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WORLD-WIDE CHANGES IN THE GEOMAGNETIC FIELD
ABSTRACT

The geomagnetic field is found to change quite
frequently on a world-wide scale. In the three months'
period near sunspot maximum, such changes are found on
90 per cent of all days. Most of these changes.are not
registered either as sudden commencements or as.sudden
impulses, and are tentatively called in this thesis
'world-wide changes'. The frequent occurrence of world-
wide changes seems to be consistent with the idea that
world-wide features of the geomagnetic field are always
influenced by a permanently flowing corpuscular stream
from the sun. The physical state of the corpuscular
stream may be as variable as that of the solar
atmosphere, and sudden changes in it will give rise to
sudden, world-wide changes in the geomagnetic field.

The morphology of world-wide changes is studied,
and the form of the change, the distribution of
magnitude and the mode of spreading over the earth are
clarified. It is found that world-wide changes can be
classified into two groups according to the sign of the
main part of the change which appears all over the
world. Those with an increase in the total force are
called positive changes and those with a decrease are
called negative changes. Except for the sign of the
change, negative changes are morphologically indentical
to positive changes. Since the morphology of sudden
commencements and sudden impulses is the same as that
of world-wide changes, they must be produced by a
common mechanism, and an explanation of negative changes
is a new, "fundamental requirement imposed upon any
theory of these changes.

The observed change in the geomagnetic field may
originate at the magnetospheric boundary where the
solar corpuscular stream interacts with the geomagnetic
field. The change may be modulated by the screening
effect of the ionosphere before it is observed at
ground level. Although this effect has been shown to
be negligible for changes with a time scale of the
order of world-wide changes, incorrect assumptions have
been made in existing theories.
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More accurate calculations show that this effect is
actually significant for a certain mode of the
incident field.

. From these results, a physical picture is
obtained of events taking place at the magneto-
spheric boundary at the time of world-wide changes,
and the cause of such events is considered. It
seems that positive and negative changes correspond
to a sudden increase and a sudden decrease
respectively in the intensity of the solar corpus-
cular stream. The main part of the change which is
observed all over the world may result from the
sudden change in the impact pressure of the stream
on the magnetosphere, and the reverse change which
precedes the main part of the change on the after-
noon side of the Earth may be due to a sudden change

'in the shear stress exerted on the matnetosphere as

the stream passes by.
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ABSTRACT

The geomagnetic field is fouhd_to change quite
frequently on a wo:ldawide scaleo ‘In the three months!
period near sunspot maximum, such changes are found on‘90
‘per cent of all days. Most of these changes are not
reglstered either as sudden commencements or as sudden
impulses, and are tentatively ocalled in this thesls 'world-
wide changes'. The frequent occurrence of world-widé changes
seems to be consistent with the idea that world-wide features
of the geomagnetic field are always influenced by a
permanently flowlng corpuscular stream from the sun. The
physical state of the cecorpuscular stream may be as variable
as that of the solar atmosphere, and sudden changes in it
will give rise to sudden, world-wide changes in the‘geomag-
netic field.

The morphology of world-wide changes is studied,
and the form of the change, the distribution of magnitude
and the mode of spreading over the earth are clarified. It
is found that world-wide changes c¢an be classified into two
groups according to the sign of the main part of the change
which appears all over the world. Those with an increase in
the total force are called positive changes and those with
a decrease are oglled negatlive changes. Except for the sign

of the change, negative changes are morphclogically identical
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to positive changes. Since the morphology of sudden
commencements and sudden impulses is the same as that

of world-wide changes, they must be produced by a common
mechanism, and an explanation of negative changes is a new,
fundamental requirement imposed upon any theory of these
changes.

The observed change in the geomagnetlc field may
originate at the magnetospheric boundary where the solar
corpuscular stream interacts with the geomagnetic field.
The change may be modulated by the screening effect of the
ionosphere before it is observed at ground level. Although
this effect has been shown to be negligible for changes
with a time scale of the order of world-wide changes,
incorrect assumptions have been made in existing theories.
More accurate calculations show that this effect is
actually significant for a certain mode of the incident
field.

From these results, a physical picture is obtained
of events taking place at the magnetospheric boundary at
the time of world-wide changes, and the cause of such events
is considered. It seems that positive and negative changes
correspond to a sudden increase and a sudden decrease of
the intensity of the solar corpuscular stream respectively.
The main part of the change which is observed all over the
world seems to result from the sudden change in the impact

pragsure of the stream on the magnetosphere, and the
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reverse change which precedes the main part of the change
on the afternoon side of the Barth may be due to a sudden

change in the shear stress exerted en the matnetosphere

as the stream passes by.
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CHAPTER I
INTRODUCTION

It is known that there are sudden changes in the
geomagnetic field whigh appear almost simultaneously
all over the world with certain features in common. When
such a change marks the beginning of an interval of
increased activity, it is called a sudden commencement,
which is classified as sse¢ or sse® depending on its
detailed features. (The present official classification of
sudden commencements seems to present certain difficulties.
These are discussed in Appendix I). Chapman and Ferraro
(1931) related a sudden commencement to the approach of a
solar corpuscular stream towards the esarth. The existence
of a solar corpuscular stream was presented by them as a
hypothesis, but later observations have testified the
correctness of this hypothesis. These observations are:
(1) The existence of a solar corpuscular stream at about
1 A.U. was inferred by Biermann (1957) from observations
of cdmet tails. He showed that the form and the degree of
ionization of a comet tail couldAnot be explained solely by
electromagneticlradiation from the sun and that at 1 A.U.
there might exist corpuscular radiation from the sun with a

3 and a velocity of 500 km sec™l when the

-3

density of 102 cm
sun is quiet, and with a density of lO4 cm Y and a velocity
of 1500 km seuc"l when the sun is active. (2) Those sudden

commencements which are preceded by an increase in



the absorption of radioc waves over the polar cap can be
correlated with solar flares accompanied by type IV radio
bursts (Sinno and Hakura, 1958), and (3) Direct observa-
tion of a corpuscular stream has been obtained by space
vehicles, and an increase in its intensity has been
observed at the time of a sudden commencement (IGY Bulletin,
1962) .

The main feature of a sudden commgncement is an
increase in the horizontal component of the geomagnetie
field. This occurs with a time scale of the order of a
few minutes and appears all over the world., Chapman and
FPerraro originally demonstrated that this can be produced
when a highly ienized corpuscular stream is propagated from
the sun across the empty space between the sun and sarth.
The additional magnetic field due to the induction current
produced on the surface of the stream by the intrusion of
the highly conductive corpuscular stream into the
geomagnetic field can be represented approximately, outside
the stream, by an image of the geomagnetic field with
respect to the surface of the stream, thus resulting in an
increase in the horizontal component of the magnetic field
as observed at the surface of the earth., This theory has
been modified since it has now been shown that the space
inside the geomagnetic field is filled with sufficient plasma
to be a good electrical conductor (Storey, 1953: Pope, 1961).

It is now considered that the geomagnetic field is always



confined to a region of finite dimensions by the impact
pressure of a continuously flowing corpuscular stream. The
space occupied by the geomagnetic field is compressed when -
the impact pressure of the corpuscular stream is increased.
The resulting increase in the geomagnetic field is trans-
mitted to the surface of the earth as a magnetohydrodynamic
wave (Dungey, 1954; Hoyle, 1956; Parker, 1958; Obayashi,
1958; Dessler and Parker, 1959; Francis, Green and Dessler,
1959; Piddington, 1960; Dessler, Francis and Parker, 1960;
and Beard, 1960, 1962).

The overall increass of the horizental component
(whieh will be called the main change) is accompanied, in
particular regions of the earth determined by latitude and
local time, by two kinds of decreases in the horizontal
component (Nagata, 1952; Oguti, 1956; Obayashi and Jacobs,
1957; Abe, 1959; and Matsushita, 1960). The first type
(whieh will be called a preceding reverse change) precedes
the main change and occuPs mostly on the afterncon side of
the earth. The secend tyﬁe (which will be called a
following reverse change) follows the main change in high
latitude regions in the morning hours. These have been
attributed largely to electric currents flowing in the ion-
osphere, and an atmospheric dynamo action (Obayashi and
Jacobs, 1957) or the separate injection of positive and
negative particles into the ionosphere at high latitudes

(Vestine and Kern, 1962) have been suggested as possible



causes. Singer (1957), on the other hand, considered as

a possible cause of the first type of decrease an extension
of the auroral zcne magnetic tubes of force by the intrusion
of the corpuscular stream into the geomagnetic field. Wilson
and Sugiura (1961) studied the sense of rotation of the
horizontal magnetic vector instead of noting the change in
the horizontal component, and attributed the resulting
regularity in the sense of rotation to the incidence of a
transverse magnetohydrodynamic wave due to the deformation
of the magnetosphere by the solar corpuscular stream. So
far, no general agreement has been reached concerning the
mechanism responsible for these reverse changes.

When a sudden change appears almost simultaneously
all over the world, but not followed by an interval of
increased activity, it is called a sudden impulse, Except
for the lack o% association with an interval of increased
activity, sudden impulses have the same characteristics as
sudden commencements (Jackson, 1952; Ferraro, Parkinson and
Unthank, 1951; Matsushita, 1962), and are attributed also to
a solar corpuscular stream., The difference between sudden
commencements and sudden impulses may result from the

difference in the energy spectrum of the corpuscular stream.

L R A )

Thus, two kinds of swdden, world-wide changes in
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the geomagnetic field (sudden commencements and sudden
impulses) have been known and studied. In the geophysical
and solar data of the Journal of Geophysical Research
several sudden commencements and sudden impulses are listed
each month from reports obtained from stations distributed
all over the world. From the viewpoint of theories of
these changes summarized above, the reported number of
occurrences seems to be rather too small, Through the medium
of the continuously flowing solar corpuscular stream, world-
wide features of the geomagnetic field are always relatéd,
with some time lag, to the physical state of the sun. Since
the physical state of the solar atmosphere is known to be
quite variable, it seems reasonable %o expect world-wide
changes in the geomagnetic field to occur gquite frequently.
Hence magnetograms have been examined to find
hitherto unnoticed changes recorded almost simnltaneously
all over the world. Data were obtained over a three-month
period during the IGY from an extensive network of stations.
Results are presented in Chapter II. It was found, as was
expected, that world-wlde changes in the geomagnetic field
take place almost every day, at least around sunspot maximum.
Sometimes it was found that magnetograms from all over the
world showed similar traces for several hours.
These changes are morphologically identical to sudden
commencements (regardless of the activity in the following

interval) and sudden impulses. However, many of these



changes are not listed as sudden commencements or sudden
impulses by a single station. These have been left
unnoticed, possibly because their intensities are small
(mostly less than a few tens of gammas in middle and low
latitudes); and because they do not give a strong
impression of an impulse since they ocecur so frequently
that they seldom appear isolated. Partly to distinguish
these newly-found changes from the already known and
confusingly defined sudden impulses and partly to stress
their mo:pholggical, instead of their configurational,
characteristics, these changes will be called in this thesis

‘world-wide' changes.

#* O£ K £

The freguent occurrence of world-wide changes
supports the idea that sudden changes in the geomagnetic
field appear on a world-wide sceale as a result of a sudden
and sharp change in the physical state of the solar corpus-
cular stream, Moreover, the present study of world-wide
changes has revealed another fact that imposes a new
requirement on any theory of all types of world-wide changes,
This fact is that not only a sudden increase in the horizon-
tal component, but also a sudden decrease in it, is found
to occur on a world-wide seale. Changes will be called

'positive! or 'negative' according to the sign of the main



change. Except for the sign of the overall change, negative
changes are morphologically identical to positive changes,
In regions where reverse changes appear as a decrease in

the horizoental component in asgsoclation with positive changes,
an increase in it is found in the case of negative changes.
This indicates that positive and negative changes are
produced by a mééhanism which can work equally well for both
senses of the change. Since sudden commencements, sudden
impulseS<and world-wide changes show identical features
(regardless of the activity in the following interval),these
must originate from the same mechanism. Thus any theory

of sudden commencements and sudden impulses must also be
able to explain world-wide echanges, both positive and
negative.

VSuggestgq theories of_sudden commencements are now
examined from this point of view. Two regions have been
considered as possible places where the change in the elec-
tromagnetic field originates. These are the magnetospheric
boundary and the ionosphere. In cases where the former is
assumed, the change in the electromagnetic field is
considered to result directly from the interaction between
the solar corpuscular stream and the magnetosphere. This
idea is adopted in all theories of the main change but
only by Wilson and Sugiura (1961) for the preceding reverse
change. Mechanisms described by them may be applied to

negative changes merely by replacing an increase by a
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decrease in the intensity of the solar corpuseular stream;
but in theories where the ionosphere is considered as the
position of the source of the change in the electromagnetic
field, an extension to negative changes involves a problem.
An ionospheric source is assumed in most theories of the
preceding reverse change and the_following reverse change,
and according to them an essential role is played by the
intrusion of an aggregate of charged partioles into the
ionosphere at high latitudes. This aggregate of charged
particles 1is assigned certain properties which vary depend-
ing on the author. Thus it is polarized in a certain way
(Vestine and Kermn, 1962), or it is able to create a suffi-
ciegt‘increase in the ionospherie eonductivity (Obayashi and
Jacobs, 1957), or it is intense enough to distort the
configuration of the‘&uroral_zone lines of force (Singer,
1957). With these properties, this aggregate of charged
particles has been shown to produce the ionosgpheric current
system whieh gives rise to the observed change iq»the
geomagnetic field. Hence to explain a negative change by
an extension of this type of theory, omne of the following
mechanisms must be proved to be possible. These are: (1)

An outflow, instead of an inflow, of particles from the
ionosphere to the outside; (2) The creation of a polarization
opposite to that_reqnired for sudden commencements; and

(3) The permanent presence of the intrusion of charged

particles whose intensity experiences a sudden decrease, as



well as a sudden inecrease. Of these mechanisms, the first
may be impossible since such an acceleration of charged
particles in the ionosphere is hard to understand. The
second and third may be possible, but they imply the presence
of a complicated mechanism whieh has not se far been

detected by any observations. Hence the magnetospheric
boundary, rather than the‘ionoéphere, seems to be more
promising as the position of the source of the observed

changes in the electromagnetic figld.

LA B

The observed changes in the geomagnetiec field are
assumed to originate at the magnetospheric boundary. 1In
this case, the field may be modulated during its propaga-
tion through the space between the source and the ground.

To investigate the nature of its origin, therefore, it is
necessary to eliminate the influence of the intermediate
medium. It is particularly important to eliminate any modu-
lation by the ionosphere - the lowest part of the upper
atmosphere. For phenomena with a time scale of the order

of world-wide changes (1 to l@g sec¢), the medium of the
ionosphere behaves as a metallic conductor with high ani-
sotropic eonductivity, while the upper part of the atmosphere
is the medium for magnetohydroé&pamic wave propagation, as
shown in Appendix II. Hence, by eliminating modulation by
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the ionosphere, that is, the effect of ionospheric
sereening, direct information about the origin of the
observed changes in the geo-electromagnetic field can be
obtained.

A general discussion of ionospherie screening is
presented in Chapter III. The scereening effect of the
ionosphere has been discussed by various authors (Ashour
and Price, 1948; Sugiura, 1949 and 1950; Watanabe, 1957
Francis and Karplus, 1960). They conecluded that the screen-
ing effect is negligible for cechanges with a time scale
longer than about 1l sec, and thus for most of the phenomena
of interest in geomagnetism, ionospheric screening need not
be taken into aceount. Hence the observed field has been
regarded as equivalent te that incident on the icenosphere.

However, these results are based on questionable
approximations. In their estimation of the ionospheriec
screening effect, the observed field was represented either
by (1) an electromagnetic wave (e.g. by Francis and Karplus)
or (2) a magnetostatic fiseld (e.g. by Sugiura). Neither is
an exact representation of the observed field, since (1)
the observed field varies horizontally with a characteristic
scale of the order of 108 cem, which is far smaller than the
wavelength of an electromagnetic wave with a period longer
than 1 sec, and (2) as far as the observed field is time
dependent, the displacement current is not exactly zereo, and

the field in the neutral atmosphere is not exactly
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magnetostatig. The;efore certain errors must be igtro-
duced by adopting these approximate representations.
However, the above authors did not estimate these errors
and verify the applicability of the approximationsa

Hence an attempt is made to relate the observed
field with the field incident on the ionosphere avoiding
the abeove approximations., The general solution of Maxwell's
equations near the highly conductive earth is used to A
represent the observed field. It is found that the deggee
of ionospheric sereening depends not only on the scale fn;
time, but also on the scale in space and on the mode of the
incident field, In the case when the time scale is about
10~ 10® sec and the scale of the horizontal distribution on

the ground is about lO8

em, as they are for world-wide
changes, the results show that (1) for a certain mode
screening may not be effective and the observed field is
well approximated by the magnetostatic field, but (2) for
anothe: mode screening may have a significant effect. For
this case a magnetostatic field is a poor approximation for

the observed field although it may be impossible to detect

the difference with the present accuracy of observations.

L I K

Using this result, the incident fleld corresponding

to the main and preceding reverse changes is derived and a
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model of these changes is constructed in Chapter IV. It

is found that for the main change ionospheric screening

is not effective, and this part of the change may be
explained by the compression (for a positive change) or by
the expansion (for a negative change) of the magnetosphere
due to a sudden change in the impact pressure of the solar
corpuscular stream. But for the preceding reverse change,
screening is significant and the incident field differs in
direction by 90° from the observed field, This part of the
change can be interpre@ed as a result of the deformation of
the magnetosphere produced by the blowing of the lines of
force towards the night side by the shear stress exerted by

the solar corpuscular stream,
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CHAPTER II

MORPHOLOGY OF WORLD-WIDE CHANGES

1. Data

Magnetograms were compared from several widely
separated stations: Hartland (5406°N, 79,0°) (geomagnetic
coordinates are used throughout), Fredericksburg (49,6°N,
349,9°), Tbillsl (36.8°N, 122,0°), Honolulu (21.0°N, 266.4°),
and Herménus (550598? BQ°5°)¢ Changes that were recorded
almost simultaneously at all of them were selected. During
the 3-month interval from April to June 1958, which 1is
around sunspot maximum, at least 20 per cent of all l-hour
periods and at least 90 per cent of all days contain at
least one such change. These are listed in Table 1.

For a study of the morphology of these changes,
24 of the larger ones were randomly selected. They are
shown in Figure 1 by arrows on magnetograms from Honolulu.
Magnetograms from 20 stations, most of which are uniformly
distributed in middle- and low-latitude zones in the
northern hemisphere as shown in Figure 2, were obtained from
the IGY World Data Qenter. Althqugh data were collected also
from high-latitude étations,'they could not be used in this
analysis, pecause the phenomena studied were almost always

obscured by lecal disturbances. The data confirm that
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Table 1. IList of times of world-wide changes in the

geomagnetic field from April to June 1958, When more

than one change was found during any one hour period, the
largest has been tabulatgd. ‘Negative changes are shown

by writing the time in parenthesis.

Date Time of Occurrence (GIT).

April 2 0230, 0540, 0750, (0820), 0910, (1010), (1250),
1320, (1430), 1510, 1650, 1740, 1810, (1930),
2030.
3 0330, (1820).
4 (1420), 2050, 2150,
5 (2140), 2220, 2310.
6 0000, 0520, 0820, 1100, (2320).
7 0540.
8
9 1530, (1710),(2010), 2200, 2320,
10 0710, (0930).
11 0050, (0130), 0230, (0410), (0900), (1640),
(1730), 1950, 2030, 2130..
12 (0400), (1010), 1440, 1720, 2040, (2300).
13 (0140), (0540), (0720), 1410, 1720, 1820.
14 0910, 1010, 1130, 1220, 51550), 1500, 1650,
(1800), (2040), (2220), (2310).
15
16 (1120), (1400),
15
18 1910, 2210, (2330).

19 0500, 1540.
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Table 1. (cont'd)

Date Time of QOccurrence (GMT)

April 20
21
22 1900, (2300).
23
24 1120, 1830, 2300,
25 0120, (0220), (0540), (1310), 2050.

26 1250, 1350, (1440), 1530, (1l610), 1710, 1820,
1910, 2110, 2230, 2340. ‘

27 1230, 1350, 1530.
28 0030, (0740).

29 0100
30
May 2 (1050), 1520, 1620.
3 1730, 1840.
4
5
6 0130, 0250.
7 (0120), (0740), 1050.
8 0140, (0120), 0220, 0500, 1250, 1350, 1800,

(1930), 2240.

9 0100, 0520, 0650, (0740), (0820), 1110, (1200),
(1830), (1540).

10 1340, 1650, 200, 2140.
11 0100, 0200, 1510.
12 (0140), 0430, (1520), 1700, (1750), 1810, 2010.



Table 1.

Date
May 13
14
15
16
17
18
19
20
21

22
23
24
25

26
27

28
29
30
31

June 2

- 16 -

(cont®d)

Time of Occurrence (GMT)

0500, 2140, 2230, (2310).

(0020), 1720, 2130, (2220), 2300.
0220, (0930), 1010, 1320, 2050.
1300.

1010.

0030, 1100, 2310,

0100, 0320, (0410), 0500, 1730, 1850, (1930),
2200.

0220.

0310, (0650), 1040, (1530), 1620, (1730), (1830),
2000, 2300.. .

(0240), 0310, (0720), 1050, 1610, 2320.

0030, 1100, 1240, 1330, 1350, 1500, 1920, (2000),
(2110).

0420, (0810), (1040), (1350), 1520, 1720, (2330).
0110, 0820,

(1350), 1650.

0410, (0830), 1020, 1210, 1450, (1810).

0250.



Table 1.

Date

June 5

10
11
12
13
14
15
16
17
18

19

20
21
22
23
24
25

- 17 -
(conttd)

Time of Occurrence (GMT)

0040, 0430, (0910), 2100.
0920, 1100, 1840, 1930, (2010).
0040, 1820, 2100,

1040, (1320), 1600, 1730, (1850), 1920, (2010),
2150, (2250), 2320.

0000, 0440, 0630, (1450), 1530, 1620, 1750, (1940),
2340,

0020, 1200, (1350), (2110).

0120, (1010), 1520, 1850.

0010, 1140, (1920), 2220.

0240, 1650.

1830, 2110.

0230, 0510, 0630, 0710, (0930), 1210, (1410),1540,
0600, (1320). |

2020, 2220.

0040, (0950), 1150, 1240, (1440), (1940), (2000),
(2200), (2300), 2350. “ |

0340, (0800), 0950, 1050, 1500, (1610), (1940),
2230.

(0240), (1130), (1320), 1820, 1900,
0210, (1130), (1200).

1010, 2020.

1040, 1630, 2300,

1050,

(1400), 1510, 2150.



- 18 -

Table 1. (cont'd)

Date Time of Occurrence (GMT)
June 26 2130.
27 (2050) .
28 gz;g, (0940), (1250), 1740, 1800, (1900),

29
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Figure 1., Examples of world-wide changes in the geomagnetic
field (indicated by arrows) shown by the horizontal
intensity magnetogram from Honolulu.
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dots, normal-run magnetograms are avallable; from those
shown by open dots, normal- and rapid-run magnetograms are
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these changes are of world-wide character, as can be seen
by the examples in Figure 3. Among these changes are
included those with a decrease as well as those with an
inerease in the horizontal intensity. The world-wide
changes with a decrease 1n horizontal intensity are not the
immediate recovery from an increase inAit, like the recovery
following a sudden impulse; although they mostly appear
after an increase in the horizontal intensity, some tqns of
minutes usually pass between the two c¢hanges, and their
magnitude frequently exceeds that of the preceding increase.
Thus it seems proper to regard changes having a decrease in
the horizontal component as independent phenomena. Changes
having an increase in the horlizontal intensity will be
referred to as *positive changes® and those with a decrease
as "negative chénges'. Since the change in vertical
intensity is far smaller than that in the horizontal
intensity, these changes correspond to inereases and
decreases in the total force. Among the examples selected,
14 were positive and 10 were negative changes,

According to the Geomagnetic and Solar Data
published in the Journal of Geophysical Research in 1958 and
1959, none of the selected cases were registered as a
sudden commencement (abbreviated as s¢) or a sudden impulse
(abbreviated as si) by more than 5 staﬁions, and, in fact,
none of them preceded an interval of increased activity

as an sc does, and only a few of them were impulse-shaped
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like an si. Only 3 of them occurred during the period of
a magnetic storm that was reported by more than 3 stations.
The average magnitude at 5OON of the change in the hori-
zontal intensity of the selected cases is lé ro. This is
far smaller than changes appearing during a magnetic storm,
and accordingly such an occurrence is seldom reflected in
-geémagnetic K indices,

For the sake of cqmparison, magnetograms were also
obtained from the same stations at the time of 4 widely
recognized sudden commencements during the same time
interval; 1247 April 28, 1652 May 31, 0046 June 7, and 0713
June 28. Magnetograms were also obtained of 2 sits: 0408
June 2, and 1600 June 19 (only 3 si's were reportéd from
more than 5 stations during this 5—ﬁonth interval). Most of
the data are normal-run magnetograms, but, from the 7 sta-
tions indicated by open dots instead of closed dots in

Figure 2, rapid-run magnetoegrams were also avallable,

2o Form of the change.

As can be seen in Figure 3, the traces of world-
wide changes on the magnetograms of the horizontal intensity
are similar in most parts of the world. At stations with
geomagnetic latitude higher than about 40° at around 0800
" IMT however (represented by Fredericksburg and Sitka in the
record of April 2 and by Sitka in that of June 8), the form

of the change differs from that at other stations,
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Examination of rapid-run magnetograms shows that in this
particular region the change is composed of two parts, as
can be seen in Figure 4., First there appears a change
having the same sign as that at all the stations, but
immediately after this there is a change with oppesite sign.
Thus, in sﬁite of the complexity in the trace of normal-run
magne tograms in;this part of the world, it is found that
the horizontal intensity experiences a change in the same
sense almost simultaneously once in any part of the world.
later, however, while this change continues in most parts
of the world, another change, whose sign is opposite to
that of the first, appears in a particular region.

The fact that the horizontal intensity changes once
with the same sign on a world-wide scale distinguishes this
phenomenon from other geomagnetic disturbances sueh as bays
- and solarflare effects, which are kmown to show changes of
the same sign only in limited parts of the world. In the
following deseription, the part of the change in whigh the
horizontial intensity changes with the same sign all over
the worid will be ca;led the "main change'. The change that
immediately follows the main éhange in some part of the world
with its sign opposite to that of the main change will be
called a *'following reverse change®. The over-all change is
called ’pésitive' or 'negative? acéording to the sign of
the main change.- The regions where these following reverse

changes are observed are found to be the same for both
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lower half, negative change.,
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positive and negative changes. They are a function of
both loeal time and latitude as is shown in Figure 5. The
duration of a main change when followed by a following
reverse change ranges from a few to several minutes.

This type of reversal is known %o cccur in asso-
ciation with se's (Oguti, 1956; Obayashi and Jacobs, 1957;
and Matsushita,-l960), The region where this reverse
change was recorded in 4 sample storms, which is alseo shown
in Figure 5, is in_good agreement with the results obtained
by the authors mentioned above. For si's, Jackson (1952)
gave some examples of this type of rqvefse change recorded
in the same region; and the complexity of the form of the
change, due to the existence of this reverse change,vmight
explain the apparent minimum in the occurrence frequency of
8i's around 0800 IMT in middle and high latitudes, as
observed by Ferraro,.PRarkinson, and Unthank (1951), A fol-
lowing reverse change is found in the same region also for
2 sample si's studied here. Figure 5 shows that the region
of occurrence of the following reverse change for sc's is in
good agfeement with that for world-wide change analyied here,

A reverse change of a different type .1s found to
precede the main change on the afternocn side of the earth.
As can be seen by the examples in Figure 6, this is a
decrease in the horizontal intensity for a positive change
and an increase in it for a negative change. It will be

called here a 'preceding reverse change'. The preceding
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this time, are attached as referencs. Upper half,positive
change; lower half, negative change.
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reverse change can be distinguishgg from other variations
recorded before the onset of the main change, first, by
the closeness of the time of its onset to the time when
the main change appeared at stéations where no preceding
reverse change was observed, and second, by the regularity
of the region in Which_it appears, This reverse change
usually lasts for about 1 minute, and can usually be
detected only on rapid-run magnetograms,

This type of reversal is known to exist alsoc in
sudden commencements of magnetic storms, and is called a
preceding reverse kiqk, the whole phenomenon being desig-

nated sse®, It is found to occur also for si's in the same
region. Figure 7 shows for both world-wide changes and sc's
the regions where this preceding reverse change takes )
place. The region of appearance of ssc®'s obtained from
the records of 4 sudden commencements is in goqd agreement
with the results of studies by Nagata (1952) and Abe (1959).
Although Matsushita (1960) obtained a different result, a .
note added to his paper states that the results may be
changed if rapid-run magnetograms are used in the analysis.
The ambigulty in the extent of the region i1s mainly due to
the limitation in the number of rapid-run records that

were available. It can be seen that the regions of occur-
rence of preceding reverse changes for sudden commencements
and for world-wide chapges correspond closely,

The forms of the changes in the horizontal compon-

ent of the geomagnetic field described above are illustrated
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for world-wide changes and for sc's.
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schematically in Figure 8., The only difference between a
negative change and a positive change is in the sign of

the whole change. All sc¢’'s, si’s, and world-wide changes
analyzed here correspond to one of the forms shown in this
figure, the type depending on the latitude and lecal time,
The difference between sc's, si's, and world-wide chénges
lies in their behavicur after the peak of the change 1s
attained. For an s¢, an interval of increased activity
follows; fér si, the change is supposed to be impulse-shaped.
The world-wide changes analy;ed here do not.precede an
interval of increased activity and are not necessarily
impulse-shaped. An assoclation with micropulsations cannot
be inferred because of the low sensitivity of the rapid-run

magnetograms used in the analysis.

3. Distribution of the time of onset

The way in which the changes spread successively
all over the earth is of interest in a consideration of the
physical mechanigm of the changes. The time of onset is
read on rapid-run magnetograms of the horizontal intensity
because the change in this component is usually more conspi-
cuous than that in other components. The error in réading
is less than a few seconds. When a preceding reverse change
is recorded, the time of onset of this part of the change is
regarded as the time of onset of the phencmenon, because
this time 1s closer than that of the onset of the main change

to the time of onset of the phenomenon at other stations
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Positive change Negative change

(c)

‘Schematic illustration of the Structure of changes.

Figure 8. Schematic illustration of the three parts of
change: (a) main change (mc), (b) following reverse change
(frc%, and (¢) preceding reverse change (prec).
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where a preceding reverse change is not observed. This
has been noted for sc's by Gerard (1959) and by Williams
(1960). A more systematic distribution of plots can be
acquired by this method than by taking the time of onset
of the main change everywhere. This strongly suggests
that the preceding reverse change is an essential part of
the phenomenon.,

Local time dependence in low latitudes is studied
by data from Guam (3,9°N, 212,80), Honolulu (él.OON,
266.4°), Tucson (40.4°N, 312.1°), and Paramaribo (17.0°N,
14.50).” As these stations cover only a 9-hour range in
time, the local time dependence for a whole day is obtained
by superimposing the local time dependence curves obtained
for events that occurred at different GIT: This method 1is
explained by the example shown in Figure 9, and Figure 10
is drawn by superimposing all the partial local time
dependence curves obtained by means of this method. The
effect of difference in the latitude of the stations can
be eliminated statistically., Figure 10 shows that positive
changes (ineluding two cases of si), negative changes, and
sc's spread in a similar manner from the nocn side to the
night side of the earth in low latitudes.

| Iatitude dependence is studied by a comparison of
rapid-run magnetograms from two stations on approximately
the same meridian, one in a low and the other in a middle-

high latitude. Two pairs were chosen for this purpose:
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Figure 9. Illustration of the method used in obtaining the
local time dependence curve of the time of onset in low
latitudes. From curves (a), (b), and (c¢), each of which

covers only a 9-hour range, curve (d) is derived, which shows’
‘the local time dependence for a whole day.
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Figure 10. Local time dependence of the time of onset in
low latitudes for (a) positive change, (b) negative change,
and (c¢) sudden commencement.
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Honolulu and Sitka (6O°OQN, 275040)_and Paramaribo and
Fredericksburg (49°6°N, 349,9%), The amount of usable
data is limited,‘because re}iable reading of the time of
onset becomes difficult in higher latitudes since the
record is frequently obscured by local disturbances.
Figure 11 shows the difference in time of onset between
higher~ and lower-latitude stations. It can be seen that
the latitude dependence of the time of onset also seems to
be similar for positive changes (including two cases of
sifs), negative changes, and s¢'s., The changes begin first
in high latitudes at almost all local times.

Thus the distribution of the time of onset is
the same for sc's and si's and world-wide changes both
positive and negative. The overall similarity in the dis-
tribution of the time of onset between positive and
negative changes supports the idea that a negative change
should be regarded as an independent phenomenon, because, if
a negative change is nothing more than a recovery following
a positive change, it must first appear in the region shown
in Figure 5 where the main change is interrupted by a
following reverse change, while the main change still
continues at other stations. From Figures 10 and 11 the
world-wide distribution of the time of onset common to all
these phenémena is obtained (see Figure 12). This is similar
to the result obtained by Gerard (1959) and Williams (1960).

Thus it seems that in all world-wide changes, sc's,and si's/
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Figure 1ll1. Difference in time of onset at middle-high
latitude stations (Sitka or Fredericksburg) from that at
low-latitude stations (Honolulu or Paramaribo): (a) positive
change, (b) negative change, and (c¢) sudden commencement.
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Figure 12. Isochronic curve of the time of onset of world-
wide changes,.si's, and sc¢'s. Average value of the relative
time of onset is given in seconds.
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the preceding reverse change appears first in high
latitudes on the afternoon side of the earth and then
spreads toward the afternoon side in lower latitudes. Then,
more than 20 seconds after the first appearance of the
preceding reverse change, the main change appears outside
the region where the preceding reverse change is recorded,
and spreads from the noon to the midnight side. In the
region where the preceding reverse change appears, the main
change occurs about 1 minute after the onset,

In cpntrast to the present result, Troitskaya (1961)
has reported from an examination of data from the USSR that
the time of onset of sc is simultaneous everywhere. Since
the USSR records sent to the IGY World Data Center have a
slower speed of run (5.0 cm/hr) than those shown in her paper
and those sent from other stations (20.0 cm/hr), it is
impossible to check her result. Different methods of observ-
ing the phenomena are suggested as a possible cause of the
discrepancy. Rapid-run tellurigrams are used by Troltskaya
while rapid-run magnetograms are used here,and the frequency
response of these two methods are not the same. But a com-
parison of the %time of onset at Kanoya (tellurigram) and Guan
(magnetogram) shows that the difference is small: -7 + 12 sec
for world-wide changes and 2 + 3 sec for sc's. As these
stations are nearly in the same meridian and differ in lati-
tude by about 20°, this amount of difference in the time of

onset is to be expected from the distribution shown in
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Figure 12, and the difference in apparatus dces not seem

to affect the result significantly. Since tellurigram
records shown in Troitskaya's paper are rich in high fre-
quency oscillations, the determination of the time of onset
may be more difficult than in the present analysis, and it
is suspected that the time of onset taken by her might be

erroneous.

4, Distribution of the magnitude of“the change

The dependence of the magnitude of the change on
latitude and local time is also studied. Since only normal-
run magnetograms can be used for this analysis, it is
difficult to read all three parts of the change. When a
following reverse change appears, the magnitude of this part
is read, because 1t is usually larger and lasts longer than
the remaining parts of the change. In other cases, the
magnitude of the maig change is read. The magnitude of the
change 1s measured from the level preceding the onset of
the change, as shown in Figure 8., To combine the data from
different cases, readings of the‘magnitude are normalized by
the sum of the readings at 5 stations with latitude approxi-
mately 50°N: Hartland (54,6’01\1, 79.0°), Moscow (50.8°N, 120,59
Yakutsk (51.0°N, 193.8°), Victoria (54.1°N, 293.,0°) and
Fredericksburg (4906°N, 349.9°). The local time dependence
of both the northward and the sastward components of the
change at 60°N, 50°N, 40°N, 20°N, 5°N, and 0° obtained in

this manner are shown in Figure 13, for positive changes,
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Figure 13. Distribution of magnitude of world-wide changes
in the geomagnetic field as compared with that of si's and
sc's: X, northward component; Y, eastward component. Scale
corresponds to average of selected world-wide changes. Data
are from Leningrad, Sitka (60°); Hartland, Moscow, Yakutsk,
Victoria, Fredericksburg (500); Tivilisi, Sakhallnsk

Tucson (40° )3 Kanoya, Honolulu, Paramaribo (20°); Bangui,
Guam (5°); Koror and Huancayo (0°).
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negative changes (with sign reversed), 8¢’s, and sit*s. The
change in the vertical component is less ﬁhan one—tﬁird

that in the horizontal compenent, and, since the sensitiv-
ity of this component is usually less than that of the other
components, reliable readings are difficu;t and the plots
feirly scattered. Therefore the distribution of the
vertical component is not reproduced here. Near the equa-
tor, the change in declination becomes very sma;l and the
distribution of the eastward component at 5°N and 0° cannot
be obtained.

The distribution shown in Figure 13 does not
necessarily show simultaneous values of the change, but the
figure probably represents the distribution of magnitude to
a fair approximation. When the considerable dispersion of
the plots, due possibly to the smallness of the values to
be read from the records, is taken into account, Figure 13
can be regarded as showing close similarity between the
world-wide changes analyzed here, sc's, and si's in the
dependence of magnitude on latitude énd local ﬁimeo Latitude
dependence of the average value of the change in a day can be
obtained from Figure 13; it is shown in Figure 1l4. It can be
seen that the amplitude of the change increases for both
positive and negative changes near the equator.

The daytime enhancement, at the equator, in the
magnitude of the cﬁange has been noticed by a number of

authors (Vestine, 1953; Sugiura, 1953; Maeda and Yamamoto,
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Figure 14. Latitude dependence of the magnitude of the
horizontal component of world-wide changes in the
geomagnetic fiell.
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1960) for the main change of sc. But this type of enhance-
ment‘is also found in the preceding reverse change. An
example is shown in Figure 15 in records from Guam and
Koror. These stations differ only by about one hour in
local time, but have a difference in dip angle of about 12°,
Koror being closer to the dip equator. It can be seen that
the magnitude of the overall change at Koror is two or
three times larger than that at Guam. The ratioc of the
magnitude of the change in the horizontal component at Koror
to that at Guam is calculated for several cases recorded
during the IGY when a precedigg reverse change was present
at both stations. This, and the ratioc of the amplitude of
Sq on a quiet day near therday of the sc¢ are tabulated in
Table 2. A close similarity is found between the ratios for
the maln change of se¢ and for Sq, in accordance with the
earlier results of Forbush and Vestine (1955). The ratio
for a preceding revérse change of se¢ is of the same order,
but a few times larger than that for the main change or Sq.
Equatorial enhancement is found to occur in a
similar manner for world-wide changes. Examples are given
in Figure 16 (for a positive change) and Figure 17 (fer a
negative change). Magnetograms from several widely separated
stations are presented to show the world-wide occurrence of
the phenomenon. The magnitude of the overall change at
Koror is a few times larger than that at Guam. (A preceding

reverse change 1s distinguished from other small changes by
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FIGURE |

KOROR l
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Figure 15. Equatorial enhancement of sc shown in a record
from Koror,
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Table 2. Ratio of the magnitude of the change in the

horizontal component at Koror to that at Guam.

Date | | IMT(Guam Preceding Main Sq

sc Reverse Change Change -
21 June 1958 1200 305 1.9 1.4
17 August 1958 1600 200 2.0 1.7
22 August 1958 1300 6.7 2.4 1.6
27 August 1958 1300 265 1.8 1.9

worldfwide positive change

21 May 1958 0900 3.0 1.8 1.6

02 June 1958 1400 3.9 2.1 2.0

world-wide negative change

25 December 1957 1300 6.0 3.4 2.2
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FIGURE 2

I

TUCSON I

35 LT

Figure 16. Equatorial enhancement of world-wide positive
change, shown in a record from Koror. Records from other

stations are presented to show the world-wide occurrence of
the change.
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FIGURE 3
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Figure 17. Equatorial enhancement of world-wlde negative
change shown in a record from Koror. Records from other
stations are presented to show the world-wide occurrence of
the change.
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being confined to certain regions of the Earth and by the
closeness of 1ts time of onset to the time when the change
is recorded in other parts of the world). Ratios of the
magnitudes of changes are estimated in the same way as for
sc's, and are given in Table 2. It can be seen that the
ratios for the main change, preceding reverse change and Sq
are related in a similar way to those for sc's,and moreover,
the figures in the corresponﬁing columns for'sc<and world-

wide change are quite similar.

5. Related phenomena

Phenomena associated with the occurrence of world-
wide changes in the geomagnetic field were looked for in
the following records.
(1) Orbit of the satellite 1958 ¢(Explorer III).

The‘speeg of qrbiting of the artificial satellite
is repofﬁed'ﬁo véry dﬁring a magnetic storm (Jacchia, 1959),
and explaiped by,an increase in the atmospheric density.
However,\the4orbit shown ;n the publication by NASA
(technical repért P—BSé) is a result of theoretical calcu-
lations on the basis of observations made every 48 hours.
This time interval ;s too 1ong to detect the effect of such
small and frequent phenomena as world-wide changes, and no
conclusions can be drawn.
(2) Vertical incidence ionograms.

Data were obtained from the stations tabulated in

Table 3. Nothing particular can be found which may be
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TIonospheric stations.

Table 3.

Station Geographic Latitude
Akita 59.7°N
Baker Take 64 43N
Churchill 58,8°N
Fort Momnmouth 40,3°N
Kokubun ji 357N
Meanook 54 ,6°N
Ottawa 45,4°N
Resolute Bay 74 ,7°N
St. Johns 47.6°N
Talara 64.6°S
Victoria 48,4°N
Wakkanai 45.4°N
Yamagawa 31.2°N

Geographic Longitude
140,1°E
,96,0°W

94 ,2°W
74.,1°W
139.5°E
113 .3%W
75,9°W
94 ,9°W
52.7°W
81.3°W
123400
141.7°E
130 .6°E
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associated_with the ocecurrence of worldfwide changes.
However, the time interval of 15 min between which these
ionograms are taken may be too long to find out any
effect related with world-wide changes which last only a
few minutes.

(3) Ionospheric absorption.

Data were obtained from the stations tabulated in
Table 4. No assoclation is found with world-wide changes.
Although an increase 1n_absorption is reported to occur
at the time of some sc's, more than half of the sc's studied
do not show this feature (Ortner et al, 1962; Matsushita,
1961). Hence this does not seem to be an essential part of
the phenomenon.

(4) Night airglow.

Data from two stations tabulated in Table 5 were
used, but no relatlonship can be found. The hourly values
used here may be quite unsuitable for the present purpose
because of smallness of the duration of world-wide changses.
(5) Overall features of the geomagnetic field.

The dally number of ocecurrences of world-wide
changes is compared with the Kp index and reproduced in
Figure 18. It can be seen that the number of occurrences

of world-wide changes is not related with K at all, and

D
hence is independent of the degree of disturbance of the

overall features of the geomagnetic field.



- 52 -

Table 4, Observatories recording ionospheric absorption.
Station Geomagnetic latitude Geomagnetic longitude
Barrow 71.5°N 156 ,4°W
Churchill 58.8°N 94,2°%W
Colombo 06.6°N 80.0°E

Ft. Yukon 66 .5°N 145.3°0

Thule 76 . 5°N 68.8°W
University Park 40,8%N 77 .9%W

Table 5, Observatories recording night airglow.

Station Geomagnetic latitude Geomagnetic longitude
Haute Provence 43 ,9°N 5.7°E

1tIrsac a ILwiro 2,293 28.8°E



S
Q .
€
2 ot 3
R IO N
4 (q) X
=33 *X<_
: —~ )
\ﬁ\ o
¥
¢ X
- _X
y x 9
‘. ~ 4
[+ o]
o T S
X7 T
x -0 2
Fo—y E
v~ S |o
A
4 : -
3 B _
I e -0
« X
prwal
— X
T é 1 ]
¢ 8 & ¢
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d) the sunspot number during April 1958.
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(6) Solar phenomena .

The daily gumber of occurrences of solar flares
(IGY solar activity report series Noo. 12, 1960) and the
sunspot number are compared with the daily number of
occurrences of world-wide changes., As can be seen from
Figure 18, no correlation appears to exist between them.
Bursts in solar radio noise ﬂSolar—geophysical data, NBS,
1958) are also not related with world-wide changes. Since
world-wide changes are small in magnitude and frequent in
occurrence, .1t is not preferable to try and agsociate them
with the limited number of particular events picked out in
the published data. The original, continuously monitored
record will have to be studiled.

Thus so far, no phenomena can be detected which
are related with world-wide changes in the geomagnetic
field. But since most of the data used here is not sult-

able for the present purpose, a definite conclusion can

not be drawn, and a detalled study will have to be made in

the future.
6. Summary

World-wide changes are found to exist in the geo-
magnetic fielho They are changes of magnitude less than
about 20 § in low and middle latitudes and are not
registered as sc's or sits by most sbtations. However, they
are quite similar to se's or si's in most features such as

form, manner of spreadiﬁg over the earth, and distribution
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of magnitude. This conclusion is based on the analysis of
randomly selected samples, but the other examples of
changes selected at the beginning of this study but not
subjected to detailed analysis afe found to show the samse
characteristics., This fact, together with the broadness
of the area covered by the 5 stations used to determine
them, seems to justify the conclusion that all belong to
the same class of phenomena, It follows that world-wide
changes of the geomagnetic field are observed quite fre-
quently; at least 20 per cent of every l-hour period and at
least 90 per cent of all days contained at least one of
them during the 3-month period near sunspot maximum. The
frequent occurrence of changes in the geomagnetic field on
a world-wide scale is in aceordance with the idea that
world-wide features of the geomagnetic field are always
related with the highly variable physical state of the solar
atmosphere, although the relationship between individual
events has not yet been found.

An sc is distinguished from a world-wide change by
its association with an interval of increased activity.
An si actually differs but little from a world-wide change.
Sit's are supposed %o be impulse-shaped, but, as can be
seen by the example of léOO June ig in Figure 1, some of
those reported are not impulse-shaped, and, moreover, maeny
of those that are really impulse-shaped are missed in the

reports from the majority of stations. Thus silts seem to



- 56 -

be nothing more than the Worldwwide changes that are
widely recognized beqause of their large size.

The distribution of the horizontal camponent of
the change in the geomagnetie field at the time of a world-
wide (positive) change, sc, and si, is drawn schematically
in Pigure 19, making use of available rapid-run magnetograms
and the results obtained in the previcus sections of this
paper. For a negative chapge,-the direction of all the
vectors is reversed. As only the distribution below 600
geomagnetic latitude is studled, the difference between geo-
magnetic and geographic latitude is ignored. TFigure 19a’
shows therirst stage of the change, in which only a
preceding reverse change appeared in a limited region of the
earth. Figure 19b, corresponding to the stage more than 1
minute after the stage shown in Figure 1l9a, represents the
distribution of the main change., This stage continues from
a few to several minutes, and then a following reverse
change appears as shown in Figure 19¢. In the region kept
blank in Figure 19c¢, the field vectors are but little
altered ffam those shown in Figure 19b.

The preceding reverse change and the following
reverse change of sc¢ are regarded by Oguti (1956) as similar
phenomena differing only in the local time of the reglon of
appearance., He proposed that the reverse change drifts
westward from the afternoon side of the earth (where it

appears as prc¢) to the morning side (where it appears as
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Flgure 1%a. Distribution of the horizontal component of a
positive world-wide change in the geomagnetic field shown
for three stages of the change. (For negative change, the
direction of the vectors must be reversed). The scale given
corresponds to the average of selected samples. (a) First

stage, in which only preceding reverse change is observed
in a limited region.
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Figure 19b. (b) Second stage, in which main change is
obgerved all over the world.
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Figure 1l9c. (¢) Third stage, in which following reverse
change appears in the region shown.
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frc). But the present result shows that prc and frc are
quite different in the brecadness of the region where they
are observed, frc being more restricted to high latitudes.
Henoe it seems preferable to regard preceding reverse
change and following reverse change as independent pheno-
mena.

An %equivalent? overhead current system is
frequently employed as a convenient way to represent the
distribution of changes in the geomagnetic field. This is
an ionospheric current system drawn on the assumption that
the observed magnetic field 1is entirely due to a closed
electric current system flowing in the ionosphere. The
equivalent current system constructed from the distribution
of the magnetic field shown in Figure 19 is drawn in Figure
20, However, it should be noted that the distribution of a
magnetic field that can be equivalently represented by a

closed electric current system in the lonosphere is limited.

Phenomena due to ionospheric currents which are divergent

or convergent, or due to current systems which include flow
along lines of force as an essential part, or due to hydro-
magnetic wave of some kind, can not be represented by an
Yequivalent' current system. .The equivalent current system
is frequently empleoyed nevertheless, because with the
limited amount of data now available, the distribution can
be approximated by that due to an ionospheric closed current

flow, Thus there is no guarantee of the reality of an
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Figure 20a. Equivalent overhead current system (assumed
height 100 km) of a positive world-wide change in the
geomagnetic field. The amount of electric current indicated
in the figures flows between successive lines for the
average of selected examples. (a) First stage.
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Figure 20c. (c) Third stage.
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equivalent current system, whieh could also represent the
distorted distribution of the magnetic field.

The equivalent current systems of preceding
reverse change like the one shown in Figure 20a have been
given by several authors. These show that the electric
current flows northward around noen., If this is true,
westward deflection of the magnetic field must be observed
in middle and low latitudes around noon at the same time as
prc in the afternoon side. Nevertheless, in no examples
ever published (works already referred to and Sato, 1961,
Sano, 1962), and in no cases studied by the authpf could
such a change be found. Since the amount of rapid-run
magnetograms is still limited, this finding can not be
decisive but‘it seems to cast strong doubt to the validity
of the equivaient current system for the representation of

the observed magnetic field.
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CHAPTER III

IONOSPHERIC SCREENING EFFECT

1. Electromagnetic f£ield in the neutral atmosphere

From Maxwell®s equations in free space:

| DB
cwl E =-—< 5% (1)
| »E |
cd B = = (2)
div E = 0,
= (3)

div B = 0. (4)

the electromagnetic field E and B in a neutral atmosphere

can be written as

InmwW LA+ 2 —wt)
2 & g e

E = (5)

- Lmm,w g

Lmmww L Pmy+mz —wt)
B = 7l e 1 (6)

i{.mnw /

wherse
2 Wh

L+ mt o+ A = o (7)
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The x, y and z axes are directed toward the south, east
and vertically upwards respectively, and the ground is

represented by z = 0. The horizontal components of

L, m W

Ly, and E_ are related by the equations

12

" =% &t )=,
W EQ,M,M,W— L (Wbl— _.V‘_):) Y _om c Lmm w (9)
3 - m ¢ m —0

The so0lid earth behaves almost as a perfect conduc-
tor for a change with a time scale of world-wide changes
(Appendix A). Hence at z = 0, the horizontal component
denoted by suffix h of the electric field is approximately

zero, i.e.,

¢m MW L=t 0\ —A (Doepmy—wt)
Ent) = 7, (gg + %a )6 =
- Lmmw — .
Hence
£,mm,W 2,m—nw
L+ 22 = 0 (10)

From equations (8), (9) and (10) it follows that:

QM mw Lom—n, w

Ea, ’ = 3 ) (11)
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Using equations (10) and (11), equations (5) and (6) may

be simplified,

g,mw - 'm — -
Er = Q;W et (o “ z)e (DXtimg —wt)

(12)
LM w e__‘;(QX-fm\a..wf)

=~Z: 2 MAZ (1

LW, W

Ek _ Z:\ Eka,m,w(e—mz_‘_ Zs"f\'&) e—;{ﬂj(fha\a—wt)

LMW
b ggmy —wt) (13)
— T
L 2 gr e 1
0 mw )
g,m,w W L, M, N w
where E&' = &'L W = 2

and EL = g_&/” = f&

A summation over n is omitted since n® is uniquely
i
determined when ,m and w are given, et £ 4s approxi-
mated by | T A2 since IM2| « ) in all cases to be

discussed later.
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The time scale of world-wide changes ranges from
10 %o 102 sec, depending on the part of the change. Obser-
vation shows that their characteristic length of variation,
measured along the surface of the earth, given by %/1Z%E|
where F denotes the field strength and V), 1is the hori-
zontal gradient, is of the order of lO8 cm in middle and
low latitudes. Hence, in middle and low latitude regions,

the electromagnetic field of world-wide changes may be

represented by harmonics specified by

~ -7% -
lf+m. ~ 10 v,
w n {0 5 {0 ALC

Lm,w L,mw
From the observed value of E& , %o can be

derived using equations(8) and (9)e The electromagnetic
field E(d) and B(d) at the upper boundary of the neutral
atmosphere z = d, i.e., at the lower boundary of the iono-
sphere, is obtained by substituting‘z = 4 into equations
(12) and (13).

In the above representation of the electromagnetic
field in the neutral atmosphere, the nature of the field is
not specified; the soiution of Maxwell's equations in the
free space close to a perfect conductor is used in its
general expression. This is in contrast to the discussions
given by Ashour and Price (1948), Sugiura (1950) and
Francis and Karplus (1960) on the ionospheric sereening

effect. These authors assumed, without any verification,
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that the observed fleld can be expressed elther by an
electromagnetic wéve (Francié and Karpius) or by a mag-
netostatic field (Ashour and Price, Sugiura). Of these
representations the formér, the electromagnetic wave, geems
inadequate. Observation.shows;that the characteristic
length of variation in space is about lO8 cm or less. Such
o sharp variation can hardly be expected for an electro-
magnetic wave with a peribd.longef than 10 sec, since the
corresponding wavelength ié longer than 3 x lOll cm. This
significant deviation of the observed field from an electro-
nmagnetic wave is physically redsonable, because the vertlcal
scale of the neutral atmosphere is only lO7 cm - less than
about 10’4' of a wavelength. The source is too close for
the changing electromagnetic .field to have the properties
of an electromagnetic wave. Henée an. slectromagnetic wave
can not be regarded as-a._ sultable approximation. With
these given scale values in space and time, it follows from
equation (7) that

T ~b(1)—i~ Y Y = S LN . (14)
“ince the horizontal distribution of the fleld may be repre-
sented by a Fourier series from observations on the ground,
L and M are taken as real. It follows then from
cquation (14) that # is purely imaginary. The latter type

of approximate representation, l.e., by a magnetostatic

ficld, 1s charactcerized by the cntire neglect of the
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displacement current. This neglect can not be taken for
granted, as shown below,

The degree of the effect of ionospheric screening
may be measured by the magnitude of Eh(d): since Eh is
almost constant in the lonosphere as shown in the next
section, Qh(d) is proportional to the magnitude of the
ionospheric current which screens the incoming magnetic
field. From equations (1) and (2), for dominant harmonic &

and“ﬁ "y which compose E and B, the following relationships

hold:

lwd €1 ~ kL€~ —f, (15)

|k 81 ~ KLE~ —— €, (16)

where & and ? denote orders of magnitudes of _g and g& ,

and LA % ~n is the reciprocal of

the characteristic length of variation of the field in

space., Numerical factors k and k' satisfy

%, K < 1 (17)

(here every figure represents an order of magnitude). This

means that the order of magnitude of curl E and curl B is
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. obtained by multiplying the magnitude of the terms compos-
ing them by a factor which is smaller than unity. From

equations (15) and (16) it follows that:

£ w o KLC (18)
é kL C W) ,
and
k'~ ) (19)
From equations (17) and (19) we have
tv 2
| Z2 &k Z -:—g) )
(20)

where 2
w -
(-:z £ 1 x o)

for W% 101 sec™! and L~10"8 cm'l.

It can be seen from equations (19) and (20) that
except for certain special cases, both k and k' are smaller
than unity. If the distribution only of the magnetic
field or only of the electric field is under consideration,
this will allow us to approximate the fileld by a magneto-

static or electrostatic field, However, in the case wherse
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relationships between the magnetic and electric fields

are involved, this approximation by a static fieid 1s not
permissible: since —g‘ is quite sensitive to

the values of k or k' as can be seen from equation (18),

k and k' must hot be approximaeted by zero, small their values
may be. A pair of k and k' vaiues lies between two extreme

cases, The first is when

k ~ 1

/

(21)
/ w o\
b~ (:?: & 1
The ratio of & to £ is then given by
£ Y e 3477 (22)
e LC

This means that the electromagnetic field is, in the first
approximation, a magnetostatic field with the non-static
electric field of magnitude far smaller than that of the
magnetic field, In the following, this case wili be called
a magnetostatic field*. It is the case adopted by Ashour
and Price (1948) and by Sugiura (1950). (They represented
the magnetic Tield in the neuvsral atmosphers by & potentvial
field, i.e., k' is equated to zero. However, as k' cannot
be set exactly to zeroc,as can be seen by equation (19),
their assumption can be interpreted as assigning to k' its

2
w
smallest possible value: Ctjg) ). The opposite extreme
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case is when
) — 2

ko~ () « 1

(23)
o/
o~ 1 .
In this case
¢ LC 3
es—— = >
g " Z 33X (24)

This shows that the electromagnetic field can be described,
to a first apprdximation, by an electrostatic field, with

the magnetic field non-static and far smaller than the

' *éléctrié'field.“ln the following, this case will be called

an ‘electrostatic field'. The real situation lies between
theéé'two extreme cases. In the case of an electromagnetic
- wave the ratio of & to f is given by

€ 1

| —— N/

¢

' Substituting equation (18) into equation (12), and

. (25)

| noting that L~7 by equation (14), the order of magnitude

of Eh(d) is given by

' ;) | * wd
EI RSP T RS

This shows that Eh(d), and hence the degree of the effect of
ionosPhefic screening, depends not only on W - the time
scale of theuphenamenon, but also on L - the scale of the
phenomenon in space, and'on k - the degree of magnetostatic

property of the observed field., Magnitudes of E

_h(d) for
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various values of k are related by

k(Baud)), ~ (Es M))memaa

~/ '[_'Wz')z (E& (d) )o&o‘Can«/’c

Since 1 24, (Eh(d)):magnetostatic, which is the basis of
estimation by Sugiura (1950), is the smallest value of

( Eh‘d)>kfor various possible values of k. This means that
by assuming the field in the neutral atmosphere to be
magnetostatic, the ionospheric screening effect has been
given the least possible significance. If the actual field
is different from the magnetostatic fisld in the sense defined
above, the lonospheric screening effect is more important
than was formerly concluded. In the preceding discussion, no
reason has been found why the field in the neutral atmos-
phere is a magnetostatic field. Therefore a general
expression of the near source field given by equations (12)
and (13) will be used in calculating the field in the upper
atmosphere assoclated with the observed field. The validity
of the magnetostatic field approximation will be checked
afterwards by the results.

In fhe'case of an electromagnetic wave, E_(d) is

h
given by

W
(Bet) e ~ e~ =g (28)
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w
since M“"Z in this case. From equations (26) and (28)

we have

(ELW))rs ~ (E& W) )ygpitetois (29)

Hence theldegree of ionospheric screening is the same for
an electromagnetic wave as for a magnetostatic field. This
might explain why similar results are obtained by Sugiura
(1950) and by Francis and Karplus (1960) in spite of the
differences in the fiel@ representation in the neutral
stmosphere - ©both of them concluding that the screening
effect'is insignificant for changes with a time scale longer

than about a second,

2., PField in the ionosphere

Above the height of several tens of kilometers the
following relationship holds:

Yo > w , (30)

where ¢ 4is the conductivity, and in this region the dis-

placement current can be neglected in comparison with the
conduction current. The electromagnetic field is then

determined by,

(/WLQ§=-——°[——§-£ (31)

t /

wl B = :%9: é_ (32)
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dw E = %n% , (33)

p(nf_E = ( , (34)
and

jo= G Ei+ 6 Ein b (35)

j" = O EH , (36)

where the dielectric constant and the permeability are set

equal to unity. J is the electric current density, q the

electric charge density, and go the unit vector in the

direction of the geomagnetic main field B The subscripts

_OO
1 and | denote components perpendicular and parallel
to 20 respectively, and ¢, , ¢, and g, are conductivities

in the three specified directions. An equation for E can

be derived from these equations as

]
Y
ngﬁ-ﬂ'—:‘za (37)

¢ ot /

where 1= T L and 7~ the conductivity matrix. In
the regigL where w 1s smaller than Y;: a half of the
collision frequency of an ion with neutral particles (which
1s below 500 or 400 km for w = 10~2 or 101 sec™1), the
medium behaves as a conductor with conductivity given by

(Francis and Karplus, 1960, and Appendix IT'
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a

= we (5 v 7).
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a, = Npe (———-———’“ +o— )
P We(viewd) — milv%ws?) ), (38)
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f
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where NP is the number density of charged pairs, n and my
are the masses of electrons and positive ions, e is the
electron charge, W, and Uﬁ are the electron and ion cyclo-
tron frequencies, and Yo is the collision frequency of an
electron. It is assumed in deriving these expressions

for the conductivity that the static magnetic field B, is
uniform, the pressure and the gravitational force are
negligible, and the ionosphere consists of electrons, one
kind of positive ion and one kind of neutral molecule with
the same mass. as the co-existent positive ions.

The present discussion 1s concerned with middle and
low latitude regions, and the ionosphere is assumed to be
_'horizontally stratified, and the inclination Y of the geo-
magnetic field is taken as constant. Equation (37) can be

written in components as



where j 1s given by

j_)('—'- o (E_m'm‘{"g} Cmq‘)M\V‘q"" d‘z_E_‘a Ol:\\Ll’ ‘I'OB (EJ C,(.Q(‘r-]- E; M\‘,) w+’
=0 By + 6 (Exany-Ertoy ), (40)

\
d_% = -0, (E‘l M‘n\[r‘g}(«df. )&D?ﬂt‘ﬁ EV& w‘f*rO“, (E’lfa‘v”‘-}"fE? /14~:1“/')01L\L/' .
Equation (39) may be integrated upwards with respect to z

to obtain E in the ilonosphere from the given values of E
&

and ey at the boundary. Since (F) is assumed to depend

only on z, the dependence of E on x and y does not vary

with height: if the field is repressesnted by a harmonic
e-'wx+m3) in the neutral atmosphere it will also be

proportional to C'“Qi+ma) in the ionosphere. The fol-

lowing calculations will be made for a harmoniec

g MO Ry -Wt) . The total fleld is derived by summing

this over §, m and w.
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From the last of equation (39) it follows that

i (Cm')+ ﬂf}'(m an‘wmmﬂ(_)} E:

' D.Ex ?E]>
- — =
A’te d 2 T 2
(41)
_ 4T

Substituting equation (41) into the first two of equation

(39) we have

N 4—Tr,m NG L.
{"'m" (@) 'Y + 0 my) azl +Qm—§’;—{2‘
W E
= - HE 20 Coire ) toqant 55

— ﬁmﬁf A0 LY+ A (0716 ) Lotomy ? —j—%@

C'},
= )+ T ()@ + 0 o)
4mriw\*
+( o )mm }_E_z (42)
() + T om (6 00+ 0 07
+ HEH GG+ (T 70 0, oy | E

/
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and
2 4—TM] zE
w35+ {-at B )] 5
—_ 4—mw {A,M( o’|+o‘o)co<1q,/mt,b 00 o ? i.%‘_.

- {—W(Q:r%‘)- (mm) Im (0) e’ et 0, pam?y )

+ ‘ﬂ'— 1}’4’11)0‘1/’%%-{—(%'“) 0‘00‘1%‘%} (42)

— § zl(ez‘f'/n'lz)“‘ ﬂ(:i"_w__ﬁl(o_; m?q’_(_o_cmi%)
N RS

+ (47C"") (07 Y + o sm™ + 0 Zu/—)} E’a

These are ordinary differential equations giving Ex and

E as functions of z. The magnetic field is obtained from
y
E by equations (31) and (41) as

By = ({l?«—m‘) MCw (0 cof + 7o pam” <,L)]

(th—;—z—‘a—; 2+——C';-(0\'wl‘f+0‘oﬁ"‘\4\/')}§l
| (43)
+ 4—__72:‘*’ Lm,f(-m*r(ro)w‘fwb‘El 7*’030@‘/—53”

/7
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and

- "“f“.@g = ((Zi/ml)»r Y (5 e £ M"H] K

[ g ’W‘ 4-7['“0 (o-mL{.q_ 0 A L(,)? .___)i (43)

2Ey
Ymiw ~ .
p— Q{( —0116%) oy outf Ex + ot By } ] .
Since the following condition holds in most parts of the
ionosphere,
O >> o, | 6% | , (44)

equation (42) can be approximated as

/Iy \ - g 0C
— Y SIr = — 2 el 52 —aMCo oy b

- {(ﬁ-zzm‘) Loy +_‘t1651_0m f Ty
*{mony + B g amt | Ey
and
<m 27.-5.3 ) . 28«
-&W‘f:ﬁF-== — AM avaMM¥—:;§~
*'i"£4uﬂﬁ?¥' anw O}AWH%’}

~ ] Loy + Y 5oy | Ty
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And equation (43) as

SR S . ‘ot By
¢ = ?2 =5,
. (46)
an
sy - ity &y
e Eh at the boundary is given by equation (12).
Eﬁ; at the boundary may be obtained from §h(d) and Eh(d)

by means of equation (46)., It was shown in the preceding
section that for given Eh’ Bh is largest in the ‘'magneto-
static' case and is then given by 0(i§%ig—5h). Hence the

(7]
order of magnitude of 7%? at the boundary is given by
?E
(7;‘); Z e Euld) (47)

The variation of Eh with height can be evaluated by separ-
ating it into two parts. The first can be estimated from
the gradient of Eh at the boundary given by equation (47).
This ﬁill result in the variation z;,Eh across the iono-

sphere:

A E, 2 (%%—)d bnv VG h Ee(d) , (48)

where h is the thickness of the ionosphere which is of the
order of 107 em. With [GGm' ~ 1078 em~1, 2B, does
- not exceed E,(d) and the variation coming from this

source can be neglected. The second part is due to the
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variation of 25 inside the ionosphere given by equation

232
(45). Here terms proportional to %%3 are negligible,

since the variation in %%" due to these terms is of the

PXS
order of  [@w %%}- , which is smaller than 5;5 by

2E
an order of 10. The largest value of A;g; is then expected

at the height of maximum conductivity. Approximating this

region by a layer of thickness 100 km with w10 cgs,

T _
A 3% across this region is estimated as 10 qw'E& .
The variation A,E, in E resulting from this amount of
- .
change in is

32

A, by, w(lo'qw‘é'&)& ~ wE,

When w 1is smaller than lO"l sec_l, or when the time scale
of the change is longer than about 10 sec, 2:E. does not
exceed [E, . The contribution to Aé%% from other
parts of the ilonosphere is also negligible, Thus the varia-
tion of Eh with height can be neglected inside the lono-
gsphere for casses of world-wide changes where a time scale is
longer than about 10 sec. In the range of wW where the
variation of Eh across the ionosphere is appreciable, the
ionospheric screening effect may be more significant than
estimated here.

Hence in the relevant range of w , the electric

field Eh inside the lonosphere and Eh(D) at the upper

boundary of the ilonosphere z = D are equlvalent and can be
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written as

Eo = ko () = Eald), (49)

0B
and —2-—'; at 2 = D is given from equation (45) by

(%;go—(—:%—)d
_ _Ex S‘D{ 2oy 3, 4T
= 2 ) (Q+4m)u,o++ G m?"*

|
’;‘m
e
A

) { Omaieg + L ‘I A2

/

(50)

4 .
e —

Substituting equations(49) and (50) into equation (46)

and neglecting terms of small order, we have

¢

and - - (51)
(3 2
%(D)—Ea("()z-ig—mui* = —i_z‘"mg

P
By ()-Be(d)= H- By e H 3T
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where Z:, and 2:1 are integrated conductivities given by

b
2, = Jd gdz ~ |0"” cgs

7

and
,3

p
2, = §d02 4z~ — 10" e
Thus the ionosphere can be approximated by a metallic shell

with anisotropic conductivity.

3e Field in the magnetosphere

Above a certain height, ranging from about 400 km

1 sec™® to about 500 km for w~ 10~° sec™t, w

for W~ 10~
is larger than V. . In this region, the electrical con-
duectivity is given by(Francis and Karplus, 1960: and

Appendix II.)

oo Mpe
Me Ve

g = —N"g‘;zc‘ V\"o

’

: 2
0—7_= —‘F'N M ¢ 001
e/BD;

In this region the following relationships hold

between the magnitudes of (7 .

0o S>> ld’:’»fz' (53)

In contrast to the ionospheric conductivity given by
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equation (38), the conductivity given above depends on W ,
This part of the upper atmosphere behaves as a magnetohy-

drodynamic medium, In terms of the Alfven wave velocity:

4TTNy MY , 01 can be written as

The Alfven wave velocity V wvaries significantly with
height: it increases from 2 x 107 om sec™t at a height of
500 km to 5 x lO8 cm sec'l at a height of 3000 km and then
decreases towards the outer boundary of the magnetosphers
(Dessler et al, 1960). In the following discussion, however,

V will be approximated by 1 x 108 cm sec’l. Then for

mt v 10‘8 cm."l and for w < lO'l sec ‘l, the follow-

ing relationships hold.

m ~> Q1+ 44/[7‘

c* ’

lzunwow | e%;) L m? ‘

Using equations (53) and (54), equations (42) can
be approximated by

— ) Bt = 20w pamp ) Bt — an oyt V) By (55)
55

i L 2m )wu,u- ’Ex +Qmmﬁ’+§7/
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and
—(= 0 ) By = —mwodamy (N )E¢

t Lmam ¢ By - { U+ -‘“Aﬁ‘}(—“’—) ; Ly

)

where @x and Ey are assumed to vary as e—INZ with height.

From these equations, a dispersion equation may be

obtained.
Z 2
)(4-*‘ — m* 2_—2—=) ‘._Y;K”_ -—!——::
Ewte Y - =0
where (56)
X-;'_(\NW\(’— ,:Q (‘,U)"-,
Y:' — N 060\-(/+/:QMV\LI’/
and E and E are related by
X Y
= = (o ¥ (57)
t ~ 2 2 w?
| ~ M\"(Xf\(""_vt') '
Equation (56) can be solved to give
_iN= t [ \ Lo (58)
J 25m n NIZL: T

For all four modes, [N| 4is of the same order as { eor m |,

and hence equation (41) can be approximated as

Es: (59)
s T Y

This shows that the electric field in this region is

approximately perpendicular to the direction of the magnetic
lines of force as a result of the high coﬁductivity in
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that direction,

E in the magnetosphere can now be written as

e=7T { Eﬂ,mw( _imasn g ; m e
1 \ \ \ \
T ogmw e +ilanf , |G ot OamF

-:(fzx+m3-»ot)+ [Zem (2-D)

[ 4

gl —mamd M e
+ EI \ . 1 \ > :
~Bron il -[Brwonfilam

e—"(l)l-f-wa—wt) ——fi_‘-r_m-’ (z-») (60)

[RURN \ .

MWl m pom

t B (“M“f—‘—‘w— -w%)%
| d+ e,

_;jexﬂng +(H ety -_—%7 )(Z'D)—”t f

&mw (M‘-’r |‘M‘M/\V\\/' _ (/Uﬂ%)

E
T + ’ a‘Q'--'—_;.\L-w‘f'

L}

e—i‘ lt—f”ﬂ‘a-f—(—ku«ﬂ(«f- ,V;O“W’)(Z—D)'“*}
In the first two modes, the electric field varies exponen-
tially with height. Of these two modes, mode 1, which
diverges as z—> o0 , represents the field incident from

above, and mode 2, which converges to zero as Z-—>os,
represents the one reflected from below. The second two

modes represent wave propagations in T z directions with

an amplitude determined as a function of the x, y and z
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coordinates. In the northern hemisphere where Y >0 , mode
3 corresponds to an incident wave propagating downwards,
and mode 4 to the reflected wave propagating upwards. In
the southern hemisphere where Y<0 , the roles of modes 3
and 4 are interchanged. The magnetic field B can be
derived by substituting equation (80) into equation (43)
under conditions (53) and (54)

+ M o’y

e—A(fX+M‘3 -wt) + J[—‘f—m (2-p)

Lm0 ‘ e Mo 0 T W
t Ez (f,/M/’AJﬁ}HH") L‘z_(_mlwz‘f_

e—i(éﬁr»\\a—wt)—m’ (2-p)

\ ‘W Ww(81)
. _EQ,W.W(—ﬂMMI(f'—T_ LW lW‘WV'WY"V')
3 \ )
I'QA-'-_‘;—_-—OWLI" T g« 'L;l_w‘f’

e»i{lﬁm»f [~eeiry - W—ﬂ%;)(z—p)—w* f

. \J X !
g mw CMM({«—"“-V— ‘W -;‘mmfm‘f%
-+ Eq -

A\Q"‘ Y 6‘D\/./ -V—, 0-——‘—”—005‘/’

i e oo

*

The present solution is different from the 'magne-
tohydrodynamic wave' usually adopted. This comes from the
second of the relationships (54) which, in terms of the

magnetohydrodynamic wave length )\—ZTLV , can be written as
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2T < A
(w2 /

showing that the observed field varies in space with a scale
shorter than the wavelength. This is the situation
analogous to what existed in the neutral atmosphere,

The magnetospheric‘field given by equations (60) and
(61) is related to the observed field in the neutral atmos-
phere through equations (49) and (51), where Eh(D) and
§h(D)are given by substituting z = D into equations (60)
and (61). The effect of the ionospheric screening is
considered for the case where U ~|m]| , 1.e. where the
scale of the variation of the observed field is similar for
both north-south and east-west directions. The orders of

magnitudes of the incident field in the northern hemisphere

are then given by

£, A A0 AT Ty 8 e

e G- LBy) + A (mEa—Lgy)

[
=2 L DR . LA 0T+ TPy
o b= c 4 ’ (62)
+ Q-‘—w—— :(m?i'ﬂe‘a)-k d.,Q E—i-i- dﬁf.? )

.
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where terms which always appear in a certain combination are
@iand éy are related to &,

written in brackets, and Ix’Iyl
and 53 by
Ty= T= 2 ks + ——2—2imd<y ~ UL
o amY [
- 22 \ \
Iq- yymm 2dmdsy - 73, 2ind S nlde,
W
“‘Z‘Gz ~ k QEl/
W
el ¢ koe ,
W
and Wl?x" L 67 ~ ok E | ~ —— €
Details of the derivation are presented in Appendix
B, With £ m, m~ 10 % em?, T ~ 117'3c?s s d~ 107 im
and V ~ |03 6”'4*54, the orders of magnitudes of the terms

in the first of equation (62) are estimated as follows:

G L~ we i——FU (MTy+ 0Tx)~ws, 7 fy~ke,

_w _ -5, ) N ok
e (MB= 2B ) ~ (077w, (méy 257). 3
Similarly, the magnitudes of the terms in the second

of equation (62) are
4w NP IPN
‘ MLy + 0L ) g, = fy~RE,

CL

2
w = = oy
-fLI'E(%(;*‘Q?\a)NlD we, Al at0TE, dQ"UJ (0 ¢.
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Since 1072 w 2 )]0 “secd and 13 k, equation (62) can

then be approximated by,

_ 4w W
(= QC’ I+ £ c é
/ (63)

(we) (k)
4TV W

Es ~ c -I-t_ 9 C ?
(€) (k<)

Written below each term is its order of magnitude.

The observed magnetic field_ﬁ consists of the
incident field and the field b due to the ionospheric
current, where b is given by

417
b~ ST (64)

If b is smaller than the observed field, the icnospheriec
screening effect can be neglected since the observed field
must approximately be the same as the incident field. But
if on the other hand b is comparable with, or larger than
the observed field, b must have cancelled the significant
part of the incident field, i.e. the screening is effective.
Hence a comparison with unity of the ratio of b to P can
be used as a criterion of the significance of the ionospheric
screening effect.

Now let us consider the case where only the field
of mode 1 is incident on the ionosphere. Then from equa-

tions (63) and (84) it follows that

w W
E,~ —b+ —
e i}c (65)
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Hence we have

@,N—E%—Q,vwfs | (66)

Since W & (p7mec? , it follows then that

__Li_<1
@ '

that is, the field due to the ionospheric current is

smaller than the observed field. Thus for the incidence of

the field of mode 1, the ionospheric screening effect will

not be significant. The order of magnitude of k in this case

can be seen from equations (63) and (65) to be
o~ 1 (67)

This shows that the field in the neutral atmosphere is
'magnetostatic?!, and the approximation adopted by earlier
work is correct in this case.

But when the field of mode 3 is incident on the

ionosphere, from equations (63) and (64) we have

W w
0~ ch"' ch/

T w

It follows then

: 69

b~ B (6¢)
for any w ranging from 10-1 sec"l to 10™2 sec'l. In this
case, the lonospheric screening effect cannot be ignored.
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Due to the anisotropy of the inospheric conductivity,

this amount of b can produce a significant difference in
the direction, if not in the magnitudg/between the incident
and the observed magnetic field. The order of magnitude

of k is then

\ - < < -

as can be seen from equations (63) and (68). This shows
that the observed field is not 'magnetostatic'. The pre-
sent result is in accordance with the discussion given in
section 1 that lonospheric screening may be effective when
the observed field is sufficiently different from the
'magnetostatic field'.

The above deviation of the observed field from the
magnetostatic field is, however, practically impossible to
detect by observation: from equations (19) and (70) it
follows that 1079 £ k' £ 10° and accordingly five to
six figure accuracy is required in the determination of
| curl g | , and hence in the observation of B to detect
this difference. The situation in the southern hemisphere
can be discussed in a similar way by solving equations (49)
and (51) for E, and E,, instead of E, and E,.

1 3
The present result is obtained for the special cass
where |Ql~ Im] , but it will be seen in the next
section that a similar conclusion may be derived for the

case where 121> |m| . Hence it may generally be
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concluded that ilonospheric screening can be effective

for changes in the geomagnetic field with a time scale of
101 - 102 sec~l. The degree of screening depends not
only on the time scale, but also on the scale in space and
on the mode of the incident field, and will have to be
estimated in each individual case., It is also found that
the observed field can not always be represented by a
magnetostatic field, and an underestimation of the screen-
ing effect can sometimes result if the observed field is
always approximated by a magnetostatic field or an electro-
magnetic wave,

After completion of the present calculations, it
became known that Dr. J. W. Dungey had estimated the magni-
tude of the lonospheric current based on similar ideas to
those presented above (private communication). But his
calculations are carried out for the extreme case which is
called 'electrostatic field' in this paper, for which the
magnitude of the ionospheric current is the largest as
can be seen from equation (27). Since the actual fileld is
quite different from the electrostatic field as shown above
(k': 106~ 107° while k'~ 1 for the case-of an electro-
static field), his results will lead to an overestimation of

the screening effect.
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APPENDIX A

For changes with a time scale of 10 - 102 sec, the
sarth may be approximated as a perfect conductor for the
following reason.

Due to the finiteness of the conductivity of the
earth, the horizontal component of the electric field at
the ground does not vanish completely, and strictly speaking

equation (10) must be replaced by

(mnaw gM-nuw. :
gh ’ + ?;h — égkO,M,W (Al)

Accordingly the electric field in the neutral atmosphere
is given, instead of by equation (12), by

35 . M, m, —1 (01 -
Ek = L {1.#12 §h0mw+ A ihqmw?ef( +W\\a wt ) (42)

Lmw -
(4

Asifm*’ may be neglected, and the earth may be approxi-
mated by a perfect conductor, if

¢, mw

L,m W
2ma €, > & ¢ (43)
. /
since under this condition the field in the upper atmosphere
' omw
may approximately be determined independently of Ek .

g is related to @ by equation (18) as

¢ ~

LW
kLc e (A4)
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4
As discussed in the latter part of section 1, the ratio __ﬁ_

is smallest when the field is magnetostatic, l.e, when k = 1.
Hence the lower limit of € is given by

w
ghl'h ~ —L—C—*e (45)

Then the left-hand side of (A3) is

M, —3 6
RV VRIS ST we (46)
with L, N~ lo‘xcm" and A~ID” (m . Observations
show that A% is of the order of 1 mV/y , i.e. 10°
¢gs in the relevant range of w, i.e.
tmw —6 A :

A 2 ~ |D F (A7)
(A6) and (A7) show that the the condition (A3) is satisfied
f‘or- |(7"‘,<V w < lO",u.c," , and the earth may be approxi-

mated by a perfect conductore.
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APPENDIX B

Derivation of equation (62)

From equations (49) and (51) it follows that

VM A im am$
- \ A E, hand \ < E?.
{13 e+ 10 o —{13meat + 0 amtt
. . \ B
+ ¢ B+ uvy Eg = —2.Md4 2;/ (B1)
E LT . ym at & mat =
! 2 \ LW w ¥ N - ..)_"i-ap

_Aemteotany - 0w ) £ REiwestaiy 0 [ )152

0%+ m ooy L5 m oo
\ iw ~ l‘\)
. A/VV\I\" J—V"— Vot L‘ML&,L —_v"f'
—+ 1 \ v 'Eg — M W) Eq>
o 5 o't Ao Al
W 21 W

2

M imunpait g [ ) - W iWeortmint +0 B )

L m oot Q% m* ot
—_— ‘L__E3 -+ i_vbi E4—
— 4T W 2 W (B4
— ! s I;L + < €a )




where

and
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AN P2y \ :
. \ R
1%=_ b 2md Sy T s zind s.? , (B6)
B kel e s R (1)
PRSI S VAL RPN
S (Rl B Gl i S (s8]

The summation over fl ,m and w are dropped, and in

the following calculation, terms of the order of —_;J-: / L m

will be ignored.

Subtracting (B2) from (Bl) we have

M .thv\fm#« (E, - ‘E-;)-o— fzﬂ LR .IMY—w\f* -\ }

L Q wm ot 2%m cory

(E+T) ¢ gy 2T (BT )

(B9)
=—2ind [ G-gy)
4 Ec_x;ua!c:l;:n (B4) can be written as
etiey (€ 1T,) s L (T T
et e (B10)

- 5Ty =~ 4—7:_'2)-—'7:,(1- 2 B
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Subtracting (B4) from (B3), we have

e R (‘”)mesb
(B 11)

B+ By )= —EE (W 4T )+ 222Gy )
. From (B2) and (B1l), it follows that

(En + E» )+ ZEM‘M% (-6} -—E4-)
M= 't Lot

\ 5‘7“"/ 219 g, 0, /
= —2 < = W'I —fﬂzj + (M)‘
ndsy+ m%)ww%f g9 S )
(B 12)
Eiimina;ing (E; - B4) in (B9) by (Bl2), we have
(HM‘)(!—rMM ¢) (% *E)_’_ W“?{'M‘“ [T, Ev,)
(2*mes'y) M*“/Jw‘{—wyf A2
T W
Qlw jlfc,"* WLF QI")*Z%‘)—(MFX—M)])?
v
E#m‘%’% (B 13)

M 2ind (T 9= %),
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From (BY) and (B10) it follows that

L (mfgity oy — QR w) ) 2 4, )
2* ('t m oty )

2m'y 2 m .
A €t &G
(o) et (876 (
Bl4)

= T i cotp (-

7C:k)

+2md (& a?) .

Then (El-i- E;) and (El - EZ) can be given as

D (El T Ez)
M
= [ femioy (- w0 )|
‘V"
‘ 44U A\
[l e g
v (B15)
Qi @7% 21 ad (——34— &—-&7)} Zwim’ sin\fod
M= bt o't L(0Fmes"y)
where ’
D A (MQ.MN(UC@i’l (Q'HMII ) AM f[ff-ml

03 0% m* cot ) JEr

F A 2 25,7 2 2 .2
_ MTM{MTMIM g ) mtJ0%m Ve
2(0m o’y ) m-'“_?{-,,wgtfwx,c
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and

P(E -T.)

4=( z’w (0T 1Ty )+ 25

(M(ﬁx—g ?‘3)?

o———

ALY g (‘}Qa e«)} (M pestt L)

T M sy Lo L mieo™ )
4Tiw ) |
s wrw =L+ M‘)+ 2ind (-"—E—ix.-sﬂ)}
(£%m7) (25 many) (B16)
(B4Hcor ) Mt co

Hence under the condition that IfI~Iml , orders of

magnitude El and E2 are given asg,

E, E ~ o Tt STy + 4T )+ 2 By
(B17)
w
T Tc (MPX—Q(%)-Q-‘L&((MS;—,QSY)‘

Now, from (Bl) and (B2), we have
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Vil rr-sswavywl A
N N |
o+ 0y — [t cop+ L mmt
N |\W\/)M‘/\\}' ' m m\f
+| g+ ‘ ){E
( t Mt -L-é‘-"w% — {13 co\f 1 Qanly- ?
\ > ' N (BlB)
+ (g4 ST et E+
- St 0 coot 0
= —Z:Md (Qx-&- Lin o ¥ S )
= 23 corp+10
and (Bl1l) leads to -
I 2 {W
E4=—r 5_(!"/\7/“’“‘7' ™ Q)Ez
_ it tw R+ L2-co v
fQ—ﬁ%CM¥— v
(B19)

MW Y
+ —j'—g'r—(”"‘iyrf 0 Tw) + 2 (hpe— 0 @7) 7
From (BL17), (Bl8) and (Bl9), orders of magnitude of
Eg and E4 are given as,

grw b
—T Iy + g (MI‘g—rlI;)-r— Tc By

Eg/ E«f— n
(B20)

W
-+ L‘L‘y—'v]- C (MF)(‘ Qe\a) + 2d Ley~+ MQQ\} )
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CHAPTER IV

THEORY OF WORLD-WIDE CHANGES

It follows from the discussion in Chapter III that
the screening effect of the lonosphere may be appreciable
for world-wide changes., Hence the observed field which is
analyzed in Chapter II must be corrected for the modula-
t}on_by the lonosphere before we can infer the cause of the
phenomenon which 1s supposed to operate at the magnetospheric
boundary.

The main change of world-wide changes has a time
scale of a few minutes., As illustrated in PFigure 19b, its
magnitude changes but little with local time, but varies
with latitude, 1in middle and low latitudes, with a
characteristic scale of the order of lO8 cm. Hence for
this part of the change we have,

-2 -]

w 4% |0 AL

/

,Q_ ~ lD”x owt",.

iml & el

On the other hand, the preceding reverse change, which has
a time scale of several tens of seconds, is observed only
in a limited range of local time as shown by Figure 1l9a.
In middle and low latitudes, the characteristic distance

of variation of i1ts magnitude is of the order of lO8 cm both
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latitﬁdinally and longitudinally. However, to avoid the
mathematical complexity encountered in the preceding
chapter (see Appendix B), the variation with local time

is neglected, and for the preceding reverse change we take

w, £ andw as

o)

W s 10" A
ﬁ ~ \0-3 (,W-“,
ml <« 1Ll
The change in the horizontal component ofAthe electro-

magnetic field at the upper boundary of the neutral atmos-

phere (z = d) is given by

LoRw  _{(pf-wt)
Brw= 27,80 e
E L ,

g0 _l(eA-we)
= 2, w ,
where Eh(d) 5 By(o) : change observed on the ground,
and
v 40w Qow
W' —
JE . = 14 ij;
(71)
_Eh_)_ ?Q,‘O/VJ—- Wz E Q/D/w
<Py = Turer 7Y,
From the condition that [mi«ie] | the

expressions (60) and (61l) for the electromagnetic field in

the magnetosphere can be simplified to give



- 106 -

Q0w (X -wk )+ 1 RIE =)
E=L[E (o1, 0)
- . %
p,0w _;(Ql—wt)—-lﬂl(l'p)
" 0
rE b0 ) (72)
28w U+ (—Qewty- o2 ) - D) Wt
+E, (Mmy 0, ~wo¥) ¢ i
L =3 O (heary + ﬁ%sc)(?”’)“” f
+ Ey (MmYf, 0 —w¥)e
_~ ) —Bl-wt) + 18z -D)
f,0W . —(0~wt) =t 2l(2=P)
+ Ez (IQI,O)TWK ) e ( (73)

gom | et (et o= ) (2-p) —wt
+E3 (0/%0)6"f 'V)’:‘lr) %

g,om I S et (- em~f+ )(Z—D) —Wt f
+ ¢ o - ‘—_'V_—'/ 0

’

For modes 1 and 2, the electric field is perpendicular to
the meridian, and for modes 3 and 4 it is in the meridi-
onal plane. In the magnetosphere where the conductivity
is infinite, the following relationship holds:

E= - /L— w A Bo

— < -
where WL 1is the velocity of the plasma and B, is the main

geomagnetic field which is in the meridional plane. This

/
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shows that modes 1 and 2 are assoclated with a plasma
motion in the meridional plane (poloidal), while modes 3
and 4 are accompanied by a plasma motion perpendicular
to the meridian (%oroidal). The incident field is composed
of modes 1 and 3 in the northern hemisphere, and of modes
1l and 4 in the southern hemisphere.

The electromagnetic field in the neutral atmos-
phere and that In the magnetosphere are connected by

equations (49) and (51)
E)* Ez - ZlQ|d£‘al

/L(/KL[/ (E; + Eq.): Zlfld,gxl

T iw ¢
(€ -F) = 55— L+ 2-5Fx

fw T ) W
- (BB = - F- Loy 2 =2 fy

where prefixes are omitted. Hence the amplitudes El’ E5

and E4 of the incident field can be related to ¢y, and 23 by

2E|= Z'Q‘AE?‘P —fl*_‘o‘,{ll’—llz—)‘_]:‘a +- ?_2\8,

21 41 d 4TV 2V
S L AL -S, LA, S
2%; PITPERS c? L I (75)

200 4 (,_ AV 2 W
o X ¢ l2lc

ZE«,.’-:
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where

Zt 2:Z
[ = —— 21R ) d €5 ~ e 2(01d 5,7/

At

'Z’ .
= z 'dg .
I, S—2edor T 2kagy,

Frem these equations the change in the field at
ground level resulting from the incidence of each mode may
be obtained. When only the field of mode 1 is incident,
it follows from equation (75) that

2123-———1%4—2” 4‘72’37 Lo+ f';“,’f, @ =0
in the northern hemisphere,
MWV
and 2 By = %%__E‘— —ﬂz—,z&— ?ZIC} ¢ = 0 (76)
in the southern hemisphere.
With U~ 1070 g g 0Tem 5 1077 w2 10T Ak,
Vv ~ |0% tmaec? , and o | ~ | , orders of magnitude

of the terms in equation (76) may be estimated
first term ~ 107 ¢y )

second term ~ ¢y

2?/
third term ~ 1070 €y .
Hence it follows that

IX=O
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2, éx, = f-,_ i\a

Y / (77)

in both hemispheres. This shows that ¢, and i} are of the
same order of magnitude. Denoting this by ¢ , the magni-
tude of the observed magnetic field may be written from
equation (71) as

5 ~ 2-7%‘2 13
The order of magnitude of the magnetiec field due to the

ionospheric current is given by

gmizf_wz Lde

It follows from these estimates that

@ ¢t .
Since 1072 w 2 (07 pec for the present case, equation
(78) shows that b‘<€ :'the contribution from the ioncs-

pheric current to the observed change in the magnetic field

is negligible. Thus for the incidence of the field of

mode 1, ionospheric screening 1s not effective.
Substituting equation (77) into equation (71),

we have

12Z, c
fr = (0 T e 2

WY T,
?‘&z’(nuc = ot B
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for both hemispheres. With wiilwe' and T~ 1T,
it follows that

|§x\ > 1@3 |,
ie, the observed direction of the change in the magnetic
field is approximately in the meridional plane., Substi-
tuting equations (77) and (79) into the first of equation

(75), we have

w o\ T 21e0d
2E = ¥ (IGIC) > ¢ [
;) Y
s (a2 L) L s (80)
, NN
- Z ;m bx

This shows that to an observed increase in the horizontal
component ( P@Uwﬁx)=Ee(%%)<0) corresponds an incidence of
the field with El.< 0 in both hemispheres. The incident
electric field 1s then directed westward, and the
associated motion of the magnetospheric plasma is
compressional, A decrease in the horizontal component,
on the other hand, implies E1:> O; the incident electric
field is directed eastward and the associated plasma
motion is expanding. Vectors of the incident and the
observed field for the case of incidence of mode 1 are
illustrated in Figure 21.

The screeﬁing current in middle and low latitudes

is given by equations (76) and (79) as,
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< Neutrdl atmosphere -
Bplo) Bpfo)
North South

Figure 21. Vectors of the observed and incident fields
when the field of mode 1 1s incident. E: incident
electric field, u : velocity of the assoclated plasma
motion, ‘_B_,(o) ¢ horizontal component of the observed
field, and Bo: geomagnetic main field.
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¢t 210 d ‘. (81)
4TV amf

Ix=:;

I‘M)Cd?z
- By
2TV T, ,

i

in the northern hemisphere,
wwad Zz
2TV 2D EX 4

I

in the southern hemisphere,

I

7*—:2(221- Z'l> LR B

. | VT

When the fields of mode 3 (in the northern hemis-
phere) and mode 4 (in the southern hemisphere) are incident,

it follows from equation (75) that

4T N
1

1\3%22? = () (88)

’

7E, = zwlds?+

in both hemispheres. The orders of magnitude of each term
are given by

first term ~ 10~ éﬂ,
second term ~ W &£y, 6 W 2?/
third term ~ 87

Hence for equation (82) to hold, & must be of the order of

' uf*27 as given by

4’”"“’0 ‘Z:Z Zleld 21 + 2,?_\} = (85)
L1 ¢ Ay .



- 113 -

Since w <107, it follows that l€1| & 1Szl ,

and ¢4 gives the order of magnitude of the incident field

~

£ . From equations (71) and (83) we have

B = - ?T\"Z‘TIQIo( <x,
C aum
(84)
| w
= — %
H 121 ¢ /
in both hemispheres. With Z,~ —10%¢s, L~ 107w,
A~ 107 om and  w £ 10aec! , it can be seen that
(Fil » | g?l

and the order of magnitude of the observed change in the

magnetic field is given by

L, ST pd ‘
N G :

The order of magnitude of the magnetic field produced by

the ionospheric current is given by

b~ gz 04 <
[
where

2:* : IIII ~ ‘Tzl
Hence it follows that

b
— A~ 1
B .
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This shows that the contribution from the ionospheric
current to the observed change in the magnetic field is
not negligible: the ionospheric screening effect has to
be taken into account in this case.

Substituting equation (84) into equation (75), it
may be seen that the incident field in the northern hemis-
phere is characterized by a factor Ex given by

v

S SRV C (86)

and in the southern hemisphere by

v
Ee —
Z M CZ‘;M% @1 .
The increase in the horizontal component ( ?z'<° ) thus

corresponds to E <0 and E¢ <0 . The horizontal
component of the incident electric field is directed north-
wards in the northern hemisphere and southwards in the
southern hemisphere. The associated motion of the magneto-
spheric plasma is toroidal and is directed westwards in
both hemispheres, as illustrated in Figure 22.

In both hemispheres, the incident magnetic field
is directed perpendicular to the meridian; eastward in the
northern and westward in the southern hemisphere, while the
observed change in the geomagnetic field is approximately
in the meridional plane. Thus in the case of incidence of

modes 3 and 4, the direction of the change in the magnetic
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Neutral atmosphere
A——— <T-
g,‘,m) Ent0)
North \ South

Figure 22. Vectors of observed and incident fields

when the field of mode 3 (in the northern hemisphere) and
of mode 4 (in the southern hemisphere) is ineildent. Symbols
are the same as in Figure 21.
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field is rotated through 90° by the screening effect of
the ilonosphere. The screening current in middle and low

latitudes is given from equations (75) and (84) by

L= —ore fx
41735 MmY ’

L= - = f,
in both hemispheres. ‘

Thus the incident field of both modes is found to
give rise to a change in the meridilonal component of the
geomagnetic field} The change in the T-W component is
found to be small compared to that in the meridional com-
ponent. Since this result is closely related to the
condition that [ml <« 2| , the direction of the change in
the magnetic field actually observed may not necessarily be
in this way if [ml is not negligible compared with 10| ,
as 1t is for the preceding reverse change. Hence in
rélating the observed field to the incident field in the
magnetosphere using the present results, it may be reason-
able to take note only of the meridional component of the
magnetic field.

The main change‘is an increase (for a positive
change) or a decrease (for a negative change) in the
horizontal component of the geomagnetic field all over the
world. If this part of the change is assumed to result
from the incidence of the field of mode 1, it follows that
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the magnetospheric plasma is contracting (for a positive
change) or expanding (for a negative change) everywhere

at the time of a main change. ~?‘his is consistent with

the generally accepted ideanthat the main change of sudden

commencements (which has the same characteristics as

., positive changes) is due to the compression of the magneto-

sphere resulting from the sudden increase in the impact
pressure of the solar corpuscular stream, Negative changes
may then be related with a sudden decrease in it. If, on
the other hand, we assume that the main change 1s related
to the incidence of modes 3 and 4, it follows that the
magnetospheric plasma is rotating westwards (for a positive
change) andleastwards (for a negative change) everywhere at
the time of the main change. The incident slectric field
is then directed outwards (for a positive change) or inwards
(for a negative change) with respect to the magnetospheriec
boundary. This seems also to indicate a sudden change in
‘the lmpact pressure of the solar corpuscular stream., Due
to their larger inertla, protons in the stream may
penetrate farther into the magnetosphere than electrons,
and this causes a polarization directed outwards at the
magnetospheric boundary. When the physical state of the
corpuscular stream is kept stationary, the electric field
due to this polarization may be neutralized by the
displacement of the magnetospheric plasma. But when the
impact pressure of the stream suddenly changes, the polari-

zation produced by the stream plasma is also suddenly
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changed, and until it 1s neutralized by the resulting
displacement of the magnetospheric plasma it will cause

an electric field with the sense indicated above., It seems
therefore that the main change of world-wide changes is the
result of a change in the size of the magnetosphere result-
ing from a change in the impact pressure of the solar
corpuscular streamn.

The preceding reverse change is a decrease (for a
positive change) or an increase (for a negative change) in
the horizontal component observed immediately preceding
the main change in most parts of the afternoon side of the
Barth. If interpreted as a result of the incidence of
mode 1, the appearance of a preceding reverse change
indicates the occurrence of an expansion (for a positive
change) or of a compression (for a negative change) of the
afternoon side of the magnetosphere immediately preceding
its world-wide compression (for a positive change) or
expansion (for a negative change). This model is, however,
hard to accept siﬁce the afternoon side of the magnetosphere
is the very region where the influence of the stream is
felt in the first place, as can be seen by the distribution
of thé time of onset illustrated in Figure 1l2. The change
conveyed to the ground on the afternoon side of the Earth
by mode 1 must be in the same sense as that transmitted to
the remaining parts of the Earth.

If, on the other hand, we relate this part of the
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change to the incidence of modes 3 and 4, the associated
flow of the magnetospheric plasma will be directed east-
wards (for a positive change) or westwards (for a negative
change) on the afternoon side. Such a flow seems probable,
since as the corpuscular stream flows by the magnetosphere,
a shear stress is exerted on 1it, ben&ing the lines of force
towards the night side. An increase in the impact

pressure may be associated with an increase in the shear
stress, and lines of force, together with the magneto-
spheric plasma, will be brought further towards the night
side. When the impact pressure is weakened, the shear
stress will also be weakened, and the lines of force,
together with the magnetospheric plasma, will return to the
sunward side., Hence positive changes are associated with
eastward flow and negative changesiwith westward flow of
the magnetospheric plasma on the afternoon side. The
absence of preceding reverse changes on the morning side

1s consistent with this ldea, because the direction of flow
on this side is opposite to that on the afternoon side,

and the resulting change of the geomagnetic field on the
ground has the same sense as that of the main change.

Thus the preceding reverse change seems to result
from a sudden change in the shear stress of the solar
corpuscular stream exerted on the magnetosphere. A similar
idea was presented by Parker (Wilson and Sugiura, 1961) %o

explain the regularity in the sense of rotation of the
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initial part of sudden commencements, But his idea, which
ignores the ilnospheric screening effect, fails to explain
the appearance of the preceding reverse change in the
horizontal component only on the afternoon side of the
Earth. According to his model, the direetion of the
initial varilation of the magnetic vector of sudden commence-
ments should be longitudinal everywhere, in contradiction
with observations. The regularity in the sense of rotation
is not discussed here since (1) In the present model which
neglects the variation of the magnitude of the change with
local time, the longitudinal component of the change in the
geomagnetic field can not be reliable and (2) A strong
objection is presented by Matsushita (1962) to the results
of analysis given by Wilson and Sugiura.

Since the characteristic distance in which the
Alfven wave velocity varies is shorter than the wave length
corresponding to an angular frequency of lO-lZUJZ lO"2 sec_l
(see Appendix II), the estimation of the time of propagation
of the change from the magnetospheric boundary to the
ground on the basis of ray thecry is misleading. Hence the
distribution of the times of onset given by Figure 12 can
not readily be explained. The preceding reverse change
precedes the main change possibly because the deformation of
the magnetosphere by a shear stress may be achieved in an
interval of time short compared with that required for a

change of its size by the impact pressurs.
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CHAPTER V

CONCLUSIONS

Summarizing the results of this thesis, the
inflgence of the solar corpuscular stream on the geomag-
netic field can be deseribed as follows.

The upper atmOSphere‘of the Barth is composed of
plasma with the geomagnetic field frozen into it. The
impact pressure of the corpuscular stream which is always
flowing out from the sun cqnfines the geomagnetic field,
together with the Earthfs atmosphere, in a space of finite
dimensions called the magnetdsphere. At the same time,
the solar corpuscular stream exerts a shear stress on the
magnetosphere as it passes by, and geomagnetic lines of
force are pgnt towards the n;ght side. Thus in a stationary
state the configuration of the geomagnetic lines of force
may be illustrated in Figure 23.

The intensity of the seolar corpuscular stream is
as variable as the physical state of the solar atmosphere.
A sudden change in its intensity gives rise to a sudden
change in the impact pressure and the shear stress which it
exerts on the magnetosphere, and this will result in a
sudden change in the configuration of the geomagnetic lines
of force. The result is observed at ground level as a

sudden, world-wide change in the geomagnetic field. Such
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changes are observed guite frequently: almost every day
around sunspot maximum., A few of these changes are
followed by an interval of increased activity and are
known as sudden commencements of a magnetic storm. But
most of these changes are not associated with the
beginning of a magnetic storm. This difference may result
from the difference in the energy spectrum of the relevant
flow of the solar corpuscular stream,

If the intensity of the corpuscular stream is
suddenly strengthened, the impact pressure and the shear
stress are suddenly increased, and the geomagnetic lines
of force will be further compressed, and further dragged
towards the night side of the Earth from the stationary
configuration as shown in Figure 23. After being modulated
by the screening effect of the ionosphere, the effect of
this process is observed in the horizontal component of the
geomagnetic field as a decrease immediately followed by an
increase (in a regilon covering most of the afternoon side
of the BEarth) or as an increase (in the remaining regions).
If the intensity of the stream is suddenly weakened, on
the other hand, the resulting sudden decrease in the
impact pressure and the shear stress changes the stationary
configuration of the magnetosphere to the form illustrated
in Figure 23. The effect of this process on the horizontal
component of the geomagnetic field at ground level

produces a sudden increase immediately followed by a
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SOLAR _CORPUSCULAR STREAM

Schematie illustration of the configuration of lines of force,

Dotted curves

Figure 23.
represent the projection on the equatorial plane of representative lines of force.

Center: stationary configuration. Left: after an increase in intensity of the corpuscular
stream, Right: after a decrease in it.
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decrease (in a region covering most of the afternoon side
of the Earth) or a sudden decrease (in the remaining
regions) .

The present model seems to give a reasonable
explanation for such observed features as (1) the frequent
occurrence of world-wide changes in the geomagnetic field,
(2) the existence of positive and negative changes which
are morphologically identical, (3) the world-wide occurrence
of the main change and (4) the occurrence of the preceding
reverse change in a limited region covering most of the
afternoon side of the Earth. But in the present treatment,
(l)ﬁthe horizontal unliformity of the physical state of the
ionosphere and the geomagnetic main field is assumed, and
given physical parameters are representative of the state
in middle and low latitudes, and (2) variation in the
magnitude of the preceding reverse change with local time
is neglected. Further considerations without making these
assumptions are necessary to explain (1) the regularity in
the sense of rotation of the magnetic vector and (2) the
equatorial enhancement of the main and preceding reverse
change. The cause of the following reverse change also

remains to be explained.
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APPENDIX I

Classification of sudden impulses in the geomagnetic field

Committee No. 10 (on rapid variations and Earth
currents) of the International Association of Geomagnetism
and Aeronomy (I.A.G.A.) issued a special report at the 1957
meeting of the International Union of Geodesy and Geophysics
(I.U.G.Ge) in Toronto. This report contained the resolu-
tions of an earlier meeting held that year in Copenhagen.
Three kinds of sudden impulses in the geomagnetic field were

defined.

ssc A sudden impulse followed by an increase in
activity lasting at least one hour. The more intense
activity of the storm may appear iImmediately or it

may be delayed a few hours.

ssc® This is similar to an ssc, except that the sudden
impulse is immediately preceded, on at least one
component, by one or more small reverse oscillations.
In case the reverse movement has approximately the
same amplitude as the principal movement, it will be

reported as ssc (not ssc¥),

si If the observer sees an important sudden impulse
during a storm, but doubts that it represents the

beginning of a new storm, he should report it as si.
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As knowledge of the world-wide morphology of
these changes is accumulated, the incompleteness of the
present classification has become more apparent. The main
defect is the lack of regard of world-wide features of the
phenomenon. This is perhaps natural, since the above
specifications were given as indications for the classifica-
tion of phenomena at an individual station. Hence phenomena
are classified only by characteristics observed at a single
station regardless of world-wide features of the phenomena.
This makes the terminology used in the present classification
inadequate for the description of the overall features of the
phenomenon. For example, the present definition of sse™®
could apply to four different types of changes. Since these
four types of changes are entirely different in character,
confusion is unavoidable if the same terminology ssc™ is used
for their description.

According to the present definition of si, sudden
impulses which do not occur during a magnetic storm are not
counted as si, although both in reports from stations and in
published papers such occurrences are usually called si's.
Actually si's are observed quite frequently, and since they
show the same morphology as sc¢'s, they must be classified
in the same way as sc¢'s. (To make the revision in termin-
ology as small as possible, the terminology si is retained,
although in the main part of this thesis these are called

'world-wide changes' since they are not always impulse-shaped.)
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These indicate that we are now in a position to try and
revise, on the basis of our accumulated knowledge, the
present classification of sudden impulses in the geomag-

netic field.

F*OHF X F 4

The observed features of sudden impulses in the
geomagnetic field are summarized below. Descriptions
always refer to the horizontal component, since consider-

able clarity can be attained by noting this component only.

1. There are sudden changes 1in the geomagnetic field
which are observed all over the world with certain
features in common within a time interval of about one
minute. The sense of the change is either an increase
or a decrease. The part of the phenomenon which is
observed on a world-wide scale will be called the main
impulse. The overall phenomenon is called posltive or
negative according to the sign of the main impulse. The
overail morphology of the phenomenonvis independent of

the sign of the main impulse.

2. A sudden impulse may be classified into two categories
- those which mark the beginning of a magnetic storm
and those which do not. Their overall morphology is

identical in both cases.
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3o The main impulse may be accompanied, in some regions,
by a reverse impulse. These are of two types. The
first, which precedes the main impulse, will bs

called a preceding reverse impulse,

4. The second, which follows the main impulse, will be

called a following reverse impulse.

The possible confusion inherent in the present
classification is shown in the following example. Con-
sider the changes shown in Figure 24a and 24b. The change
1llustrated in Flgure 24a may be either

(1) A positive main impulse preceded by a preceding

reverse impulse, or

(2) A negative main impulse followed by a following

reverse impulse.
The change illustrated in Figure 24b may be either

(1) A positive main impulse followed by a following

reverse impulse, or

(2) A negative main impulse preceded by a preceding

reverse impulse.
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Figure 24. ’Examples of sudden impulses.

All these four cases are apparently different. But all of
them are sudden impulses which are accompanied, on at least
one component, by one or more small reverse oscillations.
Hence if they are followed by an interval of 'an increase

in activity lasting at least one hour'!, then all of them must
be called ssc*, thus losing any distinction between them. The
same difficulty is encountered if we try to classify sudden
impulses in the same way as sudden commencements into si

and si¥. Moreover, all of them must be called ssc if |H/|

is comparable with orvlaréer than [H.| (it is not rare that
following reverse change is smaller than main change), since

then the 'reverse movement has approximately the same



- 130 -

amplitude as the principal movement'. This introduces
further confusion. It is impossible to identify the nature

of the phenomenon using only the two terms - ssc and ssc®

L R S o

Hence an attempt is made to improve the present
classification. The terminology used by Matsushita (1957,
1960, 1962) is adopted as a basis. This is preferred to the
terminology used by Akasofu and Chapman (1960), since
this can be extended to the case of negative change in a

simpler way. This is extended in the following respects.

1. A clear distinction is made between the terminology for
the phenomenon as a whole and that for the phenomenon

as seen in various parts of the world.

2. Since their'morphologieslare the same, similar classifi-
cation and symbols are used for the four following
cases - a positive impulse preceding a period of
increased actlvity, for a negative impulse preceding a
period of increased ectivity, for a positive impulse not
preceding a period of increased activity, and a negative

impulse not preceding a period of increased activity.

Sudden impulses will first be divided into two
categories: those which are observed withlin about one minute

all over the‘worid,‘altheugh the shape of the impulse may not
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be exactly the same, and those which are not. Only the
first of these two categories are studied in this thesis.
World-wide sudden impulses are then classified according
to their relationship with the interval of increased

activity and the sign of the main impulse, as follows:

l. s¢ (positive sudden commencement). A phenomenon which
is observed as a sudden increase in the horizontal
component all over the world, and which precedes the
increase in activity lasting at least one hour all over
the world. In some regions the sudden increase in the

horizontal component is accompanied by a decrease.

P (se) (negative sudden commencement). A phenomenon
similar to an sc but with the sign of the owverall
impulse reversed. (This class of phenomena has not

been‘clearly identified in records.)

3, si (positive sudden impulse). A phenomenon which is
similar to an sc¢ but which does not precede the

increase in activity in the manner specified in 1.

4, (si) (negative sudden impulse). A phenomenon which
is similar to an si but with the sign of the overall

impulse reversed.

The above are the classifications of the phenomena as

a whoie} Each of these will appear in various shapes in
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different parts of the world, and will be denoted in the

following way.

1.1 SC At a place where only the main impulse is observed

at the time of the sz, the phenomenon will be called SC.

1.2 ~SC At a place where the main impulse and a preceding
reverse impulse are observed at the time of the sc, the

phenomenen will be called ~ SG.

1.3 SC At a place where the main impulse and a following
reverse impulse are observed at the time of the sc, the

phenomenon will be called SC .

1.4 ~SC At a place where the main impulse, preceding
reverse impulse and following reverse impulse are

observed, the phenomenon will be called ~SC .
2.1 (SC) Replace sc¢ in 1.1 by (sc)
2.2 (7SC) Replace sc in 1.2 by (sc)
2,3 (8CT) Replace s¢ in 1.3 by (sc)
2.4 (78C7) Replace sc in 1.4 by (sc)
3.L SI Replace se¢ in 1.1l by si

362 ST Replace s¢ in 1.2 by si

3.3 SI Replace sc¢ in 1.3 by si
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4.1

4.3

4.4

(ST)
(7sI)
(sI™)

(Ts17)

Replace

Replace

Replace

Replace

Replace

ScC

SC

sc

SC

Since the above
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in 1.4 by si
in 1.1 by (si)
in 1.2 by (si)
in 1.3 by (si)
in 1.4 by (si)

detailed classification is impossible

using data from only one station, the present official term-

inoclogy ssc¢ and sse™ might have to be retained for reporting.

But in an investigatlon of sudden impulses, the terminology

suggested above is preferable.
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APPENDIX II
THE OHMIC LAW IN THE UPPER ATMOSPHERE

1. Introduction

In electromagnetic theory, the property of the
medium is expressed by the following three.equations:
-'(i) an equation representing the relationship between the
magnetic induction B and the magnetic field intensity H,
(2) an equation.repreéentiﬁg'the relationship between the
electric displacement D and the electric field intensity E
and (3) an equation relating tﬁe electric current density
" J to the slectric field 1ntensity E. In the upper atmosphere

of the Earth the first two of these relationships are given
by B=Hand D = E to a good order of approximation. The

third,. which may be called the Ohmic law in a generalized
sense of the word, is derived from the equation of motion,
the equation of continuity and the equation of state of the

gas, and is expressed either as,

4 =% E

or as J >’ (IE_+-IC—1T_,\§0),

where v is the velbcity of the center of mass of the gas, and

/

Eo is the geomagnetic field. T and o’ are conductivity

matrices consisting generally of operators.
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The difference between these two representations
lies in the frame of reference in which j is derived. In
the first, J is derived in a frame in which E is observed.
In the second i is derived in a frame which is moving with
velocity v with respect to the frame in which E is observed,
and since the relativistic variation in J is small for the
values of v to be discussed later, j is approximately the
seme as Jj observed in the same frame as E. From a mathe-
matical point of view, in the first representation, the
variable v is already eliminated, and the property of the
medium is sufficiently expressed by a conductivity matrix & .
In the second representation, on the other hand, v is still
included, and hence to express the property of the gaseous
medium, equations relating v to the electromagnetic field
must also be used together with the Ohmic law.

In. spite of the greater simplicity of the first
expression of the Ohmiec law, the second representation is
usually adopted by most workers, beeause'it has been found
that in most cases studied in geomagnetism and aerononmy,
the behaviour of a gas under an electric field is expressed
as a drift of the center of mass in a directlon perpendicular

beth to the geomagnetic main field and to the direction of

the electric field, with a wvelocity given by,
_C
..“I -‘E?(E/\ Eo)

and the second representation of the Ohmic law 1s then



- 136a -

simplified as,

E 4+ ¥,.By=0
/

(Alfven, 1950; Cowling, 1957; Dungey, 1958; and others).
But, in the ionosphere, this simple expression does not
always hold. Particularly for angular frequencies w

1 4 107° sec'l, which correspond to a

' fahging'from 10~
time scale of 6 to 6000 seconds and include much of the
phenomena %treated In geomagnetism and aeronomy, this
expression can not be used (Watanabe, 1962). In this situ-
ation, the second expression seems to lose its advantage,
and might only add to the complexity of the problem by
including the variable v explicitly and thus increasing the
number of basic equations. Hence for a study of world-wide
changes, sclsand micropulsations in the geomagnetic field,
which have a time scale of one second to several minutes,
it seems preferable to use the first formulation of the

Ohmic law without including v explicitly.

Ionospheric data are tabulated in Table 6,

2+ Fundamental equations

The equations of motion for the three constituents
(eiectron, singly ionized positive ion and neutral particle)

of the model ionosphere are given by
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Table 1a. Tonospheric data

Altitude (km) N, N, T Ky Von ¥; Vie
80 2-8414 1-003 168 3-53712 1-988 6-874 2-561
90 3-9013 3-80¢ 176 9-75-10 2-785 9-473 6-802

100 6-0012 1-80% 208 3-00°8 4-48¢ 1-483 2-483
120 6-3011 2-005 390 31877 9-783 1-602 1-183
140 1-071 2-408 662 2-24—6 1-958 2.821 8-852
160 4.0010 3-005 926 7-50-6 4-432 1-012 4-982
180 2-0010 4:00% 1115 2-00—3 2-222% 5460 5-052
200 1-0710 6-005 1230 5-60—5 1-112 2-970 6772
220 6-60° 8-60% 1305 1-30—4 6-391 1-870 8-832
240 4-60° 1-308 1356 2-84—4 3-941 1-320 9:552
260 3-30° 1-808 1400 | 5-457* 2-581 9:6571 1-633
280 2-359° 2-208 1430 9-37-4 1-751 6-92-1 1.928
300 1-82° 2608 1455 1-43-3 1-141 5-4271 2-213
350 8-308 2-148 1488 2-58~2 4-77° 2-521 1-75%
400 4-708 ©1-538 - 1500 3-263 1-669 1-46-1 1-578
450 2-508 1-338 1500 5-33738 7-2571 7-90—2 1-113
500 1-438 9525 1500 6-65—3 3121 4-61—2 8-202
600 4-737 7-395 1500 1-56—2 6-3572 1-55~2 6-302
700 1-647 6-175 1500 3-76-2 1-9572 5:52-8 5-302
800 5-816 4-91% 1500 8-46—2 5753 2-05—3 4252

* T means the ionospheric temperature.

Table 6. Ionospheric Data (after Watanabe, 1962). Ny,: the

number density of neutral particles, Ng: the number density of

electrons, kf==-{fi , T: the lonospheric temperature,
and Ve=Vel+ Ven : the electron collision frequency,
and V! : the collision frequency of an ion with neutral

particles.
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h+ M + M
(1)
= — VP - CNO_(E +—IZ,“*QAE)
) W|e m m ]
N;Mi% ~+Ni Ve w:+ (Li=Ue) + NiVa o +r:n (Ki-tn)
) (2)
= -VPh +enN (E +-1(_—&{AB)/
AIAM MnWh Mai e
thn‘d}"" I\L‘Vﬁl a0 (M )+ NnVne W\ e (M,q k(e)
(3)

= —VPM ;

where m,, m; and m  are the masses, u,, u; and u, the average
velocities, Ne’ Ni and Nn the number densities, and Pe, Py
and P, the partial pressures, of an electron, an ion and a
neutral particle respectively. The second and third temms
on the left hand side of each equation represent the exchange

of momentum due to collisions between different kinds of
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particles, Ve , Ve« , and P, represent collision frequen-
cies of an ion wiﬁh electrons, an electron with neutral
particles and an ion with neutral particles respectively.
Three other collision fregquencies are related to them by the

equations

Ne Ve, = ‘N‘, )).‘e, NiVia = Na VM'H Ne Veu = Nn Vie ) (4)

(In deriving these collision frequencies,’it is assumed that
the direction of relative velocity between colliding
particles becomes completely random after each collision.)

The equations of continuity relating the u's and N's

are
%2; + div (Nekk) = 0, (5)
%% + diwv (NNwYy = 0, (6)

M div (N ) 7)

%

I
<

Let us assume that when a changing electromagnetic
field is not present, the velocity of each constitutent is
zero and that the denslty and partial pressure are constant
and homogeneous. Pressure PS and number density Ng (s = e,

i and n) are replaced by Py + pg and Ng+ ng, where capital
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letters denote the value corresponding to the state before
the changing electromagnetic field is introduced, and small
letters denote the perturbation associated with the changing
electromagnetic field. As the gas should be electrically

neutral in the stationary state, N_ = N., and will be denoted

e

by N Magnitudes of perturbing quantities are assumed to

P.
be small enough to allow the linearization of the above
equations. Neglecting also terms of the order me/m:.L or me/mn
(in comparison to the remaining terms), equations (1) - (7)

become

j
N,,Me%%e- + NpPeMe(e =44 ) + Ny Venielthe — tha)

= —v»re-—'eNr (_E; +.—lé L/,Le,\?l_g_o) , | (1)

W , -
Nf"\}% + erl\e Me (lé""_":e)*‘ Nf Vin M, (lé-"-_l’}n)

= — VP + efo (fi +'4§ W, B ) )
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= — Vfw ,

where Vin =5 Vin (assuming m; = my),
N \
___.ate + Np dv Ue = 0 (51)
i v A = 61
%z_ -+ Nr AN‘ kLl it O/ ( )
_9_’% + No dvtn = D (71)

where §O denotes the main geomagnetic field which is far

stronger than the changing magnetic field. Assuming that fthe

change in state takes place adiabatically, Pq and ng

(s = e, 1 and n) are related by the equations

fe = Qe Me Me, Qe = _LE_;I., (8)
P o= A7 mini, o= KL (9)
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Mn

P = Qo n Mo, 0= (IXT (10)
‘ ’

(Note: K = Boltzman constant; k = magnitude of wave vector.)

The above equations can be solved in the fomm,

o E (11)

I3~
I

I

Npe (Wi — Ue),
and ‘¢ 1s a conductivity matrix.

Froﬁ.Maxwell's equation in a medium where € and r

can be approximated by unity.

wl E =__L: ‘2%", ‘ (13)
Mi=i}i+'la‘"a§?, (14)
Jv E = 4Tq, (15)
div 8 = 0 | (16)
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it follows that

|
e T 4 T 2
vE - ,c o = peAdvE ot — % T (18)

The right hand side of equation (18) includes the

gffects of the presence of a charged medium on the propaga-
tion of electromagnetic waves. The first term represents
the effect due to the inhomogeneity produced in the charged
medium, and the second term represents the effect due to the
presence of electric currents.

From equations (5') and (6') it follows that
-%%7 + div ji = 0
Hence using equation (15)we have,

d-‘v‘.%rgb_ + 471 Aiv j_ = 0 (181)

This is not an independent equation,however. It follows
directly from equation (18) by taking the divergence of both
sides, since E and i are time-dependent. The electric
field E can be derived from equations (11) and (18). The
assoclated magnetic field B can be derived from equations

(13), (14) and (16).

3. The Ohmic law

Equations (1) - (10) will be solved to derive T .
Let us assume that every variable in the preceding equations

-~k - we) ,
has the form: e . Then equations
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(1') - (3') can be written as,

NpMe (iw) Ye + er;e Me (Ue ~ i) + Np Veute (Ue —An )
(1n)
= ‘lk’ﬂz" €l\)r (E""’lcj’ %e/\Iée)/

‘ fowl‘,(\‘W)lL/}( +Nf)7.‘e Me (Wi —We ) + Nf Piu i (Ad — Yn )
(2r1)

Naaliv) Yo+ NpViami (Ua —143) + Np Vowle (Un — Ye )
(510)

= C;&_?n/

and using equations (5') - (7'), (8) - (10) become,

"De'—‘ e Me Nr‘vlo’ (_k'_\ﬂ>, (8")
Po= 0rm: Nr_lﬂ (k- w), (91)
po = (0 ma N L (e ) (10')
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It can be shown that the terms representing the pressure
gradient in equations (1'') - (3''), viz. kae, e pi
and XW?M may be neglected in comparison with other terms
under certain conditions which are fulfilled in the present

problem. These conditions are,

INfMQW."}CI/ |Nf\).‘¢W\e.\’Ee|l INFVQAW\e_lﬁel,
(19)
| Np Viewe i [, [Np Yen e Un | |- Ny e, Bs |
> Rl |k (kowo)|
INpwiw W, [ NpYie e W, [ NpPiwmi il [
(20)

INr)).\eW\c&CI, 'Nr)’/-\m.‘ﬂ'“l, l"i—N;—lé‘/\E."”
> LnN 1k kow) |
[ No W w0 1, | Np Wit Wn | | Np Ve o U],

lNr))fﬂM;Z\_”, ,Nf\»bnw\c&el > M%;N-"—l_% Cé%")‘ (21)

These may be summarized as,



- 145 -

(_W,)l» JRT w yKT w o IAT FnT
& Me Ve Me , Yen e | T

W oOYT w_ YT ¥KT W Na JHT

Vie m:, Vi m. WMn , Vi Nf M,
W Ne ¥HT W KT W j’w? nT (22)
Ve n Nr M €, ))I‘E me ’ V/.' " f m j /

w ’Nn xuT
)/kn N? w\e .
From the ionospheric data shown in table 6, it can be seen

that on theright hand side of the inequality (22), the temm

w Na ¥KT . ]
Ve “f Me is the largest at any height. Hence the

condition (22) may be represented by

L FRT | Nn (22!
»&1 >> Me w Yen Nr . )

It can be seen that thg condition (22) can be satisfied for
W = 1072 sec”t only if

t (23)

7 —Z: » 3IX o7

This means that there should be little difference in the
characteristics of the phenomenon over distances of about
30,000 km (300° along a meridian). This is a rather severe
condition that does not seem to be fulfilled in the case of
world-wide changes. DBut it can be seen that all terms appear-

ing in the condition (22) other than the largest are smaller

T

than e%j if

o ekT | M (2217)
= 7 Tm wv. N
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This can be satisfied when (w = 1072 sec—l)
J— > (xlog (231)
k /

i.e., when features of the phenomena are similar over
distances of 1000 km (190° along a meridian), which seems to
be true in the present case. Hence 1t may be said that when
the condition (23?) is fulfilled, all the terms in equations
(1') - (8') are larger than the pressure gradient terms with
the exception of one term - that which is related to the
largest term on the right hand side of (22). This is

N, Ven m Uy on the left hand side of equation (3'), which is
the smallest among the non-pressure gradient terms. Hence
equations (1') - (3') may be approximated consistently by
condition (23') by dropping, in addition to the pressure

gradient termé, the term Np Ve, m u, in equation (3'). The

e
upper limit of the error introduced by this approximation is
given by the ratio of the largest of the dropped terms to

the smallest of the retained terms, i.e. by

2 \ /
GKT 'k NH Ml)}m ] (25“)

M“[ m; win  Np, MeVen J
which is small enough - ranging from 1072 at 80 km to 1071
at 500 km. This estimation of the upper limit of the error
is quite strict, and the real order of magnitude of the

error could be considérably smaller than that given here.
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Equations (1'') - (3'') are solved under this
approximation. The components of Ee and u; perpendicular
to the main magnetic field §oare denoted by g; and gi} and

written as,

L

L 4 ne Lt
U, = ( Ae EE + Ae/ ——%— We B. + e _C!A/\B_‘D)24)

L B:
A [4

i B ON _

where
A= o (.‘w)?+ (; (.‘9)z+ yow) + 3
Ar= (W) + B (W) + ¥,
Al = oS W) g () + 8

"o 3 " /7
A= o W) + B, W)+ &5,

where S= e o A,

and

A = Nfz Na Me M, My,

NFz Nn Me M Ma Veu

-
i
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f = Nfz Na e M My Yen )’;v\ ,

o
I

2 Nr3 Me™ M! Ven V,‘/n Vie p

Ole - —Nf; Nn m,‘mn,

@Q - — NFI N" Mul Mn an/

o
r~

n
)

Qe = — Nf: Na m.“MM,

: /
B = — Ny Nw 0 fla Vi

“

Py
|

9
— Np* e Wi Ve Kiw'

ﬁe = Nf Nu e My Vie,
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n

I

{e Nr3 Me M; Ven an ,
ol; = er Nn. W‘e WLn/

NPI Nn Me mn Ven,

»
I

>
ll
S

o = 0,

B = = Np" Nu e ia Ve,

X;/ = — Nr3 me in; Ver V,'/r\,
o(;” = NFI Nn Me m,
(3;// — er NA Me n Veh ;

= Nf? Me M, Ven Vf'“,
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From equations (24) and (25) it follows that

T / 2
adal €8 Ae Al B '?WZ'—
{ I + Az C/‘L Az r —

.
'
A

ad a2 B ad'al €8, ‘(

+ { at T N ct -
AQ 4 J Voo el -

_ —;——-Q_E -t———L—A,_ (AQAQ_+AeA-)—Z“EA B’D/ (26)

at &3 A [

{A'.’ Ae’ CZBDZ A‘/ A‘H C’LB"I ? .

2 , A
ala) B, alal eB 7 )
At & 22 S -

2
N il / gt
e = +—L—51(A:Ae +ala)) —E. B

The components of u, and u; parallel to Eo’ denoted by E';

and g"i are given by

n PaN ]
he = = e & (28)
_— PN —_ 7/
\ ]
W = 2 e’ (29)
— PaN
The solution of equations (26) - (29) can, in general,

be written in the form,

.ot L ; )
MG,U_L;L’” ¢ (w) + - --- @E*@—(L—Ei
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kR
| ) Lw)+ - - - - L
Wl o~ A= ¢El
- UW)+ -
(31)
where (:w)sz-i-w-- represents a power series in ( (W ) of

order §, and .ﬁ,g,ﬁ are non-zero constants. The complete
expression must be derived i1f we wish to find out the
characteristics over the entire frequency range. But in the
present problem, we are interested in a limited range of
frequency, and further approximation is possible.

The following condition holds between 80 and 500 km

-1 - -
for w ranging from 10 to 10 2 sec l.

Min (Ven, Yo, Vie) > w

 Ven Vin M, Pl
> Mﬂ){ (N?MCWM NpW. Ve Np )

Nn win , Mv\mn)’.‘e; Nawn

This is equivalent to

N?m:))e»\ Vﬁ\
NA Win ))l\c

Vi » w >

/

s and A”s may be approximated as,

Then A, As, A
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= 2 \ s Me Ve VAN

Ae == Np"No i Mo Vin (W)

Me Ve

Ac —-—N{, Now IS Wi Vi ('w)(l+ "V

A= NP Nnmute Vi (iv), (33)

o, = NF1 Nn Me My Ven (W),

A}/ = - erNn Mn Me V.‘e(l‘k/),

P
A{”——- NP Nn Me pn Ver (1w) ( I+ Vei )

Above the 120 km level, where 1 % jpf{. , equations

(26) - (29) can be solved to give,

L Ml - et Vie o
= ' T p € n . 34
_1 M;h],'z. — wl'.w'. w,’z E A P. ! ( )
1 = Nper v (35)
Me Ven -
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where b,denotes a unit vector in the direction of B,.

Between 80 and 120 km, where W& Vi , the solution is,

1 2 \ ? L
= Ml Sar) g Mpe EL ), (36)
-_ w ) W, We - Mn\'Jl 4

by Nﬁc’ L (37)
ﬂ T e Ven Eé .

Thus the conductivity below the 500 km level is real and inde-

pendent of w . The ionosphere behaves like a conductor with

anisotropic conductivity given by

T = a3 a3 0
(38)
-0 o 0
0 0 o/,

where the z-axis is taken in the direction of Eo’ and from

80 to 120 km,

e et VnV/.‘

M, Vin Wy We

!

2
O“Iz—lﬁ_——

miwe

g = _NE____
Me Vev\

and from 120 to 500 km,

ey
o, = —NMpe¥i

miw,*
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1.4 2
0_1———‘*?————“-6))'“

m,ow,>,

o~ = —Npe
° e Ven

These are tabulated in table 7, and illustrated in
figure 25. Above the 500 km level, either of the following
conditions 1is satisfied:

)},{y\ & w K Ven/ )),‘¢ , (39)

or ,

Vin ) Vew & W & Ve (40)

W taken to lie between 10 % and 1072 sec™™ does not exceed
Ve anywhere, because Ve is of the order of 10% sec™t with
“a magnetospheric temperature of 105°K and a plasma density
of 10° em™°. Under the condition (39), A, A AS/ ) A”s

may be written as

A = N,f Nn Me i, min (Ven =+ Ve )(n'w/)l,

Ae = = Np" Na i n ()",

Aa/ = — Nif Na W (1w) 1,

Ae/l= NFL Nu My Me Vie (iv) (41)

A = NFl Np M, e Ven (W),
A;, == - NPL Nn Mn Me V:‘Q ('\W),

A!',,— NPXNV\ MV\‘V\Q (Veh""))-?)("‘\)) -



Table 7.

-1

=
<

5

Electrical conductivity in the ionosphere.*

Altitude (km)

80

920
100
120
140
160
180
200
2580
300
350
400
450
500

as

3,104

6.10°

1.108

%.10°
7.10°

3,101°

35,1019

5,100

1.10%1

1.1011

1.10%t

1.10+%
1.10%t

1.10tt

#Cgs Gauss units are used.
other systems of units by,

Gy

=

"

CI

!
cS‘e:;mf /

G‘Q‘\, {, .

o
1.10%
5,10%
2,10°
4.10°
7.10°
5,10°
2.10°
9.10%
4,10%
2.10%
8.10°
4.10°
2.10°

1.10°

10z |

3,104
8.10°
3,10°
5.10°
1.10°
4.10%
6.10°
2,10°
2,107
4.10t
8.10°
2.10°

6,10~ +

2,101

These may be transformed into
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500

400- %!

300
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///
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Figure 25.

cgs Gaup
Distribution of the electrical conductivity with height.
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Substituting these into equations (26) - (29) it follows
that,

t L MEWI.'C1 \ L Np Ce (iw)” E'L ,
—J- - Bo -(IW)E N "Bo wyr — N h , (42)
M@(Ven'f' Ple ) ,

Under condition (40) we have,
A= “ft Npn me mimn Vie (;‘W)‘,

2z x oy Y

De = — Ny No Mim. (iw)

Ae/: — NFI Nun M Wn (I‘W)Z,

(44)
Ae = /\/pL Mn MnMe Vie (iw),
A, = nyl Mo Mn Me (:‘Q)I,
A - —Np~ N Mo m; Ve (iw ),
A= N N ha e Vie (1) .
It follows then that,
= —”?—V’-é—i;él—(wg*— M L) gl b.  (49)
yr Npe’ =" (46)

Me Ve



Hence above 500 km the conductivity is given by
. 3
o o= N V”B';C (iw)

Npce  (iw)

oy= — B. W, ) (47)
Np e’
JTo = *
W‘e()&n‘f-l).‘e) )

The main difference between the confuctivity matrix
given by (38) and that given by (47) lies in the dependence
of v on W. Below about 500 km, o7 is a constant independent
of w , and the medium behaves as an anisotropic conductor.
Above the 500 km level, on the other hand, ¢, is propor-
tional to (W . Substituting this into the Maxwell equation

A R
2t ¢ B> )

it can be seen that this has an effect equivalent to alter-
nating the dielectric constant. Hence the phase velocity of
the propagation of the slectromagnetic field becomes entirely
different from ¢. This mode of propagation of the electro-
magnetic field is called a magnetohydrodynamic wave.

Equation (48) has been solved in the case of transverse
propagation by Spitzer (1956). But it is more customary to

rewrite j as,

’

4= 7 (2 LTaB) (49)
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~7
V -is the velocity of the center of mass of the gas and o

is the conductivity matrix as determined in é frame which 1is

moving with the velocity v, v, defined by,

— NpMi Wi tmelte)+ Nnihn Un (50)
- ' NF(VM"+ Mé’) -+ '\/V\Mh /
is given from equations (1) - (3) by

F'éggf —_ *E— A—A‘E% , (51)

where
= Np (M+ Me ) + NaWn .
Substituting equations (42) or (45) into equation (1) and

noting that Nrj»[dn in the magnetosphere, we have,

N Ot N (i) ot
Nrm;Hw)y=-E"(!?%:(‘——(.w)§Ag+—£ﬁ—(_Lﬁ_§ ) (52)

It follows from equations (49) and (52) that,

bW

E v Lv,.B= ", b
—_— [ —_ W /
/ (53)
' I . wo! Tiw)
and Yr L Wp' (w -E‘L_. M () 'EJ;\ b,
| 4= ‘Wi~ oow? -
where h#x is the proton plasma frequency defined by
ber \E
/ e
w = (‘FLL__>
.
Hence
/ wp' (i)
¢' - — P : 3
: 4T Wy s,
.O_ o N’E-‘ L. (54-')
A 4T Wi

J
(
J
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As w«wp, inside about ten earth radii for w . (0*~ 1vasedi

oy 1 « 16371 and it follows that,
i \ ‘W 4 3
| E *Jg—IAEﬂ“—T l—',,r E,b| < IETI (55)
Hence
L
E -+ —C(/—II\ Eo _“"—" 0 . (56)

?he theory of magnetohydrodynamic wave propagation is
constructed from this equation which implies that the mag-
netic lines of force are virtually frozen into the conductive
medium (Alfven, 1950: Cowling, 1957; Dungey , 1958).

But it must be noted that the applicability of the
theoretical ray treatment adoptsed by most previous workers
is quite limited for problems in geomagnetism and aeronomy.
Ray theory is valid only when the medium is sufficiently
uniform within a distance of a wavelength, i.e., it is
appropriate only for phenomena whose characteristic period
of variation T satisfies ;22-« 1, where V is the Alfven
velocity and L a characteristic distance of variation in V.
Table 8 shows that this condition requires T <« l&c in
most parts of the magnetosphere. Hence for most phenomena

studied in geomagnetism and aeronomy, theoretical ray

treatment is inadequatse.
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Table 8., Check of the uniformity of the maghetosphere.

Altitude (km) V(em/sec) L{cm) V/L(sec™1)
7.10° 3,108 5,108 6.107"
3,100 5,108 2.10% 3,10°
1.10° 5,107 4,107 1,109
5.10% 5.10" 3,107 2,10Y
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