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CHAPTER 1 

INTRODUCTION 

The magnetic field at the surface of the earth had been 

used for centuries as a means of navigating by its directional 

influence on small, supported magnets. In 1600 Sir William Gilbert 

in De_ Magnete attributed the earth's magnetic field to sources 

within the earth as a result of his experiments with small mag­

netized spheres of lodestone. Over 200 years later K. F. Gauss, 

in 1835, proved mathematically that the surface field was almost 

entirely due to sources below the surface. As early as 1635, 

however, Gellibrand discovered that the field was slowly changing. 

In addition to this secular change of the field certain regular 

and irregular changes, called transient variations of the direction 

of the field, on much smaller time scales were discovered and 

announced in 1722 by Graham. The regular ones occurred on a daily 

basis while the irregular ones possessed larger fluctuations which 

were superimposed on the regular changes. Celsius in Sweden and 

Graham in England, by comparing notes by letter, found in 1741 

that the irregular variation or magnetic disturbance was often 

simultaneous in the two places, thus establishing the existence 

of the world wide phenomenon of the magnetic storm. In 1843 

Schwabe made known the existence of the sunspot cycle and in 1852 

Sabine announced that the same cycle was evident in the transient 

magnetic variations. The advent of the field of solar-terrestrial 

relationships was at hand. In 1882 Balfour Stewart presented 
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his arguments for the existence of electric currents flowing in 

the upper atmosphere producing the observed fluctuations. He 

attributed the currents to a dynamo type of mechanism in which 

the air of the upper atmosphere became ionized due to the influence 

of the sun's radiation. The presence of winds in this region 

would carry the ionized gases across the magnetic field lines 

thereby producing the electric currents (Chapman, 1964). 

Another curious and more obvious phenomenon was soon 

shown to be intimately connected with solar-terrestrial relations, 

namely, the aurora. In 1770, Wilcke at Stockholm discovered that 

the auroral rays lie along the earth's magnetic field lines. A 

century later, in 1869, Elias Loomis published a paper showing 

the positions and heights of two of the greatest aurorae ever seen 

over North America. From data of stations around the earth he was 

able to draw the first auroral zone which had an oval form centered 

approximately about the geomagnetic pole and lying along lines 

of equal magnetic dip. In 1881 Goldstein offered the explanation 

that electric currents from the sun were responsible for much of 

the observed electric and magnetic phenomena on the earth (Chapman, 

1964). Later on, in 1896, Birkeland was able to show by his 

famous cathode ray "terella" experiments that the aurora could 

be produced by electric rays from the sun impinging upon the earth's 

dipole field to form the auroral zones (Stormer, 1955). The 

trajectories of energetic particles impinging upon the earth's 

dipole field were mathematically calculated by Carl Stormer (1955). 

The intersection of these trajectories with the surface of the 

earth exactly coincided with the zones found experimentally by 
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Birkeland. 

The main subject of this thesis had its beginning as early 

as 1912 when Cor.tie (1912) sought an explanation for the semiannual 

variation of geomagnetic activity with his "axial" hypothesis. 

In his paper, he proposed that the cause of the semiannual var­

iation, whose maxima were around September and March, was due to 

the proximity of the earth's heliographic latitude to the average 

latitude of the centers of solar activity. Later, Bartels (1932) 

offered his "equinoctial" hypothesis as an explanation for the 

semiannual variation. Mcintosh (1959) published evidence linking 

the orientation of the earth's dipole to the semiannual variation, 

thereby supporting the equinoctial hypothesis. Since then, several 

attempts have been made to support one or the other of these 

hypotheses (Priester and Cattani, 1962; Bartels, 1963; Currie, 

1966; Meyer, 1966; Roosen, 1966; Shapiro, 1969). 

In the following, a brief review of solar-terrestrial 

relationships is given. Geomagnetic activity and the index used 

to describe it will be briefly outlined. The characteristics of 

the solar wind and the magnetosphere will be mentioned. A mathe­

matical model of the boundary between the interplanetary medium 

and the medium in the immediate vicinity of the earth will be 

developed with the ultimate intention of identifying the physical 

mechanism causing the semiannual variation of geomagnetic activity. 

Data from some geomagnetic stations will be used to demonstrate 

how the diurnal variation of geomagnetic activity supports the 

physical mechanism proposed. Illustrative quantitative estimates of 

the., instability criterion developed will be made using satellite data. 

* 
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CHAPTER 2 

SOLAR-TERRESTRIAL RELATIONSHIPS 

2.1 Introduction 

This chapter is principally concerned with the disturbed 

conditions of the earth's magnetic field and some of the indices 

used to describe them. One set of indices will be used later in 

the data analysis. Disturbed conditions on the sun and their in­

fluence upon the earth will be surveyed before the main topic. 

No specific type of "solar-terrestrial" event is really sufficient 

to identify a certain effect on the earth with a disturbance occurring 

on the sun. It is felt, however, that the totality of events coupled 

with new and improved methods of observation and instrumentation 

will someday help to improve our understanding of the earth's 

environment in the interplanetary medium. The very large extent 

of disturbances and the large number of parameters involved make 

it difficult to identify an event with a specific cause. 

2.2 Flares,M-Regions, and Other Disturbances 

The phenomena occurring on the sun provide the solar system 

with spatial and temporal variations of electromagnetic radiation 

and corpuscular flux. The source of some of these variations has 

been traced to the solar flare. Some of the more intense flares 

release 1033 ergs within the first several minutes of their existence 

(Ellison, 1962). The sudden ionospheric disturbance (SID) is an 

enhancement of the electron density in the lower layers of the 

ionosphere during the daylight hours and is a direct consequence 

of the ionizing X-rays of the larger flares. The SID is detected 
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by the reflection and absorption effects the increased ionization 

has on certain radio waves (Collins and Herzberg, 1965). The SID 

is usually accompanied by the solar flare effect (SFE) which is a 

geomagnetic disturbance (called a "crochet") whose amplitude is 

about 25x10" gauss in the horizontal direction at the earth's 

surface and is believed to be due to flare-produced currents in 

the E and D regions of the ionosphere (Volland and Taubenheim, 1958). 

In some cases the particle emissions from solar flares 

begin making their presence known within several hours of the peak 

of the solar flare in the form of polar cap absorption (PCA). The 

PCA is detected as increased absorption of extra-terrestrial radio 

sources by riometers due to the ionizing influence of energetic 

protons on the constituents of the lower ionosphere in the polar 

regions. The lack of geomagnetic disturbance during the early 

stages of PCA events indicates a low density of these energetic 

protons (Reid, 1965). 

Approximately two days after the occurrence of some flares 

a high density, low energy plasma cloud intercepts the earth pro­

ducing a geomagnetic storm (Hartz, 1965), to be described in more 

detail in the next section. It is hard to find a one to one corre­

spondence between a solar flare and a geomagnetic storm since there 

are many more flares than storms (Paghis, 1965). The storms pro­

duced by flares can be termed "isolated" as opposed to the 27-day 

"recurring" geomagnetic storms produced by the M-regions hypothe­

sized by Bartels (1932). These "magnetically" active regions were 

assumed by Bartels to be emitters of long lived solar corpuscular 

radiation lasting for periods of several solar rotations. At times 
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these recurrent storms could be associated with centers of activity 

on the sun (Mustel, 1961), but at other times, they could not be 

associated with any identifiable features. Babcock and Babcock 

(1955) have suggested that the M-regions of Bartels may actually 

be the unipolar magnetic (UM) regions which they have observed. 

These regions have magnetic fields < 3 gauss and last for periods 

of several months. 

The streams from the M-regions and the plasma clouds from 

the flares are imbedded in the ever present solar wind which is 

discussed in the next chapter. The continual presence of solar 

corpuscles interacting with the earth's magnetic field gives rise 

to a host of other phenomena such as ionospheric noise, geomagnetic 

micropulsations (Barrington and Fejer, 1965), aurora (Stormer, 1955; 

Montalbetti, 1965; Blevis and Collins, 1965; Hultqvist, 1969), and 

as will be seen, the semiannual variation of geomagnetic activity. 

2.3 Geomagnetic Storms and Indices 

Geomagnetic disturbance is measured and recorded by magneto­

meters at magnetic stations located at the surface of the earth. 

A local index K is assigned to each 3-hour interval of universal 

time.corresponding to the component of magnetic field with the 

largest deviation at each station. These components are commonly 

the downward vertical component Z, the northward (geographic) 

component X, and the eastward component Y. Other magnetic elements 

include: F, the total magnetic field intensity; H, the horizontal 

component of magnetic field intensity; I, the angle below the 

horizontal of the direction of the magnetic field intensity F; 

h(declination) , the angle between H and geographic north. Am appropriate set 
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of three of the following elements will be enough to specify "F: 

F, H, X, Y, Z, I, S. 

If H, Z, and o are the elements used at a station, then the com­

ponents of the deviations would be in the H and Z directions and 

in the direction perpendicular to these two. 

The disturbance field of a geomagnetic storm is called D 

and when it is used to represent a particular element of the magnetic 

field, say H for example, then it is denoted as D(H). This dis­

turbance field depends upon 6/ the colatitude; T, the storm time; 

and ij), the local time in angle measured east of the midnight 

meridian. Magnetic storms have irregularities associated with them 

so that there are no two alike, but there are some general simi­

larities. The D field of a magnetic storm is separated into two 

parts, one that is azimuthally symmetric about the earth's spin 

axis and represents the mean value of D around a parallel of 

colatitude 0, and the other which represents the deviations of the 

disturbance field from its mean value and consequently has zero 

mean value around any particular colatitude. This division of D 

can be expressed in the following form for the element H: 

D(H) = Dst(H; T, 6) + DS(H; T, 0, <|>) . 

The form of D t as a function of T is shown in Figure (2.1), along 

with the four general phases of a magnetic storm. 

Magnetic storms begin as sudden commencements (SC) or gradual 

commencements (GC), the main distinction being that the disturbed 

component in a SC has a rise time of less than 10 minutes. The 
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Figure 2.1 

The form of D . as a function of storm time showing the 

four general phases. 



A. 

SI 11? | MP r R P 

i 



10 

initial phase (IP) is characterized by an increase in the horizontal 

component of magnetic field having smaller amplitudes in the higher 

latitudes. This phase, however, is not clearly visible in the 

auroral and polar regions. The main phase (MP) consists of a de­

pression of the horizontal component of the magnetic field and has 

larger amplitudes in the auroral zones. The recovery phase (RP) 

indicates that portion of the storm showing a gradual return to 

pre-storm conditions. For a . '. •-> review of geomagnetic disturbances 

and storms see Matsushita (1967) and Akasofu and Chapman (1967) . 

The purpose of the K index is.to measure the intensity of 

solar particle radiations by their effects on the geomagnetic field 

at the surface of the earth. Any other mechanisms disturbing the 

geomagnetic field are considered to be non-K variations and their 

effects are subtracted from the total deviation of the magnetic 

element in question leaving the range r. The non-K variations in­

clude the solar daily variation S , the lunar daily variation L, 

the-solar flare effect, the post-perturbation effect, and the 

secular variation (Bartels et al., 1939; Bartels, 1957). 

5 
If the range r is in the unit y, where ly = 10" gauss, 

then the following table indicates the lower limit of r corresponding 

to the index K for Maquarie Island at 60?7 south geomagnetic latitude. 

K = 0 1 2 3 4 5 6 7 8 9 

r = 0 15 30 60 120 210 360 600 1000 1500 

As an example, suppose that the range r for this station were 

equal to or greater than 30y but less than 60y for a particular 

3-hour period, then the K-index would be 2. 



Each station has a separate range set up according to the 

degree of disturbance it is most likely to experience. Stations 

at high latitudes have larger lower limits of r corresponding to 

K = 9 than stations at low latitudes. Since only the K indices 

are published and are readily available it is desirable to have a 

scaling set up in such a way that bhe given K indices can be con­

verted into equivalent amplitudes for averaging purposes. The lower (K 

limit of r for each station is published along with the K indices. 

An equivalent range called ak is a standard scale which expresses 

approximately the center of the limiting ranges for a given K in 

the unit y when multiplied by a certain factor which depends upon 

the station. This factor is obtained by dividing the lower limit 

of r for K = 9 for a station by 250. The relation between a^ and 

the K index is given below and is good for any station (Bartels, 

1957). 

K = 0 1 2 3 4 5 6 7 8 9 

ak = 0 3 7 15 27 48 80 140 240 400 

As an illustration of this point, suppose the K index for 

Maquarie Island during a certain 3-hour interval is 2. The lower 

limit of the range r for K = 9 for this station is 1500. Dividing 

1500 by 250 gives 6 for this station and means that the equivalent 

range a^ for Maquarie Island is expressed in the unit 6y. Therefore 

K = 2 means an a^ of 7 units and an actual range of 42y, which is 

approximately in the center of the limiting ranges for the K value 

at this station. The K indices from the participating observatories 

can be obtained from the International Union of Geodesy and Geophysics 
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IAGA Bulletin No. 12 series published annually (Price et~ al. , 1966) . 

Each observatory assigns a K index to every one of the 3-hour 

intervals of universal time beginning with 0000 UT. The equivalent 

range a^ would be enough to know should the effect of the disturbance 

sought for be approximately proportional to a fixed percentage of 

the total range of a station. When an average over a number of 

stations is taken the effect would not be lessened to any degree 

as it would if the ranges r were used and some of the stations had 

smaller lower limits for K = 9. The original assumption, however, 

may not be correct and the range r may be more significant in an 

analysis of stations in a narrow range of geomagnetic latitude. The 

choice of r or a^ may therefore depend on the particular effect 

sought. 

The planetary K index designed by Bartels (1949) is derived 

from the K indices of 12 stations at moderate geomagnetic latitudes. 

The K indices are first standardized for each station in such a way 

that the local time variation is removed. They are then averaged 

together to form K which is expressed in 28 grades from Oo, 0+, 
Jr 

1-, lo, 1+,... to 9-, 9o. A K^ index is assigned to each 3-hour 

interval of universal time beginning at 0000 UT. It turns out that 

universal time variations are nearly absent from K.!L (Michel, 196k). 

Good reviews of the contents in this chapter and this section 

in particular may be found in Chapman and Bartels (1940), Hines et 

al. (1965), chapman (1964), and Matsushita and Campbell (1967) . 



CHAPTER 3 

THE SOLAR WIND 

3.1 Early Predictions 

Before the nature of the interplanetary medium was known, 

FitzGerald and Lodge at the turn of the century suggested that 

geomagnetic storms and the aurorae were respectively caused by 

clouds of charged atoms or ions and cathode ray constituents. In 

addition, they proposed that comet tails can be better explained 

by particle radiation emanating from the sun than solar electro­

magnetic radiation. They also believed that the earth had a minute 

tail directed away from the sun like that of a comet (Dessler, 

1967). Later on, Chapman and Ferraro (1931, 1933) worked on the 

problem of an ionized neutral cloud of hydrogen gas emitted from 

the sun and intercepting the earth's magnetic field in an effort 

to explain the early stages of geomagnetic storms. They showed 

the first picture of the magnetic cavity formed by the earth's 

dipole imbedded within the cloud of gas flowing past the earth. 

The cavity was later to be called the magnetosphere. 

By this time the idea of corpuscular streams flowing past 

the earth causing geomagnetic activity was firmly established among 

geomagneticians (Dessler, 1967). Bartels (1949) believed that the 

solar corpuscular radiation was nearly a continuous phenomenon 

because of the continual disturbance expressed by Kp. Further 

evidence for a continuous solar corpuscular radiation could be 

found in the continual occurrence of the aurora. In the meantime, 

exact calculations by Wurm (1943) showed that comet tails could 



not be explained by photon pressure alone. Then, Biermann in a 

series of papers (1951, 1953, 1957) explained that the observed 

acceleration of gaseous comet tails was due to a continually ex­

panding solar corpuscular radiation. 

With the amount of evidence for a continual solar corpus­

cular radiation outlined above, Parker (1958a) gave this concept 

a theoretical foundation by his famous hydrodynamic expansion 

theory of the solar corona. He showed that a constant efflux of 

material from the solar corona was the natural consequence of the 

heating of the inner corona by shock waves from the photospheric 

surface. The predicted speeds were of the order of several hundred 

kilometers per second. In another paper that same year, Parker 

(1958b) had termed the continuous flow of gases from the sun the 

"solar wind." 

The validity of using hydrodynamics for the solar corona 

was questioned at the time and a controversy arose between Parker 

on the one hand and Chamberlain on the other. Chamberlain (1960) 

questioned Parker's idea and proposed that the expansion of the 

solar corona was due to an evaporative model. This model assumed 

a type of coronal exosphere above some critical distance from the 

sun where the particles in this region moved on ballistic trajectories. 

As with the exosphere of the earth only a small number of particles 

in the high energy tail of the Maxwellian distribution can escape. 

The evaporative model did not lead to supersonic particle velocities 

as did Parker's hydrodynamic model. The hydrodynamic approximation 

assumes collisions which tend to move the corona as a whole1 while 

the solar gravity allows sonic velocity to be reached at some 



specified distance from the sun. Beyond this distance the gases 

expand supersonically. (Dessler, 1967). 

3.2 Experimental Confirmation 

The first direct measurements of the solar corpuscular 

flux were reported in 1960 by Gringauz et al. (1960) using data 

from Lunik 2. The protons they detected had energies greater than 

15 ev. or velocities greater than 54 km./sec. Gringauz (1961), 

using data from Lunik 3, estimated the velocity of the proton flux 

to be around 300 km./sec. while Gringauz et al. (1963), using data 

from a Venus probe, inferred a velocity of 400 km./sec. The flight 

of Explorer 10 enabled Bonetti et al. (1963) to estimate the velocity 

of the positive ions from the sun to be 280 ± 20 km./sec. They 

found that the solar flux formed a reasonably well collimated beam 

and that the thermal velocities of the ions were substantially 

smaller than the bulk velocity of the plasma. The data from these 

experiments, however, were only short term and it was at the end 

of 1962, when the first Mariner 2 results were reported by Neugebauer 

and Snyder (1962), that the solar wind theory of Parker was generally 

accepted. They reported that there was always a measurable flow of 

plasma from the sun and that the bulk velocities obtained from two 

spectra which they analyzed were 460 km./sec. and 810 km./sec. with 

respective particle densities of 2.5/cm3 and 4.5/cm3. Mariner 2 

also carried a magnetic field experiment whose results were reported 

by Coleman et. al. (1962). They found that the magnitude of the 

interplanetary magnetic field stayed basically within the limits 

-5 
of 2 and 10y (where ly = 10 gauss). The direction of the magnetic 

field was generally confined to the ecliptic plane along the predicted 



Archimedes spiral angle (Coleman et al., 1960) with a fluctuating 

transverse component. The Archimedes spiral angle was first pre­

dicted by Chapman (1929) for the locus of particles in interplanetary 

space emitted radially from a source on the rotating sun. If these 

particles carry a "frozen-in" magnetic field with them then these 

i 

magnetic field lines will be in the spiral direction. 

3.3 Characteristics 

More complete analyses of the Mariner 2 plasma data by 

Snyder et al. (1963) showed that the bulk velocity of the solar 

wind generally ranged between the limits of 350 km./sec. and 700 km./ 

They reported a good correlation between the velocity of the solar 

wind and the 24-hour sum of the Kp index. The relationship appeared 

to be linear and was best described by the following equation: 

Vs(km./sec.) = (8.44 ± 0.74)j>Kp + (330 ± 17) . (3 

Extremely accurate interplanetary magnetic field measure­

ments were reported by Ness et al. (1964) from the initial results 

obtained by IMP-1. They found the interplanetary field strengths 

to lie generally within the range of from 4 to 7y, with values at 

times as low as 1 and as high as lOy. The magnitudes were more 

steady than the direction which changed on time scales of several 

hours. Their results also confirmed the gross spiral structure of 

the interplanetary magnetic field associated with the rotation 

of the sun. 

Wolfe et al. (1966a) reported, among other things, the 

compositional characteristics of the solar wind from Pioneer 6 



data. They found the solar wind to be composed of 91.3% ionized 

hydrogen, 8.6% doubly ionixed helium, and 0.1% singly ionized 

helium. They noted a strong anisotropy in temperature where the 

highest temperature was found to be in the spiral direction of the 

interplanetary magnetic field lines. Defining the temperature in 

the magnetic field direction to be Tj . and the temperature perpen­

dicular to this direction to be T , they found that T /T > 5 

1 II 1 
and that T sometimes can be as much as an order of magnitude 

II 
greater than T . 

The magnetic field experiment on board IMP-1 (Wilcox and 

Ness, 1965) demonstrated a sectoring of the interplanetary magnetic 

field structure with the direction of the magnetic field either 

toward the sun or away from the sun along the Archimedes spiral 

angle. This sector structure corotates with the sun as the solar 

wind flows nearly radially at the orbit of the earth. Figure (3.1) 

shows the relative sizes of these structures, three taking up 2/7 

of the total angle each in the ecliptic plane at the orbit of the 

earth and one taking up 1/7 of this angle. The structures had 

definite characteristics which repeated themselves within each 

sector. These characteristics were the magnitude of the inter­

planetary magnetic field, the plasma density, and the solar wind 

velocity. These characteristics are plotted as a function of 

position within a sector in Figures (3.2), (3,3), and (3.4). 

Figure (3.5) shows the daily sum of the K index also plotted as 

a function of position within a sector. The close correlation 

between ^IC and Vg was pointed out by Wilcox and Ness (1965). 

Coleman et al. (1966) using data from Mariner 2, found that the 
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Figure 3.1 

The sector structure of the interplanetary magnetic field. 

(After Wilcox and Ness (1965)). 
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Figure 3.2 

The interplanetary magnetic field plotted as a function 

of position (in days) within a sector, where (a) + indicates 

sectors with magnetic fields away from the sun and (b) -

indicates sectors with magnetic fields toward the sun. 

(After Wilcox and Ness (1965)). 
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Figure 3.3 

The plasma density plotted as a function of position (in 

days) within a sector, where (a) + indicates sectors with 

magnetic fields away from the sun and (b) - indicates sec­

tors with magnetic fields toward the sun. (After Wilcox 

and Ness (1965), but with revised M.I.T. solar wind data, 

Pai et al., 1967 (Wilcox, 1968)). 
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Figure 3.U 

The solar wind velocity plotted as a function of position 

(in days) within a sector, where (a) + indicates sectors 

with magnetic fields away from the sun and (b) - indicates 

sectors with magnetic fields toward the sun. (After 

Wilcox and Ness (1965), but with revised M.I.T. solar 

wind data, Pai et al., 1967 (Wilcox, 1968)). 
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Figure 3.5 

Daily sum of the K_ index as a function of position (in 

days) within a sector, where (a) + indicates sectors with 

magnetic fields away from the sun and (b) - indicates 

sectors with magnetic fields toward the sun. (After 

Wilcox and Ness (1965)). 
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interplanetary magnetic field was sectored as in the later flight 

of IMP-1. In addition they reported that the magnetometer experi­

ments on Mariner 4 showed that the quasi-stationary corotating 

structure of the interplanetary field does not persist in the 

ascending cycle of solar activity. 

The results of the Vela 3 plasma experiments reported by 

Hundhausen et. al. (1967) generally agreed with those of the 

Pioneer 6 data (Wolfe et. al., 1966a). The Vela 3 results yield a 

typical value of T /T = 1.4 whereas the value T. /T. = 5 i e max. av. ' 

reported by Wolfe et al. (1966a) corresponds to T /T =2.6. 
max. av. 

The average direction of the highest random energy of the ions was 

close to the average direction of the interplanetary magnetic 

field. They also found that the average velocity of the solar 

wind was about 345 km./sec. 

Wilcox and Ness (1967) reported that the interplanetary 

sector structure observed on IMP-1 was most similar to the large 

scale magnetic structures on the sun at heliographic latitudes 
o o 

between about 10 N and 20 N. At the time of the observations of 

IMP-1, the earth was at a heliographic latitude of 3^ .°S. In 

addition, they found that the calcium plage regions between 10 and 

20 N. heliographic latitude were densest one-quarter of the way 

into the observed sector structures. This coincides with the 

highest solar wind velocities and densities. The total calcium 

plage distribution was found by them to most closely resemble the 

solar wind velocity distribution within each sector. It appears, 

by the above observations, that the northern hemisphere of the sun 

somehow dominates the total solar wind flow so that the earth even 
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o 
at 3^ S. heliographic latitude is in a sense connected to the northern 

hemisphere of the sun. This is exactly what Wilcox (1965) had pre­

dicted in 1965 after he reviewed the North-South asymmetry in the 

effectiveness of solar flares on geomagnetic activity reported by 

Bell (1961) and the asymmetry in solar magnetic fields published 

by Babcock (1959). Wilcox (1968) pointed out that the larger 

activity of the northern solar hemisphere would cause a greater 

coronal heating in the North as compared with the South and from 

Parker's (1963) analysis a greater efflux of solar wind would 

therefore be expected from the North. Figure (3.6) shows how the 

resulting imbalance in lateral pressure would place the earth within 

solar magnetic fields originating in the North. 

3.4 A Simple Model of the Interplanetary Magnetic Field 

Suppose a source of monoenergetic particles of the same 

mass was located on the equatorial plane of the sun at some distance 

b from the sun's center. Let the velocities be directed radially 

from the sun within the sun's own frame of reference, and let the 

sun's angular velocity be to with respect to an inertial coordinate 

system. The problem is to find the locus of points formed by 

successively emitted particles or, equivalently, the trajectory of 

a particle emitted from the source in the sun's frame io*f reference. 

If the particles drag solar magnetic fields with them, these field'-

lines will lie along the locus of points mentioned above. 

The gravitational force will be neglected. 

Let particles corotate with the source until they are 

instantaneously projected out from the sun. In the inertial 

coordinate system at t = 0 the velocity of the particle is v" = v"so + v" 
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Figure 3.6 

An illustration of the earth within a plasma emanating 

from a hot northern hemisphere of the sun. 

> 
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where "v is the component of the velocity directed along a radius 

and ̂  is the angular component of the velocity. Since no external 

forces are assumed to act on the particle, its motion will be 

linear in the inertial frame of reference. The coordinates r,8 

in Figure (3.7) will be used to describe the motion of this particle 

in the inertial coordinate system. The Lagrangian for this particle 

will be just T, the kinetic energy, since there are no forces acting 

on the particle once it is emitted. The kinetic energy is, 

T = —mr2+ -mr202 , 

where a dot over a variable indicates a time derivative. Lagrange's 

equations then become, 

d 3T _ 3_T = 
dt3l ~ 9r 

d 3T 3T _ 

dtae 36 

The equations of motion therefore are, 

mr - mr02 = 0 , 

2-<4ir2e> = 0 
dt 2, 

The second equation may be integrated to yield, 

mr2^ = I (3 
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Figure 3.7 

Definition of a, r and 6 in the inertial coordinate system. 
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where £ is a constant. This is just a statement of the conservation 

of angular momentum. The first equation of motion may now be put 

into the following form, 

3 .1 a* 
mr = - _ ( — —A) 

3r 2 mr^ 

By multiplying both sides of this equation by r the left hand side 

may be written as 

— ( _ mrz) 
dt 2 

while the right hand side may be put in the form 

dt 2 mr 

The whole equation becomes, 

d .1 -2 ^ 1 %1 v 
— ( — mr^ + 9) = 0 
dt 2 2 mr 

which is just a statement of the conservation of energy. Therefore, 

>r2
 + lii,=E , (3 

2 2 vxxr 

where E is a constant. Equation (3.3) may be immediately integrated 

to give the time t as a function of r, which may be written as, 
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t = J /-£ 3P— . (3.4) 
; / m^E " 2mr*> 

Equation (3.2) may also be integrated to give the angle 0 as a 

function of time once r is known as a function of time from Equation 

(3.4). The equation for 0 becomes, 

t 
dt l\^T7Z, • "o + 0, 

0 mr'(t) 

The time may be eliminated from Equations (3.2) and (3.3) 

to yield a differential equation in r and 0. This may be done by 

writing Equation (3.2) as, 

£dt = mr2d0 

The time derivative may then be converted into a derivative with 

respect to 0 since, 

d _ Z d 

dt ~ mr7" dF 

The operator d/dt may be applied to itself to give, 

d2 £ d £ d N „ cs 

— =—«.— <—TT—> • (3-5) 

dtz mr^ d0 mr^ d0 

Equation (3.2) can be written as, 

A2 
mr - —-. = 0 

mr 
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which becomes, after using Equation (3.5), 

A d , A dr%
 %1 

-9- T*—T T^ " —T = ° ' ( 3" 6 ) 

r* d0 mr/ d0 mr3 

Equation (3.6) may now be written as, 

?2 2 o2 2 52 
- ? fdrj . * d r _ * _ 0 

mr1' d0 mr^ d0^ mr3 

which becomes, after making use of Equation (3.3) and some algebra, 

2^L(^
2
 + 4E - 2ii = o . (3.7) 

mr5 de r mr3 

Equation (3.7) may now be c a s t i n t o the form, 

dr _ 2 / 2 m E _ L_ 
d0 / i,2 r 2 

and finally becomes 

dr 
0 = 

/ , " V 2mE . 1 

where it will be assumed that at t = 0, r = b and 0 = 0 . This is 

easily integrated using the substitution r = 1/x. The solution 

becomes, 

0 = sin - sin . (3.o) 
b /2mE r /2mE 
/ I2" • P~ 
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At the instant the particle is emitted the energy is. 

E = ̂ mVSQ
2 + ̂ mb2a)2 , (3.9) 

and the angular momentum is, 

H = mb2o) . (3.10) 

The solution may therefore be written as, 

0 = sin" + sin" 
b ; / v so^ + ™-^ r / W + V^z 

v / 

Referring to Figure (3.7) once more, the angles a and 0 

are related through the angle ait by the expression, 

a = cot - 0 . (3.11) 

Since the origin, .of.the rotating frame is placed at the origin 

of the inertial frame the coordinate r is the same in both systems. 

The time t in Equation (3.9) can be expressed as a function of r 

through Equation (3.4) which becomes, 

rdr 
t = f r. T 

b /m(Er2 - |H) 

the result of which is, 
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t = 
m r JI 
2E 

Z\ . /2 
- t e h 2 _ 

/ m [ - 2mJ / m [ 2m J 

After use i s made of Equations (3.9) and (3 .10) , t h i s equation 

becomes, 

t = 
(V s o2 + b2a)2) 

/ ( V ^ ^ + b * w
z ) r * - b V - V b 

SO o U 

The expressions for t and 0 may now be placed into Equation (3.11) 

so that a can be expressed in terms of r. Equation (3.11) therefore 

becomes, 

(VSQ
2 + b2a)2) I 

t _1 b2co 
sin 

bvA/soZ + bZ<*'z 

•(Vso* + b ^ ) r ^ - b"*a,̂  - Vsob | -

_1 b2
c 

sin 
r^VSQ2 + bz^z 

(3.12) 

The Archimedes spiral equation for the interplanetary 

magnetic field most often encountered in the literature is, 

(e.g. Dessler, 1967), 

vs 
r = — a + b 

CO 

(3.13) 

To see how Equation (3.12) is related to the Archimedes spiral 

given by Equation (3.13),ssuppose that the arcsin functions may 

be neglected and, in addition, let b2co2 < V 2. Equation (3.12) 

then becomes, 



co coob 
a = ________ r - v 

/ v s o 2 + b 2 ( i ) 2 ( V s o 2 * b 2 a ) 2 ) S ° 

Solving for r in t h i s equat ion g i v e s , 

*V2 + b2co2 bV__ 
_ vso , " s o 

a, V T W 

I f , now b2co2 << V__2, we see t h a t 

v, 
r = _ _ < , + b 

CO 

which is just the Archimedes spiral of Equation (3.13). 

It is of interest to determine the angle made by this spiral 

with respect to a radius from the sun at a distance r. Figure (3.8) 

shows that this angle ty may be obtained through the following equation, 

roc 
taniji = — . (3.14) 

r 

Since a = cot - 0 then the time derivative of a in the inertial 

coordinate system becomes, 

a = co - 0 , 

and multiplying through by the coordinate r gives, 

ra = rco - r0 • . (3.15) 

From Equations (3.4) and (3.10) an expression for r6 may be obtained, 
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Figure 3.8 

Definition of the angle if). 
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which i s , 

r0 = 
bzco 

E q u a t i o n (3 .15) t h e r e f o r e becomesr, 

r a = rco -
b2co (3 /16) 

An expression for r, obtained from Equations (3.3) and (3.9) , 

is 

* = (vso 
2 + b2(1)2 -

bV ^ (3.17) 

Equation (3.14) may now be expressed as, 

co r 
tani|i = 

_ _ 1 ] 
?s ^VB02 + b 2 M 2 ( l . | r , j 

(3.18) 

If b < r then b2/r2 may be neglected in comparison with 1. Equation 

(3.18) then becomes, 

tanijj = "(r-blS._ 

If, in addition, b2co2 << V 2 then this equation becomes, 



tar** = T-bfr)) , 
VSo 

which i s j u s t Chapman's (1964, p.35) r e s u l t . I f b « r , then the 

equation reduces to 

cor 
t an* = , 

V s o 

as in Dessler's (1967) result. Figure (3.9) gives ^ as a function 

of V s o at 1 A.U. (astronomical unit, which is the mean radius of 

the earth's orbit about the sun) using Equation (3.18). 

For a given magnetic field at the location of the emitting 

region on the sun, the components of the magnetic field in the 

interplanetary region can be determined. Let B 0 represent the 

field at the emitting region and assume it to be drawn out from 

the sun radially in the sun's frame of reference as in the "frozen-

in" field approximation in magnetohydrodynamics (Alfven, 1950). 

The components of the interplanetary magnetic field can 

now be determined. In the inertial coordinate system, let B„ be 

the magnetic field component along r and Ba be the magnetic field 

component perpendicular to r in the a direction. The total magnetic 

field can then be written as, 

B t = B„r + Baa . (3. 

Gauss' l&w gives 
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Figure 3.9 

Values of * as a function of vso at lA.U. using Equation 

(3.18). 
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where B_r is the component of B_ along r at r = b. This component 

is, 

or 
______ 

(VSQ2 + b
2. 2) 3 5 

(3.21) 

allowing Equation (3.20) to be written as, 

BoV 
Br = 

ovso fb 

(Vso
2+ b 2 ^ { T2 

2> 
(3.22) 

The component B may be determined from Equation (3.18) by 

noting that 

t an * = —-* (3.23) 

This g i v e s , 

B = B 
in r - b ui 

' r(v s o 2 + bV(i-^]) 
(3.24) 

Combining Equations (3.22) and (3.24) y i e l d s , 

Bo Vso 
B a = 

( V s o 2 + k 2 a )
2 ) ' 2 I V s o 2 + b 2

w
2 

_ _ _ _ _ _ _ 1 L _ - - ^ 
(vso

2 + 'V( i - K)} 
(3.25) 

The magnitude of the total field may be expressed as, 



BQVSQ 

t _ (Vso
2 + b2t»2)h 

1 + 
(•(' - »$)} 
vso

2 + b2^2 ("5) 
(3.26) 

To see what value this equation predicts for the magnetic 

field at r = 1 A.U. E 1.5 x 1013 cm., some typical values of the 

parameters are used. Let b = 1 R _ 7 x 1010 cm., and B = 1 gauss. 

Take co = 2.9 x 10~^~, which corresponds to an equatorial sidereal 

period of 24.7 days, and let V = 3 x 107 cm./sec. These parameters 

give for B a value of 3.7y. The angle * may be determined from 

o 
Figure (3.9), and turns out to be around 55 . These values are all 

in agreement with the experimentally determined values in the solar 

wind. 



CHAPTER 4 

THE MAGNETOSPHERE 

4.1 Early Predictions and Theoretical Determinations of 

the Boundary 

Once the evidence for solar corpuscular radiation was made 

known, the question eventually arose as to what would happen to 

an advancing plasma cloud impinging on the magnetic field of a 

dipole. Chapman and Ferraro (1931) considered the advancing plasma 

cloud from the sun to be planar, rigid, and perfectly conducting, 

thereby allowing them to replace the cloud by an image dipole of 

the same strength. With this model they were able to determine 

the magnetic field distribution as a function of time on the earth 

side of the plasma cloud. This model provided an explanation of 

the sudden commencements of certain geomagnetic storms. They 

realized, however, that the portion of the cloud near the dipole 

would suffer retardation and as a result a magnetic cavity would 

be formed. The magnetic fields tangent to this plane just in front 

of the plasma cloud would be twice that of the tangential component 

of the dipole field of the earth at the plane. 

The continual presence of the solar wind meant that this 

cavity should be a permanent feature of the earth's environment. 

Detailed calculations of the shape and position of the boundary 

between the geomagnetic dipole field and a steady solar wind plasma 

were carried out by many workers (Dungey, 1961; Parker, 1956; 

Cole and Huth> 1959; Zhigulev and Romishevskii, 1960; Beard, 1960, 

1962; Ferraro, 1960; Hurley, 1961; Spreiter and Briggs, 1961, 1962; 
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Davis and Beard, 1962; Midgley and Davis, 1962, 1963; Slutz, 

1962; Spreiter and Hyett, 1963; Mead and Beard, 1964) using various 

assumptions and techniques. Common to most of the analyses was 

the assumption that the magnetopause (i.e. the boundary between the 

confined geomagnetic field and the external solar wind plasmaj see Rig.7.3) was 

stable in a steady solar wind and that a dynamical equilibrium 

existed across this boundary. The only kind of boundary compatible 

with the idea that the geomagnetic field completely excludes the 

interplanetary field and plasma is one which is a tangential dis­

continuity. Such a discontinuity requires that there be no mass 

flow across the boundary and that the normal component of the mag­

netic field be zero. The mathematical formulation of the free 

boundary problem for the shape of the magnetosphere was then reduced 

to the following equation: 

Ji____i____l!=KpVso
2Cos2? , (4.1) 

8TT 

where, 

B(r,0) =-ABeq< 

(BE 13 -
(0Sin0 + 2rCos0) (4.2) 

in a coordinate system with the dipole in the negative Z direction 

and where r and 0 are the usual spherical coordinates. The symbols 

p and Vso refer to the upstream values of the mass density and 

velocity of the solar wind respectively. The symbol Rg represents 

the radius of the earth and Beq# is the equatorial value of the 

magnetic field at the surface of the earth (Beq# = 0.312 gauss). 



The symbol £ is the angle between the normal to the boundary 

and the incident solar wind and will be a function of the shape 

of the boundary, (£ = f(rb, 0^, <j>b)) , and the orientation of the 

dipole with respect to the solar wind direction, thereby making 

Equation (4.1) a difficult non-linear differential equation (Davis 

and Beard, 1962). This, coupled with the codetermination of the 

boundary necessitates the use of numerical methods for the general 

solution. The constant K in Equation (4.1) can take on a maximum 

value of 2 for specular reflections and the constant A in Equation 

(4.2) has usually been taken to be 2 in the three-dimensional 

analyses. 

The shape of the boundary found by such analyses was such 

that the part closest to the earth was in the sun's direction 

(assuming radial flow) and the rest of it flared out in the anti-

solar direction enclosing the earth's magnetic field in something 

like a paraboloid (see Figure (7.3) in Chapter 7). Equations (4.1) 

and (4.2) will now be used to find the subsolar distance to the 

boundary when the dipole is perpendicular to the solar wind flow 

for typical values of the solar wind parameters. Equations (4.1) 

and (4.2), when combined, yield for r the following expression 

when 0 = i/2, A = 2, and K = 2: 

vl/6 

r = 
B 2 

Beq-
4 TrpVso

 2 

where r is now expressed in earth radii. Letting the number 

density of the solar wind be 10/cm3 and assuming it to be composed 

chiefly of ionized hydrogen flowing at a velocity of 300 km./sec, 



the distance from the earth to the boundary at the subsolar point 

becomes, 

r - 9.1R-

4.2 Experimental Confirmation of Magnetopause 

The first identification of the magnetopause was reported 

by Sonett (1960) using the magnetometer data aboard the Pioneer I 

and Pioneer V satellites. He found that the field intensity was 

higher than that for the extrapolated earth dipole field up to 13Rn, 

and thereafter the field intensity decreased more rapidly than 

_3 

r . Explorer 12 made a number of passes through the magnetopause 

with the magnetometer clearly showing the boundary as reported by 

Cahill and Amazeen (1963). Inside the boundary the field was 

generally twice that due to the dipole field of the earth and just 

outside the boundary the field was variable in both magnitude and 

direction. They were able to identify the magnetopause as being 

a tangential discontinuity for most of the passes. There are five 

kinds of discontinuity for magnetohydrodynamic fluids of which the 

tangential discontinuity is just one. These are the tangential, 

contact, rotational, fast shock, and slow shock discontinuities. 

The boundary conditions for these discontinuities are outlined 

below (Spreiter et.al., 1966; Spreiter et al., 1968; Spreiter and 

Alksne, 1969). 

In the following let n and t refer to vector conponents 

normal and tangential to the discontinuity respectively. The 

quantity |f|i means the difference of the quantity f between regions 



2 and 1 on either side of the discontinuity. The symbols v, B, 

p, and p stand for the usual quantities of fluid velocity, magnetic 

field intensity, mass density, and pressure (thermal and bulk) 

respectively. 

The tangential discontinuity is represented by the following 

jump conditions: 

vn = 0 

Bn = 0 

Iv+ ll * o 
i* i 2 

l*tli * ° 
i i 2 

|p|x * o 

• |p + B2/8~|2 = 0 

(4.4) 

The contact discontinuity is represented as: 

vn 

Bn 

2 

K 
< 

— 

f 

= 

= 

= 

0 

0 

0 

0 

0 

= 0 

(4.5) 

The rotational discontinuity is represented as: 
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vn = ± n 
(4irp) : 

l l _ l*tli 
(4irp) : 

P\1 - ° 

P | 2 = 0 
1 

V 2 | 2 = 0 

B 2 | 2 = 0 
' l 

-. i2 
n I 

= 0 

(4.6) 

The fast shock discontinuity is represented as: 

<p 

v n ^ 0 

1 I 2 

1 P I 3. > 
2 ' 

| P | X > 

Kl'-

0 

0 

0 

v ) > (pv n) 
n FAST - v n 

| B t | " > 

| B 2 | 2 > 
1 ' l 

0 

0 

' 

ROT. 

. 

(4.7) 

The slow shock discontinuity is represented as: 



v _ ^ 0 

I I 2 

bl2 
> 0 

1' 
i 2 

| B „ I ; - o 

( p v j •> (pvn) 
n ROT. ~ n SLOW 

| B t | 2 < 0 

| B 2 | Z < o 

(4.8) 

Further evidence that the magnetopause is a tangential dis­

continuity has been given by Sonnerup and Cahill (1967, 1968), Fairfield 

(1967), Fairfield and Ness (1967), Cummings et al. (1968), and Cummings 

and Coleman (1968). The theoretical boundary shape and size has been 

verified by many other magnetometer and plasma experiments (Van Allen, 

1959; Sonett et al., 1960; Coleman et al., 1960; Sonett, 1962; Bonetti 

et al., 1963; Freeman et al., 1963; Heppner et al., 1963; Frank and Van 

Allen, 1964; Ness et al., 1964; Bridge et al., 1965; Holzer et al., 1966; 

Wolfe et al., 1966a, 1966b; Fairfield and Ness, 1967; Wolfe and McKibbin, 

1968). For a typical subsolar distance of 10 R_ from earth to the mag­

netopause a distance of 13 RE is typical of the cross-sectional radius 

of the magnetosphere in a plane perpendicular to the sun-earth line. 

The typical thickness of the magnetopause is approximately 100 km. 

(Heppner et al., 1967). 

4.3 The Standing Shock Wave and the Transition Region 

Before the exact nature of the interplanetary medium was 

known, Gold (1959) theorized that a standing shock wave structure 

should exist upstream from the earth toward the sun due to the 

highly supersonic wind. More quantitative predictions about 

such a shock structure were made by Axford (1962), Kellogg (1962), 



and Spreiter and Jones (1963). The latter calculated the size and 

shape of the shock using the equatorial trace of the magnetopause 

by Beard (1960) and by rotating this trace about the axis of symmetry 

obtained the size and shape of the blunt object they were to use 

in their gas dynamic theory. That such a shock should exist is 

due to the fact that the solar wind speed is much greater than the 

maximum velocity of a weak disturbance, which is just 

v = fvs
2 + VA

21 (4.9) 

for an ideal ionized gas (Kulikovskiy and Lyubimov, 1965). The 

symbols Vg and V A represent the sound speed and Alfven speed re­

spectively in the ideal ionized gas. They are given by the following 

equations (Spreiter et al., 1968): 

VS = 

vA = 

ryES.)ii 

( B2^ 

4irp 

(4.10) 

(4.11) 

where y is the ratio of specific heats, u is the nondimensional 

mean molecular weight (p = 16 for atomic oxygen), R is the gas 

constant, T is the absolute temperature, B is the magnetic field 

intensity, and p is the mass density. By taking typical values of 

the solar wind parameters at lA.U., the speed of propagation of a 

weak disturbance can be determined and compared with the stream 

speed. The following values of the parameters are used: 



Y = 5/3 for monatomic gases with three degrees of freedom 

R = 8.3 x 107 ergs/gm K 

y = 1/2 for fully ionized hydrogen 

o 
T = 105 K 

_5 
B = 5 x 10 gauss 

-2 3 
p = 1.67 x 10 gm. 

The speed of the weak disturbance becomes: v - 60 km./sec. The 

solar wind speeds have never been measured to be much below 280 km./sec. 

and there is some theoretical justification for never observing solar 

wind speeds less than 100 km./sec. (Dessler, 1967). Therefore a de­

tached standing shock wave is expected upstream from the magneto­

pause as long as a solar wind is blowing. 

The standing shock which may best be described as a fast 

shock discontinuity has been detected by many magnetometer and 

plasma experiments (Van Allen, 1959; Sonett et al., 1960; Coleman 

et al., 1960; Sonett, 1962; Bonetti et al., 1963; Freeman et al., 

1963; Heppner et al., 1963; Frank and Van Allen, 1964; Ness et 

al., 1964; Sonett et al., 1964; Bridge et al., 1965; Wolfe et al., 

1966a, 1966b; Fairfield and Ness, 1967; Burlaga and Ogilvie, 

1968; Wolfe and McKibbin, 1968). The shape and size was found 

to generally agree with the predictions of Axford (1962), 



Kellogg (1962), and Spreiter and Jones (1963). The thickness of 

the shock has generally been measured to be less than about 300 km. 

Some disagreement has arisen about the shock's thickness (Wolfe 

et al., 1966a; Bernstein et al., 1964) but recent measurements 

(Burlaga and Ogilvie, 1968) seem to favor the more well-defined 

thin shock. 

The theoretical characteristics of the flow between the 

shock and the magnetopause has been studied by Spreiter et al. (1966) , 

Dryer and Faye-Petersen (1966), and Dryer and Heckman (1967). 

Spreiter et al. (1966) use the magnetohydrodynamic equations and 

the shape of the boundary obtained by rotating the equatorial trace 

of the approximate solution given by Spreiter and Briggs (1961, 1962). 

They approximate the magnetohydrodynamic equations by noting that 

for large Alfven Mach numbers MA = VS0 
(B^irp)^-

and low values of 

B these equations reduce to the gasdynamic equations. Once the 

velocity field has been determined the magnetic field may be found 

by assuming the fluid to be perfectly conducting thereby allowing 

the frozen-in field equations to be used. These equations depend 
->- -v -> 

only upon B and U, and since U has already been calculated the magnetic 
-> 

field intensity, B, may be determined everywhere in the magnetosheath 

(which is the region between the shock and magnetopause) for any 

orientation of the interplanetary magnetic field. The configuration 

of the magnetosheath magnetic field determined in this way has been 

verified by the magnetometer experiments of Fairfield (1967), Fairfield 

and Ness (1967), Kaufmann (1967), and Wolfe and McKibbin (1968). The 

velocity stream lines in the magnetosheath have also been verified 
i 



by Ness et al. (1966a), and Burlaga and Ogilvie (1968). Detailed -

comparisons of the theoretical characteristics in the magnetosheath 

have been given by Spreiter and Alksne (1968) from data of Pioneer 6. 

Excellent agreement is obtained. The thermal anisotropics in the 

solar wind mentioned in Chapter 3 have been found by Hundhausen 

et al. (1967b) to be instantaneously aligned with the interplanetary 

magnetic field directions. The existence of the shock, however, 

provides for a randomization of the solar wind flow after passage 

through the shock boundary as observed by Bridge et1 al. (1965) and 

Argo et al. (1967), and are consistent with the fluid description 

of the flow past the magnetosphere. 

Magnetohydrodynamic flows past the magnetosphere have been 

studied with the interplanetary magnetic field perpendicular and 

parallel to the flow respectively by Lees (1965), and Dryer and 

Faye-Petersen (1966). Walters (1964) also considered the inter­

planetary magnetic field in his analysis of the magnetohydrodynamic 

jump conditions across a fast shock discontinuity and predicted 

that the axis of symmetry of the bow shock and magnetopause boundaries 

was not directed into the solar wind but was tilted toward the west 

or clockwise (looking down on the ecliptic plane) by a few degrees. 

This is due to the tendency of the interplanetary magnetic field 

to line up with the Archimedes spiral angle. As already pointed 

out the interplanetary magnetic field at the orbit of the earth is 

neither parallel nor perpendicular to the solar wind flow. This 

prediction has been verified by Gosling et al. (1967a) and Hundhausen 

et al. (1969), and represents another phenomenon capable of being 

explained by the fluid theory. 



The plasma density, temperature, and magnetic field inten­

sity are found to increase after passage through the shock while 

the bulk stream speed decreases. The reasons for a collisionless 

gas to behave so much like a fluid are not to be found at the 

present time. There are many other interesting and incompletely 

understood phenomena occurring in the interplanetary medium, the 

magnetosheath, and within the magnetosphere itself. The works of 

Hess (1968), Carovillano et al. (1968) , and Williams and Mead (1969) 

are recommended for recent surveys. 



CHAPTER 5 

MAGNETOHYDRODYNAMIC EQUATIONS 

The thicknesses of the shock and magnetopause are very 

small with respect to the dimensions of the magnetosphere. This, 

coupled with the presence of a tangential discontinuity at the 

magnetopause and the successes of the fluid theories provide 

motivation for analysis of instability conditions at the magneto­

pause using the equations of magnetohydrodynamics. 

Following Kulikovskiy and Lyubimov (1965) the basic equations 

of magnetohydrodynamics will now be given. A fundamental starting 

point is the assumption of Ohm's Law which may be written as, 

? = + ______ + Pev , (5.1) 

->- -> ->-

where J is the current density, a is the conductivity, E and B 

are the electric and magnetic field intensities respectively, c 

is the speed of light, pe is the excess charge density, and v is 

the velocity of the fluid element. 

Maxwell's equations in the Gaussian system of units are, 

n? = s a | , (5.2) 
c c ot 

£ •* 1 ^ /_ ^ 

V x. E = — , (5.3) c 9t ' 

V'E = 4irp , (5.4) 



->- -> 
V'B = 0 (5 

and are also fundamental to magnetohydrodynamics. 

The current density, J, given by Equation (5.1) is sub­

stituted into Equation (5.2) giving, 

VxB = 
c 

C(t4_$<i> +PeV + ± £ 
C e I C dt 

(5 

The relative orders of magnitude for each of the terms in this 

equation may be estimated by giving the characteristic values of 

the quantities involved and are written below: 

4TTO->. -v 

—7—v xB % 
cfVB 

£ •* B 
VXB'VI _ 

L 

i 

i 

4irp ev 
c 

o« 

4TT0E „ OE 

c c 

EV 
cL ' 

1 3E E 
~c "3t c t 

If the conductivity, a, is such that the inequalities, 

(5 

« 1 
at 

v 
OL 

« 1 (5 

1 rPR 4 TTO*_V 

hold, then the terms — •=— and He can be neglected in comparison 
c 3t c 

with . For the interplanetary plasma at lA.U., ° ̂  10 /sec. 
c 

7 7 

(Alfven and Falthammar, 1963), v ^ 10'cm./sec, L ^ 10 cm., and 

t "J 2 sec. For these values, the inequalities (5.8) easily hold. 

Equation (5.6) can therefore be written as, 

W =±-_ 
c K VxB 



or, 

f = I (___- VxS- - vxf] . (5 
c 4TTO" 

This expression for E can now be substituted into Equation 

(5.3) to give, 

3B -> .-• -*\ -*• 
— = Vx (vxB) - V*: 
3t 

c 2 -_ 

4iro 
VxB (5. 

This equation is known as the induction equation and is basic to 

magnetohydrodynamics. The relative order of magnitude of the terms 

in the induction equation can be estimated for the interplanetary 

plasma. In terms of the characteristic values, the induction 

equation can be written as, 

c2 

t L 4iraL2 

or 

L , c 2 

1 -
Vt 4TT0VL 

*v 1 for the interplanetary plasma at lA.U. and the second term 
Vt 
on the right side is very much less than unity. The magnetic 

Reynold's number, R-^ is defined as, 

•_ = ^ 



So, for large values of the magnetic Reynold's number, the second 

term on the right side of Equation (5.10) may be neglected, leaving, 

3f __ = vk(vxi") , (5.11) 
3t 

for the case of the solar wind flow past the magnetosphere. 

The remaining basic equations of magnetohydrodynamics are 

statements of mass, momentum, and energy conservation in addition 

to an equation of state. These equations for an ideal gas are 

respectively: 

-^4 V-(pv) = 0 , (5.12) 
3t 

-L(pv) = v"-p + pj"+ i (Jkf) , (5.13) 
dt c 

d_ 
dt 

[pe +p I_] = - $-q 4 $«(p«v) + E*-j" , (5.14) 

p = PRT , (5.15) 

where p is the mass density, p is the pressure tensor, q is the 

heat flux vector, and e is the internal energy. 

The pressure tensor is written in the form used in hydro­

dynamics : 

(jpjj.r " P«ij + Tij * (5-16> 

where S^J, is the Kronecker delta, p is the isotropic pressure, 



and T̂ -I is the viscous stress tensor. The viscous stress tensor 

is written as (Landau and Lifshitz, 1959), 

T i j = * 
3VJ[ 3v-j 2 3vfc 

+ ID-- 1 
3XJ 3X-L 3 3x]£ 

6 i j 4 c - ^ i f i . 
3xk 

13 
(5 

With the aid of Equation (5.9) it follows that, 

E _ max 
cB vR 
— — , — • _ > 

OL c 

and that, 

1 32" 3J- < 

_ max 
c -t 

B v2 B 

OLt ' c2 L 

4irpev 
max 

Bv 

OL 

v2 B 

c2 L 

The relative sizes of the magnetic and electric forces in Equation 

(5.13) may now be estimated. These terms become, 

1 ->• -*• 1 ->-»•-*• B 2 

_ (JXB) = ___ (VXB)XB * _ 

c 4ir L 

•*• J- ->",* -»\ E 2 B 2 

p„E = -— E(V«E) "J —- "J -— max 
** 4ir L L 

1 -*-. 

OL 

2 2 

max _____ v 

aL Rm' c
2" 

Since _j- << 1 and R^ » 1, it turns out that, 

E 2 << B 2 

and the electric force in the equations of motion may be neglected 



in comparison with the magnetic force. The Joule heat, E*J in 

Equation (5.14) may also be neglected following some similar 

arguments. With the added assumption of incompressibility the 

Equations (5.12)-(5.14) become: 

(V"«v) = 0 (5 

dv" -*•*>• 1 -*•->•->• 
p — = V«p + — (VxB)xB i 
dt 4 IT 

(5 

pi. 
dt 

e + __; = - V"«q + "$• (p-v) (5 

Equation (5.20) may be written in the form, 

pT __L 
dt 

- V«q + $ (5 

where s is the entropy of the ideal gas and, 

4_ 1 x. .f3vi + 9VJ~ 
— in 
2 (3xj dx± 

With the assumptions of low viscosity and no heat flux the magneto­

hydrodynamic equations become: 

^•v = 0 , (5 

p ___ 
d t 

_?-

= - Vp + 

Vx.(vxB) 

1 

4n 
.(VxB)xB 
r 

(5 

(5 
3t 



CHAPTER 6 

KELVIN-HELMHOLTZ INSTABILITY 

6.1 Instability Condition 

One of the most interesting regions of the earth's environ­

ment in space from the point of view of solar-terrestrial relation­

ships is the boundary between the interplanetary medium and the 

geomagnetic field. Events occurring at this boundary are fore­

runners of events which take place in the ionosphere and at the 

surface of the earth. A better understanding of the magnetopause 

will therefore lead to a better understanding of the related 

processes in the ionosphere and the variations of the geomagnetic 

field at the surface of the earth. 

The sides of the magnetosphere experience the magneto­

sheath plasma flowing nearly parallel to them in a manner analagous 

to a plane discontinuous velocity flow boundary. Following Chandrasekhar 

(1961) , the conditions for stability of such an interface will be 

developed. 

The following assumptions will be made: a planar surface; 

magnetohydrodynamic fluid behavior of the solar wind and the mag-

netospheric medium; no viscous forces; no.gravitational forces; 

individual constant densities and velocities for each medium; 

magnetic fields parallel to the boundary imbedded within each 

medium; infinite conductivity for each medium; imcompressibility 

in each medium; infinitely thin boundary; and isotropic pressure. 

A Cartesian coordinate system is used with the fluid velocities 

directed along the X-direction and the z-axis normal to the boundary. 



With the above assumptions and the Maxwell equation, 

•*• •*• 4TT •*• 
VXB = ~; J, 

the force acting on a unit volume of fluid in C.G.S. units becomes: 

-y -y ->• 

pdtt = -Vp + _ (VXB)XB, 

where p is the mass density, U is the velocity of the fluid element, 
- * • 

p is the pressure, and B is the magnetic induction. 

The induction equation may be obtained from the Maxwell 

equation, 

-»•-»• 1 3B 
VXE = , 

C 3t 

-> 1 -> -> 
by replacing E by (UxB), since the assumption of infinite 

C 

conductivity reduces Ohm's Law to, 

-y 1 ->• ->• 

E + — UXB = 0. 
C 

Substituting this expression for E gives, 

"*" -»•->•->• -> -y -y 

|B-+ (U-V)B = (B.V)U dt 

after using a vector identity. 

The three components of the force and induction equations, 

-y -y 
and the equation of incompressibility (i.e. v»u = 0)» give seven 



independent equations. If the velocity, magnetic field, and 

pressure are perturbed and are considered to vary according to 

the single Fourier component, 

i(k„x + kvy + cot) 
e Jf 

the equations may then be linearized and solved giving a dispersion 

relation for the surface waves. 

The x, y, and z components of the force equation are, 

respectively, 

an r 3 3 3 -, 1 r 3 3 p___x + p{Uv— + Uy—- + U_.s-}U„ - —r(B (-7T-B - _ B ) 4 9t- • x3x v3y zgz x ^- y 3y x 3X y 

+ 

B-&2-B - -_B )} = - |_p z 9z x ax z gx^ 

3n r 3 3 3i l r / 3 ^ ~ * 

P ^ + ?{uxux + uy5y + l W u y " 4?{Bx (^y " u f *> 
3t 

B (_LB - 1 B ) } = - 1-p zv3z y 3y z'i 3y^ 

p__z + p{u | _ + U | - + U | - } U - i -{B ( |-B - A ) + 
g. x3x y3y z3z z 4ir x 3x z 3z x 

B (_-B - __B ) } = - l - P -y^ay^z 3_°y / J 3z^ 

Similarly, the components of the induction equation may be 

written as, 

•̂ Bx + (U-V)BX = (B«V)UX , 
3t 



9 „ -»•-*• -»•->• 
•22y + (U-V)B =- (B-V)Uy 
3t 

a - -*•->• -y ->-

__z + <U*v)B_ = (B-V)U_ 
3t 

The equation expressing incompressibility remains as, 

-y ->-

V«U = 0. 

When the perturbations, 

(Uv, 0, 0) -> (a. + u, v, w) Jx' "' "' x"x 

(Bx, By, 0) - (Bx 4 bx, By 4 by, b_) 

p -> p + 6p, 

are applied and the first order terms in the perturbed quantities 

u, v/ w, b„, b„, b_, and <5p are retained and second and higher x y z 

order terms are neglected, the equations become, in the order as 

they appeared in the preceding; 

pin + pU„j— + pw-U - l_;,B̂ 'ii—se 4_by) = -^-6pf 
3t 3x 3z 4T y 3y 3x 3x 

P i _ + pUx__: - _ L ( _ _ - _^i) - - i - 6 p , 
3t 3X 4, 9x:. 9y £y 
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p_2_ + PuJZL - -__(__-_. - ___*) - J_x.(-_2s. - -_£*) - - _ _ 6 P , 
3 t 3x 4ir 3x 3z 4ir 3y 3z 9z 

___! 4 Ux___t - Bx__i 4 bz___l 4 By__i, 
3t ax 9x 9z 3y 

3bv 3bv 3v 9v 
___ 4 Ux—I = By— 4 Bx—, 
3t 3x 3y 3x 

____ + Ux___ 4 BX__ 4 By__l, 
3t 3x 3x y3y 

3u 3v 3w 

3x 3y 9z 

Putting in the assumed form of the perturbations, 

2 x v , the equations become: 

ip(co 4 k U )u 4 pwDU - ___(ikb - ikb ) = - ik 6p (6.1) 
x x x •_ y x. x y x 

ip(co 4 k x U x ) v - ^ ( i k j j b y - i k y b x ) = - i k y 6 p (6 .2 ) 
4ir y * 

ip(co + k x U x )w - ^ ( i k x b g . - Dbx) - l y - d k y b - - Dby) = - D6p (6 .3 ) 
4ir 4TT 

i(co + k x U x ) b x = i k x B x u 4 b zDUx + i k y B y u (6 .4 ) 

i(co + k x U x ) b = i k J B v 4 i k x B x v (6 .5 ) 

i(co 4 k x U x ) b z = ( i k ^ 4 ikyB y )w (6 .6 ) 

i ( k x u 4 kyV) 4 Dw = 0 (6.7) 
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where D = — . 
" dz 

Using Equations (6.4), (6.5), and (6.6), the perturbations 

b x, b , and b z may be eliminated from Equations (6.1), (6.2), and 

(6.3). If <j) = ik v - ik u, these equations become: x y 

ip(co 4 k x u x ) u 4 pwDUx - (__- kxBx + ' V y ] (*_"_ ., D u x - J = 
U - a, 4 kxUx ) l u 4 kxUx J 

- i k x p , (6.8) 

i p ( „ + kxUx)v - ByfkyBy 4 kvBv] (+ _ kyW D U J . 

4ir '•co 4 kxUx
 } *• co + kxUx i 

- ik y6P , (6.9) 

ip (co 4 k U )w - i k ^ t k ^ B ^ 4 k y B v ) w + 
x x 4ir (co 4 kvUv) TC U X' 

Bxnj fkxBX + kyBy^ f _ . W p u ^ _ kyBy(kXBX 4 k y B y ^ ^ 

4TT ^CO 4 kxUx H co+ kxUx )j 4^ to 4 k^lL.) 

* 

-azpffkaPx + kyByjy] = - DSp . (6.10) 
4-rr *• co 4 kxUx J 

Equations (6.8) and (6.9) may be combined, g iv ing , 

fp (co 4 kxUx) - tex__J___>2L m ki_E-fp (u) + kxUx) _ 
*• 4ir(co 4 kvUv) J co4kvUv *• 

2. ***** + ] v V ' 
4ir(co 4 kxUx) , 

from which i t i s c l e a r t h a t 



_ kyWDUx 

co 4 kxUx 

Using this expression for <j> , Equations (6.8) and (6.9) 

may be recombined to give, 

- p(ikxU 4 ikyv) (a, 4 kxUx) - kxPwDUx = ik26P, 

2 2 9 
where k = kx 4 ky . This equation finally becomes, after using 

Equation (6.7), 

p (co + kxUx)Dw - pkxwDUx = ik^Sp 

The p e r t u r b a t i o n i n p r e s s u r e , s p , may now be e l i m i n a t e d 

from E q u a t i o n s (6 .10) and (6 .11) t o g i v e , 

D p (co + kxUx)Dw - pkxwDUx = k 2
p fa + k xU x )w 4 

(k x B x 4 k v B v ) 2 

_£_? 
4-rr 

r Dw 

Ku + k x U x -

k2 
w 

co + k x U . xux> 

' ( k x B x + k y B y ) 2 , wDU 
* D| 

4rr Mco + kxUx)
z-l 

This equation may now be applied to each region separately 

as depicted in Figure (6.1) to find the form of the perturbation 

w. Since the velocities are constant within each region, DUX = 0. 

The equation then becomes, 



7U 

Figure 6.1 

Illustration of the coordinate system used for development 

of Kelvin-Helmholtz instability condition. 
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f p ( . + kxUx) - <*A + V y ) ] 
1 x x 4,r(_ 4 kxUx) J 

2-> 
(E2 - k ^ w = 0 

o r . 

(E2 - k ^ w = 0. 

The s o l u t i o n may b e w r i t t e n a s , 

_ +kz. _ - k z 
w = Ae 4 Be 

The separate solutions in each region become, 

-J<z 
w = Be 

1 

4kz 
w = Ae 

2 

f o r z > 0 

f o r z < 0 

w 
The quantity must be continuous across the surface 

(co 4 kxUx) i 

because of the following consideration. If the equation of the 

interface, after the perturbation is applied, is to remain single-

valued, then w may be related to the height of the interface above 

the initial planar surface. Let gz represent the deviation from 

the initial planar interface as shown in Figure (6.2). The relation 

between z and w is simply 

d 
w = _6z 
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Figure 6.2 

Illustration of the definition of 6_. 
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where " is the full convective derivative. This relation can 

then be expressed as, 

9 9 
w = —<5z 4 Uv—-6z 

'X 
Vtw" ' x3j 

and when Sz i s considered t o take p a r t in the p e r t u r b a t i o n , the 

d e r i v a t i v e s of Sz may then be taken . The equat ion then becomes, 

w = i(co 4 k U j 6 z 
X J_ 

If 6z is to be continuous and single-valued, then ^ 
i (co 4 kxUx) 

must also possess these qualities. The solutions for each region 

may then be written as, 

—kz 
w. = c. (co + k_,U.)e for z > 0 

1 x xi 

4k Z 
W2 = C2* u + kxU2^e - f o r z < ° 

Now that w has been obtained in each region, Equation 

(6.12) may be integrated across the interface from -e to 4e where 

the limit as E approaches zero of the integral will be taken. 

Certain quantities in the integral will be continuous across the 

interface while others are discontinuous. Let f be a continuous 

function across the interface as shown in Figure (6.3). Integrals 

like the following will be zero: 

lim If dz 
e-> 0 le 



80 

Figure 6.3 

Integration of a continuous function f between -e and 4e. 

i 
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r + e d f ( •>+e 

l im I — dz = l i m f 
e-0 - e

d z
 £ + 0 U - e 

I f g i s u sed now t o r e p r e s e n t a d i s c o n t i n u o u s f u n c t i o n a c r o s s t h e 

i n t e r f a c e as shown i n F i g u r e ( 6 . 4 ) t h e n t h e f o l l o w i n g i n t e g r a l 

i s z e r o ; 

l i m f g dz 
£+0 - e 

but the next integral is not zero and represents the difference 

between the function's value on either side of the interface, 

4e , 4e 
lim f .__ dz = lim fg] = g - g 
e+0 J ^z £+0 I J 1 2 

-e -e 

Keeping the above considerations in mind, the result of integrating 

Equation (6.12) is 

p ^ 4 kxUx)Dw 
f ( k x B x 4 k y B y ) 2 Dw 

2 1 4 f (- + kxUX ) j2 

which becomes 

(k^Blx + k v B l v ) 2 Dwi 
p,(co + kxU,)Dw. - p„(co + k xUjDw„ = -£-±2 ____ i — 1 x 1 1 2 x 2 2 4 „ ( u + k x U i ) 

2 (Vm___. r D w 
ix J 1Viy' _ZJ, . (6 . 

4ir (co 4 k x U j 

At a p a r t i c u l a r x , y c o o r d i n a t e t h e d e v i a t i o n o f t h e 

i n t e r f a c e from t h e o r i g i n a l p o s i t i o n i n one r e g i o n i s j u s t t h e 



83 

Figure 6.4 

Integration of a discontinuous function g between -E and 4 E . 
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negative of that deviation in the other region. The w's in each 

region are, 

, . , r, i -k6z w = c (M + k U )e 1 1 ™ x i' 

/ , i TT x -kSz w2 = c2(o) 4 kxU2)e 

w 
i f a positive fiz i s considered. I t i s also known that 

i(co 4 kxUx) 

i s continuous so that 

w | _ W Z 
i (co 4 k ^ ) i (co 4 kxU2) 

therefore c = c = c. The w's in each region now become, 

and 

-kz 
w, = c(co 4 k u )e 
1 x, 1 

4kz 
w2 = c(u 4 k U2)e 

-kz 
Dw = - kcfto 4 kxUx)e 

+-CZ 
Dw2 = 4 kc(oj 4 kxU2)e 

The last two equations may now be substituted into Equation (6.13), 

however, the exponential dependence will vanish since the limit 

as e goes to zero was taken. When this is done, the following 
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e q u a t i o n i s o b t a i n e d : 

p (to 4 k^Uj) 4 p2(co 4 k x U 2 ) - — ( k « B x ) 4 (k«B ) = 0 , 
4ir 

where k«B = k x B x 4 kyB . T h i s q u a d r a t i c e q u a t i o n i n co may be p u t 

i n t o t h e form, 

( P l + p2)co2 4 2 ^ ( 1 5 ^ ) 4 p 2 (k x U 2 ) j co 4 P j k - ; 2 - ^ 4 P 2 k x
2 U 2

2 

!(.•*•-*• 2 .-*••*• 2} 
___ ( k ' B j r 4 < k . B 2 r = 0 . 
4-1 J 

The frequency co may now be solved for i n terms of the o the r p a r a ­

meters . The s o l u t i o n i s , 

_. " 2 ( p l k x U x 4 p2kxU2) ± 

2 ( P l + P 2 ) 

/ 4 < P ! k x P l + P 2
k ^ U 2 ) 2 " 4 ( P l + P 2

) ( p l k x 2 U l 2 + P2 k ^ U 2 2 " 4 T [ ( k - V 2 + ( k 'B 2 ^ ) 

2 ( p x + P2) 

(6.14) 

If co should ever be complex, then the surface waves will grow in 

amplitude exponentially. The conditions under which this instability 

occurs may be examined by looking at the quantity under the square 

root. When this quantity is less than zero, then a condition for 

instability of the interface will have been found. After some 

manipulation, the condition for instability becomes, 



(U1 - U2
)2 > Pl + P2 [(k-B^2 4 (k-B2)

2 

pxp2 4irk. 2 
x 

-y 
The most likely orientation of the wave vector k will be along 

the x axis since the fluid velocity is in that direction. With 

this in mind the inequality (6.15) may be expressed as, 

2 (Pl 4 p9) f 2 2 2 2 1 
l - U 2 )

Z > HI _1 B ^ C o s 2 ^ B2
2Cos2W2

1 

4TTPJP2 

where y and y are defined in Figure (6.5). 

This inequality may now be applied to the magnetopause 

where the subscript S refers to the magnetosheath and the subscript 

M refers to the magnetospheric medium. Let the coordinate system 

be fixed with respect to the magnetospheric medium which means 

that 132 = 0. For given values of the magnetic field B in either 

medium, the magnetopause will be more stable when the magnetic 

fields are lined up parallel to the solar stream flow, because then 

the cosine terms assume their largest values. In this case the 

tension of the magnetic fields tend to inhibit any growing waves 

on the surface whose wave vector is directed along with the solar 

stream velocity. The higher the solar stream velocity is, the 

greater will the tendency be for instability. Without the magnetic 

field, stability is impossible. 

The angle between the solar stream flow and the magneto­

spheric magnetic field varies from place to place on the magneto­

pause and also varies through the course of the day at any one 

particular place. Some regions of the magnetopause are therefore 

more susceptible to this instability than others. In addition 
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Figure 6.5 

Definition of the angles ^\ and 1*2 • 
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to the above considerations there is a variation of this angle 

throughout the year for a particular time of the day at a specific 

region of the magnetopause. 

6.2 Growth Rate of the Instability 

The growth rate of the instability may be determined from 

Equation (6.14). The imaginary part of the frequency co can be 

written as, 

c o . = 
i 

Kx 

(PS + PM> 

'psPMU2 - «f_sJLfM> ( B s
2 c o s % 4 BM

2cos24-M) 
4ir 

(6.16) 

If the densities are equal on either side of the boundary, Equation 

(6.16) becomes, 

co • = k i x 
r i ^ 
U2 - (B s

2 cos 2 1 ' s 4 BM
2cos21'M) . (6.17) 

"̂4T 8irp J 

The growth rate is proportional to, co. e 

The waves will grow to e times their initial amplitude in a time 

given by 1/cô . This characteristic growth time may be written as, 

t = j j_ . (6.18) 

2*(£ " gip-^bos^s 4 BM
2cos2YM)] * 

If the quantity under the square root in (6.18) is denoted by Ix, 

the (instability excess, the equation becomes, 
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x 
t = . . 

2irix̂  

For a wavelength of 1000 km. and an instability excess 

of 1 km./sec., the characteristic growth time is approximately 

160 seconds. 
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CHAPTER 7 

THE CAUSE OF THE SEMIANNUAL VARIATION OF GEOMAGNETIC ACTIVITY 

7.1 The Axial-Equinoctial Controversy 

The semiannual variation of geomagnetic activity is a well 

established phenomenon, having maxima near the equinoxes and 

minima near the solstices. There have been two views as to the 

cause of this semiannual variation. 

Cortie's (1912) "axial" hypothesis explained that the 

geomagnetic variation was associated with changes of the earth's 

heliographic latitude (maximum north heliographic latitude of 

o 
7.2 on September 7 and maximum south heliographic latitude of 

o 
7.2 on March 6). At the times of these maxima the earth would be 

more favorably situated with respect to the solar streams coming 

from the active regions between 10 and 20 degrees north and south 

heliographic latitude, thereby resulting in increased geomagnetic 

activity at these times. The axial hypothesis depends basically 

upon two things: that the solar streams cause geomagnetic activity, 

and that the solar streams emitted radially are not diffused vefcy 

much in the interplanetary medium by the time they get to the 

orbit of the earth. Figure (7.1) illustrates how the earth inter­

cepts a greater intensity of the solar streams on September 7 and 

March 6 than it would on December 8 and June 7. The intensity of 

the solar streams is taken to have maxima at 15° north and south 

heliographic latitudes in Figure (7.1). 
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Figure 7.1 

Axial hypothesis: Illustrating the positions of the earth 

relative to solar streams at times of maximum and minimum 

heliographic latitude. 



9k 

(Sep.7) 

(MarchS) 

1 max. 

SUN 15 

—J>! 
/ Doc.8 \ 
V JUOG 7 ' 

* 



Bartels' (1932) and Mcintosh's (19!?9) "equinoctial" hypo­

thesis on the other hand attributes the semiannual variation to 

the change of the tilt of the dipole axis, the times of greater 

activity occurring when the dipole is perpendicular to the solar 

wind flow. The maximum activity occurs, therefore, twice yearly 

at the equinoxes. The physical mechanism is not specified. 

Figure (7.2) illustrates the dipole positions at the equinoxes 

and solstices. 

There has been a continuing controversy over the correct 

explanation of the semiannual variation of geomagnetic activity, 

since the nature of the geomagnetic data makes it difficult to 

identify the dates of the maxima. Some authors (Priester and 

Cattani, 1962j Currie, 1966) have favored the axial hypothesis 

while others (Bartels, 1932, 1963j Meyer, 1966; Roosen, 1966; 

Shapiro, 1969) have favored the equinoctial hypothesis. Mishin 

et al. (1961) and Mishina (1967) invoke a more complicated inter­

play of several factors in explaining their geomagnetic analyses. 

The lack of a physical mechanism to adequately explain 

the cause of the semiannual variation has been the major problem. 

A knowledge of the mechanism will identify the parameters respon­

sible for the phenomenon and therefore make possible the under­

standing of the semiannual variation of geomagnetic activity. 

7.2 The Kelvin-Helmholtz Hypothesis 

It will be shown that the variations of Kelvin-Helmholtz 

instability at the boundary of the magnetosphere are due to the 

seasonal changes of the orientation of the earth's magnetic dipole 



96 

Figure 7.2 

Equinoctial hypothesis: Illustrating the tilt of the 

dipole axis at the equinoxes and solstices. 
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with respect to the solar wind flow. It is suggested that in­

stabilities generated at the magnetopause will initiate the 

geomagnetic disturbance detected by surface magnetic observa­

tories as the semiannual variation of magnetic disturbance. 

Frictional or viscous-like interactions between the solar 

wind and the magnetosphere have been studied quantitatively by 

Axford (196I|.) and Parker (196S>) based on a sound wave refraction 

mechanism and based on particle scattering by inhomogeneities 

of the magnetic field respectively. The Kelvin-Helmholtz 

phenomenon could possibly be the process extablishing the in­

itial conditions in both cases. 

The seasonal distribution of magnetospheric substorms 

may well contribute to the semiannual variation of geomagnetic 

activity. Akasofu (1968) cites 10 theories (see page 22U) 

that have been suggested to explain the magnetospheric substorm. 

In two of these theories, Kelvin-Helmholtz instability might 

again serve as the intermediary between the solar wind and 

geomagnetic disturbance. It should not be assumed that the 

Kelvin-Helmholtz mechanism is exclusive, but rather in com­

petition with other disturbance phenomena. 

A number of important contributions to the Kelvin-Helmholtz 

instability problem have been made by Axford (i960, 1962, 1961).), 

Sen (1963, 196k), Fejer (1963, 19610, Southwood (1968), and Talwar 

(1961|., 196$). For a good review of this subject see Dungey (1968) 

and Gerwin (1968). The instability criterion developed in the 

preceding chapter may be applied to the magnetopause giving, 
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2 *>s +Pvfi 2 2,rf 2 2... I 
U > J_ 3 % Cos 3^ + BM Cos ^ J 

l*Wk L J 

Recalling the considerations of the previous chapter, 

the presence of parallel components of magnetic field with respect 

to the solar wind stream at the boundary create a stabilizing 

influence. If the magnetic fields were either non-existent or 

perpendicular to the solar stream a situation of complete in-

stability would result for wave vectors along U. Parallel com­

ponents of magnetic fields therefore have a stabilizing influence 

on the boundary. The angle ̂ M -̂s a function of three quantities: 

the point on the magnetopause, the time of year, and the time of 

day. Some regions of the magnetopause are therefore more sus­

ceptible to this instability than others,and, in addition, they 

exhibit a time variation. 

It is clear from the Kelvin-Helmholtz inequality that 

interplanetary fields will contribute to variations of instability. 

However, since seasonal variations of the interplanetary field 

have not been observed, any interplanetary field influence on a 

semiannual variation of instability will be averaged out, when 

considering several years of data. Short-term variations of the 

interplanetary magnetic field and their influences on geomagnetic 

activity, as observed by Fairfield (1968), SOhatten and Wilcox 

(1967) and Wilcox et al. (1967) and explained in terms of inter­

connection between interplanetary and geomagnetic field lines 

in the manner of Dungey (1961) are by no means excluded by the 



present discussion. 

The association of the semiannual variation of geo­

magnetic activity with the seasonal variations of the angle Y 
M 

in the Kelvin-Helmholtz theory will now be made. A sketch of 

the magnetosphere of the earth is shown in Fjgure (7.3). The 

Y - Z plane cuts a dawn-dusk cross-section through the flanks 

of the magnetosphere and passes through the center of the earth 

which is at the origin of the coordinate system. The solar wind 

is in the X-direction. The dipole is shown here to be along 

the Z-axis and perpendicular to the solar wind. This parti­

cular orientation of the dipole with respect to the solar wind 

will occur twice a day during the periods that the earth's 

rotation axis is perpendicular to the solar wind, i.e. during 

the equinoxes. An appropriate rotation of this coordinate 

system about the X-axis (solar wind direction) can always be 

made so that the dipole is contained in the X - Z plane and the 

X - Y plane intersects the magnetopause along the flanks. 

Figure (7.It) is a cross-sectional view of the magnetb-

sphere in the X - Y plane looking in the negative Z direction 

for the orientation of the dipole of Figure (7.3). Inside the 

magnetopause all along the dawn and dusk flanks the geomagnetic 

field lines are directed outward, or in the positive Z-direction. 

A local coordinate system X', Y', Z' (X1 in the streaming dir­

ection, Y1 perpendicular to the magnetopause, Z' = Z) may be 

placed anywhere along the dawn and dusk flanks. Such a coor­

dinate system is shown at the dusk flank in Figure (7.10. 
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Figure 7.3 

Sketch of the magnetosphere with Y - Z plane through the 

flanks. 
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Figure 7.4 

Sectional view of the magnetosphere in the X - Y plane with 

local coordinate system at the dusk flank. 



ioU 

SOLAR 
STREAM 

WIND 
LINES 



Clearly the angle Y M
 = 90" at the flanks, and the inequality 

becomes 

2 pS +PM 2 __ 2,r/ U> B sGos Ys 

favoring instability. This value of "fL occurs at 1030 and 

2230 UT (sunrise and sunset at the north geomagnetic pole 

respectively). For this case, it is apparent that magneto­

spheric field lines cannot exert stabilizing influences in the 

U direction. 

The least unstable situation at the flanks during the 

equinoxes occurs when ̂ M = 78.$ , or 3-01°f>. These values of "ty 

occur at 01+30 and 1630 UT (midnight and noon at the north geo­

magnetic pole respectively). The condition for instability now 

becomes, 

2 ^S + ^ k 
u > 

^Ps% 
Bs

2,Cos2f_ + 0.0397 B 2\ 

Obviously, the components of field lines along U are a stabilizing 

influence in this case. 

For the most unstable situation at the winter and summer 

solstices Y M i
s 78 and 102° respectively, the former angle 

occurring at 1630 UT and the latter occurring at 01+30 UT. The 

inequality can then be written as, 

Pc + Pv U2> _£___M Bq
2Cosaf- + p.Oli31BM

2j 
M 



The most unstable configuration at the solstices nearly 

corresponds to the most stable configuration at the equinoxes. 

The least unstable configuration during the winter and 

summer solstices occurs when^M is j?5° and 12f?° respectively, 

the former angle occurring at 01+30 UT and the latter occurring 

at 1630 UT. The instability condition then becomes, 

U2 > — Bq
2Cos2fq + 0.329 BM

2 

»M L J 

There are other regions where the solar streaming is 

perpendicular to the geomagnetic field. However, these regions 

are exclusively at the front of the magnetosphere where the low 

value of solar streaming, as well as the absence of any sea­

sonal dependence in this vicinity serve to exclude it from the 

present discussion. 

Figure (7.5) displays the stable and unstable regions 

of IT plotted against^JC alone. The values of "ty during the 

equinoxes can correspond to unstable conditions with relatively 

lower values of U than at the solstices. If the other quantities 

in the inequality have no significant seasonal dependence, then 

the instability at the flanks is dependent solely upon the angle 

between the dipole and the sun-earth line as in the equinoctial 

hypothesis. However, any seasonal changes in the intensity of 

the solar streams (as suggested by the axial hypothesis) will 

have their Kelvin-Helmholtz effects. These have not been 

observed. 

7.3 Prediction of Kelvin-Helmholtz Hypothesis 
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Figure 7.5 

Stable and unstable regions of Er plotted against ¥, 
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The parameters of the solar wind are known to be quite 

variable. These spatial variations in the solar wind are con-

vected through the bow shock and pass through the magnetosheath. 

At any given time these parameters may change so as to alter the 

relative magnitudes of the left and right-hand sides of the in-

stability condition. When the magnetospheric term is small, 

the probability for instability to occur will be high,since 

the chances would be greater for the parameters to take on 

favorable values. If the magnetospheric term is large the 

probability for instability to occur would be correspondingly 

low. The times of the maximum and minimum probabilities for 

instability are seasonally dependent and may be determined from 

the instability condition as in Table 1, where th© abbreviations 

D and s^ refer to the density factor and interplanetary term 

respectively. Therefore, if the instability of the magneto­

pause is geomagnetically effective, then the Kelvin-Helmholtz 

explanation predicts a universal time variation of geomagnetic 

activity. Illustrative plots of the probability of instability 

as a function of UT are shown in Figure .'(7«6) 'for .the December 

solstice, the equinoxes, and the June solstice. We have 

assumed here that the probability of instability is approxi­

mately a linear function of the difference between the left-

hand side and the right-hand side of the instability condition. 

It is pointed out that the flanks have the highest probability 

of instability at the equinoxes and in addition have a smaller 

diurnal variation than the solstices. The expected diurnal 



TABLE 1. 

Diurnal variation of Kelvin-Helmholtz Instability 

Equinoxes 

Max = 1030, 2230 UT 

0 0 
¥„ = 9C , 90 
M 

u2 > D(st) 

Min = 0430, 1630 UT 

. % = 78?5, 101°. 5 

U2 > D|St + 0.04 BM
21 

Summer Solstice 

Max = 0430 UT 

0 
\ . = 102 M 

U2 > D[st + 0.04 BM
2J 

Min = 1630 UT 

% = 125° 

U2 > D[st + 0.33 BM
2] 

Winter Solstice 

Max = 1630 UT 

0 
¥M = 7 8 

M 

U2 > Dfst +*0.04 BM
2j 

Min = 0430 UT 

*M - 55° 

U2 > o[st + 0.33 BM
2] 
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Figure 7.6 

Illustrative plot of universal time variation of Kelvin-

Helmholtz instability. 
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variation at the solstices is approximately seven times greater 

than at the equinoxes, and the maximum probability of instability 

at the solstices is approximately equal-to the minimum probability 

of instability at the equinoxes, as seen in Table 1 and shown in 

Figure (7.6). The ordinate of Figure (7.7a) is an illustrative plot 

of the difference between the probability of instability at 

the June solstice and the probability of instability at the 

December solstice but is labelled as the difference between the 

expected disturbances (_k DISTURBANCE) at these times. Figure 

(7.8a) presents a similar illustrative plot but the ordinate now 

represents the differences between the sums of the expected 

disturbances at the equinoxes and the sums of the expected dis­

turbances at the solstices. The phase and amplitude of the pre­

dicted curves ;of Figures (7.7a) and (7.8a) are confirmed by 

several analyses of available geomagnetic data. 

7.1+ Data Analysis and Confirmation of Kelvin-Helmholtz Hypothesis 

The universal time variation predicted by the Kelvin-

Helmholtz hypothesis should be revealed in the geomagnetic data 

on the removal of the local time effect. The changes of geo­

magnetic activity with local time are well known and have little 

seasonal variability. Therefore, the removal of the local time 

variation may be simply accomplished by taking differences between 

seasons. The June minus December difference leads to the doubling 

of the predicted variation and is illustrated in Figure (7.7a). 

The maximum occurs at 01+30 UT and the minimum at 1630 UT. The 

difference between March and September would obviously eliminate 



both the predicted effect -and the local tirtB variation. There­

fore, the sum of the equinoxes minus the sum of the solstices 

is calculated resulting in a doubling of the predicted equi­

noctial variation seen in Figure (7.8a). Maxima occur at 1030 

and 2230 UTand minima at 01+30 and 1630 UT. 

Figures (7.7) and (7.8) indicate the comparison of the 

predicted' variation with several analyses of geomagnetic activity. 

Figures (7.7b) and (7.8b) present the indicated differences of 

the average daily variation of the K index of 12 observatories 

during 19$0-195$ on selected days of K_ sum > 20 reported by 

Mcintosh (195>9). Using data from all stations the average 

value of K is obtained separately for the months of June, 

December, Iferch and September for each 3-hour interval of 

universal time over the indicated interval of years. The eight 

3-hour intervals are then averaged for each of these months to 

obtain the average monthly K. The difference between the monthly 

average and the individual 3-hour monthly averages gives the 

3-hour deviations from the mean for each month. This method is 

applied in determining Figures (7.7)and (7J3). Figures (7.7c) and 

(7.8c) present the indicated differences of the average daily 

variation of Mayaud's index (a^) computed for 16 stations for 

3 selected years (I9i?9, 1961, 1961+) including only 3-hourly 

intervals with K £• 2o (Mayaud 1967). Mayaud's a^ index is 

derived from his K^ index in the same manner as a is derived 

from K . The index K̂ . is formed from the K indices of 10 

stations in the north and 6 stations in the south between h$° 
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Figure 7.7 

Predicted June minus December univeral time variation of 

geomagnetic disturbance compared with data analyses of (b) 

Mcintosh (c) Mayaud and (d) Nicholson and Wulf. 



JUNE MINUS DECEMBER 

116 

UJ 

o 
< 
CD 

3 

00 

6 12 18 
PREDICTED 

*~» " 
10 

• » — 

c 
3 

__ 

T 
o 
v—• 

* : 

< 

+ 4 -

+2-

o. 

- 2 -

- 4 -

>\ 
j \ 

/ \ 
/ \ 

/ \ 
/ \ 

' \ > 
\ / 

\ / 
\ / 

i ^ " ~ " 
i 
i i 

"_ i ' i r i i ' i i 

24 UT 6 12 18 
MCINTOSH 

24 UT 

a 

^_, 
CO 

•e— 

C 
=J 

*: 
—. 
i o 
*— 
__ 

< 

4 2 -

+ 1-

0-

- 1 -

- 2 ' 

/ ^ \ 

/ \ 
/ \ 

/ \ 
/ \ 

/ \ 
/ \ 

\ y 

\ / 

\ X̂ *"**̂  
\ / 

\ / 

! i 
i i i i i i i 

24UT 

MAYAUD 
6 12 18 24UT 

NICHOLSON, WULF 



117 

Figure 7.8 

Predicted equinoxes minus solstices universal time variation 

of geomagnetic disturbance compared with data analyses of 

(b) Mcintosh (c) Mayaud and (d) Nicholson and Wulf. 
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and $$° geomagnetic latitude, after certain modifications are 

made so that a^ is representative of an equivalent amplitude 

in the unify'". Mayaud's June solstice consists of the months 

May, June, July, and August while his December solstice consists 

of the months November, December, January, and February. 

Mayaud's equinoxes consist of the months March, Apri], September, 

and October. Figures (7.7d) and (7.8d) present the indicated 

differences of the average daily variation of the K index for 

6 observatories including all days of 191+0-191+6 calculated by 

Nicholson and Wulf (1955). These curves were formed from 

Nicholson and Wulf's (1955) individual monthly curves (June, 

December, Marcl} and September) of the mean deviation of average 

K values as a function of UT. An excellent verification of 

the predicted phase is obtained. The relative amplitudes are 

confirmed, however, they are not quite as high as the predicted 

7 to 1 ratio. 

In order to verify further the Kelvin-Helmholtz mechanism, 

supported by the geomagnetic analysis of others, the data from 1+ 

observatories closer to the auroral zone are studied: Murmansk 

(63.5N, 126.2E), Wellen (61.8N, 237.IE), Berguelen (56.5S, 127.8E), 

Maquarie Island (60.7S, 21+3.0E), where geomagnetic coordinates are 

indicated. The K-indices analyzed are taken from three weeks 

before to three weeks after the key dates of the equinoxes and 

solstices from December 1, 1959 to October 12, 1961+. The indices 

are linearized as in the method of Bartels by forming ak, the 

equivalent amplitude, for each station and then converting these 

into the range in /. These values are averaged over each pair 



of stations in the north and in the south during the indicated 

time interval at each season for each 3-hour period of UT. 

The indicated differences of a^'are 'then taken "and plo'tted.in figures 

(7.9a) and (7«9c), where June and December refer to the solstices. 

Composites for all four stations are shown in Figures (7.9b) and 

(7.9d). Figure (7.10) displays the same data in the unit /and 

very little difference is found between this figure and Figure 

(7.9). As before, the phase verification is excellent, and in 

addition, the relative amplitudes are now closer to the pre­

dicted for the near auroral stations. Using all stations in 

Figure (7.9) a ratio of 6 to 1 is found while Figure (7.10) 

shows this ratio to be 5.5 to 1. 

Analysis of the K-indices from 8 polar-cap observatories 

are performed for the same time period and, as expected, reveal 

no seasonal Kelvin-Helmholtz effect. It is clear that the polar 

cap represents quite a different regime of geomagnetic activity. 
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Figure 7.9 

Variation of geomagnetic activity with universal time for 

2 stations in the north and 2 stations in the south for 

June minus December, and equinoxes minus solstices, including 

composites in the unit av. 
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Figure 7.10 

Variation of geomagnetic activity with universal time for 

2 stations in the north and 2 stations in the south for 

June minus December, and equinoxes minus solstices, including 

composites in the unit y. 
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CHAPTER 8 

ANALYSIS OF SATELLITE' DATA 

8.1 Illustrative Quantitative Estimate of the Kelvin-

Helmholtz Instability Criterion 

Estimates of the magnitudes of the left and right hand 

sides of the instability criterion will be made for disturbed 

and quiet conditions of the magnetosphere. Explorer 31+ data are 

used for five crossings of the magnetosphere boundary. 

The crossings occurred at the following times with 

geomagnetic disturbance measured by K_: 

CROSSING 1 13 September 1967 2121+UT (Kp = 3o) 

CROSSING 2 11+ September 1967 O6I8UT (Kp = 3o) 

CROSSING 3 9 October 1967 211+5UT (Kp = 5+) 

CROSSING 1+ 18 November 1967 091+OUT (Kp = 1-) 

CROSSING 5 30 November 1967 1950UT (Kp = 1++) 

Each crossing supplied magnetic field measurements on either 

side of the magnetopause. Reliable plasma data were available 

only outside the bbw shock. Since the first, third, and fifth 

crossings were inbound, the hourly average values of solar wind 

speed (UOD) and number density (n,^ are measured just before the 

satellite entered the bow shock. The second and fourth crossings 

were outbound so that the hourly average values of solar wind 

speed and number density measured are those obtained just after 

the satellite passed through the bow shock. Table 2 lists 

these measured parameters. The magnetic field measurements 

(in Y ) and satellite position (in earth radii) at the crossing 



TABLE 2 

MEASURED VALUES OF THE PARAMETERS 

CROSSING 

1 

2 

3 

1+ 

5 

Kp 

3o 

3o 

5+ 

l -

1++ 

BS(Y) 

1+0 

l+o 

l+o 

15 

l+o 

% 

o 

-20 

10° 

20° 

- 1 + 5 ' 

0* 

<*>s 

270° 

310° 

120° 

210° 

50° 

%(Y) 

ko 

U5 

65 

30 

$$ 

0 M 

15° 

0° 

0° 

2 0 ° 

0 ° 

% 

180° 

315° 

135° 

21+0° 

50° 

*SE 

9.30 

6.96 

5.U2 

5.07 

1.35 

YSE 

-1 .00 

0 .21 

-3 .26 

-12.71 

-7.50 

ZSE 

$6$ 

-6.17 

5.33 

-7.1+0 

5.97 

RSE 

LQ87 

9.30 

8.27 

15.56 

9.68 

Ug/km./sec.] 

563 

539 

1+66 

382 

1+22 

ng/cm." 3 ) 

3.7 

2 .3 

1.5 

2 .0 

$.k 



point are given in solar ecliptic coordinates (Ness et al., 

19610. (see Figure (8.3)). 

The measured parameters are not in a form which could 

be used in the instability condition. In particular, the 

values of the solar wind stream speed (U) and mass densities 

(p_, p ) are needed at the satellite crossing point. These 

values may be obtained by using Spreiter et al.'s (1968) 

gasdynamic curves (e.g. for a free-stream Mach number equal 

to 5). They display contours of the ratio of magnetosheath 

to free-stream values of these quantities for the dayside 

magnetosheath. The free-stream values (U-, and n,-) determine 

the stream speed and the mass density at the crossing point. 

The magnetosphere mass density is assumed to be the same as the 

magnetosheath mass density in the absence of interior plasma 

measurements. 

The direction of the solar streaming at the satellite 

crossing point must be found so that the components of the 

magnetic fields in this direction may be determined. The 

direction of the solar streaming is uniquely determined by 

the intersection of the plane containing the satellite crossing 

point and the sun-earth line and the plane formed by the magnet­

osheath and magnetospheric magnetic fields at the crossing point. 

The quantities BgCos^g and BjyjCoŝjyj are then found. The magnetic 

fields for the fifth-crossing are in the same direction so that 

no unique plane is defined by them. A plane was picked so 

that it is consistent with the general shape of the magnetosphere 

at this crossing point and contains the magnetic fields. The. 



unit vector normal to this plane has the following solar ecliptic 

coordinates: 6n= 1+0, H*-- 11+0* Section 8.3 contains the, equations used 

for the determination of the quantities BgCos'.g and Bĵ Coŝ fL. 

Table 3 contains the calculated values of the parameters to_e 

used in the instability condition for all five crossings. It is found 

that the instability condition is fulfilled for the second crossong 

point while it is not fulfilled for the other crossing points. The 

fact that the instability condition is not fulfilled for the fourth 

crossing point is consistent with the period being a quiet one. App­

lication of the gasdynamic curves of Spreiter et al. (1968) and some 

assumptions concerning the magnetic fields (see Section 8.1+) to de­

termine conditions at the flanks are displayed in Table 1+. Tables 3 

and 1+ reveal that the magnetopause is always in a condition bordering 

on instability of the kind described by the Kelvin-Helmholtz mechanism. 

The values of the left and right hand sides of the instability con­

dition are near each other (most within an order of magnitude) at the 

crossing points and even closer to each other when the parameters are 

extrapolated to the flanks. The fact that the instability condition 

does not appear to work for all the times of the crossings could be due 

to a number of uncertainties associated with the way the parameters have 

been determined. In addition, the measure used to-determine geomagnetic 

activity, Kp, is a three-hour index and a crossing could occur before 

conditions become disturbed. A more comprehensive study of the boun­

dary during quiet and disturbed times is necessary and will be done 

as soon as data becomes available. 

8.2 The Kelvin-Helmholtz Instability Condition and 

the Sector Structure of the Interplanetary Medium 

An attempt is made here to construct a predicted curve of geo-



TABLE 3 

CALCULATED VALUES OF THE PARAMETERS AT THE CROSSING POINTS 

CROSSING 

U(107cm./sec.) 

P s =^( lO- 2 U gm. /cm.^ ) 

BgDos¥~ (10 '^gauss) 

BjjCos_'M(lO~^gauss ) 

I ^ d O ^ c m . V s e c . 2 ) 

RIGHT v 

HAND ( l O X 4 g a u s s W / g m , ) 
SIDE 

INSTABILITY 
CONDITION 
FULFILLED ' 1 

1 (Kp - 3o) 

1.7 

21.3 

-1 .68 

3U.8 

2 .9 

8.9 

NO 

2 (Kp = 3o) 

2.16 

12.3 

-7 .09 

-16 .3 

1+.66 

1+.08 

YES 

3 (Kp = 5+3 

2 . 1 

7.51 

18.5 

51.5 

1+.1+ 

63.1+ 

NO 

h (Kp = 1-) 

2.29 

7.68 

8.39 

21.2 

5.25 

10.8 

NO 

5 (Kp = U+) 

2.71+ 

1 7 . 1 

-31+. 2 

- 1 + 7 . 1+ 

7.5 

31.6 

NO 



TABLE 1+ 

CALCULATED VALUES OF THE PARAMETERS AT THE FLANKS AT THE TIMES OF THE CROSSINGS 

CROSSING TO FLANK 

U(lO'cm./sec.) 

Ps=/yio:2lV./ciri.3) 

BgCos^g (Kf^gauss) 

ByCos^dO'^gauss) 

U^lO^cm.Vsec . 2 ) 

RIGHT -, 2 3 
HAND (10 gauss cm fen.) 
SIDE 

INSTABILITY 
CONDITION 
FULFILLED 

1 (K = 3o) 

3.97 

9.71+ 

~ 20 

0 

15.67 

6.1+9 

YES 

2 (Kp = 3o) 

3.78 

6.15 

~ 20 

2.75 

11+.2 

10.55 

YES 

3 (Kp = 5+) 

3.28 

1+.02 

« 20 

0.91+ 

10.8 

15.8 

NO 

U (Kp = 1.) 

2.68 

5.33 

<vlO 

9.1+ 

7.16 

5.63 

YES 

5 (Kp = 1++) • 

2.95 

11+.1+ 

co 26.1 

3.51 

8.7 

8.0 

YES 



magnetic disturbance as a function of day within the sector structure 

of Wilcox and Ness (1965) using their parameters and the Kelvin-

Helmholtz instability condition at the flanks. Tables 5 and 6 give 

the free-stream, values of the number density (n^), magnetic field in­

tensity (BQQ), and solar wind speed (U^ for the 3-hour intervals of 

the days of the away and toward sectors obtained from the curves of 

Wilcox and Ness (1965) which are displayed in Chapter 3. The ratio 

of the bulk kinetic energy density (assuming only protons in the solar 

wind) to the magnetic field energy density has been calculated for 

the free-stream values and is also given in these tables. These free-

stream values are converted to the values they would have at the flanks 

by using the gasdynamic curves (Mach 5) of Spreiter et al. (1968). 

The relationships between the free-stream values and the solar 

stream parameters at the flanks are: 

n= 1.6_<g j U- 0.70a, ,• B= 5B& . 

These new values are-displayed in Tables 7 and 8 for away and 

toward sectors and are used to calculate the left and right hand 

sides of the instability condition which are presented in 

Tables 9 and 10 where it has been assumed that'jf = 0 and 

"¥ = 90. The difference between the left hand side and right 

hand side of the instability condition (DIFFERENCE) is also 

given in these tables and plotted in Figures (8.1) and (8.2) for the 

away and toward sectors respectively. This difference is assumed 

to be proportional to the probability of instability at the 

flanks and therefore proportional to geomagnetic disturbance. 

Acomparison between these curves and the curves 



TABLE 5 

SOLAR WIND PARAMETERS FOR AWAY SECTORS OF WILCOX AND NESS, 1965 

Days of 
Sector 
Structure 

1 

2 

3 

h 

5 

6 

3 Hs> ur 
Interval 

1 
2 
3 
1+ 
5 
6 
7 
8 
1 
2 
3 
1+ 
5 
6 
7 
8 
1 
2 
3 
1+ 
5 
6 
7 
8 
1 
2 
3 
1+ 
5 
6 
7 
8 
1 
2 
3 
1+ 
5 
6 
7 
8 
1 
2 
3 
1+ 
5 
6 
7 
8 

nao 
-m-3 
cm. 16.9 
26.0 
26.0 
31.5 
31.5 
39.1+ 
39.1+ 
35.6 
35.6 
18.1 
18.1 
11.3 
11.3 
9.0 
9.0 
7.5 
73 
8.1 
8.1 
6.1 
6.1 
6.1 
6.1 
$.6 
$.6 
$.6 
$.6 
$.6 
$.6 
$.9 
6.1 
$.9 
5.9 
U.7 
U.7 
5.2 
5.2 
1+.8 
1+.8 
6.6 
6.6 
7.3 
7.3 
7.6 
7.6 
7.3 
7.3 
7.6 

U J 10 cm./sec) 

3.06 
3.31 
3.31 
3.26 
3.26 
3.26 
3.26 
3.26 
3.26 
3.50 
3.50 
1+.10 
1+.10 
1+.26 
1+.26 
1+.26 
1+.30 
1+.26 
1+.26 
1..25 
1+.25 
1+.26 
1+.26 
1+.28 
1+.28 
1+.21 
1+.21 
1+.21 
1+.21 
U.25 
1+.25 
U.UU 
U.UU 
U.9U 
h.9h 
k.36 
U.36 
3.75 
3.75 
3.53 
3.53 
3.18 
3.18 
3.18 
3.18 
3.29 
3.29 
3.23 

B j 10-;p gauss) 

2.7 
2.5 
2.5 

6.1+5 
6.1+5 
6.3 
6.3 

66 
6.5 

66$ 
6.2 
6.2 
5.85 
5.85 
5.U 
5.U 
$6 
$6 
$.6 
5.6 
$6 
$6 
$.6 
5.6 
5.2 
5.2 
U.5 
U.5 
3.3 
3.3 
3.2 
3.2 
3.55 
3.55 
3.55 
36$ 
3.55 
3.6 
U.l 

P <D 

227.7 
U78.0 
U78.0 

$$.9 
$$.9 
50.2 
50.2 

39.9 
33.8 
3U.U 
35.9 
35.9 
30.1 
30.1 
33.9 
33.9 
36.9 
36.9 
3U.U 
3U.U 
33.2 
33.2 
36.9 
38.2 
38.9 
3G.9 
UU.5 
UU.5 
51.2 
51.2 
65.0 
65.0 
8U.2 
8U.2 
6l.ii 
61. U 
6U.0 
6U.0 
65.8 
63.9 
U9.5 



TABLE 5 
Continued 

Days of 
Sector 
Structure 

7 

8 

VHour 
Interval 

1 
2 
3 
U 
5 
6 
7 
8 
l 
2 
3 
U 
5 

00 
_•? cm. -

7.6 
8.8 
8.8 

LO.O 
LO.O 

LI.8 
LI. 8 
L2.5 
L2.5 
L2.8 
12.8 

UQ3(107cm./sec.) 

3.23 
3.21 
3.21 
3.06 
3.06 
2.93 
2.93 
2.81 
2.81 
2.81 
2.81 
2.68 
2.68 

B J 1 0 ~ gauss) 

U . l 
U.5 
U.5 
5.0 
5.0 
U.6 
U.6 
U.3 
U.3 
U.U 
U.U 
U.2 
U.2 

/3oo 

U9.5 
U7.0 
U7.0 
39.3 
39.3 

52.8 
52.8 
53.5 
53.5 
5U.7 
5U.7 



TABLE 6 

SOLAR WIND PARAMETERS FOR TOWARD SECTORS OF WILCOX AND NESS, 1965 

Day of 
Sector 
S t ruc tu r e 

1 

2 

3 

U 

5 

6 

3 Hour 
I n t e r v a l 

1 
2 
3 
u 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 

cia"-? 

11.8 
11.8 
11.8 
11.8 
lU.U 
lU.U 
15.0 
15.0 
16.2 
16.2 
16.2 
16.2 
1U.6 
1U.6 
11.3 
11.3 
10.0 
10.0 
10.0 
10.0 

7.3 
7.3 
66 
66 
6 .1 
6 . 1 
6 .1 
6 .1 
6 . 1 
6 .1 
6.9 
6.9 

9 .1 
9 .1 
7.9 
7 .9 
7.9 
7 .9 
7.9 
7 .9 
9 .1 
9 .1 

10.6 
10.6 

U-jdO'cm./sec.) 

2.87 
2.87 
2.87 
2.87 
3.02 
3.02 
3.73 
3.73 
U.10 
U.10 
U.10 
U.10 
U.21 
U.21 
U.30 
U.30 
U.UU 
U.UU . 
U.UU 
U.UU 
U.69 
U.69 
U.UU 
U.UU 
U.23 
U.23 
U.23 
U.23 
U.23 
U.23 
U.06 
U.06 

3.03 
3.03 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
2.8U 
2.8U 
2.60 
2.60 

BjlO^gauss) 

6.05 
6.05 
6.05 
6.05 
$.9 
5.8 
6.U 
6.U5 
$.6$ 
$.6$ 
5.65 
$.6$ 
66$ 
66 
6 . 1 
6 . 1 
6.0 
6 .0 
6.0 
6.0 
5 .3 
$.3 
U.8 
U.8 
U.U 
U.U 
U.U 
U.U 
U.o 
U.o 
U.U5 
U.U5 

U.U 
U.U 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.U 

• 3.U 
36 
36 

^ 0 0 

27.8 
27.8 
27.8 
27.8 
39.7 
U0.9 
53 .U 
52 .6 
8 9 3 
89.5 
89.5 
89.5 
63.3 
6U.2 
58 .9 
58 .9 
57.U 
57.U 
57.U 
57.U 
60.0 
60.0 
58 .3 
58 .3 
5 9 . 1 
5 9 . 1 
5 9 . 1 
5 9 . 1 
71.5 
71.5 
60.2 
60.2 

U5.3 
U5.3 
5U.5 
5U.5 

" 5lufT 
5U3 
5U.5 
5U.5 
66.6 
66.6 
61.3 
61.3 



TABLE 6 
Continued 

Day of 
Sector 
Structure 

7 

8 

3 Hour 
Interval 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 

noo 
-3 

cm. -* 9.1 
9.1 
9.1 
9.1 

10.6 
10.6 
15.3 
15.3 16.2 
16.2 
16.2 
16.2 
19.7 

Ugjdofcm./sec.) 

2.81+ 
2.8U 
2.8U 
2.8U 
2.81 
2.81 
2.65 
2.65 
2.62 
2.62 
2.62 
2.62 
2.87 

B-pdO-^gauss) 

36$ 
3.55 
36$ 
3.55 
3.65 
3.65 
3.65 
3.6$ 
3.2 
3.2 
3.2 
3.2 

paa 

61.1 
61.1 
61.1 
61.1 
6$.9 
65.9 
8U.6 
8U.6 

113.9 
113.9 
113.9 
113.9 



TABLE 7 

SOLAR STREAM PARAMETERS AT FLANKS FOR AWAY SECTORS 

Day of 
Sector 
S t r u c t u r e 

1 

2 

3 

U 

5 

6 

3 Hour 
I n t e r v a l 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
l 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 

n 

cm. 
27.0 
Ul .6 
1+1.6 
50.U 
50.U 
63.0 
63.0 
57 .0 
57 .0 
29.0 
29.0 
18 .1 
1 8 . 1 
lU.U 
lU.U 
12.0 
12.0 
13.0 
13.0 

9.8 
9.8 
9.8 
9.8 
9.0 
9.0 
9.0 
9.0 
9 .0 
9.0 
9.U 
9.8 
9.U 
9.U 
7 .5 
7 .5 
8.3 
8.3 
7.7 
7.7 

10.6 
10.6 
11.7 
11.7 
12.2 
12.2 
11.7 
11.7-
12.2 

U( l0 7 cm. / sec . ) 

2.11+ 
2.32 
2.32 
2.28 
2.28 
2.28 
2.28 
2.28 
2.28 
2.U5 
2.U5 

'2 .87 
2.87 
2.98 
2.98 
2.98 
3 .01 
2.98 
2.98 
2.98 
2.98 
2.98 
2.98 
3.00 
3.00 
2.95 
2.95 
2.95 
2.95 
2.98 
2.98 
3 .11 
3 .11 
3.U6 
3.U6 
3.05 
3.05 
2.63 
2.63 
2.U7 
2.U7 
2.23 
2.23 
2.23 
2.23 
2.30 
2.30 - -
2.26 

B(lO"^gauss) 

13.5 
12.5 
12.5 

32 .3 
32 .3 
31.5 
31.5 

32.8 
32.5 
32.5 
32.8 
32.8 
31.0 
31.0 
29.3 
29.3 
27.0 
27.0 
27 .5 
27.5 
28.0 
28.0 
27 .5 
27.5 
28.0 
28.0 
26.0 
26.0 
22.5 
22.5 
16.5 
16.5 
16.0 
16.0 
17.8 
17.8 
17.8 
17.8 
17.8 

• 18.0 
20.5 

P 
7.12 

15.03 
15.03 

1.75 
1.75 
1.58 
1.58 

1.25 
1.06 
1.08 
1.13 
1.13 
0.95 
0.95 
1.06 
1.06 
1.17 
1.17 
1.09 
1.09 
1.05 
1.05 
1.16 
1.21 
1.22 
1.22 
1.39 
1.39 
1.60 
1.60 
2 .05 
2.05 
2.65 
2.65 
1.93 
1.93 
2 .01 
2 .01 
2.05 
2.00 
1.56 



TABLE 7 
Continued 

Day of 
Sector 
Structure 

7 

8 

3 Hour 
I n t e r v a l 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 

n 

cm ."3 
12.2 
l U . l 
l U . l 
16.0 
16.0 

18.9 
l t i .9 
20.0 
20.0 
20.5 
20.5 

UdO^cm./sec.) 

2 .26 
2.25 
2.25 
2.1U 
2.1U 
2.05 
2.05 
1.97 
1.97 
1.97 
1.97 
1.88 
1.88 

B(lO'^gauss) 

20.5 
22.5 
22.5 
25.0 
25.0 
23.0 
23.0 
21.5 
21.5 
22.0 
22.0 
21.0 
21.0 

P 

1.56 
1.U8 
1.U8 
1.23 
1.23 

1.66 
1.66 
1.68 
1.68 
1.72 
1.72 



TABLE 8 

SOLAR STREAM PARAMETERS AT FLANKS FOR TOWARD SECTORS 

Day of 
Sector 
S t ruc tu r e 

1 

2 

3 

U 

5 

6 

3 Hour 
I n t e r v a l 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 

n 

cm."^ 
18.9 
18.9 
18.9 
18.9 
23.0 
|23.0 
2U.0 
2U.0 
25.9 
25.9 
25.9 
25 .9 
23.U 
23.U 
18 .1 
18 .1 
16.0 
16.0 
16.0 
16.0 
11.7 
11.7 
10. U 
10.U 

9.B 
9.8 
9.8 
9.8 
9.8 
9.8 

11.0 
11.0 

1U.6 
1U.6 
12.6 
12.6 
12.6 
12.6 
12.6 
12.6 
.U.6 
.U.6 
-7.0 
-7.0 

U(l0 7Gm./sec.) 

2 .01 
2 .01 
2 .01 
2 .01 
2 .11 
2 .11 
2 .61 
2 .61 
2.87 
2.87 
2.87 
2.87 
2.95 
2.95 
3 .01 
3 .01 
3 .11 
3 .11 
3.11 
3 .11 
3.28 
3.28 
3 .11 
3 .11 
2.96 
2.96 
2.96 
2.96 
2.96 • 
2.96 
2.8U 
2.8U 

2.12 
2.12 
2.10 
2.10 
2.10 
2.10 
2.10 
2.10 
1.99 
1.99 
1.82 
1.82 

B(lO"5gauss) 

30.3 
30 .3 
30.3 
30 .3 
29.5 
29.0 
32.0 
32 .3 
28.3 
28 .3 
28.3 
28 .3 
32.8 
32 .5 
30.5 
30.5 
30.0 
30.0 
30.0 
30.0 
26.5 

. 26 .5 
2U.0 
2U.0 
22.0 
22.0 
22.0 
22.0 
20.0 
20.0 
22.3 
22.3 

22.0 
22.0 
18.5 
18.5 
18.5 
18.5 
18.5 
18.5 
17.0 
17.0 
17.5 
17.5 

Z3 

0.87 
0.87 
0.87 
0.87 
1.23 
1.28 
1.67 
1.6U 
2.79 
2.79 
2.79 
2.79 
1.99 
2.02 
1.85 
1.85 
1.80 
1.80 
1.80 
1.80 
1.88 
1.88 
1.83 
1.83 
1.86 
1.86 
1.86 
1.86 
2.25 
2.25 
1.87 
1.87 

1.U2 
1.U2 
1.70 
1.70 
1.70 
1.70 
1.70 
1.70 
2.10 
2.10 
1.93 
1.93 
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TABLE 8 
Continued 

Day of 
Sector 
Structure 

7 

8 

3 Hour 
Interva. 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 

n 

-3 
cm. iU.6 
1U.6 
1U.6 
1U.6 
17.0 
17.0 
2U.5 
2U.5 
2^.9 
25.9 
25.9 
25.9 
31.5 

U(l07cm./sec.) 

1.99 
1.99 
1.99 
1.99 
1.97 
1.97 
1.86 
1.86 
1.83 
1.83 
1.83 
1.83 
2.01 

B(10"^gauss) 

17.8 
17.8 
17.8 
17.8 
18.3 
18.3 
18.3 
18.3 
16.0 
16.0 
16.0 
16.0 

fi 

1.91 
1.91 
1.91 
1.91 
2.07 
2.07 
2.65 
2.65 
36$ 
3.55 
36$ 
3.55 
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TABLE 9 

VALUES OF THE LEFT AND RIGHT HAND SIDES OF THE INSTABILITY 
CONDITION AND THEIR DIFFERENCE AT THE FLANKS FOR AWAY SECTORS 

Day of 
Sector 
S t r u c t u r e 

1 

2 

3 

U 

5 

6 

3 Hour 
Interval 

1 
2 
3 
u 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 

U2 

( lO^cm.Vsec . 2 ) 
U3B 
5.38 
5.38 

6.00 
6.00 
8.2U 
8.2U 
8.88 
8.88 
8.88 
9.06 
8.88 
8.88 
8.88 
8.88 
8.88 
8.88 
9.00 
9.00 
8.70 
8.70 
8.70 
8.70 
8.88 
8.88 
9.67 
9.67 

11.97 
11.97 

9.30 
9.30 
6.92 
6.92 
6.10 
6.10 
U.97 
U.97 
U.97 
U.97 
5.29 
5.29 
5.11 

B2/6.28p 

(10 ^gauss2cm.Vgm.) 
0.6U 
0.36 
0.36 

3.U3 
3.U3 
5.23 
5.23 

7.12 
8.39 
8.39 
7.89 
7.89 
9.35 
9.3$ 
8.35 
8.35 
7.72 
7.72 
8.01 
8.01 
8.31 
8.31 
7.67 
7.36 
7.95 
7.95 
8.59 
8.59 
5.82 
5.82 
3.37 
3.37 
2.30 
2.30 
2.58 
2.58 
2.U8 
2.U8 
2.58 
2.6U 
3.28 

Difference 

+3.9U 
+5.02 
+5.02 

+2.57 
+2.57 
+3.01 
+3.01 

+1.76 
+0.U9 
+0.67 
+0.99 
+0.99 
-0.U7 
-0.U7 
+0.53 
+0.53 
+1.28 
+1.28 
+0.69 
+0.69 
+0.39 
+0.39 
+1.21 
+1.52 
+1.72 
+1.72 
+3.38 
+3.38 
+3.58 
+3.58 
+36$ 
+36$ 
+3.80 
+3.80 
+2.39 
+2.39 
+2.U9 
+2.U9 
+2.71 
+2.65 
+1.83 
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TABLE 9 
Continued 

Day of-
Sector 
Structure 

7 

8 

3 Hour 
Interval 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 

u^ 

(10 cm.2 /sec.2) 
5.11 
5.06 
5.06 
U.58 
U.58 

3.88 
3.88 
3.88 
3.88 
3.53 
3.53 

BV6.28/> 

(10 ^gauss2cm.Vgm.) 
3.28 
3.U2 
3.U2 
3.72 
3.72 

2.33 
2.33 
2.31 
2.31 
2.05 
2.05 

Difference 

+1.83 
+1.6U 
+1.6U 
+0.86 
+0.86 

+1.55 
+1.55 
+1.57 
+1.57 
+1.U8 
+1.U8 
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TABLE 10 

VALUES OF THE LEFT AND RIGHT HAND SIDES OF THE INSTABILITY 
CONDITION AND THEIR DIFFERENCE AT THE FLANKS FOR TOWARD SECTORS 

Day of 
Sector 
Structure 

1 

2 

3 

U 

5 

6 

3 Hour 
Interval 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 
5 
6 
7 
8 

U2 

( lO^cm.Vsec . 2 ) 
U.01+ 
U.ou 
U.OU 
U.OU 
U.U5 
U.U5 
6.81 
6.81 
8.2U 
8.2U 
8.2U 
8.2U 
8.70 
8.70 
9.06 
9.06 
9.67 
9.67 
9.67 
9.67 

10.76 
10.76 

9.67 
9.67 
8.76 
8.76 
8.76 
8.76 
8.76 
8.76 
8.07 
8.07-

U.U9 
U.U9 
U.Ul 
U.Ul 
U.Ul 
U.Ul 
U.Ul 
U.Ul 
3.96 
3.96 
3.31 
3.31 

B2/6.28/o 

(10 gauss2cm. /gm.) 
U.63 
U.63 
U.63 
U.63 
3.61 
3.U9 
U.07 
U.1U 
2.95 
2.95 
2.95 
2.95 
U.38 
U.30 
U.90 
U.90 
5.36 
5.36 

• 5.36 
5.36 
5.72 
5.72 
5.28 
5.28 
U.71 
U.71 
U.71 
U.71 
3.89 
3.89 
U.31 
U.31 

3.16 
3.16 
2.59 
2.59 
2.59 
2.59 
2.59 
2.59 
1.89 
1.89 
1.72 
1.72 

Difference 

-0.59 
-0.59 
-0.59 
-0.59 
+0.8U 
+0.96 
+2.7U 
+2.67 
+5.29 
+5.29 
+5.29 
+5.29 
+U.32 
+U.UO 
+U.16 
+U.16 
+U.31 
+U.31 
+U.31 
+U.31 
+5.0U 
+5.0U 
+U.39 
+U.39 
+U.05 
+U.05 
+U.05 
+U.05 
+U.87 
+U.87 
+3.76 
+3.76 

+1.33 
+1.33 
+1.82 
+1.82 
+1.82' 
+1.82 
+1.82 
+1.82 
+2.07 
+2.07 
+1.59 
+1.59 



TABLE 10 
Continued 

Day of 
Sector 
Structure 

7 

8 

3 Hour 
Interval 

1 
2 
3 
U 
5 
6 
7 
8 
1 
2 
3 
U 

U2 

( I0 l l lcm. 2 / sec . 2 ) 
3.96 
3.96 
3.96 
3.96 
3.88 
3.88 
3.U6 
3.U6 
3.35 
3.35 
3.35 
3.35 

B2/6.28/> 

(10 ^gauss cm.'/gm.) 
2.07 
2.07 
2.07 
2.07 
1.88 
1.88 
1.30 
1.30 
0.9U 
0.9U 
0.9U 
0.9U 

Difference 

+1.89 
+1.89 
+1.89 
+1.89 
+2.00 
+2.00 
+2.16 
+2.16 
+2.U1 
+2.U1 
+2.U1 
+2.U1 

l 
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Figure 8.1 

The difference between the left-hand side and 

right-hand side of the instability condition as 

a function of time within the away sectors 
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Figure 8.2 

The difference between the left-hand side and 

right-hand side of the instability condition as 

a function of time within the toward sectors 
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displaying the K_ index as a function of day in the sector 

structure (Figures (3.5a) and(3.$fy) reveals that the toward 

sector prediction of Figure (8.2) has the general characteristics 

of the K index for these sectors while the away sector pre­

diction of Figure (8.l) bears no resemblance to the K_ index 

in these sectors. Just why the analysis works for the toward 

sectors and not for the away sectors remains unclear at the 

present time. An argument is presented to explain this result 

but more work should be done to further identify the causes. 

If the northern hemisphere of the sun was more active 

(as suggested by Wilcox (1968)) at the time of these sector 

structure measurements then an away sector would have southerly 

components while a toward sector would have northerly components. 

When the earth is in a toward sector there is little chance 

for the merging of interplanetaiy and magnetospheric magnetic 

fields (see section 9.3). Geomagnetic disturbances due to mag­

netic field line merging would therefore be absent in the 

toward sectors. This leaves the Kelvin-Helmholtz mechanism 

free to operate without the merging mechanism to cloud up the 

picture. Other disturbance pfeetnomena may be present, however, 

but the Kelvin-Helmholtz mechanism apparently dominates' in 

the toward sectors. When the earth is in an away sector it 

appears that the merging process dominates as an examination 

of Figures (3.2) and (3 6) reveals. 



Appendix 1 

'S M ^ — M 

Define the radius vector from the center of the earth 

^ 8,3 Determination of B_CosV_ and B„Cos¥, 

to the magnetopause crossing point in solar ecliptic coordinates 

(Figure (8.3)) to be 

^SE = V + hJ + ZSE* • 

where i, j, and k are the unit vectors along the solar ecliptic 

axes. 

The plane containing the magnetic field vectors and 

the solar stream velocity is defined by the following two 

equations: 

oy,_).T.-o (8.D 

(B^BS)-U= 0 . (8.2) 

The solar stream velocity and magnetic fields may be 

written as, 

-* * A * 

U = ui + vj + wk 

A » BM = W + V + BMz k 

\ = hJ- + V + B S z * > 

where 



i5o 

Figure 8.3 

The solar ecliptic coordinate system . 
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| u | - (u2 + v 2 + w2)?§ (8.3) 

BMc° |%lcos0MCos*M 

Bm=\^S±n9K 

BSX = ^ C o s e s C o s * S 

BSy = \%\ Cos%Sin*s 

B_ = JBlsinc? Sz ' S1 S 

In component form, Equations (8.1) and (8.2) may then 

be wri t ten a s , 

wYgE - vZ s- = 0 (8.U) 

u ^ B S z ~ %zBSy) + v(BMzBSx " BMx?Sz^ 

+ w(BMxBSy - B^B-X) = 0 . (8.5) 

The individual components of the solar stream velocity 

may be found by simultaneously solving Equations (8.3), (8.U), 

and (8.5). The following relations, ---.„*»«' «»**' 
*"i w-« > ^ v » - -—*—_,»>-,,.__, ¥«'•'**wu« » *** * 9 to " * v . v « <* •<** * # w 
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fri 

|BS| Cosfs - -jfi 

are then determined. 
Appendix 2_ 

8.U Assumptions Regarding the Magnetic F̂ields at the Flanks 

CROSSING 1: 

|BMI at the flank is a factor of 3 less than /BjJ at 

this crossing point (Fairfield, 1968a) and at this time Y is 

likely to be 90°, so that |_3 | CosY = 0. |f 1 at the flank 

'MM S 
is about a factor of 2 less than |BJ at this crossing point 

o 

(Alksne, 1967) and it is assumed that Y = 0 . 

CROSSING 2: 

JBM| at the flank is a factor of 55/18 less than |_3 I 

at this crossing point (Fairfield, 1968a) and at this time 

f „ » 79"l5S so that ISJcosYL = 2.75 . |BJ at the flank is 
M _i jy_ o 

about a factor of 2 less than JB-| at this crossing point 
(Alksne, 1967) and it is assumed that f =0°. 

S 
CROSSING 3: 

IBJ at the flank is a factor of UO/18 less than |B | 
M M 

at this crossing point (Fairfield, 1968a) and at this time 

V - 88°11' so that |B M|COS? = 0.935 . |B-| at the flank is 

about a factor of 2 less than |B I at the crossing point 

(Alksne, 1967) and it is assumed that^ = 0°. 

CROSSING U: 

IB I at the flank is a factor of 3/2 less than !B„,| 1 M M' 



at this crossing point (Fairfield, 1968a) and at this time 

Y M = 62° so that |3y COBYJJ = 9.ti . |B*S| at the flank is about 

a factor of 1.5 less than |B_| at the crossing point (Alksne, 

1967) and it is assumed that"Y~ = 0°. 

CROSSING 5: 

|BM| at the flank is a factor of 22/18 less than \lt { 

at this crossing point (Fairfield, 1968a) and at this time 

Y M S 73° U8' so that lB^|CosYM = 3.5l . |B*S( at the flank is 

about a factor of 1.5 less than |BJ at the crossing point 

(Alksne, 1967) and it is assumed thaty =0°. 

o 
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CHAPTER 9 

CONCLUDING REMARKS AND SUMMARY 

9.1 Evidence for Waves on the Magnetopause 

There have been numerous examples of motion of the magneto­

pause interpreted as surface waves from the data of magnetometer 

and plasma experiments aboard satellites (Judge and Coleman, 1962j 

Bonetti et al., 1963; Cahill, 1963; Heppner et al., 1963; Hirshberg, 

1963; Rosser, 1963; Sonett, 1963; Freeman, 196U; Patel and Cahill, 

196U; Heppner, 1965; Konradi and Kaufmann, 1965; Patel, 1965a; 

Patel, 1965b; Lin and Anderson, 1966; Cahill and Patel, 1967; 

Fairfield and Ness, 1967; Gosling et al., 1967a; Heppner et al., 

1967; Patel et al., 1967; Anderson et al., 1968; Kaufmann and 

Konradi, 1969; Smith and Davis, 1970). Most of these waves have 

periods of 100 seconds or more and appear to have their wave 

vectors oriented along the streaming direction (Heppner et al., 

1967). The amplitude determined from one set of data (Patel et 

al., 1967) appears to be about lR™. Most of these measurements 

have been taken near the flanks of the magnetosphere. The very 

large amplitude waves detected by Kaufmann and Konradi (1969) are 

elongated along the north-south direction and move in the direction 

of the streaming magnetosheath plasma along the flanks of the 

magnetosphere. Some correlation has been found by these workers 

between the occurrence of these bumps or large scale nonuniform-

ities and magnetogram records at auroral observatories. These 

waves seem to occur when the solar wind parameters- uridergo a 

change and larger amplitudes occur when the magnetosheath field 



lines up with the magnetospheric field. They envision this 

change as occurring across a tangential discontinuity propa­

gating with the solar wind. 

9.2 Hydromagnetic Waves in the Magnetosphere and their 

Observation at the Surface of the Earth 

Hydromagnetic waves have been observed in the magneto­

sphere (Dessler, 1958; Judge and Coleman, 1962; Mac-Donald, 1962; 

Sonett, 1963; Patel, 1965; Cummings et al., 1969) and ground 

records show circularly or eliptically polarized waves of the 

expected frequencies, assuming they were caused by the magneto­

pause waves (Jacobs and Sinno, I960; Sugiura, 1961; Wilson and 

Sugiura, 1961; Sugiura and Wilson, 196U; Kokubun and Nagata, 

1965; Atkinson and Watanabe, 1966; Wilson, 1966). The giant 

micropulsations show strong geomagnetically conjugate correlations 

and are well confined in longitude (Veldkamp, I960; Nagata et al., 

1963; Annexstad and Wilson, 1968). Their polarization is con­

sistent with surface wave motions of the magnetopause. The 

left-hahded polarization occurs on the dawn side and the right-

handed polarization occurs on the dusk side. Micropulsations of 

all periods are generally confined to the day side of the earth 

and have maxima in the auroral zones. Their early morning maxima 

suggest strong wave motions along the dawn flank and a preference 

for left-handed circularly polarized hydromagnetic wave trans­

mission. The latter has been theoretically demonstrated by 

Piddington (1955). Theoretical treatments of the transmission 

of-fiy<±romi|net7ic" waves'? through the magnetosphere to the surface 

of the earth have been given by Prince and Bostick (196U), 



Greifinger and Greifinger (1965), Field and Greifinger C{196$, 1966), 

and Sen (1968a, 1968b). Resonant modes of oscillation of the mag­

netosphere have been studied by Radoski and Carovillano (1966), 

Radoski (1967), and Radoski and McClay (1967). The frequencies 

recorded at ground are theoretically capable of having been pro­

duced by hydromagnetic waves propagating through the magneto­

sphere from the magnetopause. The amplitudes of the magnetic 

variations on the ground are approximately the same as the 

amplitudes at the magnetopause (Patel, 1965). Dungey and 

Southwood (1969) have recently analyzed magnetomater data from 

Explorer 33 when it was below the magnetopause and find the polari­

zations to agree with those measured on the ground near dawn and 

dusk. 

9>.3 Open Versus Closed Magnetosphere 

The question of whether or not the interplanetary magnetic 

field directly connects to the magnetospheric magnetic field has 

been a controversial one. Dungey (1958, 1961, 1963a, 1963b, 

1968b) and Levy et al. (196U) have proposed that a southward 

component of the interplanetary magnetic field would merge with 

the magnetospheric magnetic field near the nose of the magneto­

sphere. As the solar wind carries this southwardly directed 

magnetic field past the magnetosphere, the dipole field lines 

passing through the polar caps are envisioned to be directly 

connected to the interplanetary magnetic field. Disconnection 

takes place in the tail. The rate of merging of these field lines 

at the nose of the magnetosphere would control the extent of 

geomagnetic storms. 



The closed model of Dessler (1961, 1962, 196U, 1965) 

and Dessler and Walters (196U) portrays the entire magneto­

pause as a tangential discontinuity. The geomagnetic K 

index is thought of as being caused by the time rate of change 

of the total pressure of the solar wind at the boundary (Dessler 

and Fejer, 1963). Evidence for this has been given by Gosling 

et al. (1967b), Siscoe et al. (1968), and Burlaga and Ogilvie 

(1969) when sudden impulses and sudden commencements occur 

after the passage of sudden changes in the solar wind parameters. 

The model of Reid and Sauer (1967) is a combination of 

the open and closed models. They envision a closed magneto­

sphere in the north and an open one in the south. This com­

promise, however, has been found to be untenable by Stolov 

(1969) by an examination of observed solar cosmic ray events 

by Mariners 2 and U and the subsequent effects in the polar caps. 

The simultaneous observations of solar protons inside 

(Injun IV) and outside (Explorer 33) the magnetosphere has led 

Krimigis et al. (1967) to favor the Dungey model while Hakura 

(1967) and Williams and Bostrom (1969) support the Dessler model 

in their analyses of the access of solar protons in the polar 

cap regions by an apparent diffusion process-, 

Sonnerup and Cahill (1967, 1968) find that the rotational 

discontinuities have normal components of magnetic field intensity 

greater than 5Kand they occur during magnetic storms. They 

found further that the-average value'-Of K- ̂w_3 $ -when' rotational 

discontinuities existed while K_ = 3- when there were tangential 



discontinuities. 

Fairfield and Cahill (1966), Schatten and Wilcox (1967), 

and Fairfield (1968b) find that a southward component of the 

interplanetary magnetic field is generally more geomagnetically 

effective than a field with a northward component. Schatten 

and Wilcox (1967) also find that K is consistently higher in 

the away sectors (they point out that a higher velocity could 

be responsible for this in the away sector), which means, when 

Figure (3.6) is recalled, that a southward component would be 

expected. A toward sector would mean that northward components 

should be found. Lanzerotti (1968) finds that the strength of 

geomagnetic storms is proportional to the amount of time that 

the interplanetary magnetic field is southward. Magnetic 

merging seems to be an important process in the development of 

magnetic storms. Maguire and Carovillano (1968a, 1968b) and 

Carovillano and Maguire (1968) find that the interplanetary 

magnetic field contributes energy to geomagnetic storms when 

merging takes place at the magnetopause. 

Ballif et al. (1967), Ballif and Jones (1967). and B&Llif 

et al. (1969) find that transverse fluctuations of the inter­

planetary magnetic field are also important for producing geo­

magnetic disturbance. Other evidence that the changes and con­

figuration of the interplanetary magnetic field are important 

has been given by Rostoker and Falthammar (1967) and Rostoker 

(1968). ' " " • ' ' . . . 

The correlations between the interplanetary magnetic 

field, plasma density, solar wind velocity, and the daily sum 



of the K index as the sector structures rotate past the earth 

have been pointed out in Chapter 3 and seem to be true also for 

the rising portion of the sunspot cycle (Wilcox and Colburn, 

1969). It is therefore expected that the results of section 8.2 

may also be true for this part of the solar cycle. 

It appears that the magnetopause is not always a tan­

gential discontinuity. Local instabilities at the boundary, as 

suggested here by the Kelvin-Helmholtz mechanism, will disrupt 

the tangential discontinuity in the form of growing, large 

amplitude waves along the flanks once the parameters take on 

favorable values for instability. If the interplanetary field 

has a component perpendicular to the plane of the ecliptic the 

angle Y* in the instability condition will generally be larger 

at the flanks than normal since the plasma flow convects the 

magnetic field through the magnetosheath. This will clearly 

favor instability. Extreme Northward fields show a slight assoc­

iation with geomagnetic disturbance if the curves of Schatten 

and Wilcox (1967) and Wilcox et al. (1967) are examined closely. 

This effect has also been noticed by Patel el al. (1967), and 

is consistent with the Kelvin-Helmholtz mechanism. The stronger 

association with southward fields merely indicates that the 

merging mechanism could also be operating in concert with the 

Kelvin-Helmholtz mechanism. 

The disruption of the magnetic field lines near the flafike 

has been indirectly observed by Williams (1967) and McDiarmid and 

Wilson (1968) through the observation of the lowering of the ' -

electron trapping boundary during magnetic storms and when the 



angle between the dipole and the sun-earth line (i.e., Y M) 

was 90 . The general picture is one in which the development 

of the instability produces large amplitude waves which get 

convected into the tail (Ness, 1965) of the magnetosphere 

carrying the magnetospheric field lines with them thereby 

resulting in a lowering of the trapping boundary. Parker (1967) 

envisions this as a peeling away of the outer layers of the 

magnetosphere along the flanks. 

9 .U Summary 

A derivation of the Archimedes spiral equation for 

particles emitted radially in the reference frame of the sun 

has been given. It reduces to the standard form of the Archi­

medes spiral equation when appropriate approximations are made. 

The structure of the interplanetary field is given which is 

based on the spiral equation developed here. 

Following Chandrasekhar, an instability condition was 

developed for the magnetopause. It was then shown that Kelvin-

Helmholtz instability along the flanks of the magnetosphere 

exhibits a (semiannual variation with instability maxima at the 

equinoxes and instability minima at the solstices. The angle 

between the solar wind streaming and the magnetospheric magnetic 

field at the flanks has been shown to be the relevant parameter. 

The predicted behavior of the diurnal variation of geomagnetic 

activity on the basis of the Kelvin-Helmholtz mechanism is dis­

played by selected geomagnetic observatories just below the 

auroral regions by an analysis of their K indices. It was 



expected that these auroral zone stations would display most 

strongly the effects of Kelvin-Halmholtz instability at the 

flanks of the magnetosphere. In addition, analysis of the 

parameters involved has shown that the instability condition is 

fulfilled at times of geomagnetic disturbance using data from 

Explorer 3U. Also, an analysis of the sector structure of 

Wilcox and Ness (1965) has shown that the Kelvin-Helmholtz 

mechanism appears to dominate geomagnetic activity in the 

toward sectors for that period of time. 
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