by a factor of 10-15.
The systems of currents of Dst and SD’ according to Chapman, call forth the

following remarks:
1. The empirical material that served for their construction is, absolutely

without question, insufficient. If the workup of the data of 22 observatories gave

a sufficient idea of the distribution of the Dst— and SD-variations in the moderate

latitudes, then the regular part of the storms in the high latitudes would still re-

main in fact, unknown. Chapman judged the intensification of the Dst—variations in
the auroral zone by the geographic distribution of the value of Dm' The symbol Dm

denotes the difference between the mean diurnal values of the horizontal component

on disturbed and quiet days, that is, D = ﬁq - Hiy. Since the principal effect of

the aperiodic storm variations reduces down to the decrease in the horizontal com—

ponent, it follows that the difference of the mean diurnal values of H on quiet and

disturbed days may serve as a certain characteristic of the value of the Dst—varia-
tions. Chapman judged the SD—variations jnside the zone by the diurnal march for
all days, at the Antarctic Station of Cape Evans. The data from observatories lying

in the auroral zone itself were not fully available to Chapman. As shown by the
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materials collected by us for a number of high-latitude stations (cf.Chapter V), the

distribution of variations is in reality somewhat different.

100000 2. The systems constructed by Chapman

a) 75 000
actually corresponds to worldwide storms

(those observed over the entire earth). The

absence of a distinct boundary line between

world wide and polar storms (Chapman did

not pay proper attention to the question of

the classification of storms) lead to a

~ certain distortion in the current systems

in high latitudes (cf.Chapter II and I1I).

3. My ovm calculations of the poten-

100000 .tial of the external and internal parts of
[

215 000 275000 the SD—variations have shown that the ratio

I/E is not the same at all latitudes, and

that in any case, the value I/E = 0.6

f/ sooot adopted by Chapman is exaggerated.

\ .. The height of the currents h =

< 4}1200 1m seems too low, which in turn would

affect the numerical values of the current

intensities found.

On comparing the Chapman and Birkeland

275000 215000 . . . )
systems, Vestine, in his paper written in

Fig.l - Currents of the Regular parts collaboration with Chapman (Bibl.60) states

of the Storm Field (after Chapman).
Current strength in amperes (a - Dgt-
Variations; b - SD—Variations)

that the Chapman system better reflects the

actual course of a storm, and that the

Birkeland system does not withstand the test of comparison with empirical data. It

seems to me that in comparing the Chapman and Birkeland systems it must above all be
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borne in mind that these systems are responsible for different types of disturbances
and have been constructed from material that is not entirely of full value: Chapman
had almost no data on the high latitudes available to him, while Birkeland made

1ittle use of information on the course of disturbance in the middle and low lati-

tudes.

The question of the necessity of verifying and elaborating the Chapman system

from more complete magnetic data and applying more accurate methods to the calcu-
lation of the currents has repeatedly been raised in the literature. The most ex-
haustive revision made in the above mentioned work by Chapman and Vestine. Up to
1937, (the work was published in 1938) certain worked-up materials of magnetié ob-
gervations made during the Second International Polar Year (II MPG 1932/1933) were‘
available to the authors. In particular, there were observations within the auroral
zone (the Thule and Godhavn Observatories) and immediately in the region of that zone
(Bear Island, Matochkin Shar, etc). The values of the Dmf and SD-variations had been
calculated for all observatories, the SD-variations being taken as the difference
between the diurnal marches for international disturbed and quiet daysi. This method
of calculating SD involves very little work and was subsequently used by a number of
investigators.

The mathematical difficulties connected with the calculation of the electric
currents corresponding to magnetic fields as complex in geographical distribution as
Sp and Dgy» forced the authors to abandon the solution of the direct problem (calcu-
lation of the currents from the observed field) and to jtake up instead the inverse
problem (calculation of the magnetic field of the Chapman system of currents and its
comparison with the observed field). For this purpose, the current systems of Figs.

La and Lb were broken down into several principal forms: Sl’ surface current in the

¥ The International Association for Terrestrial Magnetism and Electricity, since
1905, has been selecting, from the magnetic characteristics of a worldwide system of

observatories, the five quietest and the five most disturbed days in each month.
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gpolar ‘cap in the D 1,:-s:,rt.s‘l:'.'un, Ll,]inear current in the auroral gone in’ the "‘t-syatom, _

l

) S?.’ current layer between two zones; otc.t The magnetic fiold of oach component pa.rt

: f of 8, L, etc. was separately calculated bi' applying the Biot-Sawara law to t.he el-
A | , :
"; ements of the ourrent and ‘performing’ th"e“correaporid:!ng’inte‘gration“ovor' the "surface

H

a. Jor outline. This method led to rather conplicated computational work and made major|

1o _| '
R simplifications necessarye. As an examplejwe mAY 5ay that the evalunation of the mag-

12 -
i netic field of the Ll-current, assuming if‘ to be of circular form, Jed to the calu-
v 20

lation of integrals of the type f_"_,_____;__ 4o » which ave reduced to tabulated el
i

" liptic integrals; the surface currenta oer the polar cap in the middle latitudes

l i
_, were assumed to be plane, and the evaluation of the surface currents S (the ddlo-‘
|

- 1atitude eddies in the S d syatem) was not‘performed at all. As a reault of graphic
" integration, curves of the latitude dopenélence of the components of the SD and Ds t
~ fields were obtained. Their comparison with the observational data showed that the |
Chapman systems do not contradict them, but still did not remove the question of the’
desirability of a new construction of the systems, using all available material.
An attempt to elaborate the Chapman system was made in the paper by Vestine
(Bibl. 58), based on the same starting material as the above-discussed work. It was
found that the Chapman systems had been constructed without allowing for the lati-
tudinal asymmetry in the distribution of the field. In the 1ow and medium latitudes,
this asymmetry is actually small, but it is impossible to ignore it in the high lati-
tudes. Vestine expressed the very interesting thought that the asymmetry in the high
latitudes is due primarily to the noncoincidence between the magnetic and geographic
axes of the earth due to which fact the auroral zone is of an elliptical shape in-
stead of circular and is elongated in the direction of a 1ine joining the magnetic
and geographic poles. For this reason, if we allow for the distance of a given point ¥
of observation from the auroral zone, instead of simply taking into account the geo- h
magnetic latitude of the point, then the longitudinal agymmetry is considerably dim-

inished. Vestine, on the basis of the magnetic data, determined the location of the
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of linear polar current, which he found to be rather close to the position of

_»
)

1y as 1867 by Fritz (for more details see cniggg

phology of the Sy~ and D t—variations, but also disclosed the possibility of using”

magnetic data for pinpointing the positioL of the auroral zoné. The magnetic data,
being the result of continuous recording independent of the meteorological condition

can provide more reliable conclusions than those based on auroral statistics.

Among the worth that followed the investigations by Chapman, the paper by Chynk

(Bibl.hl) is worhh mentioning. It points out the existence of a seasonal aaymetrf“

in the distribution of the field of D t—variations. According to Chynﬁ, the seas-

onal march of D has a maxima in spring and autum, like various measures of magnetic

activity. However, in addition, it also has another maximum in the winter.

Section 3. Analytical Representation of the D -Variations
Attempts at an analybical representation of the potential field of disturbance.

are also contained in the geomagnetic 1iterature. These attempts related only to th?

simplest part of the storm field, the aperiodic disturbed and noncyclic variations
or, more exactly, only to the middle-latitude parts of these fields. All known E
papers on this subject (cf.Bibl.40 and 15) followed a definite object, namely separ—i
ation of the observed field into an external and internal part, explanation of the
internal part on the basis of the induction hypothesis, and definition of the con-
ductivity in the depths of the earth required for such an explanation. Chapman and
Whitehead calculated the external and internal potentials of the Dst-variations by .
expanding the spherical functions of the H and 7, components of the field into series -3
from the same data that had been used by Chapman for his approximate calculation of
the Dst-currents. Since it was assumed that the field of D4 depends only on uni-
versal time and geomagnetic latitude, it followed that the values of the potential
for a definite instant of time were represented by series of Legendre polynomia}s;iz

and, since the potential was supposed to be symnetric with respect to the equator,
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only the cdd harmonics were retained in the series of polynomials. Thanks to the
fact that the distribution of the Dat-field in the high latitudes was not taken into
account, it was possible to represent the middle-latitude part of the field rather
well by the three first harmonics Pl’ P3, and P5.' The division of the field into an
external and internal part (see Chapter III for more details) gave the following
ratio: I/E = 0.39. It turned out that this ratio requires, for the explanation of
the I-part within the framework of Lamb's induction theory, somewhat different elec-
tromagnetic parameters of the earth than those that follow from an analysis of the
Sqfvariations. A more detailed analysis of the results obtained by Chapman and
Whitehead and other authors, and a comparison of those results with our own calcu-
lations, will be given in Chapter X.

McNish and Slautsitays, who performed the spherical analysis of the values of
Qm’ calculated the intensity of the external currents corresponding to those values
and obtained interesting conclusions as to the ratio between the internal and ex-
ternal part.

No attempt has been made to date at an analytical representation of the distri-

bution of the potential of the SD-variations or of the irregular part of the dis-

turbance.

Section 4. Position of the Points of Magnetic Storms. The Equatorial Ring

The papers enumerated in the preceding Sections exhaust all the studies of the

morphology of the regular parts of the perturbation field and the calculation of the

surface currents responsible for them. It goes without saying, however, that the
construction of these systems is not a proof for their existence. If we make no

supplementary postulates, then the problem of finding the currents from the magnetic

field is an indeterminate, many-valued problem, and an infinite number of such

systems can be calculated, each of a different configuration or at a different dis-
tance from the earth, whose field will likewise well represent the observed field

of magnetic storms. The postulate made by Chapman, however, that the layer carrying
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the currents is spherical appears entirely reasonable in the 1ight of our knowledge
of the structure of the ionosphere. In fact, if we assume for example that the
height of the layer varies with the latitude or with the local time, by 100 km, then
this would mean a variation of only 1.5% in the radius of the spherical surface.
Under the assumption that the current layer is spherical, its radius (or the height
of the current above the earth's surface) can be theoretically determined from the
magnetic data just like the configuration of the lines of current or the intensity
of current. If we assume that the field potential is represented by a series of
spherical harmonics, then the cofactors of the expression (%)n enter into each term,
where a is the radius of the spherical current layer and R the radius of the earth,
Then, by comparing the weight of the n;'", n,*?, etc.terms in the expansion, the
value of % can be estimated. In practice, however, in view of the low accuracy in
determining the coefficients with spherical functions, it is impossible to determine
2 with an error of less than a few percent. Thus, to define the layer of the iono-

R
sphere in which the Dst-currents flow, using a spherical analysis of the type pro-

posed by McNish and Slautsitays as basis, would hardly be possible. For any con- _
clusion as to the height of the current layer, data on the structure of the ionosphere
would have to be used, together with an attentive study of the structure, ionization -
density, number of collisions, and other parameters of the ionosphere, which would

help to answer the question as to how far a certain layer meets the requirements that

a current-carrying layer must meet. While it seems almost unquestionable today that

]
the currents of the Sqfvariations must be related to the lower part of the E layer

and the D layer, there are still doubts as to the pertu:bation currents. The hypo-
thesis that the disturbance currents are concentrated in the F2 layer seems the most
probable, since this layer shows the closest correlation with the Qagnetic dis~
turbances. Nevertheless, in discussing the possible position of the SD-currents,
Chapman pointed out that their most characteristic feature was the evening maximum

of intensity, while a maximum of jonization density in the evening is not observed
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_|in *ﬁﬁfﬁ"&ﬁi‘"&f”ﬁi known layers*. ~In|view of this, the qﬁu’i’iib‘ﬁ" "5f “the height of

papers of Chapman and his colleagues. As

. __{ for the currents causing the D s t—miatiam , the thought is developed in the paporeﬁ

o mmonsn s

s

|6 Chapman and a number of other authors that these ese currents flow far beyond the

"1 1imits of the earth's atmosphere, encircling the earth with a ring located in the
_| equatorial plane. The idea of antequatorial ring current was first expressed by
| Stosrmer to explain the great polar distance of the auroral sone (90 - 22 - 23°).
The calculation of the paths of the particles under reasonable assumptions as to

t

_|their veloocities, and allowing only for the permanent magnetic field of the earth,

lluds to mich lower values of 8, equal, for exampls, to -2 to -4° for cathode ’r'aya,*
3 and to -16° to 19° for alpha particles. The magnetic field of the ring current in a
)

- .__l i
__J westerly direction, reducing the hoﬂlonta‘l component of the geomagnetic fields, i )
AL l

_leads to an increase of eo to the noceauﬂ-y values. There are also other geop}vaical

arguments in favor of the existence, in stom time, of an -extra-ionospheric current !
s

hY

.' _.ring. But it is precisely the great reguillarity in the course of the magnetic storms'
. in the low latitudes (where the irregularifluctuations distort the quiet march of tho
elements only slightly and where the return of H to the normal state,is slow) that !
| _ make both these phenomena dii'ficul‘l? to exf)lain under the assumption of an ionospheric-
.Ilocation of the sources of the field. Forbush (Bibl.43), in studying the correlation
_:between the magnetic storms and the cosmic rays, discovered such variations in the
- intenaity of the cosmic rays as confirm the generation, at a certain distance from
v — the earth, of a magnetic field diminishing the H component of the earth's magnetic _
_ineld. A detailed theoretical consideration of the possible influence of the equa-
Altoria.l ring is also presented in the papers by Vallarta and Hess (Bibl.35). In

—Jrecent years, a number of papers devoted to the effect of magnetic storms on the

-
[

- *1* We will show later that the disturbed diurnal variations of ionization density

-1
. o —fof the F, layer satisfy this requirement, and thus el:minate the objection against

-

‘placing the SD currents in the F:2 layer.
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cou:fé' Tays have boin" pubnnhod, ;\oii'fféf“"T~ em madii"éarﬁiﬁs the rorbusﬁ_ﬁpo- ’{

H

[ Ehemdse [ o e T e
. should be of & very grut radius; -

Accord:\.us to Stoornr'l calcuhtiom .

£ [S——

Tl of the “order of the distance from the earth
:\result of the curvature of the paths of charged golar particles by the
|

_Inetlc field; the ring 1s not necessarily & closed one®. The energy of sguch a ring

Lz
| mst be great (current strength ~ 107 amp). As an argument in favor of Stoermer's

K calculated parameters, the Muniverse ec ‘ , 1.0, the gr;lt delay of & radio signal

't
. returning to the earth, has sometimes been advanced. It has been supposed that, in

|

18,
_ passing through the jonosphere, & radio signal is reflected from the Stoermer elec-

P

tronic current¥.
difforent idea on the equatorial ring.

A1l later papers, however, express &:

Thus, according to the Cha Chapman-Ferraro thoory of magnetic storms, the solar stream,

encountering the earth!s magnetic field, foru a ring of mach smaller radius, of the

|
order of two to four earth radii. Since the corpuscular stream is assumed by these

authors to be neutral, it follows that ‘t,het formation of & ring current is explained

by the difference in the velocity of motion of the positive and negative particles.

The papers by Chapman and Ferraro contain o rigorous mathematical treatment of the

question as to the formation of & ring out of the bodies of the corpuscular stream, '

They give only a system for the physical explanation of the process based on the ro-‘
tardation of the stream by the magnetic field of the earth*, The question as to the

stability of a ring, if such a ring 1is actually formed, is treated with conaidera.ble

rigor, explaining the conditions of dynemic equilibrium of the ring (i.e., determ=

ining the allowable finctuations of radius and current density) and demonstrating the

¥ opecial ~pbservations made in 194,7-1949 with high-power transmitters (Bibl.65),
failed to detect greatly lagging echoes.

%% The USSR literature contains expositions of the Chapman-Ferraro theory Lcf. for
example, Eygenson (Bibl.3h) 1.
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. imposaibiiity of & prolonged exdistence of & ring with Stoermer!s parameters. In 1951,

Martin (Bibl.hB) considered the process of formation of the ring on the basis of the
analogy between the electrodynamic processes connected with the motion of plasma in
the magnetic field and hydrodynamic phenomena. The ionized stream flowing around a
magnetic dipole is compared to a stream of jncompressible £1uid flowing around &

body submerged in the fluid; in this case, the pressure due to the interaction be-
tween the electric currents jnduced in the body of the stream, with the magnetic
field is jdentified with the hydrodynamic pressure. The parameters of the rings 80
obtained (a = 5.5 Rand I = 106 amp) proved to be of the same order as those calcu-
lated by Chapman and Ferraro. The 1iterature also contains an attempt at de%ermining
the radius of the ring directly from empirical data, independent of any theoretical
views on its formation. As is generally ¥nown, one of the most widely used character-
istics of magnetic activity is the u-measurse, equal to the difference between the
diurnal values of the horizontal component on successive dayse. Considering that the
descent of H during a storm, and, consequently, the value of the u-measure, 1is due

to the magnetic field of the equatorial ring, the day-to-day variability of H may be
equated to {he increase in the horizontal component of the field of the current 8 H, —
trus permitting an evaluation of the ring parameters & and I, Yu.D.Kalinin (Bibl.19),
who made these calculations under the assumption that the jncrementA H was due either
to the variation in & from day to day (with the constant 1), or to the variation in

I (with the constant 8), found that the radius of the ring mst be of the order of
two to four earth radii. As shown below in Chapter III, the spherical analysis of
the field of Dst permits determining the quantities a and 1 independently, without

'assuming invariability of one orf the other.
The above-mzntioned jnvestigations by Forbush also confirm the small radius of

'the ring (amounting 2 few earth radii). Indications pointing to other results have

appeared in the 1iterature. The studies of Hayakawa, Nagata, et al (Bibl.h6) have

shown that the observable effect of magnetic storms in the distribution of the
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currents of cosmic rays cannot be explained under the assumption of a8 ring radius of
1.1 R<a < 100 R within the scope of the Stoermer-Forbush theory. These authors as-
sume that the recalculation of the data based on the modifications introduced into
the theories by Lemaitre and Vallart might help to explain the phenomenon. One of
the authors of this report, Nagata (Bibl.51), estimated the parameters of the ring
on the basis of the southward displacemeni'of the auroral zone during the storm of
30 April 1933 and on the assumption of an intensification of the current in the equa-
torial ring during the course of the storm. It was found that, for agreement with
empirical data, it is necessary to adopt a radius of the order of 20 earth radii for

the ring.
Thus most investigators today tend toward the idea that an extra-ionospheric-

current ring exists, whose field explains the variations of* the magnetic field and

other geophysical phenomena (position of the auroral zone, influence of magnetic
storm, and cosmic rays). But no definitive clarification has been obtained with re-
spect to the parameters of the ring. The possibility of the existence of an iono-
spheric system of currents of the variations is likewise not completely excluded. At
one time, Chapman (Bibl.,0) advanced the following argument in favor of an iono-
spheric system. In view of the fact that the separation of the storm field into two
parts is somewhat formal, it is necessary to approach with caution any attempts to
explain these two parts by completely different causes; on the other hand, it would
be extremely desirable to explain both regular parts of the field of disturbance by
one and the same physical process, It is difficult to give an explanation of the
disturbed diurnal radiations within the scope of a thebry of an extra-ionospheric
ring (for this it would be necessary to assume one of two improbable propositions:
an elliptic ring or eccentricity of the egrth's position). It would seem more nat-
ural to explain the Sp-variations under the assumption of currents flowing in the

. ionosphere, whose parameters depend explicitly on the diurnal rotation of the earth.

This, in Chapman's opinion, does not allow complete rejection of the hypothesis of
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108 ‘02 An_extra-ionos] ng. " ""t, oom:l.do "- a ptrt:ll.l looat:\.on or tho -
ourrtntn u:!.n tho onosphoro poui'blo, .n oonnoot:l.on \d.th ‘the’ induotivo aot'.!.on of

th oxﬁ" rnl.l ring on tho conductmg w.rf. as ono or “his arg\mo“"‘b"'“”ho pout.'"hﬁ‘od (Y
o ausontl urch ot D ’ which ia ouily ap Lainod fron the atmdpoint of ionosphorio ] ‘
— curr.a;l\t 'yatm.
_ Thou vio\u on the olootrio ourrmts of tho porturbation £ie1d are based runda.- :
1 nnttlly on a ntucw of tho niddlo-ln.titudn pioture of magnetic storms and have the °

objoct or cxphi.ning this pioturo. In tthonwins Section, we will discuss papers|.

‘ dovot.d to tho oloctrio ourronta ﬂowing the polar sones.

ction 5. .

'rho intonaiﬁcatim of tho regular and irregular parts of the perturbation
B fiolds in tho high latitudes has compelled many investigators to assume that a powers
ful electric ourrent flows along the auroral sone. We have already learned of
Birkeland!s ideas as to this current. Other authors have made similar calculations
for individual instants of time of individual storms. These include MoNish (Bibl.AL9
" |McNish's work is interesting since the poiential of the field on a bounded area of

_|the surface, taken as a plane, is represen ted by the series
L V= on-l-Ze""(A cosnx+B sin nx)+

1

!
|
|

| . '
“|where x is the abscissa of the point (dietance from the sone of polar current) and

+ E e "" (A, cos nx - B,,sin nx),

g the ordinate (height about earth's surfsllce) The expansion of the H and 2 com-
ponents of the field into analogous series, from the data of certain observatories
—{located near the polar zone, has allowed separation of the potential into parts of
external and internal origin (I/E = 1/4) and has made it possible to calculate the
height of the current. The best agreemen‘l", with the observational data was given by

 a-height- of.h .. 100 km and_ the assunrpt.ion ‘that the current flows in a wide belt, a |

¢ ifew. tens of kilometers. wide, over this zone. It mst be noted that the simple in- .
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’hl l(,i

S without: ‘&

-:a;.,'rho high de‘ree ot 1oca1 miet:l.on 1n the dietributien of the

8 veetor ot dieturbenee mld be d:l.fﬁ.cult 1.0 uphin under the euulption that the

Y S , '
; #‘ g eourcu of the tield were located far the urth'e eur.face. |
{ . 10— -

e

12
‘ , ht:l.tude pe.rt of the SD-verietionl were mgde by Herang (Bibl.hh) and Suckldorff

'I'he ealeuhtione or the linear elect Le currents ruponeible for the high-

(Bibl.55). The materials used in both cases were the Sy variations for the Second
International Polar Year for several statlons located clouvto the auroral sone. By
combining the observations of pairs of stations (cf.Chapter V for the formilas), the
authors calculated the position of the sone, the strength of the current flowing in
““~the sone, and the helght of the current fir various hours of the day. According to.
Harang, the most probable value of the height is 100-200 km. According to Suckldorﬂ

o the height varies over a very wide range, rrom 100 to 1,000 lm, and shows an obr:l.oul

)3__
__1' dependence on the time of day. The great|discrepancies between the va.luee of the ..

. - parametere found by Harang and Sucksdorff |indicate that a more careful selection of:

— the empirical material is necessary. Harang found the linear horizontal current to
_{be doubled in the polar zone, which is o confirmed by Yu.D.Kalinin (Bibl.20) on
--'the basis of the geographical dietribution of the u-measure. Sucksdorff found that

15

— for a bstter representation of the obeerved material, it is necessary to assume a

H
__a

—.system of vertical currents descending from outer space to the earth's atmosphere in

v

--nregione close to the magnetic field. Suc:I'edorff'e vertical current does not repre-

14

3=

- !

- .sent a closed contour, and it must be as d that it is scattered due to a recombi-

- :na.tion of particles in the lower layers of the ionosphere. In performing his calcu-
-

<lations, Sucksdorff started from Chama.n'e’ hypothesis that the internal part of the '
‘perturbation field is equal to 2/3 of the ;extemal part. Harang in comparing the
"calculated variations of the horizontal and vertical components, found that such an

———— a aamh e e

idea leads to a poor correspondence of the H and 2 va.ria.tione , and that a lower
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w"ii'o"'ii"f“’f'}i".i ratio I/E, namely one of the iordor of 0.1, i# more probable. As we will
see later in Chapter V,' the calcuhtion of the axtornal md intomal pgtontiala o{' ,
'8y, for high latitudes, leads precisely t? such small values of I/E.
The explanation of the field of a m?mtic storxi by a vertical current doscmding ]
|in the auroral sone is likewise contained lin the very interseting but somewhat con-
“ltorversial papers by M.N.Gnevyshev (Bibl.]iz, 13),‘ Let us first discuss the classi-

fication of utormi proposed by him. In c:%mparing the magnetic and ionospheric data
) and considering the geographic diatributict)n of the perturbation field, he came to the
! _, conclusion that there are two types of atém: polar and worldwide, but his classi-

‘fication is not identical with that by Bi:gf‘ko]md. He includes most of the moderates,
4grut, and violent storms usually oburvocll over the entire earth, into the category
T of worldwide storms., He considers that the maximm of the vector of disturbances

~ during these storms is observed in the a.ull'ora.l gsone. He places a relatively amall

*  npumber of storms in the second, or polar category; these are storms for which the
|

‘auroral sone plays no particular role and whoso disturbance reaches a maximm at thel

‘ : ~ 'magnetic pole or near it, He supports this classification of storms with graphs of

|
l

~'the disturbance vector plotted against the geomagnetic latitude, and with compariaon:s
1
|

i

" of the magnetic and ionospheric diaturbance. The worldwide storms, according to -
B |
}Gnevyahev, are caused by a vertical elect:l'ic current descending from outer space and,

‘_gru.ching heights of 80-100 km (the lower bounda.ry of the region at which the aurora :

A

‘U\L‘: can be seen). He takes this stand on the ‘basis of the Stoermer-Birkeland thoory, as-
isuming the direct superimposition on the geomagnetic field of particles of a aingly-
“jcharged stream. He circumvants the objectiona raissd against that theory by assuming-:
{very low flux densities (of the order of 5 cm>), fairly high particle velocities, as
‘ ‘;‘f_woll as a pulsating radiation (noncontinuous) of the particles by the active focl of] b

“!the sun. Postuht.ing a linear vertical curront he successfully calculates, from tho :

i observed geomagnétic variations, the current strength, the polar distance of the zono,

o %tho penetration of particies into the atmosphers, the cross section of the flux, th'g

o
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(U
- ‘volocity “of the particlu » and the nature ’of the particles (a mixture of doubly—

5]

'aingly-ionind helium atoms). The docruud amount of disturbance in tho niddlc and -

low latitudes is explained by him by thoiq remoteness from the sources of the field,

'not admitting the existence of any apocial ~iTrerits Tesponsible for the -aigturbances |

1n the middle and low latitudes. Cnevyshev'!s papers are of great value, since they-
'ahow how the magnetic data can be used for judg.’mg the nature of the particles and ,

‘the geometry of the corpuscular stream, but they do provoke certain objections. First, - '

" the classification adopted by the author is doubtful. A consideration of a series of
‘magnetograms (¢f.Chapter II for more dot&ils) shows that there are no grounds for put-
‘ting storms with intensities increasing toward the pole in a separate categorye. |
Second, it is very difficult to explain the regular part of the perturbation riold
without assuming currents flowing above ttlo middle latitudes (cf.Chapter Vv, Fib. 27)
The flux densities obtained by Gnevyshev dun slightly too low¥; in this connection,
the question remains open as to how osunti;l the theoretical objoctions, raised at

one time against the Stoermer-Birkeland tlloory, are for Gnevyshev's works.

Section 6. Penetration of Corpuscles into the Earth's Atmosphere. The Alfven Theory

The penetration of solar charged particles of both signs into the earth's atmos-
phere in the high latitudes is considered by the majority of modern authors to be be="-

|
yond doubt. This conviction is based on the factual data on the magnetic variations

and the aurora. For example, a comparison of the intensity of the auroral disph.ys a

|
with that of the magnetic disturbances ent blod Harang (Bibl.hh) to calculate the vol-
‘ spectrum :
ocity/ of the particles penetrating the ea.nth'a atmosphere to various depths, In a 3 ~

‘numbor of other papers, radiosonde data are used to demcnstrate the deep penetratim

.of particles into the atmosphers. For emplo, the observations by Wells (Bib1.6l+)

|
‘showed that the intense polar storms, as q rule, are accompanied by the formation of -

. ¥ We recall that the current density according to Chapman's data is equal to 102 _

Cm-lo
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=

. o._... | e
LY lfrong‘ly abtorﬂng Tegion at the level of the D layer. Less intense atormﬁ‘“’m-

, connootod \d.th the fomtion of a layer of abnormally high ionization at the level of”

'_the E layer. In this case, tho energy isobviously lou, and, consequently, pene- .|

‘[Sration of the particles into the earth's atmosphere is not as deep, A correlation |

in the high latitudes between the night'hyer EB and the magnetic activity is noted.
in a number of papers (cf.for example, Bibl,l and 2).

The definitive experimental proof for the penetration of solar particles into
the earth'!s atmosphere was obtained by spectrophotometry of the aurora. It is well |
known that the absence of hydrogen lines in the auroral spectra was long a puzzle to
those interested. From the 1930's on, it|has been possible, owing to the improved

technique of spectroscopic work, to find (but rather rarely) the H ¢ 1ine in the a-
uroral spectra. In connection with this {act, Vegard postulated that hydrogen is not
a permanent component of the earth's atmoslphere in the high latitudes, but is only a

A
«.\‘ -

—, stray brought in by the solar corpuscular stream. During a few auroral displays of

28

— 1950, he was able to discover (Bibl.29) a.;Doppler broadening in the Hg, Hﬁ and H
. ﬂ‘ lines, indicating the vertical displacement of hydrogen atoms at velocities of 800—
3“*-3 000 km/sec. Thus the question of the introduction of solar particles into the |
jearth's atmosphere mat be considered definitive]y solved.
. Much still remains unclarified with respect to the excitation of the currents
: : directly responsible for the fluctuations of the magnetic field. Since, with a
" _ Ineutral stream (and there are not many grounds for doubting such a stream) the direct
—-Jinfluence of the field of particles of Birkeland-Gnevyshev is inapplicable. Therefore,
| .— some mechanism responsible for the separation of the charges or the excitation of
. rsome kind of currents must be introduced into the argument. The Chapman-Ferraro
: -ﬁtheory, which is merely a theory on the formation of the equatorial ring (i.e., 2
_‘.theory of the middle-latitude part of the D st-variations), gives no answer to this
‘ ‘question. Tt is true that the above-mentioned note by Martyn does contain indi-

cations of the direction in which the theory would have to be further developed to
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~ ~sbtain s a.n cxp]mtion of tho pohr pu.rt::[ the" dilturbcnco*.::i R:71% thon‘muutlou, -

| unsupportod by any calcuhtionl , cannot conlidorcd a roliablo uphmticn of thc

phenomenon. \

- | stream itself. As in the Chapman-Ferraro theory, as a result of the encounter of

“An explanation of”the disturbances iji the high Iatitudes 1is wqued out in more
detail in Alfven's theory, which is an attempt to reconcile the view of Stéormor and
Birkeland with those of Chapman and Ferraro., The Alfven theory (Bibl.h) is based on
the assumption of a stream consisting of charged particles of both signs, whose
" motion from the sun to the earth takes place under the action of the inhomogeneous

j magnetic fields of the sun and the earth and of the electric field created by the

"i the corpuscular stream with the geomagnetic field, a ™hollow" is formed, which is a.

region surrounding the earth and which does not allow penetration of the charged

_ particles. Under the action of the inhom%geneoua magnetic field of the earth, the
paths of the positive and negative partiches separate, but since their total number
in unit volume is the same, the volume charge remains equal to zero. The electrons

which, in the equatorial plane, bend around the forbidden region in an easterly di-

rection, and the positive particles moving toward the weat, form an electric current

of westerly direction, which is eccentric! with respect to the earth (Fig.5). The

1
|
[

current comes closest to the earth on the evening side on which, in addition, the
greatest density is observed. This part of the current system is responsible for

the D .- and SD—variations of the middle latitudes. The dimensions of the forbidden
|

¥ It is postulated that the charged particles in the equatorial current torus,close
to its surface, might become detached from the body of the flux and be displaced tos
ward the earth along the lines of force of the magnetic field, which are lines of
very high conductivity. The entrance of these particles into the earth's atmosphere
at the latitude of the auroral zone causes luminescence of the atmosphere, and an
elevated ionization at the 90-100 km level, and would also produce a strong electric
field of meridional direction (the positive and negative particles would bombard dif-
ferent edges of the zone). This field, interacting with the permanent mag-

netic field of the earth, would produce a drift of the ionospheric ions of both signs
in a westerly direction. If the velocity of the positive and negative ions is as-
sumed to be different (v, > v_), then a Hall current would flow along the zone, east~
ward on the evening side of the earth and westward on the morning side, which would:
explain the polar part of the current system of SD-variations. !
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R T
“'gones depend on the parameters of the part;cles and therefore differ for the positive

;i?qu negative particles; the positive particles come closer to the earth than the neg-

[4

] i
"fative ones. The penetration of positive particles into the region forbidden to the

-
6.0 . - _
__|electrons produces a great potential difference at the boundary of the region (accu-

o ,
‘ im.\htion of positive particles on the day side and negative particles on the night

l“fside). The conductivity of very rarefied gases in the presence of a magnetic field
is considerably greater along the direction of the field than in a direction perpen-.
dicular to this. In view of this fact, positive and negative charges, tending to
neutralize each other, will move along the lines of force of the maghetic field from-
the boundary of the forbidden zone to the upper layers of the earth's atmosphere in
the high latitudes. The invasion of the ionosphere by the corpuscles takes place in
the auroral zone., The conductivity of the polar jonosphere is relatively high so that
the positive particles will be displaced from the day side along the auroral zone to
the night side, and the negative particles in the opposite direction. Thus a peculiar
kind of discharge current, counterclockwise in the first half of the day (0-12h) and
clockwise in the second half (12—1Ah) will be established. Figure 6 gives a diagram
of the formation of the current. This current, in Alfven's opinion, is able to ex-
plain the polur disturbances and the aurora. This system of motion of charges was Ob==
tained by Alfven as a result of the solution of the equations of motions of particles
in inhomogeneous magnetic and electric fields, allowing (it is true, only approxi-
mately) for the interaction of the particles. The Alfven theory successfully explains
certain regularities of the morphology of the aurora (position and diurnal displace-
!mpnt of the auroral zone, certain forms of the auroral displays, etc.), as well as
the penetration of corpuscles into the polar ionosphers and the formation there of
currents causing the polar disturbances. Thus, the investigations by Alfven con-
‘tributed greatly to the development of the theory of magnetic storms. The concept of

the aurora as the result of discharge currents appears very probable in the light of

recent work by several Soviet scientists.
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In spite of this, the work by Alfven evokes certain comments. First, according

to Alfven, the polarization of particles in the stream and their motion from the sun |

to the earth is due to the sun's magnetic

field; Alfven takes 107k cgs as the vaiue of

the magnetic moment of the sun, according to

- - o

Khellts (Hull's) determinations. Repeated |

measurements by German and American authors

resulted in mich lower values, so that the

question as to magnitude and constancy of the
sun's magnetic field cannot be considered
gettled at present. The only fact which ap-

pears to be beyond doubt is that the magnetic

field of the sunspots is many times greater

Fig.5 - Curvature of Stream in the
than the general magnetic field of the sun.

Earth's Magnetic Field, According ;
It would, therefore, appear that the magnetic

to Alfven (- - - Boundaries of For-
field of the sunspots should have an influ-

bidden Zone) a) Dipole; b) To the
ence on the process of formation and flight

Sun
of the corpuscular polar stream, the more so

since the ejection of particles is undoubtedly from regions located near the spots.
It is possible that th§ replacement in the Alfven equations of the value of the gen-
eral magnetic field of the sun by the field of the sunspots, somewhat modifies the
parameters of the stream, particularly on the first half of the path from sun to
earth. Second, the explanation of the SD-variations in the geomagnetic field by as-
suming an asymmetric location of the equatorial ring current seems improbable from
the point of view of the morphology of the field of magnetic storms; according to the
Alfven theory we would expect the field of S to increase toward the equator, just as
is done by the Dgy field. In reality, the SD-variations are, on the contrary, almost

entirely absent at the equator (cf.Chapter V). Third, according to Alfvan, the polar '

t
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_\system of currents causing disturbances iq the high latitudes is formed as a result™
“lof the accumulation of space charges in tﬁe equatorial ring, In this way, the in-

| 1 »Or'L

‘crease in the amount of disturbance in thé high latitude during worldwide storms cou

|
i
:
}
1‘

d

be explained, but this leaves the polar sgorms completely without explanation, i.e.,

. — — it does not explain the disturbances

affecting only the polar reglions,
which are obviously not connected

with the formation of the equatorial

ring. Besides thess, and a number .

of analogous concrete objections,
two other shortcomings of the Alfven

theory, of a more general nature,

must also be pointed out. First,

the Alfven theory considers the for-

mation of magnetic storms and of the

. Fig.6 - Formation of Current Systems According
aurora without any connection with

to Alfven ( Iines of Force of Magnetic
the physics of the disturbed-day

Field; Boundary of Forbidden Zone)
ionosphere. At the present stage,

a) To the sun; b) Magnetic axis; ¢) Boundary
it would seem impossible to separate

of Forbidden zone

the explanations of the magnetic and
ionospheric disturbances, just as it is impossible to explain them independently of
the aurora. Second, many stages of the theory have not been vigorously developed.
There are numerous assumptions requiring physical or mathematical justifications (for
example, the assumption that the electronic and ionic temperatures in the stream are
unequal, and the like).

Thus, in spite of the fact that the Alfven theory has contributed much of value

to the development of the ideas on magnetic storms and the aurora, it cannot be con-

sidered to resolve completely all questions of their origin.
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!,;Section 7. Dynamo Theory of Magnetic Storms

‘ In this Section we will briefly discLss the dynamo theories of magnetic distur-

|
\

“bances. It is well known that, during the| first stage of development of the doctrine

of magnetic storms, the dynamo theories occupied a prominent position(the Angenheister
theory, the first version of the Chapman theory, the Lindemann theory, otce)e These?

authors explain the formation of the electric currents of magnetic storms by the ver-

|
tical motion of the upper conducting layers (due either to thermal expansion, or to

mechanical displacement under the action of the stream of particles penetrating into
the atmosphere) in the permanent magnetic field of the earth. All these investiga~
tions, in time, were found to be unsound (Bibl.hO), and today they are only of :his-
torical value. In 1946, Yu,D.Kalinin (Bibl.18) proposed a modification of the dynamo
theory, explaining the middle-latitude part of the electric currents of the SD-varia—
tions by the tidal motions of the upper layers of the atmosphere, under the action of
the gravitational attraction of the mass of the flux. He described the conductivity
of the ionosphere by the two-term expressionf = P, * Pe wherep, denotes the portion
of the conductivity due to the ionization under the action of the wave radiation of
the sun, and P  is the conductivity due to jonization by the corpuscular stream. Nat-
urally, P, depends on the zenith angle of the sun and p  on the geomagnetic latitude
of the point of observation. It was assumed that the integral conductivity of the en-~
tire layer of the ionosphere P, 2 X 107, and P, = 5,100 cgs. The calculations made
by Kalinin showed that, under these assumptions, the current system would consist in
each hemisphere of two eddy currents with centers located at latitudes * 60°, On the
evening side of the earth the eddy with the positive current direction is in the
northern hemisphere, and on the morning side, the eddy with the negative direction.

I myself consider that the mechanism of action of the stream on the earthts magnetic
field, proposed by Kalinin is possible ia principle, but T will demonstrate that the
values of P, and £, , adopted by him are in need of review. The value of the p of

the F, layer, in a direction perpendicular to the magnetic field (with which the SD—
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variations can be correlated), is possibly somewhat lower (for detalls, see Chapter

VIII), while the value of P, taken by Kalinin as equal to 5,100, requires the cor-

responding justification.

Great attention has been paid in recent years by Japanese geophysicists to
theoretical and morphological investigations of magnetic disturbances. A proposition
common to them is the assertion that a dynamo effect is the fundamental cause of geo-
magnetic disturbances. The revival of the dynamo theories in the works of the Jap-~
anese authors is connected with the discovery, by radio methods, of horizontal
motions in the ionosphere and of an anomalous rise in the ionization (and, consequent~
ly, in the conductivity) of the lower layers of the jonosphere in high latitudes.
Here some authors connect the field of disturbance with motions of the Eg clouds. The
correlation between the appearance of Es in the high latitudes and magnetic activity,
as we have already remarked, is no longer doubted and indicates the corpuscular nat-
ure of the Eg jonization. But the explanation of the SD—currents flowing around the
entire earth, as being due to the motion of the Es clouds (and referring the current
of the L-variations, on the other hand, to the level of the F2 layer) would seem un-
reasonable. As shown below, the very frequent appearances of Es in the equatorial
regions well explain the behavolr of Sq and L at Huancayo and by no means fit in with
the regularities of the storm field. The papers by Nagata (Bibl.52) are of consider-
ably greater interest. He considers only the polar part of the disturbance (position
and displacement of the auroral zone, intensity of the current in it, and width of
the zone) and shows that the polar current could be formed at the 60-100 km level as
a result of an increase in ionization at this height by 20-,0 times above its level
on quiet days. In their papers, Nagata and Fukushima conduct a polemic with Alfven,
pointing out that the configuration of the currents does not correspond to the form
of the discharge currents postulated by Alfven. Nagata, using the McNish formulas
for the representation of the field near the polar zone, also investigated the ratio

of the external to the internal parts of the field, and obtained E/I = 2.6, which
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0ym - e - e i
_]does not contradict the data of other autPors. Hasegawa (Bibl.45), in considering

T the diurnal variations on quiet days and disturbed days in 19 polar obcervatories, ..

& i
_1made use of harmonic analyses and calculated the electric conductivity of the upper

|

layers as well as the gradient of electrie potential required to exbihfﬁ-ﬁﬁé-§;:_--

ol
. .| variations by dymamo currents, He also studied the form and displacement of the au-

11 - &
roral zones during the course of the day and with the seasons of the year,
|

[ It seems that the excitetion of dynamo currents in the lower layers of the iong=-
Y4y

12

sphere at high latitudes is very probableL taking account of the increase in loniza-

| tion during storms and of the existence of vertical and horizontal winds. It may be

i that these play an important role in the formation of local polar disturbances, But
20 !
| for all that, it does appear unclear, without more detailed investigations whether

' these currents are responsible for the polar part of the sD-variations, vhat role ig

[

i played by the current excited in the polar regions of the F2 layer, and, a for‘l‘.iori,l

, by what mechanism the low-latitude part of the SD—ourrents is formed,

Section 8, Bay-Like Digturbances i

In all the above papers, except for the investigations by Birkeland, the subjeq

of study was the fields of worldwide storms, i.e., of storms during which substantis

variations of the magnetic fileld were observed in all latitudes, After the investi-

| gations by Birkeland, which unfortunately have not been sufficiently developed in

subsequent papers, it became clear that the polar magnetic storms accompanied in the
middle latitudes by small bay disturbances, constitute a special phenomenon charac-
terized by a different field structure and a different origin, A few papers devoteI
to the statistics of bays in the middle latitudes are known (Bibl,8, 25). Thanks tg
them, the questions of the diurnal, seasonal, or ll-year march of the frequency of

bays have been partially settled, Papers devoted to the considered of individual

bays are also known, ‘

{

The most complete investigation of bay-like disturbances was made by Sllsbee

and Vestine (Bibl,54) who subjected the bay-like disturbances observed by 13 obser-

| F=T8-8974/V b
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- vatorioa during the Seoond International bolar Yoar to statistical processinge The

~}-4nvestigated the problems of-distribution|-of positive-and -negative bays-during 24

4

- hour periode and during the course of the year. This led to a concept as to the

Approved for Release: 2017/09/11 C06028201

. i o

e ———— e T e e e S R S Pt A Ut 1 e vt e A im0 —— o

PR At

i s s = e — e e m o ——— -
— - ey -

mean (or more acourntely ‘the typioal) bay, ‘and & system of currents correeponding
to this typical bay was constructed, We yill discuss the work of Silsbee and Ves-

tine in more detail in Chapter VI, which fe specially devoted to bay-like distur-

bances, Silsbee and Vestine also calculated the linear polar currents for 20 indi-

vidual cases of bays, The direction of tbe current, in almost all cases, was paral-

lel to the auroral zone, The height of the current, even according to data from
closely adjacent observatoriles, varied over a wide range (for instance, lh 25m on

3 July 1938, according to the data of one; pair of stations, h was 100 km, while aoc-

cording to the data of another pair, h wab 560 ¥m, At 0 50™ on 26 June 1933, h wad
190 and 550 km, respeotively). Such fluctuations of height must be considered an

dication that a linear current does not always well approximate the observed distri

bution of the field of a polar storm, ' ‘

Section 9, Current Systems_of IndiIi@ual\Stormg ’

As will be clear from the foregoing, the fundamental trend in geomagnetiem duru

ing the past two decades has been toward detection and explanation of the mean regu{
lar features of the perturbation rield, A relatively small number of papers have i
been devoted to a study of individual magnetic storms. In addition to the above- I
mentioned calculations of the polar current of individual disturbances, there are

also a few cases where the surface-current systems of individual storms have been ‘
considered, Thus, Yu,D, Kalinin (Bib1.21) in 1938 constructed isopotential lines ‘
the method of graphical integration for three successive instants of time for the

disturbance of 17 March 1933 for the northern part of Eurasia, Since the distribu-

tion of isopotential lines sllows the configuration of the lines of the surface sys-

|
tem of currents to be judged to some extent, the conclusion may be drawn from these

‘hébs of Kalinin that the current systems responsible for the disturbance of 17 March

‘1933 bear some résemblance to the mean systems of Dat and SD represented in the works

F-T8-8974/V . 45 '

Approved for Release: 2017/09/11 C06028201



I

el

e
s

N

-
K

S Ry et 51

NS TR
“‘“:‘-""YV"‘_.A;" " ‘_:KW‘H K rmmre

X

i D PT R P -
T 27 s i

o ot ok X 4 5 e et T e

TP — R

T ettt s st A b o et it AL iR 280

ApprovedforReIéase:201'7/09/11 C06028201

Ff Chapman (Figs.La and 4b). From each map, the part of the middle latitude eddies

%nd of the polar current of Sp may be found. Specifically for a solution of the ques-
Ition as to how much the electric currents, calculated for individual instants of time
resemble the currents of the regular parts of the storm fields, Vestine (Bibl.62)
constructed current systems for five magnetic storms, of 1) October 1932, 30 April
1933, 5 August 1933, and 15 October 1932. As starting material, the mean-hourly
values of the magnetic elements from observations of about 4O stations in the north-
ern hemisphere were used. 'fhe methods of constructing the current lines was approx-
imate, 1.e., the samc as that used by Chapman for the construction of Lhe Dgy and
SD—variations. The part due to the internal induced currents was eliminated from the
observed values of the elements by multiplying the observed values of Z and dividing
the observed values of 1, by 0.8, This factor was compiled by Vestine instead of the
factor 0.6 used earlier by Chapman, in connection with the papers cited in References
L1 and 46, whose results were mentioned in the preceding Section. The maps of the
current lines presented in the cited work show very plainly that, in all cases, it is
possible to detect two intense eddies characteristic for the Sp-variation, a densi-
fication of current lines in the polar zone, and parallel current lines in the low
latitudes, characteristic for Lhe Dst—variabions. The direction of the current corre-
sponded in all cases to what would have been expected from a consideration of the
average systems. Thus it may be considered that Vestine's experimental calculations
yielded an jnteresting result substantiating the investigations by Chapman, devoted
to the regular part of the rields of magnetic storms. It goes without saying that
for a more trustworthy solution of the question posed by Vestine as to the ratio of
the average to the individual current systems, it would be necessary to accunmlate

a large amount of material and to replace the mean values of the magnetic elements

by their instantaneous values.

Section 10. Ilrrepgular Part of the Storm Field

The question of the irregular part Di of the perturbation field is one of the
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most obscure questions in goomagnetism, The statistical investigation of the mag-
netic disturbance, or activity, is usually conducted by using marnetic characteris-
tics, i.e., by estimates of the degree of mapnetic disturbance. Usnally these char-
acteristics take account of both the regular part of the field, the irregular fluc-
tuations during storms, and Lhe small disturbances. Thus tle statistical regularities
of the irregular part are studied in rather great detail. Unfortunately, only a few
attempts have been made to correlate the study of the remlar and jrrepalr variations
and to explain them within the framework of a single hypothesis. The wall-known mon-
ograph by Chapman and Bartels, which considers in rather pgreat delail the questions

of magnetic disturbances, devotes a pape and a halfl to the irregular part, in which

it is stated that the high intensity of the field of Dj in the polar cap may possibly
be connected with local and rapid fluctnations in the ionization, which follow from
the variability of the form and brightness of the auroral disnlays. The explanation
of the irregular fluctuations in the temperate latitude differs according to what
systems of currents (ionnspheric or extra—ionOSpheric) were adopted to explain the
regular part of the variations. lere Chapman states that, so long as no authentic
theory of the regular parts of the disturbance has been constricted, scientists will
be unable to give explanations for the irrepular fluctuations.

A.P.likol'skiy (Bibl.26) has apain ralsed the question as Lo Lhe ratio of the
irregular fluctuations to the regular parts of the disturbance, in a series of vapers
devoted to the statistics of masnetic activity in polar observatories. Like M.MN.
Gnevyshev, whose papers were mentioned abhove, !'ikol'skiy is a prononent of Lhe theory
of the direct influence of Lhe field of charged narticles on the earth's mapnelic
field. Each pip or pulse on the magnetogram is in his opinjon, a direct resull of

the invasion of Lhe earth's atmosphere by a proup of particles. The regular parts of

the ficld of Dst—djsturbances, ab least in Lhe high latitudes, are the results of

formal averaging of individual and indevnendent pulses and do not corres>ond Lo any

real physical phenomenon. Since Lhe distribution of the frequency of posilive and

F-15-8974/V L7
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negative pulses during the course of a day obey definite regularities, the averaging
of the values of Lhe magnetic clements for a series of disturbances creates the im-

pression that a regular diurnal march of the perturbation vector of SD does actnally
exist. Since, in most cases, the pulses in the horizontal component are negative in

sign, this leads Lo the false conclusion that H decreases uniformly during the time

of a storm. The mean diurnal value of Hg for disturbed days, taken at selected quiet

intervals in these days, coincides willin an accuracy of 2-3 Y with the mean dinrnal
value Hq for quiet days. This result, obtained by l'ikol'skiy for a number of hiph-
latitude observalories, indicated the absence of & general regular devoression on
stormy days. Jithoul dwellinp here on a eriticism of Lhis fundamental pronosition by
liikol'skiy (we will retarn to it in the next Chanter) we may state that his work is
of great value cven if only because it has atlLracted attention to the study of Dj,
and has forced a reconsideration"de novo" of' Lhe question as to the ratio of Lhe reg-
ular to the irregular parts of the disturbance. Withoul a correct solution of this
problem, to which an undeservedly small amount of attention has been given, a proner
approach to the solution of a number of problems in tbe theory of magnetic disturb-

ances is impossible.

Secbion 11. Conclusions

On the basis of Lhe brief survey of recent papers on magnet ic disturbances,
given in the »receding Jections, the lollowing conclusions may he drawn:

1. [he morphology of Lhe field of disturbance has not vet been adequately been
studied. lore svecifically, there is no comnlete clarity with resrect Lo the classi-
ficalion of ma metic storms; the regular varialions in Lhe high latitudes have been
little investigated (not only is their form unknown, but even, as indicated by the
works of A.l.Nikol'skiy, there is not even conlidence in Lheir existence), etc.

2. 1n spite of the large number of navers devoted to the construction of elec-
tric currents, Lhis question is still far from a definitive solution. Charman's

current systems, which are the most trustwortby, arc based on insufficient material

F-15-8974 /V L8
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and have been constructed by an oxtremely approximate method, It would be desiraﬁie i
to use all the observational material available today and to use objective analytical
methods for continuing the investigations in this direction.

3, Too little material has been accumulated to judge the ratio of the regular
parts of the field of disturbances &c the irregular fluctuations, and to estimate the
correspondence between the average current systems and the currents of individual
stormns.

L. Thero arc also inadequate data with respect to the separation of the ob-
served field of disturbance into parts of external and internal origin. The separ-
ation of the Dgt field has shown that the ratio 1/E for the disturbed variations and
the quist variations (Sq and L) is not the same. A knowledge of the ratio I/E is
also important for a correct evaluation of the intensity and configuration of the
external currents and for evaluating the conductivity of the deep layers of the earth.

5, There is almost a complete lack of comparisons of the current systems con-=
structed on the basis of magnetic data with our modern ideas on the ionosnhere of the
disturbed day. The use of ionospheric data is necessary for any judgment as to the
reality of the currents calculated and for refining their parameters.

6. The construction of a system of currents corresponding, sufficiently well to
the observed geomagnetic variations, is a necessary basis [or working out physical
explanations of the nature of magnetic storms.

The extensive materials on the geomagnetic variations, accumulated up to now in
connection with the published summaries of the observations of a worldwide system
for the Second International Polar Year and with the data of Soviet observatories,
worked-up for a aumber of years, nave induced me to review certair obscure questions

in the morphology of magnetic storms and to carry out a new construction of the cur-

rent systems. The following Chanters of the present work are devoted to a discussion

of the results obtained.
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CHAPTER II

DIVISION OF THE FIELD OF NAGHETIC STORMS

Section 1. Classification of Storms. Polar Storms

Before proceeding to a discussion of the regularities obeyed by the field of

magnetic disturbances, the most acceptable classification of magnetic storms must be

selected. After the work done by Birkeland, Gnevyshev, Vestine, and other authors,

it is indisputable that mapgnetic storms, in all of their diversity, may be still sub-
divided into two main groups: polar storms and worldwide storms. The most correct
definition of a polar storm, in my oninion, is the definition given by Silshece and
Vestine, according to which an elementary polar storm is a disturbance lasting from
one to several hours, which in its form recalls a bay, of great amplitude in the
polar latitudes and very small amplitude in the temperate latitudes. Polar storms
(see I'ig.7 for examples) may be observed on both quiet and disturbed davs. It will
be seen from the diarram that, at high latitudes, the amnlitudes of a polar storm may
be very great, over 1000 Y but that, with increasing distance from the auroral zone,
the value of the amplitudes drons sharply. Fipure 8 gives the latitude-depend=nce

of the Il and Z components of a polar storm (according to MclMish). Fipure 8 shows
that the correspondence between the field of a polar storm and the field of the lin-
ear clectric current flowing in the auroral zone is excellent. The decrease of the
field in the temperate latitudes may be considered the result of the increasing dis-
tance from the sources of the field. Thus the polar storms, as we understand them,

have the same georaphical distribution as the worldwide storms in Gnevyshev's class-
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ification. As for Birkeland's definition of polar storms, as already remarked in

Chapter I, there is no necessity of dividing polar storms into positive and nepative

according Lo the sign of the horizontal componert of the pertnrbation field., Fieure

31 (cf.Chaster VI), which gives the distribution of thz vactors of tho field of a

b
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Fig.7 - Polar Storms. Universal time (a - 14 March 1946; b - 13 March 1946).

a) Tikhaya Bay; b) llatochkin Shar; ¢) Dickson Island; d) HMoscow

tyrical hay, shows very clearly that nositive and nepative polar slorms are obsarved
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simultaneously in the same latitude but in different longitudes. Polar storms are
short-lived phenomena; the values of the magnetic elements return relatively rapidly

to normal, and no prolonged aftereffect can be

“an®

i detected on the magnetograms., Nor is it possi-
ble to detect such a persistence by statistical
methods. At the Tikhaya Bay Observatory, the
mean values of H and Z were calculated for 38
quiet intervals following immediately after

Polar bay disturbances, and for entirely quiet

days during the same period of time. The small

difference obtained (2 Y in Hand -3Y in Z)

Fig.8 -~ H and Z Components of the
indicates the absence of any aftereffect. A

Field of a Polar Storm, According
consideration of individual cases of polar

to MclMisli ( == Observed Values;

storms (Figs.7 and 9) and of the typical picture

Linear Jurrent Calculated
(Fig.31) forces us to consider that the field

for th: lield)
of a polar storm also lacks the averiodic dis-
turbed variation (Dgp) in the sense given to it in the papers by Charman. Indeed,
the field of the Dgi-variations, by definition, depends only on the stormtime® and
does not depend either on the longitude nor on the local time, while the disturbance
vector of a polar storm differs at different longitudes of the same parallel of lat-
itude. On the other hand, thc disturbance vector of a Qolar storm depends explicit-
ly on the local time, and thus, retaining the Chapman notation, we might consider
that the two parts SD and Di were present in the field of a polar storm. However,

in view of the fact that the duration of a polar storm is much shorter than a day,

it would be meaningless to speak of its diurnal periodicity; it is more correct,

¥ The Lime reckoned from the beginning of a storm will everywhere henceforth be de-

noted byt ; for this rcason, we will denote the frequently aperiodic disturbed var-

iations by tho symbol Dgy (7).,
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- %without delimiting the regular and irregular parts of the stonn field, to consider tj‘
;&;Lthat the field of a.polar storm (which we{will denote by the symbol P) depends on i
iwi}the local time, i.e., P(t). Thé frequenc% of distribution of the positive and neg- ]

{ative P-storms is unequal dﬁriﬁg“tﬁé ébur%e of a"déin(cf.Tabié iB),‘éha the mean in-

b ]
| tensity of the disturbance is likewise unequal., It follows from this that, in cal-

!culating the mean diurnal vales of the elements for days with P-storms, we will have!l

la systematic decrease in H with respect to the quiet days and a systematic elevation

zin Z. This must be borne in mind in considering the distribution of D, = Hy - Hq.

N L

W!Thus, it seems to us that the accuracy of Nikol'skiy's conclusions that there are
[ ;
!

|
T
i
'
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oh 12h 4 0" rz" 2" oh 2% 2%
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d)

Fig.9 - Polar Storms of 1, 2 and } May 1933; Y-Component
Sveag. (Sveagruvan), & =74°, A =131°; Chester. (Chesterfield),
¢ =73%; A =32,°; M. o-va (Bear Islands), & =71°; A =124°;
R.S. (Rade Skou), & =56°, A =98°; Azhin. (Agincourt), & =55°,A =374°
a) 1 May; b) 4 May; c) 1 May; d) 2 May; e) Sveag.; ) Chester.;

g) Bear Island; h) Rude Skou; i) Agincourt

neither regular Dgi-variations nor stable aftereffects is greatest for the P-storms.

.Section 2. Worldwide Storms. Dg.-Variations
For worldwide storms (cf.Figs.l and 2), the most characteristic feature is the
distribution of the disturbance over all latitudes, although the high latitudes are

still the most disturbed. A second feature of worldwide storms is the existence of

F-TS-8974/V 53

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

(P wreen e o et

“iregular components of the field, the Dg- Iand SD—variatione. “There can hardly be 5'§_

_m,doubt as to the existence of D t-variations in the temperate latitudes. Indeed, if ;

¥ arens

we consider magnetograms of low-latitude observatories, where the irregular fluctu-

O
‘ations distort only slightly the smooth parts of the elements, even during disturb-

| ]
. ?ances, then, without any statistical trea’é,ment; whatever, we will in each storm dis-

e ;
2tinguish the positive and negative phasesiin the variations of the horizontal com- |
L2

lponent. The statistical computations described in Chapter I and the existence of a 2.
very stable aftereffect, are other convin;ing arguments for the existence of these
variations. The slovmess of the return of the magnetic elements to normal may be
judged from the noncyclic variations. The noncyclic variations, measured by the dif-
ference between the value of the element dt Zhh and at ol on one and the same day,
are always positive for I and negative for Z, on international quiet days. This is
evidence that even on the quietest days, which are free from irregular fluctuations,
a slow return is observed (increase of H and decrease of Z) to the normal values of
the elements, i.e., the action of the Dgy~current system is not interrupted.

However, the work by A.P.Nikol'skiy has made it necessary to answer the follow-
ing question: Do the Dgt-variations exist in high latitudes? If they do, what are
the values of Dg¢ in the auroral zone and on the polar cap? To answer this question
it is necessay to take account of the fact that, in the high latitudes, the irregu-
lar fluctuations are so great as to exceed, by many times, the possible value of the
regular part of the field. For this reason A.P.Uikol'skiy is justified in stating
that, if the irregular fluctuation obey any law (for instance, the predominent de-
crease of the H component), they will prevent elucidation of the true regularities
of the regular part of the field. In view of this fact, I decided, as A.P.Wikol'skiy
did, to evaluate the Dgy field by calculating the mean diurnal value of the elements
at intervals for the stormy days free from irregular fluctuations. This method of

estimating Dgy 1s somewhat arbitrary, since there are very few quiet intervals dur-

ing great magnetic storms, and their selection is not without subjectivity. In most
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cases, the quieb intervals can be detected aftor the extinction of the great irreg-
ular fluctuations of the main phase, during the period of the aftereffect. Dy this
method, I calculated the values of H = lﬂ and of Zq - Zg for the observatories of
Honolulu, San Juan, lloscow, Cheltenham, Tucson, Sitka, Bear Islands, and Tikhaya Bay,
whose magnetograms vere available. As an cxample, Fig.10 gives graphs of H -»IF and

- ﬁz for 1932/33 and 1947¥. Both parts of Fig.1l0a show, in agreement, that the

difference Hq - Hz, which reaches an order of 100 Y in the equatorial region, declines

monotonously with increasing latitudes, reaching practically zero at latitude 700.

llo increase of Hq - Hd in the auroral zone is detected, while the difference D,= “q
-Hy, after a certain decrcase at latitude 500, increases sharply at latitude 65-700%%
The values of Zq Zd are negative, and inahsolute value increase from small values
in the low latitudes to large values for the observatories at Sitka and Bear Islands.
In the low latitudes, we have ”q > Dn’ which may be explained most easily by the fact
that Hq Pﬁ was calculated for a few of the strongest storms, while Dm is the result
of averaging the international disturbed days, most of which coincided with moderate
and even small storms. The excess of Hq - Hg over Dm in the high latitudes 1is to be
explained, in all probability, by the fact that in these lalitudes, there is another
factor besides Dsb’ which likewise systematically lowers Il during the time of a dis-
turbance. This factor, in my opinion consists of the irregular fluctuations suner-—

imposed on the regular part of the rield of worldwide disturbance,

# The values of Hq - H% for Tikhaya Nay are taken from the paper by A.P.likol'skiy,
and since the data for the Second International Polar Year and 1947 were unavailable,
the data for 1934 and 1946 were used instead. Mring the entire 1l2-year period of
l93h—l9h6 for which HNikol'skiy gives data, however, the value of Hq - Hi is at all
times of the order of 2Y.

#% The graph of Lhe latitude dependence of Dm for 1933, 1936, and 1938, constructed

from data collected by me, is presented in Fig.32 (Chapter VII).
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A consideration of magnetograms with polar storms on quiet days, magnetograms

of moderately disturbed days, and of great magnetic storms will convince the investi-

“) gator that the polar storms of a quiet day
c) 1932 ¢
°

and the great irregular fluctuations dur-
ing a worldwide storm are one and the same

rhenomenon; during a worldwide storm, a

large number of polar storms of various

amplitude and forms follow each other or

are surerimposed on each other, and, being

accompanied by other forms of disturbaﬁces,

£) give tle impression of complex random
L ]

fluctuations. This proposition has served

oo i -
120%-H& : .
60 100 #Hy  .s the basis for the conclusion drawn by

Nikol'skiy that a magnetic storm is the
sum of individual pulsations piled one on
the other, a conclusion which in my ovin-
ion is erroneous. It is correct to assert
that, during worldwide storms, a multi-
tude of polar storms is always superim-

posed on the regular parts of the disturb-

0 w001y . _
ance. A worldwide storm without polar

Fig.10 - Latitude Denendence: a) of

d

storms is impossible; they are an insep-
H - H; and b) of Z_ - Z
q q q q

; c) Tikhaya
arable part of it. But the worldwide
Bay; d) Sitka; e) Thule; f) Honolulu;
storm is not a result of the simple sum-
g) Bear Islands; h) Cheltenham

mation of the fields of the individual
pulsations of polar storms. It has a fundamentally new property, the regular parts

of the Dsb and SD field, which do not belong to the individual vnolar storms. This

jdea of the classification of storms into polar and worldwide, and of their inter-
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irelation, may well solve the contradictions between individual inﬁeatigators on {ﬁeu-

:questions of the morphology and classificapion of magnetic storms. For instance,

" Nikol'skiy's conclusion that the regular 1Lwering of H is absent during storms, due
.to the presencé of Dgt-currents, can apparently be explained as follows: In calcu-

. lating the mean values of H Q° Nikol!skiy uaed the tabular material on the hourly am= f

| iplitudes of ry and the mean hourly values of the H component. He selected the values
of H in those quiet hours (at small valuee} of rH), which immediately followed strong-
1y disturbed hours (at large values of rH). In most cases, such sequences of a dis-%
turbed hour followed by a quiet hour take place on days of polar storms since:in theé
days of worldwide storms, the number of quiet intervals in general is very small, It .
is therefore natural enough that the statistical treatment should have discloaed a
regularity inherent in the P-storms but not in the M—storms* i.e,, an absence of any
decrease in H, In the gelection of quiet intervals for the calculation of Hg for
Sitka, Bear Islands, and elsewhere, we used magnetograms of worldwide storms and, as
shown by Fig.10, we obtained values of Hq - Hd different from zero.

Chapman, as already stated, used the values of D to construct the polar part of
the Dst-currents. In the high latitude, however, the value of the horizontal compon-—
ent of the field of P-gtorms, superimposed on the regular parts of the field of a
worldwide storm, is considerably greater than this same component of the Dg part.

It is, therefore, only natural that the calculation of D by simply taking the aver-
age should reveal the properties of P-storms, i.e., the sharp increase of Hq - Hg in
the polar zone.

We may also attempt to explain, from this point of view, M.N.Gnevyshev's views
on the latitudinal distribution of the vector of disturbance. From Fig.l and Table 1l
of the Gnevyshev paper (Bib1.13) it would appear that, by the vector of disturbance

A F, he means the deviation from the normal values at the instant of some distinct

maximun (for example, 2000Y at the Matochkin Shar Observatory), due to a great

¥ Wle will designate worldwide storms in this way to save space.
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';P:éﬁorﬁ; considerably exceeding the bst-paft of the worldwide storm in véiqé} It'iamﬁ

4
1

'-hnnderstandable from this that the,relationgbetween AF and the distance from the i

P l
. auroral zone, which is depicted in Fig.4 of the paper cited, characterizes the geo-

graphic distribution of the field of a P-s%orm rather than that of an M-storm, This |

i
and analogous graphs served as grounds foriGnevyahev to dispute the current systems |
i

i o
of the regular parts of the storm (the equétorial ring or the ionospheric systems of i
. | |
surface currents). |

As for the storms in which the vector of disturbance increases toward the pole ‘
("polar" storms, according to Gnevyshev's terminology), 1 am unfortunately unable to ;‘
confirm or refute the existence of such storms, in view of the lack of empirical ma-
terial that would be necessary for this. 1t goes without saying that the discovery

of such storms, if indeed they exist, would be of great interest for the morphology
and theory of magnetic disturbances,

The examples given above show very plainly the extent to which the ideas of an

investigator about the morphology of a disturbance determine his theoretical views on

the physical explanation of the phenomenon.

Section 3. §D-Variations

Let us now discuss another regular part of the disturbed field, the Sp-varia-
tions, whose existence was doubted by Nikol'skiy. To study Sy I used the same method
applied to Dgt, namely, calculation of the variations for quiet intervals of disturbed
days. Here I obtained about the same results for middle-latitude and high-latitude
observatories as in calculating SD by conventional methods, i.e., Sp = Sd - Sq. The
diurnal marches for the Sitka observatory presented in Fig.ll show that there is a
éreat resemblance between S - Sq and Sg - Sq’ except that the amplitudes of Sy - Sq
are greater than the amplitudes of Sg - Sq' The calculation of Sy - Sq for the low-
latitude station of Honolulu did not yield the expected results. In the low lati-
tudes, the Dgi-variations are so great that statistical treatment of a very large

amount of material would be necessary in order to eliminate them, in spite of the
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fact that the number of quiet intervals on stormy days there is very great. The
quantity Sg - Sd was not calculated for the polar observatories, due to the lack of
the necessary number of magnetograms; however, a simple examination of the individuail
disturbed days is enough to show, as could hardly have been expected, that the ampli-
tude of the Sg - Sq-variations will decrease north of 60°, On the other hand, it
would appear that these variations will behave in the high latitudes in the same way
as Sp, i.e., their intensity will sharply increase in the auroral zone. Figure 11

allowed me to conclude that the second regular part of the field of worldwide storms,

the disturbed diurnal variations, likewise has an existence quite as real as that of

Fig.1ll - SD Variations of the Z-Component for Sitka Observatory

(Local Time)

sd . Sgr = = = 5q = Sgs esees P(E)

q d q’

the Dg¢-variations, being found in all cases where the field is free from polar dis-

turbances.

A second argument in favor of the existence of regular Sp-variations, evidently
connected with the formation of a stable current system during worldwide storms, 1is
the repetition of the active periods of a storm on successive days, which is well
known to magnetologists., This repetition is manifected not only in the fact that the
disturbance increases at one and the same hour of the day, but also in the fact that
the main features and form of the fluctuations are sometimes repeated for several
days in succession. This phenomenon is easily explained under the assumption of a

current system encompassing the entire earth and fixed, if viewed from the sun. 'The:
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system exists for several days, at first developing and then weakening, repeating
the fluctuations at the very same hours of each day. The SD-current are apparently
weaker in the low latitudes and considerably more intense in the high ones,

Returning to Fig.ll, we may say that the Sp-variations of worldwide storms are
very similar to the time-dependence of the field of polar storms. ror comparison, we
present in Fig.ll the diurnal variations of the Z component of the field of a typical
polar storm (taken from the vector chart of Fig.3l) for the latitude ¢ = 60°, 1t will
be found that both curves, while differing somewhat in amplitude, have the same shape

and the same times of the extremes. Thus the currents of the SD-variations of world-

wide storms and the currents of the P-storms, when superimposed, intensify each other

without distorting each other.

Section 4. Division of the Field of Magnetic Storms

1t follows from the above that the field of a worldwide magnetic storm may, in

ny opinion, be separated into four component parts:
M=D, ()4 Spu O+PE)+D,.

The value of the different parts in high and low latitudes is not the same. The
part P(t) has a great weight (greater than the first terms) in the high latitudes,
while in the moderate and low latitude it is so small that here, without great error,
we may adopt the Chapman three-term equation.

D,+S,+ D,

and calculate the regular parts of Dgy and S with conventional methods, by appropri-
ately averaging the available data for the mean hourly values of the magnetic ele-
ments. The value of Dy can serve as a good estimate of the order of Dgt in these lat-
itudes; the Sp-variations can be calculated as the difference Sy - Sq. Approaching
the auroral zone, all the weight of the terms P(t), Sy (t), and Dy increases so much
that it becomes difficult to separate the part of Dy by simple averaging, the more so
since the value of Dgy in the H component decreases; although it does increase in the

Z component it still remains, in all probability, of the same order as in the temper-
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| ate latitudesi#, As will be seen later (cf .Chapter III), an attempt to calculate the

1

‘ Dst of a polar observatory by the ordinary method is unsuccessful, The value of

|

Dy = Hq - Hq in the polar latitude ceases: to characterize the value of Dyt the pre—

. dominance of negative polar storms has a ;trong jnfluence on it. The Sd-variations:

. :‘ 'i in the polar latitudes, as in the low latitudes, may be taken as to Sq - Sq, bearing;

in mind the fact that in this way we are estimating both the regular part of the |
worldwide storm and the part due to the superimposition of the polar disturbances.

The properties and features of the polar storms are more easily studied by con-
sidering the isolated polar storms encountered on days free of worldwide storms, as '
has been done repeatedly by a number of authors. ‘

The proposed division of the field of magnetic storms can be justified not only
from the morphological point of view, but from the genetic as well. The Dgy~-varia-
tions can be considered as the field of the equatorial current ring, the Sp-varia-
tions as the field of the jonospheric currents encompassing the entire earth, and
the P-storms as the result of the invasion of the ionosphere in high latitudes by

. corpuscles. For a worldwide storm, the presence of all three phenomena is charact-
eristic: the formation of a ring current, the formation of ionospheric currents,
and the deflection of the corpuscles toward the high latitudes. Penetration of the
corpuscles in the high latitudes always accompanies the formation of great iono-
spheric and extra-ionospheric current systems, pbut such penetration can also take

place without the formation of such systems. In such cases, only polar storms will

be observed.

¥ If we assume that the Dst—variations are really caused by the equatorial current
ring, whose field close to the earth's surface is almost uniform, then the value

of 2 at the pole should be about equal to'H at the equator. While the graph of

. Zq - Zg (cf.Fig.lOb) does not confirm this hypothesis, it still does not, in any

case, contradict it.
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The above point of view on the classification and division of the field of maé? e

i netic storms was used by us as a foundation for the workup and analysis of the mat-
;erial on magnetic disturbances. The D t-sand SD-variatione were isolated by statis-
tical methods from the data on worldwide atorms, and the three independent systems
\of electric currents, those of the Dgy-— apd Sp-variations, and those of the P-storms,

were calculated. The electric currents of several individual polar and worldwide

storms were also studied, and their connection with the mean systems was shown.
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CHAPTER 11I

THE Dst-VARIATIONS

Section 1, The Starting Materials

To assure uniformity of the starting material, the observations at all observa- "~

tories were taken for one and the same interval of time, namely for 1931-1933.

There were two reasons for selecting these years: first, the largest number of data

have been published for 1931-1933; second, these years are years of minimum solar
activity. 1n years of high activity, the superimposition of one storm on another

makes it difficult to separate the storms and complicates any statistical investi-

gations,

For 1931-1933, I succeeded in collecting data of the hourly values of the mag-
netic elements for 66 observatories, whose names and coordinates are given in
Table 1. The Table shows that there are a sufficient number of stations located at

various latitudes in the eastern hemisphere. The number of stations in the western

hemisphere is definitely inadequate.
For 1931-1933 1 selected 65 moderate and violent storms with amplitudes at

Slutsk ranging from 180 to 450 Y . It would have been desirable to determine the

time of the beginning of the storm separately for each observatory. However, the
lack of magnetograms from all observatories, that would be necessary for this,
forced me to assume that the storms begin simultaneously over the entire earth, and

to take the incipient moment according to the data of the Slutsk Ubservatory. A

comparison of the beginnings of the storms for several observatories showed that the
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Table 1

Observatory A

g

Thule (Tu.)

Godhavn (God.)
Scoresby Sound (S Z.)
ngmassalik )

Sveagruvan (Sv
Chesterfield (Ch ;
Tikhaya Bay (B.T.) Calm Bay
Bear Islands (M.O.)
Julianenhaab (Yul.)
Fort Rae (F.R.)

Point Barrow (P.B.)
Tromso (Tr.)
Chelyuskin (Chel.)
Petsamo (Pet,)
Matochkin Shar (M. SU.)
College, Fairbanks (K.F.
Sodanﬁyln (Sod. )
Dickson Island (l)xk )
Lerwick (Ler.)
Kandalaksha (Kan,)
Dombas (Dom)

Minuk (Min.)

Uellen (Uel.)

Sitka (Si.)
Fiskdalemuir (Fsk.)
Love (lov.)

Slutsk (Sl.)

Rude Skou él\.S.)
Agincourt (Azh.)
l\bmger (Ab. g

de Bil (D.B.

Srednikan (Sred.)
Moscow (Mos. )

Paris - Val Joyeux (V.Zh.)
Yakutsk (Yak.)

Svider (Sv.)
Cheltenham (Chelt.)
Kazan' (Kaz.)
Sverdlovsk (Sver.)

Zuy (Irkutsk) (Ir.)
San Fernando (S.Fer.)
Tucson (Tuk.)

South bukhnlm (Toyohara) (Toy.)
Thilisi (Th.)

Mayrun (Mi.)

Tashkent (Tash.)

San Juan (S.Zh.)
Teoloyucan (Teo )
Helwan (Khel.)

Kakioka (Kak.)
Honoluly (Gon )

llio g Kong (G K.)

ong Kon

llﬁug (ﬁumbny) (Bom. )
Manilo (Antipolo) (An,)
Huancayo (Khuan.)
Elizubethville (Yel. )
Apia (Ap.)

Butavia (HnL )

Pilar (P11.)

Mauritius (Mav.)

Cupe Town (K.T.)
Watheroo (Uot.)
Toolang glul )
Amberley (Amb.)

South Orkney Islands (Ork.)
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T e et i e W A b e o B

“ié}ror'iﬁ;;iQQdmiﬁuigiéaassdmption is noéﬂgféater ﬁﬁéﬁnki'z hours, qincé in'the—hajpf"

‘.wjity of cases.the storms_begin.simultaneously. with.an.accuracy of 1. hour....The.calcu-!

Awglation of Dyt was performed by the method |proposed in his day by Moos. The hourly

- - e i e e P A Wy B PUESETrTL v e s cmmaiweT

-4 values bf‘tﬁ;_;agnetidmei;;;nts we;B‘;ﬁ£§}éd }or each storm on'é Bepé;;£éhi£ﬁé, and

-{ the resultant Table was averaged by columns corresponding to the hours of the time,

4 reckoned from the beginning of the storm.| This averaging eliminates the irregular

~ fluctuations and the systematic SD-variat%ons, provided only that the beginnings of

. the storms are distributed with sufficiené regularity among the hours of the.day.

~.‘;The distribution of the 65 storms selected by me revealed a marked predominance of

X

storms beginning in the morning hours. Ié view of this fact, I excluded 11 storms

N

. beginning a L-7h Universal Time from thos% selected by me. The final list of the

)

‘{-;?Sh storms, used as the basis for the calculations, is given in Table 2,

K The Dg¢-variations of the three elements were calculated for 34 hours: from the
Aﬁh hour before the onset of the storm to the 30th hour after the onset. The calcu-
lation of the Dgy of the declination, or éf the Y-component, showed that neither in

. the high nor in the low latitudes was it p;ossible to discern any regularity in the
variations of these elements during the course of the storm, Since the previous 1lit-
erature also contained references to the absence of distinct Dgy-variations of the
declination, the data on the accumulation were not included in the consideration,
and 1 assumed that the horizontal component of the field strength of Dgy lies rough-
1y (at least in the low and middle latitudes) in the plane of the magnetic meridian,

The‘Dst-variations of the H and Z components for the individual observatories
are shown in Figs,12 and 13. The time indicated on the diagram is the time reckoned
from the onset of the storm; the observatories are located in the order of decreas-
ing geographic latitudes. Our attention is struck by the mobility and irregularity
of many curves, which is particularly marked on comparison of Figs. 12 and 13 with

. the well-known Dg¢ graphs of Chapman (Bibl,40). An explanation of the presence of

random fluctuations on the graphs of Figs.l2 and 13 might in all probability be
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' Table 2

S e

List of Moderabe and Great Magnetic Storms for 1931-1934

]
. . No. AU R No, . - No, _|....._. .
Date Onset| of Date | Onset | of Date Onset | of Date
Storm §torm Storm

1931 r 43 5/VIII
16/I | 3 h 3/11 29 15/X Ll
2L/1I1 | © 3/111 30 20/X L5
1/vI |11 10/111] 31 15/X1 L6
20/VIII 1 28/111 532 14/x11
30/1X |18 I/1v '
2/x |5 13/1V
2/Xx | 9 22/ 1933 L
5/X1 23/1v 19/1
8/X1 25/1V | 19/11
26/X1 27/IV 20/11
2/X11 2/V 21/11
INA ‘ 19/111
29/V 22/111
1932 r 26/VII1 24/111
5/1X 17/1IV
25/1 12/v1

13 27/1 23/V11

O B T o0 WM oW oA

E B

explained by the insufficient experimental material and the absence of any smoothing
.process, A consideration of Dgy at the polar observatories ( ® > 659) shows that

the averaging of the data for 54 storms eliminated neither the irregular part of the
field nor the Sp-variations. The influence of the Sp-variations is manifested in '

the marked diurnal periodicity of the curves presented, which is particularly strong'
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for the observatories at Dickson Island, Matochkin Shar, Tromso, Petsamo, and Sodan-

the curves presented confirm the assertion made in the preceding Chap-

kyla. Thus,

ter to the effect that the Dst—variations in the polar regions cannot be calculated
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Fig.1l2 - Dst-Variations (Polar Ob- Fig.13 - Dst_Variations (Middle-Lati-

servatories) * tude Observatories)

For meaning.of abbreviations in diagram, see Table 1.

# Translator'!s notet
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by the Moos-Chapman method. In the polar regions, the irregular fluctuations(Dy),
the Polar storms (P), and the Sp-variations are so great that a simple averaging of
the material does not eliminate them. In view of this fact it appeared to be inad-
visable to use the date of the polar observatories given in Fig.1l2 in ca}culating
the potential function of the Dgy field, characterizing the course of the disturb-
ance over the entire earth.

A consideration of the Det—variations of the H and Z components of the middle-

latitude observatories (¢ < 62°) allows us to draw the following conclusions:

(RN U RN SR Y S 2T 1. The principal feature of Dgt is
the lowering of the H component which is
well perceptible at all latitudes, and is
less in value than the increase in the Z
component..

2, The Dst-variations of the H compon-'
ent are so similar in the northern and
southern hemispheres, both in form and in
sign, that it may be assumed that the dis-
tribution of H is symmetric with respect

Fig.1l4 - The Dgt-Variations
to the geomagnetic equator. The distribu-

(After Vestine)
tion of the Z component, on the other hand,

asymmetric with respect to the equator.

3. The Dst-variations of observatories lying at the same geomagnetic latitudes,

on the whole, resemble one another. Thus, it may be assumed that, in first approx-
imation, the Dgt field depends on two arguments: the geomagnetic latitude ® and v
_the time elapsed from t he beginning of the storm.

L. A more detailed consideration of Fig.1l3 shows that the Dst-variations of the
observatories of the western hemisphere differ from those of the eastern hemisphere.

A difference is also noted between the observatories of the same hemisphere (for
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It followa from the examploa
given ‘that.the. field of.D st 1ikewiae cont ins. longitudinal terma-uhich,“at“onamtima, "
' | wers found in the S -variations (Bib1.9) u

N e S e P i

- The rirat phaae or ‘the. storm (inorea es of the H component), noted by many in-
veatigatora, was found to be vague on ma! curves of Fig.13, The possibility is not
| excluded that the absence of ‘the first phase is connected with a certain inaccuracy
in the dptermination of the time of onset|of the storm, which might occur in cases
| when the storms begin gradually. To verify this assumption, I considered the data
on the storms with sudden onsets (8g). The'Dat-variationa obtained by averaging
13 5, storms during the same interval of time, are given in Fig.lk, constructed from

materials furnished by Vestine (Bibl.62).| Each curve of Fig.l4 represents the mean

| for several observatories located at the corresponding latitude. A comparison of
o
\Figa.lB and 14 shows the great regularity in the distribution of the curves of Fig.l

-Iand the presence of a distinot initial phﬂse in them, The remaining conclusions enus
9

L ' merated by us with respect to the form a distribution of the Dgp-variations are

@ . %fully confirmed by Fig.lh. |
[ 1

3 iSection 2, Spherical Analysis of the D,fiVariations

"o In all possible types of calculation 'of a theoretical nature it is more conven-

' ient to operate not with the observed elements of the magnetic field H, D, 2, but

! with rectangular components. The geomagnétic components of the field of variations,
)

x Y!, Z' are connected with the variatiqna of D, H, 2 by the following relationss |

 Heos(Dy— ) — HysiaQy— 9sin VD', W
— Hsin (D, — §) + Hycos (Dy — §) sin 1D, :
Z'=2 (2)

where D, and Hy are the mean annual valueg of these elements, énd y 1is the angle
between the geographical meridian of a giyen place. ‘

In our case (absence of substantial and regular fluctuations in D), the'uecondf
. terms of egs.(l) and (2) were rejected and it was shown that the variations of Y'
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i ;‘.fl are umall in oompariaon with X' ' Thua thé

o

wera reduced to 8 oalculation of X' by t tha formula X' - H coa (90 -\K), the varia-”%“

SR-AShvy

“l tions of X! 80 obtained proving to be very aimilar to those of ‘the H component.

P e

-

Fig.lS - Latitudinal Distribution of Hland 2 Components of the D,¢-Variations
x = Northern hemisphere; o = Southeln hemisphere; not taken into account

in calculating the mean.

Figure 15 gives graphs of the dependence of X' and 7 on ® for a few stormtimes
The data of the southern and northern hemispheres are presented together, allowing

 for the symmetry of the H component and the asymmetry of the 7 component., The Dgi-=

variations of the individual observatoried (Fig.13) were first averaged by groups in

accordance with the value of ¢ , and the Aean data were then entered in Fig.15. The

|
dispersion of the points on both graphs isd relatively low, and, in particular, there

_is absolutely no detectable systematic difference between the data of the northern
i
. 1and southern hemispheres, |

' Since we abandoned the use of the D t-variations calculated from the observa-

‘tions for the polar observatories, the curvea of X' and Z were extr&polated to the

:high latitudes, and, in accordance with tHe considerations made in Chapter 11, it
'was assumed that, at the pole, X' = O and§Z ¥ X' equiv. The comparatively simple

form of the dependence of X' and Z on ¢ allowed us to use the method of spherical
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analysis for the analytic representation of the field.
Neglecting the longitude-dependence of Dst’ the potential of the field may be

represented, for a fixed instant of time 1, by a series of Legendre polynomials:
' r\n .
V- RE| L) e, (2] [ Pateosor 3)

where, as usual, the terms E, are responsible for that part of the field due to
sources external to the earth's surface, while the terms I, are responsible for the
internal part of the field.

On the earth's surface, r = R, and

V=R ZgnP,ll (cos b), (4)

gn=En+In' (5)
Hence it follows that the rectangular components of the field in geomagnetic

coordinates, for r = R, will be as follows:

2‘ dP (cos 0) (6)

-6
n
7 =9V _
_5—_..2 . (cos 8),
n

(7)

Jo=nE, —(n+41)1 . (8)

The identity Y = O completely ;orresponds to the absence of systematic Dgi-
variations noted by us in the D and Y elements. The calculation of the potential of
the Dgt field was performed independently for 56 moderate storms (analysis I) and for
13 storms with sudden onset (analysis II). The method of calculation in both cases
was one aﬁd the same, To find the coefficients of g, on the basis of the graphs of
the dependence X' (¢ ) (the heavy curve in Fig.15), I calculated the curves F (0 ) =

FX! sin g which, in turn, were represented by Fourier series in 8
\ F(e)=;p; sin 46, (9)
On the basis of the coefficients By , I used the Schuster-Schmidt formulas

:(Bibl.é, 9) for calculating the constants g, whose values are given in Tables 3
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and L. The constants j, (also see Tables 3 and 4) were found by the Schuster form-

ula by direct expansion of 7 into a Fourier series in 6

Z=§B: sin kU. (10)

Table 3

Analysis 1

gl 3 g} 3] 3

24.93 -1.23 3.19 6.70 -5.,11 0.23
12 21.71+ -3056 0079 1.36 "6.21 1.79
20 23.11& "0061 -0.114 0081& "l&oés 2.38

. 28 27.80 "'3.16 0.16 60‘6\[4 "l&ol-lg 0.63

The coefficients of the expansion of the potential into series of spherical
harmonics were repeatedly calculated by the Schuster method (Bibl.6, 9, 15), but
nevertheless the application of this method requires certain explanations. The
Schuster method is based on the replacement in the expression

NN e pm —
s 2‘ (g™ cos m\ -~ hm sinmh) =

n m

9
=2‘cosm)\2 gmP® +- sin mh 2 h,';'P;,"]
m n=m

n=m

of the series

k™ (8) = 2 grPY n I (§) = 2 ASFm

by the series
km(8) = a _cossf; I™(0)= a_cos sb

$

k= (8) =Y B, sinsh; i(8)= > b,sinst

3
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and on the calculation of g and h in terms of @4, ag or Bg, bge Form= 2t,
Schuster recommends using eq.(13), and for m = 2t + 1, eq.(12). In these cases, the
equations connecting g, h, ¢, @ or @3, b, are rather simple and convenient for cal-

culation.

Table 4

Analysis Il

el g2 g - 33 %

lh -33.3 -0.54 1.15 -6.19 -
10 L.l -2,05 -0.63 -15.5 -6.6
20 81.8 -0.90 -1.55 -35.80 6.6
30 69.3 -0,66 -1.32 -12.84 -0.7

L0 47.8 =0.54 -2,01 10.7 -11.41 2.46

60 32,8 -1,63 -1.24 9.36 - 9,92 1.10

llowever, the representation of the function kM(0 ) (m being odd) known in the
interval from O to 1, by the series § B g sin s0 imposes on it the conditions of
asymmetry with respect to 6 =mn and of its vanishing at the points 0 = 0and O = T,
If the empirical function being studied satisfies these conditions, then the appli-
cation of the Schuster method is theoretically irreproachable, and in practice
assures high accuracy in the computation of the coefficients g, h., 1f, however,
(6 ) differs substantially from O at the poles, then the use of the Schuster method
distorts the distribution of the function in the polar caps and may introduce sub-
stantial errors. It follows that an application of this method to the calculation
of the coefficients of an expansion in spherical harmonics of the Z component of the
earth!'s permanent magnetic field, of the Dgy field, or of the noncyclic variations
(i.e., of functions in the representation of which the terms Pp, P3, etc., play the
principal role) is not completely successful, and, in any case, should be accompanied

by an estimate of the error to be expected. Accordingly, the calculation of the co-
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efficients J, in eq.(7) for one instant of time (T = 12 hours) were calculated both

by the Schuster method and the method of least squares. The good agreement between

the results of the two methods (discrepancy of the order of 1%) and also 8 comparisor

of the initial curves of 2(p) with those calculated by eq.(7) (cf.Table 5) showed
that we could calculate J, by the Schuster method without great danger. Table 5
shows that the deviation of the calculated curve of 7(0) from the empirical curve is
significant only in the polar regions, where, all the same, Ve do not know the true
distribution of the field.

1t follows from the symnetry of X! and the asymmetry of 2 with respect to the
equator (8 =1 /2) that, in the expression for the potential, eq.(4) must contain
only odd polynomials.

The nunerical values of the constants g and j in analyses 1 and II (Tables 3, L)
differ somewhat but are still in good agreement. in both cases, the first harmonic
has the greatest weight, having a coefficient gy of the order of 20-30 Y in the first
case and 50-80 Yy in the second. The larger values of the coefficients in analysis 11
may possibly explained by the fact tLhat almost all the storms making up the 13 5.~
storms selected were great storus, while most of the gtorms among the 54 storms of
analysis 1 belong to the calegory of moderate stormns. The coefficients g calculated
for Dy by McNish and for Dgp DY Chapman and Whitehead (Bibl.40), lie within these
game limits (30-50 y). The sign of gy is everywhere positive, except for the first
hour in analysis 1I, corresponding to the first phase of a magnetic stomm. he sign
of the coefficient of the third hanmonic gs is negative, while the values of gg in-
clude both positive and negative quantities. Ul the coefficients representing the
expansion of 4, the greatest is j3, characterizing the stable negative values.

1t will be seen from a comparison of the coefficients g and j at different in-
stants of time that the storm reaches its maximun development at the end of the
first day or the beginning of the second., The calculation by eqs. (5) and(8) of the

coefficients ol the internal and external fields of L and 1 separately gave the re-
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sults shown in Table 6. 1In all cases, except for one, the absolute value of the ex-

ternal field is greater than that of the internal field.

Table 5

Dgy-Variations of the Z Components, in

T=4h 1= 20 h

Ubserved Calculated Ubserved Calculated

-2

50 ' -3

30 7

10 3

The ratio I/E (lable 7) is very stable for the first harmonic (mean value 0,402
* 0.07 and 0.39 t (,10). vithin wide limits, Lhe ratio fluctuates for the third

hammonic (- 0.17 * 0,12 and - 0.61 + 0.18) and is not very regular for the fifth

Table 6

60
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harmonic, The value of 15/E5 for T = 20 hours in absolute magnitude is > 1 and dif-
fers in sign from the corresponding ratio for other instants of time. T[his increase
of the scatter of 1/E for P3, and especially for P5, finds its natural explanation
in the fact that the absolute magnitude of these harmonics is considerably smaller,
and consequently, Lhe relative errors are larger, than with the first harmonic.

The systematic change of sign of the ratio is a point of interest

II . ,'.l . ,!5__
I >0 K, <0; E, >0,

and the very good agreement of Lhe results obtained in analyses I and II will be
noted. Table 7 also gives other data known in the literature on the separation of
the perturbation field into an external and an internal part, which are likewise in
good agreement with our results. The mean values of 0.39 and 0.40 obtained by us
for gy, Dy agree exactly with Lhe radio calculated by hcNish for Dy 1If, further-
more, we bear in amind Lhat Jl/El for by, (according Lo the data by Chapman and white-
lhead) varies within the range of 0.36-0.42 and, for the noncyclic variations, is
equal to 0.30 (heNish) or 0.28 (Dolpinov), then it may be considered as proved that
the external part of the first hammonic is equal, on the average, to 0.30-0.40 of
the value of the external part. lhe nepative value of 13/E3 is confirmed by the
data of McMish for Dy» and in part by the data of Chapnan and Jhitehead for Dgi»

I'he numerical values of 1/E will be discussed in greater detail bLelow, in Chapter X,

devoted to the discussion of Lhe inductive origin of the internal part of the fields

of variations.

Section 3., lonospheric System of Currents of the Qst-VariaLions

It was stated above (Chapter I1) that two versions ol the explanat.ion for the
external part of the Dg-variations were proposed: one based on an ionospheric sys-
tem of currents, the other on an extra-ionospheric ring current. .e used tLhe data

of our analysis to calculate both these proposed current systems,

Assume Lhat the magnetic [ield whose notential on the earth's surface is repre-

F=13-8974/V

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

eries of spherical functions

V—.—..—-RZ1 ﬂ(g:‘cosmk—l—hx sin m\) P7,
n [

' sented by the s

ing a radius of a(a > R). Then

is caused by a current layer located on a, sphere hav

Table 7

D.st.
Anatysis |

Dst .
Anatysis 1

Mean e e e e

Dy acc.to Chapman
and Whitehead

Dm acc.to McNish .

nth acc.to Dolginoy .
nch 1923

acc.to Mc Nish 1926
Note. nch a Nom eyelic vu{aﬁ%s

the distribution of the current function in the layer can be calculated by the

Bidlingmayer fornnula

m A

10 O 2n41 (a)t . A
103 3 2 (1 (g cosmh A7 s P
n m

In our case
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Since the most probable }egion of concentration of the currents responsible for

the magnetic disturbances is the Fo layer of the ionosphere, we assumed h = 300 km

and calculated, from the coefficients En of analysis I, the current density for t

equal to 4, 12, 20, 28 hours.

As an example, Fig.l6 represents the current systems for T equal to 12 and 28

hours. Since the potential of the Dst field is represented only by zonal harmonics,

28"

- e - . ) - ———

R L. R -

------ N

T T

- [EYH ——— -
130000 T '_ hay

-

‘\\\\\~__:”///’

Fig.1l6 -~ Electric Currents of the Dst—Variations; a Current of 20,000 amp
Flows Between Two Adjacent Lines

Positive values of current function; - - - Negative values

it is natural that the lines of current shown in the diagram should be parallel
circles. 3ince only.the odd polynomials (Pl, P3, P5) entered the expression for the
potential, it follows that the configuration and intensity of the currents in the
northern and southern hemispheres are identical, but that the sign of the current
function is different. In the northern hemisphere, V > O and I < O ( the lineslof
current are given by broken lines) while in the southern hemisphere V < O and I >0
(solid current lines). The Chapman current system (Fiz.ha) does not allow for the
change in sign of the current function on crossing the equator, in view of which

fact, the current systems in Figs.4a and Fig.16 differ in their outward
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forms#,

'Phe lines of currents in Fig.16 are so drawn that a current of 20,000 amp flows -.
between two adjacent lines. The intensity of the currents in the two systems is

about the same., The total value of the current flowing from east Lo west between

the pole and the equator is equal to 180,000 (for the system constructed by us). The

oI
current density p =-§—-= 0.0002 amp/cm. The direction of the current in Fig.l6 is

s

determined according to the rule that current flows around lmin clockwise and around

Thax counterclockwise. Thus in both hemispheres the current [lows westerly during

the main phase of a storn.

A comparison of the current systems (Fips.he and 16) will show the increased

density of the current lines in the polar regions in the Chapman current system, cor-

responding to the intensification postulated by him for the Dgy field in the high

latitudes. This densification of the current lines is absent from the systems con-

structed by us. Conversely, a certain densification of the lines in the equatorial

regions can be noted, which expresses the well-known fact that the amplitude of Dgy

increases in the low latitudes. The current density varies from P = 0.000L amp/cm

at latitudes ¢ from 50 to 60°, to p = 0.0003 amp/cm near the equator. A comparison

of the current calculated for 12 and 28 hours shows that during a stomm the config-

uration of the current system hardly changes and that only its intensity varies.

Only in the prolongation of the first phase of the storm (T = 1 hour in analysis 1I)

is the direction of the currents opposite ([from west Lo-ast). Che systems of Dgy

curves in Fig.l6 correspond to a mean decrease of li in the temperate lalitudes, by

LO-50 Y. During certain storms, this decrease reaches 1000 Y, so Lhat Lhe intensity

of the currents equivalent to these storms should increase o 3-h x 106 amp, and the-

density of the current should be p = 0.0004 amp/cm.

¥ The figure of the Dgy-currents given in Mitra's monograph (151bl.50), also shows

that the current function is of opposite sign in different. hemispheres.
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section 4. The Equatorial Current Ring

Leaving the discussion of the question as to the actual existenée of the re-
sultant system for later (cf.Chapter VI11l), let us now turn to a calculation of the
equatorial current ring, which presents an alternate explanation for the Dst—varia-
tions of the magnebtic elements. As is gencrally known, the potential of the magnet—j
jc field of a linear ring current whose center lies on the axis 0 = v, may be repre-
sented by the following series of spherical functions:

v,

. Ul ' R
9ni| 1 — cos by 4 (1 — cos?fy) ‘,\_,T,’P,. (cos 8) P, (cos b,) (—E-) ] ‘
n
Here i denotes the current strength in the ring, v,and a are the polar distance.
and radius of the ring, respectively, while and 0 are spherical coondinates of the

point P, If the ring lies in the plane 0 = 90° (the plane of the equator), then cos

v, = U, and

R IR ACDYACICN L

n

(15)

Confining ourselves Lo Lthe first three terms of Lhe sum and substitubing nuner-

ical values of Py (0) in eqg.(15), ve have
, R R\ 16 { R\b
V,- 2ni [1_{__(Tpl___ ~)(_"_) P"‘"'B'(’Zx‘) pbl. (151)

Lel us likewise confline ourselves tu Lhree terms in the expression for Lhe ex-

ternal part of Lhe Dgy polential. lor the earth's surface (r = .4), we have

v, R[E,P,+E3P3+E,P5]. (16)

quating the potential Ve, calculated from the observations, to the potential

of the magnetic field of the ring, an equation will be obtained by which the param-
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' aters of the ring can be evaluated. Equating egs.(15') and (16), we have ¥

RE, = i
, 3 (R
REa == — 21"‘ '7("5 )

RE,—2wi'S (2

Combining eas.(17) pairwise, we obtain the following three equations: -

(18)

which lead to the numerical values of a/R given in Table 8. As will be seen from
the Table, the values of a/R fluctuate within relatively narrow limits. The calcu-
lations of a/R on the basis of E3/E5 in El/E5 indicate the systematic increase of

the radius of the ring during the development of a storm. But the data for El/EB’
which should be most trustworthy of all, do not display this increase. The mean val-
ue a = 3.8R ¥ 0.8R is in good agreement with the views of Chapman,  Forbush, and
Kalinin that have been discussed above. Thus both theoretical argunents and empir-
ical data from the field of terrestrial magnetism and cosmic rays lead to a magnitude ™
of the ring of the order of 3-5 earth radii. It goes without saying that the ring
may be considerably larger than this during individual storms, but all the same
Stoermer's hypothesis of a ring with a radius of several hundred earth-radii must

be rejected. The current strength in the ring corresponding to the Dst-variabion

of 56 moderate storms is equal to

, aE, 6
l==-§;-—-7)<10 A,

¥ The term 2 i in eq.(15') denotes a part of the potentigl that g§ tPg 22mz(f?{6§he
entire surface of the earth. There is no analogous term 1n eq.(16), sin 1
determines the field potential with accuracy to a constant.
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r , . .
and that corresponding to 13 S; storms, equal to i = 20 x 105 amp. This estimate,

too, is in good agreement with the ideas of Chapman and Ferraro on the current riné;;

Table 8

< | ® n

4, Hours L.5

12 3.6

Analysis I 5.0
b5

Lo

Analysis II
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CHAPTER 1V
CALCULATION OF ELECTRIC CURREMTS BY CHE kidfHOD OF SURFACE 1NTEGRALS

3ection 1. The Vestine hethod of Separating the Observed Field into

an External and an Internal Part

Spherical analysis, applied by us in the preceding Chapter Lo the study of the

field of the Dst—variabions, was long the only method for calculating Lhe potential
from the magnetic elements observed at a nunber of points of the earth's surface.
It has been repeatedly used with great success in the representation of the perman-—
ent field and the Sq variation, and has allowed Lhe solution of a number of major

problems of the nature and structure of these fields. It has also been used in con-

sidering the secular and annual variations, and, as we have secn above, of certain

parts of the field of variations: Dgy, Dm, and nch. But the use of spherical anal-

ysis is limited by the requirement that the field studied musl possess spherical sym-

metry and that it can be successfully represented by the first lew temrms of the

series. 1f, however, the rield has a rather complex structure and requires a large

nunber of terms for its representation, then the labor needed in calculating the co-

efficients is immeasurably increased, and Lhe series 80 obtained ceases to be con-

venient for various practical or Lheoretical applicalions. Accordingly, the spher-
—~variations, which characterize a complex geographical distri=-

ical analysis of the 3Sp

bution, would seem 2 Eriori to be doomed to fail, and Chapman, VestLine, and olher

authors who have studied Sp, have abstained from any analytic representation of the

field at all., In 1941, Vestine (Bibl.57a, b) propogsed a new method of mathematical
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analysis which, according Lo the author's jdea, was to replace spherical analysis in
the case of rather complex fields. This method, based on the representation of the
potential of the field by the aid of surface integrals, allows a separation of the
polential into a part of internal oripgin and one of external origin, from the com-
ponents of the field as observed on the surface of the sphere. 3ince ib‘imposes no
restrictions whatever on the configuration of the field, I decided to apply this
method to Lhe calculation of the potential of the SD—variations. For the purpose of
our work, however, as for many (uestions of Feomagnelism, it is necessary not only
Lo separate the field into an external and an internal part, but also to calculate
the electric currents whose field is ejuivalent to the observed field. The calcula-
tions perforned by us showed that this problem, too, is successfully solved by the
aid of surface integrals.

Since the method of surface integrals is here used in geomagnetic practice for
the first time¥, its mathematical foundations and practical methods will be discussed
in the present Chapter, while the description of the calculations of the currents of
the SD-variations will be reserved for the next Chapter.

The theory of the method is very simple. Let the voluwne v be surrounded by a
closed surface S, and let there be, both within and without Lhe surface S, sources
exciting the magnetic field, If U and V are functions with continuous first deriva-
tives in the region v and on the surface 5, and conlinuous second Jderivatives in the

volume v, then Grecn's fundamental theorem indicates that

'v/'(UAv—VAU)dv=§/' (U vi)ds, W

# 1n Vestine's note (BiLL1.57b) the calculation of the potential of Lhe geumagnetic
field ab one instant of lime is piven as en example, amd the work by Vestine and
pavies (1ibl.ol) on the interpretation of magnelic anomalies contains several lonm-

ulas based on the svlution of two—dimensional problems Ly the aid of surface integrals.
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e . . - . .
- !where n denotes the direction of the external normal, Let us assume that U=1/r -+

" (r = distance from a fixed point P outside S to the variable point M, in v or on S) ~
' and a

v=V,+V,

,.. .where V, is the potential of the field of 'the sources external with respect to S, and

?Vi is the potential of the field of sourcés internal with respect to 35; we then have

' 1
d—
1 1 1 9V r)
a/‘(_;_ AV_VA-r-)d'!J:S/v(?_Jh ._v.a_n_ ds. (1)

For any point of the volume v

1
A—r_=0’ AVG-:_-O andAUl_—_—:——ninp.’

(ui = density of the internal magnetic masses). Consequently, the left side of

eq.(1') gives

1 B :
j‘rAde=—Aw!szv:—4ﬂ%,

and the potential at the external point Py of the field of internal sources yields

"/" 9
1 1 aV T\ ds.
Vi=—x.] \7an— Vo (3)
§
By similar reasoning we get the result that the potential at the internal point

Pi of the field of external sources reads as follows:

1
2\
1 1|9V r

Let the points Pe and Pi be located on the external and internal normals to S

passing through the point of the surface P, where both P, - P and Pi - P,

. ) ] .
‘ Then, taking ZI_J _1_ ._\_I_ ds as the potential of a single layer of the density
it

r -on
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o1

H av N -

P = - l/h S and———-f \ ar ds as the potential of a double layer of the den=—.
n

—_—

i

sity p = Z_.V, and allowing for the known properties of the potentials of single and

double layers, we get the result that

PR

[} r
V1|p+= -;-d3+ P'})’F'ds+2“f’p

1
Q0 —
1 19V o r 1
__-—-._4_ﬂfrdnds vdn_ds+2VP,

1
9 -
] r i
V,!p,=“./.7ds" .[PWdS*Q"PP =
S S

a-‘-
1 1 oV ’
=4'§:’/ r dnds S' ds+ 2 Ve, (6)

where P, and P_ denotes that the approach to the point was from the side of the ex-

—

ternal and internal normals. Hence,

1 A4
v,—v,|p=§;f o v ds. (7)

Knowing the distribution of the surface S of the total potential V and its nor-

mal derivative 3V/d n, Ve - V3 may be calculated for any point of the surface; then,
by combining eqs.(2) and (7), the value of Vg and V; can be separa tely determined,

It must be noted, however, that the potential V of any uniform double layer of
a density of pg, located on the closed surface S, equals zero outside the surface
and -4 n+ g inside it. For this reason, if, to the postulated double layer with a
density of 1/4 n V, we add a layer of uniform density Po = -Vo/lut ) then .eq.(3) will
remain without change, while eq.(4) will take the form

1
1 1% 2
V= | |1¥—v—Vog|ds+ Ve

r on
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whence

1
-
1 10V vV — V,
V.lp_=i?/ 73;_(‘/__‘/0)%’_ ds + =5t + Vo

Instead of eq.(5) we will now have

ol

1 1% r V—V
Vil,=—% T — V=V g [ds+——

and, consequently,
sl
V,— v,—_-,;n-./‘ L — (V= Vi) 5 [ds+ Vo
s
It follows from eqs.(9) - (11) that, if the potential V on Lhe surface 3 is

known only with an accuracy to an additive constant, then the values of Ve -V amd
Vo may be found only with an accuracy to a constant, while the values of Vy will be
calculated exactly. Besides the above general fonnulas, Vestine also pave formulas
applicable to cases when the surface 3 is a sphere or a plane. In spherical coordin-
ates with the pole coinciding with the point P (cf.Fig.17a), the Jdistance between the

points P and M (r0p ) is equal to
r=2Rsin - =2R siny ql..———
2 A (! ?

LN N
Se=—"—"/" = T IRTsn¢ °

Denoting 9V/9n by 4, lel us now transfom eq.(7) into

n

1 2n 2

V,~ V=2 /‘a/' (V+2RZ)cos ydide

o

0

=

2% 7
Vl=§:'c'6/‘ /(V_ Vo -+ 2RZ) cos § dy dy,
0

F-T5-8974L/V
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if the value uof V on the sphere is known only with an accuracy to the constant Vo.
|
It was eq.(l2) that I used to separate the potential of the SD—variations into

an external and an internal part,

Fig.1l7

The solution of the two-dimensional problem leads tu still simpler formulas,

In cylindrical coordinates r, ¢, 2, whose origin is place at the point P, PMH = r, and

4

(o] 2n |

1 I s

VemVi=5J J \7Z— Vs
0

i.e., to find Lhe difference of the external and internal potentials, it is suffic-

ient Lo know Lhe values on the plane of the Z-component of the field.

Section 2, Practical Melhods of Calculating the External and Internal Potentials

The fundamental difficulty in performing practical calculations of the differ-
ence Vg - V; by eq.(13) is that it is given in coordinates connected with the posi-
tion of the point P, for which we seek the value of Vo - V4. The Lransformation of
the equation to any fixed coordinate at all (for instance, geographic or geomagnetic) .

r
by means of the usual formulas for the transfommation of coondinates, leads to a
complex expression jnéonvenient for mass calculations., In view of this fact I adop-
ted the following technique:

If we denote Ly V and Z the mean values of V and 4 on the circle of latitude

y = const, then eq,(1l2) is transformed into

P=Ts5-8974/V 87
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®

T
Ve— Vr‘:/ (2RZ + V) cos p dy. (15)

|
In order to calculate the integral of eq.(15), we must find, for each point P

.on the surface of the sphere, the mean values Z and V along the circles of latitude
* (P being taken as the pole of the coordinate system). For this purpose, the formu- :
las of transition from one system of spherical coordinates (fixed pole) to another
(with the pole at P) were used for preparing overlays
on which the lines ¥ = const were plotted. The formu-'
las for calculating the overlays were obtained from
the solution of the spherical triangles NDQ and PDQ
(Fig.,18). The figure uses the following notation:
N, pole of the fixed system of coordinates. In this
system, P( 8, , A o). In coordinates with the pole P,
Fig.18
the point Q is determined by the polar distance © and
the longitude A\ . On dropping from Q a perpendicular to the prolongation of the arc

NP and denoting the arc ND by k, we have

g k=tg B cos (A — A,),

__ g QD
tgr=ibp

tg QD =sinktg (A — A)),

whence
_ sin (k—t’o) -

FromAPQD it follows that

A

ctg 0 = ctg (k — Bg) cos A.

By combining egs.(17) and (18), we get

_ cos2 (A — 8)
ctg® b= tg2 (A — Ag) sin? & - sin® (k — 8g) (19)

Equations (17) and (19) give an expression for the coordinates of an arbitrary

F=TS-8974/V 88
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L4

rms of the coordinaies of the points P

,poiﬁt Q in the system with the pole P, in te

and Q in the system with the pole N. By eq.(19) we calculated the curves of ¥ = 0/2

g of O 0! andA o izmd vplot.ted them on the coordinate net

o 0, = 20° T

= const for various value

Fig.1l9 - The Overlay

8, A . By the aid of the overlays so obtained, the process of calculating Ve and
Vi at the point P(0,,A,) reduces to the following:

1. From the components observed on the earth's surface, we musi calculate (for
instance, by integration of the X component) the potential V for a number of points
covering the entire earth with a uniform net.

2. Plot the value of the potential and the Z component on the coordinate net
8 ,\. For brevity we will, in the following, call a coordinate net with plotted
values of any element a cartogram.

3, Placing on the carto.rams of Z and V the overlay traced on transparent paper

on the same scale and calculated for €,,A , take off the values of V and Z along

F-T3-9974/V 89
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each line of ¥, equal to ¥1, ¥o, etec. and average those values of V and %,

4. Calculate for each value of y the binomial (2RZ + V), and, by means of num-

Table 9
e SD Variﬂions, Z'w(om?oncnc tinyg) 6
) ] 0 b 1)
1 ~28 -2 ~J8 -12
(e 29 =43 =By
63 -2:7 - 64 ~1gs -10¢ -
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Local Geomagnetic Time

erical or graphical integraL%on, obtain the difference Vc - Vj from eq.(15).

5. Knowing Vp = Ve + \li and Ve - Vi’ find Ve and Vj separately, Aa an example,
Fig.19 and Tables 9 and 10 pive cartograms of Lhe Z and V of Lhe Sp-variations and
an overlay for P(e;o) with 6 0= 20°.  The geomagnelic coordinates have been taken
as Lhe fixed cuorlinate system; the overlay and carlogram ore given in cylindrical
projection, while the isolines of y are drewn al inlervals ol 5°, For one and Lhe
same values of ©® (, bul different values of A o» ©one overlay csn be used, by shift-

ing it in proper manner on Lhe cartogram., With preliminarly prepared cartograms and
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overlays, the calculation of V, - V; for each point is not so leborious.

Section 3. Calculalion of the Blectric Currents by the Integral lethod

For calculating the currents whose field correspond to the externsl and inter-

nal parts of the observed magnetic field, the method of integral equalions was se-

lected. As is commonly known, the solution of potential problems is one of the

Table 10

Sp-Variations V X 10-3 ¢Gs
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~
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classical fields of application of integral equations. The internal Dirichlel prob-

lem for the sphere is reduced to Lhe Fredholm equation of the second kind:

vy COSa
— 1P=2“"p+/—M—,i—d5‘ (20)
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R e ] - e a

where v denotes the density of the double [layer located on the sphere; Wy are values
‘,:Jgg‘phe_potenﬁialwgagignéd for the surface |of the sphere“(JSWi = O inside the sphere);‘
“tand the values of r and & are the same as iﬁ Section 1, Unfortunately, the condi-
:Ttiéﬁé‘ﬁr'our problem do not lead directly|to this easily studied equation. The spec-
-

i‘ ..|ific peculiarity of our problem resides in the fact that we kgow the function Vg on |
10 .

|the surface S, of a sphere of the radius R (on the earth's surface), satisfying the

P

_.iLaplace equation inside the sphere Sy, wh%le we desire to obtain distributions of

""i{the current function on the surface S of d sphere of a radius a, if a > R(cf.Fig.17b)
LETRNN i

_1Since the magnetic potential of a currentilayer with a current density of V is equiv-

i

lalent to the potential of an inhomogeneou% magnetic layer of a density of v, it fol-
‘ -

O ey

lows that we can replace derivation of the current function by derivation of the

é
{
?density of the double layer.,

Let M( 6, 9) be a variable point of the sphere S; and let Ml(el, ®) on Sy and

P( G ro) be a certain point inside the sphere S, or on its surface. Then,

1 1
3 VMB—
VG¢==§//~ —5 s, (21)

where r = PH, Since the values on the surface Sl are assigned, it follows that the
expression Vp for noli R may be found by the aid of the Poisson integral

R —1g -de

4xR I (22)
S,

V,=

where ry = Fﬁl' By equating the right sides of egs.(21) and (22), we get the Fred-
'holm integral equation of the first kind:

U ]

R’—rgl/

F-TS-8974/V
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VRIS }
[ ——

1 It is generally known that the solution oi‘ Fredholm equations or ‘the first kind
‘ ‘ in the general form is very complex and requires- the core of. the equation and the

! free term to satisfy certain conditions, This compels us to dispense with its f.aolu--I

1 ;

;tion.' In order to reduce the determinatidn of the dénsity to the solution of eq.(ZO‘){

b
]

' : the function Vg, which is harmonic within the sphere, must be extrapolated, by some .

- gmethod, to the external space, But this 1s extremely difficult, since Ve in the ex-:
§ ternal space is an irregular function, I!therefore decided to take another path,
Namely, knowing the function V, at any point within the sphere 5,, the fictitious
density v is calculated for certain surfaces p £ R, and then the values of vV are
extrapolated to p = a, This procedure is flegitimat.e in principle, since v is a func-%
tion regular throughout the entire space. In order to show that this method assures

the accuracy necessary for many geophysical problems, we present two examples,

I. Let, on the sphere R, the potential of the external sources be assigned as
.3
V = RgP} (cos 6) cos'p(-,%-) :
Everywhere, for p<R, we have AV = d, and therefore V may be analytically con-
tinued on any p < R, For

]

V=gRP)cos¢ (%

|

)
)

V=gRP}cos cp

V=gRPj}cos¢ (%2) .

Assume that we are on the sphere R3.

Then: 1) we know the field of V on the sphere R,; 2) we know that it is of ex-
ternal origin; and 3) we do not know at what p (p > RB) its sources are located., It
may therefore be assumed that the field is located on the sphere Ry, Rl, R, etc, so

that the current density can be calculateci by the usual formulas, If the potential
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on the sphere R3 is represented by the function

V= RyymP™ cos m<p’
sin mg

then the current density on the surface of P (p > RB) will be

m
(J—)” P :lon'm: T

In dur case &4+l =2 and Ry Y = gR(R )2
n+1 3 3 —%

, whence

Denoting - 25 Pl cos ¢ g by B, we have
6n 2

for p R, 1= ;  at R2 0.96R i 0.92B;

for »p R, i ;  at Ry = -.98R i = 0,96B;

for »p R i = BR; at R = 1.00R i = 1.00B.

But in reality the current flows along the sphere p > R, where we do not know
the value of V,. Let us find i for P > R by simple graphic extrapolation (Fig.20).

Then, for a = 1,02R, we have i = 1.04B. Check: from the value of V on the sphere R

we have, for a = 1.02R:

25 2
1= — ﬁpé cos ¢ (1,02)* = 1,048.

II. On a sphere of a radius of R, the potential

V=RgP},cos 3,

is known,

F-TS-8974/V
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On the sphere

V = gRP}ycose (R )

v —gRPi,cosy ()"

\

”’{ PR T T : ' W W
3 {=B -L)lo
l=B(-£') R

Fig.20 - Calculation of Current Density by Extrapolation

(. Calculated Values; X, BExtrapolated Values)

Starting out from the values of V on the sphere R3, we have

_ 210
i

where B =

For p = 0.96R = 0,678,
For p = 0.98R i = 0.82B,

i 1] i = 1,208, Accord-
Extrapolating on the graph of Fig.20 for a = 1,02R will give i =1 20

F-TS-8974/V 95

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

ing to the formulas of spherical analysis, 1 = 1.22B, i.e., the error is 2%.

Section 4. Finding the Current Density from an Assigned Potential on the Sphere.

Extrapolation of the Potential

After having .thus reduced the solution of our problem to the classical problem _
of finding the density of a double spherical sheet from values of the potential as-
signed on the sphere, we must select a practically convenient method of solving

eq.(20). Equation (20) is a special case of the equation

RNy PO (o} §
p==27vp + l‘/‘v‘u cr’“ds
s

(25)
for A = + 1,

The usual method of solving an integral equation of the second kind by the aid
of resolvents is inapplicable in this case, since the series expressing the resolvent
becomes divergent at A = + 1. Two methods of solving eq.(25) are known in the liter-
ature. The first was given by Neumann in 1875, and the second by Bogolyubov and

Krylov in 1926. Neunann's method (8ibl.14) reduces to the following: Since

r2

vYp cosa
ey = ds
P . r2
5

Vp= [ (Vg —p) co,saa ds + 4mvp -
§

: . cosa
This transformation is necessary in order to replace the integral ‘fvh,—7;-ds,
s

which has a singularity at the point I, coincidiny with P, by a convergent integral

that has no singularities as ki~ P.

F-TS-897L/V
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The equation

vp=a_t?-/‘:s_/‘(vp_

is solved by the aid of the series

"P"_"El;[U0P+)‘U1p+puap+'"+)‘nUnP]’ (27)

which is convergent for A = + 1.

The functions U, are determined successively through the recurrence formulas:

Upp = V5
’ cosa
Upp= j (Upp — Uom) =5~ @5
§

cos a
np—Unoy W= ds

(28)

This method is convenient since the value of the nth term depends on the first

(n - 1) terms and does not depend on the (n + 1)th and subsequent terns. 'thus, in

order to pass from the nth approximations to Lhe (n + l)t'h approximation, it is nec-

)t'h term without changing the first

essary to add, to the sum of n terms, an (n+1

n terms.

On transforming eq.(28) into a form convenient for our calculations, we have

Up--= ’.il;-.‘ ./(Vp"" V) 'C'%:’a K¥sint 20 d\. (29)
s

Denoting the angle hetween the radius vector of the points M and P by &, we

3 )
r=—-2Rsln-2—, a=5 —"79,

where cos & = cos 0 cos g + sin 8 sin 8 cos n - )\O), if the coordinetes of P are

N NG and the coordinates of M arefi, A.
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Whence

2r n
1 3
UP:TEE{,/‘ /(VP—.VM) cosec§sln0d0d)\. (30)

v 0, it is easy

We remark that, for M = P, cosec 6 /2 ~ w, bul since v, = Vy

to show that (Vp - VM) cosec %— remains finite.

If, in calculating Uy, we take for each point P its own system of coordinates

with the pole P, then § =0 and
r =n
1 0 s
U”,_—_s—nf f(VP— V) cos , dbdi.. - .{31)
0 0 .

M

Introducing® /2 =y ond V_ =V, = l‘/' (V. = V.,)d\ ( the meon value of v, =V,
P M 2 5 p M 1 M

from the parallel circle), we have

and in general

7
1
Unp= 2f(Uﬂ—|, P—Un_LM)COS'quI:-,:
0

r

)

1 1 7

=§(44m_~?[t¢ﬂjﬂm+my
0

Thus in zerv approximation, the function ol current densily is vp

and, in first approxinction,

7
l —
Vp’— :,2 f V/’ Coqud!{J (3/')
0

ete,

These formulas very cleiarly show that, in wero approximalion, Lhe current den-—
sity is equal tu the potential with an accuracy Lo a constant coefficient. Therclfore,.
for a rough estimate of the configuration of & current system, it is sufficient to

construct the isolines of potential., In first approximation, as will be clear from -
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eq.(34), the value of the current density is deteimined b, the inequal‘it,y:
]

(35)

Equation (34), serving to calculate the current density, allows us ag‘ain to use
the overlays described in the preceding paragraph,

Let us now burn to the question of ext,.rapolating the velues of Vg forp < R.
dince we obtain Vo on the earth's surface not in an analyttical but in & nuwnericel
form, the most convenient method of extrapolating Ve within the sphere is the Pois-
son inte ral. If the varirble poinl of the surface of the sphere is (R, 8 , @) and
the internal point &t which we desire to calculate the potential is P(p , 0 0@ O)’.-
then

R — p2 d .
Up=—n—P Un ,:’ (36)

s
where UM Jdenotes Lhe surfice value of the potenlial., For convenience in jpricticel
computation, we will perfori certian trinsforme tions,
Since

r*=R*+p*—2Rocos?,

where & is the angle between OM ¢nd UP, then

U R(Rﬂ—p2)f f Up sin dddy
P (RY+p2 — 2Rp cos )’

1f we sgain place the pole of the coordinate system at P, then

R 3 p13 ”
R (R — p3) sind 77
U, - ) U, d de_—_f U 8 B}
f R Rtk es) f 4o Veykmmas, (5

m

where U = o S UI dp denvles Lhie nein value of U, for the circle of latitude
1 i} *s

Felo=sy 4/V
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sin®

)<I+R-L:—2£-cos0)v'. (39)

KO =5(1—5

Thus the extrapolation of Vo, to any spherical surface p < IR may be performed by

means of the same overlays that were used in calculating the difference Ve - Vj.

Section 5, Practical Methods., Conclusions as to bthe Suitability of the Method

In accordance with the above, the calculation of Lhe external electric currents
from geomagnetic elements known at the earth's surface reduces to Lhe following
steps:

1) Calculation of Lhe potential Vo al Lhe earth's surface;

2) Calculation of the potential Vg on spheres of fadiirDI and P »;

3) Calculation of the current density v for three spheres of radii Pys Py and
R;

4) Calculalion of the current density for a sphere of radius a(a - R is the
height of the currents above the ezrth's surface) by means of graphic
extrapolation of Vp2s Vg o and v R

We succeeded in turning all three laborious operations (calculation of
! 8
9

(2RZ + V) cos wdy, J T(0)K(6)do and J ﬁ] cos @ da ) into operations of a
(¢}

-1

single type which could easily be performed by the aid of overlays. The total volume
of computation work in this cese is compsrable with the work for spherical analysis,
In this way; we calculated the electric currents responsible for the SU—varia~
tions. The experience in actual ;alculations showed the method to be completely
applicable to the study of magnetic fields with a complex geographic distribution,
These equations permit calculating the electric currents responsible for the
external part of the potential. Fomnulas interpreting the internal parl of the po-
tential may be obtained by an entirely analogous method. The basic method in this

case will be the solution of the external problem of Dirichlet by means of the

F=T5-8974/V 100

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

Fredholm equstion

‘IM cosa
s

ds

VP= 21rvp-—f
S

(40)

V_ in this equation denotes Lhe values, known on the surface of the sphere, of the

potential satisfying the Laplace equal.ion outside the sphere. 1L must be taken into

account here that the corresponding homogeneous equation
S gTULPS |
J (41)

has a solution other than zero (v = const) in view of which certain complications

arise in the solution of Lhe external problem of Dirichlet. In courses on mathemat-

ical physics, however, it is shown thal this problem can be solved for any distribu-~

tion of Vp. It is true, of course, that Lhe values of v will be found with an accu-
racy to a constant. Thus, in Loth cases (finding the external currents responsible
for Vg and the internal currents responsible for Vi), the problems are not solved
with complete accuracy. lIn the lormer case, Ve is determined from the observed dis—
tribution of Lhe geomagnetic components with an accuracy Lo a constani, while in the
latter case the current density v. is found from the calculated distribution Vi with
an accuracy to a constant. But these limitalions are negligible in considering Lhe
variations with time or space of the geomagnetic field. 1n studying the variable
magnetic field or magnetic anomalies, we may reconcile ourselves to the fact that no
uniform system of currents related to Lhe permanent part of the polential is being
calculated,

'he extrapolation of the values of Vi known on the surface of the sphere it to

external space may likewise be accomplished by means of the Poisson integral which,

in this case, will be of Lhe fonn
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where P ' is the radius vector of the point P, ond ' is the distance between Lhe

point Pgiand a variable point on the sphere. Thus the practical methods of calculat-

ing the internal currents may likewise by of entirely of Lhe same Lype.

A consideration of the question of accuracy (for more dJdetails, cf.jection 5,
Chapter V), has shown thal Lhe error of any vperation ol compubation may ve made as
small as desired, and thus the accuracy of Lhe results obtained is completely de-

termined by the accuracy and completeness of the initial empirical data. lxaclly s

with spherical analysis, the integral method rejquires o hnowledge of Lhe peomagnetic

components over the entire surface of the sphere. If the data do ol cover Lthe en-
tire earth and are absenl uver large areas, Lhen Lhe formel caleculstion ol Lhe poten-

tials and the calculations of the currents still remains possible, but the values 50

obtained will represent the phenumenon well for rep ions «ibh ibundant data ad, pos-

sibly, represent il poorly ftor regions for which there are no fita., 4 slortcoming

of Lhe methud is the fact that it dves nol yield a compocl analytic ecxpression for

the potentiasl and for the currenl function: the final results ere obbitined in graph-

jcal or tabular form. GLevertheless, the fundamental problems (sep rabtion of Lhe

parts of external &and internal oripgin from the observed field @nd calculation of Lhe

sources uf the field, whether electric currents or wmegnelic masses) are solved by
means of surface integrals. ihe method described above is thercfore completely capi=
ble of replacing spherical analyses in codes ol complex field., in Lhe consideration
of a number of problems of  eomagnellsim, and posaibly of other braaches Hf peophysics
as well. For example it would oeen aivisable to use this method in tulying mi.gnelre
disturbances, the secul:ar march reprasenting a rathier lucal phenvienon, . field of
maj netic anomulie;, etc.

A certain Limitation of the metnod must also be pointed out, lthe axLrapolation

of the current density v ;lives an wsccuracy which 15 sufficient for practical purposes

if the current—carrying layer 1s nol too far [rom Lhe surface on which the distribu-

tion of potential is known., In the opposile casc, however, an extrapolation may

F= 13- 3974/
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lead to great errors. [hus, in the second example of Jecbion 3 of the present Chap-
ter, the extrapulation of v to & sphere with a radius of 1.201 gives an ermr of Lhe
order of 104, 1 the sources of the magnetic field, however, .re¢ far envugh from Lhe
surfazce at which Lhe observations «re made, then Lhe tield will not be characlerized
by greal complexity ot ;co, raphic Jdistribution, and, conoequently Lhere will be noth-
ing to prevenl the use of spherical analysis tor studying the field. out in all
cases ol cowplex peophysical ields (maynelic anomalies, capnebic storms, and & nun-
ber of others), whicn do not llow the use Hf spherical analysis, il nay be assuued

A
Lhat Lhe sources of Lhz field sre localed nol more thoa V1R - U Zh away Fror the
earth's surface, L which the exbrapolation required by the metnod of surface inleg-

rala is entirely allowable.,
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CHAPTER V
The SD—Variations

Section 1. Basic Data

As stated above in Chapter II, the second portion of Lhe field of magnetic
storms, the disturbed diurnal variations 8p, is rather well represented by the dif-
ference between the diurnal march on disturbed days (Sd) and on quiet days (Sq).
The differences S = Sy -Sq, averaged over the year, were calculated for the 61 sta-
tions enumerated in Table 1. Since the SD-variations vary markedly with the ll-year
cycle of solar activity (Chapter V11), the cbservations for the Second International
Polar Year (II MPG) were used as in the study of Dgi, in order to assure uniformity
of the starting data for most of the observatories. The list of quiet and disturbed
days for these years, established by the International Association for Terrestrial
Magnetism and Electricity on the basis of the magnetic characteristics of a worldwide
net of observatories, is yiven in another paper (3ibl.40). The characteristics of
magnetic activity on these days show that the disturbed days were days of moderate
and great magnetic disturbances, vhile the quiet days were completely quiett Thus
the difference Sq - Sq can be completely characterized by the additional diurnmal
fluctuations which, on stormy days, are superimposed on the normal Sq varialions.
From seven observatories which are of great interest because of their geographic lo-
cation, we did not have the data tor the Second International Polar Year at our dis- -

position. In view of this, we used the 1944 observations for three of them (Yakutsk;—

Tbilisi, and Tashkent). A comparison of the SD—variations for 1944 and 1933 for a
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number of observatories showed that both form and amplitude of the Sp in these years

closely resembled ecach other. The data of four observatories (Chelyuskin, Uelen,

Kakioka, and Apia) relate to 1935, but to "reduce" them to the Second International

Polar Year, the amplitudes of Sp were decreased in accordance with the change in the
SD-variations from 1933 to 1935 at the obﬁer observatories, To reduce the first two
of these four stations, we used the serieé of observations at Tikhaya Bay and Dick~-

son Island, and to reduce the last two we used Watheroo.
It is well known that the field of 3 displays more symmetry with respect to

the geomagnetic coordinates than to the geographic. In view of this, we calculated

the geomagnetic component X', Y!', Z for each observatory from the observations of

the variations of H, Z, and D. A summary of these components is given in Fig.l for
the 44N observatory listed in Table 1. The time on the diagram is local geomagnet-
ic time. The local geomagnetic time ty was derived in 1936 by lMcNish (Bibl.9) by

analogy to local mesn solar time. Without allowing for small seasonal fluctuations,

it is assumed that

¢, = T+ A —69°%

P — 69° denotes the time of the zero geomagnetic meridian, In the middle latitudes,
A - 69° differs little from the geographic longitude of the locality A , and there-
fore the difference between the local geomagnetic and geographic times is slight.

Before proceeding to calculating the potential of the field of SD-variations and
the construction of the current systems corresponding to it, it seems advisable to
make a qualitative examination of the collected material with the object of elucidat-
ing'certain questions of the morphology of the field. 'The most substantial of these
questions are as follows: 1) dependence of Sp on local and universal time; 2) geo-
graphic distribution of SD and selection of a system of coordinates convenient for
the execution of the computational work; 3) choice of a working hypothesis as to the

sources of the Sp~variations.

Section 2 of the present Chapter is devoted to the first two of these questions.
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Section 3 is devoted to the third quéstiun, while an exposition of Lhe results of the
calculation of the potential and electric currents of Sp is given in the next four

Sections.,
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section 2, Dependence of the Sp~Variations on Local and Universal Time.

The Sp-Variations in the Polar Regions

The graph in Fig.21 discloses Lhe rather evident dependence of' 3p on E and ¢ .-
It still scems necessary tuv verify whether the position of the principal (or, per-
haps, of Lhe secondary) extreue values is tied to Universal [ime, since the quesbibn
of the influence of Universel lime on the diurnal variations has been repcatedly
raised in the literature. K.K.Fedchenko, studying the diurnal variations of declin-
ation (for all days) has shown Lhat the localbion of Lhe daurnal maximwn of D in the_
high latitudes is governed by Universal [ime. A.P.Nikol'skiy (Bibl.26) makes analo=
gous assertions with respect to the maximum of disturbance. According to him, ‘there

are Lwo independent maxima in the diurnal march of Lhe disturbance, one of which oc-
curs in the evening hours of local time, and the other toward 17 D of Universal Time -
(noon at the magnetic axis pole). Uince the correlation between the Sp-variations _
and Lhe diurnal march of disturbance (Sa) is a priori very probable, and since in
addition, in the high latitudes the SD—variations are very close to the diurnal march
for all days, these assertions force us Lo admit the possibility of the existence of
two waves in the Sp-variations as well. The times of the principal and secondary
maxima and minima of the Z component of the observatories of the northern hemisphere
are noted on the diagram in Fig.22. rigure 22 shows the rather regular distrabution
of the extreue values as a function of the local reomagnetic time, while their dis-
tribution by Universal Time is completely random. The presence of two maxima in the
Sp-variations is also found in the polar zone P = 63 - 67°), over which, according
to preseut ideas, the electric currents causing the strong disturba.ice of the high

latitude must f£low. For other latitudes, both at the center of the polar cap and in--

the middle latitude belt, the existence of two maxima is not characteristic. Thus

Figs.21 and 22 compel us to consider that the SD—variabiuns over the entire earth are

governed primarily by local Lime. The Universal [imc eilher has no influence at all

on the distribution of 35 or exerts such an insignificant influence that it cannot
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be detected without a special workup,
The existence of Sp-variations at the magnetic axis pole appears to be somewhat;

in contradiction with this conclusion, At the magnetic axisg pole, the cuncept of

local geomagnetic time loses its ordinary meaning (just as the concept of local time _’

at the geographic pole has a special meaning, since the altitude of the sun does not
vary in the course of the day). It would seem that, if a diurnal. periodicity exists

at all at this boreal pole, it would have Lo be due only to Universal 1ime. In fact,

in the zone near the pole (cf. the data of the Thule Observatory) the Sp-variations -

of the X and Yy components are rather ‘distinct, and only the variations of the Z com-

ponent are equal to zero, But this contradiction is merely an apparent one, 1t is
not hard to show that the existence of diurnal variations of the horizontal component,
at the pole (0 = 0) may be explained even without assuning the dependence of the
field on Universal Time. Indeed, the potential V of Lhe diurnal variations in the

general case may be represented as a sum of Tesseral harmonics;

cos mt
Pm (cos 6) mt' ™M #0.

From the definition

P amP, (cos8)
m mf ——— e
(cos 8) = sinmp d(cos )™
it follows that, for 9 =

Pr=0 and V' (0) =0 (in>0)

-1 .
0 —_—f sinm {- 1
cos b ; d (cos 0)™ + sin o sinmt’

amb, dm ! P, J cos mt

d (cos 8)™ -1

oV M gam—1g 4 a™p,  sinm¢
rsinb 9f T 7 d (cos 8)™ cosmt’

d™"p
= sin™g. .ot
d (cos 6)™

#* [his reasoning is equally correct for reographic and geomagnetic coordinates,

F-T3-8974 /v 108

Approved for Release: 2017/09/11 C06028201




Approved for Release: 2017/09/11 C06028201

then 2(0) ® 0 for m = 1, but X(0) # O and Y(0) £ 0, i.e., Y and X depend on sin

and cos t, and the vector diagram in the horizontal plane of diurnal varistions must
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Fig,22 - Distribution of the Extremes of Lhe (7 component of the SD-Variations
by lHours of the Day. O Time of Uccurrence of Minimum;

® time of Uccurrence of Maximum

have a circular form at the pole. The actual data on Sp at the poles are in complete

agreement with these arguments. As a malter of fact, S, 2 is very small at Thule,

while the vector diagram of SD in the XY plane for Thule, as for Cape Evans (an ob-
servatory near the south geomagnetic pole, cf., Bibl.40), is of circular form.

Here it is found that the vector of the horizontal component of Sp rotates with
the variation of the azimuth of the sun (at the pole, the latitude of the sun does
not vary throughout the course of the day, while its azimuth does vary), Thus, if
viewed from the sun, the distribution of the vectors of the field of Sp remsins con-
stant, as is also the case for the Sq—variations.

Returning to a consideration of the graphs in Fig,21, we note that the depend-
ence of 5y on?d in its general features may be described in the following way: The
auroral zone (¢ = 65 - 69°) is characlerized by small amplitudes of X' and by an un-

stable two-wave form of 4, This is in agreement with the hypothesis that a linear

current flows along the zone at Lhe height of the ionosphere (or that the lines of
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current of the surface current system arc more closely spaced)., MNorth of the zone,
|

7 has the form of a single wave with a minimum &b noon, Lhe greatest amplitude being

e Mildle-Latlitulde Eddies

Fig.23 - The Auroral Zone and Lhe line of Centers of Lh

Fosilion ol Jone According Lo Vest.ine,

of Sp-Varialions (

Coordinate Nels: Geomagnetic; —-———- Geographic)

reached at latitudes 75°, north of which Lhe amplitude again decreasn?s. Horth of Lhe

zone, X' decreases 1in asmplitude up to ¢ = 75° where the phase i3 reversal., oouth of

the zone, 4 retains its form down Lo Lhe very erquator and only gradually decreases in

amplitude, while X' decreases sharply in amplitude, resulting in sLill another phase

reversal at latitude 40 Lo 500,

lHowever, bLhere are & nuaber of cases (Angmassalik, Chelyuskin, Sodankyla, etc.)

which indicate a longitudinal asymmetry in the incidence of Lhe variationa, Vesline

has pointed out that the asymnetry is considerably decreascd il, instead of ¢ as the

which is Lhe distance Lo

argunent in Lhe geographical distribution of Sp we bLake n,

lle debermined the position of Lhis zone

the zone uf the hypothetical lincar current.

110
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from the data of the magnetic variations and compared it with the maximwn isochasm
(the Vestine zone is shown by the broken line in Mig.23).

The data collected by us for the Second International Polar Year have allowed
the position of the zone to be pin-pointed (the solid line in Fig.23), bringing it
somewhat further south on the territory of the USSR. T[o detenuine the position of
this zone, maps of the isoamplitude of Sp X' were prepared, and Lhe zone indicated
in Fig.23 is the isoline of maximum amplitude of SD X', The second line in the dia-
gram, lying between 40 &nd 509, indicates the latitude at which the Sp-variations of
X' change their phaset#,

In colwmns 4 «nd 9 of Table 1 for each observatory, the values of n expressed

in degrees snd the values of ¢! are given (¢ ! is the peomagnetic latitude cor-

rected for the deviation of the zone from the circle of labjtude*bo = 670; Q!
-nY). The arrangement of the graphs of SD in accordance with ¢! (rFig.24) leads to
an almost complete destruction of the anomalies in the distribution of SD, especially
in the high latitudes. 1n the low latitudes, Lhe replacement of ¢ by ¢' is insub-
stantial, and a consideration of Lhe widdle and low latitude portions uof I"i;:s,21 end
24 shows Lhe same absence of any clearly anomalous observatories.

In this connection, the complete nommalily of Lhe Sp at Huancayo and other ub-
servatories of the equatorial region is of great interest in this connection. oJince
the Sq- and L-variations of Huancayv are abnormally preat, the absence of anonalies
in S, and Dy is Aan indication that the current systems of the disturbances and of
Lhe juiel variations are located in different lavers of the ionosphere.

The close relation between SD and ¢ ' stands out most vividly on Lhe praphs in
Fig.2b, which ;ive Lhe "meridian of X! Y', Z corresponding Lo O, 6, 12, and 18h
local jeomagnetic time, lhe dispersion vl the points, mapping Lhe relation X! (¢p ')

and 2( ¢'), is small. [lhe dispersion of the curve of Y! ( ¢') is considerably

* As we will see later, the centers of the middle latitude eddies of SD—variations

are localed at this latitude,
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greater. This indicates that Y', like D, depends to a greater extent on the value
of Dy.

& 8v 82
OLT ob 1h Ho® 2t abg? gt Wb . A comparison of Fig.25 with the corresponding
] A\ b I U b v

; graphs of Vestine (Bibl,58) discloses certain dif-
v.

‘- God. Q.
* .

Q
[ 4

<

ferences. The most substantial of these is that,
according to Vestine X' in the auroral zone has ex-
treme values at 6 and 18!', and 2 at 0 and 12h,

while according to our data the extreme values of

—
D ¥z

X! are shifted to 4 and 16h, respectively.

L 22

In concluding this discussion ofthe geograph-

S s
e

ic incidence, let us describ: the distribution of
the field in the southern hemisphere. The data

collected by us show a similarity in the behavior

S

of X', Y' and Z' in the low-latitude portions of
the northern and southern hemispheres. The values
7' and Y' are opposite in sign in Lhe different

hemispheres and are equal to zero on the equator,

5

{
:

The value X' is symmetric in the two hemispheres

22

and has its maximun amplitude on the eyuator. Un-

Tr. 0
fortunately we lack observations of high-latitude

KY 0
stations of the southern hemisphere for the Second

Sod.o -

Min. 0
Uel. 0 -

Si. 0
lev.0-

Sved.0-
Lov. 0«

International Polar Year, which would allow us to

Shsp-

judge whether this symmetry in the two hemispheres
persists at all latitudes. The literature contains

only one attempt to determine the zone of magnegtic .

\

activity from the data of the SD—variations in the

(S (¢ 0

SESSSSS

i

Fig.2l -.The SD-Variation§; Ob- southern hemisphere (the work by Vestine and Snyder
‘ ,servatories are Arranged in Or- -

der of Decreasing Corrected Geo~ (pipq g but t] 1 . ihi ‘d .
magnetic Latitude () ( .63), but the results of this work do no
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seemn trustworthy., The authors found that the polar zone in the southern hemisphere‘:

also has an elliptical form with its focus at the magnetic axis pole, except that it

x 4K
o 00’
T

[ 400, , *¢ o

.‘“Y!o o7 ee o

¢
D)

..0.'.’ ':'." ': #0000 00 o

Fig.25 - Latitudinal Distribution of SD-Variabions

is not located symmetrically to the northern zone but is elongated on the side oppo-
site the south geographic pole., This conclusion is based on extremely scanty and

nonuniform material - observations of 1332, 1903, 1911, 1933, 1941 are used. Since
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SD varies considerably (cf.Chapter VI;) with the ll-year cycle, the use ol these ob-
servabions‘without an appropriate redhction might ive crroneous results. 1ln view
of the impgssibility, at the present time, of making the position of the southern
zone of maénetic activity more precise, we used only the data of the northern hemi-
sphere in the analytic representation of the field, cunsidering that, although only
in rough approximalion, the potential of Sy is the same in magnitile, bul opposite in
sign in the northern and southern hemispheres.

These ‘arguments on the geographic distribution of the SD-variabiuns compel us to
consider that, in calculating the polential, the field of SD may be asgumed to depend
on two argunents, the geomagnetic latitude ¢ and the geomagnetic time lM' In this

case, however, the longitudinal tenns'will be rather great. The longitudinal asym=

metry will be considerably less if the corrected value &' is taken instead of ¢ as

the first argunent, i.e., Sp = Sp (¢, tM). lhe replacement of ¢ by ¢! corresponds

to the replacement of the actual auroral zone by an arbilrary circular zone.

Section 3. Selection of the Type of the Current System

I'he selection of the method ol calculating the currents responsible for the mag-
netic variatiors depends to a large extent on our a priori opinion as to Lhe form of
the current system. 1t is well known thal the problem of finding Lhe distribution of

the currenkts from an agsigned feomagnetic rield on a sphere is in praclice many-

i LN, e
. )
- [t ~

valuedyp Tofl@ﬁiéiféason all investigators desiring to evaluale Lhe inlensity and con-
LI
1 v .

figuration of- £h¥ currents have adopted in advance some hypothesis with respect bto

theigﬁdisnribubion. We have already shown in Chapter 11 Lhatl, from this point of

.

vi;w,.é}izinvesLigators of magnetic storms are divided into two groups. lhe works of
the firstjgroﬁp assune that the magnetic disturbances are due to linear currents or

~ .
relatively narrow current belts in Lhe auroral zone. [he secund group embraces Lhe
works of Chapman and his colleapues, who consider that the currents of magnetic stonus
encompass the earth as & whole, forming & gpherical current Layer. ‘lo check these

hypotheses, ve calculated the geographical distribubion of the l'ields ol linear cur-
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rents and compared them with Lhe actually observed distribution of the field of Sp-

variations., tigure 26 shows the latitudinal distribution of the X-component of the

.~ — — - = - ==

-
..---..--.-.—--_.-,_-.---...-_-...-..-._--_4

1 . 1 I\
40 [X) w 10°

¥ig,26 - Comparison of SD—Variations with the Field of the Linear klectric

Current. Along the horizontals, the distance in degrees o the zone of
Linear current (lhe auroral wone) is plotted, and along the verticals, lhe
field intensity in gwnmas (- === amplitude of night minimwn of X com-
ponent of SD-variations; X component of field of vertical current
(according Lo Guevyshev); —e=e=e, X component of field of horizontal current

(according to Birkeland)

rield of vertical current (according Lo Gnevyshev), and of the horizontal current
(according to Birkeland). In reading the [igure, Lthe vertical linear current is con- _
celived és flowing in the Jdireclion (% from infinity Lo a height of 30 km, while the
horizontal current flows at a heirht of 100 lan in & direction pcrpendiéular Lo the :
plane ol Lhe papers the graph of the X! component of the SD—variations is Jisting;
uished from the two theorctical curves hy ils asymmcblry with respect Lo OZ and by its -

negative values of X' at a certain distance from OZ. Obviously Lhe theoretical

curves will be unable to approximate gufficiently well Lo the observed curve, no
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matter what parameters are selected. The same non-correspondence is obgerved be-
tween the curves of latitudinal distribution of the field of linear currents and the__
Sp-variations of other components and at other hours of the day.

The hypothesis of a spherical inhomogeneous current layer is more general and,
as shown by sample calculations of Chapman, it is able to explain the complex struc-
ture of the field of Sp. The above argunents forced us likewise to adopt the hypoth—;_
esis of a spherical current layer, znd, withoul making any further assumptions with
respect to the configuration of the current lines, to calculate them from the ob-

served geomagnetic elements, using the method of surface integrals.

Section 4. Calculation of kxternel and Internal Potential

Che values of the potential V, corresponding to the Sp-variations observed on
the earth's surface were obtained by integration of the X' component. It follows
from the symmetry of the X' and the asymmelry of 2 with respect to the equator (cf.
supra) thgt the potential should be antisymnetric and should vanish at the equetor.

Phe values of V(O , tM) (for the northern heiisphere) were calculated from the

graphs ofi 7ig.25 by the formula

F)

% X'dv -V, ,.:__f X' do.
- i

G
‘fhe calculations were made for 216 points ¢t intervals of 2 hours in longitude
and 5° in latitude. lhe integration zlong virious meridians led to tne following
o
velues of V, =V = 0 :
Ti. e, hours . .0 2 L 6 3 10 12 14 1o 13 20 22

Vg w3 ... ..2 14 14 12-13 -1910 20 3 0-132

Since, as already noted, the potential of the diurnel varictions not depending
on Universal [ime, must asswne zero values ¢t the pole, the values of VU from the
annexed table would have to serve as an indication of the value of the cslculation

errors. out in rezlity the values of V( exceed the mezn error of analysis, e ual
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to 3 < 10-3 CGS (for more details on the accuracy of analysis, see later). [he

existence uf a potential-free part in the field of Sp-variations might be an explan-"

ation for this discrepancy. rhe existence of a potential-free part (I.) in the perm-

anent field of the earth and of the Sq-variabions has been detected by & nunber of

authors. But since such a parl requires the existence of vertical eleciric currents

103 to 10* times higher than the currents that can be observed by the mecthods of at-

mospheric electricity, the reality of the' N field has always been subject to doubt,

The vertical currents necessary to explain the N field of SD-variaLions, celculated

by the formula i ==¢ Hds, should not exceed 0,5 <« 10-14 ¢Gs and should, as shown by -

calculations, be concentrated in the polar latitudes. [he observations of the vert-
ical current in Franc Josef Land by Scholtz and at Chelyuskia by Ger:isimenko (dibl.lQ}
have shown that the mean value of the currents fluctuates about 2-3 ~» lO--16 CGS,

while individual values often reach 1 ~ 10-15 CGS, which is only 5 times less thzn

the values calculated for the Ii part of the Sp-variations.

without discussing the question ¢35 to the reality and possible ccuses of the
verticel currents (to which an extensive litersture is devoted), we may say that it
would be extremely desirable to repeatl the observetions in high Lé titudes on storiy
days, which would help to solve the problem finelly.

Sdince the mu nitude of the potential-free field (if it exists) i; sikall in com-—
parison with the potentisl part, it proved possible in first approximation to neglect
it, by assuming that integration along =11 meridians leads to one and Lhe same value
of VO’ equal to zero. [he errors of closure (i.e., of the values of VU obtained by
integration) were distributed proportionzlly over @ll the latitudes, so as not to _
violate the condition that the algebraic sum of the 24 velues of V wlong each para-
llel of lstitude should be egual to zero. This last condition is dicteted by the
fact thet the Sp-variations should be represented by devietions from tne iean liur-

nal values vf the uagnetic elements. !'he values of the potential V obtained in the

result ol the above corrections are given in the cartogram of Table 10. T[his certo-
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gram &nd Lhe inzlogous e (Teble Y) for the Z component (prepered Ifrom ilke grephs
of Fig.25) served ¢.: the starting meterizl for calculeting the externcl :(nd internal .
parts of Lhe potentinl, V, and Vi' 'he celculations were performed by the method

Jescribed in tue preceding Chojter; the values of V, and Vi were found tor 108 points,

at intervals of 10° in 1c¢titude wnd 2 hours ir longitude. Figures 27 and 28 are

1>
ig.28 - %he 3y-Variations. uatio of txternal Part of Potential to

Ubserved- F'otential (Vg/V)

maps of the potentials V

e? Vi and the ratio Ve/V. {he isolines of Ve and Vi are

drawn abt intervals of lO“ CG3. As vall be seen fron the diagram, Lhe values ot the
potentials for Ve range from 92 X lO3 CGo to =90 x 103 cu3, and for Vi Lrom =24 X lO3
CGS tu 19 x luj €G3, «nd Lhe signs Qf the polentinls are different on the morning
and evening sides of the earth., The distributions of the isvlines o>f Ve and those
of Vy differ considerably, 1t is true that the distributions of both JI and Ve are

characterized by four extreumes (Lwo poler anu two middle latitude), but the form of
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the isolines on the Vg map is morc elungated in « longitudinal direction. There is
a shift in longitude which is particularly great for the morning polar maximun. The
regularity of the distribution of V, and V, compels us to consider the results ob-
tained as plausible. .

In absolute magnitude, Ve considerably exceeds Vi’ confirming the proposition
that the principal sources of the field are located outside the earth's surface.
The value of ve/v varies over a wide range, from 0.55 to 1.75. For three points,
Ve/V > 1 (1.50, 1.11, and 1.75). A regularity in the latitudinal distribution of
Ve/V is noted: the mean value of V /V for the entire earth is 0.83; for the low-
latitude belt (& < 50°) V./V = 0.79; and for the high-latitude cap (%> 500),
Ve/V = 0.89. The figures so obtained differ considerably from the value V /V = 0.60,
adopted by Chapman, by analogy with the Sq—variations. It is not possible at the
present time to give a trustworthy explanation of the latitudinal Jependence found
for Ve/V. f'wo hypotheses may, however, be advanced: 1) The variation in Ve/V with
the latitude indicates the unequal conductivity of the earth at different latitudes;
2) it is possible that the height of Lhe current layer is diffcrent at different lat-
jtudes, which would seamn to be entirely plausible in view ol our nresent knowledge

as to the heights of the ionospheric layers.

Section 5., Discussion of the Accuracy of the frethod

Let us now dwell on the question of the accuracy of Lhe integral method of rep-
resenting the field. irst of 211 let us evoluate Lhe error in the calculation of
V. On replacing integration by suwmmation, we have V = RAO % X, where the X, for
simplicity, are denoted by X'.

Ihe error in V is evaluated as follows:

3V == RAB Y 8X,

where & X is the error in X.

For A8 = 5°, R = b.4 10% and 61 = 1, 5, and 10y, we find that the meximun
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error accunulated up to the pole 6Vpax is 12 x 103, 12 x 10/, und 60 X 10/ CGS, re-

spectively., The mean error 5V = 1/n 6Vyay is Qo5 X 103, 3 x 103, and 6 % 103 CGS.

At latitude 55°, the maximum error for 5X = 2y will be O6Vpax = 14 x 103 and the

mean error 6V =1 X 103 ¢GS. 1f the accuracy of X is lower in the polar cap

® > 459), for instance 6X = 10 v, then the errors OV ax = 6 % 100 and 6V = 3 x

103 will accumulate up Lo the pole. Judging from the graphs of Fig.25, the accuracy

of the observed data of X in the middle latitudes is actually of the order of 2°Y,

while in the polar latitudes it is of the order of 10 Y ; thus the accuracy of V ob-

served can be evaluated as 1 x lO3 CGS in the middle latitudes and 3 X% lO3 CGS at

the pole. .ince the observed value of the potential reaches 100 x 103, the error
would appear to be allowable.

‘'he error accumulated in the calculation of Vg - Vi may be evaluated as follows:
On replacing the integral expression eq. (12, IV) by the swana tion expression, we

have

V,— V, g 84 80 EF (2RZ 4 V) cos b

For Ay = N8 = 59, cos w = 0.5, we have

) -2 @ "
sV, — V) =220 NN (2RBZ+ 3V,

I'he accuracy of observation of Z is lower than thet of X; the calculations heve
been made under the assumption of e 57 equal to 2, 5, 10, ind 20y (lable 11).

In this calculation we assuned ¢ mean crror & V for the entire earth, since in
caleuletang Vg - Vi the values of V for the entire easrth enter the integrand expres-
sion. rhe number of terms in the expression o (Ve - Vi) is 2000, The small lable
presented shows that 1) the error & (Vg - Vi) i, due more to the inaccuracy of 2
than Lo the inaccuracy of X; 2) the me&n error 6 (V, - Vy) is vne or two onders
smaller than the error of the observed V, even under the least favoreble cssunpbions

as to & 4. Thus the practiccl cccuracy of Vg 15 the same &s the accuracy of V.
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In the calculations presented we did not take into considerstion vhe errors of
the mathematical operations themselves (int=gration, etc.), since thesec wey be per-

formed with a very high accuracy, much higher than the tceuracy of tle initial dota.

Table 11 3

2%¢10%| 51075
2,5%10¢ 10,5X10¢
0,310+ [0,3XX10¢

3%10¢ | 7104

24 56

lhese evaluations of Lhe errors irndic tte that the integrel method i (ble Lo

provide ade jurte accuracy. In practice 1ts  ceurnc/t i, completely letert.inel by the

accurzcy of the observel experimentol soterinl, oy the accuracy of the Hhserved

| .
deta, of course, we ledn not only the . ccuracy of Lhe observalions themselves, but

#1s0 the stability and representative nature of the mean dete and the distribution

t
of observation points vver the earth's surfrce.

section 6. Ihe Current system of 5=Varialions

From the values of Vg calculated by the integral e Lhod, « distribution of the
current density in ¢ spherical ligjer of radius a = 1,05 it (0,65 = 313 km) wus con-
structed, corresponding to the height of the F, leyer of the ijonosphere, to which 1t
is most prubzble thabt the currents of the magnetic disturbances cen be referred.

The current system L0 obleined (#ig.29) like the nbove—uescribed Chapmsn systei, con=
s15ts of four current edlies, ol which the two wore intense ure loc..tel on Lthe morn-—
ing snd evening sides of the polar cup, snd the other two in the middle latitudes.
fhe signs of the current funcbions are different: the polar evening cnd middle-

latitude norning edlies heve & positive sign for Lhe current function, the polar

¥ ALl volues given in Table 11 sre in Lhe CGSH system.
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1

morning anu nidale-latitude evening eduies a ne abive sim.  the cent s of thie ypolar

current uddies ore located on Lhe 2 ~nu 13 hour meriaians, those of tle widdle-lati-
> . . 1 . . } .
pude eddies on the 4 ena 1o hour meritians. fhe cvening ond morning eddies Lre un-
equal iIn intensity: the morning rolar eddy is more intense then the evening eddy,
while she evenlng riddle-latitude eddy is more intense thon the worning eddy. in the
zone 1 = o' - 70° (the ¢uroral zone) the current lines ore closely spaced, giving us
bne right Lo liken this pert of Lhe currenl, uystew Lo the lincar current flowing
easlword on the wvening side of Lhe earth ¢ud westward on Lthe wmorning side. It is

this crowding of the lines of force that 1is responsible for the opecific peculiarity

of the course uf megnetic and ionoupheric phendmena in the zune,

he picture 3o cunabrﬂcted for the currents ollows us o interpret in the fol-

lowing manner the pattern of gevgrephic distrivution of 5. described by us in oection
In each hewisphere, therc :ve rour charscteristic t pes ol oD—vaﬁj?Lions:

I. Circumpolar type, charecterinin the dolly windsan in the At cnd o compon=
ents; the tumplitude of J is very small. [hiu type corros.omnds Lo the center of the
polar cuap, vver which the currents [low in ‘hie unitorw layer in the direction of the
20 - J hour neridien.

11. Folar tipe, observed voelbwecn Lhe zone of close opecing of the cur.cent iines
at Lhe latitude 67 - 70°, .nd the irtitwle of the centers of the polor eddies (¢ =
750). 1L is choracterized by Lhe afbernoon nexiaun in A (nd Ly the Jdeytine Slaaraun
in 4. Uhe cmplitude ot both conponenbs is i,

1I1. f:iddle-latatude type, observed between the auroral dvne nd Lhe lotituae
over unich the centers ol the midule latitude cddies wre located (¥ = 55), It is
characberized Ly an evenlng maximun in X' ond o

IV, ww-latitude Lype (between Lhe latitude of the centers of the middle-
lalitude eddies «@nd Lhe equabur) with an cvening minimua of A nd on evening maxi-
mun of a. The smplitudes of both components, especially of 4, ore small,

Jirectly vver the latitudes of the centers ol the eddies @ =759 and ¢ = 559)
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and under the zone ol crowding ol Lhe currenl lines, trangitional forms are obscerved,

characterized by the change in sign ot Lhe X! variabions and Lhe maximuwn increase in
incroeasc

the amplitude of Z in the former cases and by the change in sign of &4 and an

e —-——

- -

i

Fir.29 - Current System of‘sD—VariuLiouJ. Intensity of current fFiven

in thousands of wuperes. A current oL 10,000 wmp Ilows belueecn Lwo

successive lines of current. [he coonlin.te net is the peomagnebic

latibude anu g eolegnelic time ( , positive vaiues ol current func—

tiongy — — — - negoLlive values)

in Lhe amplitude of &' 1n tne latter cuse.

'he location of the centers ol the wid lle—=L: tatude «nd polar vddies ot the var-—

jous meridiaus is in full apreement Lith the siell-knowa fact thit Lhe tine of occur-—

rence of the extrems values of SD is different in the nidale «nd polur lovitudes,

The unequal intenoity of the aorning ond 2vening extreme volues is likeui e under-

standable if we bear in .ind that the height of the evealng meadmwn O£ Sp in the

F=-T53-397L/V 124
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middle latitudes is greater than the depth of the morning maximun, In reality, as

poinled out above, Lhe auroral zone (or the zune of linear current) is not & bruc

parallel circle. for this reason, the boundarizs of Lhe regions corresponling to

the various types ol Sp will likewige deviate from the parallel,

A comparison of the system of currents of S, caleulated by us, which we shall

heres fter term the UIIZM# system) with Lhe Chapmnan systen (cf g 4b) discloses o
nunber of substantial Jdifferences. First, in the Chapman sun of 8p-currents, is in

his Dgt-system, the signs of the current function are nobl indicated. Ubviously, the

Jdifference in sign of the current eddies discovered by us must be of significince in
the construction of » quantitive theory of tle SD—variaLionu.

‘'he second difference of the [I11ZM system is tLhe shift of the centers of the
polar eddies, that of the morning eddy to 2h of peomagnetic bime, that of the even-—

ing eddy to 12 - lhh, while in the Chepman systen both eddies are centered symmetri-

cally at 6 end 13h. Becsuse of this displacement of the eldv centers, the currenls

in the poler cap have & irection [erpendiicular to the - - 14 hour rneridian, which

-

well explzins the Su—variatiuns of Lhe horizontel components ¢t Thule ni sodhavn,
with Lhe mindiauwn of X' &t lhh. hecording to the Chopman system, & adnisngn f X' at
18h and a zerv value at 12h might be expected /L the.e vbserviatories,

The position of the morning riddle-latitude eddy likewise -lves nol »gree in the
two systems, snd the aboolute velues of the jqtensit, of the polir edlies is liffer-
ent. In e Chepmen sysbem, the totel intensity of “he current flowing througn the
polar cap is 450,00U waup, ~hile in the L1126 sy sten it i 260,000 cmp. In bthee Shap-
men system, morover, the intedsity of tle rorninig ¢nd eveninag

However, it Joes sew tntt o1l Lhes: liffcreuces (exc .rt o1 Lhe lifference
the signs of the current function) ¢re iue nrsot .. 1uch t, the Jdifferent netrol Of

caleuletion os oo Lhe Jdifference in the sterting dets asels  Au dpprorinate evalue—- o

tion of the intensity of th2 currents from wur I-tz peve the following results:

# lerrestric l scgnetisn aesearch Institute
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1 H

—

As is commonly knowm, the density of 2 uniform current layer of sufficienbly great
t

A e . . . . i
extent is 1 = TR vhere Fg is the field inducced by this le,er on Lhe surface of the

! . .
serth, perpendiculsr to “he .irection of i. Assweing thebt the ratio ol Lhe external

(F) i5 ejuel to k, we have i = ,l‘;FI . If the width of Lhe

field to the observed field
belt of current is lg,, then the total current is I = ?l, ul.ere i is Lhe mesn value

) /0 i

of the flux density whiclh, v thout pre.t error, can be token as equal Lo /3 1 oo,

if parabolic distribution of the density in the flux is assunel, It follows [rom
1

this that

RF 2

S 1
“gr 5 1CGS. (1)

/

Applying this approximete formaula to the observed veriastions at Thule (X'max =
= 60Y),setting the width ot the flux et 32°, ¢nd replacing the value of tle coefficj—

ent k = U,r, adopted by Chapman, by the valuc k = O,y found by us for the polar cap,

we have

. . -5 12
;ﬁi‘:—;—'” X 4 X 32X 1,11 ¢ 107CGS =22 X 10¢ A,

'hus ¢ murh estimate of the enrrent likewise leads Lo eddy intencaities hialfl as
great as those given by Chejumen. As for the lirections of the puroallel currents
flowing through the 1olar cap, as we nave slrecdy noted, it follows lirectl s frow the
observations ol Ihule «nd Lodhsvn Lhat Lhe currents must be porallel to the 3 - 20
hour meridian instead of to U — 12 hour merildian, as is the case in the Lhe sxn sys-—
tem, [hus the asbsence of 2 joud ngreement between the polar velue of the dp-currents
in the Chapmen syslem end Lhe observed voristions is explained cilaply by the inale-
quacy of the sbserve tionszl me terials Lhet were available Lo him. rhe culculationg
presented above show Lhat the - pproximate method of eslimeting Lhe intensity - nd

direction of the currents gives very good resulls. Of course, the approximate meth-

od does not make it possible Lo separs be the internal :nd externsl parts from the

F=T3-39714/V
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observed field, to obtein Lhe nuneric~l v?lues of the potentisl, to Jetcrnine Lhe

signs of the current function, nor to elucidate the letails »f the configuration of

the currents, etc., bub it is mply sufficient to obtain ¢ rough picture of the cur- -

renbs »s necessery for ¢ qurlitative liscussion of virious problens.

secbion 7. e Poler Pert of the 3. ~Currents

The Jisbribution of the p-currenis in the uroral zone shown in Fig.?9 was dl -

g0 compred by us with te pa et of the current obt-ined unier the assw. tion

of lin_arity of the current. as stoted in Cne¢pter 1, the caiculslions o7 the inten-

sity, heipnt, wnd position ol Lhe Llinesr current in the furortl zone b3 been corried

oul by & muber of cutnors from sbservi tions Hf peir of Stitions or of oeveral

pairs, yielding Jdifferent re sults, Jdepending o the Cterls 1o used.  accorndingly, wve

repeated our coleulations using the seme dot we used in constructihg the s stem > f

surface currents.
fhe listribution ol the vectors of Lhe mignotic field of the linecr cloectric

current is schamstic. 11, represented in cif. 30,  In considering this fifpure we must
imag ine the current to flow perpeniicular
to the plane of the ~per in the lirection

fror. Lhe peper towe il the olserver, “nd

assume Y to bo the 1 oicht of the current

sbove the earth's surfree, w ile  nit B

are two points ot which the vectors of the

¢ip. 30 - Pattern of lagnetic Field of
motnelic field are bnoon, un the drawing,

Yoriz ntsl iines 1 Current
thev rre 'oe Lot 1T rent sidas of O,

i

the projection »f the current onto the earth'. surfice. 1t follows frao the irawing

in 't .30 that:

AO:=hdga§
BO ==hctgf |

F-15-8974/V
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observed field, to obtzin the nunericel values of the rotentisl, tu detemine the

| -
sipns of the current function, nor to elucidate the letails of the confipuration of ~
the currents, etc., but it is cuanply sulficient Lo oblain & rough picture of Lthe cur-

rents #3 necessary Lor o juclitative liscussion of virious problenis.

section 7. Lhe Polar Pert of the S.-Currents

The dislribution of the sp-currents in the ruroral zme shown in fip. 29 was o~
su compi red bty us Lith Lhe jarancetzes of the current obtained wrler the assuplion
of linsurity of the current. As stoted in Chepter 1, the colcul: bions of the inten-
sity, heipnt, and posibion ol the Llinenr current in the curorel zone hes been carried
oul by & nunber of aubhiors from observations of - peir of 5L bins or of several
pairs, yielding different resulls, depending on the noteric 13 used. Accondingly, we
repeated our culculations using the seme dets we used In constructihg the svstem of
surface currents.

[he listribution ol the vectors of the murnotic field of the Linecr clectric
current is schematically represented in vip.30. In considering this: figure we mus b

imagine the current Lo flow perpendicular
to lLhe plane of the niper in the lirection
Cron. Lhe peper towerd the observer, ond

assume h to be the height of the current

abhve Lhe earthts surfoce, w.ile nd B

are two points @t which the vectors of the
il 30 - Pattern of kagnetic Field of
magnelic field ave known. un the drawing,
Horizontil winecr Curvent
they are Llocotd ob Jdiffevent sides of U,

the projection of Lhe current onto the earth's surface. 1L follows frow the drawing’
-

in i .30 that:

AO==hdga‘
BO ==hctgf

F-13-897L/V

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

AB

h == ctga.ctgf ’

'

tga:z::': (l&)

gh= L, (5)

B

D=y Ahctgf==, —hciga, (6)

if QO is the latitude of point O (in our case of the auroral zone) and ¢A and ¢ B

are the latitudes of points A and B.
The vector of the magnetic field created by the infinite linear current 1 at the
distance r is equal to

i 2
r

Conseqbently, if H is expressed in grams, I in amperes and r in kilometers, then -

h '\’A_ _ h . 1\’8
sina sina _ ~ sinB sinf

[=5rH=>5

[ ==5hX , (14 ctg?a) == 54X, (1 4 ctg?p). (7)

For the case where both points A and B are located on the same side of the pro-

jection of O, we have

b AB (3*)

(6')

b,=¢,thctigh=0¢,+4hciga

Equations (3), (3'), (&), (6'), and (7) allow us to calculate all the parameters
of the current if we know the distance between two observatories whose observations

are available to us.

A consideration of Fig.23 shows that the most convenient pairs located near the

r-TS-8974/V
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1) Petsamo-Bear Islands; II) Fort Rae-Minuk;
!
III) Point Barrow-Uellen; and IV) Tikhaya Bay-Dickson and kaiochkin Shar.

auroral zone are as follows:
This

selection of pairs was made so that the two stations should be on about the same

geomagnetic meridian, i.e., that the direction of the hypothetical linear current

should be perpendicular to the line connecting Lhe stations,

Table 12

II

h km b,

7% [62°.3
232 63.7
364 | 64.6
L42 165.8

1082 | 68.2
421 | 64,6
580 |67.5
593 167.0
Lh2 66,6
283 | 65.7
165 |62.6
331 |65.1

The results of the czlculations of h, @O, snd I for corresponding pairs of
stations given in 'l'able 12 allow us to draw the following conclusions: The height
of the current layer varies within wide limits, from 200-250 km in the night hours
to 1000 km &end more in the daylight hours. J3ince all four pairs used agree in indi-
cating an increase in height during the daytime, &nd since this is confirmed by the

statistics of the heights of tLhe F, layer in the polar regions, the diurnal march of
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the height of the current may be considered to exist in realily. rhe most reliable
height Jdeterminations appear to be those in the night and early morning hours (0-6)

and in the afternoon hours (14-20) when the replecewent of the surfece current Ly

the linear current is most loyicel., 1n Llhese hours, «ll stalions yive results in

agreement with each other (increase from 250 to 500 ki in tae period 4 to 6Il and de-

crease frﬂm 600 to 250 km in the period from 16 to ZUh), which ore very close Lo

those vf ionospheric measurements. At the end of the diy (?0—’hh) spnd at noontime,

the values of the heiphts are very diverse. The calculutled volues >ften appeir ab-
surd; h > 100U km or h < O lan (¢l omissions in the height column of Table 12). ‘The

poor resulls during this period «re entirely understandable if we bezr in mind Lhat

in these hours there is 1no crowding ol the current lines (cf.Fig.2y) which wight bLe

compared éu the linear current.

Owing tou the relatively great dispersion of the values of h, no syslemic Jiffer-
ence in the values calculated for different pairs of stalions is found. 1t can only
be noted that the calculation of h for the pair IV pave Lhe worst results, which
most probably can he explained by the fact Lhat Lhe Plikhoya say ubservatory is lo-
cated far from the zone of linear current ond is in Lthe region of ¢ctiom uf the sur-
face current flowing in meridional directisn through Lhe polar cup.

Thus the determination of the height of the current in the polar zone by the
above-presented formulas, 25 rough @s it may be, LLill does indicele Lhat in Lhe
high latitudes the current .yste wf 5j can likewise be referred to Lhe leval of Lhe
Fy leyer, ond thot we did not commit a great crror in adopting the height of the
system h = 0.05 R for the enblire earth nu an everage. 1n nore Jdetailed calculations,
which would be outside the scope of the present work, the diurnnl fluctuations and
the latitudinsl varietions of the height of the current iaycr should also be taken
into account.

The varistions in the geomegnetic latitule of the linear currenl zone ()

give & still more regular pictures All stations ¢gree in indicating an increase 1in

F-TS-8974/V
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the northward shift of the lincur current during the daytime hours and a southwarnd

shift in the night hours, vhich is full agreement with the position of the zero cur-
rent line on Fig .29, lhe unexpected drup in the value of 4’0 at th and the great
scatter «t AU-DAh is expleined, ¢s in the case of the calculation of hei hts, by the
absence uf crowding of the current line:s in these periods of the day. there is &
notuble systematic difference in the values ‘LU T (bU 11° ¢ 0 IIT’ and ¢ o IV ‘Two

pairs of stetions, rinuk-Fort dac nd Point Barrowu-lellen give uwbout Lhe sane values,

. . . . . o .. s )
fluctuating in the morning .nd evening hours wbout ¢, = 667, which is in complete

agreement wilh the position of ULhe s01e sn rig .23, which we have lrawn along the
isowuplitudes of HSD. As should Lave been expected on the bisis of Fig.23, Lhe pair—
likhays st y-listochkin shor end vickson inaicete the southernmost positivn of the

Z011e (‘bo =63 - bho). Phere 15 6 certain luck of carrespondence belwecen Fig.23 and
the values of Iuble 12 unl, ror Lhe pair Petswo-Jde:r lslinds (‘DU = 65°) olong the

i

isoamplitudes and «PU = 67° for the rorning wnd evening hours of Teble 12, Thus the
calculation of Lhe latitude of Lie zone of linecr current on the average is in very

good agreement with the position of the zero current line in the system of surface
currents and &llows the position of the zone Lo be nalde more precise atl various long-
itudes.

A comparison of the intensity of the linear current wilh that of the surface
current flowing in the belt 00—700, iédiqates good agreement, both in order of mag-
nitude and in diurnal distribution. Ilhe systematic difference in Iy ... IIII again

indicetes the existence of the longitudinal ¢synmebry in the distribution of Sp, re--

peatedly noted by us., For obvious reasons, there is no special point in atteching

any particuler significince to the scattered velues of IIV'
lhe abuve-dcscribed parameters of the linear current, cclculated by us from the
Sp-variations for the sccond Internal.ional Polar Yeir, agree in part with the para-

meters from the calculations of 3Sucksdorff and (Bibl.55) and Harang (4ibl.44). In

piarticular, the diurnal variations of altitude :nd densily are about Lhe sare for
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all three studies. Ye did not, however, discover the existence of Lwo branches of

the current on one and the same meridian, which would follow from larang's work. We

likewise fail to find even indications of the existence of the "almost vertical"

linear current calculated by Sucksdorff. On the contrary, the idea obtained by us -

as to the parameters of the linear current is in full agreement with the system of

surface currents, which is more objective, ond has been calculaled without a priori

com———

assumptions as to the configuration of Lhe current.
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CHAPTER VI
PULAR STURIS

Jection 1., Expeansion of the Field Pqtential snd Electric Currents into Series

of Cylindrical Functions

As has been stated above, during the time of a polur storm (P), the fluctuations
in the magnetic elements in the high liatitudes reuch great asmplitudes, often exceed:”
ing 1000 Y, while in the low latitudes a poler storm manifests itself in Lhe form of
small bay-shaped disturbances. It follows from Figs.7s &nd 6L that the field of a
P stowm for ¢ < 55° is so smell Ly comparison w.ith Lhe field in the polar cap that,
without great errvr, a field that vanishes &t 6 = 50° may be adopted, «nd the distri-
bution of vectors considered only on the spherical segment ¢ < 40°. In this case,
taking the sphericel segment @s & portion of a plane, the potential of & P storm mey
be represented by & series uf opessel functions. The approxinetion will of cuurse be
very rvuch #nd will ;ive particulirly freut distortions along the edpes of Lhe re-
gions considered, but it will still enable us Lo scparate from the field wbserved on

the earth's surfoce Lhat part Jue to ionsspheric sources, and to form an ides on the

configuration and intensity of the currents [lowing in the lonospiere. In the cent-

ral part of the polar seguent, we heve 9 < 59, ana it is here thal the nost incense
fluctuations of the regnetic field are cuncentr: ted, while the distortions untro-
duced vy Lhe repli cement of the spheric. 1 surflice by ¢ plane surface cre rel: tively
small,

In view of Lhe fact thet the expansion of Besse! functions is here used for the_
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first time‘in investigations 5>F Lhe variable nagnetic Ficld of the eartl, ue will in
this Jectidn Jerive the nccessary foreuls 5 end will aevote the wert, Lectiom Lo a des-—
cription of the current system obtuined for the P stomnus.

After selecting a system of c/lindricel coonlinates r, ¥ , 2 3uc) that its ri=-
gin coincides with he nagnetic aris 1ole, the t, the plene 2 = 0 corres-mis 1o Lhe
earth's 3uffuce, cnd thot the positive #xlie 2 i, lirecbed Yorw rd, let u. ropresent

the potential of the storr at some fixed instnt of Lime T by the Fourier-ses sel

series:

an

Q) : - r
V== (af, coS 19 - {5, sin me)e °J, (",7 p) +
n m

llll
2 n

~ / |
-.L'EZ(zjmcosmp—l—{szmslnm',o)e *J ()\g' :) o)
n m

The first nelf of Lhe series cConveryes in Lhe half-sp.ce 2 > 0, Lelow Lha urface
of Lhe earti, :nd represents Lne poteaticl lue Lo exbermn. L sourcus (Vc). the seconud
Lhelfl ,f the series converges for 2 < O =nl rapresenbo thie potenti 1 ol Lhe field Jue
to external sources \Ji). Fere A g denotes the mth root of the gzeosel raetisn of

the nth

opier, nd n1.(1) venisnes on the surfoce of the c,linler of rodiu. r =10
3ince we heve essumed thet V=0 for 0 - L9, the nuseric. 1 ve bue of p dnoour
analysis equels the lenpgth of the segnent of the neridisn included teiween 9 = O and
0 = 40°, i.e., 111 x AU lon, or 4.5 % 103 cm.  fhe field inten.ily is
av
- e— = — — ——
F gradV u R Z 57 (2)

or’

where .t lenotes the coumponent of “he norizontol vector Jirected along bLhe feomapnetic
meridian. oince the direction toword Lhe pole is usuclly considered positive in
geomagnetic mezsurenents, while r increases wilh incre:nsing «dist-nce from the pol.:,

. 0
we have, from eq.(1), X - R bY'
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Frum eq.(l) we also have

1 , n ,
Z-= ZZ {i' (24, cosng -t @7, sin ng)e * ./”().,';’7)—
n m

2.m

- . n
\‘ h (2 cosny-=3 sinng)e” [J " ym -r-)
— /. T j‘um v Yam v n n nl”’
am—

.

un the enrth's surface, 4 = U and

v }_E (a,, cos ng b, sinnp)J, ( Am ';') ,

n

m
VA é\_‘ (Cpp €05 1%+ dp SiNAP) S, ( Am
m

n

\
/ ]
where

i
- aum) !

‘ Ay -
bnm = re'tm + (j;xm ! dnm = T (a‘f;m - ;xm) :

are known, Lhen gm oo rluu may be cclculated by the formulas

. 1 p
Ym Cam ) %pm T v Qum — m Cam )
L A

| P Lo ! £
T(G,,m ';Zn— dnm) ' {'nm i ?(bnm - ),:‘ nm) : (7)

The values of cpp and dnm are easily obtained by expanding into series Jn

(6)

(A 11111 :—)—) the pruperly work-up dabe of the variations of the 4 component of the geo-

magnetic field. For the calculation of & <nd bmn it is more convenient to ncke use

of the data of the varialions of the X' component, rrom e, (2') it follouas, for

ry > Iy that

v, =V, —-—-./C"Xdr n VvV —-./:UXdr—l— V,.
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- .,

Taking rg = p, we have

V=—fXW,

since, by hypothesis, Vo = 0.
On finding, By numerical integration of the X! component, the value of V for all

the region r < p, we may find the coefficients a  and by, of the expansion ;)I‘ eq. (&)
From the distribution of the potential V, found on Lhe surface 2z = 0 it is not

difficult to pass to the distribution of the currenis responsible for it. Let the

potentigl Ve known on z = O be due to a plane layer of currents lying at the level

Z = =20, Denoting the value of the potential for the lower surface of the layer by

V_, and that on the upper layer by V., we have, under bthe condition that the normal

derivative is continuous,

v, - (9)

"0z dz

Since the current layer is equivalent to a double magnetic sheet, the second

equation

where I(r, ¢ ) is the density of the current layer, will also hold for the level

Z = - Qe on expanding V+, V_and I into 8 series of Bessel functions, we have

xﬂ

L\ 2 (45
V_= ZZ (a;mcoan)-{—ﬁ;msinn?)e" J U\,T—r—) as |z| <z (11)
n m

P

p

\ l—:'n—(t-!-z)
'V, = + cosnp i, sinne)e WA FLEANFE
-+ (a'my. P nm b4 n n Izi>z0’
n m

Y r
]=}_‘\=d(3,,,,, cosn;«-{—tmsinnq)./n()tﬁ"‘,‘) as |z

n
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Substituting eqs.(11l) - (13) in eqs.(9) and (10), and equating the coeflficients

of the same cos noY J
n, we have

gin ne

——a— - =
“rfm - anm’ anm Trm 4"3mn’

s — hendi J — e
"‘:-m - am’ p:-n am 41!1“” ’

whence
l —

1
snm'—:"—f—anm; “,,,,,"—""_2'_,"[3,,,,‘

For z = 0, we have the two identical expressions:

—ami

_ n
V_: >_, E,(a;mcosw+ﬁ,rmsi"na°)e "”/n-f'%:’f),
n mn

AN
V. }_J Z (at, cos ny + B, sinng)J, ()\:'-P’-).
n m

On equating them, we have
m z,
e .hh . g-
% anme ! nm nme

nm -

£
nm . . Bnm

- Ton 2r

where 2 is the modulus of the height of the currents postulated by us.

Section 2. Starting hMaterial. Results of the Analysis

As our starting materiasl for calculating the currents responsible for polar
storms, we used lhe data collected and worked up by 3ilsbee and Vestine (Bibl.54) .
Polar storms are so diverse in form and in intensity that the formal averaging of

series of observations cannot give such good results as it gives with tie S, or Sp-
1

variations. HNevertheless, Lhe statistics of a lar -e number of storms for certain
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observatorics given by these authors do show thal there is a definite regularity in

the distribution of storms by hours of the day. The relation between the number of

storms and the time of day given in Table 13 shows that Lhe positive stomms (i.e.,

deviation in H, AH > 0) and the negative storms (Al < 0) are usuelly encountered at

different times of the day, the diurnal march of the bays Jlenending on the latitude

of the point of observation. fhe list of observaluries usaed in the work of 3ilshee

and Vestine, and the nunber of bays registered, ©re {iven in table 14

Table 13
Jiurnal hLiarch of Frequency of 3a-—sht ped Uisturbsnces

(Lumber of w1y in )

lours

9 10 11 12 13 1, 15 16 1Y 14 19 20 21 22 23 2L

33

7 5
o C 0
2 1

70 - 63

L3 - 40

3 - 16 ( 0 1
) 3 4 3

A consideration of Lhe form and intensity of the bay-shaped fluctuations for all

three elements enabled me to construct for each obuservotory 4 picture of Lhe mean

(or more exactly, jdenlized) bays by averaping Lhe disturbances encountered at one

4nd the same hours of local time. lhese mesn bays WeTre different for different hours

of the day of lhe locul day, bub resembled each other for observatories located at

the saue latitude. In other vnrds, 1 found that the stormn field Jepends on the local

time and the jatitude. A3 in Chapter V, allowance wWas made, in averaring, for lhe

local peomagnetic time snd the gcomngnebic latitude, Figure 31 pives the distribu-

The coordinate net on

tion of the field of an idealized bay for oht Universal Time.
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Table 14

Observatory ¢ N Humber of Bays

Thule 43°.,0 (°.0 20L
Julianahoab 70.8 35.6 227
Fort liae 59,0 240,9 243
I'romso 67.1 116.7 99
Colle, e, 64.5 255.4 146
Dickson 63.0 161.5 103
LO L 312.2 191
4L3.9 7949 147
Watheroo 41,3 135.6 ,173
Antipolo 3.3 139.8 117
lluancayo -0.6 353.8 99
Mogadiscio -2.7 114.3

Apia -16.,0 260.0

the map is formed by the ceomagnelic parallels and meridians. on the edge of the

. . . . . 3s . 13
diapram, the local ceomagnetic time of Lhe meridions corresponding to O

tniversal
Time is shown. In preparing the diegran, I used not only the velues of the vectors

for the 13 enumeriled observatories for Uh, but also for 2L and 3h, the latter values

being placed on the meridians corresponding Lo 1l 4 A - 69° and Bh + A - ey° feomag-

netic time. Lhe horizontal component of the storm ricld is represented by the vector,
the vertical component by the digit at the origin of the veclor. It wi;l be clear
from the [Cigure that the vectors of H are directed primerily along the reomafnetic
meridians, that the vectors reach Lheir maximun values in the zone ¢ = 60 - 659, end
that, at lalitudes lower than 50° they are negligibly small., The representation of
the field of a polar storm shown in lig.31 by a series of Bessel funclbions was accom-

plished in Lhe following manner: ‘the data of the Z components were interpolated for
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various latitudes ( ¢ equal to 90, 70, 67, 64 and 50°), For each latitude I calculat- -

‘ed the coefficients of the expansion of Z into the Fourier series:

Z = 2 (p, cos ne - q,sin n9),

where the argument ® corresponds to the geomagnetic longitude A, For a satisfactory -

representation of Z it proved to be sufficient to confine myself to n = 0.1 and 2.

o

L3

Fig.31 - Field of Polar Storm (According to Vestine). ‘The horizontal

component of the field is shown by an arrow, the vertical by numerals
(in gammas). The corrdinate net is the geomagnetic latitude and the

geomagnetic time

Then'pn and q, were represented by a series of Bessel functions of the nth
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while ¢, and dnm were found by the well-known formulas

B 'zfrp,, (r) Iy (A;' _:_)
[Jn—l(lz’)]’_— ’

L j ran ()9, (A7 )
nm [Jn—l(l:')]z

The values of the H component, as indicated above, were first integrated to ob-

tain the value of the potential V, and then a . and b, were calculated by means of

eq.(4). -

Table 15 gives a summary of the coefficients &m e dnm so obtained.

Table 15 #*

2 3 5
—39 63 | —50
—77| —6 -—30
—81 | —84 —34
—64| —18 1
-7 ] —12
1.66 | —0.60 - 0,09

3.66 | —148 1.04
136| 018) o. 0.11

Equations (4) and (5) satisfactorily represent the initial observed data, as in-

dicated in Table 16 which gives the calculated and observed values of V (in CGSM) and

¥ In Table 15 the values of the coefficients are given in units of 10-2 CGS. 'The

values of aj and by do not exceed a few units of the fifth decimal pléce.
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!
of Z (in' Y ) for four points.

Thelseparation of the potential into portions of external end internal origin

by means of egs.(6) and (7) showed (Table 17) that the external potential Ve consid-

| Table 16

¢

(o}

30
80 | - 60 - 90 5
- 66 0] 120 100 2

66 90 180 200 2.5 2.5

erably exceeds the interral potential Vi. For a quantitalive estimate of the ratio
of the external to the internal fields it is morc convenient to represent V in the

H

form

V=23 (e R L A Err D

pe
ER=V @ T @,) gry=— 22,

nm

i
=V T FE; tgtp——tom (21)
.ﬂﬂ

Table 17 gives the value of Eg ces ﬁ: and also of f = I/E and 6§ = y - %

This lable shows that in two cases f > 1 and in one case f could not be calcul-
ated, because of the smallness of the initial coefficients. In Chapter X, we will
show that the values obtained for f and 6 are in agreement with the hypothesis that
the internal part of the field is of inductive origin., The mean value f = 0.86 is
the same as that obtained for the polar cap from the data of the Sp-variations
(Vi/Ve = 0.89), which indicates the plausibility of these values. The value f = 0.86

- = 0.89 considerably exceeds the corresponding values for the Sq— and Dst—variations
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CHAPTER VII

SEASONAL AND 11-YEAR VARIATIONS OF THE Dgy AND Sp CURRENTS

Section 1. The 1l-Year and Seasonal Variations of the Dgt Currents
!

The present Chapter is devoted to a discussion of the variations that the mean
pictures of the electric currents described by us undergo with the seasons of the
year, and with the 1ll-year cycle. It is not possible to collect the observational
data for a series of years from the wide net of observatories that is necessary for
the mathematical calculation of the currents. I therefore confined myself to the
study of the ll-year and annual variations of the Dgt and Sp variations from indivd-
ual base stations, on the basis of which I then drew my conclusions as to the varia—
tions of the current system as a whole. As my basis I selected observatories with
long series of observations whose variations are characteristic for the correspond-
ing regions.

Let us first turn to the ll-year fiuctuations of the Dgt currents. The depend-
ence of the degree of magnetic disturbance on the level of solar activity is widely
known: the coefficient of correlation between the annual numbers of the u-measure
of magnetic acti&ity and the relative sunspot number may go as high as 0.9. Since
with increasing solar activity, the number and mean intensity of the disturbances
also increases, it may be expected that in the ll-year cycle the mean characteristic
of the Dgt variations will vary and, consequently, the intensity of the system of

currents equivalent to it will also vary. Instead of the very laborious calculation

F-TS-8974/V U2a
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in whose znalysis the data from the entire earth were used., The possibility is not._
J ;

excluded that this Jdiscrepancy is not fortuitous, and thaet it indicales the aniso-

tropy of the deep parts of the earth (for more astails, see Chapter X).

Table 17 #*

External Field

2 3
0‘99 _Ot‘ ‘
0,25 0.01
09 —0,55
.85 0,12
02 0,00
96 0,55

b4 89
085 0,10

359 0

Internal Field
2 3

0,72 —0,16
—-025 —0,01

L.
=3

O~
288
|1
oS00
&

oo~
88

[ ]
o
[,
—
8 8

&
Eoloo

°9°99999é*
& S8885%3

)
1,21
0,65

The ionospheric currents whose field is identical with the field of the ideal-

ized polar stuma were calculated by eqs.(lB) and (19). The disturbances of the polar

ionosphere, as a rule, extend to heights of 100-30 km, Down to these same heights
the lower boundaries of the aurora usually descend. This forces us to consider that
the most probable height of the currents of polar storms is the region of the E layer.
of the ionosphere, i.e., 90-120 km., The highly local character of thke course of these
storms, when the form and intensity of the disturbance varies considerably over a dis-
tance of a few hundred kilometers, likewise prevents us from referring these currents

to great heights. These assunptions forced us to usec 2 = 100 lan in eq.(19). rhe

¥ In lable 17, the values of @, 3, By and I are siven in ganmmas and those of &y, 6
and | in degrees,
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"of the Dg¢ variations for different years, I limited myself to the consideration of

1]

the quantity D, = Hq - Hq. A consideration of D is entirely adequaﬁe for judging

the geographic distribution or time fluctuations of the field of Dgt, since, as noted -
above, D, is approximately equal to the mean value of DgtH on the two first days of

a storm.

From Fig.33, showing the relation of D and ¢, it will be seen that the geo-
graphic distribution of Dy in the middle latitudes (¢ < 50°) varies little during the..
course of the ll-year cycle: the curves of Dm(¢) in the years of high activity
(1938) and low activity (1933) almost parallel each other. In the high latitudes
(¢ > 50°) there is a considerable change in the form of the curve of Dy(&). However,
as repeatedly pointed out, the ﬁm of high latitudes are due mainly to polar storms
and do not characterize the Dgi field. In view of this it can be considered that,
from year to year, there is little change in the configuration of the Dy current
system, but that there is considerable change only in its intensity.

In the preceding Chapters we have pointed out that the approximate method of
evaluating the intensity of currents gives good results, close to those of the exact
mathematical methods. Thus, for example, the intensity of the Dgt current flowing
west along the parallels of latitude in each hemisphere, according to the data of
spherical analysis, is I = 180,000 amp, while the approximate estimate, based on the

-~

value of D at Huancayo, gives I = 176,000 amp. Starting out from this good corre-

spondence, the current strength of Dgt was calculated from the Huancayo observations

for 1922 - 1944. As will be seen from Fig.34* the current strength undergoes great
fluctuations, from 12 x 104 amp in years of low solar activity to 4O x lO4 and 50 x
x th amp in years of high activity. Corresponding to this, the mean current den-

sity varied from 1.2 x 10° to 5.0 % 10~ CGSM. Just as in the consideration of the

# The values of I for 1919 - 1922 are calculated from the values of D, at Watheroo,
and for 1945 to 1950 from Dm at Zuy. The values of D at Watheroo and Zuy were mul-

tiplied by the factor 1.2 to reduce them to the values at Huancayo.
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coefficients s and T (in amperes) calculated under this hypothesis are given in

Table 18, and the resultant system of currents is given in Fig.32, A comparison of

Fig.32 ~ Current System of Polar Storms; Intensity of Current in 10,000
Amperes. The current flowing between two adjacent lines of current is
10,000 amp. The coordinate net is the geomagnetic latitude and geomagnet-

ic time., ( positive values of current function; - - -negative values)

the current system of Fig.32 with the Silsbee - Vestine systen, constructed on the
basis of these same data, but by an approximate method, indicates their great resen-
blance. This is still another confirmation of the conclusion drawn by us in Chspter
V to the effect that the approximate method gives a good idee of the configuration
and intensity of the current lines, and can be successfully used in cases where a

qualitative idea of the current system must be obtained without great expenditure of

¢
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"11-year cycle of other magnetic characteristics, a lag of the magnetic maxima behind '
the solar maxima is noted in good agreement with the corpuscular nature of magnetic

P disturbances.
& In the work of Chynk (Bibl.41l), cited in

60
Chapter I, it has been established that Dm has

systematic seasonal fluctuations. Besides the
2 double wave with maxima at the epoch of the equi-
& noxes and minima at the epoch of the solstices,
60 which is inherent in all measures of magnetic

40 activity, a simple sinusoidal wave with a maxi-
20 mum in the winter for each hemisphere and a

80 minimum in the summer may also be separated

60 v from the annual march of Dy. At Huancayo, lo-

“wr cated close to the geomagnetic equator

20

P t——- (¢ = ~0,6°; ¢ = 12°08), the value of Dy is about
0 v 20 39 4w 50
' equal at the December and June solstices (cf.

Fig.33 - Dependence of
Fig.35, which gives the values of Dj for the

Dm = Hg - Hy (in v) on the
Geomagnetic Latitude

" years 1922 - 1944). This compels the assump-
tion that in the epoch of the solstices the

lines of zero value of the current function are not deflected far from the geomagnet-
ic equator, in contrast to what happens in the case of the Sq variations. The inten-
sity of the current (in 104 amperes) in the northern hemisphere, (calculated from
the DyH of Zuy Observatory) and the southern hemisphere (calculated from the DyH of
Watheroo Observatory) is shown in Table 19, The mean values for 1938 - 1944 of the
intensity of the Dgt current are given separately in Table 20 for the northern and
southern hemispheres.

. Thus the seasonal fluctuations of Dgt actually do have a maximum at the epoch

of the equinox and a minimum at the epoch of the solstice. The summer minimum is

i
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labor.
The system of currents represented in Fig.32 consists of two eddies in which the

current flows in opposite directions, This explains the fact, illustrated by Figs.9

and 31, that at polar stations located in different hemispheres the storms are usual-

ly observed simultaneously but have different signs for the Il component. The current

eddy located on the morning side of the polar cap is considerably weaker than the

evening eddy: The total current in it reaches 16,000 amp, while on the evening side

it is 55,000 amp.
The system so described is completely different from the currents postulated to .

explain the polar storm by Birkeland, but, conversely, it does resemble the polar

part of the currents of the Sp-variations. [his resemblance is entirely understand-

able if we bear in mind the fact that the polar disturbances, which everywhere accom-

pany worldwide storms, make the greatest contributions to the Sp-variations.

Table 18

I 2 3 4 5
—32X10%A —17X109A 8X10°A 23 10PA 13¢I08A
26 —40 11 5 13
—16 -2 0 -1
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‘desper in both hemispheres than the winter minimum.

Table 19

a)
Year d)

1919 16
1920 19
1921 ) 25
1922 X 34
1923 45
1924 25
1925 40
1926 15
1927 29
1928 14
1929
1930
1931
1932
1933
1934

a) Watheroo; b) Zuy; c) Summer; d) Winter; e) Equinox

11-Year Variation of the Middle-ILatitude Part of the SD Currents

Section 2.

The ll-year and seasonal fluctuation of the Sp variations are considerably more

complex. The mean annual Sp variations were calculated for a number of observatories

for all years for which the data was available to us. As an example, the Sp varia-

tions for three observatories (Dombas, Slutsk and Huancayo) are given in Tables 21 -

23, A consideration of the materials collected by us has shown a very systematic

variation of the Sp variations from year to year. In many cases these changes are

expressed in the increase of the amplitudes with the increase of solar activity.
But in a number of cases, changes of form and a shift in the time of the extreme val-

ues is observed (thus, for example the SpH of Slutsk, the SpZ of Uellen and Matoch-

kin Shar, etc)., At different latitudes, the cyclic variations of SD proceed dif-

ferently. The peculiarities noted in the variations of Sp force us to assume that

the intensity, location and dimensions of the four current eddies making up the cur-

rent system of S vary during the course of the cycle, the variations in the polar
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and middle-latitude eddies being unequal. In this Section we shall discuss the fluc-
tuations of the middle-latitude eddies responsible for the course of the Sp varia-
tions in the belt of + 60° geomagnetic latitude.

19152, 2 > X0 X% « -] .

[ L ""lll‘lllltlll"l|

/,

20

10

02
"
-0
260

-2

[ ] | ]
\_/\/\/\\/f -~
-60
Fig.34 - Cyclical Fluctuation of Electric Currents of Dgt and Sp Variations
(W - relative sunspot number; Igy - intensity of Dgy current; IéD - inten-
sity of middle-latitude eddy of Sp current). The dots indicate the inten-
sity of the additional eddies. JSD - intensity of polar eddy. Units of
intensity ~10* amp. ¢ q = geomagnetic latitude of auroral zone (from 1922 to

1936, from data of the Sp variations at Sitka observatory, from 1934 to

1943, from data of the Sp variations at Uellen Observatory)

Table 20

Hemisphere Equinox Winter

Northern 36 % 10+ 28 x 104
Southern L0 28

Middle 38 28

P-TS-8974/V
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The variation of the S variations at the low latitude observatories during the
ll-year cycle are small (for example, the Sp variations at Huancayo, Watheroo and
Paris), and manifest themselves mainly in variations of amplitudes. In the equatori-
al zone, the SpZ components differ 1ittle from zero, while the H components of the
contrary are rather distinct. At the latitudes of the centers of the cﬁrrent eddies
(¢ = 140° - 50°), the S, variations of the X components are faint while those of the

of 7 components are distinct. In view of this
m
60
fact, it is more convenient to select the am-

50
plitude of SpH (or X) at the equatorial sta-

40
tions (Ry) and the amplitude Z at the middle-
30
20 latitude stations, as our index of intensity
0 of the Sp variations. The values of Ry and

! ) | 1 1 L Ry given in Table 24 for Huancayo, Watheroo,
0 20 40 60 80 100 120w

Paris, and other observatories show that there
Fig.35 - Values of Dy = Hq - Hq
is.no exact parallelism between the march of

from Huancayo Data for 1922 - 1935
the amplitude and the annual relative sunspot

(o - I, II, XI, XII months; o ~ V,
numbers; but still the periods of elevated
VI, VII, VIII months; W - Relative
activity (1925 - 1931, 1936 - 1942) are like-
Sunspot Nuwnbers)
wise marked by an increase of amplitude at
all observatories. A certain shift ‘of the maxima is noted (a lag of the maxima of
the Sp amplitudes behind W), which is entirely absent in the Sq amplitudes (for com-
parison we also give in the Table the R(SqH) for Watheroo and the u-measure of activ-
ity). Particularly characteristic in this respect is the maximum of the cycle 1923
- 1933 which occurred in solar activity and Sq variations in 1928, and in Sp, in
1930 (see the very sharp increase of RSp at Watheroo). The march of the RSp numbers
is less smooth than the march of RSq, the u-measure and W. The cyclical variations

depends on the jatitude: at Paris, the R3p are greater than at Watheroo and Huan-

cayo.

F-TS-8974/V

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

The observatories located in the zone of the center of the middle-latitude eddy
(3= 140 - 50°), display not only considerable fluctuations in the amplitudes of Sp,
but also a variation in the form. This indicates that the position of the center of
the middle-latitude eddy varies in latitude from year to year.* Thus, according to
the data of the Sy at Slutsk (cf.Table 22) it is very clear that in 1924, 1931, 1933,
and 1935 the center of the eddy was at the latitude of Slutsk, in 1932 and 1934 some-
what north of Slutsk, and in the remaining years south of Slutsk. In the first
years of those enumerated, the SpH hardly deviates from the zero line, in the follow-
ing group of years the form of SpH approaches the low-latitude type (with a minimum
in the afternoon hours), and in the years of the lagst group, the form of SpH is typ-
ically middle-latitude, with a clear maximum in the evening hours. The same varia-
tions in the phase of SpH takes place at Sverdlovsk, Kazan', de Bilt, and Zuy. To
give a more impressive idea of the fluctuations of the center of the middle-latitude
eddy, Fig.36 shows the position of the center of this eddy in 1932 - 1933, 1938 -
1939, 1941, 1944, and 1948. The position of the center in the IT International Po-
lar Year is plotted from the most complete data of all. It will be seen from the
figure that it represents, like the zone of magnetic activity, an ellipse which, in
very coarse approximation, is confocal with the zone of magnetic activity. This is
evidence for the view that the asymﬁetry of Sp, which was mentioned in Chapter V,
also exists in the middle latitudes, but to a lesser degree. On the territory of
the USSR the line of the center of the eddy passes through Slutsk, north of Sverd-
lovsk and Kazan!, somewhat north of Zuy, and considerably to the north of Toyohara,
South Sakhalin. In another year of minimum (1944 ), in which the value of W was al-

most identical with its 1933 value, the Spll at Zuy is close to that of 1933, but at

E

# There is also a small shift of the center of the eddy during the hours of the day,
which is manifested, for example, in the shift of the maximum of SpZ at Slutsk from
19 hours in 1932 to 1730 hours in 1939. But this shift is very small by comparison

with the variation of the latitude of the center of the eddy.
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"Sverdlovsk and Kazan'! SpH is almost of transitional type, which compels us to plot

the line of centers in 194/, somewhat to the north of these observatories. 1In the

years of high activity, the line of centers plainly descends to low latitudes, but

Fig.36 - Position of Line of Centers of Middle-Latitude Eddies in

Different Years of the Solar Cycle. The Coordinate Net is Geomagnetic

this movement is not parallel in the entire sector we are discussing. The fact that

in a year of exceptionally high activity (1948), the position of the lines according
to the data of Kazan!, Sverdlovsk, and Zuy was almost the same as in 1944, appears

to be somewhat surprising. Thus the conclusion may be drawn that the fluctuations
of the line of the center of the middle-latitude eddy are very complex, and that the
data of observatories located at different longitudes must be used for their study.
Considering however, that on the average, with increasing activity, the lines
of the centers descend by 5 - 6°, I calculated the intensity of the current of the
evening eddy (I%D) for 1922 - 1944, based on the value of the evening minimum of SD

at Huancayo and using the above described approximate formula. It was found that
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‘the march I§D is completely parallel to the march of RH at Huancayo. It follows that --
,SD depends almost completely on the value of X and depends little on the extension of
the eddy along the meridian. Consequently, the error of +4° which may possibly have

been made in estimating the position of the center of the eddy will distort the value

of I%D only slighply.

56
104
80
64
38
26
14
6
26
44
64
70
78
65
36
21
1t
6

8
36
80
b4
110
89
68
46
27
15
10
35
92
152
136

No=-n

[\oXe I Yo

ooot

Rl RN RNENEN]

Wwrh

VLN

= c

a) Year; b) Watheroo; c) Paris; d) Slutsk; e) Sitka; f) Tromso; g) Lovo;

h) Dombas; i) Huancayo; j) u-Measure

‘ The following features must be noted in the march of I%D (ef.Fig.34):

l. The values of IéD vary by a factor of almost 3 from the year of maximum ac-
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‘tivity to the year of minimum activity (3.8 in 1925 and 11.0 in 1927 and 1943).

2, After 1938 the values of Ié continue to rise almost monotone, reaching very
D

high values in the years of the minimum (1943 and 1944). Since material for only two
cycles is available to us, it is difficult to give an explanation for this phenomenon.
3. In some years (years of high solar activity: 1927, 1928, 1937) the center

of the eddy splits into two parts, that is two maxima are found in the SpH at Huan-

cayo. The secondary maxima are marked by dots on Fig.34.

1 .
L. The agreement between the cyclical variations of IDst and ISD is small.

Thus, for example, the sharp drop in Ié in 1928 corresponds to a smooth march of

1 , and, on the other hand, the maximum of I% . in 1930 corresponds to a minimum
s

I
Dst
s the

in I% « The fluctuations Il are less regular than the fluctuations'of I H
8p Sp Dst

latter follow the cyclical variations of W considerably more closely. The march of

IéD displays no tendency to a lag in the time of the maxima with respect to W, and,

on the other hand, a certain lag of the epochs of the minimum does appear. The re-

% and I%D becomes particularly interesting
st

if we bear in mind the fact that the intensity in both systems of current is calcu-

Jlatively poor correspondence between I

lated from one and the same empirical data of the X component at Huancayo Observa-
tory. This poor correspondence, it seems to us, is one of the indications of the
different nature of these two current systems, the Dst currents being more directly
correlated with the intensity of solar activity, while the SD currents may possibly

be affected by other factors as well.

Section 3. The 11-Year Variation of the Polar Part of the SD Currents

For studying the fluctuations of the polar eddies, the Sp variations of the ob-
servatories at Dombas, Lovo, Sitka, Godhavn, Sodankyla and other Arctic Observator-
ies were calculated by me. The fluctuations of SD at the polar observatories from
year to year are considerably greater than at the middle-latitude observatories,

The cyclical variations of the amplitude of SD reach their maximum value in the im-
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|
‘mediate vicinity of the auroral zone (observatories at Tromso, Sitka, etc). At the

observatories with the circumpolar type of variations (Godhavn, and, in part, Tikhaya

Bay) the variation of the amplitude is again considerably smaller. Since all the
i

above enumerated observatories are far from the centers of the current eddies, the

S variatiqns of the horizontal component are of the same type as to form in all

D
years, and differ only in amplitude. A change in form is observed in the Sp of the
observatories lccated beneath the zone of the hypothetical linear current.: Sodankyla,
Matochkin Shar, Dickson. In the Second International Polar Year, a transitional
type of Z variations was observed at these observatories: at Sodankyla, it was close
to the middle-latitude type, while at Matochkin Shar and Dickson it was close to the
polar type. This indicates that the zone of linear current, (or of strong concen-
tration of surface currents) must pass to the north of Sodankyla and to the south of
Matochkin Shar and Dickson. In years of high activity, the Sp variations of Z at
all three observatories take on a distinctly polar form, which confirms the well
known fact of the descent of the zone to lower latitudes with the growth of activity.
To obtain the numerical data on the location of the zone and the intensity of
the current in different years of the ll-year cycle, I calculated the value of I and
QO’ using the formulas for the linear current (cf.Chapter V), from the data of few
observatories, assuming that the height of the current during the entire ll-year
cycle did not substantially vary from that of 1933. The replacement of the surface
system of currents by linear system as we have seen in Chapter V, allows a rather
good estimate to be made of the. position of the auroral zone. The assumption of the
jnvariability of h does not of course correspond to the actual behavior of the
heights of the jonospheric layers, and this produces a certain element of the arbi-
trary in my results. But whatever scanty information on the ll-year fluctuation of
the height of the F, layer in the polar letitudes is today available indicates-that
these fluctuations are not large. The calculations made separately for the morning

and evening hours (cf.Table 25) show that the latitude of the zone and the intensity
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Table 25

. Sitka . Dombas
Time of Day *; IX 104A | IX1%A

-9
5
-7
6 .
—10
6
—5
3
-5
11
—6
4
-9
6
-7
4
—9
6
—8
7
—10
7
—11
5
—10
)

-

1920 a)
b)
1921 a)
b)
1922 a)
b)
1923 a)
v)
1624 )
1925 a)
1926 a)
1927 a)
1928 2)
1929 a)
1930
1931
1932
1933
1934
1935
1936

LS

et -

2A2IABR

o
N

oNNE
®
©

b)
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--32
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A
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—30 , —33
17 8
—27 —26
17 13
—34
22
—32
22
-39
30
—55
48
—46
53
—43
34
—50
36
—37
26

33

1933
1934
1935
1936
1937
" 1938
1939 56,7
1940 49,7
47,4
1941 54,3
1042 54.6
52.8
1943 56,1
49,6

1944 56,7
46,4

oD D
—ONON—~

wo
coo

PN NW—O= RO —N

!Ou—-
[N = K8 N6 ]

SRIJLHEL
WD

NAANDDODD I
mpwooo~8—8
e O

© 0 DO

DD

I

O e

¢
Cooon

[ X4, 0]
s GV e
D
DDOOD
0o

ow

BBE3Z
e

253

[$ X =]

S2AL
ao;n

ow

a) morning b) evening

F-TS-8974/V

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201
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lead to similar results
Fig.34 gives the mean values for I and

of the auroral zone,

for all those stations,

¢O of the morning and

evening hours at the Sitka Observatory for 1920 - 1926 and the

Uellen Observatory

But the return to the high latitudes

after the 1938 maxdimum was not immediate,

In 1943, already characterigeq by low val-
ues of the solar activity,

the position of the Zone was only slightly north of its
1937 position,

eral tendency of the variations during the

11-year cycle,
tions in individual Years (for example, the increase of &
1940, in 1942, ete),

but also in the oscilla-

o 8nd the decrease of T in j

The absence of barallelism between the ll-year fluctuations of

the intensity or the current in the polar zone and the middle latitude current eddy

. indicates that possibly the mechanisms exciting them my be somewhat different. The
curve of annual values of the intensity of the polar currents would appear to dis

( Play two maxima each in the course of an ll-year cycle,

of which one is located on
the branch of rising activity,

and the other on the branch of falling activity (ecr.
years 1930, 1935, 1938, 1939).

(-1
The variations,

of the position and intensity of the po-
» according to the data of obser i i

with the solar cycle,

* The absolute values of I and ¢, a8 already stated in Chapter V, differ somewhat

between the different observatories.

F-TS-8974/v

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

north of it, are less regular. Thus, for example, according to the data of the Dick-

son Observatory, the southern position of the zone connected with the maximum of 1938

was maintained until 1943 inclusive. The fluctuations of the position of the zone,
from the data of the Matochkin Shar and Chelyuskin Observatories, according to the
; ‘ extremely fragmentary information represented by the data of Table 25, appear to be
entirely random, The intensity of the polar current, according to the Chelyuskin
data had maxima in 1940 and 1943, but according to the Matochkin Shar data, in 1937.
It is possible that the results obtained may be interpreted as follows: during the
ll-year cycle the width of the auroral zone varies. Its southern boundary is regu-
larly shifted southward in the years of high magnetic activity and northward in the
years of low activity. The northern edge of the zone is either little shifted at
all during the ll-year cycle or is shifted according to certain peculiar and still
imperfectly elucidated laws of its own. These facts are in good agreement with the
view of auroral investigators to the effect that the cyclical fluctuations of the
auroral frequency in the zone and'in the polar cap are different from those at lower
‘ latitudes. Thus Vegard denies any existence whatever of a regular cyclical behavior
q}-“in the auroral frequency. Tromhold indicates a cyclical march inverse to the march
of solar activity. On the polar cap, the ll-year oscillations have 2'ma2>dma. each
(on the branches of falling and rising activity), and in the zone itself the ll-year
march has a transitional form., Pushkov and Brunkovskaya (Bibl,28) have found that
the southward displacement of the auroral zone on days with elevated magnetic activ-
ity does not involve the weakening of the auroral displays to the north of the zone,
which once again indicates the possible expansion of the zone with increasing ac-
tivity. ‘
The question as to the position of the zone of linear current and of its fluc—

tuations in the 1ll-year cycle is of great importance in calculating the working fre-

. quencies of radio waves over routes passing throuéh high latitudes, since this zone

is at the same time the zone of maximum absorption. In view of this fact it appears
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a) <) ! to be necessary to continue the accumula-
2 zleﬂa__u -
tion of material on magnetic disturbances
and their auroral displays, which will
help to pinpoint the position of the zone.
The material on the S variations h
considered by us allow us to draw two con-
clusions: first, that the study of the
SD variations can yield useful informa-
tion on the diurnal march, on the ll-year ~
fluctuations, and on other peculiarities
of the zone, and second, that the present;n
ly available data from observatories sit-
uated inside the zone are insufficient
for the formulation of any reliable pic-
ture of the displacement of the northern
edge of the zone.

Section 4. Seasonal Variations of the SD
Currents

Let us now consider the seasonal va- -
riations of the current systems of the Sp
variations. The literature summaries of
the Sp variations (Bibl.4, 6, 61) show
that the seasonal variations of the SD of

‘ all three elements are small, especially

K

Fig.37 - The Sy Variation of the H and in the middle and low latitudes. As in

Z Components of the Magnetic Field in the case of the ll-year fluctuations, the

character of the variation of the compo-

. 1932 -~ 1933 from USSR Observatories

a) Winter; b) Equinox; c) Summer nents with the seasons is completely de-
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termined by the position of the observatory with respect to the current eddies. At
observatories far from both the centers of the eddies and the zone of linear curregi,
the seasonal variations reduce, on the whole, to an increase or decrease of the am--
plitudes. Observatories near the centers of the eddies often note an inve?sion of
the the phase of X, while observatories located in the neighborhood of the polar cur-
rent note an inversion of the phase of Z. Figure 37 gives the SD variations of a -
few observatories for the Second International Polar Year, which give a clear idea
of the seasonal variations characteristic for different types of Sp. The amplitude
of the variations is greatest at all latitudes in the epochs of the equinox and is i

smallest in the winter period. Their position of the centers of the middle-latitude

eddies does not remain constant throughout the year, descending southward in the sum-

mer months and ascending northward in the winter. From the SD variations of the hor-
{

izontal component at Zuy Observatory, at the latitude of which the centers of the
eddies were located during the Second International Polar Year, it is clear that in
summer the middle-latitude type of Sp is obse;ved, while in winter the type observed
is low-latitude. In the equinox, when the lines of centers occupy an intermediate
position, the Sp at Zuy are of transitional type with very small and irregular oscil-
lations during the course of the day.

At observatories close to the auroral zone (Dickson, Matochkin Shar) the middle-
latitude type of Sp variations is observed in summer and the high latitude type in
the equinox (cf. the SpZ components) while'in the winter the SpZ components have a
characperistically transitional form. This indicates that the fluctuations of the
auroral zone are similar to the fluctuations of the line of centers, more specifical-~
ly, that zone occupies an intermediate position in winter, descending to the south .
in the equinox and ascending to the north in the summer months, The position of the.
. line of centers of the middle-latitude eddies and of the auroral zone, calculated

from the data of the whole net of observatories, is shown in Fig.38a. The broken

lines in the sector 180 to 270° denote the absence of data for these longitudes.
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' The intensity of the middle-latitude eddies (1) and of the high-latitude eddies (IIj]ﬂi

. (in amperss ), calculated by approximate formulas for the surface current, are given '

in Table 26.
Table 26

a)

12
18
16
Bt

Note. The values in Table 26 are given in 10% amp.
i a) Second International Polar Year; b) Winter; ¢) Equinox;

d) Summer; e) Year

The seasonal fluctuations differ in years of different gsolar activity: in the
years of high activity they are considerably sharper. Figure 38b gives the position
of the line of centers and of the polgr zone for 1938 - 1939. The character of the
displacemen} of the line of centers and of the zone remains the same as in the years
of the minimum, but the value of the shift is considerably greater. It will be seen
from Table 26 that in the year of the maximum the geasonal fluctuations of the in-
tensity of the currents likewise increased.

Summarizing all that has been said in the present Chapter, the following con-
clusions may be drawn: the seasonal and ll-year fluctuations of the Dgy and Sp vari-
ations, which differ in character and amplitude ab different observatorieS‘and for
different elements, f£ind their explanation in the changes undergone by the systems
of electric currents responsible for these variations. The 1ll-year fluctuations of

the Dgt currents follow the 11-year cycle of solar activity most closely of all,
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|
‘with the lag that is characteristic for geophysical phenomena due to corpuscular ra-

| -
diation. The seasonal march of Dgt has the pronounced equinoctial maxima which like- -

wise confirm the corpuscular nature of the phenomenon, amplitude and also have an

annual march of small amplitude with extreme values at the epoch of the solstices.

This second annual wave likewise may be explained within the frame of the corpuscular
theory, if:we bear in mind that it is not only the heliographic latitude of the earth
that varies during the course of the year (Corti effect) but also the angle between
the magnetic axis of the earth and the line sun-earth. As stated by Bartels, the
variation ?f this angle during the course of the year changes the direction and mag-
nitude of the field on which the charged particles coming from the sun impinge and,
Consequentiy, also modifies the conditions of the course of the disturbances. The
ll-year and seasonal variations of the currents of the Sp variations are much more
complex. The correlation between the ll-year fluctuations of solar activity and the
intensity of the Sp currents is not so close, and is different for the middle-

latitude and polar currents., It would seem that the fluctuations of the SD currents

are not due only to fluctuations in the intensity of the corpuscular radiation, but

also to the condition of the upper layers of the atmosphere. This latter differs in

different latitudes, depends on the solar radiation of both types (photon and cor-

puscular), and obeys its own more complex regularities.
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CHAPTER VIII

MORPHOLOGY OF THE DISTURBED IONOSPHERE AND THE CURRENT SYSTEMS
OF MAGNETIC STORMS

Section 1. Ionospheric Disturbances

In the preceding Chapters we have described the calculation of the electric
currents corresponding to the external part of the field of magnetic storms, and we
have discussed the properties and peculiarities of these currents. But since we
used only geomagnetic data in studying thaes currents, many questions still remained
obscure: the distance of these currents from the surface of the earth, the actual
physical conditions in the medium in which, as we postulate, the currents are locat-
ed; whether the current layer can be identified with one ionospheric layer or anoth-

er; and so on. We have seen in Chapter I that the discussion of these questions in

the literature is only beginning. 1In order to give answers, though only provisional

ones, to these questions, it is necessary to formulate an ldea as to the variations
that take place in the ionosphere during the time of magnetic disturbances. 1In the

present Section we shall briefly set forth certain information of the morphology of
ionospheric disturbances, taken from literature sources, and other data obtained as
a result of the work up of the data from a number of ionospheric stations.

\ The first investigators of ionospheric disturbances were Bulatov, Berkner and

‘ Wells and Seaton (Bibl.3, 40) whose works give a detailed description of magnetic

storms from observations at Tomsk, and in South America and Great Britain. The'au-
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"thors noted the basic features of the behavior of the disturbed ionosphere: the low-—

—

ering of the critical frequencies of the F2 layer and the increase in its heights,
the appearance of a sporadic layer at the level of the E layer, the fused and scat-
tered reflections, indicating the inhomogeneous, cloudlike structure of the ‘iono-
‘sphere, and the increase of absorption. Thede features were further confirmed by a
nunber of works of Soviet and foreigh authors, and a description of them may be found
in modern surveys of ionospheric physics (Bibl.l, 2). One of the latest works devo-
ted to the description of the individual disturbances is the paper by Burkhard (Bibl.
39) on the magnetic ionospheric storm of 15 March 1948. The data of about 30 iono-

spheric observatories were available to Burkhard, who calculated the value for each

fOZ - fOz
n
observatory of A = where £fO = critical frequency of F, layer on day of
f

n
storm and fg = corresponding value for a normal day. The latitudinal distribution
of A discloses obviously decreased values of f0F2 in the high latitudes and increas-
ed values in latitudes near the equator. The dispersion of values is relatively
small, which forces us to accept, without doubt, the relation found. A work by Yu,
D.Kalinin (Bibl.22) is also devoted to the morphology of an ionospheric disturbance.
To elucidate the regularities of the behavior of the ionospheric layers, he used
statistical methods common to the methods used in geomagnetism., He studied the Dst
and Sp variations of the critical frequencies and the heights of the ionospheric lay-
ers for two ionospheric observatories, Leningrad and Tomsk. An analysis of the ma-
terial showed that the parameters of the E layer remained in fact normal during the
time of magnetic disturbances. This conclusion is in full agreement with the well
known fact that usually, in the middle latitudes, the disturbance affects only the
F region and only in the strongest storms does the disturbance penetrate down to the
underlying layers and disturb their structure. In the variations of height of the
F5 layer and particularly of the critical frequencies of that layer, a regular part

could be detected. The Dst variations of fOF2 are characterized by an increased in-
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"dex of f0F2 in the first hours of a storm,

hours of the storm. The SD variations o
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Fig.39 - Dgy Variations of the Critical
Frequencies of the Fy Layer
a) Alaska; b) Slough; c) Hobart;
d) Watheroo; e) Brisbane; f) Huan-

cayo; g) 0.5 me; h) Hours

followed by a decrease in the subsequent
f fOF2 differ for the winter and summer
ame at Tomsk and Leningrad. A consideration of the materials

under all circumstances, inadequate for any judg~

ment as to the geographic incidence
of the disturbed variations, or even
as to how much the variations change
from year to year. Nevertheless the
work has shown that statistical meth-
ods are fully applicable to the study
of the ionosphere of jonospheric
disturbance.

Analogous results have been pub-—
1ished by Appleton and Piggott (Bibl.
36) in 1950 on the question of the
correlation petween magnetic and
ionospheric disturbances. After
working up the data on the F, layer
of a number of observatories located
at different latitudes, the authors
concluded that in the middle latitud-

es ionospheric disturbance usually

take the following course: during a few first hours of the magnetic storm an in-

crease in the critical frequencies of the Fo

layer is observed. This is the posi-

tive phase, which is replaced afterwards by the negative phase, in which the de-

crease of f°F2 in

absolute value considerably exceeds its increase during the first

phase. The negative phase lasts considerably longer than the positive phase. The

return to the normal state of the F, layer is slow, dragging out to a few days, as
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"‘occurs with the phase of restoration of the D4 variations of the magnetic field.
The negative values of fOF2 are observed during the entire magnetic storm. In.the
high latitudes, on the contrary, the jonospheric disturbances as a rule have only a
negative phase, commencing immediately together with the magnetic disturbance. The
negative disturbances of the fOF2 of the high latitudes differ substantially from the
negative phase of the middle-latitude disturbances. But it is precisely the restora- ‘
tion of the normal state of the F2 layer after the polar disturbance that occurs very
rapidly, without a long drawn-out period of after-effect. This fact, it seems to us,

is responsible for the negative disturbances in the F, layer that accompany polar
2

geomagnetic storms. There are indications in the literature that by now the Dgt and .

Sp variations of foF2 have been calculated for many ionospheric observatories, but

more detailed data on the results of such calculations are not available to us.¥

The papers devoted to the variation of the critical frequencies and the heights of
the regular layers during the time of a disturbance have been enumerated above. In
addition to works of this kind, there have also been a large number of other inves-
tigations with respect to special types of disturbances (for example sudden ilono-
spheric distuvrbances due to outbursts of ultraviolet radiation), formation of addi-
tional layers at various heights during storms, the correlation of E gporadic with
the degree of magnetic disturbance, the nonuniformity of the ionosphere, etc. In
view of our basic object, to elucidate the ionospheric conditions of a typical mag-
netic storm, these studies are of less interest for us. Indeed, the existence of an
Eg layer of corpuscular origin, related to and correlated with the degree of magnet-

ic disturbance, is very probable. However, in the middle latitudes, in a large num-

ber of cases, Eg 1is observed with a completely quiet field, and Eg is often absent

during a storm. There is therefore no reason to consider that its formation leads

# This question is also considered in the papers by Martin, Louis Waldo, and Apple-

ton and Martin, published before the completion of the present work (cf.Proc. Roy.

Soc. and Journ. Atm, Terr. Phys., 1952 and 1953).
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to the formation of the electric currents responsible for the regular parts of the _

field of magnetic storms.

This applies to an even greater extent to the appearance of additional high lg}a

J°F2

0 2 4 hours
—/
¢) /ﬂ—\\\\
(43°s5)
N

d) e
(30°s)

e)
(28%)

)
(12°s)

Fig.40 - SD Variations of the Crit-
ical Frequencies of the F, layer
a) Alaska; b) Slough; c) Hobart;
d) Watheroo; e) Brisbane;

f) Huancayo; g) Hours; h) 0.5 me

ers during the time of a disturbance. Addi-
tional and sporadic layers at the level of

the F2 layer and above it are not invariably
observed during the time of magnetic distur-
bances, and it is not probable that they are-
connected with the regularly originating cur-

rents,

On analyzing similarly the other mani-
festations of an ionospheric disturbance, ?iﬁ
may be concluded that the regular parts of
the field of a magnetic storm are most like-
ly to be related to such processes in the
ionosphere as variations of density or circu-
lations of large scale., Starting out from
these considerations, in the present survey
we have touched only on a few investigations
devoted to the consideration of precisely
these questions.

The additional statistical treatment of

the ionospheric data performed by us leads

to the following results (Figs.39 and 40):

1. The Dgy variations of fOF2 have a two-phase character at all latitudes: in

the high and middle latitudes, the first phase is positive and the second negative,

In the low and equatorial latitudes, on the contrary, the first phase is negative

and the second positive. Thus the geographic distribution of the D_, variations of

F-TS-8974/V
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‘the magnetic field and fOF2 do not resemble each other.,

2. The SD variations of fOFz vary strongly, depending on the season and on the

level of solar activity. Nevertheless certain regularities in the geographic distri-
bution of SD can be established: the amplitude of SDfOF2 is smallest in the equato-
rial regions and greatest in the polar latitudes; the time of the extreme values
likewise varies with the latitude: in the low latitudes the minimum is observed in
the forenoon hours, and the maximum in the afternoon hours, while in the high lati-
tudes, on the contrary, the minimum occurs in the second half of the day and the max-
imum in the first half. It follows from this that the geographic distribution of
SDfoF2 is analogous to that of the Sp variations of the magnetic elements,

3. The Dgy and Sp variations of fOF2 are considerably less regular than the
corresponding variations of the magnetic elements.

No regular disturbed variations of the E layer are detected, either at low lati-
tudes or inlthe polar regions,

Section 2, Conductivity of the Ionospheric E and F Layers, and the Dynamo Effects
in the Fo lLayer

3
k]

As we have seen in the preceding paragraph, the density of ionization of the Fay
layer undquoes variations during the time of a disturbance, depending on the storm-
time (Dst variations) and on the time of day (SD variations), Our task is to eluci-
date the qﬁestion whether these variations can cause the rise of the electric cur-
rents responsible for the Dgy and Sp variations of the geomagnetic field. In order
to compare the quantitative characteristics of the ionosphere (for example the den-
sity of ionization or the velocity of motion) with the intenéity and configuration
of the electric currents, it is necessary to have some working hypothesis about the
mechanism of excitation of these currents. The hypotheses in the literature as to
the causes for the origin of the currents of magnetic disturbances may be divided in-
to two main groups., The first of these groups includes the hypotheses related to

the assumption of the deep penetration of solar corpuscles into the earth atmosphere

F-TS-8974/V 172

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

H
{
i
i

—_—

jon and jower). As we have already shown, this hypothésisi

'(to the level of the F reg

has recently been confirmed by auroral spectroscopy, and thus there should be no

doubt of the penetration of corpuscles down to the very lowesu layers of the iono-

—

sphere in the polar latitudes. But the question as to the penetration of corpuscles‘

into the ionosphere of the middle latitudes still remains unsolved. Eckersley (Bibl.

,2), Burkhard (Bibl.39), and a number of other authors consider it possible that the -

corpuscles penetrate in all latitudes, and explain, by the direct action of the cor——

puscles, those variations that are observed in the jonosphere and the magnetic field

of the earth during the time of a disturbance.

According to Eckersley, the positive ions penetrate somewhat deeper into the at—

1d thereby formed is

mosphere than the electrons, and the vertical electrostatic fie

the prime cause of the drift of charged particles and of the excitation of the elec="

tric currents responsible for magnetic storms. Without making it my task here to

give a complete critical discussion of Eckersley!'s work, I may say that an electric

vertical field should in my opinion prevent the further invasion of the corpuscles

into the atmosphere, and thus, the process of a disturbance, as soon as it begen,

should at once thereafter die out, without leading to the formation of stable cur-
rent systems.

According to Burkhard, the entrance of corpuscles into the ionosphere leads, in
some manner (the author does not specify precisely in what manner ) not to the in-
crease of ionization but to its decrease. The corpuscles emitted by the sun during
quiet periods penetrate the earth atmosphere at all latitudes and reduce the joniza-
tion of the Fp layer due to ultraviolet radiation. During the time of disturbances,
the parameters of the particles vary in such a way that the particles are collected
toward the polar regions of the earth, without reaching the low latitudes. Accord-_
ingly, there is a particularly strong decrease in the density of ionization in the

high latitudes, while in the low latitude there is an increase, connected with the

disappearance of the negative corpuscular effect. We have cited Burkhard's reason-
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1

"ing in order to show to what absurd conclusions the speculative idea of the deionig-
ing action of the corpuscular stream, developed without any connection with experi-
mental data, can lead. Not only is the course of the arguments of Eckersley and
Burkhard érroneous, in our opinion, but the very penetration of particles into the .
lower latitudes would appear to be contradicted by a number of facts. First, the geo-
graphic distribution of the aurora is such that, at relatively low latitudes, (¢ =

= 30 - 40°), it is observed only during exceptionally strong magnetic storms, while
2 J

the ordinary moderate and great magnetic storms are accompanied by a shift of the

]
isochasms by only 5 - 6° toward lower latitudes, from their mean position (¢o = 679"

The calculation of the paths of the particles in the magnetic field and the determin-
ation of the zone of their penetration into the ionosphere that have been made by a
numher of authors, with various objects in view (Stérmer, Bugoslavskiy, Vallarta,
Alfven, Martin, and others) are likewise all in agreement that the approach of par-
ticles to the earth in the low latitudes is impossible if the velocity of the parti-
cles is less than the velocity of light (for instance about 1000 km/sec). It goes
without saying that particularly great active formations on the solar surface emit
corpuscles at high velocities (about 3000 km/sec and perhaps even higher) which are
little deflected by the magnetic field, and produce the aurora in the middle lati-
tudes, while the intensifying the ionization in the high layers of the ionosphere or
the (more energetic) lower layers of the ionosphere (cf. work of N.V.Mednikova
(Bibl.24)). But such powerful processes are relatively rare, and consequently, we
should not take them as a basis for discussing the possible mechanism of excitation
of the electric currents of the regular variations, flowing around the earth during
moderate and small magnetic storms.

The following argument against the approach of the corpuscles to the earth sur-
face is provided by the morphology of the magnetic disturbances., The great but
smooth deviations from the normal values in the march of the magnetic elements, and

the absence of a local character in the course of storms in the equatorial latitudes,
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all speak for the view that the fluctuations of the magnetic field are due to stable
current systems encompassing the earth as a whole, which are not disturbed by the in-"
vagion of streams of charged particles,

It follows from this that it is more advisable to assume that the middle—
latitude parts of the currents of the magnetic variations are excited in’ the iono-
sphere, if they can be referred to the height of the ionosphere at all, without di-
rect entrance of additional charges into the ionospheric layers.# The authors of the
works placed by us in the second group share this viewpoint, In Chapter I we have
already mentioned the investigators (Yu.D.Kalinin, S.hv.Matsushita,khiroyama) who have
attempted to explain the currents of magnetic storms by a dynamo effect in the iono-
sphere. 1In addition, the thought has been expressed that with the existence of an
external extra-ionospheric primary field varying with time, the currents in the iono-
sphere would be excited owing to electromagnetic induction, and would make their con-
tribution to the observed disturbance field. These thoughts have been developed in
the paper by Ashour and Price (Bibl.37), and in certain papers by Sugiura (Bibl,55).
But the dynamo and induction effects are not the only methods for the excitation of
currents, It is well known that the excitation of currents in an ionized gas by the
combined action éf two fields of force on the particles (magnetic and gravitational

fields, or magnetic and electric fields) is also possible. The current so excited

(drift current) has been used to explain the Sq variations and the regular field of

the sun. A number of considerations, which we shall present below, compels us to

consider the drift also as a poséible cause of the formation of the currents of mag-

!

netic disturbances. It is to the discussion of the dynamo, drift and induction me-

# The literature sometimes gives as an argument for the penetration of corpuscles
into the ionosphere the so-called "geomagnetic effects" in the F5 layer (the depend-
ence of lonization density on the geomagnetic latitude, etc)., But it would appear
to be more plausible to explain these effects by the redistribution of the charges

already in the layer under the action of the earth magnetic field.
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‘chanisms of excitation of ionospheric currents that this and the following Sections

,of the present will be devoted,

The question of the excitation of electric currents in plasma and of the evalua-
tion of its conductivity has been discussed with great vigor in the literature of re-
cent years, The works of Pedersen, Tanm, Cowling et al (Bibl.23) show that the
value of the conductivity of an ionized gas depends substantially on the magnitude
and direction of the magnetic and electric fields acting on the particles, on the
length of the free path, and on the parameters of the particles; the motion of the
particles in the plasma will be completely different from that in the case of a rare-
fied gas, the interaction between whose particles may be neglected, and which has
been considered in their time by Stdrmer and Chapman. In the works of Tamm and Cow-
ling, the conductivity of an ionized gas is considered specially in its application
to the earth atmosphere. Tamm assumes the ionosphere to be completely ionized and
glves approximate expressions for the conductivity, one of which expressions is true
for regions of short free paths and the other for regions of long paths. Cowling
considers the ionosphere as a ternary gas composed of electrons, positive ions, and
neutral molecules, and obtains more general expressions for its conductivity, It is
not hard however, to show that the conclusions of Tamm and Cowling do not contradict
each other, 1If the charged particles of the plasma are under the action of a mag-
netic field (ﬁ), an electric field (E) and a gravitational field (acceleration of
gravity g) and, is also undergoing motion of translation under the action of certain
other forces, at the velocity W, then according to Tamm, the density of the current

formed by the translation of particles of one kind will be:

j=eN{EZ;+ “WVm (E-{-;‘,[E—{-[a[_'”} N 3 VT)} e\, (1)

3VorkT (2)
- —_ g —~— - 2
Jjy =eNw—+ [ (Nmg + ne (B + [wE)) —grad (k) } B] rh.

Here the density of the given gas (N) and the temperature (T) are not assumed

to be uniform, r is the radius of vortex motion of the particles about the lines of
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[l
i

.force of the magnetic field; and A = free path of the particles, The component o{_ ;

density of the current parallel to H in the field of the long free paths (r «A\A) is-

likewise described by eq.(1), If we have a binary gas (n,~ n_ = N), then, from

eq.(1), neglecting the temperature gradient and density gradient, we get

/L=°o(E+[5:H]) rk, (3)

2e2N (

. — A )_ Nes\ + | Ner_ Ne? Ne (4)
0 3V2xk?

A
—+_ —
—= + _m+v+ m_u__m+v++m_v_

V’"+ Vm_
is the conductivity of the gas in the absence of a magnetic field, Here v = kinetic
velocity of molecules, and V = number of collisions per second (A\V = v), The cur-

rent described by egs.(3) and (4) is the dynamo current used by Schuster and Chapman

to explain the Sq variations,

According to Cowling, in an ionized gas under the action of the crossed, mutual-
1y perpendicular electric and magnetic fields E}and'ﬁ, an electric current of den-
sity

j= B o [HHE ], (5)
is excited, where E‘ must be understood as meaning not only the proper electrostatic

field E of some external origin, but also the electric field arising as a result of

the motion of the mass of gas in the field H at velocity'ﬁ, that is
(6)

and, consequently,

(7)

The first term in the expression for j denotes the Schuster-Chapman dynamo ef-
fect, while the second indicates the formation of a current in the direction of the

velocity of motion of the gas W; or in a direction perpendicular to the crossed mag-
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n oI, according to Cowling, is equal to

-1
o =T’ (8)

where T = time of free path (t = v~ 1), and w = angular velocity of procession of the

eH

particle (w =, V| = rw). It is identical with the expression for the conductiv-

ity of a gas in a direction perpendicular to the magnetic field, introduced into the

literature by Pedersen:
v (81)

A

%0
SL=Ffwt
r Vi

For a region of short free paths (—X = T« 1) neglecting the value of (.)2,

, as is put in the Tamm equations. The conductivity oc1lis determin-

we have o ¢ S,

ed by the expression
— ST
| = (9)
In the field of short free paths,
(10)

ol =3, %- andal! <& dl.

Consequently, Tamm did not make a large error by neglecting the current in the

direction of W (or perpendicular to H and E) for this region., In the region of long

free pathé (v/w<« 1)

3 —0.@2, [ ] =Uom

(11)
o ol €0,

and, consequently, the current in the direction of W is considerably greater than
the current in the direction of E, It is therefore entirely natural that in the ap-
proximate equation of Tamm, out of the terms describing'the dependence of the cur-

rent on H and ﬁ, only the term 1% [(E + (%)) 1i] should be retained.
1

The scaler Coefficient F_c is the same as the coefficient ollll in eq.(S).
1

In fact
’ ' _ Ner v Ne2 m

__Net m _ Ne
H = my Hw mH eH T HY

F-TS-8974/V 178

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

Thus eqs.(l) and (2) of Tamm and eq.(5) of Cowling do not contraéict each other, —

Let us see now to what extent the identification of this or that ionospheric
layer with the region of long or short free paths is correct. The angular velocity
of motion of a particle (w = e“) depends only on the parameters of this particle and
the magnitude of the magnetic field. Neglecting the variation of the earth magnetic
field with height for the region of the jonosphere, we find that for all ionospheric
layers the velocity of an electron w, = 5 % 106 and the velocity of an ionized oxygen

molecule w3 lO2 The number of collisions in the ionosphere has been repeatedly

determined from the experimental data on the absorption (Bibl.l), and has also been

calculated by the formulas (Bibl.11):

N,

wel — kT
V; == (RT) N"U In (0,37 ':37\/_3_:)

16n Ve
{
V= — 2 A?Nm¥

y;'=_-—“”." Nln (037 "’)

(kT): e2N'n

Here v© denotes the frequency of collision of electrons with neutral molecules,

v§ the number of collisions of ions with molecules, and v!

of ions with ions; a = effective diameter of a particle (for air the value naz = 7 X

with positive ions, vin

x 10~Y6 is usually taken); v = kinetic velocity of the particles, The collisions of

electron with electron and ion with ion with the sime sign may be neglected in eval-

uating the total number of collisions, and therefore the term v% will have a sub-
stantial value only in those regions where there is a sufficient number of both posi-

tive and negative ions. Radio methods enable us to determine directly only the ef-

fective ionization density Ngr, while the actual number of charged particles

m;
N = N,p — remains unknown. But a number of supplementary considerations (the
e

magneto-ionic splitting of a deflected radio signal,etc) allow us to judge the ratio
M-, There is no doubt today

between electrons and negative ions in the layer 1 =
n

c
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°thaF the conductivity of the F5 and Fy layers is due primarily to electrons (n_ < ng)..
It is also probable that, in the E layer as well, the conductivity is determined
mainly by the electrons, since in the D layer the number of free electrons is in all
probability small, The first columns of Table 27 give the values of Ner adopted in
"the modern literature for all layers, together with the possible values of [; the
following columns glve the values of ng> n_, n, and the most probable values of Nps
all calculated on the basis of N ef and [, Columns 7 - 12 give the values of Vﬁ cos
vi calculated by eq.(12), as well as the total number of collisions for particles
of a given kind, v® or vi, Column 13 gives the value of v determined from experi-
mental data., It will be seen from the tables that in the D layer, the total number
of collisions is determined by the collision of charged particles with neutral par-
ticles, and none of the three assumptions as to the value of ! contradicts the order
of the observkd Vere TFor the E and Fl layers, as will be seen from the table, the
data on Vef agree only with the assumption | = 0, that is, with absence of any sub-
stantial number of negative ions. The value of np for the F, layer is determined
only indirectly, namely on the basis of the number of collisions, For an ionization
density of the order of lO6 ions/cm3 and the assumption that ionization in the layer
is due to electrons and positive ioné (1 = 0), this number of collisions corresponds
to the effective number of collisions between electrons and ions (cf.Table 4, p.97,
of the Ginzburg monograph Bibl,11), About the same number of collisions takes place
for electrons and neutral molecules, if the molecular density n lOll. From this
it is concluded that the number of neutral molecules in the F2 layer does not exceed

1011 molecules/cm . It is true that the literature also contains hypotheses of the

complete ionization of the F2 layer,. particularly in the daytime,

The data of Table 27 show that the D layer is a region of short paths of both

ions and electrons, that the E layer is a region of short paths for the ions and
long ones for the electrons, and that the Fl and F, layers are a region of long free

paths for particles of both kinds. The conductivity oI which determines the dymamo
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"effect has the smallest value in the D layer and rises for the higher layers just as.
the conductivity o!l does. In the D layer o!! <Ol yhile in the overlying layers_:
ol and ¢gl! are of comparable value, and ol! is even somewhat greater than ¢!, Evalu=
ating the integral conductivity of the R region, Cowling shows that it is possible
that the conductivity of this region is considerably less, since the presence of cur-

rent in the magnetic field leads to the excitation of ponderomotive forces [wH] which-

retard the further motion of the charged particles, that is, it is as though they de-

creased the value of the conductivity., Thus the current that arises should be damped

after the time-nT (where P is the density of the mass), which amounts to 45 days
for the & layerf g% hours for the Fy layer and 20 min for the F2 layer. The damping
of the currents does not occur if the particles are under the constant action of a
force, that is, if the motion of the particles is accelerated, or if under the ac-
tion of the magnetic field a polarization of the gas occurs, neutralizing the retard-
ing force [wH], or if currents screening the internal parts of the volume from the
action of the magnetic field are induced on the surface of the moving mass of gas,

In accordance with the above, Cowling considers that the conductivity# of the
F2 layer in reality does not exceed ! = e x 10'9, and that the conductivity of the
E layer is practically constant (for instance, ol = 1077 for 1 = 25). Cowling con-
cludes from this that the total conductivity of the entire ionosphere must be within
the range from 107 to 10" and must be due primarily to the charged particles of
the E layer.

The values of , ol dh given in Table 27 force us to apply the following correc-~

tions. Since the more probable value of the conductivity for the E layer would seem

0

tobe ;al dh = 107, then the integral conductivity of the entire ionosphere, caus-

ing the dynamo effect, is probably not more than 105’, while both layers of E and F

# Under the condition that the motion takes place under the action of tidal forces.

From what has been said it follows that the conductivity differs for different kinds

of motion of the gas.
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?
"possibly yield equal contributions to the value of the conductivity. The conclusions

( -
drawn as to the conductivity of the E and F layers are based on the values of the --

ionization density for a normal day. On a disturbed day, however, (cf.Chapter II),
the order of magnitude of the ionization density remains the same and, consequently,
the order. of magnitude of the conductivity should likewise not differ markedly from
that of a normal day.¥#

It follows from Chapter III anq VII of the present work that the Dgy variations
of the geomagnetic field may cause ionospheric currents flowing westward along the
parallelsiof latitude and having a density of about 3 x 10-? CGS in a year of moder-
ate solar activity. If these currents are attributed to the action of the dynamo
effect, then it would be necessary to.assume the presence in the ionosphere of a sta-

ble wind of meridional direction with a speed of the order of

-5
- Sx107 o = 106 cMfsec. =1 Kmysec.
03x 10~

# After the present work had been gompleted, I learned of the paper by J.K.Csada,
Acta Phys. Acad, Sc.Hungaricae I (3) 235 - 246, 1952, which considers the variation
of the electromagnetic parameters of a gas under the influence of turbulent proces-
ses, It 4s shown that the local magnetic field formed in presence of turbulence
lead to an increase of magnetic permeability and to a decrease of the electric con-
ductivity of the gas., The turbulent processes occurring in stellar atmospheres may,
according to Csadats calculations, reduce the conductivity of the atmospheric gas
by several orders of magnitude., During magneto-ionospheric disturbances, it is gen-
erally known that turbulent processes also develop in the ionosphere, However, as
shown by rough preliminary calculations, owing to the low temperature and the low
degree of ionization of the ionosphere of the earth, the turbulent processes in it

cannot lead to such great changes of the electromagnetic parameters as occur in stel-

lar atmospheres,
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A number of experiments in recent years (cf.Bibl,2, 3, and 27) indicate the ex—
jstence of horizontal movements of the clodds in the ionosphere in both its lower
layers and the F, layers. In most cases, however, the authors give lower values for

the velocities., Thus, according to the data of Australian stations, a systematic dis-

placement of clouds in the F2 layer, having a meridional direction and a velocity of

80 - L0O m/sec, has been found. Observations at Slough have shown displacement f{rom
time to time, of the F, layer as a whole (or of parts of it) at velocities of 120
m/sec in east-west direction. Velocities of the order of one kilometer a second are
noted considerably less often. Thus, for example, from the observations in Austral-
ia the usual rates of motion of the clouds of the Fyp layer (of the order of 400 -
500 m/sec) increase, sometimes to 1800 m/sec, during magnetic storms. It would thus-
appear that the dynamo-excitation of the Dgy currents requires somewhat higher rates
of motion in the ionosphere than those usually observed, A still mor; weighty argu-
ment against the dynamo hypothesis of the Dg4 variations is the configuration of the
current system, which is a latitudinal distribution of the current lines from east-
ward during the first phase of the storm and westward during the second stage. To
explain such a form it would be necessary for the Dst variations of conductivity
(and, consequently, of the critical frequency of the F2 layer) to be of a very regu-
lar character, which would be the same over the entire earth, with an increase of
fOF2 in the first phase of a storm and a decrease in the second phase, However, as
will be seen from Chapter II of the present work, the Dgy variations of fOF2 only
have such a form in the middle latitudes, while in the low latitudes, their form, on
the céntrary, is negative in the first phase of the storm and positive in the second
phase. The irregularity and instability of the Dg variations of fon, which is
particularly striking on a comparison with the Dgi variations of the magnetic field,
compels the definitive recognition of the impossibility of explaining the latter by
the dynamo currents flowing in the F‘2 layer of the ionosphere. These same consider-

ations as to the dissimilarity of the Dg¢ variations of fOF2 and of the magnetic
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AP —— H
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8100

5X 107

3X 108

108

7,5 X 100

108

1,5 X 1010

1,6 x 1010

108

5x 108

108

1,2 X 1010

108

2108

1010 — 1011

1020100

("]

I
]

1 0—17

1,2 ¢ 1018

1 0—22

2,5 % 1018

5% 10~%

2,5 % 10—

25 10716

2,5 % 10—

2,5 % 10~1¢

2,5 1018

Note. In this Table the valuss of N g, n, snd vare given in 1/an’, G in the CGS-

gystem, and ym in cam, while 1 and .“;’_
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fo} dh

2,0 x 10—1

5 10-10

5% 10710

5% 10~10

1,6 X107

15X 10°¢ | 45x1077 1,6 X 1678
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;fieid éisé force us to abandon other possible mechanisms of excitation of the iono-
'spheric currents, although these, too, may not lead to any quantitative contradic-
tions with respect to conductivity or motion in the ionosphere,

Let ﬁs consider in greater detail the possibility of current originating in the

‘jonosphere in the direction of motion of the gaseous masses. It follows from Table
27 that the conductivity [oll dh of the F, layer in the direction of motion is one
order of magnitude greater than the conductivity j ol dh, Moreover, in the case of

the formation of a current in the direction of motion of the retarding mechanical

-. force oIIsz, which arises as a result of the motion of charged particles in a direc-
e - ' .
_ tion transverse to the magnetic field, would cause not a decrease in conductivity as

.
-

.. with Cowling's examination of the dynéﬁo effect, but the excitation of a Hall cur-

_-rent of perpendicular direction, Thus the value of the conductivity S ol dh in the

Ny

-Fé layer would hardly be much less than 10‘9, and, consequently, if there are any

~y

- ——

- displacements of ionized masses or winds in the layer, they would lead to the exci-

_tation of currents of relatively high intensity in the direction of these motions.

. . It follows from eq.(7) that to explain the D,, variations, very low velocities would

—be sufficien%:

=1 M/cek.

‘ The presence of such small motions in a latitudinal direction would appear not
A --to be in contradiction with the empirical data, Nevertheless, as we have already
pointed out, it would hardly be possible to explain the origin of the Dgy currents
- 4n this way, since the fluctuations in the ionization density of the F2 layer during
storms does not satisfy the necessary requirements.
The density of the drift current produced by the combined action of a magnstic
- -- £ield ard, for instance, of the gravitational field, on the charges, in exactly the
', "same way should be proportional to the lonization density (for further detalls see

below), and, consequently, the drift currents which have been repeatedly used by in-
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"vestigators to explain the disturbances (HJlburt, Eckersley) are likewise unable to
explain the regular character of the D, variations of the magnetic field, Thus a
consideration of the Dg, variations of the ionospheric parameters and a survey of éhe
possible mechanisms of excitation of currents forces us to consider that the most
plausible explanation of the Dg; variations of the magnetic field would be an extra-
jonospheric ring current. The great radius of the ring by comparison with the iono-
sphere (3 - 4 R according to our calculations) well explains the regularity and the
absence of local anomalies in the D, variations, which are very difficult to ex-

plain if the distance between the earth and the current-carrying layer is assumed to

be short., _

Section 3. [Explanation of the SD Variations of the Magnetic Field by Drift Currents

In the brief survey of the literature presented in Chapter I we stated that the

S. variations of the magnetic field might be explained either by means of an extra-

D
ionospheric ring, assuming it to be elliptic, or by the aid of ionospheric current

systems. Most of the arguments, however, are in favor of the ionospheric system.

The S, variations of the parameters of the F2 layer which we have just described

D
likewise do not contradict the attribution of the SD currents to the height of the

F2 layer. The fundamental facts supporting this point of view, it seems to us, may

be considered to be the similarity of the geographic distributien and of the ll-year

fluctuations of the 5 variations of the magnetic field and of the ionization densi-

ty of the F2 layer. From the exdmple of the Dst variations that we have discussed
we have seen that the quantitative relations between the current density necessary
to explain the magnetic disturbances and the possible values of the conductivity,
and these relations between that current density and the possible motions in the
ionosphere, lead to promising results. The current density of the Sy variations in
the temperate latitudes (between ¢ = +50°) amounts, in years of moderate magnetic

activity, to a few units of 104 amp or of 10-° CGS. At latitudes ¢ = 50 - 67°, the
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"current density is 3 to 4 times as great, that is, it reaches 10 "% ce8, Thus, to ex-
cite currents of the necessary density in the F, layer, the existence of systematic
displacements of masses at a velocity of several meters a second would be sufficient,
the direction of the current coinciding, on the whole, with the direction of the wind.,
In the light of experiments disclosing the motion of ionized gases at velocities of
tens and hundreds of meters a second, the existence of such small velocities is very
possible. Moreover it seems to us that arguments may be adduced according to which
the formation of such storms during magnetic storms would be very plausible from the
theoretical point of view as well., These arguments are as follows. Since we have
recognized that the formation of an equatorial ring current is the most probable ex-
planation of the Dgy variations, the influence of the field of this ring current on
the electromagnetic processes in the ionosphere must be examined, We have already
mentioned one possible effect of the ring current, the electromagnetic induction of
currents in the ionosphere under the action of the alternating field of the ring.

As we shall show below (Section 3), this effect could hardly be of major importance
for the formation of the 3p currents., In this Sestion we shall turn to a different
type of the action of the ring on the ionosphere. Since the ionosphere participates
in the diurnal rotation of the earth about its axis, while the field of the equato-
rial ring may be considered in sun-bound coordinates, as constant or slowly varying,
it follows that it is necessary to consider the problem of the rotation of a con-
ducting spherical layer in a quasi-constant field H. Let us simplify our problem by
considering, at first, the rotation in the magnetic field H of an individual charged
particle of mass and charge e. If this particle is bound to the earth (of mass M)
by the forces of gravitational attraction, then its motion, in fixed coordinates,

will be described by the equation

k,'gzM + eRwH - mw, (13)

lait
where —12~ = force of gravitation; mw, = centripetal force; eRuwH = Lorentz force

=
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"acting on a charge moving at velocity wR in the field ill; and & = initial velocity of

rotation. On introducing a new system of coordinates rotating at velocity Aw, it is

easy to show (Bibl.33) that the motion of the charge in the new system will be as

follows:

mw, = m,:f’ + eRwH +- 2mRwhw + mR (Aw). (14)

If . is selected such that

eRwH -+ 2mRwAw 4 mR (8w)* =0, (15)

.then it will be found that the charge will continue td move along its orbit, but

with a changed velocity equal to w + Auw. If the motion of our charge were governed

only by eq.(13), then the quantity Aw would be found to be so great for an electron

and an ion that they would practically not participate at all in the diurnal rota-

tion of the earth, but would obey only electromagnetic forces. However, as soon as

the charge begins to move with respect to earthbound coordinates, it will be under

the action of the geomagnetic field Hp, which considerably exceeds the field of the

ring H. The resultant motion under the action of the fields H and HO is described

by the equation:

ML R (04 Bw) H+ BwH,] + 2mRebe +mR (Ae)! = mw, . (16)

R?
By an appropriate choice of Aw, we get
eHo + eHAw e H jAw 4 2mwlw +m (Aw)? =0,

whence, neglecting the small terms,

_ _.H 18
Aw = H-}-Hom' ( )

Taking H = 10-3 CGS, Hy = 0.3 CGS, w =7 % 10-5, we have Aw ¥ =3 x 10-3 and the

linear velocity w, ¥ 1 - 2 m/sec, which is the same for charges of both signs. It
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goes without saying, of course, that these arguments are not entirely correct, since
the collisions between particles will disturb the regular drift of particles in the
westward Airection. Nevertheless, owing to the low molecular density of the atmos-
phere at the Fp level, it may be considered that the interaction between the field of
the ring and the main field of the earth will lead to a certain mean displacement of
the charges in a latitudinal direction. If this displacement, all the same, should
amount to centimeters or meters a second, it would still be sufficient to produce a

current of density 10'5 CGS in latitudinal direction., This current would have a max-

imum density at the equator and a minimum density at the poles. Its role in the de-

formation of the Sp variations could therefore be substantial only in the middle

latitudes.

The inductive influence of the extra-ionospheric current ring, however, is not

the only cause leading to the formation of stable currents. A consideration of the

drift of particles in the FZ layer likewise leads us to the formation of an analog-

ous current of latitudinal direction. It follows from eq.(2) that, in the region of

long free paths, a drift of particles under the action of the gravitational and mag-

netic fields will occur, provided that the force of gravity per unit volume gNm is

not balanced completely by the partial pressure grad kTN, Since, in Tamm's opinion,

there is a rule a disturbance of the equilibrium distribution by a barometric law in

the ionosphere, the term [(ENm - grad KTN ) H] may play a gubstantial role in the for-

mation of the Sq variations, Cowling gives the following expression for the density

of the drift current:

(19)

Here Pq is the partial pressure of electrons, p = pressure of gas as a whole,

and r = radius vector.
For a layer whose molecular density obeys the barometric law, and whose ioniza-

tion density obeys the Kryuchkov-Chapman law,
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(20)

L 10-2) g (a1)

. 1 P, 7 7 /
i=mH ()¢

Here P, = value of Pg at level of maximum electron density, while P = corre-
sponding value of p.

Integrating eq.(20) over the entire thickness of the ionosphere, and putting
P, = 2.5 x 10-7 CGS, Cowling obtains the result for the equator j = 3 x 10-6 CGSM,
that is, a quantity smaller by one order of magnitude than what we need to explain
the disturbance field, But if we bear in mind that the actual distribution of molec-
ular or electron density may differ strongly from both the Chapman law and the baro-
metric law, then a calculation by eq.(20) leads to other results. At the present
time experiments do not yield so great a material on vertical motions in the iono-~
sphere as we have on horizontal winds, but still it is possible to find certain opin-
jons on this subject in the literature. First of all, investigators have several
times succeeded in noting a variation in the height of the level reflecting a radio
signal, deducing such variation from the Doppler shift of the frequency. The veloc-
ity of the displacement so revealed was found to be of the order of meters per sec-
ond. A consideration of the behavior of the active heights of the F, layer during
disturbances shows that H often varies by 100 - 150 km in one or two hours, which

makes 10 - 20 m/sec.* This can also be noted both in the analysis of individual

% We shall not dwell here on the tidal motions of the F, layer experimentally found
and theoretically considered in a number of works by Martin and other authors. The
existence of horizontal vertical motions connected with tidal effects is today be-
yond all doubt, but it would still seem to be more advisable to correlate them with

the geomagnetic variations in discussing the normal diurnal march Sq instead of the

disturbances.
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" cases and in calculating the mean parameters. At the present time we have no oppor—'
tunity to establish whether these changes in the height of the reflecting layer con-
stitute actual displacements of air masses or wavelike fluctuations of density. But,
under either of these assumptions, we should have a deviation of density from the
barometric equilibrium and, consequently, a drift term that does not vanish in egs.
(2) and (19). It is very probable that the disequilibrium is intensified on days of
magnetic disturbances, when the scattered and diffused reflections and the appear-
ance of additional layers speak for the cloudlike structure and motions in the layer,
If we assume that the fluctuations with density with height may be by a factor of
several times (2, 5, 10), then the order of the term gNm — grad kTN is the same as

the order of gNm, Then, as follows from eq.(2), the density of the drift current:

3 ] -23 7
10° X 3 X 10 >é§>><10 X 10 ==5)(10"5CGS

is half an order of magnitude smaller than the density of the SD currents, The vec-
tor of densities of the drift current must be perpendicular to the magnetic and grav-
itational field, that is, directed according to latitude. Thus both the influence

of the equatorial ring current discussed by us, and that of the drift charges under
the combined action of the gravitational and magnetic fields, should lead to the for-
mation of currents of latitudinal direction and density 10-5 to 10-6 CGS. Let us

now consider whether these currents could lead to the formation of the current sys-

tem of the Sp variations., The mathematical formulation of the theory of drift cur-

rents of the Sq variations proposed in 1920 by Chapman has not been carried to com-—

pletion and gives only a qualitative scheme of the formation of the Sq currents, in-
gtead of ; quantitative calculation, which the dynamo theory does give. Neverthe-
less, this aspect of the work, the possibility of the formation of currents of the
necessary configuration, has not evoked objections either from Tamm or from critics

of this theory. I therefore deemed it possible to transfer this qualitative scheme

of the formation of the Sq currents to the formation of the SD currents as well,

|
F-TS-8974/V 192

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

" The fundamental proposition of Chapman's theory of the Sq variations is as follows:

the interaction of the gravitational and magnetic fields leads to the formation of a
drift current in an easterly direction, The mean diurnal value of this drift, IO’
corresponding to the mean diurnal density of ionization of NO, makes a contribution
to the main field of the earth, somewhat increasing the H component. In the noon

hours there is an excess of jonization AN, to which there likewise corresponds an

excess current of easterly direction AL, To the deficit of ionization in the night

hours there corresponds the negative current — Al. As a consequence of these addi-
tional currents, there is an accumulation of positive charges on the evening side of
the earth and of negative charges on the morning side. Since the conductivity of
the ionosphere along the lines of force of the magnetic field is very great, these
charges will tend to be displaced toward the higher latitudes along the lines of
force, and will form two current eddies: a more intense one on the daylight side of
the earth and a less intense one, negative in sign, on the night side of the earth.,
In its application to the Sp variations, this scheme must be modified as follows.

If we assume that: 1) the SD variations of the ionization density of the Fy layer
are responsible for the Sp currents; and 2) the vector gNm - grad kTN is directed

vertically upward,3 then an additional current will begin to flow in westerly direc-

tion on the evening side of the low latitudes (0 to 4,5°), while an easterly current

3 Since only the term ghm, directed vertically downward, entered into the Chapman
drift theory, this predetermined the formation of the current IO of easterly direc-
tion. Following Tamm, we assume that the drift is determined by the difference vec-
tor gNm - grad kTN, which may be either positive or negative. The assumption of a
glm - grad kTN directed downward leads to signs of currents opposite those obtained
from geomagnetic data. The assumption gNm - grad kTN directed upward leads to the
formation of a westerly mean current IO, which, being superimposed with the western
current, due to the effect of the equatorial ring, gives the necessary signs of Al

on the morning and evening sides in the low and middle latitudes.
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will begin to flow on the morning side. In the middle latitudes (45 to 60°) the

direction of the currents on the evening and morning sides will be opposite, and the
closure of the currents along the lines of force of the magnetic field leads to the
formation of a negative eddy on the evening side and positive eddy on the morning
side, the centers of the eddies being located at the latitudes 40 - 500, where we

have an inversion of the phase of SDfon. This scheme of formation is a rough one,

intended merely to show that the explanation of the SD variations by ionospheric cur-
rent is possible in principle with respect to both the order of magnitude and config-
uration of the current lines. Which of these two mechanisms we have discussed, the
influence of the equatorial ring or of the drift current, yields the greater contri-
bution to the formation of the SD cugrgnts at one latitude or another, remains ob-
scure without performing exact mathematical calculations. The question as to wheth-

er these effects are capable of explaining all features of the Sp variations like-

wise remains unanswered, To elucidate these and other questions that may arise in
connection with the explanation of the Sp variations, a detailed development of the
theory would be necessary., The above presented reasoning is but an attempt to de-

termine the direction in which this theory can be developed.

Section L. Currents in the Ionosphere Induced by the External Field

In this Section we shall discuss the role of the currents induced in the iono-

sphere by the alternating magnetic field of the equatorial ring current. Let us de-

note the field external with respect to the ionosphere (that is, the field of the

equatorial ring) by the letter E, and the field of internal origin (with respect to
the outer edge of the ionosphere) by the letter I, The field I is made up of fields

induced by the external field in the conducting layer of the earth and the iono-

sphere, Let us assume for simplicity, an ionosphere beyond the homogeneous conduct-

ing spherical layer of conductivity sd(o = specific conductivity, d = thickness of
layer). Then, denoting the external and internal fields observed directly under the

F-TS-8974/V 194

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

current layer by E! and I', we have, by the Whitehead formulas:
- Cy d
E'= ——n‘lﬁ[nE-—(n—l-l)l]
(22)

: Co d
I'=1— 2% gr InE— (n 4 1) 1]

4 my

where Cq = od and agy = radius of the conducting spherical layer. .Let us es-

2 n+1

timate the influence exerted on the E and I fields by the currents induced in the
ionosphere, that is, in other words, let us estimate the differences E! —E and I!
-I, Considering only the first harmonic of the series representing the fields E and

I, and assuming the terms I and I to be expressed by exponential term of the form

E=Ag¢e

e

— 8 (4 —tor) . —ai(t—1o) (23)
) I—-Aie ’
we have
aE dl
ar =k gi=—al,

14 d ’ Ny
E'-=E—Cyf(E—2D), I'= _%%(5—21),
E’ - E (14-Coa,) — 2Cal

Coa
2

(24)
I'=I(1 —Chpa)+4+ 2 E

The quantities E and I are completely unknown to us, while the values of E! and
I' may be judged on the basis of the field of Dst variations observed on the earth
surface. Thus, eq.(24) enables us to determine the values of E and I if we only

make definite assumptions as to the conductivity of the ionosphere., After eliminat-

ing I from eq.(24), we have

E— E’ (l —_ Coal)+2C°Gil'

whence

2Coa I’ — Coa, E'

E—E'—= T+ Coa, —Coa; (26)

It follows from a consideration of table 27 that if od is understood to mean
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Ve condittivity even off e entare 1! a3 of b e e onprere, db o wen b evens eea

aarily be reasoaable Lo evaluate .in 15 U gnntity ,reater Lhan 5 x 10 VUGS, ddence

the approximile quantity

12,5 X 6,4 X 108

Cy- 3 5% 1077=1,5 X 10%

The numerical values of a, and ay are unknown to us, but an idea of their order
of magnitude can be formulated in the following wﬁy. Let ug assume that the field
of the equatorial ring during two days (the mean duration of a moderate storm) falls

to 0.1 of its greatest value observed at the instant tO., In that case it follows,

from eq.(23), that

0,14,==A.e” 24X 0, 0, 21077,

it

If the storm dies away still more slowly, then the value of ¢, is even less.

The coefficient ¢ ; is of an analogous order of magnitude., Thus,

Coa==1,5X%10"%

E—FE'==15X10"%@/ — E'). (27)

The values of E! (that is, the field of the equatorial ring, allowing for the
influence of the currents induced in the jonosphere) and of I' (the field of the cur-
rents induced in the earth) are known to us, not directly "under" the current layer,
but on the earth surface. It follows from eq.(3 III), however, that the value of
the field at the earth surface and at the level of the lower edge of the ionosphere
(h = 100 - 300 km) are little different from each other, and, thus, the value of the
difference eq.(27) can be estimated from the values of I and E in Tables 7. Thus,
for instance: for T = 20 hours, E' - E = 1,5 x 10-2 (54y - 28y x 2)% 0; for
Y = 30 hours, E' = E = 1,5 x 10-2 (51y - 17y x 2) ¥ 0.3 .

From these results the difference I - I' was calculated.

For more rapid fluctuations (for example weakening of the storm to O.l1 of its

|
initial value in 12 hours or, on the other hand its development at the beginning of
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b i i), ‘oo ovalue ) LA A S S

Wil whde' Vhe dilfercaccs v = »ouae Wse Laerewsed, ! for no val oo woaitever of

boaml 1 (af,Table 7), will taey oxcead 1 = 2¢. Tt follows from Liwe ¢ cwples given

Lhat the currents induced in Lhe ionosphere by variations as slow as Dgy rannot csert

any substantial influence on the magnetlic field on the earth surface and, in any =asc

cannot. be called upon for an explanation of the Sp variations., They can likewise in

our opinion not be used Lo explain the seasonal fluctuations of Dp, either (cf.Chap—

ter VII, Section 1), On the other hand, in studying the rapid-course fluctuations

(pulsations or aperiodic fluctuations of the type of sudden commencements), the cur-

rent induced in the ionosphere may furnish a substantial contribution to the obser-

ved variations.*

The discussion of the dynamo, drift, and induction mechanisms of current exci-

tation given in Sections L, and 5 had the object of explaining the origin of the

middle-latitude part of the 3p variations., The formation of the polar part of the

he currents of the P-storms may possibly originate in entirely

S. currents and of t

D

different ways. First of all, in the polar regions, the direct penetration of charg~-

ing that this cannot but affect the con-

ed particles occurs, and it goes without say

ditions of the electromagnetic field. Then, as we have pointed out above, the dis-
turbances of the polar ionosphere as & rule are accompanied by a sharp increase of

jonization in the lowest layers of all (the D and E layers). Thus it m?y be assumed
that the current systems disturbing the normal geomagnetic field are formed in these

layers as well, and not only in the F2 layer, as is the case in the middle latitudes.

A discussion of the electromagnetic processes in the polar regions would go beyond
the scope of the present work, since any opinions on this question would have to be

based on a special study of magnetic and jonospheric material that are unavailable

% Tt is easy to show by analogous calculations that the induction proched in the
|

E layer by the magnetic rields of currents flowiﬁg in the Fy layer, is likewise very
slight,
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"to me. It would, however, appear advisable to say the following. It is very prob- '

able thatithe Sp currents in the polar latitudes flow, as in the middle latitudes,

at a great height (the height of the F2 region). This is indicated both by the geo-

magnetic data (determination of the height of the linear current, cf .Chapter V) and
the great influence of the disturbanfes on the F, layer (the decrease in the ioniza--
tion of tbe F2 layer in the high latitudes, as we have seen, is far more substantial
than in tge middle latitudes). The penetration of corpuscles down to the lower lay-
ers of the ionosphere, resulting in an elevated ionization at the level of the D and
E layers,lmay possibly be responsible for the origin of polar storms. This proposi-
tion is based on the statistics given by Wells and a number of other authors, dis-
closing the correlation between the appearance of the Eg, the aurora, the bay-shaped
disturbances, and the disruption of radio communication, as well as the highly local .
nature oftthe course of P-storms, which does not allow us to refer the Sp current to
great heiéhts. A1l determinations of the height of the current of the P-storms, un-
der the assumption of the linearity of the current, may lead, as we have seen in
Chapter I; to heights of the order of 100 - 120 km, or less. As for the mechanisms
of excitation of the P-currents in the low layers of the ionosphere, it would appear
not impossible that the dynamo effect plays a great role in their formation. If, as
follows from Nagata's work (Bibl.52), the ionization density of the lower levels in-——
creases tenfold during a disturbance, then the conductivity oI of the D and E layers
may reach such a value (about 10-6), that the displacement of ionized masses at re-
latively low velocities is able to produce currents of the necessary intensity.

But conduction currents are not the only possible cause of the polar storms.
In the light of the modern theories of the aurora, which have been developed with

particular success by the Soviet scientist A,I.Lebedinskiy, it would appear more

probable that the storm field is induced by currents of the discharge type.
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CHAPTER IX

CURRENT SYSTEMS OF INDIVIDUAL STORMS

Section 1. Polar Storms

The preceding Chapters of this work have been devoted to the discussion'of the
average features of the field of magnetic disturbance and to the description of the
average current systems. The few attempts to construct the system of currents corre-
sponding to individual storms (cf.Chapter I) have shown that the individual systems
are of the same character as the average systems. The task of the present Chapter
is to check this proposition on a large amount of empirical material.

A caleulation of the external current systems of the Sp and Dgy variations and
of the P-storms, performed by rigorous analytic methods, showed that the approximate

method of constructing currents gives good results both with respect to the configu-

ration of the currents and to their intensity. This conclusion must be understood

to the effect that with a given relatively sparse distribution over the earth sur-
face of points with observed values of the magnetic elements, the analytic and ap-
proximate methods give a similar and rather coarse picture of the currents. With a
more complete starting material, the analytic methods, of course, would yield more
accurate results, while the accuracy of the approximate methods would not be in-
creased. In the present case, the consideration of the individual disturbances, the
number of observatories whose materials can be used proves to be still smaller than

the number used by us in our study of the average features of the field. For this
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reason it scems advisible Lo construct the individual current systems by Lhe approxi-
mate method, estimaling Lhe current density by the Biot-Savara law (cf. eq.(l.V)).
The ratio between the external part of the field E and the observed ficld was assum-
ed, in accordance with the results of an analysis of the SD variations, to be 0.8

for the middle latitudes and 0.9 for the high latitudes.

The current systems are calculated for 26 separate instants of polar and world-
wide storms. The current systems of two polar and one worldwide storm are given as
an example in Figs.4l - 43.

All the figures were constructed of exactly the same type. The legend under
the drawings indicates the Universal Time, and the local time for the various merid-
ians corresponding to that Universal Time is indicated at the edge of the coordinate
net. The coordinate net composed of solid lines is formed by the geomagnetic paral--
lels and meridians, while the net composed of dashed lines is formed by the geograph-
ic parallels and meridians. The negative values of the current function (the cur-
rent flows clockwise about the extremum) are indicated by dashed lines, while the
positive values (the current flows counter clockwise around the extremum)by solid
lines., The horizontal component of the vector of the disturbance field is shown by
an arrow. The current lines are so ‘drawn that a current of 10,000 amp flows between
adjacent lines. The legend under each drawing gives the intensity of the largest
current eddy.

Let us turn at first to a consideration of the current systems of polar storms.
In order best to bring out the characteristic features of the P-storms, all the ex-
amples were selected on quiet days, when one disturbance is not piled on top of the
other. Figures Lla and L41b represent the maps of the currents for two consecutive
instants of the polar storm of 9 October 1932.% The vectors plotted on the maps

correspond to the mean hourly values of the magnetic elements. On both figures the

# The starting data for the disturbances of 9 October 1932 and 23 February 1933

have been'taken from Vestine (Bibl.62).
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currcent, system consists of Lwo pairs of eddies. The ¢lly with the current of posi-

tive direcltion is located on Lhe evening hours of the polar latitnde, while Lhe eddy

with the negative current is located on the morning hours. 1In Lhe middle-latitude

pair of eddies, the signs are opposite. On Fig.A4la, corresponding to the greatest

development of the storm, the polar eddies considerably exceed tLhe middle-latitude
eddies in intensity. The intensity of the morning and evening eddies is not the
same, Of the polar eddies, the most intense is the morning eddy, of the middle lati-
tude eddies, the most intense is the evening eddy. Figure 41b shows the end of the

polar disturbance, when the values of the magnetic elements have almost returned to

the normal state. The form of the current lines and their location with respect to

the local time persists in both figures., A comparison of Figs.jla and 41b with
Fig.32 shows that the distribution of currents during the disturbance of 9 October
1932 is very much like the currents of the idealized P—storm, both with respect to
the sign and position of the current eddies, and to the configuration of the current
lines., It is true, of course, that it is necessary to note that the centers of the
eddies on the idealized picture are located at earlier morning hours than in all in-
stants of the disturbance of 9 October 1932. The second example (Fig.42) yields a
picture of a more intense polar storm. The intensity of the current in the polar
cap reached one million amperes at 1400 hours, 23 February 1933. The current streng-
th in the middle latitudes in this case remains very small. The general form of the
current lines and the distribution of the signs of the current function are the same
as in the first example. Our attention is attracted by the strong asymmetry in the
intensity of the morning and evening polar eddies: the morning eddy is 5 times as
intense as the evening eddy. Such asymmetry in the distribution of currents gives
the impression that the storm is observed only in a narrow longitudinal sector of
the Arctic over North America. Since in many cases the distribution of the degree
of disturbance in a polar storm is also characterized by such asymmetry, an uncriti-

cal consideration of the material has led many investigators to the conclusion that
|
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polar storma re “ocal 1n character, that ig, that a polar storm usually covers only
4 small longitndinal sector. The examples of polar storms we have considered show,
on the contrary, that an intense negalive disturbance on one side of the earth is al-.

ways accompanied by a small positive disturbance on the other side. Thus the current

system of a polar storm always consists of a pair of current eddies of different sign

and intensity. The disturbance of 23 February 1933 vividly illustrates still another -

property of the current system of a P-storm: the current system is fixed with re-
spect to the sun but not with respect to the earth., During the two hours that elaps-
ed between 1400 and 1600 hours, 23 February, the centers of the current eddies were
so displaced with respect to the earth that at both 14 and 16 hours the center of

the main polar eddy remained at 4 hours local time.

The vectors represented on Figs.4l and 42, as already mentioned, represent the
mean hourly values of the elements., They show that the smoothed course of the indi-
vidual polar storms, as represented by the mean hourly values, is in good agreement
with the typical picture of the polar storm described in Chapter VI, For other pol-
ar storms, the diagrams of instantaneous values of the vectors have been constructed
and the current systems corresponding to them have been drawn.

A typical polar disturbance was observed on 7 March 1946+ The magnetograms of
the Sitka and Tucson Observatories revealed a barely perceptible curvature of
the quiet march of the magnetic elements at the Tucson Observatory, while at Sitka
the amplitude of the fluctuations reaches 200y. The first diagram of the currents
corresponding to maximum deviation of the H and Z components from normal (that is,
to the moment of maximum development of the disturbance) shows a negative current
eddy of considerable strength on the morning side of the polar cap (I =170 x 10M
amp) and a weak eddy on the evening side. The middle-latitude eddies, positive on
the morning side and negative on the evening side, are developed relatively well,
but there are no currents flowing along the parallels of latitude and responsible

for the Dgy variations. At 1, hours the current strength in the polar and middle
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Iatitude eddies weakened, and Lhe polar eddy shifted Lo Lhe nipht hours., The si,ns

of tLthe current eddies remained the sare asgs al 123 hours, Thus the instantaneousg dis-

Lribution of the field of the polar storm is likewise in good agreement with the
field of the averaged stormm. The same picture of currents typical for polar storms
is shown by the disturbances of 14 March and 4 July 1946. In all cases (except one),
the polar part of the system consists of two eddies, a positive on the evening side

and a negative on the morning side. The exception is the current system for 14

March 1946, 20 hours, on which the negative eddy moved over to the evening side.
The morning eddy, as a rule is more intense than the evening eddy and is usually ex-

tended to the central part of the polar cap. Only in two cases (12 hours and 1530

hours, 4 July) did the evening eddy prove to be more intense. The middle latitude

eddies have the opposite sign to the polar eddies: the morning is positive and the

evening is negative, In intensity they are either both the same, or the evening ed-

dy is stronger. In almost all cases the intensity of the middle latitude eddy is
considerably less than the intensity of the polar eddies, and only at the beginning,
or, on the contrary on the extinction of the disturbance, do the middle latitude and

polar eddy become comparable in power. It was not possible in even a single case to

draw even a single current line along the parallel, which would be due to a vector
of disturbance equal for all meridians (Dst variations),

The form of the current lines, the intensity and locations of the centers of
the eddies, fluctuate from instant to instant, and from storm to storm, within wide
limits., Thus the center of the morning polar eddy is sometimes observed at 7 hours
and is sometimes shifted to 2 - 3 hours. The position of the center of the evening
eddy fluctuates within just as wide limits (from 15 to 19 hours), The line of max-
imum crowding together of the current lines is in all cases located between $ = 60°
and ¢ = 70°, regularly shifting to the lower latitudes with increasing disturbance.
The greatest current intensity registered, I = 170 x 104 amp (1230 hours, 7 March

1946) is about three times as intense as the current of the average bay (Chapter VI).
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"But the storm of 7 March 1946 is not particularly great; stronger disturbances are
often en?ountered with a current strength probably much exceeding this amount, It
follows from all that has been said that the penetration of corpuscles in the high
latitudes always lead to the formation of a current system of a definite type. The
most characteristic features of this system are: the formation of a powerful nega-
tive eddy on the morning side and in the central part of the polar zone, and the for-
mation of a weaker positive eddy on the evening side. The fluctuations in the in-
tensity, form, and position of these current eddies results in an infinite diversity
of disturbances. But with all the multiplicity of the currents of the P—séorms, the
fundamenLal features of the system always persist, which is evidence of the definite

regulariiies which the formation of these currents obeys.

Section ?. Worldwide Storms

The storm of 8 April 1947 is a moderate storm. The currents calculated for 22
and 23 hours, 8 April, characterized the first phase of the storm in elevated values
of H. The current encircling the earth along the circles of latitude is directed
eastward in both cases. At 22 hours, both polar eddies of the S variations show

up rather distinctly on the diagrams, while, of the pair of middle latitude eddies,

only the positive morning eddy still persists. During the course of an hour, the .

position of the eddies was considerably modified, and the polar evening eddy spread
out to the middle latitudes as far as 4,0°, while the polar negative eddy occupied<
the central part of the polar cap. Three consecutive instants of the disturbance
(7, 11, and 17 hours, 9 April, Fig.43) were selected in the negative phase of the .}
storm, during which the Dg4 current was directed westward, From the current system
of the SD variations, two polar and the negative evening middle latitude eddy per-
sisted for all these three instants.

The storm of 8 August 1946 is a small magnetic storm (with amplitudes R, = 70

gammas at Sitka and Ry = 25 gammas at Honolulu) without great irregular fluctuations.
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" All the three instants of time for which the current systems were constructed are in -
the second phase of the storm. The system of currents of 22 hours, 8 August, con-
gists of three current eddies in the polar cap and a current flowing along the cir-

cles of latitude in the middle and low latitudes. The negative eddy in the morning

hours of yﬁé/latitude sone 60 - 70° is the most intense; the weaker eddy of positive

Fig.h3a - The Worldwide Storm of 9 April 1947

0700 Hours

current is located at the center of the polar zone. In these eddies the pair of
polar eddies of the SD variations may bé recognized. The third negative eddy on the
afternoon side of the earth is in all probability the evening eddy of the middle la-
titude part of the SD variation. The positive eddz»gp the morning hours paired with
it is absent, neutralized by the negative current girdling the entire earth. This |
last current (presented on the basis of two stations, Honolglu and San Juan) gives

an indication of the existence of Dgi currents symmetrical with respect to the earth

axis. For three instants of the storm of 8 August 1946, the Dgy current is weak
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(1 ° th amp) and is noled only in the low latitudes. The configuration of the cur-
rent lines varies considerably from hour to hour, bul the general character of the
distribution persists, From this hasty description it follows that the current lines
of the storms of 8 April 1947 and 8 August 1946 may be considered as the result of

the composition of the SD and Dgi systems.* The direclion of the current, the ratio

Fig.43b - Worldwide Storm of 9 April 1947

1100 Hours

of the corresponding intensities of the eddies, and the location of the centers of

the eddies - all these features of the current system of a given disturbance find

# The current systems of Fig.,43 have been calculated, for convenience, under the
assumptién that all the current flows in a spherical layer at the height of. the
ionosphere. However, as follows from the preceding, it is more probable that the
Dst currents form an equatorial ring several earth-radii in size. For this reason

the current maps that we have described are arbitrary, and they must not be consid-

ered as a proof that all the current actually does flow at one level.

F-TS-8974/V 208

4

ApmnvedforReIease:2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

explanation in the [luctualions of the current systems of the average D,, and QU

variations.

The principal fealures of the D;, and S current systems are likewisc manifes-
ted in two other examples of disturbances discussed, 17 April and 5 June 1947. These
storms are great storms and the intensity of the currents during them reaches 60 and
70 x 104 amp, The variation in the configuration of the current lines and the vari-
ation of the current intensity from hour to hour in both cases are very great, but

the general character of the system remains unchanged.

Fig.43c - The Worldwide Storm of 9 April 1947

1700 Hours

It follows from the four examples we have discussed that, in spite of the very

céﬁﬁlex and outwardly random course of worldwide magnetic storms, the field of dis- -«

turbance, even at individual instants of time, obeys definite regularities which are_
well described by the average Dst and SD variations, The multiplicity of the fluct-

uations of the magnetic elements during a storm is explained by the fluctuations of
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"the parameters of these current syétems and the superimposition on them of polar dis-
turbances, the piling up of which gives an irregular and grotesque form to the vari-
| ' -_—
ations of the magnetic elements. A comparison of diagrams for successive instants
1

of one and the same storm clearly shows how the current systems are deformed (thei?i

configuration and intensity both vary), thereby producing the variations of the geo-

f
magnetic field. i
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CHAPTER X

THE INTERNAL PART OF THE DISTURBANCE FIELD

Section 1. The Inductive Origin of the Inner Part of the Field, Sufvey of the
Results Obtained

It appears beyond question today that the part of the field of-magnetic varia-
tions whose sources are located inside the earth is not independent;, its existence —
is due to currents induced by the alternating field in the conducting regions of the
earth, The study of this internal part is of great interest, since it is still the
only source of our knowledge of the electromagnetic properties of the deep parts of
the earth. The idea on which the induction theory of the internal part of the mag-
netic variations' is based is very simple. Every external alternating magnetic field
E(T) induces, in a conductor of conductivity x and magnetic permeability ,, magneti-
zation (magnetic induction) and a certain distribution of currents (electromagnetic”
induction). The field of these currents (I') and of inductive magnetization (Iv)

can be calculated theoretically-if the function E(t) and the parameters x and u of

the medium are known, that is,

r410"=I1(Ex*p). (1)

On the other hand, by substituting in eq.(1) the values of the external and in-
ternal fields known from the experimental data, the parametérs X and 4 can be expres—
sed in terms of E and I. In practice, however, the finding of I (E,x, 5 ), and all

the more the solution of the inverse problem, to find % and u from observations of
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E and I on the earth surface, encounters greal mathematical difficulties, The prob=
lem has been solved only for a few very special cases., Thus, Lamb (Bibl,40), devel-
oped a theory of electromagnetic induction in a sphere of uniform conductivity -
(x = const) for the case when the field of E(t) is a periodic function, Lamb's form-
ulas, used by a number of authors (see (Bibl.9) for more details) in the analysis of
the solar-diurnal variations (Sq), show that the earth could be represented as con—=__
sisting of a conducting core Gﬁ— =10-12-10-13 CGSM), surrounded by a nonconduct-
ing shell 200 - 400 km thick.* A consideration of the diurnal variations does not -
enable us to determine the values of % and j separately, but it appears unlikely that
B in the deep parts of the earth should differ much from unity, To verify this prop-
osition, Chapman and Whitehead undertook a qualitative investigation of the slow Dg
variations. The potential of the field of induced magnetization (I") should be ex-
pressed Q; the same harmonic as the induced field E(T), and the ratio of the harmonic
coefficients of the internal field to the external not depending on the rate of
change of E(t) (for more details, see Section 6). Therefore on the 5th to 10th day
of a stoﬁm, when the variations of Dy are extremely slow, and, consequently, the in-
fluence of electromagnetic induction is very slight, I" should exert most of the in-
fluence on the field observed at the earth surface., This influence decreases H and
increases the 2 component of the E field, For example, for = 10, the expected of—-
fect should be equal to-% Ein H and.%_E in Z. During the first days of a storm,
with rapid variation of Dgi, the field of electromagnetic induction I'! should have é<
great weight. This field, as is commonly known, is expressed by the same harmonics,
but with reversed sign, that is, increasing H and decreasing Z. But Chapman and
Whitehead (Bibl,40) found no substantial difference in the ratio of the observed H
and Z of the Dgy field on the first and subsequent days of é storm, which is evi- ._

dence that magnetic induction plays a small part in the establishment of the inter- -

# The ter tcore" here employed is not identical with the notion, generally adopted

in geophysics, of the earth core, with a radius of 0.6R.
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nal field.

The rigorous solution of the inductive problem for an aperiodic field (for ex—

-—

ample the Dgy field) involves major computational difficulties. For a sphere * =

= const this problem has been solved by Price, who found that to explain the ratio

of E and I of the first harmonic of the Dst field it is necessary to assume different

parameters for the earth, namely a thickness of 400 km for the nonconducting layer,

and x = 4 % 10-12 , The most probable explanation of this disagreement would appear

to be the phenomenon of the skin effect. let us assume for simplicity that the field
E is proportional to sin pt. Then the magnetic flux f through any contour at a cer-
tain level in the earth will be proportional to sin pt, that is, £ = £ sin pt, and

the electromotive force due to it, e =

df
i -pfy cos pt, whence it follows that

the current induced in this layer is proportional to p and . The field I' created
by this current will neutralize the inducing field E and will prevent it from pene-
trating into deeper layers. The depth at which the full acreening of the internal
region from the field E takes place will be inversely proportional to the intensity
of I' or £, that is, proportional to-—L—. Consequently the more rapid fluctuations
of E(t) will induce currents concentrazed in a thinner surface layer of the earth,
while to the slow fluctuations will correspond currents extending to great depths.
Thus the increased value of ¥ and the increased depth of the nonconducting shell for
Dgy indicates that the currents of Dgy penetrate deeper within the earth, and that
increases toward the center of the earth. Accordingly, Lahiri and Price (Bibl.47)
have made calculations for a model of the earth with a core of nonuniform conductiv-
ity, x = x07%(0 = _2 , where a = radius of core), which explains the ratio of the
fields 3; for both the S, and the Dgy variations. Calculations showed that for a
depth o;‘the order of 600 km, the x differs little from the x of dry rocks, i.e., it

is 10-14 to 10-15 coSM, and that below that level it strongly increase? with the

depth.

A number of authors have attempted to evaluate the field of currents induced in
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the oceans and upper conducting la}ers of the earth crust, They have succeeded in
findinggthat a uniform layer of seawater, 1,5 km thick, markedly changes the ratio
% observed on the earth surface (for instance, for P% , from 0.4 to 0,5)., But the
contineﬁts, alternating with the mainlands, reduce the effectiveness of the currents
in the oceans, and as a }esult it may be considered that the internal parts of the
Sq and Dg; fields are almost entirely due to currents flowing in the deep parts of
the earth, It goes without saying that for the more rapid variations of the magnetic
field the influence of the surfaceicurrents is greater, and, in the case, for in-

| .
stance, of the pulsations, which are periodic fluctuations with a period of a few

!
seconds, the upper conducting layers may possibly completely screen the conducting

core,

S.Sﬁ.Dolginov (Bibl,15) has obtained interesting results by using the spherical
analysis:of the noncyclical variations to evaluate the earth conductivity. Consider-
ing the Loncyclical variations as the derivative of Dg; and using the approximate
Chapman-Whitehead formulas, Dolginov confirmed the value x = 4 x 10~ for a radius

!
of the conducting core from 0.88R to 1.,00R which had been obtained by Chapman from

Sq data,

In 1949, A.N.Tikhonov (Bibl.31) found a new possibility of estimating the con-
ductivity of the earth by using simultaneous observations of the geomagnetic varia-
tions an& the earth currents. The Equations relating the variations of the magnetic
and electric vectors at a given point permit the determination of the conductivity
and the thickness of the earth crust for different regions of the earth, and thereby
yield material that is valuable for geotectonics and geology.

All the authors mentioned by us, except S.Sh.Dolginov, started out from one and
the same experimental material, the spherical analysis of the Dgt, field performed by
Chapman and Whitehead., Only the first term of the spherical series, the harmonic Py,
was examined in this case. In view of this fact, the literature has repeatedly

pointed out the necessity of repeating the evaluation of the parameters, using new
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experimental materials. We performed such work on the basis of ‘the separatibn of the’
!
disturbance field into E and I parts, as described in the preceding chapters, and the

results of this work are given below,

Since the theory of induction in the form developed in the worksiof Lamb and
Price can be successfully used only in cases when the E and I parts of the field are
represented by series of special functions, the data on the Sp variations remained
unused, It proved possible to employ only the Dgy variations and the,polar storms
for the evaluation of x. In the calculatlcns based on Dgi we used the formulas of
Price for a homogeneous sphere and of Lahlri and Price for a sphere of nonuniform
conductivity. Since the field of a polar storm was represented by a series of Bessel
functions, the induction problem was solved in cylindrical coordinateg in or@er to
make the use of these data possible, For convenience, the expositién of the solution
of this problem has been placed in a separate section (Section 2), wﬁile Sections 3 -
6 are devoted to the caleulation of the conductivity from the data of Dgy» and the

results are discussed in Section 7.

Section 2. Solution of the Induction Problem in Cylindrical Coordina%es

Assume that.the earth, beginning at a certain depth zy, has the constant conduc-
tivity x. The upper half-space (the upper layers of the earth and the atmosphere)
constitute an ideal dieléctric. Then the magnetic field may be described in the di-
electric by the scale of potential v, and in the conductor by the vector potential K,
which, as shown by Lamb, gatisfies the equations:

) ’ (2)

AA——aa—f. 0

divA = 0. ' (3)

Here a? = L xny, and T, as before, denotes Universal Time., The condition of con-

tinuity of the tangential components of the field H and of the radial component of
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induction B at the surface of separation of the two media (z = zl) enables us to find
the constant a entering into the expression for vector potential, and thus to evalu-
ate x and 4, It is therefore necessary first of all to solve the system of equations
(2) and (3), and, from the vector potential so found, to calculate the components of
the vectors of induction and field intensity,

Putting A = R(r)¢(p) (z)T(T), we may, without prejudice to the generality of the
solution assume that T(T) = e~iNT, where in the case of aperiodic variations n is a
real number, for aperiodic variations an imaginary number, and in the general case,

-
a complex number. Denoting R(r)¢(®)Z(z) by Ay, we have

< —iIaT

A =Ag
A

—
_g___ —_—— Aoine_ inT

AXO + k.zo = 09

k3= indnwp = ina’. (6)

In curvilinear coordinates, the meaning of the symbol 4 of the vector is defined

by the identity rot rot F = grad div F = Aﬁ, from which it follows that

rotrot A, — k34, = 0. (7)

I
In cylindrical coordinates, the r, e , z components of eq.(7) are written as

follows:;

1 [?A J2A 024
-a (dq F— 09-')"}‘ o T kA, =0, (8)

1
#4, i(_l_orA,'\_‘”F"‘,_l_,_M 0
9z T or \r “or / or og e ’

L OrA, 4, _ (10)
T Ordz " r Ogoz

Here A, and A, denote the respective components KO and A, = 0, which corresponds

t
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to the fact that the induced currents are assumed Lo be parallel to the plane z

Setting R(r)d(w) = Y(r, &), A, = 2Y,. and A, = ZY,, we have, from eq.(8):

) +¥,2"+ kY Z=0

1 [erty, oy
Z 0 — [ — S| =0,

2 fhr =N,

1 [or2y, Ny ]
- ——t ] =3,
A7, | por — oy

Introducing the notation A2~ K% = fz, we have

Z" = Zad Z=e""*.

Equation (10) is equivalent to the identity

orY
r = 0.
or + 69

Ay ' ary,
On replacing ETS in eq.(12) by s 5 We have

drzR OrR ' gre
r I r 1

+ A= — ~ = const = A
e+ & o

It follows from the right side of eq.(13) that

&, = sin (hy -+ ¢). (24)

Putting rR, = U and A, =p in the left side, we obtain after several transfor-

mations,
| 1
p? A F-p A 4 (p* — A)A=0. (15)

Equation (15) is the Bessel equation of order h, whose integral

AU=rcJ, (p)andR,:-;Jh(lr), (16)

where ¢ is a constant coefficient. It follows from eqs.(11l!, 14, and 16) that

A= ce~’* sin (h;qa +2) % JyAr). (17)
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Substituting eq.(17) and eq. (10"), we get

i

L aJ, (\r)

i A,=§-e—”cos(h(p+e)-—a—— ) (18)

From eq.(17) and eq.(18), which completely determine the vector 7\’0, we f£ind the

l .
components of the magnetic induction B = rot R. For T =0

{

- aJ, (A
B,=—9&=7,c—f¢'/‘cos(h<?+c)-—3'—"h£.r) . (19)

z

dA - =
B =2 _ oo sin(ho + 97 SO, (20)

v gz
B,= — 57':—2- e~ /% cos (ho + 8) Sy (AD). (21)

It follows from egs.(19) - (21) that the components of the vector B(T) are the

real parts of the expressions

l

e dd, (A
B -——ReE’{. e—/l—l(llv-{-a)—mr hd(, ), (22)

. —12- o—inT 1
B,— Re— ik e~ S A0, (23)

_ L —fz—i(he4o)—inT
B,=Re— - ¢€ Jy (WD) . (28)

1
The field of the polar storm discussed in Chapter VI is a function of the local

time ¢ . Putting h=nand T+ ®=1t in eqs.(22) - (24), we have, for Z = 2q:

dJ
P3,=foP€_”"“"'+"7,7” o, (25)

H,=pB,-= -—in%pe_”"”""""—lr—./,,()xr), (26)

?

At —jz—int : 1)
e

(27)

In the nonconducting half-space, the potential of the field satisfies the La-
place equation and consequently may be represented, under the condition h = n, by

the series
V==—'R€ [Ee—z).—l(nH-’{) +Iel)~—i(nf+ﬁ)] ./,,()\r), (28)
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where E, I, Y and & are known constants (cf.Table 17, Chapter VI). From eq.(28), for

Z=Zl:

H = " [Ee-z.l—imt-i-r) + Iez.).-l(nf+;)] d./':‘(lr) (29)
r ___r .

H, — —inp [Ee—z.x-:(nr+~,) +Iez.1-—i(nf+:)] 71-",11 ), (30)

B,=\[— Eem#7!0MHD 4 1e >~ IFI] (). | (31)

From the condition of the continuity of H, or Hm for Z = Z,, we get, by equating

eq.(22) and eq.(17), or eq.(22) and eq.(23), and putting , = 1:
ZY N Zinat e- VETIE i Fem T [gM T, (32)
From the condition of continuity of B, on Z = Zq, we have

_____C_)\eVF:_lﬁ?z,-h______Ee—z,l—i7+lez,l—12 . (33)

n

On dividing eq.(32) by eq.(33) to eliminate the unknown constants c and e, we

have

E'—z‘).—i'f_i_[elﬂ—i: (314')
:Ee"‘t iy + Iet‘l—ii )

Equation (34), connecting these complex quantities with each other, is entirely
sufficient for the determination of the constants a2 and Zl in which we are interest-

ed, Introducing the notation

Separating the real an imaginary parts in eq.(35), we get

(1 —x?)3—4x35in2d

1= (1—2xcost 4 x1)3°
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4x(l—nﬂ)Mnb_.
— = (l-—-?xcosb—’f—)\:’)2

i .(36):
It is easy to obtain a computational expression for X from eq.(3 )

From eq.(37) we have

x (x2 —1)sinbAt .
* == cirnk (1 4 x* — 2xcos 3)2

(37*)

2 = L 10-4% 1is introduced in connection
The coefficient E = 5T % G0 % 60 T

ular measure
with the fact that the time t is indicated in egs.(25) - (31) not in ang

but in seconds. The numerical value of the coeffioient P (cf .Chapter VI) is L5 %
103 SR 108 N d. if the field ob-

From eq.(37') and eq.(38) the quantities x and zy may be found, -~
served on the earth surface is separated into an external and an internal part. 5
the solution of the induction problem in cylindrical coordinates leads to very simp
formulas which are entirely convenient for practical calculations. ¥ N

The:values of x and 24 calculated from the data of Table 18 are presented 1n ]
Table 28, For five terms I did not succeed in getting a reasonable value of t:? con
ductivity, owing to negative values of the numerator in eq.(37), ?u% in e:?lu: 1nior
the results it must be bormne in mind that the values of the coefficients I an

i he analysis.
a few terms would hardly exceed the margin of accuracy of the ys

i tion 7.
The results obtained are discussed in more detail in Sectlo 7

% » I'k N elle
I'dl. na tes
li i (B i bl l ) j.n WhiCh the pla.ne problem iS 301 ed in re ctangular (2010} 3
Ka nin 1 . 7 v

ini btained. Kalinin's formu-
and still simpler formulas for determining X and z, are o

argument.

F-TS-8974/V
!

Approved for Release: 2017/09/11 C06028201



Approved for Release: 2017/09/11 C06028201

Table 28

m! 2

,; B \i 1 ’
| |
8.10~13 14.1071
144 | 256

— —

—_ I 12!
i

Section 3. Determination of the Earth Conductivity from the Data of the First
Harmonic of Dgy (the Lamb Model)

If the alternating magnetic field of origin external to the earth surface is re-—-

presented by the sum of terms of the form

mht

Rﬁfh(l—-e~” )(ﬁ)"Sg, (39)

then, under the condition that the conductivity of the earth is uniform, to each term

E:h will correspond a term in the inductive field, represented by the same harmonic:

Imk (¢) = (73-)'" = Embgmn (£) ST (40)

Here ¢™'(t) is a function expressing the time dependence of Igh and represented

by the infinite series

_.mh ¢ mh

-—

(o 2]
P (f) == —- ":1::1 2(2n -4 1) (k7*)? X Z (kmhe)z [(km;;:__ (x™%] - (41)
=1 RS n

ns

The constants k2 and @ are connected with each other by the relation

(42)

E¥— — 4nxa

and g = f}, where a is the radius of the conducting core. The constants kﬁ? and agg

are not arbitrary, but satisfy the following conditions:

— (k;':sh 9% == (x,';;")’ —_ 41txa”;;"q’a’ , (43)
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Thé terms containing e~ ngt are introduced in the expression for ¢ (£) by Price
in accordance with the fact that the equations describing the boundary conditions
(analogous to eq.(30) and eq.(31) of Section 2) have solutions even in the absence of
the inddced field (E'r‘,‘h = 0). These solutions indicate the existence of free electric
systems‘which are damped by an exponential law.

In considering the periodic f}uctuations, which do not require the satisfaction
of initial conditions, the free systems may be left out of consideration, but in solv-
ing the problem of induction by aperiodic variations, these systems must be included
in the ;quations of the initial conditions, The failure to allow for the free sys-
tems led Chapman and Whitehead to ‘erroneous conclusions.

The imposition of initial conditions (vanishing of the total field for t
causes the terms containing e-%st to obey eq.(43) and eq. (L4).

For convenience in calculating series eq.(41), Price proposed selecting,

representatlon of the induced field, the constants amh, equal to a certain g

fying the conditions eq.(43) and eq.(44). In that case, putting agh =a,, we

omit the term s = p from the sum eq.(41) and add the term

t
’ r_zgi’_:*‘_l 2(2n + l)te_a”'
n+1 q%a24nx ’

Fixing our attention on one term of eq.(40), and omitting the indexes n,

h in eq.(41), we have

_ 2n(2n+l) on41| te” P
cPp(t)—' n4+1 IrxgPa?

_om2nt1)g" il A
o n-t1

n

4Kq282

where A =

F-TS-8974/V

Approved for Release: 2017/09/11 C06028201




Approved for Release: 2017/09/11 C06028201

Chapman and Price performed their calculations for the case n = 1, for which
! i

eq.(44) is transformed into |
sinx
I.L(x)_—:v;:O&hdx:.SR, (l&5)

n
-

where s takes on the series of successive values 0, 1, 2...

Under this condition, on the basis of eq.(43), we have

kz-—- Slnz.
it %=

o
3q8 9 — Opsnly\ _ ! At
(Pp(t).—._—._Q_ (At+ 4_12:. )e P'M__pg E E'_(_:ET') . (47)

73
Suml
To solve our problem, which is to find x and q, we must calculate the value of

1(t)

-
e

p(t) = from values of I and E known on the earth surface, and must then by
some numerical or graphical method determine
q and % from eq.(47). In view of the ex-

treme complexity of this method, Chapman and -

Price attempted to satisfy the observed val-

ues of Eéﬁl_ calculating @ (t) from the val-

ues of q and x found on the basis of the Sq

Fig.4l4 - Coefficients of Spherical
: variations (q = 0,96,x =14 x 10-13, A = 5,7

Analysis of the Dst Variations 6
*x 10°°), The poor agreement between the cal-

(after Chapman)
culated and observed values of I(t) (cf.

observed value;
Fig.4L) forced them to assume that to the

— — - - calculated values
Dgt variations correspond greater depths of -
penetration of the currents (g = 0.94) and greater values of the conductivity
(x =44 x 10-13), Evaluating a and q from the data of the spherical analysis of Dst

performed by us, we considered it more advisable to begin the tests of the calcula-

tion of I(t) with the values of x and q proposed by Chapman, For ¥ =L x 10-12 CGSM,
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we found the value A = 5 X 10'17, or, if t is expressed in hours, then A Y2 x 1073,

The time dependence of E, so obtained (cf.Table 6, Chapter III and Fig.45) was ap—
-0 L

proximated by four terms of the form ag(l - e *® ), whose coefficients a, are pair-

wise equal, i.e.,

2 <

i 2
—SaAt
—e ’ )-—}—a;“(e —¢€

(48)

’

where 87 < 83, 83 < 8), and 8, < s3. Such a selection of constants assures the re-
presentation by eq.(48) of the first and second phases of the magnetic storm (the
terms sy and sp being mainly responsible for the first phase and 33 and 8, for the
second).

The most favorable numerical values of s and a were found in the following way.

Denoting the value of E(t) for t > 5 hours by Eyp, we have

- _ i) (49)
(50)

where x = s% and y = s%. EII reaches its maximum value EII max - 55 at t = 20 hours,

whence we have the two equations:
{
51
xAe (52)
55=a, 4(e

As the third equation necessary for the unique determination of x, y, and a3y 4

let us take the value of E at t = 40 hours:

35—=a, (e" ¥ —e” V).
i \

It follows from egs.(51) — (53) that the pair x = 16 and y = 36 will be most

favorable, whence 8y = L and s, = 6; the a3 L corresponding to them is 190. The
' J

coefficients ay, 2 © 200, 89 = 13 and s, = 18 were found in a completely analogous

waye.

' i

The formula so obtained
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E, - 200 (g~ V3% _ =005ty -

4 190 (€70 L g~ 03y (54 (54)

approximates the observed relation El(t) rather well. The observed values of El(t)
are shown on Fig.45 by the solid lines, while those calculated by eq.(5h) are shown

.

NG

. by the dashed lines.
>

The calculations of the induced field
of I, corresponding to the field E,, thus
led to the calculation of four functions by
eq.(47): (ph(t), (pé(t), ‘p13(t): and (pls(t)c

The calculations were made with accu-
racy to the eight term of the series, which
provided the fifth place in the value of

¢®(t), The resulting function

L ()=—a, (Pg— 3+

+ Qg 4 (‘?5 _'.94) =200 (‘f’xa - ?18) +
Fig.45 - Coefficients of Spherical + 190 (%5 — ¢,) (55)

Analysis of Dgi Variations
is shown on Fig.L5 by the dashed curve, It
|

(Analysis IT) ,
corresponds to the observed I (the solid

a) Hours
curve) considerably better than the analog-

ous curve calculated by Chapman and Whitehead (cf.Fig.4l4).
Thus the calculations above presented confirm Chapman's hypothesis that the val-

ues q = 0,94 and x = 4 x 1012 wel1 correspond to the first harmonic Dgj .

Section 4. Determination of the Constants q, s, x (Lahiri Model)

The values found for q and x are in good agreement with those previously cal-

culated by us on the basis of the S_ variations (Bibl.9) q ¥ 0.935 and 'k = 5 x 10-12,

But this agreement can hardly be regarded as an argument in favor of the correctness

of the assumption of a uniform conductivity for a core of radius gqR. An explanation
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—
; @5 ly

=y

of this aéreement might rather be that in both cases variations of about the same ve-

locities were investigated ( in the case of Sq, the gradients were of the order of

i
2 = 3 y an hour, in the case of Dgy s 3 y an hour on the first day of the storm and ly

an hour'on the second day), and consequently gave information about one and the

same layefs of the earth. In view of this it appeared advisable to evaluate the

earth conductivity in accordance with the Lahiri model (g, x = xg p-5), Lahiri and

Price (Bibl.47) selected the constant coefficients q, ¥y, 8 such that they satisfied

1
the ratio of the amplitudes and phase difference of the harmonic P%Sq, and then sep-
1

arated, from the series so obtained, those values best corresponding to the ratio

for PletL In contrast to this method of calculation, we made simultaneous use of

the data of several harmonics of Sq and P;Dg;, which enabled us to set up the number

1
of equations sufficient for the determination of all the coefficients.

It follows from the Lahiri formulas that if the inducing part of the periodic
field is represented by the expression

| £ty—Ege' (™), (56)

|
and the induced part by

I(t) _ lnmel (Gmf'*‘j") :

then (omitting the indexes n and m), we have

== mod N (iz),

£
-

j—e=arg N(ia),

where

. 41 e — 2v ., D% .,
N (i2) =Ty thk$(%0 cos - isin ),
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. 2 6
t=mr e .63

Equation (60) is approximate, and is true for v < 1 and small enough values

[m
n
of x. Denoting — by fjj , we have
Em
n

gL D (1) (XY
fn T ond1 l‘(l-{-‘v)('-?) o

, — 2@nt])
gL (=) (R Y e ) (64)
T an41 I'(144) s—2 ’

Selecting from among the coefficients of the expansion of Sq to arseries in

spherical functions, two terms with the same indexes n and different orders m) and
i -

my, we obtain, on the basis of eq. (64):

m, 2n+1

Zo ) (65)

Equation (65) allows us to evaluate s from known f:l and f:z. From Table (15)
of the above cited work (Bibl,9), it follows that f% = 0.43, f% = 0,38, f% = 0,53,
(3= 0.43.

Thus,

(66)

The first of the eq.(66) leads to the value s = 23, the second to the value
s ~ 33, which allows us Lo take the mean value s ~ 26,
Putting in eq.(64), n =2, m =1, [i=0.43 andv = 0,21, we obtain the follow-

ing equation connecting the unknown g and x g with each other:
lg %o = —13,27 — 25,701g q. (67)

To obtain the .second equation for the determination of q and X o let us twrn to
P1Dgy. The formulas obtained by Lahiri are suffieiently convenient only in the case

where the external, inducing field is approximated by an exponential function and
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the unique Heaviside functioni

E(t) = Ae~"'H (¢), (68)

where H(t) = o for t < O, and H(t) = 1 for t > 0.
In this case the function o¢(t) (for its definition, see Section 3) is represent-

ed by the infinite series

n42n+l T \l+v

?(t):—-(n—}-l)l‘(l-*-v){(a?)M---, (at)+2(;t—' M_,_ (@t)y+...+
2(0(1—v))s 142
+I‘(2+v)l‘(1_$)‘ (%) M—x-zv(“t)+'--l,

16nR2q X,
where T = ¥ and M.) is the confluent hypergeometric function
(s - 2)=

2

. at (af)2
M_y(at)=1— 324 T—hEe— (70)

T
The series eq.(69) and eq.(70)are convergent for small values of . and a¢ .
For the calculation of ¢(t) by eq.(69), the observed curve of Ey(t) was replaced by

the curve

E(t)=Ae """y,

repressed in Fig.45 by the dashed (dash-dot) line.

Here H(t) = O for t < 20; H(t) = 1 for t < 20 hours.

Starting out from the values E,(20 hours) = 55 and E,(60 hours) = 25, the numer-
ical values of the parameters were found: A = 55 and ¢ = 0,02 (if t is expressed in
hours ),

The approximate formula so obtained
E, (t)= 55~ %% =30 pyp) (71)

(the broken line in Fig.45) satisfactorily represents the observed curve for t > 20

* For convenience of exposition, the notation in the Lahiri formulas has been modi-

fied, and in addition, the misprints have been corrected,

i
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hours, The replacement of the smooth variation of the values of El during the first - |

phase of the storm by a sudden increase at the moment of the maximum should not, in
Lahirits opinion, strongly distort the subsequent results, For assigned values n = 1,
8 =26 and @ = 0,02, we get, for the instant t = 30 hours (that is, t - to = 10
hours) the following numerical values of the quantities entering into eq.(69):
T-=3,5 10%g%,, v=0,12, M_, =
=233, M_;,,=0,795, M_,, — 1,828, Tr—qy =025 101

Confining ourselves in eq.(69) to three terms of the series, and bearing in

18
mind that¢ (30 hours) = 55~ = 0.33, we have
0,62=9,8x,"2q ' 1 2,72 - 10%%,"12¢5% 1 4 58 + 1015} g5 (72)

By graphic solution of eq.(67) and eq.(72) we get @ = 0,925 and %, = 4,0 x 10-13

If the data for the term Pjsq are used in eq.(64), then q = 0,909 and %, = 4,0 x
x 10-13,

Thus an investigation of the Dgy and Sq variations has shown that if we start

out from the Lahiri model of the earth, then the conductivity of the core varies by

the law
v ==4,0 1078, (73)

Its radius is 0,91R - 0,92R, and the thickness of the nonconducting upper shell

d = 500 - 600 km,

Section 5. Allowance for the Upper Conducting Layer

As stated in Section 1, Whitehead and Lahiri considered the question how much
the parameters of the core would be modified if we allow for the effect of the cur-
rents induced in the upper conducting layers of the earth (oceans and wet soil),
They found the following formulas, If the conductivity of the upper spherical shell
is k3, the radius of its lower surface is q; and its thickness 3= (1 - Q1 )R, then

the field in the nonconducting layer under the shell (ql >7%-> q) is connected with
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the field of the earth surface by the equations:
{
E,=FE— ndt [RE— (n41)1)

G d
f,=1— n_{_"ldt [nE — (n—1) 1]

'HerelEi denotes the field of origin external with respect to the surface qu,

I; the internal field, E and I, as before, respectively the external and internal

fields observed on the surface r = R, and

4
Co==gaetty 0. (75)

The parameters of the core may be calculated in this case by the formulas of
Section 4, if the values of Ei and I, are used instead of the quantities E and I.
We give below the calculations of the errors introduced in allowing for the upper

conducting layers in the evaluations of s, g, and v, obtained by us.

If the field observed on the earth surface is a periodic function of time (cf.
eq.(56) and eq.(57),

E@)=£re ) Ly = e ),

then eqs.(74) are reduced to the form:

E,— e CmttY CO“m (nEeemtD _(n 1y 1¢' “m' 1Y, (76)

(ot} C
Ii::Ie( mt l/) +l [nEel(umf-{ t) (n+ l)le‘(lml"*'l)} . (77)

Here, to save space, the indices n and m after the quantities ¢ and j are omit-
ted.

Equation (76) allows us, after several transformations, to calculate, from as-
and ¢ - j, the values of fi - -%i_ and g - ji; We give

1
below the values of fy for four harmonics obtained under the assumption that the con-

signed values of f =-€?

ducting shell consists of a continuous ocean, 1 km deep, of conductivity K =5 X
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4R 135 -?;—T——l—

L2 23 22 13
0,42 0,40 0,43 0,34

‘ A comparison of the values fj so obtained with the initial values of [ shows

that allowing for the conductivity of the oceans in all cases decreases the ratio 75'_
The evaluation of the parameter s from corrected data, performed as described
()

in Section 4, yielded the following results: from a comparison of f3 and f%, s

= 30; from fé and fg, s > 100,

2

9
The latter value was rejected owing to the unreliable value j% - €; = - 15°,
and for convenience of calculations, s = 32 was taken, A recalculation of eq. (64)

with the new values of the constants:

v=.=o,17,-.3‘- =0,62° 108 V%, fi=0,42,

y=0,23, % =0,89-10°% V%, [f}=0,40

gave the following relations:

for P;]gxo - -13,31——31,41184} (78)
P2iguy-= - 13,61 —32,441gq )’

”n

Allowance was made for the influence of the surface currents on the Dst varia-
tions in the following manner. The internal part of the first harmonic was repre-

sented by the approximate formula

(79)

Il — 258—0.04 (¢t —20)

(time in hours).

For n =1,
- dE dl
 D=LmE-(tNN="g—25=

Cy— 1,34 - 108,
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c.D - ‘LQG_Qm("mh+-%53—°£4“—2m.
For ¢ .20 hvs C,D = -3,3 £,==55— 3,3 = 52,
» t==30 hesCyD — 41,6 E,=45—1,6 = 43,
==60 hrs CoD ~ —0,4 E,=25-0,4 — 25

n

Whence Ei may be approximated by the expression

--0,018 (£ — 20)
E, = 52¢ 0018 (=20, (80)

The revised value of @ (t) for t = 30 hours in completely identical with the pre-

17 -

vious value., Indeed, for t = 30 hours, I; = 18 - 0.8 = 17, and ¢ (30 hours) =.§§- =

0.33.

For the new values of the constants (v = 0.1, ¢« = 0,018, 1 = 2,3 x 10'16K0q2),
the numenical quantities entering into eq.(69) are somewhat modified, and q and L3

are connected with each other by the following equation:
0,67 = 10,8x '™ 4~ 1,04 - 10%, "' ¢*F - 9,14 - 10", 2g%* . (81)

On solving eq.(81) in turn by the first and second equation of eqgs.(78), we get

the following results:

P, P2

0,921
25 .10"13 3,7.10™13
Since the mean value of x'9 for the upper layers of the earth is obviously less
than the value 5 x 10-6 CGS taken by us, the most probable values of the parameters
q and KO may be expected to lie between the above values and those calculated in the

preceding Section,

Section 6, External and Internal Parts of the Harmonic P3 of the Dst Field
|
In the present Section we shall discuss the application of the Lamb-Price in-

duction ?heory to the third order harmonic of the Dgyy field, From eq.(42), which
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holds for the case jut = 1, it follows that o (t) > 0, since all terms of the series

Q0
=Y o ot — !

RN
x2 (X3 — x7)
s =1

are always < O.

Indeed: for s < p, KE < K%, and ag < s, consequently e

9
< Q0; for 8 < p, x§ > X and a, > @5 consequently e

> 0,

From this it follows that each term of the potential of the induced fields

m

-aMy

Iﬂh(t) will be of the same sign as the term of the inducing field Eﬂh (1l -—e ")

mh
n for any instant t must lie within the

corresponding to it, and the ratio ]
l,:"l 1
n

limits3

mh

0<-2 <1,

;mh
I‘n

Accordingly, the negative ratio _{T for the harmonic P3 (cf.Table 8) is very
surprising, The data obtained earlier by other authors (cf.Table 8), however, do not
contradict our results. It will be seen from the Table that the negative values of
l; for the harmonics P, and P7 are also obtained by Mc,Nish in the spherical analysis

E 3
of Dm' The values of the coefficients E and I for the third and fifth harmonics in

the Chapman-Whitehead analysis are at the limit of accuracy of the analysis, But all
the same it does seem possible to assume that with these authors -éz < 0, while ig?
>0, A positive sign for ;;L was obtained only once by S.Sh.Dolginov, in the analy-
sis of the noncyclical variégions. Thus the four spherical analyses of the aperiod-

ic part of the storm field, made by different authors and from different starting ma-

# The erroneous assertion of Chapman and Whitehead that %%. can vary within any lim-
its from - = to + = is connected, as was shown later by Chapman and Lahiri, with

the failure to allow for the free damping currents, which has already been mentioned

in Section 1 of the present Chapter.
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i
terials,'all speak in agreement in favor of the alternating sign of the ratio 1 :
{ E
I

‘ Il- >0 tor Pléhdps; /{ <0 for P, n Ps.

For the harmonics PBDsf’ as for Py, we calculated the internal field 13 corre-
sponding'to the external field E3. For n = 3, eq.(42) assumed the form:

oo 42 4
o —2. 108530 —2.107x

42 -— — 1] P
q;’(t)z_—?q" 2 . 107 %e P Xp 2 : 2L — )
s\s P

s=1

‘ K'S'i\
where a? = 5 and X3 is a root of the equation
2

Jys (%)= plﬂ—;}[(’fﬁ - l) sin x — ;'f-cos x] =0. (83)

From the tabulated values of the roots of Bessel equations we selected values
|
of @, satisfactorily representing the observed function EB(t) (see the solid curve in
Fig.h5): a4 = 0,035 and ag = 0.07k.
[

The approximate curve SO obtained:

E,—80(e 0.005¢ __ ,—0.07Ary
(t in hours) is given on this same figure by the dashed line.

The internal induced field corresponding to E3

1y =80 (Pg— ), (85)

while computational expressions for 94 and ¢, are given by the series eq.(82).

Figure 45 also gives the observed field of I3(t) (solid line) and the calculated
field (dashed line)., It will be seen from the figure that the calculated values of
13 plotted with reversed sign very satisféctorily represent the observed 13. Our at-
tention is struck by the very high agreement in the course of the curves EB(t) and -
I3(t), which forces us to the conclusion that the Lamb-Price induction theory well.

explains the ratio of the external and internal field of the third harmonic of Dst

in absolute value, but cannot explain the negative sign of this ratio.
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The negative sign of -%— is possible under the condition that the medium in

-

which the currents are induced possesses a high magnetic permeability'(u »1). In

this case, eq.(42) is of the form

21
=M D= g +

2\1 _ e — ° )
+2(n + 1) ek i Ta = D (et 1) — kg’e’} (B =)

(86)

(@ @) — - .
ansl —e al i

where the terms containing i - 1 express the magnetic induction. If the inducing
field does not depend on the time (a = 0), then eq.(6) is transformed into the ratio,-

mentioned in Section 1, between the inducing and induced permanent magnetic fields

_an"‘*'I (r--1)
np+4n4-1

Beginning at certain sufficiently large values of t, the terms expressing the
electromagnetic induction and containing the exponential functions e-%t become small,
and ¢(t) passes into the region of negative values. But such an explanation of the

negative sign of 13 , expressed at one time by MeNish, appears to be implausible,

133
since:

13
1) the ratio - gives no indications whatever that u > 1;

13 “3
2)_E_. maintains an almost constant negative value beginning at t = O hours to
~3
the end of the storm (t = 60 hours). - McNish's other assumption as to the role of the

nonuniform conductivity of the surface cbnducting layers appears to be equally un-
founded., The nonuniform conductivity of the medium leads to the result that to one .
harmoﬁic of Pg in the inducing field there correspond a considerable number of har-
monics in the induced field, with coefficients depending on the law of distribution
of the conductivity of the medium, This argument at one time was used by me to 8X=-

plain the great variations of .i_ in the longitudinal terms of the field of Sq

D
-

(Bibl.9). llowever, as shown by the calculation described in Section 5, the influence

of the surface layers, even under an exaggerated assumption as to the conductivity
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of the ocean, is still relatively small and cannot change the sign of the ratio e
Thus the only reasonable explanation of the negative sign of .é%_ would appear
to be the assumption of the nonuniformity of the structure and conduitivity of the
deep layers of the earth, located 500 - 1000 km below the earth surface. In the
light of recent calculations of conductivity made by A,N.Tikhonov (Bibl,32), and also
taking account of the results of certain works devoted to the main magnetic field,
such an assumption does not appear impossible: but since I have had no opportunity
to make any quantitative calculations supporting this view, the question as to the
negative ratios for the harmonics P3 and P7 must remain open. It would be extremely
desirable to conduct a study of other aperiodic variations with various rates of
change of the magnetic field to obtain a broader experimental material, which would
help to solve this question., Since at the present stage of the problem, the ratio_%_

V]

of the harmonic P3 cannot be quantitatively interpreted, it would appear reasonable,

|

all the same, to consider the deep layers of the earth as uniform (more exactly, to

consider that the physical properties of these layers depend only on the radius) and

to base our judgements on the conductivity of the earth only on the data of S_, D

q’ st’

and the P-storms,

Section 7.5 Variation of Conductivity with Depth and the Internal Structure of the
Earth

The rgsults of the calculation described in Sections 2 - 5 are summarized in
Fig.46, on which, for purposes of comparison, the conductivity data obtained by Chap-
man and Lahiri are also given. It will be seen from the figure that the boundary of
the nonconducting shell passes, according to the data of P% and P§ Sq and Plet’ at
a depth of about 400 km (see curves 2, 3, and L), while the conductivity of the core
x attaine an order of 4 - 5 x 10- 12 cgs., Information that is somewhat different (and
with the data in less good mutual agreement ) follows from the analysis of the polar
storms (the results of calculations are shown by crosses whose abscissas are the
thicknesslof the nonconducting layer d, and whose ordinates are the value of X)e The

|
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value of ¥, according Lo this material, ranges from 10- 1+ to 2 x 10-12, while d rang-

es from 45 to 250 km. Still, if we leave out of consideration the considerably aber-

rant point d = 45 km, ¥ = 2 x 10'12, we shall note a tendency for the conductivity to

increase with the depth. gtill smaller values of ¥ follow from the Chapman data on
P§sq (x = 0.37 x 10-12, d = 250 km, curve I).

Such differences in the values of x and d, calculated from different experiment-

al material, would tend to indicate the arbitrary nature of any sharp boundary be-

tween the conducting core and the nonconducting shell, The curves showing the in-

crease of conductivity with depth appear more plausible. The two curves calculated
by me for the model Q, xqgs 9 that is, without allowing for the surface currents (cf.

the curves 5 and 6 on Fig.46) are in good agreement. Both of them indicate the low

values of ¥ 6»10'12 cGS) at depth of 4,00 - 700 km, and the sharp increase of x for d =
= 900 - 1100 km. In still deeper layers a further increase of x 1is found, but the
data from depths over >1500 km, obtained from short-period variations, must be con-
sidered unreliable. According to Chapman's calculations, in a sphere of uniform con-
ductivity, 70% of the induced currents corresponding to the harmonic P% and 77% of
the currents corresponding to P% are concentrated in the peripheral shell of the
sphere, 0.9Rq < T < Rq, that is, with our values of q, at depths of 4,00 - 1100 km,
The increase of x with depth, of course, also increases the downward propagation of
the currents, but still, a substantial part of the currents would hardly be induced
at levels deeper than 1300 - 1500 km,

The allowance for the currents jnduced in the upper layers of the earth crust,
as would be expected from simple physical reasoning, increased the values of x (see
curves 7 and 8), Thus, for example, at depth 1100 km, the value of x increased from
50 - 65 x 10-13 to 70 - 110 x 10-13, In the upper layers of the conducting core
(4 < 700 - 800 km), however, the corrected values of ¥ are somewhat smaller than the

uncorrected values.

From the series of curves of « (d), calculated by lahiri, Fig.h6 gives the two
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that he considers the most probable, Curve 9 is calculated on the assumption xg =
=4 x 10-14 ceS, q =1, 8 = 37, and %3 = 2 X 10-6 ¢GS. Curve 10 assumes x, = 2.3 X
x 10'13,'q = 0,903, s = co, and %43 = 5 x 10-6, Both curves indicate the shallow

u depth of the level at which x increases
éygl I (d ¥ 600 - 700 km), The discrepancy between
the curves 7, 8, and 9, 10 can be explained
not only by the different starting materials,
but also by the different method of calcula-
tion. One of the Lahiri curves (not given
on the figure) is calculated under‘the as-
sumption x5 = L x 10‘11, q=1, and 8 = 30
(without allowing for the conductivity of the
oceans) coincides almost completely with our

own curve 7. Thus a consideration of Fig.4b

shows that the following distribution with

P Ji -

s

1 d
==) ; ,
S0 1000 1500 A

depth is the most probable. The surface lay-

ers (mainly on account of the oceans, which

Fig.46 - Conductivity of the Earth
occupy 0.7 of the earth surface with a mean

(x) from the Data of Geomagnetic
depth of 4.2 km) have a very high conductiv-

Variations
ity., The action of the ocean may be taken as

equivalent to a spherical layer of conductivity x, 3 =2 - 5 x 10-6, The conductiv-
ity of the first 200 km is roughly the same as that of the dry rocks on the earth
surface, that is, it does not exceed 10 -1* cGS. The induction of currents at these
depths may be practically disregarded. A substantial increase of conductivity be-
gins at depths 200 - 3C0 km, while a sharp rise is located at d = 900 - 1000 km, and
a still steeper ascent of the curves is found at depths 1100 - 1200 km. The calcu~-

lation of a model with a sharp surface of separation gives a moderate value of the

conductivity. It is naturally greater than the actual value in the upper layers of
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|

|
the conducting core, and smaller than the actual value in the deep parts.

The distribution of conductivity so obtained does not contradict the modern idea ;
on the structure of the earth., As will be seen from a comparison of Figs.47 and h6,_i;
the region of the earth crust (to a depth of 60 - 80 km), is characterized by very
low values of the conductivity which, in all probability, is connected with the anis-—
otropic state of matter, and with the predominance of rocks with low iron content. h
A slight increase of conductivity begins from the upper layers of the outer shell
downward, and a more substantial increase occurs in the lower layers of the shell,
which are characterized by a change of chemical composition, an increase in the metal-

—

lic content, and an increase in density and temperature, ,

A certain analogy is noted between the curves of x (d) and the dependence of the
velocity of longitudinal waves p on the depth. The second-order discontinuities of
Repetti (d = 950 km) and Gutenberg (d = 1200 km) find their reflection in the curve
ofx (d) as well: at these depths, as already remarked,1<(d) appreciably changes its
direction, Thus the modification of the physical properties of matter at a depth of
900 - 1200 km, on the transition from the lithosphere to the barysphere, may be con-
sidered a confirmation of the change in the electric characteristics of the earth,
It is true that the analogy between the curves of x (d) and p(d) noted by us does not
by any means indicate any parallelism of the curves, On the contrary; the increase
of the gradient of the functionx (d) at depths of 900 - 1200 km is }eiated to the de-
crease in the gradient of p(d)., The curve of temperature distribution given in Fig,
L7 for comparison (TG for Gutenbérg and Tp for Jeffreys) and of density (Pl according
to Gutenberg, and P2 according to Bullen) also confirm the changes in the physical
properties of matter with depth,

This conclusion as to the variation of conductivity with depth may be consider-
ed a first approximation. The Solution of the question of the negative sign of the

third harmonic, and the more detailed study of the polar storms and other forms of

local disturbances may possibly introduce substantial corrections in the conclusions
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so obtained. In order to judge of the nonuniformity of the deep layers it would seem
advisable to apply the formulas of the plane problem to disturbances of local type
T
3000 4
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Fig.47 - Internal Structure of the Earth

(bays, pulsations). In this way it will be possible to obtain an extensive material

on the conductivity of various depths and various areas of the earth.
Conclusion

Section 1. It follows from all the above that the primary object of the present
work, the construction of the electric currents causing the magnetic disturbances,
has been accomplished. The calculations we have made are based on a sufficiently ex-
tensive emp}rical material (65 observatorigs) which.allows us to expect that the
field of calculated currents will be a goocd approximation to the field of §bserved
variations. A consideration of the morphology of the disturbances, which preceded
the calcula£ion of the currents, shed light on certain questions of the structure and
geographic distribution of the field. The most substantial of them are as follows:

1. The classification of magnetic storms and the separation of the storm field
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into its component parts. It appears to be most correct to divide storms into two

main categories, worldwide and polar. Polar storms reach their maximum intensity in

the auroral zone, and manifest themselves in the middle latitudes in the form of
small bay-shaped disturbances. The field of polar storms depends on the local time

and has no aperiodic part symmetric with respect to the earth axis, just as it has no

prolonged after-effect.
The data on worldwide storms collected by us have confirmed the advisability of

the separation of the regular parts, the Doy and the S variations, from the disturb-

ance field, as proposed by Chapman. Worldwide storms, in our opinion, are always ac-

companied by polar storms superimposed on each other, and therefore the field of a

worldwide storm should be divided by the means of the four~term formula
D+ S,~+P+D;.

2. The worked-up data on the D4 variations of a worldwide net of observatories
have confirmed the fundamental features of the structure of the field described earli-
er by other investigators (position of the vector of the disturbance in the plane of
the magnetic equator, low dependence of the field on the longitude, form of the D_,
fluctuations of H and Z in the temperate latitudes). A more detailed examination of
the question, however, by means of an evaluation of an estimate of the values of H
and Z for the quiet intervals on days of worldwide storms, has shown that the Dst
field does not have a sharp increase in the auroral zone, and varies smoothly from
equator to the poles.

3. The SD variations, on the other hand, do have a sharp increase in the auror-

al zone, and the form of SD is determined primarily by the distance from that zone
and by the local time. The SD variations of the magnetic elements have been used to
pinpoint the position of the zone. The data used by me have compelled me to place

the position of the zone considerably further south than the Vestine zone. No de-

pendence of the Sy variations on Universal Time was detected. The form and amplitude
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4. It has been established that irf the Dst field is considered as a function of
¢ and T, and SD as a function of ¢' and tys then there are no substantial anomalies
in the geoéraphic distribution of Dg D In particular, the complete normality
of the disfurbed variations at Huancayo has been Specially noted,

2. Ajconsideration of the geographical distribution of the Sp variations has
shown that the linear current flowing in the auroral zone cannot explain the middle-

latitude part of the field. For this reason it has been shown to be more correct to

take the S

The complexity of the geographic distribution of
the Sp variations preventing me from using spherical analysis, and forced me to turn
to the method of surface integrals. The method of calculating the external and in-
ternal parts of the potential from values of the potential and Z component, assigned

on the surface of a sphere, proposed in 1941 by Vestine, has been further developed

in the present work,

a Fredholm equation of the second kind, to which the external Dirichlet ﬁroblem
leads), and extrapolation of the function of current density for external points at
the distance of the hypothetical current layer, An analogous method of solution may

be applied to the calculation of the internal current Systems., All the laborious
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operations in the course of the calculations of the currents by the integral method

are now reduced to a single type and allow use of the very same overlays to facili-
tate the calculations. A consideration of the accuracy of the method has shown that
the errors of the mathematical operations thémselves are considerably less than the
accuracy of the initial geomagnetic data. The accuracy obtained as a resuit of the
calculations performed is sufficient for the construction of a general picture of the
currents,

The method can yield good results only in the case where the radius of the
current-carrying layer differs little from the earth radius. But since in most geo-
magnetic problems, both for the main and irregular fields, this condit%bn is; satis-
fied, it follows that the method may be recommended for the investigation of a number
of questions, as for example the construction of the currents responsible for the sec-
ular variations, the study of magnetic anomalies, and the like. The péssibility is
not excluded that the integral method may also find application in other branches of

geophysics, replacing spherical analysis in the case of fields of rather complex

structure. .
Section 3. The current system of the Dyt variations consists of current lines paral-
lel to the circles of latitude. It differs substantially from the well known system
of Chapman by the fact that there is no crowding of lines in the polar zones, and by
the different signs of the current functions in the northern and southern hemispheres.
On the basis of spherical analysig of the'Dst variation, I also made a calculation
of the equatorial ring current, which yielded the following results: radius of ring
a = 3,8R t 0.8R; current strength I = 7 x 10° amp, These values were calculated on
the basis of the ratio between the harmonic coefficients of terms of different or-
ders and is in good agreement with the ideas of other authors on the ring current.

The current systems of Sp variations, like the corresponding Chapman systems,

consists of four current eddies. The intensity and location of the polar currents

proved to be different from what would follow from the Chapman data. The signs of
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the current functions, which are different in each pair of eddies, also constitute a
substantial difference.

The current system of the P-storms resembles the polar part of the Sp currents.
A calculation of the 1inear current flowing along the zone from the data of the Sp
variations is in goocd correspondence with the crowding of the current lines on the
map of surface Sp currents. A calculation of the linear current, pbased on four pairs
of Arctic stations, allowed me to establish the fluctuations of the height of the
1inear current, of its intensity, and of its position throughout the course of the
day. The results proved somewhat different from the analogous results of other in-
vestigators.

In this work the seasonal and ll-year fluctuations of the Sp and Dgy currents
have been cqnsidered. Tt has been found that the intensity of the Dgy currents var-
jes rather regularly throughout the ll-year cycle, displaying the lag in the epochs
of the maxima by 1 to 2 years with respect to the solar maxima, which is character-
jstic of all phenomena due to corpuscular radiation. The geasonal fluctuations of
the Dgt current can likewise be explained from the point of view of the corpuscular
origin of the ring current: the maxima in the equinoctial epoch may be explained by
the Corti éffect, the additional maximum in summer by the Bartels effect.

The fluctuations of the Sp currents are much more complex, and are different at
different latitudes: the ll-year fluctuations in the intensity of the middle-lati-
tude eddies do not display a good correspondence with the march of the solar indexés.
Small displécements of the lines of the centers of the middle-latitude eddies have
been found. The ll-year fluctuations of the polar eddies are considerably greatgé‘
with respec} to their intensity and to the position of the auroral zone in years of

high activity, there is a marked increase in the intensity of the currents, and there

is also a shift in the position of the zone toward lower jatitudes. The seasonai

fluctuation' of the middle latitude eddies are small, while those of the polar eddies

are considerable. An intensification of the current in the equinoctial months and
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hift of the zone from higher latitudes in the

summer has been found, together with a s

summer to lower latitudes in the equinox. N

Section 4. The current systems calculated for individual jnstants of individual

storms are in good correspondence with the average pictures depicting the regular

part of the disturbance field. The 26 individual cases considered showed that in all

cases the position and signs of the current eddies are the same as in the average 8y3-
tems. It is true that the form of the current lines and the intensity of the cur-

rents varies not only from storm to storm, but also from hour to hour within wide lim-

its., But all the same the consideration of the individual storms confirmed the phys-

ical reality of the concept of a stable current system embracing the entire earth, ~

and causing the magnetic disturbances.
Section 5. Data on the disturbed- day structure of the ionosphere have been adduced
to judge the location of the currents of magnetic storms. A calculation of the Dgy

and Sp variations of the ionospheric parameters has shown that the greatest and most

regular variations take place in the F, layer. The D ¢ variations of ionization den-

sity of the F, layers display a two-phase character at all latitudes; in the high and
middle latitudes, the first phase is characterized by an increase in ionization den-—
sity, the second by a decrease. In the equatorial latitudes, on the contrary, the
first phase is negative, the second positive. This lack of correspondence between

the Dg¢ variations of the magnetic field and fOFz, and also the great regularity of .
the Dgy of the magnetic elements - which is absent in the Dg¢ of the ionospheric para-
meters, forces complete abandonment of any possibility of explaining the Dst varia-
tion by ionospheric processes, and, on the contrary, supports the hypotheses of an

extra-ionospheric ring current.

The Sp variations of fOF2 are similar in their geographical digtribution to the

Sp variation of the magnetic elements: at latitudes higher than ¢ = AOO, SD repre-

sents a simple wave with a maximum in the evening and a minimum in the morning,

while in the low latitudes, this relative position of the extreme values is reversed,
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This resewblance makes it possible to explain the Sp variations by currents in the
Fp layer.1 The possible mechanisms og formation of these currents have been investi-
gated. The values of the conductivity of individually layers of the ionosphere in
the direction of the magnetic field (oo) and in two directions perpendicular to it
QJI and oiI) have been reviewed, and' it has been found that for the F, layer, the
conductivity along the velocity of the mechanical displacement of the gaseous masses
Q;II) is greater than the conductivity of the dynamo effect (c1). Thus it would ap-
pear that the dynamo effects can hardly have the decisive role in the formation of
the Sp currents. The currents jnduced in the ionosphere by the alternating magnetic
field of the equatorial ring current are likewise very small. In all probability the
greatest ;art in formation of the cufrent is played by the currents of latitudinal
direction which either arise owing to the drift effect or owing to the motion of the

earth in the field of the ring. The experimental data known from the literature as

to the vertical motions or the vertical gradients of the jonization density in the Fp

layer, which are particularly increased during the time of a disturbance, allow us to

consider that the drift of charges under the action of the magnetic and gravitational
fields is;not eliminated, owing to the equilibrium between the force of gravity and
the partial pressure in the gas, and consequently, may be adduced for the explanation
of the magnetic variations. I have schematically shown here that, owing to the SD
variations of the ionization density of the F, layer, cgrrents of latitudinal direc-
tion may lead to the formation of current systems resembling the middle-latitude part
of the Sp currents, '

Section 6. The separation of the observed potential of the Dgi, SD - variations, and
P-storms into an external and an internal part led to the following results,

The ratio _35 for the first harmonic of the Dst field is about 0.40. Consider-"

I

ing the internal field to arise by induction from the external field, I calculated
by the Lamb-Price formula that the conductivity of the earth core (corresponding to

.%l_= 0.40) % = 4.4 x 10-12 CGS, and that its radius is O.94R. If the influence of
51
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the superficial conducting layers is taken into account, however, and the conductiv-

ity is assumed to increase with depth by the exponential law:
i

(D),

|
S=26, p=0,31Randx, =4+ 107",

The curve relating x to the depth, calculated by this formula, discloses the
sharp rise of x at the depth 900 - 1200 km at which Gutenberg and Repetti found dis-
continuities in the variation of the velocity of longitudinal seismic waves. Thus
the information on x obtained from magnetic data does not contradict the modern idea

of the structure of the Earth,

The mean ratio l . I for P-storms was found to be 0.86., To use these data to
¢;+

{
judge the structure of the Earth, I solved the Lamb problem in cylindrical coordi-

. . 1 .
nates. The numerical values of x according to the data of the-ir of various terms

of the P-storm potential ranges between 10-12 and 10-14, 1In spite of the great scat-
ter of the values of ¥, these values do not contradict the conclusions drawn from the
first harmonic of the Dgy variations,

The ratio {; for the third harmonic of the Dgy variations was féund to be nega-
tive, Compariso; of this conclusion with the data of other authors compels belief
in its authenticity, but it does not appear to be possible to verify it from the
viewpoint of the induction theory'(under the assumption of the spherical symmetry of

x)., The possibility is not excluded that this result may indicate the existence of

greatﬂnonuniformities of conductivity in the depths of the Earth. At the present
E

1 +E

ations ranges from 0.79 for the middle latitudes to 0.89 for the high latitudes. . -

time, however, this question still remains open. The ratio for the Sp vari- --

This value differs appreciably from that adopted by Chapman for the entire Earth,

E ‘,
—— = 0,6, The latitudinal dependence of ;
I+E 1+ k

1y be considered as an indication of the absence of spherical symmetry in the dis-

for the SD current may similar-
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tribution of x .

Section 7. All the arguments of morphological and physical character advanced in
present work compel us to accept the following mechanism of formation of magnetic
storms, A powerful corpuscular stream arriving from the Sun acts in several ways on
the geomagnetic field. First, interacting with the geomagnetic field, it leads to
the formation of an equatorial ring of currents, whose field produces the Dgi varia-
tions of the magnetic elements, Second, as a result of the drift of charges, or of
some other mechanism, electric currents are generated in the upper part of the iono-
sphere at both high and low latitudes, Since the conditions in the ionosphere are
substantially related to the solar altitude, a characteristic property of these cur-
rents is their dependence on the local time (the Sp variations). And third, a cef;
tain part of the particles, becoming detached from the body of the ring (or from the
corpuscular stream itself), are directed under the action of the magnetic field to-
ward the polar regions, where they penetrate deep into the Earth atmosphere (to the
levels of the E and D layers of the ionosphere), causing auroral displays and iﬁtense
magneto-ionospheric disturbances there, The polar magnetic storms connected with the
immediatg processes in the ionosphere are of very local nature, and their course is
governed by local time,

Thu? the field of world-wide storms always contains three components: the Dst
variations, the SD variations, and the P-storms, The fluctuations of the Dj, and SD
systems, and the superimposition of P-storms differing in form and intensity, gives_
the fluctuation of the magnetic elements a complex, random character during world-
wide sto?ms. The storm field also has smaller irregular fluctuations (Di), which
may perhaps be connected with some ionospheric processes of more local type. -

Less energetic solar streams do not lead to the formation of an equatorial ring.
nor of ionospheric currents, The particles of such streams, detaching themselves

immediately from the body of the stream, proceed to the Polar regions and cause Po-

lar storms there. Thus the P-storms can be observed even in the absence of world- .

¥
1

i
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wide storms.

It goes without saying, of course, that this work does not answer all questions

connected with the construction of the current systems of magnetic storms.

sible investigations in the domain of the morphology of the disturbance field and of

the disturbed ionosphere have not been exhausted, and no physical explanation of the

origin of the currents has been worked out. In this work we have only considered

the macro-structures of the disturbances in the geomagnetic field and in the iono-

aphere, and we have merely marked out paths along which the solution of the questions

of the formation of the currents may be sought.

In studying the morphology of the field of magnetic storms in the future partic-

ular attention must be paid to the individual fluctuations, to the irregular part of”

the field D; on which the present work has no bearing. It is necessary by eluci-

dating the statistical regularities, or by analyzing the individual phenomena to con-

firm, on a large amount of material, the proposition here enunciated to the effect

that the individual fluctuations during worldwide storms, noted on the magnetograms
in the middle latitudes, are the result of the superimposition of polar storms piled
one on top of the other.

In the present work we have collected a large amount of factual material on the
regular variations, and have given a representation of it in the form of current sys-

tems., This material, it seems to us, may be of great use in the solution of the fol-

lowing practical questions: reduction of the magnetic observations to the middle of
the year, and short-term magnetic forecasting. The methods of reduction existing at
the present time, for days that are not magnetically quiet, are very imperfect, and
are particularly unsuitable for high latitudes. The systematization of the regular
disturbed variations, and the calculation of the current systems, will help .to eval-
uate the possible deviations, during a disturbance, of the values of the magnetic

elements from the normal, and to interpolate (or extrapolate) the observatory data

for the points of observation, It also seems to us that the representation of the
F-TS-8974/V 21,9
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average Furrent systen of a magnetic storm will help to increase the accuracy of the
geographical distribution of the degree of disturbance by time of day, and to evalu-

ate the amplitude of the possible fluctuations, both of which accomplishments are

necessary for short-time forecasting., Thus it is desirable to continue the consider- -

ation of the morphology of disturbance presented in this work, and to give it a form

convenient for utilization in practical problems.

To a still greater extent it is necessary to continue the study of the morpholo-

gy of the disturbed ionosphere. The regular variations of Dgy and SD of the disturb-

ed ionosphere that have been considered in this work should be calculated for the

!
largest possible number of years and points of observation. The study of the mor-

phology of the disturbed ionosphere is not only of theoretical value but is also of
great practical value for the maintenance of shortwave radio communication through
the ionosphere., In view of this fact it is inadequate to have merely a schematic re-

presentation of the geographical distribution or time fluctuations of Sp and Dgy, but™ "

it is necessary to have a distinctly elucidated picture of each observatory separate-
ly. Of particularly great interest is the study of the polar ionosphere, the proces-

ges in which are the cause of the polar magnetic storms and of the high-latitude part

of the SD variations.

As for the method of calculating the current systems Trom the data of geomagnet-
ic variations, the integral method developed in ghis work has enabled us to obtain
the numerical values of the external and internal potential, and of the current func-
tion, with sufficient accuraéy. In future, however, in cases where it may be suf-

ficient to obtain only a rough picture of the distribution of currents, or when the

sparsity of data makes it impossible fully to utilize all the advantages of the meth-

of, it will still be possible to use an approximate method employing the analytical
technique for solving the fundamental problems of geomagnetism on the basis of an

extensive empirical material.

The question of the mechanisms of excitation of electric currents in the iono-
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sphere may be considered as having merely been posed in the present work.
I shall consider my object achieved if the present work attracts attention to

the study of magnetic storms and thereby encourages the further development of the

theory of geomagnetic variations,
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