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ABSTRACT
 

Title. Explorer 33 and Explorer 35 Plasma Observations of the Interaction
 
Region Between the Solar Wind and the Magnetic Field of the Earth
 

Author Herbert Charles Howe, Jr.
 

Submitted to the Department of Physics on May 7, 1971 in partial fulfillment
 
of the requirements for the degree of Doctor of Philosophy.
 

The magnetopause, magnetosheath, and bow shock are studied using data
 
from the M I.T plasma experiments on the earth-orbiting Explorer 33 and the
 
lunar-orbiting Explorer 35 The bow shock shape is determined between the
 

=
sub-solar point and XSE -115 R The shock crossings at XSE= -115 RE indi

cate the bow shock is still well defined, though weak, at this distance.
 
=
The magnetopause shape is determined between the sub-solar point and XSE
 

-80 RE Discrepancies are noted between the observed shape and shapes pre
viously calculated using hydrodynamic theory The magnetotail boundary be

= tween XSE -40 R and XSE = -80 RE is rotationally symmetric about an axis 

aligned with the average solar wind flow direction.
 

Dual satellite observations of bow shock and magnetopause notion
 
show that, in the examples studied, the motion is often directly related to
 
measured changes in solar wind direction and/or dynamic pressure One ex
ample, however, shows frequent motion of the magnetotail boundary in the
 
presence of a steady, non-fluctuating solar wind A statistical study of
 
this transverse random motion at lunar distance indicates the motion con
sists of two superimposed components with characteristic time scales of
 
"'15 minutes and -1 hour. A model of the boundary motion indicates the
 
second motion has an amplitude 2-3 times as large as the first motion. Also,
 
the total boundary motion amplitude on the dawn side is 2 times larger
 
than on the dusk side A boundary layer is observed adjacent to the magne
totail boundary at lunar distance. The results of the model fitting indi
cate this layer has a thickness of - 2 R.
 

The magnetosheath flow between XS = -20 R and X 60 E is mapped

SE -2 n SE -0R smpe 

using dual satellite observations to separate temporal and spacial varia
tions. The overall flow pattern is found to agree well with the predictions 
of hydrodynamic theory The explicit dependence of the measured ratio of 
magnetosheath to solar wind densities on the measured upstream Mach number 
is shown This density ratio is consistently observed to be less than unity 
adjacent to the magnetotail boundary and this is shown to reflect the ir
reversible nature of the flow across the bovt shock 

Thesis Supervisor: Joseph H Binsack
 

Title Associate Head, Laboratory for Space Experiments
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CHAPTER 1
 

HISTORICAL INTRODUCTION
 

A. Pre-satellite Observations
 

The current concept of the interaction betueen the interplanetary
 

medium and the geomagnetic field was first introduced by Chapman and Ferraro
 

(1930). The entire Chapman-Ferraro model is discussed in detail by Chapman
 

(1964). Chapman and Ferraro proposed that magnetic storms were caused by
 

streams of ionized gas emitted from solar flares Since such a gas would
 

be highly conducting, they argued that the flow would compress the geomag

netic field into a cavity, from which the flow itself would be excluded.
 

The sudden commencement of a magnetic storm, they suggested, was caused by
 

the field compression and the main phase was caused by the subsequent de

velopment of ring currents within the cavity. This basic concept has been
 

enlarged and refined, but the Chapman-Ferraro model has become basic to our
 

understanding of the solar wind-geomagnetic field interaction.
 

From observations of the acceleration of irregularities in comet
 

tails, Biermann (1951, 1961) argued that the streaming plasma proposed by
 

Chapman and Ferraro was continuously present and did not occur only in indi

vidual streamers Theoretical justification for a continuous solar wind
 

was presented by Parker (1958b,1963). This suggested that the geomagnetic
 

cavity might be present at all times and not only during magnetic storms
 

The intensity of the solar wind and the resultant size of the geo

magnetic cnvity were uncertain, prior to actual solar wind observations. 

From energy considerations, Chapman and Ferraro (1930) estimated that if 

the velocity of the gas was -1000 km/sec, then the density was -60 H+/cm 3 

Biermann (1961), using the observed acceleration of comet tails and assum

ing charge exchange as the primary acceleration mechanism, determined a
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-2 - solar wind flux of 10I1 cm sec , which yields a density of 103 cm 3 for
 

a flow velocity of 1000 km/sec The theory of Parker predicted densities
 
-3
 

of ril00 cm at the distance of the earth These early estimates of the
 

density of the solar wind were, in the light of subsequent observations,
 

too high by one or two orders of magnitude. Consequently, the size of the
 

geomagnetic cavity calculated on the basis of a pressure balance between
 

the geomagnetic field and the incident plasma was smaller than the cavity
 

size which was later observed. Beard (1960) estimated the distance to the
 

boundary of the magnetospheric cavity in the solar direction to be 7.5 RE,
 

while Parker (1958a)argued that the cavity might approach as close as -'2
 

RE during intense magnetic sub-storms. Thus, prior to spacecraft observa

tions, the existence of the solar wind and of the geomagnetic boundary were
 

suspected, but the quantitative nature of these phenomena were known only
 

very approximately
 

'B. Early Satellite Observations Through IMP-I
 

The first observation of the termination of the geomagnetic field in
 

the sunward direction came with the single passage of Pioneer 1 along the
 

earth-sun line in 1958 As the spacecraft proceeded out, the onboard search

coil magnetometer first detected the characteristic dipole field After a
 

data gap between 7 RE and 12 3 R., the field became irregular and, at 13.8
 

RE, dropped in strength and variability. This drop was interpreted as the 

termination of the geomagnetic field (Sonett at al , 1960), although hind

sight indicates it was probably the bow shock. These observations confirmed 

the presence of a geomagnetic field termination in the solar direction, 

while demonstrating the complexity of the boundary region. 

The next observation of the geomagnetic boundary was made near the
 

dusk meridian with the search coil magnetometer on Pioneer 5 (Coleman et al.,
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1960, Smith et al , 1960, Coleman, 1964). A disturbed region, indicative
 

of the boundary observed by Pioneer 1, was observed between 7 RE and 13 RE
 

The interplanetary region was observed when the spacecraft was further from
 

the earth, although the field measured was incorrectly interpreted at first
 

(Coleman, 1964). These results tended to confirm the Pioneer 1 observations
 

The next observations of the field boundary were made by Explorer 10,
 

which was launched on March 25, 1961. In addition to a magnetic field ex

periment (Heppner et al., 1962, 1963), this spacecraft carried a plasma ex

periment (Bridge et al , 1962, Bonetti et al., 1963). The trajectory of
 

the spacecraft lay in the anti-solar direction on the dusk side of the earth

sun line and below the ecliptic Data were gathered only for the outbound
 

segment of the first orbit Between the earth and 20 RE in the anti-solar
 

direction, the magnetic field experiment saw the dipole field gradually dis

torted into a field roughly parallel to the earth-sun line. During this
 

time, no measurable positive ion fluxes were detected. Between 20 RE and 

40 RE in the anti-solar direction, the measurements from both experiments
 

indicated that the spacecraft made many transitions between two distinct 

regions The signals from the first region were similar to those closer to
 

the earth, with radial magnetic fields and no detectable plasma In the
 

second region, however, the plasma detector measured a plasma streaming from
 

the general direction of the sun with a mean energy of several hundred elec

tron volts. At the same time, the magnetic field became much more variable
 

in magnitude and direction It was concluded that the spacecraft passed
 

many times between the antL-solar extension of the geomagnetic cavity and
 

the exterior streaming plasma region
 

The Explorer 10 results marked the first conclusive detection of the
 

streaming solar plasma Further, the results confirmed the predictions of
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Chapman-Ferraro and others that the streaming interplanetary plasma is ex

cluded from the geomagnetic cavity. The observations of the boundary at
 

40 RE, as well as the observed radial magnetic field, tended to support the
 

suggestion first made by Johnson (1960) that the downstream geomagnetic
 

field might open into an elongated tail. Kellogg (1962) proposed that the
 

alternate appearance and disappearance of flux was due to motion of the
 

tail boundary. The nature of the tail boundary was also discussed by Axford
 

(1962).
 

The Explorer 10 measurements indicated that the streaming plasma was
 

supersonic This confirmed one prediction of the Parker model and led
 

Kellogg (1962) to propose the existence of a standing shock ahead of the
 

geomagnetic field boundary. From a calculation of the shape of this shock,
 

Kellogg argued that the Explorer 10 observations were probably made behind
 

the shock and thus did not represent the interplanetary solar wind. The
 

observed rapid variations of the magnetic field in the plasma streaming
 

region were also attributed by Kellogg to turbulence generated as the plasma
 

traversed the shock. In a further discussion, Axford (1962) argued that
 

Pioneer I and Pioneer 5 had actually observed the shock, as well as the mag

netopause.
 

The launch of Explorer 12 on August 15, 1961 provided the opportunity 

for the first repeated magnetic field observations of the magnetopause in 

the solar direction (Cahill and Amazeen, 1963). The fields just inside the 

magnetopause were found to be approximately twice the undistorted dipole 

field, confirming a prediction of the Chapman-Ferraro model The forward 

magnetopause was observed between 8 and 11 RE and Kellogg (1962) found this 

-3
 
distance to be consistent with a solar wind density of 5 cm and a velocity
 

of 300 km/sec This density is lower than the densities predicted by the
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Parker model. From estimates of the standoff distance of the proposed bow
 

shock, Kellogg suggested that Explorer 12 might penetrate the shock on oc

casion. The subsequent detection of the shock by the Explorer 12 electron
 

experiment (Freeman, 1964) marked the first observation of the bow shock
 

The repeated observation of the forward magnetopause by Explorer 12
 

indicated that the geomagnetic field termination, and hence the solar wind,
 

were permanent features of the interplanetary medium. This was first con

firmed by direct measurement by Mariner 2 (Snyder and Neugebauer, 1962,
 

Neugebauer and Snyder, 1966) These measurements showed that the super

sonic solar wind is a permanent, though variable, feature of the inter

planetary medium, as predicted by the Parker theory.
 

The first repeated plasma and magnetic field observations of the
 

forward boundary region on the dawn side of the sun-earth line were made
 

by experiments onboard IMP-i, which was launched on November 27, 1963
 

The apogee of this spacecraft was "-30 RE and lay initially in the solar 

direction, thus during the first months of observation, the satellite orbit 

covered the entire magnetosheath on the dawn side between the sub-solar 

point and -20 RE downstream from the earth From the magnetic field ex

periment and both plasma experiments, the existence of the bow shock was 

established ( , I G. Bull., 1964) The shape of the magnetopause from 

the sub-solar point to 20 RE downstream and the shape of the bow shock from 

the sub-solar point to 10 RE downstream were mapped by the magnetic field 

and plasma experiments ( , I G Bull , 1964; Ness et al., 1964, 1966, 

Wolfe et al., 1966, Lyon, 1966, Olbert, 1968) The theoretical shapes of 

these boundaries, calculated using hydrodynamic theory (Sprelter and Jones, 

1963), were found to agree well with the observations, although Ness et al. 
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(1964) noted that the observed magnetopause flared our more than the theo

retical magnetopause at the dawn meridian.
 

The excess magnetopause flaring was interpreted by Ness et al (1964)
 

as indicating that the boundary did not close in the downstream direction
 

but extended into a long tail, as observed by Explorer 10. The nature of
 

the tail was discussed by Axford et al (1965) and by Dessler and Juday
 

(1965) and the actual tail, with the associated stretched field lines and
 

embedded neutral sheet, was observed in the IMP-i magnetic field data (Ness,
 

1965).
 

The conditions of flow in the magnetosheath were also examined by
 

the experiments on IMP-I. The magnetosheath magnetic field was found to be
 

much more variable than the interplanetary field and this change in variabil

ity upon crossing the shock was often the most notable feature of the meas

ured magnetic fields (Ness et al., 1964) The plasma flow in the magneto

sheath appeared to be slower and hotter than the interplanetary flow (Wolfe
 

et al , 1966, Olbert, 1968). In addition, the measured flow angles were
 

found to be consistent with the deflection of the solar wind around the
 

magnetopause (Olbert, 1968) The magnetosheath flow was also compressed,
 

as evidenced by the higher measured magnetosheath densities (Olbert, 1968).
 

These plasma observations were in qualitative agreement with the flow of
 

the shocked magnetosheath gas around the magnetopause, as derived by Sprelter
 

et al (1966).
 

In summary, the IMP-I observations resulted in the following basic
 

understandzng of the interaction between the solar wind and the earth's mag

netic field. The compression of the field into a cavity by the highly con

ducting solar wind, as proposed by the basic Chapman-Ferraro model, was well
 

documented Further, the existence of the bow shock, which had been sus
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pected for the high Mach number solar wind flow, was proven. The shapes of
 

the forward magnetopause and bow shock were found to agree with theoretical
 

shape calculations based on hydrodynamics This agreement confirmed the
 

fluid approach to the flow interaction problem The question of why the
 

collisionless solar wind behaves as a fluid, though still unanswered, is
 

discussed by Levy et al (1964) and Axford (1965). Also from IMP-I obser

vations, the qualitative nature of the flow in the magnetosheath was under

stood and was found to agree qualitatively with what was expected for flow
 

behind a shock. Finally, the existence of the geomagnetic tail was con

firmed, although the length of the tail and role of the tail in observed
 

geomagnetic phenomena were still not known
 

Theoretical and experimental work subsequent to IMP-I tended to con

centrate on the refinement of various aspects of the basic solar wind-geo

magnetic field interaction. Therefore, rather than proceeding with a chron

ological description of results, we will now review the results of previous
 

work done on each topic which is discussed in the present thesis In the
 

review of each topic, we will explain what new understanding of the topic
 

we hope to gain and how this understanding will fit in with and extend pre

vious results.
 

C. Satellite Observations Since IMP-I
 

1. Boundary Shapes
 

After the initial mapping of the forward boundaries by IMP-i, the
 

next major observations of the boundaries were made by the twin satellites
 

Vela 2A and Vela 2B (Gosling et al., 1967) These satellites, launched
 

into circular orbits at 17 R, made repeated observations of both bound

aries at 17 RF and extended previous observations to higher ecliptic lati

tudes Both boundaries were found to be tilted 20 -4' with respect to the
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sun-earth line This tilt was in the ecliptic plane and was clockwise when
 

viewed from the north. Since the solar wind direction is aberrated 30 -40 

(with respect to the solar direction) by the orbital motion of the earth, 

then this result showed that the boundaries tend to be aligned with respect 

to the incident wind Vela observations at high latitudes also showed that 

the boundaries were axisymmetrac about the incident solar wind direction, 

although the possibility of a slight flattening of the magnetopause at the 

poles was noted. Comparing the Vela results with the predictions of Sprelter 

and Jones (1963), Gosling et al. ( 1967) found that the magnetopause at N l0 

RE downstream from the earth tended to flare out more than predicted. 

The mapping of the forward boundaries was repeated by experiments 

on OG0 1 (Heppner et al., 1967, Holzer et al , 1966; Wolfe, et al., 1966) 

and IMP-2 (Binsack, 1966) and the shapes determined were found to agree well 

with the IMP-I boundaries and with the predicted shapes of Spreiter and 

Jones (1963) 

Observations of the magnetopause and bow shock were extended to 80 RE
 

and 50 RE downstream of the earth, respectively, by the magnetic field ex

periment on Explorer 33 (Behannon, 1968) The magnetopause was found to be
 

well defined at these distances, although the boundary appeared to be con

stantly in motion. An elongation of the magnetotail boundary in the north

south direction was also noted Spreiter and Alksne (1969a)extended the
 

previous theoretical boundary shapes of Spreiter et al (1966) to include
 

the magnetotail and found general agreement between the observed and predict

ed shapes of the downstream magnetopause
 

The distant magnetotail was observed at 1000 RE downstream of the 

earth by Pioneer 7 (Ness et al , 1967, Wolfe et al , 1967; Fairfield, 1968) 

and at 500 RE by Pioneer 8 (Intriligator et al , 1969, Siscoe et al , 1970, 
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Mariani and Ness, 1969). At these distances, the magnetotail region was
 

characterized by depressed plasma flux and magnetic field and the boundary
 

was no longer a well defined structure Thus, while these distant down

stream regions are still perturbed by the presence of the earth, the plasma
 

is probably no longer excluded from the magnetotail and what was observed 

was most likely the remnants of the near-earth geomagnetic tail
 

A recent mapping of the forward boundaries has been reported (Egidi
 

et al., 1970) from the plasma experiment on HEOS-l Comparison of these
 

shapes with the shapes obtained by IMP-I showed that the average boundary
 

positions lie further from the earth during solar maximum than during solar
 

minimum. This difference may indicate a difference in the average solar
 

wind flux between solar maximum and solar minimum
 

In the current study, we map the bow shock and magnetopause using
 

three years of Explorer 33 plasma data The total number of boundary ob

servations used represents a significant increase over previous work and
 

the boundary shapes determined are therefore more statistically meaningful.
 

The cylindrical symmetry of the tail boundary is discussed Discrepancies
 

between the observed magnetopause boundary shape and the model of Sprelter
 

and Alksne (1969a)are examined and the limitations of the model which lead
 

to the discrepancies are discussed.
 

2. Boundary Motion
 

In this thesis, we study the motion of the magnetopause at lunar
 

distance in detail Thus, we review here primarily previous observations
 

and theories of magnetopause motion.
 

Motion of the magnetopause has been evident since the first observa

tions of the boundary. Explorers 10, 12, and 18 all observed boundary mo

tion, as discussed in the references for these spacecraft above Observa



tions of the motion have been of three primary types 1) compression of the
 

magnetopause associated Tnith magnetic storms, 2) perLodic or wave motion of
 

the boundary which is uncorrelated with solar wind pressure and direction
 

changes and which is usually attributed to intrinsic boundary instability,
 

and 3) steady inward magnetopause motion prior to substorms which is prob

ably related to magnetic field line reconnection at the boundary.
 

Observations of boundary compression coincident with observed solar
 

wind flux increases and/or magnetic storm sudden commencements have been
 

reported by several authors. The effect on the boundaries of shocks prop

agating in the solar wind was observed by the plasma and magnetic field
 

experiments on Explorer 14. The event observed by the plasma experiment
 

(Wolfe and Silva, 1965) was a compression of both the magnetopause and the
 

bow shock across the spacecraft. The solar wind flux increase which caused
 

the compression was observed several hours earlier by Mariner 2. A magne

tic storm sudden commencement was also observed coincident with the compres

sion A similar event was observed by the magnetic field experiment on
 

Explorer 14 (Cahill, 1964), when a flux increase observed by Mariner 2
 

caused both a magnetopause compression past the spacecraft and a sudden
 

commencement on the ground. These two events gave early support to the
 

Chapman-Ferraro model of the sudden commencement of geomagnetic storms
 

Gosling et al. (1967) reported both magnetopause and bow shock com

pressions observed by Vela 2A at the beginning of a magnetic storm. Large
 

flux increases were seen by the Vela 2A plasma experiment just prior to the
 

compression A compression of the magnetopause to the position of ATS 1
 

at 6.6 RE has been studied by several different experiments ( Cummings and
 

Coleman, 1968, Freeman et al , 1968) Observations from Vela 3A (Bame et
 

al , 1968) showed a large increase in the solar wind pressure coincident
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with the compression Both Vela 3A and 3B (Bame et al , 1968) also observed
 

boundary crossings due to this compression In the case of Vela 3B, the
 

magnetopause was also crossed during the main phase of the ensuing geomagne

tic storm at an unusually large distance from the earth, suggesting that the
 

boundary was inflated by the increased ring current This event was also
 

observed by the magnetometer on OGO 3 (Russell et al., 1968), data from
 

which showed compression of both boundaries over the spacecraft. A similar
 

compression event has been recently observed at 6.6 R by ATS 5 (Skillman
 

and Sugiura, 1971)
 

A direct relation between boundary motion and solar wind flux changes
 

was shown most conclusively by Binsack and VasylLunas (1968), using simul

taneous data from IMP-2 and OO-1. Using one spacecraft as a solar wind 

monitor and the other as a boundary observer, they showed how the observed 

motion of the bow shock across the boundary-observmng spacecraft including 

and subsequent to a large bow shock compression could be explained directly
 

by solar wind dynamic pressure increases observed by the other spacecraft
 

Siscoe et al (1968) studied the relation between solar wind pres

sure increases observed by Pioneer 6 and the corresponding sudden impulses
 

recorded on the ground Their results supported the view that sudden im

pulses are caused by the compression of the magnetopause due to increases
 

in solar wind dynamic pressure. However, the observed magnitudes of the
 

sudden impulses were only half as large as expected on the basis of simple
 

cavity compression This difference was attributed to the diamagnetic
 

properties of the magnetospheric particle population The observations of
 

Siscoe et al. (1968) were confirmed from a study of Explorer 34 data by
 

Burlaga et al (1968).
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An example of magnetopause inward motion preceeding a substorm
 

has recently been reported from the magnetic field experiment on OGO 5
 

(Aubry et al , 1970). This inward motion was not accompanied by a corre

sponding geomagnetic field compression and seemed to be related to a
 

change in the interplanetary field direction in the presence of a constant
 

solar wind plasma flux. The inward motion was attributed to increased
 

friction at the boundary, due perhaps to field line merging, which erroded
 

magnetic flux from the forward magnetosphere into the geomagnetic tail.
 

This view is supported by the work of Meng (1970), who found a negative
 

correlation between the size of the geomagnetic cavity, as measured by
 

IMP-2, and the substorm activity index AE. This type of boundary motion
 

was not envisioned by the Chapman-Ferraro model and may be a major contrib

utor to geomagnetic substorms.
 

The intrinsic stability of the boundary has been studied by several
 

authors. Talwar (1964), Sen (1965), Fejer (1964) and, most recently and
 

comprehensively, Southwood (1968) have examined the stability of the bound

ary to the Kelvin-Helmholtz instability. Using a hydromagnetic approach,
 

these authors have determined that the boundary may be unstable, especially
 

in the downstream region However, Lerche (1966) has pointed out that
 

these theories all predict the largest growth rates for instability at the
 

shortest wavelengths, where the hydromagnetic approach becomes invalid due
 

to the finite gyroradius of the plasma particles. The stability of the
 

boundary in the presence of the ensuing charge separation has been discussed
 

by Parker (1967a, b), Lerche (1967), Davies (1968, 1969), and Karlson '1970).
 

These authors disagree on the stability of the boundary; thus the question
 

is still open. In any event, none of these authors are able to predict the
 

final nature of any instability; thus it is unclear whether observable waves
 

or a thin turbulent layer will result
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Characteristic frequencies of the entire magnetotail have been cal

culated by McClay and Radoski (1967), Siscoe (1969), and McKenzie (1970)
 

The latter two authors find that characteristic periods in the tail, which
 

should also be reflected in tail boundary motion, are on the order of 10

20 minutes. Possible driving mechanisms for these resonant oscillations
 

are solar wind changes and intrinsic'boundary instabilities
 

The most definitive observations of forward magnetopause wave or
 

random motion have been made by Anderson et al. (1968) with experiments on
 

the IMP-2 satellite They found that the motion of the boundary consisted
 

of one component with a characteristic time of "-10minutes and a second
 

component with a characteristic time on the order of one hour. The first
 

motion was attributed to intrinsic boundary instability, while the second
 

was attributed to changes in the solar wind On a much shorter time scale,
 

observations of boundary motion made during the single outbound pass of
 

Mariner 5 (Smith and Davis, 1970) showed a characteristic time of 2 min

utes. Other observations of oscillitory motion of the forward boundary
 

have been made on OGO 1 (Heppner et al., 1967), and Explorer 12 (Kaufmann
 

and Konradi, 1969; Freeman et al , 1967).
 

Observations of oscillatory motion of the geomagnetic tail bound

ary have been made by the magnetic field experiment on Explorer 35 (Mihalov
 

et al , 1970). These observations show that the tail boundary is almost
 

always in motion. From an analysis of the motion of boundary normals, the
 

authors conclude that the motion is primarily a fluting of the tail bound

ary induced by the Kelvin-Helmholtz instability.
 

In the current study, we will use Explorer 35 plasma observations
 

of magnetopause motion at lunar distance to gain a quantitative understand

ing of the nature of the boundary motion The characteristic times and
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amplitudes of the motion will be investigated by modeling the motion Using
 

simultaneous observations from Explorer 33 and Explorer 35, the relation
 

between the motion and external solar wind conditions will also be investi

gated.
 

3. Magnetopause Structure
 

Axford (1964) calculated the thickness of the boundary inferred from
 

the magnetospheric convection model of Axford and Hines (1961). This cal

culation was enlarged upon by Dryer and Heckman (1967). The structure of
 

a charge-separation layer at the boundary was discussed by Lerche (1967).
 

Eviatar and Wolf (1968) argued that the tangential drag on the boundary was
 

caused by the diffusion of particles across the boundary by magnetic irregu

larities Recently, Coleman (1970) proposed unipolar induction as a possible
 

agent responsible for the drag. Faye-Peterson and Heckman (1968) and Cassen
 

and Szabo (1970) have calculated contours of magnetic field and plasma flux
 

for a viscous boundary layer Specific results of the above theoretical
 

work will be discussed in more detail in conjunction with the results of
 

the present study of boundary structure
 

Many observations have been made of the plasma and magnetic field
 

structure of the boundary. Using Explorer 12 data, Sonnerup and Cahill
 

(1967, 1968) showed that the boundary is a tangential discontinuity during
 

quiet times and tends to become a rotational discontinuity during disturbed
 

times. Heppner et al (1967), using 0GO I data, found that the magnetic
 

field usually changed smoothly across the boundary over a time of one min

ute Several examples were noted, however, where the magnetosheath f~eld
 

on the dawn flank was actually larger than the magnetospheric field.
 

Heppner et al (1967) argued that this structure causes the dawn boundary
 

to be highly unstable
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The structure of the compressed forward magnetopause was examined by
 

Freeman et al (1968) using data from ATS-1 These authors found evidence
 

for the return tailward flow just inside the magnetopause, as envisioned by
 

the Axford-Hines model The same event gave no evidence for magnetic merg

ing in the forward boundary region, in spite of the strong compression
 

(Cummings and Coleman, 1968) Aubry et al (1971) also observed the struc

ture of the compressed boundary with the magnetic field experiment on 0GO 5
 

Although these authors were able to rule out the possibility that the bound

ary was a rotational discontinuity, they were unable to determine the bound

ary structure conclusively due to the complexity of the measured fields
 

Mihalov et al (1970) have studied the magnetopause structure at
 

lunar distance using magnetic field data from Explorer 35 On several oc

casions, they found the magnetic field direction changed much more rapidly
 

than the field magnitude as the boundary moved past the spacecraft. On the
 

basis of several crossings, a boundary thickness of 103 km was estimated
 

In summary, a poor theoretical understanding of the boundary struc

ture exists, due primarily to the shortcomings of the hydrodynamic equa

tions in treating problems where large plasma and magnetic field gradients
 

are present Results of magnetic field observations indicate that the
 

boundary is a tangential discontinuity, but other possibilities are not ex

cluded Preliminary boundary thicknesses have also been derived on the
 

basis of magnetic field data. Plasma observations of the boundary are
 

limited primarily to the ATS observations and indicate the presence of a
 

return flow of plasma just inside the bo-ndary.
 

The present study will examine the first evidence for a magnetosheath
 

boundary layer adjacent to the magnetopau;e The average thickness of the
 

layer will be derived from a statistical model of the data The derived
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thickness will then be compared with the theoretical predictions of the
 

various authors mentioned above.
 

4. Magnetosheath Flow
 

The flow of plasma within the magnetosheath has been studied most
 

extensively adjacent to the bow shock, where the observed plasma jumps and
 

the jumps calculated on the basis of the Rankine-Hugoniot relations have
 

been compared. Such comparisons have been made from plasma data taken on
 

I.-1 (Olbert, 1968), Vela 2 (Gosling et al., 1967), Vela 3 (Argo et al.,
 

1967), Pioneer 6 (Howe, 1970, Spreiter and Alksne, 1968), Vela 4 (Montgomery
 

et al , 1970, Dryer, 1971), Explorer 34 (Burlaga and Ogilvie, 1968), and
 

from combined plasma and magnetic field measurements taken on Pioneer 6
 

(Mihalov et al., 1969) Greenstadt et al (1968) and Neugebauer (1970) have
 

also studied the detailed structure of the shock, using high resolution
 

plasma and magnetic field data These authors have found general agreement
 

between the observed and theoretical plasma jumps at the shock, while the
 

actual shock structure has been found to be quite complex.
 

- Calculations of the magnetosheath flow patterns have been made by 

Spreiter et al (1966) and by Dryer and Heckman (1967) and Dryer (1971). 

Few observations of the flow pattern have been made, due to the difficulty 

most plasma instruments have observing the heated, fluctuating magnetosheath 

plasma While the observations of flow directly behind the shock (see the 

references cited above) are in general agreement with the calculation of 

Spreiter et al (1966), the only detailed measurement of the flow pattern 

(i.e., velocity, density direction, and Lemperature) within the magneto

sheath away from the boundaries was made by the plasma instruments on Pio

neer 6 Although this spacecraft crossed the magnetosheath only once, the 

crossing occarred during a period of unusually steady solar wind conditions, 
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allowing a measurement of the spacial vaiiations of the magnetosheath flo 

Comparason between the measurements ard the calculations of Spreiter et al 

(1966) confirmed the validity of the hydrodynamic calculations of the mag

netosheath flow (Wolfe et al , 1968, Spreiter and Alksne, 1968, Hoe, 1970) 

Simultaneous flow direction measurements in the dawn and dusk flanks
 

of the magnetosheath were made by the twin Vela 3 satellites (Hundhausen et
 

al , 1969) A darn-dusk flow asymmetry was noted which seemed to support
 

the predictions of Walters (1964), who suggested that the differing orlenta

tion of the interplanetary magnetic field at various positions along the
 

bow shock should result in a larger deviation of the flow at the ausk shock
 

than at the dawn shock
 

Magnetic field measurements made in the magnetosheath are in agree

ment with the predicted convection of the field around the magnetopause by
 

the solar wind Using simultaneous magnetic field data from IMP-i and IMP

2, Fairfield (1967) showed that the average magnetic field orientation in
 

the magnetosheath was in accord with the convected field pattern as calcu

lated by Spreiter et al (1966) Further evidence for the convection of
 

the field by the magnetosheath flow was provided by Fairfield (1968) using
 

data from Pioneer 7, Explorer 28, and Explorer 33 By calculating the veloc

ity of observed magnetic irregularities between the forward and distant
 

downstream flow regions, Fairfield concluded that the field is carried down

stream at approximately the obseived flow velocity
 

In the present study, we use 369 hours of simultaneous Exploier 33
 

and Explorer 35 plasma data to map the magnetosheath flow between 20 R and
 

60 RE downstream of the earth These measurements are also compated with a
 

flow calculation similar to the calculation of Spreater et al (1966) From
 

the comparison, we gain a greater understanding of the downstream magneto
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sheath flow and of the relation between the flow and the upstream solar 

wind Mach number 
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CHAPTER 2
 

EXPERIMENT, DATA, AND BOUNDARY CROSSINGS
 

The data used in the studies undertaken for this thesis were gath

ered by modulated Faraday cup plasma detectors flown on Erplorer 33 and
 

Explorer 35 In this chapter, we will first discuss the instruments and
 

the nature of the raw and reduced data We will then discuss the orbits
 

and the times of operation of the two spacecraft in order to define the
 

total spacial and temporal extent of the observations Finally, by looking
 

aL samples of data, we will examine the nature of magnetopause and bo; 

shock crossings 

A Experimental Description
 

1 Instrument 

The basic method of operation of a modulated Faraday cup plasma de

tector has been presented by Bridge et al (1960) and Bonetti et al. (1963)
 

A review of some spurious effects of this type of instrument, along with a
 

comparison of the Faraday cup with other types of plasma detectors, has
 

recently been presented by Vasyliunas (1971) The specific instruments
 

flown on Explorer 33 and Explorer 35 are discussed by Lyon et al (1968)
 

Therefore, we will only briefly discuss these instruments here
 

The Explorer 33 and Explorer 35 instruments measured fluxes of posi

tive ions and electrons in the energy range between 100 ev and 4 key The
 

instrument normal was perpendicular to the spacecraft spin axis and tbus
 

scanned the spacecraft equatorial plane each spin period The angular ac

ceptance of the cup was 40 degrees wide in the equatorial plane and 120 de

grees wide in the spin axis-cup normal plane
 

One measurement of the plasma was initiated by a complete equatorial
 

scan with the instrument get to accept all particles with energies normal
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to the cup between 100 ev and 4 Ley During this integral scan, the direc

tion, with respect to the sun direction, and magnitude of the peak flux 

were noted On the eight subsequent revolutions of the spacecraft, the 

flux in each of eight narrow, contiguous energy ranges was measured at the 

peak direction This provided a differential energy spectrum of the plasma 

in the peak direction The sequence required 25 seconds to complete and 

was initiated every 82 seconds A complete sample of the plasma consisted 

of four such sequences During the first and third, the sum of the posi

tive ion current from the two collection plates in the instrument was meas

ured, while during the second, the difference of the positive ion current 

was measured and on the fourth, the sum of the electron current was meas

ured The complete sample required 328 seconds to complete
 

2 Plasma Parameters
 

Plasma parameters (bulk velocity, density, thermal speed, and flow
 

direction) i-ere derived from each pair of sum and difference positive ion
 

measurements Thus, one set of parameters was derived each 164 seconds
 

Temporal variations in the plasma on a time scale less than 164 seconds,
 

such as a boundary traversal of the type studied for this thesis, could
 

have led to incorrect parameters; thus parameters derived from data taken
 

in the boundary region were considered to be unreliable and the actual
 

measured currents were used to determine the times of boundary traversals
 

The time of a crossing was uncertain by the time between summed integral
 

flux measurements, whi-ch was 164 seconds or approximately 2 5 minutes
 

3. Spin Axis Orientation
 

The relation between spacecraft and solar ecliptic coordinates was 

important in determining boundary crossings from the measured currents. 

The relation is illustrated in figure 1 The orientation of the spin axis 
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in solar ecliptic coordinates is given by the ]ongitude and latitude of the
 

spin axis, and this direction defines the spacecraft equatorial plane As
 

the spacecraft spins, the instrument normal sweeps around in the equatorial
 

plane When the cup points nearest the incident plasna flow direction, the
 

collection plate below (above) the spacecraft equatorial plane receives
 

more (less) than half the total flux if the incident plasma comes from a

bove (below) the equatorial plane The plates above and below the plane
 

are called plate A and plate B, respectively, and by noting whether the
 

current on plate A is less than or greater than the current on plate B, the
 

incident direction of the plasma with respect to the equatorial plane may
 

be determined directly from the measured currents As we will see, this
 

point is important in determining boundary crossings from the unreduced
 

data
 

4 Coverage in Space and Time
 

Explorer 33 was launched on July 1, 1966 in an attempt to gain lunar
 

orbit Due to the overperformance of the launch vehicle, this attempt
 

failed and the spacecraft was placed instead into a large earth orbit with
 

apogee and perigee of approximately 80 RE and 10 RE, respectively The
 

spin axis of the spacecraft was in the solar ecliptic plane (latitude less
 

than 5 degrees in magnitude) and made one complete revolution per year with
 

respect to the earth-sun line Since the instrument normal was perpendicu

lar to the spin axis, the cup could not see the solar wind during periods
 

of the year when the spin axis- earth-sun line angle was less than 30 de

grees Thus, useful data were gathered luring two four month periods of
 

each year The times during which observations were made are given in
 

table 1 
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TABLE 1
 

EXPLORER 33 PERIODS OF OBSERVATION
 

From To
 

July 2, 1966 October 6, 1966
 

December 10, 1966 March 14, 1967
 

June 25, 1967 October 2, 1967
 

December 13, 1967 April 14, 1968
 

July 1, 1968 October 17, 1968
 

January 11, 1969 April 22, 1969
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On January 19-20, 1969, Explorer 33 made a close encounter with the
 

moon which shifted the spacecraft into a larger orbit with apogee and 

perigee of 120 RE and 20 RE. Several of the large orbits were made before 

the end of the observation period used for this thesis, April 22, 1969 

In figures 15a and 15b, all orbits during which useful observations were
 

made are shown in solar wind coordinates (see Page 36), where the abscissa
 

is the XSW axis and the ordinate is the DerDendicular distance from the 

axis As may be seen in figure 15, the orbit of this spacecraft was espe

cially suited for study of the bow shock and magnetopause behind the dan

dusk meridian 

Explorer 35 was launched on July 19, 1967, and achieved lunar orbit 

on July 22, 1967 Data were taken continuously until July 14, 1968, when 

the instrument failed During this period, the spacecraft made 11 complete 

traversals of the tailward magnetosphere and magnetosheath, including numer

ous magnetopause and bow shock crossings at a radial distance of approxi

mately 60 R from the earth The spin axis of the spacecraft was perpendic

ular to the solar ecliptic plane (latitude approximately -90 degrees), thus
 

data were taken continuously except during periods of lunar shadow, when
 

the spacecraft was shadowed from the sun by the moon, and during periods of
 

radio shadow, when the spacecraft was shadowed from the earth by the moon, 

thereby precluding transmission of data The period of the spacecraft
 

about the moon was approximately 11 5 hours and the lunar and optical shadow 

each lasted about 1 hour, thus data were gathered for approximately 80% of 

each day. 

Data Format 

Referring to figure 3, we will now explain the format of the data 

used to determine boundary traversals The horizontal axis of the plots 

5 
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represents universal time, in decimal day and hour Also plotted on the
 

horizontal axis is the sequence number One sequence is 81 seconds and
 

one measurement of the plasma occurred each sequence.
 

In figure 3a, the top trace represents the angle between the sun
 

direction and the peak current direction, taken positive in the direction
 

of satellite rotation The next trace tells, for the difference integral
 

proton measurement, which plate receives the most current The third trace
 

from the top is the integral current measurement, where the height of the
 

top of each vertical line represents the peak current and the height of the
 

bottom of the line represents the current measured at approximately 45 degrees
 

to the peak current direction The bottom trace is the average electron cur

rent in the direction away from the sun
 

In figure 3b are plotted the differential current measurements corre

sponding to the integral current measurements in figure 3a. The loest energy
 

channel is at the bottom and the highest is at the top of the plot For each
 

energy channel, the sum proton measurements are represented by the trace with
 

a small S on it, while the difference proton measurements are represented by
 

the trace with the small D The sum trace is usually above the difference
 

trace. It must be emphasized that the measurements are made at discrete
 

times and are shown as continuous traces only for each of illustration
 

Before turning to examples of bounary crossings, let us review what 

may be learned about the state of the plasma from the measured currents and 

angles Whether the bulk flow velocity normal to the collection plates is 

large or small may be inferred from the position of the largest current in 

the differential measurements. The spread of currents in the differential 

channels, as well as the integral current measured at 45 degrees to the 
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peak flux direction, reflect the thermal spread of the plasma.
 

The angle of flow of the plasma may be inferred from the measure

ments in one of two ways, depending on which spacecraft is under consid

eration In the case of Explorer 35, the spin axis was perpendicular to
 

the solar ecliptic plane, thus the measured angle between the sun and peak
 

flux direction is the angle of flow in the ecliptic plane The sign of
 

the angle of flow out of the ecliptic plane is given by the relative cur

rent on the two half collector plates and the magnitude of the angle may
 

be estimated by noting the difference between the sum and difference inte

gral currents For flow in the ecliptic plane, both plates receive equal
 

currents and the difference is much less than the sum, while for flow at
 

a large angle to the plane, most of the current is collected on one plate
 

and the sum and difference currents are almost equal
 

In the case of Explorer 33, the spin axis lay approximately in the
 

ecliptic plane, thus the spacecraft equatorial plane was perpendicular to
 

the ecliptic The angle between the sun and peak flux direction gives the
 

angle of flow out of the ecliptic plane directly The angle of flow in
 

the solar ecliptic plane is inferred from the angle of flow out of the
 

satellite equatorial plane In practice, only changes in this angle, as
 

shown by changes in the difference between the sum and d3fference integral
 

currents, were considered and the way this was done is best illustrated by
 

the examples discussed in the next two sections
 

B. Bow Shock Traversals
 

As the solar wind crosses the bow shock, there is a conversion of
 

directed motion to random motion The streaming velocity decreases and
 

changes direction and the thermal velocity increases. This may be verified
 

theotetically from the conservation of mass, momentum, and energy (see
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chapter 4) and has also been observed cxperimentally (Argo ct al , 1967) 

We will now examine several examples of Explorer 33 and Explorer 35 data 

to see how these changes in the plasma manifest themselves in the data 

July 28, 1966 Crossing
 

At the time of the bow shock traversal shown in figures 3a and 3b,
 

Explorer 33 was located at X -5 R YSE=-27 R ZSE=-7 R, proceeding

2
SE E' ~S E' s~ poedn
 

in the positive XSE direction toward perigee This is location Sl in fig

ure 2 The spacecraft spin axis longitude was 103 degrees, thus the in

strument normal made an angle of 13 degrees with the sun direction when the
 

normal was in the ecliptic plane For nearly radial solar wind flow, more
 

current should have been collected on plate A and, prior to tne shock trav

ersal at 1052 UT, we see in figure 3a that this was the case The small
 

difference between the sum and difference integral currents was consistent
 

with a flow as large as 13 degrees from the spacecraft normal The roll
 

angle indicated that the spacecraft rolled approximately 5 degrees after
 

seeing the sun before the peak flux was measured This 5 degree roll indi

cates that the solar wind flow had a slight northward component The dif

ferential channels show the largest flux occurred in channel 4, which is
 

typical for a solar wind measurement, and that smaller currents were evi

dent in the other channels
 

At the time of the shock traversal, tl'e solar wind was deviated both
 

in and out of the ecliptic plane The phase trace changed to indicate that
 

more current was measured on plate B; thus the wind was deflected to flow
 

at least 13 degrees from the radial direction The roll angle indicatd
 

that the flow was also deflected from northward to southward flow by at
 

least 10 degrees The southward deflection is consistent With the location
 

of the spacecraft 7 RE below the ecliptic at the tine of the crossings,
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since the shock deflects the wind primarily in the solar wind direction 

spacecraft plane The largest differential flux was measured in channel
 

3 after the shock crossing, indicating that the flow was slowed as well
 

as deviated Thermal heating is evident both in the larger spread of cur

rents in the differential energy channels and by the appearance of flux
 

in the sum integral measurements at 45 degrees to the peak direction
 

Some electron heating is also evident from the electron measurements
 

2. July 27, 1966 Crossings
 

The data shown in figures 4a and 4b represent a multiple bow shock
 

traversal The data were taken on the day prior to the time of the previ

ous example; thus the spin axis orientation given there applLes here also
 

The spacecraft was located at position S2 in figure 2 Prior to 1108,
 

Explorer 33 was in the solar wind At 1108, the spacecraft crossed the
 

shock into the magnetosheath and at 1120, crossed the shock again bacl into
 

the solar wind The occurrence of the crossings is indicated in much the
 

same way as was the single traversal in the previous example The differ

ence integral current went almost to threshold, indicating that the flow
 

was deflected almost directly into the cup The roll angle indicates that
 

the flow experienced an additional southward deflection The differential
 

measurements indicate thermal heating by an increase in the spread of meas

ured currents and-electron heating is also evident
 

3. February 1, 1967 Crossing
 

The Explorer 33 bow shock crossing shown in figures 5a and 5b is- typ

ical of the strong shock crossings observed forward of the dawn-dusk rerid

e 

ian At the time of the shock traversal, the spacecraft was located at
 
= = 
XSE= 10.8 RE' YSE 13 7 RE, ZSE 1 17 RE , proceeding inbound toward perigee
 

This is position S3 in figure 2 The longitude of the spi axis was 275 8
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degrees Prior to the shock crossing, more current was measured on plate
 

B than on plate A, in agieeent with the spin axis orientation, and the
 

largest differential current was measured in channel 3 After the space

craft crossed the shock, the difference between the sum and difference in

tegral measurements decreased, indicating the deflection of the flow in
 

the positive YSE direction The deflection caused the plasma to enter the
 

cup at a large angle to the normal This, and the slowing of the flow
 

across the shock, caused a decrease in the total measured current and a
 

shift of the largest differential current into the lower two channels
 

Heating of the protons is evident in the integral measurements at 45 de

grees to the peak direction
 

The bow shock is strong in the subsolar region because the flow
 

meets the shock at a small angle to the shock normal For this reason,
 

shock crossings such as the one above are easily identified in the data
 

We will now discuss two examples of crossings of the shock further down

stream of the earth, where the shock begins to approach the Mach angle and
 

is consequently much weaker
 

4 September 1, 1967 Crossing
 

At the time of the bow shock crossing at 1249 UT, day 243.0, 1967,
 

=
 shown in figures 6a and 6b, Explorer 33 was located at XSE= -41 2 R, YSE
 

52.5 RE, ZSE= -8 5 RE and the longitude of the spin axis was 73 2 degrees
 

The spacecraft location is position S4 in figure 2. The largest current
 

was measured on plate B in the solar wind and the largest change in the
 

data as the spacecraft crossed the bow sbock was the flow deflection, ihich
 

caused the largest current to change to plate A The differential spectrum
 

changed only shghtly away from the peak and no slowing or heating of the 

flow is clearly seen Electroa heating is also absent This is all con
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sistent with the weakness of the shock downstream from the earth Shock
 

crossings such as this, though not nearly as obvious as that in the pre

vious example, are still clearly defined in the data
 

5. March 23, 1969 Crossings 

The bow shock traversals shown in figure 7a to 7d occurred when 

Explorer 33 was located at X SE= -116 1 RE' 'SC -10 9 RE' ZSE = -64 4 RE 

(position S5 in figure 2) The spin axis longitude was 242 4 degrees
 

These crossings are among the most distant observations of the bow shock
 

that have ever been made and, due to the weakness of the shock at this
 

distance, the crossings are marked by subtle changes in the data To make
 

the identification of the shock crossings more definite, the reduced plasma
 

parameters have been included (figures 7c and 7d)
 

Prior to the shock crossings, the spacecraft was in the magneto

sheath proceeding away from the earth-sun line tot'ard apogee The obser

vations occurred 82 degrees below the ecliptic plane, measured counter

clockwise about the earth-sun line as seen from the sun Therefore, any
 

deflection of the plasma by the bow shock should have been primarily in
 

the north-south direction and would have appeared as a change in the roll
 

angle of the peak flux direction Since the wind should have been deflect

ed southward upon crossing the shock, then for the spin axis orientation
 

given above, the roll angle should have been more positive in the magneto

sheath than in the solar wind Referring to figure 7a, we see that the
 

roll angle did change suddenly between an average positive value of 2 to 5 

degrees and an average negative value of -5 to -7 degrees. At the begin

ning of the data in figure 7a, the angle was slightly positive and continued 

positive until the data gap at sequence 95420 When the data resumed at 

sequence 95436, the angle was negative This chrnge is interpreted to mean 
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that the spacecraft crossed the bow shock during the data gap from the mag

netosheath into the solar wind Four more traversals occurred at sequences
 

95446, 95478, 95491, and in the data gap between sequences 95523 and 95542
 

These crossings are marked by the symbol BS in figure 7d and the region (I
 

for solar wind, II for magnetosheath) in vhich the spaceciaft was located
 

between crossings is also indicated After sequence 95615, the data be

came spotty and no more definitive crossings could be identified
 

The differental measurements shown in figure 7b are also consistent 

with the above identification of the shock crossings During the times 

when the spacecraft was in region I, the current in channel 2 was lower 

than during the times when the spacecraft was in region II Since this is 

the energy channel below the channel in which the largest current was meas

ured, this means the energy spectrum narrowed in region I Thus, the plas

ma was heated upon crossing the shock, producing a slightly wider energy 

spectrum in region II. Plasma heating is a characteristic change across 

the shock and the heating observed here lends further support to the inter

pretation of these changes as being bow shock crossings 

In figure 7d, the actual derived thermal speed of the plasma is giv

en by the bottom plot In region II, the thermal speed was approximately
 

50 km/sec, while those thermal speeds wnich were measured in region I aver

age around 20 to 30 km/sec The spectra which could not be analyzed by
 

the program (denoted by the heavy black circles on the thermal speed plot
 

in figure 7d) had thermal speeds too low for the analysis program to ana

lyze These spectra were all taken in region I The thermal speed plct
 

therefore confirms the interpretatnon of the energy spectra in figure 7b
 

and lends further evidence to the exist&nce of the shock crossings
 

The derived plasma densities aie shown in the bottom plot of figurc
 

7c During the region II portions of the plot, the density was approxi
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mately 10 cm73 , while during the region I portion, it was slightly less, at
 

-3 
about 8 cm This change is also consistent with the bow shock identifi

cations, since it indicates the plasma Was compressed slightly upon cross

ing the shock
 

When we examine the average shape of the bow shock in the next chap

ter, we will see that the above shock crossings occurred closer to the 

earth-sun line than an average crossing would be observed. The derived 

plasma parameters are consistent with this discrepancy in two ways First, 

from the plot of the solar ecliptic latitude of the direction from which 

the flow was coming, it is seen that the solar wind plasma was flowing to 

the north approximately 5 degrees Assuming that the boundaries line up 

with the incident flow direction, this means that, below the ecliptic where 

the observations were made, the shock would be closer to the earth-sun line 

than normal. Second, the low solar wind thermal speed means the incident 

Mach number was large Thus, the Mach angle was smaller than usual, mak

ing the shock closer to the boundary symmetry axis than normal. Both of 

these effects are consistent with the observation of the shock closer to 

the earth-sun line than usual. 

In summary, we see that the plasma was deflected, compressed, and
 

heated in the magnetosheath behind the shock Also, the unusual position
 

of the shock is consistent with the external solar wind conditions at the
 

tine of observations Therefore, the observed changes in the measured
 

currents and derived parameters indicate with a fair amount of certainty
 

that the bow shock identifications made above are correct This example
 

of shock crossings shows how even a weak shock may be identified in the
 

data when all availible evidence is brought to bear on the identification
 



6 August 24, 1967 Crossing
 

The data taken during a bow shock crossing by Explorer 35 are shot,n
 

in figures 8a and Sb Because Explorer 35 alltays crossed the shock at ap

proximately the same radial distance from the earth, the shock crossings
 

all appear in a similar way in the data: therefore only one example of an
 

Explorer 35 shock crossing is presented The crossing occurred at 1112 UT
 

=
 on day 235 0, 1967 when the spacecraft was located at XSE= -41 7 RE, YSE


-47 8 RE,,ZSE= -i 0 RE, (position S6 in figure 2) Prior to the crossing,
 

the spacecraft was in the magnetosheath. Since the spacecraft spin axis
 

was perpendicular to the ecliptic plane, the roll angle gave the ecliptic
 

flow angle of the plasma directly. In the magnetosheath, the flow was de

flected 10 to 15 degrees from the radial direction in the negative YSE di

rection, which is consistent with the dawn side location of the spacecraft.
 

The flow was warm, as evidenced by the wide differential current spread and
 

the measurable integral flux at 45 degrees to the peak flux direction
 

As the spacecraft crossed the shock, the direction of the flow
 

changed abruptly to the characteristic aberrated solar wind flow direction
 

Simultaneously, the upper and lower differential currents decreased, indi

cating a decrease in the plasma thermal speed, while the total integral
 

flux decreased, indicating a decrease in the plasma density. This shock
 

traversal is well defined, as are most shock traversals observed by Ex

plorer 35, and this is consistent with the location of these shock traver

sals in a region where the shock is still fairly strong
 

C Magnetopause Traversals
 

1 Explorer 33 Examples
 

The magnetopause is the boundary which excludes the shocked solar
 

wind flow from the region of space containing the earth's magnetic field
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Thus, a traversal of this boundary is characterized by the disappearance
 

of measurable positive ion flux We will now examine measurements made
 

during several Explorer 33 magnetopause traversals to see how these traver

sals appear in the data
 

a) July 29, 1966 Crossing
 

The magnetopause traversals shown in the data in figures 9a and 9b
 

=
occurred when the spacecraft was located at XSC 7.2 RE' YSE -7 6 RE' ZSE 

-4 0 RE (position Ml in figure 2) This location is approximately 45 de

grees from the sub-solar point and is well below the ecliptic plane The 

proximity to the sub-solar point is reflected in the magnetosheath data 

prior to the final magnetopause crossing at 0620 UT The largest differ

ential current was measured in the lowest energy channel, indicating flow 

with a very low velocity The roll angle indicates that the flow was de

flected out of the ecliptic plane 20 to 40 degrees from the sun direction 

and the sense of the deflectio is southward, which is consistent With the 

-4 0 RE position of the spacecraft below the ecliptic plane The tempera

ture of the plasma was high, as evidenced by the wide differential energy 

spread and by the large currents measured in the intagral proton channels 

at 45 degrees to the peak direction 

At 0542 UT, the integral flux dipped momentarily and at 0620 UT,
 

disappeared completely The complete disappearance of measurable flux
 

indicates that the spacecraft crossed the magnetopause into the magneto

sphere, while the multiple crossings are indicative of boundary motion.
 

b) August 3, 1966 Crossings
 

A typical example of multiple magnetopause crossings as observed by
 

Explorer 33 downstream of the earth is shown in figures 10a and 10b. At
 

=
the tme of observation, Explorer 33 was located at XSE -67 8 RE, YS= 
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-16.3 SE 6 RE (position 112 in figure 2) and the longitude of the 

spin axis was 98 0 degrees The magnetosheath floz was typical, with 

plate A receiving more than half the toLal current in agreement with the 

spin axis orientation The roll angle indicates the flow bad a slight 

northward component, in agreement with the location of the spacecraft a

bove the ecliptic plane The magnetopause crossings are evident by the 

disappearance or reappearance of integral proton flux The magnetopause 

was clearly in motion at the time of these observations and, from the many 

observations of the downstream magnetopause by Explorer 33 and Explorer 35, 

it is evident that this motion is almost always present The motion is 

discussed in detail in chapter 3 

2 Explorer 35 Examples
 

a) Explorer 35 Crossing Parameters
 

The magnetopause crossings observed by Explorer 35 are studied in
 

some detail in chapter 3 For this study, it was necessary to characterize
 

each traversal by 1) when it occurred, 2) where it occurred, and 3) the
 

time required to cross the boundary We will now see what criteria were
 

used to determine the above quantities and will examine several examples
 

of Explorer 35 magnetopause crossings
 

The time of a boundary crossing was taken to be the time of the
 

first (last) measurable integral flux for a region III to region II (re

gion II to region III)traversal. The position of the crossing was defined
 

to be the position of the moon at the time of the c-ossing The time and
 

position of each crossing were determined for those crossings which dia
 

not occur in data gaps or shadow.
 

Not all cases allowed a determination of the time required to cross
 

the boundary Fer this time to be defined, several criteria had to be
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satisfied First, at least five sets of plasma parameters had to be avail

able adjacent to the crossing This crieerion ruled out closely spaced
 

multiple crossings and crossings for which no plasma parameters were avail

able Second, no data gaps were allowed during the boundary traversal
 

This ruled out crossings which extended into either the optical or radio
 

shadow of the moon Third, the magnetosheath plasma velocity had to de

crease or stay relatively constant adjacent to the crossing This ruled out
 

several cases where the velocity increased, probably due to solar wind changes
 

For crossings uhich satisfied the above criteria, the time to cross the
 

boundary was defined to be the time between the time of the first measurable
 

flux and the time of the last significant velocity change, for a region III
 

to region II traversal If the velocity remained constant, the crossing
 

time Was defined to be the tine between the first neasurable flux and the
 

first velocity measurement We will now examine several examples to see
 

hou these criteria were app]ed in practice
 

b) June 13, 1968 Crossing
 

The Explorer 35 magnetopause traversal shown in figures lla to lld
 

is a typical example of a crossing requiring a finite time The time of
 

the crossing was the time of the first measurable flux at sequence 362467,
 

or 0721 UT, and the position of the moon at this time was XSE= -47 4 RE,
 

=
YSE -32 2 RE, ZSE= -5 0 RE (position M3 in figure 2) and solar ecliptic 

longitude 214 2 degrees No data gaps occurred and more than five plasna 

velocities (figure llc) were available adjacent to the crossing; thus the 

time to cross the boundary was also determined Since the last signiracant
 

velocity increase occurred at sequence 362475, the crossing occurred in 8
 

sequences, or 11 minutes
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c) Februar! .14L Cros sin1968 

The magnetopause crossing shown in figures 12a to 12d is typical of
 

those crossings which occurred in a time less than the time between meas

urements The first measurable flux was detected at sequence 237064, or
 

= =
1341 UT, when the moon was located as XSC= -55.9 RE, YSE -16 8 RE, ZSE
 

3 2 RE (position M4 in figure 2) and solar ecliptic longitude 196 8 degrees
 

The criteria to determine a time to cross the boundary were met Since
 

the first velocity measurement occurred at the same time as the first meas

urable flux and since the velocity did not increase after the first meas

urement, the time to cross the boundary was defined to be zero minutes
 

d) August 17, 1967 Crossings
 

An example of multiple magnetopause traversals observed by Erplorer
 

35 is shown in figures 13a to 13d The spacecraft was located along loca

tion M5 in figure 2 Although a time and position were determined for
 

each traversal, at no time was the spacecraft in the magnetosheath long
 

enough for five velocity measurements to be made Therefore, the tine re

quired to cross the boundary could not be determined for any of these
 

crossings The motion of the boundary which is evident from the occurrence
 

of these multiple crossings is studied in detail in chapter 3
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CHAPTER 3
 

Boundary Observations
 

A Boundary Shapes
 

In this section, we discuss the shapes of the bow shock and magneto

pause as observed by Explorer 33 and Explorer 35 First, we will introduce
 

the coordinate system which is most appropriate to the discussion and which
 

we call solar wind coordinates Next, we will use magnetopause position
 

observations made by the lunar orbiting Explorer 35 to calculate the angle
 

in the solar ecliptic plane between the sun-earth line and the (assumed)
 

rotational symmetry axis of the magnetopause Using Explorer 33 observa

tions, we will then shOw that the magnetotail boundary is, in fact, rota

tionally s3mletric about this assumed rotational symmetry axis Finally,
 

the shapes of the magnetopause and bow shock will be derived from the bound

ary positions observed by Explorer 33
 

1 Coordinate System
 

Two coordinate systems widely used in studies of the solar wind

earth's magnetic field interaction are solar ecliptic coordinates and solar
 

magnetospherc coordinates In solar ecliptic coordinates, the X axis
 

points from the earth toward the sun, the Z axis points from the earth toward
 

the north ecliptic pole and the Y axis completes a right handed system in
 

solar magnetospheric coordinates, the X axis points from the earth toiard
 

the sun, the Y axis as perpendicular to the X axis and to the earth's mag

netic dipole and points in the direction opposite to planetary motion, and
 

the Z axis completes a right handed system
 

We now wish to introduce a third coordinate which is most rppropriate
 

for the topics btudied in this thesis and which We call solar wTind coordi



nates In this geocentric coordinate systcn, the XSW axis points froo tne 

earth into the solar -Tand direction, the Y axis is Derpendicular to tneSW 

XSW axis and to the earth's magnetic dipole and roints in the direction
 

opposite to planetary motion, and the ZSW axis forms a right handed system
 

For solar wind flow along the earth-sun line, solar wind coordinates reduce
 

to solar magnetospheric coordinates The transformation from solar ecliptic
 

to solar wind coordinates is presented in appendix A
 

A primary purpose for using solar wind coordinates in this charter
 

is to take into account the aberration of the solar wind due to the earth's
 

orbital motion The average solar wand velocity measured over a period of
 

eleven months by Explorer 35 is ru400 km/sec For radial solar Wind flou
 

with a velocity of 400 km/sec, the 30 km/sec orbital motion of the earth
 

causes. the apparent direction of the flox, to cone from -4' west of the sun
 

Accordingly, the X axis is rotated 40 about the Z axis in a clock isc
 
SW SE
 

direction as viewed from the north The choice of this value for the rota

tion angle is justified further in the next section The axerage flo

direction, and hence the XSW axis, are assumed to lie in the ecliptic plane
 

This fixed orientation of the XSW axis is used in all discussions in this
 

section
 

2 Symmetry of the Magnetopause
 

a) Alignment with Solar Wind
 

Let us assume for the moment that the magnetopause is rotationally 

symmetric about some axis This assumption is verified in the next section 

We further assume this symmetry axis lips in the solar ecliptic plane In 

this section, we determine the angle between the assumed symmetry a is and 

the earth-sun line 
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The inclination of the (absumed) magnetopause symmetry axis to the
 

earth-sun line at lunar distance may be calculated from the positions of
 

the magnetopause crossings observed by the lunar orbiting Explorer 35
 

During the total Explorer 35 observational period, the spacecraft made
 

eleven complete traversals of the magnetotail at the rate of approximately
 

one traversal per month Therefore, eleven estimates of the symmetry axis
 

inclination are obtained From these eleven values, the average inclina

tion may be calculated, along with a measure of the variability of the in

clination 

Each estimate of the symmetry axis inclination is obtained from
 

the average daun and dusk magnetopause positions The average position of
 

the dawn or dusk nagnetopause for a complete traversal of the magnetopause
 

region is defined to be the average of the positions of all crossings ob

served during the traversal Thus, for each magnetotail passage, one aver

age dawn and one average dusk magnetopause position is obtained By aver

aging the longitudes of these two magnetopause locations, the symmetry
 

axis inclination in the ecliptic plane is derived
 

Since the positions of the dawn and dusk magnetotail boundaries are
 

not measured simultaneously by Explorer 35, several effects which cause
 

magnetopause motion act to blur the average magnetopause positions. Changes
 

in the external solar wind, as well as changes in the internal structure of
 

the nagnetotail, may cause magnetopause motion Also, we shall see later
 

in_ this chaDter that the magnetopause has an intrinsic motion, probably due
 

to an instability or to a magnetotail resonance These effects all limit
 

the accuracy with which the average magnetopause positions, and hence the
 

magnetopause symmetry axis, may oe defined
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Since a traversal of either the darin or dusk iagnetonause region re

quires approximately a day to complete, then fluctuations of the magneto

pause on a time scale much less than a day are averaged out These fluctua

tions include the intrinsic motion, which Wie will shoi has a time scale of 

one hour or less, and those fliictuations due to changes in external condi

tions on a time scale of several hours or less The spread in the average
 

positions of the symmetry axis is therefore due primarily to 1) the statis

tical sampling error in determining the average magnetopausc positions, 2)
 

changes in external conditions and internal magnetotail structure on a time
 

scale between one day, the time to cross a magnetopause region, and several
 

days, tnc. time between measurements of the dawn and dusk magnetotail bound

aries, and 3) changes in the average solar wind direction and velocity from
 

one magnetotail traversal to the next which cause the actual position of
 

the symnetiy axis to change
 

The derived average magnetopause longitudes and symmetry axis in

clinations are given in table 2 of section C-2 The average solar ecliptic 

longitude of the assumed rotational symmetry axis is -2 70, with a standard 

deviation of 1 9' The average solar ecliptic longitude of the direction 

from which the wind flowed as measured by Explorer 35 during the solar vind 

portions of the eleven months of observations is -4 5', with a standard 

deviation of 3 70 Since the experimental error in this angle is estimated 

to be ± 1 5*, then some of this deviation is due to real fluctuations in 

the direction of the flow in the ecliptic Within the errors of both the 

direction measurement and the symmetry a..is determiration, we conclude that 

the (assumed) rotational symmetry axis of the magnetopause is aligned with 

the aberrated solar wind direction
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The inclination of the assumed symmetry axis derived from the mag

netic field observations on Explorer 33 and Explorer 35 agree with our re

sult. Behannon (1970), using the magnetotail boundary locations observed
 

by both Explorers, derived an inclination of 3 10. Also, Behannon used
 

the observed internal magnetotail field directions to calculate an inclina

tion of 2 70 Substantially the same results were derived by Mihalov et
 

al (1970) Possible reasons for the small difference between the observed
 

symmetry axis inclination and the expected direction of an aberrated,
 

radially-flowing solar wind are discussed by Behannon (1970) le notes
 

that the difference is consistent with a small, non-radial, corotating com

ponent of the solar wind flow
 

b) Cylindrical Symmetry of the Magnetopause
 

Having discussed the alignment of the (assumed) magnetopause symmetry
 

axis in the ecliptic plane, we will no? discuss the cross sectional shape
 

of the magnetotail boundary in the plane perpendicular to the symmetry axis
 

The question to be answered by this discussion is whether the ragnetotail
 

boundary is rotationally symmetric ith respect to the ecliptic symmetry 

axis or whether there exists a pronounced north-south or east-west elonga

tion or flattening which results in an elliptical or other non-circular 

cross-section 

In figure 14 is showrn the Y -z projection of the portions of all SW SW 

Explorer 33 orbits in the range -100 R < X < -40 R The solar wind co

ordinates, described above, are used with an ecliptic rotation of 4' to 

align the system with the average measured solar Nind direction. Thug, the 

sw axis is the (assumed) rotational symmetry axis of the magnetotail bound

ary The oscillatory nature of the orbits is due to the diuinal motion of 

the earth's dipole, wLich causes the Ysw-Zsw plane to oscillate with a 

X 
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period of one day The heavy portions of the orbits represent timieb %hen
 

Explorer 33 was in the magnetotail, while the light portions represent the
 

magnetosheath parts of the orb:its Ihe heavy black circle is centered on
 

the origin and has a radius of 28 RE
 

We will assume that the average cross-section of the nagnetotail
 

boundary in any given Y -Z plane is stationary in tine This is a plau-
SW SW 

sible assumption primarily because the effect of the diurnal motion of the
 

earth's magnetic dipole on the magnetotail orientation has been removed by
 

using solar wind coordinates The small seasonal displacement of the
 

_vI plane
neutral sheet, and hence of the entire magnetotail, from the XSIT-Y p 

has been ignored Since the magnetopause cross-section is assumed to be 

stationary in the YSW - ZSW plot of figure 14, a non-circular cross-section 

would be evidenced in two possible ways First, the magnetotail portions
 

of the orbits will extend to different radial distances from the XSW axis
 

at different parts of the nagnetopause Second, the diurnal motion of the
 

earth's dipole will carry the apparent position of the spacecraft in and 

out across protruding parts of the magnetopause This wll result in the 

positive swings of the orbit oscillations being the opposite shading of 

the negative swimngs in the region of the non-uniform portion of the magne

topause
 

The magnetotail boundary beyond XSW = -40 RE is approximately paral

lel to the XSW axis, as we will see below; thus we assume the projection 

of this boundary onto the YSW - ZS17 plane may be represented by a single 

contour This contour is the cross section of the boundary We sa7 in 

figure 14 that the heavy circle separates the magnetotail and magnetosheath
 

portions of the orbits fairly well Furthermore, the diurnal oscillations
 

of the orbits do not display the second effect described above The mLx

tures of magnetotail and magnetosheath portions of the individual orbits
 



42 

can be explained in terms of transverse motion of the magnetopause. This
 

motion is discussed in sections B and C of this chapter. We conclude that
 

the cross-section of the magnetotail is approximately circular and does
 

not have any pronounced elongation or flattening Due to the uneven
 

spacial distribution of magnetotail boundary observations (see figure 14),
 

this result applies only to the parts of the magnetopause below the eclip

tic plane
 

The observation of rotational symmetry of the magnetotail boundary
 

by Explorer 33 agrees with some previous observations Gosling et al
 

(1967), using Vela 2 observations, studied the magnetopause rotational
 

symmetry at a constant distance of 17 RE from the earth This corresponds
 

to a magnetopause distance crossing at approximately X = -10 R which is 

at the beginning of the magnetotail. The Vela observations extended to ± 

600 solar ecliptic latitude Gosling et al (1967) concluded that 1) the 

magnetopause symmetry axis is tilted 20 - 40 to the west of the sun, in
 

agreement with the expected aberration angle, and 2) the minimum value of
 

the ratio of the vertical to horizontal diameters of the boundary in solar
 

magnetospheric coordinates is 81 This amount of flattening was stated
 

to be conservative, and Gosling et al. (1967) concluded that, within the
 

scatter of the observations, the boundary is rotationally symmetric.
 

The distant magnetotail boundary has also been mapped by Behannon
 

(1968), using one year of magnetic field data from Explorer 33 From the
 

locations of observed boundary crossings in solar magnetospheric coordinates,
 

Behannon concluded that the tail boundary is elongated in the ZSM diLaction
 

such that the vertical diameter is 2 to 3 tlmes the horizontal diameter
 

Our observations do not support this conclusion and we feel there are two
 

possible explanations for tnis discrepancy First, Behannon used only one
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year of observations, while our conclusion is based on three years of obsei

vatlons From the figures in Behannon (1968) compared to our figure 14, it
 

is clear that our coverage of the tail magnetopause is much more complete:
 

thus the magnetic field observations may have been influenced by statistical
 

variations Second, the effect of aberration on the tail boundary vas not
 

removed Thus, the magnetopause appears closer to the XSM axis in the nega

tive YSM direction than it actually was Since observations in the po-itive
 

SSM direction vere linited, then the apparent closeness of the boundary to
 

the supposed symmetry axis in the horizontal direction may have been due to
 

aberration, rather than to cylindrical asymmetry If all magnetic field
 

data now available Were used and if solar wind coordinates were used to
 

account for the effects of aberration, we feel that the conclusions derived
 

from the magnetic field observations would agree with our conclusions re

garding the rotational symmetry of the magnetotail boundary0
 

3 Magnetopause and Bow Shock Profiles
 

We will now discuss the XS1 dependence of the perpendicular distance
 

of the bow shock and magnetopause from the XSW axis As we have seen, the
 

magnetopause is approximately circular in cross-section about a line which
 

is parallel to the average solar wind direction The distance to the magne

topause perpendicular to the XSW axis is therefore independent of the angle
 

about the XSW axis Accordingly, to map the ,shapes of the magnetopause and
 

Ysw2 2'
 
bow shock, each crossing has been plotted at the distance D = +ZSW 

from the axis This procedure effectively rotates all crossings about
 

the XSW axis into a common plane
 

The spacial extent of the observations is shown in figure 15a, where
 

all portions of the orbits of Explorer 33 between July 1, 1966 and January
 

16, 1969, during whLch useful data were taken, are shown The exact periods
 



44 

of observation are given in table 1, chapter 2 The average boundary 

shapes, as described below, are also shown in figure 15a From the figure, 

we see that extensive observations of the bow shock and magnetopause extend 

from the upstream beginning of these boundaries to XSW = -50 R and XSW = 

-80 RE, respectively In figure 15b, the portions of the orbits between 

January 16, 1969 and ADril 22, 1969 during which data Were taken are shown 

The larger orbits result from a close encounter between the spacecraft and 

the moon. These orbits extend the observations of the bow shock to XSW = 

-115 RE The positions of all the magnetopause and bow shock crossings
 

which occurred between July 1, 1966 and April 22, 1969 are plotted in fig

ures 16 and 17. The heavy lines which extend through the crossings are
 

subjectively determined average shapes of the boundaries These average
 

shapes are functions which are used in the following sections The func

tion used for the average magnetopause shape is
 

D = 23 9 tan SW 

while the average-shock function is 

= 56 7T 191 2 - X -l 

The average-magnetopause function has a radius of D = 28 RE at X = -80 RE 

and goes asymptotically to a constant radius boundary of D = 37 5 RE The 

shock function is a hyperbola whose asymptote makes an angle of 17.70with 

the XS1 axis
 

4. Comparison Between Observed and Theoretical Magnetopause
 

Profiles
 

The shape of the magnetopause from the nose region to well into the
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tail has been computed by Spreater and Alksne (1969a) Separate solutions
 

were obtained for the forw4ard magnetopause and for the tail and the two
 

solutions vere joined resulting in one continuous boundary shape Ie will
 

no7 review the nature of the solutions and compare a typical calculated
 

boundary shape with the shape derived from the observed crossings
 

The forward solution Tas obtained by equating the magnetosheath plasma
 

pressure on one side of the boundary to the magnetosphere magnetic field 

pressure on the other side of the boundary The magnetosheath plasma pres

sure was assumed to be given by the NeTtonian approximation, PII = POO + Pd 

cos2', where P is the thermal pressure in the incident floi, Pd is the 

pressure at the stagnation point of the boundary, and&N is the angle between 

boundary normal and the incident solar wind direction The magnetosphere 

magnetic field pressure was approximated by assuming the magnetic field was 

twice the unperturbed, equatorial dipole field, thus PIII = (2B) 2/8 i , where 

B = Bs/r3 Here, B is the field at the earth's equator (B. = 312 gauss) 

and r is the distance to the boundary, in earth radii By letting PII = 

PIII, a differential equation resulted which vas solved numerically to give
 

the equatorial shape of the forward magnetopause
 

The tail solution was derived by assuming that tail currents caused
 

the tail field to be stretched out approximately parallel or antiparallel 

to the incident flow direction The magnitude of the field was assumed to 

be H at a distance X into the tail from the earth and the tail radius at 

X was assumed to be R The field B at a further distance X, where the 

radius was R, was derived by demanding nonservation of magnetic flux, thus
 
*R2 

B = H R-) Pressure balance was again used, where the magnetosheath

R 

pressure was given by the Netonian approximation and the tail pressure was
 

given above The resulting differential equation w'as solved numerically to
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give the tail shape The two solutions were matched by picking X , R and 

H so that H matched twice the magnetosphere dipole field at the position 

X , R on the boundary The primary purpose of the tail calculation was to 

allow the tail boundary to flare out a certain amount with increasing dis

tance into the tail 

The theoretical solution for an incident Mach number of M = 8, a 
* 

magnetic field at the beginning of the tail of H = 204 and a distance to 

the stagnation point of 10 RE is shown superimposed on the observed boundary 

crossings in figure 17 As may be seen, the calculated shape results in a 

smaller tail radius than is indicated by the data The Mach number, magne

tic field and nose distance are all typical and varying them within reason

able limits does not appreciably improve the fit between the calculation and 

the data The calculated tail boundary agrees in shape, however, with the 

observed tail boundary and is only offset in the D direction by m 5 RE The 

primary discrepancy between the calculation and the observations is in the 

region XSE 0; thus the discrepancy stems from the forward magnetopause 

solution If this solution resulted in a boundary which was wider at the
 

flanks, then the tail solution would lie along the observed crossings of
 

the magnetotall boundary and the general fit betlTeen the calculation and the
 

data would be much closer 

A disagreement between the foriard magnetopause calculations of 

Spreiter et al (1966) and the observed boundary shape in the region X - 0 
SE
 

has been observed previously This aiscrepancy was first noticed by Ness
 

et al (1964) Also, Wolfe et al (196r) compared the locations of IMP-l
 

magnetopause crossings with the calculations of Spreiter et al (1966) and,
 

from figure 15, of Wolfe et al (1966), it was concluded that the agreement 

between the calculation and the observations was good. However, the projec
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tion of the IMP-I crossings onto the ecliptic plane vas used for the conpari

son (Wolfe et al (1966), figure 15). Many of the IMP-i crossings occurred 

at higher solar ecliptic latitudes and a simple projection of these cross

ings onto the ecliptic plane, rather than a rotation, results in the apparent
 

crossing locations being closer to the earth-sun line then they actually
 

were When the crossings are rotated about the earta-sun line (Wolfe et al
 

(1966) , figure 16), the crossings in the flank fall further from the earth

sun line than the calculations of Spreiter et al (1966) predict Gosling
 

et al. (1967) also noticed that the iagnetopause position at the Vela dis

tance was outside the Spreiter boundary The map of the rotated crossings
 

of IMP-I agrees well with the locations of the crossings of Explorer 33 for
 

XSE > 0 Thus, both previous observations and the observations of Explorer
 

33 indicate that the nagnetopause flares out more on the flanks than pre

dicted by the calculations of Spreiter et al (1966).
 

An additional nagnetosphere pressure is necessary to cause the cal

culated boundary to extend further into the incident flow Because the
 

calculation and the observations agree near the sub-solar point and diverge
 

in the flank region, this pressure must act primarily in the flanks In
 

the calculation, the effect of the pressure of the magnetospheric plasma
 

was ignored Vasyliunas (1968a, 1968b) has shown that the pressure of the
 

plasma sheet electrons is approximately equivalent to a magnetic field of
 

20 t and that this plasma extends to the magnetopause over the entire for

ward boundary. This constant pressure term on the boundary is negligible
 

compared to the magnetic pressure in the sub-solar region, but becomec pro

gressively more important further away from the sub-solar point until, in
 

the region XSE, -10 RE, where H - 20e , the plasma pressure becomes compar

able to the magnetic field pressure Therefoie, this pressute should
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produce exactly the type of flaLing wThich as observed Although other rea

sons may be advanced for the flaring, such as failure of the NeWtonian 

approximation or failure of the magnetosphere field approximation, the mag

netospheric plasma pressure seems to be a reasonable explanation for the
 

discrepancy between the calculated and observed boundary shapes in the
 

flanks
 

In summary, the discrepancy between the calculated and observed
 

boundary shapes is primarily in the region X SE"V 0 and this discrepancy might
 

be renoved by inclusion of the magnetospheric plasma pressure in the theo

retical model The calculated shape of the tail boundary agrees well with
 

the observed shape and adequately explains the observed amount of tail flar

ing for XSE < -10 R We may note that since the tail portion of the solu

tion assumes conservation of magnetic flux, this agreement implies that the 

amount of magnetic field which merges or closes in the tail between XSE= -10 

RE and XSE = -80 RE is no more than a small fraction of the total field 

B. Dual Satellite Boundary Motion Observations
 

From the plot of the locations of observed magnetopause crossings
 

(figure 17), it is evident that the magnetopause position is variable This
 

implies motion of the boundary, which may be due either to changes in the
 

incident solar wind, changes in the internal magnetospheric structure, or
 

to intrinsic boundary instability or waves The effect on the bourdary po

sition of changes in the incident solar Wind is examLned in this section 

using simultaneous observations from Explorer 33 and Explorer 35 

Theoretical Considerations 

The primary properties of the solar wind which may affect the magne

topause and bow shock positions are 1) the solar wind dynamic pressure, 

1 
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2 
v , 2) the solar wird direction, 3) the interplanetary magnetic field 

direction and magnitude, 4) the solar wind Mach nurber, ana 5) the solar 

wind thermal pressure 

A basic concept of the Chapman-Ferraro model is that the solar wind 

dynamic pressure determines the overall size of the magnetopause At the 

sub-solar point, the distance of the magnetopause from the earth is deter

mined by a balance of magnetospheric magnetic field pressure and magneto

sheath plasma pressure Since, to good approximation, the magnetospheric
 

magnetic field terminates at the magnetopause, then the effect of (Chapman-


Ferraro) boundary currents is to add a magnetic field equal to and opposite
 

in direction to the unperturbed dipole field just outside the magnetorause
 

These currents, therefore, add a field equal in direction and magnitude to
 

the dipole field just inside the boundary The magnetic field pressure at
 

the sub-solar point (P B) is thus calculated from a field twice the unper

turbed dipole field If B is the field at the earth's equator and D is the
e 

distance to the sub-solar point in earth radii, then
 

I Z2be1 
T 

The magnetosheath plasma pressure at the sub-solar point, P' results from
 

the solar wind plasma which crosses the bow shock and then comes to rest
 

at the sub-solar, or stagnation, point The value of this pressure is de

rived in chapter 4, section A3, and is given by
 

~sK to0 2U 

where ,r1Yooare the incident solar wind density and velocity and, for Mot 

1, 

K~832 
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This applo'nmation for K is also given by Spreiter et al (3966). The pres

sure balance condition at the sub-solar point is Ps = PB and the resulting
 

distance to the sub-solar point is
 

The entire size of the magnetopause scales with this distance as the inverse
 

sixth power of the solar wind dynamic pressure
 

From the previous discussion of the magnetopause symmetry axis, we
 

saw that the average magneropause position is aligned with the average solar
 

wind direction This result should reasonably be expected to apply to the
 

instantaneous boundary position on a time scale longer than the time re

quired for the wind to travel the dimensions of the boundary
 

Olbert (1968) has shown that the bo,7 shock shade conforms to the mag

netopause shape Therefore, the effects of solar wind pressure and direc

tion changes on the magnetopause are reflected also on the shock Two ob

servations of shock motion due to changes in solar wind dynamic pressure
 

have recently been presented by Binsack and Vasyliunas (1968)
 

The effect of the interplanetary magnetic field on boundary shapes is
 

manifested in several ways The Mach number of the solar wind is a function
 

of the magnetic field As we have seen, the sub-solar distance is a weak
 

function of the Mach number; thus the magnetic field plays a small role in
 

determining the magnetopause size The asymptotic Mach angle of the shock,
 

as well as the standoff distance between the shock and the magnetopause at
 

the sub-solar point, depend on the Mach number; thus the Mach number affects
 

the shock position, especially doinstream of the dawn-dusk meridian The
 

dependerce on Mach nurber has been ignored because the magnetic field data
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are not used in the study Walters (1964) argued that the cifferent orien

tation of the nagnetic field vith respect to the shock normal on the damn
 

and dusk sides of the shock should result in a de-n-dusk asymmetry in the 

magnetosheath flow pattern This flOw asymmetry has been recently observed 

near the dawn-dusk meridian (Hlundhausen et al , 1969) The asymmetry might, 

therefore, be present even further donstream in the magnetosheath and 

could result in an asymmetric magnetotail boundary We have seen, ho7ever, 

that the tail boundary is approximately symmetric; thus the effect proposed
 

by Ualters has a small effect on the downstream boundary.
 

The amount of flaring of the tail boundary is influenced by the solar
 

wind thermal and magnetic field pressure The sum of these pressures, in
 

addition to the tangential drag on the boundary, act to contain the magne

totail field far back in the tail Since the tangential drag is noorly un

derstocd and, again, since the magnetic field data are not utilized in this
 

study, the effects related to tail flaring are not included in the current
 

study
 

Changes in the internal structure of the magnetosphere may also af

fect the magnetopause position The enhancement of the ring current during
 

magnetic storms may inflate the forward magnetosphere Increased tangential
 

drag on the boundary preceeding substorms may carry magnetic flux from the
 

region nea the sub-solar point into the magnetotall, causing an inflation
 

of the tail boundary (Aubry et al , 1970) Also, the tail may contract
 

preceeding a substorm as increased merging carries magnetic field and the
 

attached plasma closer to the earth Finally, the tilt of the earth's
 

dipole causes a diurnal motion of the magnetotall in the north-south direc

tion These effects have all been neglected in the current study.
 

2. Method of Analysis
 

The method used to examine the effect of changes an the solar wind
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dynamic pressure and direction on the boundary positions is illustrated in
 

figure 18 Times were chosen when one spacecraft, called the monitor, was
 

in the solar wind and the other spacecraft, called the observer, was in the
 

boundary region Thirty minute averages of the solar wind direction and
 

dynamic pressure were calculated, using data from the monitor spacecraft
 

For each thirty minute period, the expected positions of the boundaries
 

were then derived by rotating and scaling the average boundaries which were
 

derived above from the study of the Explorer 33 boundary crossings For
 

the rotation and scaling, solar wind coordinates were used, as follows
 

First, the coordinate system was rotated until the XSW axis was aligned with
 

the measured average solar wind direction Using the measured average solar
 

wind dynamic pressure, the distance D to the sub-solar magnetopause was de

rived, using equation 1 The Mach number dependence of D was ignored, i e
 

K was assumed to be 881. The positions of the boundaries were then derived
 

in solar wind coordinates so that the magnetopause nose was a distance D
 

from the origin (see figure 18) This last procedure scaled the-size of the
 

boundaries to the solar wind dynamic pressure
 

For XSW < 0, a line was then drawn perpendicular to the XSW axis 

through the position of the observing spacecraft For XSW > 0, the line was 

draTn radially from the origin The distances along this line to the bow 

shock, magnetopause, and observing spacecraft (DBS, DMP, S, respectively, in 

figure 18) were then compared to predict in xhich region of space the ob

serving craft should have been The region the observer was acLually in was 

defined to be the region in which the spacecraft spent the most time during 

the 30 minutes for thich the average monitor data were taken 

An exanple of the result of this procedure is shown in figure 20
 

Here, DBS, DMS, and S are plotted as a function of time The upper broLen
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line is DIV, and the series of symbols represents S The smooth curve is
 

described beloq The symbols denote qhich region the observer was actually
 

in during each 30 minute time interval, where the symbols e ,;and [D denote
 

the magnetosphere, magnetosheath, and solar ".mnd, respectively If perfect
 

agreement between the Dredicted and observed regions obtained, then the ob

server positions marked with a_)'4would lie betieen the upper and lower 

bioken-line boundary traces and the positions marked by a < and a U3 would 

lie below and above the lower and upper traces, respectively
 

Before examining the agreement between the predicted and observed 

obseiver locations, several explanatory comments are in order Since the 

distances indicated are measured in solar wind coordinates, then for XSW < 

0, where most observations were made, changes in the solar wind dynarmic 

pressure are reflected by changes in the distances to the boundaries, as the
 

boundaries contract and expand Changes in the solar wind flow direction,
 

however, are evidenced primarily by changes in the distance to the observer
 

as the solar wind coordinate system moves with respect to the observer A
 

change in solar wind direction may also appear as a change in the distance
 

to the boundaries, since such a solar wind change affects the X coordinate

SW 

of the observer This effect is more important for the bow shock, ihich 

has a stronger dependence of shape on the XSW coordinate thar does the magne

topause Superimposed on these fluctuations are longer term changes due to
 

the motion of the observer in its orbit This motion changes the distance
 

to the spacecraft and to the boundaries, as the spacecraft moves into re

gions where the boundaries are closer to or further from the XSW axis The 

smooth line parallel to the observer-location trace is the location the ob

server would have for a constant solar wind direction 40 from the west of
 

the sun in the ecliptic Depatures of the actual observei location from
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the smooth culve theiefore reuresent departures of the measured solar wind 

direction from the average, aberrated solar wind direction.
 

A thirty minute averaging period was picked for several reasons
 

First, an averaging period of aDproximately 30 minutes or longer smooths the
 

monitor plasma data, which may have small point to point variations due to
 

data quantizatmon More imDortant, the time required for the solar wind to
 

flow from the monitor to the observer spacecraft may be as long as 30 min

utes; thus any study of the boundary motion on a time scale less than this
 

must include a model of the dynamic response of the boundaries to rapid
 

solar wind changes Since the present study ignored the time delay and
 

did not include a dynamic model, then the study can only be concerned NTith
 

time scales longer than 30 minutes Finally, we will see in the next sec

tion that the magnetotail boundary possesses an intrinsic motion at lunar
 

distance vitn a time scale on the order of 15 minutes This motion is par

tially averaged out of the present study by using an averaging interval of
 

30 minutes
 

3. Shock Motion Examples
 

We will now examine txo eyanples of bow shock crossings and three
 

examples of magnetopause crossings as observed simultaneously by both
 

spacecraft
 

a) Example 1
 

The bow shock crossing shown in figure 20 was observed by Explorer 35 

on September 13, 1967 (decimal day 255 0) Between the first and last times 

shoun in figure 20, Explorer 35 (the obe2rver) moved along the line marked 

'S1 Observer' in figure 19 Simultaneously, Explorer 33 (the monitor) moved 

along the line marked 'S1 Monitor' in figure 19 Prior to the shock crossing, 

which occuried during the lunar shadow gan centered on hour 8, September 13,
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the solar wind was observed by Exploler 33 to be coming from approyimately 

the average aberrated direction with a dynamic pressure which compressed 

the nose to a calculated distance of about 8 to 9 RE At hour 4, an inter

planetary shock vas observed in the solar wind. The increase in dynamic
 

pressure associated with the shock compressed the calculated nose distance
 

to 7 5 RE A world wide sudden commencement of a magnetic storm occurred
 

at 0346 UT The next several days of data indicate that this was the be

ginning of a high velocity stream.
 

Before the bow shock crossing, Explorer 35 was 20 R away from the 

predicted shock location During the lunar shadow, the solar wind direc

tion changed from c- 4' west of the sun to rl3t west of the sun This 

change caused the apparent distance of the monitor spacecraft from the XSW 

axis to decrease At the same timie, the dynamic pressure of the wind de

creased, allowing the calculated distance to the nose to expand to rv8,5 RE 

This expansion is evident from the increased distance to the shock after
 

the lunar shadow gap
 

As indicated in figure 20, these two changes caused the bow shock
 

to be moved close to the observer During the gap, the observer spacecraft
 

also crossed the bow shock Thus, we conclude that the bow shock crossing
 

was caused by a change in the solar wind dynamic pressure and direction
 

which moved the bow shock across the observer.
 

From figure 20, it is evident that the effect of the solar wind pres

sure and angle change was to move the shock only into the region of the ob

server and Pot entirely past the observe . However, since multiple shock
 

crossings are not evident even on the finest time scale of the data, the ac

tual shock distance was probably further aTay from the XSW axis than the
 

distance calculated from the model The reason for the discrepancy is most
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likely the neglect in the model of the influence of the solar wind Mach nua

ber on the bov shock position During the lunar shadow gap during which the 

shock crossing occurred, the measured solar wind thermal speed increased 

from A 30 km/sec to v 60 km/sec This lowered the solar wind Mach number 

The lower Mach number resulted in an increased stand-off distance of the bor
 

shock from the magnetopause nose, as well as an increase in the Mach angle
 

Both of these increases would move the bow shock further from the XSW axis
 

than is indicated in figure 20
 

b) Example 2
 

The bow shock crossing shown in figure 21 occurred at 2000 UT, Feb

ruary 17, 1968. The monitor and observer were Explorer 33 and Explorer 35,
 

respectively, and the trajectories of these spacecraft during the times
 

plotted in figure 21 are denoted by 'S2 Monitor' and 'S2 Observer' in fig

ure 19 Prior to the crossing, the solar wind came almost directly from
 

the sun direction and the solar wind dynamic pressure was somewhat larger
 

than average, compressing the calculated nose distance to 9 RE At 2000
 

UT, the dynamic pressure increased so that the calculated nose distance was
 

decreased to rv 8 RE This compression moved the calculated shock position
 

in past the observer spacecraft and a shock crossing was seen by the observer
 

A small shift in the solar wind direction at 2030 UT also moved the shock
 

further past the observer We conclude that this shock crossing was caused
 

primarily by compression of the shock over the spacecraft due to an increase
 

in the dynamic pressure of the solar wind
 

4. Magnetopause Motion Examples
 

We will now discuss three examples of magnetopause motion. The first
 

example shows motion induced by a change in solar wind direction, the second
 

example shows motion induced by changes in the qolar wind dynamic pressure
 



51
 

and the third case, which is most typical of dual satellite observations,
 

shows multiple crossings in the presence of a constant, steady solar wind
 

a) Example I
 

The magnetopause crossings shown in figure 23 Were observed by Ex

plorer 35 on February 11 (decimal day 41.0) and February 12 (decimal day 

42 0), 1968 The monitor and observer trajectories for the times plotted 

in figure 23 are marked as 'M1 Monitor' and 'M1 Observer' in figure 22.
 

All three crossings, at 1430 UT and 2030 UT, February ii, and 1230 UT,
 

February 12, were associated with sudden changes in solar wind direction
 

Prior to the first crossing, the solar wind came from tv2 west of the sun.
 

Starting at 1100 UT, February 11, the wind direction shifted over a period
 

of 3 hours to a final direction of rv100 west of the sun This direction
 

change moved the boundary into the region of the observer, as evidenced by
 

the apparent displacement of the observer, and, at 1430 UT, the observer
 

spacecraft crossed into the magnetosphere. The time delay between the solar
 

wind direction change and the observed boundary crossing-is-discussed below.
 

At 2000 UT, the wind direction shifted abruptly to r'J2 ° east of the sun and
 

within 30 minutes, the observer crossed back into the magnetosheath The
 

spacecraft then moved along its orbit until at 1230 UT, February 12, a small
 

change in solar wind direction (at 1130 UT) carried the boundary over the
 

observer again, leaving the observer finally in the magnetosphere
 

In all three crossings, it is evident that the change in the solar 

wind direction preceeded the crossing by 30 minutes to 2 hours, and there 

are three possible reasons for this. First, the crossings may not have beeh 

caused by the direction changes In the case of the crossing at 1230 UT, 

February 12, a decrease in the solar wind pressure caused the boundary to 

expand at the same time as the boundary crossing Examination of the fine 
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scale data indicates that the crossing actually occurred 15 minutes after
 

the solar wind pressure decrease We will see below that this time delay
 

is somewhat less than the time. delay expected from the time required by the
 

solar wind to flow from the monitor to the observer However, the possibLl

ity that this crossing was caused by the pressure decrease cannot be dis

counted. The second explanation is that the time delay represents the re

sponse time of the boundary to solar wind direction changes. It is diffi

cult to examine this possibility in detail because there exists no depend

able dynamic model of the boundary response.
 

The third and most likely explanation is that the time delay repre

sents the time required by the solar wind to flow from the monitor to the
 

observer. The solar wind velocity at the time of the crossings was "'400
 

km/sec and the spacecraft separation in the XSW direction was "'110 RE
 

For the wind to flow this distance at this velocity requires 29 minutes 

This time is a lower limit for the delay time, since the actual flow is 

slowed upon crossing the bow shock and therefore requires longer than 29
 

minutes to flow to tne downstream boundary. The delay times are therefore
 

consistent in order of magnitude with the flow delay time
 

The delay time for the crossing at 1430 UT, February 11, is appreci

ably longer than the delay for the other two subsequent crossings and the
 

following explanation, although unverifiable without the magnetic field data,
 

seems reasonable The solar wind directLon change associated with the first
 

boundary crossing at 1430 UT, February 11, was smooth while the direction
 

changes associated with the other two crossings were discontinuous The 

detailed data suggest these t7o last changes were tangential discontinuities. 

Turner (1971) has found that tangential discontinuities tend to line up with 

the average interplanetary spiral field direction, which makes an angle of 
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or +SE = 1350 (field points awaySE = (field oints toward the sun) 

from the sun) with the XSE axis Referring to the locations of the monitor 

and observer in figure 22, we see that a discontinuity aligned along the 

average spiral field direction would reach both spacecraft almost simulta

neously. Thus, the observed delay time for the to crossings observed af

ter the discontinuous direction changes may be a measure of the response 

time of the boundary to direction changes of the solar wind. The longer 

time delay observed after the continuous solar wind direction change may 

then be a sum of the flow delay time and the response time This would in

dicate that the flow delay time and response time are both on the order of 

one hour It must be emphasized that this is not a conclusion, but rather 

a reasonable explanation for the observed delay times. 

b) Example 2 

The magnetopause crossings shown in figure 24 were observed by Ex

plorer 35 on February 15 (decimal day 45 0) and February 16 (decimal day
 

46.0), 1968 The positions of the monitor (Explorer 33) and the observer
 

(Explorer 35) for the times plotted in figure 24 are denoted in figure 22
 

as 'M2 Monitor' and 'M2 Observer', respectively Prior to the magnetopause 

crossings, Explorer 35 was proceeding outbound from the magnetosphere to 

the magnetosheath The solar wand was coming from near the average aberra

tion direction of 4' west of the sun, as is evidenced by the nearness of 

the observer trace to the smooth line in figure 24, and the dynamic pres

sure indicated a distance to the nose of "'8 5 RE 

The spacecraft orbital motion carried the spacecraft into the region
 

of the boundary near the middle of February 15 and multiple crossings began
 

to be observed, indicating the beginning of a typical boundary region cross

ing into the magnetosheath. However, at 1530 UT, Februaty 15, the solar
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wind dynamic pressure decreased and allowed the calculated distance to the
 

nose to increase to rvlO R This boundary expansion moved the calculated
 

boundary position well outside the observer position and the spacecraft was
 

again in the magnetosphere Between 1530 UT, February 15 and 0430 UT,
 

February 16 the spacecraft continued to move relentlessly outward toward
 

the boundary, but the solar wind direction and dynamic pressure continued
 

to change slightly so as to keep the boundary outside the observer location
 

At 0400 UT, February 16 a small increase in solar wind dynamic pressure com

pressed the boundary inward, resulting in the observer finally crossing into
 

the magnetosheath Only two more multiple crossings were observed (at hour
 

1800 UT, February 16) and these were apparently unrelated to solar wind
 

pressure or direction changes. From this example, we see that changes in
 

the solar 7ind dynamic pressure as well as in the solar wind direction may
 

cause magnetopause motmon.
 

c) Example 3
 

Finally, we will no7 examine dual satellite observations of a set of
 

multiple crossings near lunar distance to see the relation of these cross

ings to changes in the solar wind. In the next section, we will discuss
 

the multiple magnetopause crossings which are almost always observed by Ex

plorer 35 when it crosses the boundary at lunar distance
 

The crossings plotted in figure 25 w7ere observed by Explorer 33 on
 

September 5, 1967. The position of the monitor (Explorer 35) and the ob

server (Explorer 33) are shown as 'M3 Monitor' and 'M3 Observer' in figure
 

22, for the time plotted in figure 25. During the pass of Explorer 33
 

through the boundary region, the calculated distance to the nose fluctuated
 

between 10.8 RE and 11.5 RE and the solar wind direction fluctuated between
 

3' and 8' west of the sin As is evident from figure 25, the observer moved
 



61 

between the magnetosheath and the magnetosphere several times during the
 

transition of the boundary region Furthermore, these crossings do not
 

appear to be related to changes in the solar wind direction or dynamic pres

sure, both of which were relatively constant during the transition This
 

example shows that the boundary motion typically observed during crossings
 

of the magnetotail boundary are not necessarily related to solar wind pres

sure or direction changes
 

5. Summary of Dual Satellite Observations
 

Three types of boundary motion appear in the examples presented in
 

this section The first type of motion is related to changes in the solar
 

wind flow direction, where the boundaries move much as a solar wind sock
 

to align themselves with the incident flow direction The second type of
 

motion is due to compression and expansion of the boundaries as the solar
 

wind dynamic pressure increases and decreases We have seen how these txo
 

types of motion combine to produce several of the boundary traversals ob

served by Explorer 33 and Explorer 35 The traversals due to this type of
 

motion, however, were large scale phenomena That is, these traversals were
 

due to relatively large changes in the solar wind direction and pressure.
 

Also, any multiple crossings which were associated with external changes
 

occurred on the order of 12 hours or longer apart.
 

Superimposed on the above two motions were multiple crossings on a 

time scale of a few hours or less which were not clearly related to solar 

wind changes These multiple crossings appear in several of the examples 

and the third magnetopause crossing example (figure 25) consists entirely of 

such multiple crossings in the presence of a quiet solar wind. From figure 

17, it is clear that multiple crossings of the tail boundary for XSW <-30R 

are common The nature of the short-time-scale multiple crossings is ex

amined 3n detail in the ne-t section. 



62
 

C 
 Explorer 35 Hagnetopause Observations
 

1 
 Introduction
 

In the last section, dual satellite observations were used to study
 

individual cases of magnetopause and bow shock motion on a time scale of
 

several hours or more In this section, we examine the motion of the mag

netopause at lunar distance on a time scale between two minutes and one
 

hour The study utilizes all magnetopause observations made by Explorer 35,
 

and, instead of examining individual cases, we derive the average temporal
 

and spatial characteristics of the boundary motion and structure. This is
 

accomplished by a study of histograms of magnetopause crossing positions,
 

times between crossings, and times required to cross the boundaries. The
 

dawn and dusk magnetopause crossings are studied separately because clear
 

dawn-dusk differences in the motion are evident from the data After pre

senting the data, we attempt to parameterize the motion and structure of the
 

boundaries through the use of a model The temporal and spacial characteris

tics of the boundary motion and structure are then related to various theories
 

of the magnetotail and to previous observations
 

2 Data and Derived Parameters
 

In the study we used 267 individual magnetopause crossings observed
 

during the eleven Explorer 35 magnetotail traversals which occurred between
 

August 1967 and June 1968. Each crossing was characterized by 1) where it
 

occurred, 2) when it occurred, and 3) the time required to cross the bound

ary These three parameters were defined and several examples given in
 

chapter 2
 

The above parameters for each magnetopause crossing were used to con

struct histograms as follow1s. For each complete magnetopause region traver

sal, we determined the average and standard deviation of the individual
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crossing location longitudes The angle between each crossing and the aver

age boundary position longitude for the complete boundary region traversal
 

in which the crossing occurred was determined Histograms of the resulting
 

angles for the dawn and dusk magnetopause are shown in figure 26 Table 2
 

shows the number of crossings, average longitudes, and standard deviation
 

for each of the 22 complete boundary region traversals
 

A clear dawn-dusk asymmetry is evident in figure 26 The total num

ber of dawn and dusk magnetopause traversals observed during the eleven
 

months of data used here are 183 and 84, respectively, or a dawn to dusk
 

number ratio of 2 2 Also, the standard deviations of the dawn and dusk
 

histograms are 4 7 * and 2.70, respectively. Thus, the dawn magnetopause
 

appears to be more disturbed than the dusk magnetopause and several possible
 

reasons for this are discussed later
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TABLE 2
 

Number of Crossings (N), Average (<p>) and Standard Deviation
 
(9-4) of Crossing Longitudes and Longitude of Symmetry Axis
 
(Is) for Each Complete Boundary Region Traversal
 

DAWN SIDE DUSK SIDE 

YR MONTH N <4> G-; N <)> C -e# 

67 	 AUG 11 203 2 0.9 21 152.4 3 7 2.2
 

SEPT 25 197 5 4 1 10 152.7 1.9 4.9 

OCT 11 202 8 1 5 1 153.0 - 2.1 

NOV 7 203 7 1 7 8 149.9 1.1 3 2 

DEC 4 198.3 2.3 2 154 0 5 1 3 8 

68 	 JAN 12 198 8 4 2 1 148 2 - 6 5 

FEB 38 199.9 6.7 8 152.5 4.4 3.8 

MAR 15 205 8 3 1 7 151 4 0.6 1.4 

APR 19 204 0 3.1 4 154 4 3 3 0.8 

MAY 19 203 8 2 0 3 157.6 0.2 -0.7 

JUN 21 206 1 2.7 19 151.2 1.8 1.3 

< = 	 2 7 

=scr 	 1. 9 
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A measure of the time scale of magnetopause motion is obtained by
 

studying the times between the multiple crossings seen on each complete
 

boundary region traversal We refer to the time between one arrival of 

the boundary at the spacecraft and the next arrival as the interarrival
 

time For example, if crossings were observed at 1110 UT and 1130 UT, the 

interarrival time would be 20 minutes and for any set of N sequential cross

ings, a set of N-1 interarrival times could be determined. The determina

tion of interarrival times for all the crossings used in this study was 

subject to two constraints. First, the crossings observed on any particu

lar magnetopause region traversal were kept separate from those crossings 

observed on the previous and subsequent magnetopause region traversals 

This was done so that the time required by the spacecraft to travel from the 

dusk to the dawn magnetopause did not count as an interarrival time Second, 

the time between two crossings was not used if a long data gap occurred be

tween the two crossings This constraint assured that no unobserved magne

topause crossings occurred in the middle of an interarrivalinterval. Since 

the spacecraft entered radio shadow approximately twice a day, this also 

limited the maximum measurable interarrival time to 11 hours. The minimum 

detectable interarrival time was approximately 2 minutes. 

The dawn and dusk histograms of interarrival times are shown in fig

ures 27a and 27b For both histograms, the number of observed interarrival
 

times decreases approximately exponentially with increasing interarrival
 

time Furthermore, the dawn histogram shows a break at fl40 minutes and
 

the decrease in the number of observed times with increasing interarrival
 

time is more gradual for times greater than 40 minutes The break is not
 

apparent in the dusk histogram, but we will see that this is probably due
 

to the lessernumber of observed dusk crossings The exponential decrease
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suggests that it is meaningful to determine characteristic interarrival times
 

(t.) from the histograms by performing a least-squares-fit to the function
 

- t / t  
f(t)=Ke For the dawn histogram, this fit was performed twice, once 

for the points with t < 40 min and again for the points with t > 40 min. 

The times thereby determined from figure 27a are ts = 16.7 minutes and t = 

63 3 minutes, respectively We deduce from these two times that the dawn 

interarrival times are governed by two superimposed motions, one with an 

apparent time scale of -' 17 minutes and the other with an apDarent time scale 

of 63 minutes These two components of magnetonause motion we label the 

small and large scale motions, respectively. Since the dusk histogram does 

not have an apparent break, only one fit is performed for points with t < 60 

minutes The resulting tine is t = 22.8 minutes, which suggests that these 0
 

interarrival times are the result of the small scale motion.
 

To parameterize the relative importance of the small and large scale
 

motions on the dawn histogram, we use the ratio of the total number of cross

ings due to the large and small scale motions as inferred fromnthe fitted
 

functions. The assumed distribution of small and large scale induced inter

arrival times is
 

NS e-t/ts
 

nS (t) 0 < t < 40 min. 
S ~t S
 

N1L
 

nL (t S = L e-t/tL t > 40 min.
 

respectively, where N., NL and ts, tL are the total number of interarrival
 

times and the characteristic times of the small and large scale motions We
 

have assumed for simplicity that the contribution of the small (large) scale
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motion to the large (small) scale motion porLion of the histogram is negligi

ble If As, AL are the intercepts of the small and large scale fitted lines 

with the t = 0 axis and A is the histogram bin size, then 

ANs N() (E(S 
and the ratio A' of the number of small to large scale interarrival times is
 

This parameter is a direct measure of the relative importance of the large
 

and small scale motions and is used in the modeling procedure described be

low The value of A' as deduced from the dawn histogram is A' = 1.48
 

We next consider the boundary layer crossing times The time re

quired for the spacecraft to cross the boundary is given by
 

D
 
(2)
 

where D is the boundary thickness, V the boundary velocity and v-n the
 

velocity of the spacecraft normal to the boundary. The + and - signs are
 

taken when the spacecraft and boundary are moving in opposite and in the same
 

direction, respectively If the average boundary velocity were much greater
 

than the spacecraft velocity, then
 

D
 
'vi
 

and the crossing time would be determined solely by the magnetopause thick

ness and velocity If, on the other hand, the boundary velocity were com

parable to the spacecraft velocity, then equation 2 applies and we should
 

see a correlation between the spacecraft velocity and the boundary crossing
 

time To decide which sign to use in equation 2, we note that the observa

tion of multiple boundary crossings in itself indicates that the boundary
 

velocity is somewhat larger than the spacecraft velocity Also, the orbital
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motion of the moon insures that the normal velocity of the spacecraft is
 

almost always approximately in the negative YSE direction. Thus, the + sign
 

in equation 2 applies xhen the boundary is moving in the opposite direction
 

as the spacecraft, or in the positive YSE direction, and since the average
 

boundary velocity is somewhat higher than the spacecraft normal velocity,
 

this motion corresponds to outward (magnetosphere to magnetosbeath) boundary
 

traversals on the dawn side and inward traversals on the dusk side Similar

ly, the minus sign in equation 2 applies to intard dawn traversals and out

ward dusk traversals The data for these two cases are plotted in figure
 

28. From this figure, we see that the crossing times and the spacecraft
 

velocities are uncorrelated and we therefore conclude that the boundary
 

crossing times are primarily due to motion of the boundary rather than to
 

motion of the spacecraft
 

The dawn and dusk histograms of boundary crossing times are sho-7n in 

figures 29a and 29b The dawn crossing times appear to obey an exponential
 

law and from the least squares fit to the histogram as before, the charac

teristic crossing time is 8 7 minutes The dusk histogram does not show a
 

distinct decrease with increasing crossing time; thus the exponential fit is
 

not meaningful The nature of the dusk histogram is probably due to the
 

small number of points
 

3 Summary of Empirical Data
 

Before proceeding to the model used to examine the data, let us sum

marize the salient features and parameters of the data which any model of
 

magnetopause motion must reproduce The basic features of the data which
 

a model must reproduce in form are:
 

1) the peaked distribution of crossing locations, 

2) the exponential distributions of interarrival times, and
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3) the exponential distribution of the boundary crossing times on the
 

dawn side
 

In particular, the interarrival and crossing times histograms should
 

not be strongly peaked
 

The parameters which must be matched by a model are
 

1) the 	total number of dawn and dusk crossings, NDAWN= 1 8 3 , NDUSK=84, 

=2) the 	total widths of the dawn and dusk observation regions 2 AWN 

=
9.40 , 20USK 5 40 

3) the characteristic interarrival times of the small and large 

scale motions on the dawn side, ts = 16 7 minutes, tL = 63 3 minutes, 

4) the inferred number ratio of small-to-large-scale-motion induced 

crossings on the dawn side, A' = 1 48, 

5) the characteristic interarrival time on the dusk side, t. = 22.8 

minutes, 	and 

6) the characteristic boundary crossing time on the dawn side, = e 


8.7 minutes
 

4. Boundary Motion Simulation
 

In this section, we describe a model used to simulate the motion of
 

the boundary at lunar distance From the simulation, histograms similar to
 

those observed are derived and compared vith the data The simulation is
 

performed for several reasons Different forms of the assumed boundary mo

tion are tested and from the derived histograms, we gain insight into what
 

general types of motion of the boundary may be present at lunar distance
 

Also, certain types of motion are excluded by the results of the simulation
 

For those types of motion which give reasonable histograms, we may determine
 

if the observed time and amplitude scales of the motion are consistent with
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the total number of observed crossings Quantitatively, the simulation
 

allows us to estimate the relative amplitudes of the large and small scale
 

motions Also, the average boundary thickness may be estimated by compar

ang the derived and observed boundary crossing times histograms.
 

Before proceeding with the description of the simulation, several
 

comments about the limitations of the method are in order First, the simu

lation does not uniquely specify the actual motion We will see two dif

ferent assumed forms of motion which each reproduce the observed form of
 

the data satisfactorily Other forms of the motion undoubtedly exist which
 

also reproduce the data However, it seems likely that such forms differ
 

only in minor ways from the forms used here and that the same conclusions
 

would be drawn Second, the simulation in no way explains the origin of the
 

motion By simulating the motion, we only investigate and characterize the
 

nature of the motion and leave the question of the origin of the motion to
 

the discussion section below.
 

Figure 30 shows the basic method used to simulate the boundary motion
 

The time history of the displacement of the boundary from its average posi

tion is the function f(t), while the orbit of the spacecraft is the line g(t)
 

As we saw above, the observed boundary traversals are independent of the
 

velocity of the spacecraft; thus we assume the orbit of the spacecraft to
 

be well represented by the orbit of the moon. The orbital function g(t)
 

then represents the motion of the moon through the boundary region at a con

stant velocity of 1 km/sec
 

The different boundary functions f(t) used in the simulation have
 

several features in common. Since the dawn data indicate that the total
 

boundary motion is the sum of a large and small scale motion, we let f(t) be
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the linear sum of two similar functions, L(t) and S(t) The standard devia

tions of the distributions of large and small scale amplitudes, Q"L and G'S,
 

cannot be directly fixed from the nistograms, but the deviation of the total
 
moo can be We may therefore use and the ratio R=47-'L/T
 

to characterize the amplitude of the total motion, f(t)
 

For the dawn simulation, the time scales of the large and small motion
 

are set equal to the time scales derived from the dawn interarrival-time
 

histogram For the dusk simulation, the time scale of the small scale motion,
 

S(t), is set equal to the time derived from the dusk interarrival-time hLsto

gram The time scale of the large scale motion on the dusk side is set
 

equal to the observed dawn large scale motion time, by assumption. Although
 

no apparent large scale motion is observed on the dusk side (equivalent in
 

the simulation to R = 0), we will see that by varying R away from zero in
 

the simulation, a qualitative idea may be gained of the amount of large
 

scale motion that may be present
 

To simulate a single passage of the spacecraft through the boundary
 

region, we sample the difference g(t)-f(t) at the spacecraft resolution fre

quency of once every two minutes. A boundary crossing occurs whenever the
 

difference changes sign from one sample to the next We record the position,
 

time and boundary velocity V = df(t) for each crossing. For those crossings
dt 

more than 13 minutes removed from the previous crossing, we compute a bound-
Dm 

ary traversal time = V where Dm is an arbitrarily assumed boundary layer 

thickness The 13 minute separation reproduces the criterion of 5 good plas

ma measurements adjacent to a boundary crossing, as described in chapter 2 

The simulation of optical and radio shadow, during which no usable data nere 

returned by the spacecraft, is accomplished by deleting those crossings which 
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occur during a one hour interval each 11 5 hours. In this way, we derive a
 

set of boundary crossing positions, interarrival times and boundary crossing
 

times completely analogous to the data from one boundary region traversal.
 

For a given model function f(t) and assumed value for R, a complete
 

simulation of the dawn or dusk data proceeds as follois 11 complete simu

lated passes of the spacecraft through the boundary region are made, Qr be

ing set equal to each of the eleven dawn or dusk values of Qin table 2 in
 

turn In complete analogy with the treatment of the actual data, histograms
 

of boundary crossing positions, interarrival times, and boundary crossing
 

times are compiled The parameters defined above which characterize the
 

data are also derived NTOTAL and 0- are derived from the position histo

gram and, using the identical least squares fit as was used for the data, tL,
 

ts, and A' are derived from the interarrival times histogram for the dawn
 

simulation and t is derived for the dusk simulation. The characteristic
 
0 

time Tis also derived from the boundary crossing times histogram for the
 

dawn smulation
 

A complete test of an assumed model for f(t) proceeds as follows
 

The simulation described above is performed for both the dawn and dusk sides
 

for various values of R to find that value of R which results in the closest
 

fit between the measured and derived parameters, NDAtIN AWN, tS, tL, A'
 

on the dawn side and NDUSK' C-'DUSK , to on the dusk side For all models
 

used, G DA , ts tL and t are fairly insensitive to R and agree well with
 

the data, as they should since they were taken directly from the data There

fore, the choice of the best value for R is usually made on the basis of 

NDAWN' A' on the dawn side and NDUSK on the dusk side. For the optimum R, 

the form of the actual and derived histograms are compared on each side to 
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assure that the position histogram shows the peaked nature evident in the 

data and that the interarrival and dawn boundary crossing times histograms 

show the exponential nature also evident in the data
 

For a model which matches the data qualitatively as well as quantita

tively, we are able to determine an average boundary layer thickness on the 

dawn side by the following scaling law Let'Dt = characteristic bound

ary crossing times derived from the data and from the model, respectively,
 

DM = assumed boundary thickness used in the model to construct the boundary
 

crossing times histogram from the boundary velocities V Since each cross

ing time T is determined from 

V
 

then the actual boundary thickness D to be inferred from the model is given
 

by the simple scaling law
 

D D (VD (3) 

M t1M
 

Any f(t) which satisfactorily reproduces the data thus allows a statistical
 

estimate of the average magnetopause thickness at lunar distance.
 

5. Simulation Results
 

The boundary motion simulation is performed with three different
 

assumed forms for f(t) We will now present the reasons each model is used,
 

describe the models, and present the results of the simulations
 

Model 1
 

The temporal and spacial characteistics of the first model of f(t)
 

are taken directly from the data The temporal nature of the motion is de

rived from the following considerations Consider the boundary motion in
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time to be a square wave oscillating between amplitudes ±A with unequal in

tervals between amplitude changes. Assume further that the spacecraft is
 

between +A and -A If we assume that the ampliLude changes come at com

pletely random times, subject to the constraint that the average time be

tween amplitude changes be a certain value to, then it is easily verified
 

that the probability distribution of the time between amplitude changes is
 

Poisson, i e.,
 

P~at=C.(4)
 

where 0 t is the time between changes For a spacecraft located between
 

+A and -A, each amplitude change of the boundary results in a boundary cross

ing Thus, P ( t) is also the distribution of interarrival times observed
 

by the spacecraft We have seen that the distributions of interarrival
 

times observed by Explorer 35 appear to obey an exponential law. According

ly, for the first model, we assume that the position of the boundary changes
 

at random times governed by the above distribution P (a t). Further, since
 

the observed histograms of crossing positions are peaked, we assume that the
 

amplitude (d) to which the boundary moves at each amplitude change is also
 

random and governed by a Gaussian distribution,
 

P( = - A a- ( 

Finally, to allow for a finite boundary velocity, we assume the boundary
 

moves uniformly from one distance to another in the time a t, rather than
 

instantaneously
 

Both the large and small scale motions are assumed to be governed
 

separately by the above distributions Since the probability that each am

1 
plitude change will cause the boundary to cross the origin is ., then it
 

is necessary that the model's characteristic time be half the apparent in

terarrival time derived from the histogram of interarrival times Thus, for
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the small and large motions on the dawn side, we let t be 8 and 35 minutes, 
0
 

respecLively, and for the dusk side, we let t be 11 minutes for the small
 o
 

scale motion and assume t to be 35 minutes for the large scale motion
0
 

This last assumption is discussed later 
For a given ratio R (= and total ampltude ), 

the small and large scale amplitudes used in equation 5 above are
 

'%-=GQ-/ 1-T&-R 2
 

(3L = o-4Z
 

where 3t is to be set equal to measured cj- (table 2) for each complete
 

simulated boundary region traversal.
 

The large and small scale motions are linearly combined to give a
 

total motion f(t) = L(t) + S(t) and a complete simulation is performed three
 

times each for values of R between 0 and 5. The predicted total number of
 

crossings (averaged for the three simulations), NDAWN and NDUSK as well
, 


as the average derived value of A', are shown for various values of R in
 

figure 31 The error bars represent the spread of the three simulated
 

values about the average The total number of observed crossings decreases
 

as R increases, for the following reason The small scale motion is more
 

effective than the large scale motion in causing simulated boundary cross

ings due to the higher frequency of the small scale motion As R increases,
 

however, the large scale motion, with its larger amplitude, moves the
 

boundary away from the spacecraft more often. At the same time, the ampli

tude of the small scale motion decreases Thus, the spacecraft is exposed
 

less often to the small scale motion and the total number of multiple cross

ings decreases This also implies that closely spaced multiple crossings
 

should come in groups, separated by periods ith no crossings Subjectively,
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this actually is the nature of multiple crossings observed by Explorer 35
 

The dependence of A' on R simply reflects the increa3ed importance of the
 

large scale motion with increasing R
 

From figure 31, it is evident that the values of R which best repro

duce the measured parameters on the dawn and dusk sides are R = 3 and R = 2, 

respectively If we examine the simulated position and interarrival histo

grams in figures 32, 33a, and 33b, we see that they strongly resemble the 

observed histograms In particular, we see that the large scale motion is 

not clearly evident in the simulated dusk interarrival times histogram, in 

agreement with the data However, it is evident from the dependence of 

NDUSK on R (figure 31), that the large scale motion must be present to keep 

the boundary aWay from the spacecraft and reduce the total number of cross

ings to the observed level 

We conclude that for this simulation, the large scale motion is -3
 

times larger in amplitude than the small scale motion on the dawn side.
 

Furthermore, some large scale motion is probably present on the dusk side
 

and its amplitude is probably greater than the amplitude of the small scale
 

motion. The actual amplitude of the large scale motion on the dusk side
 

cannot be derived because we can only assume a characteristic time for this
 

motion
 

Since this model successfully simulates the data both qualitatively
 

and quantitatively, and since the simulated crossing times histogram on the
 

dan side (figure 33a) qualitatively resembles the histogram of measured
 

crossing times, we may estimate the boundary thickness by the scaling law,
 

=
equation 3 The average derived characteristic crossing time is -m 8.5
 

minutes and the assumed thickness is D = 2 RE; thus by combining the meas

ured characteristic crossing time '0 = 8 7 minutes with the scaling equation,
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we see that the average magnetopause boundary thickness predicted by this
 

model is D = 2 RE
 

We note that the histogram of simulated dusk boundary crossing times
 

is qualitatively similar to the data That is, the majority of crossing
 

times for both the data and the simulation are less than -10 sequences
 

Thus, the dusk simulation is at least consistent with a 2 RE dusk boundary
 

thickness
 

Model 2
 

With the second moael, we investigate the possibility that the bound

ary motion may have a basic period For this purpose, Wie assume that the 

time between amplitude changes, 6 t, is constant rather than random Since 

the amplitude distribution is still assumed to be governed by a random 

Gaussian distribution, the assumed times between amplitude changes must be 

half the observed characteristic times Thus, for the small scale motion, 

we assume that At = 8 minutes and for the large scale motion, Lx" = 35 

minutes The results of the simulation using this model are the same quanti

tatively and qualitatively as the results of the previous model Therefore, 

this model also successfully simulates the data and leads to the same con

clusions regarding the relative amplitudes of the large and small scale 

motions as did the first model Further, we see that the motion is not nec

essarily parely random in time, as may have been inferred directly from the 

data. 

The boundary crossing times histogram on the dawn side also agree
 

qualitatively with the data The boundary thickness for this model derived
 

from the scaling law is D = 2 RE
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Model 3
 

The third model tests the possibility that the motion is quasi-periodic
 

in space as well as in time For this purpose, the Gaussian distribution of
 

amplitudes is replaced by a constant amplitude The time between amplitude
 

changes is also constant, as in the second model, thus the assumed form of
 

the motion is a sawtooth wave Since each amplitude change no'i causes the
 

boundary to cross the orLgin, then the time between amplitude changes is
 

taken to be approximately the same as the observed characteristic interarri

val time
 

The daTn interarrival times histogram derived from this model for R = 

4 is shorn in figure 35 As one might expect for truly periodic motion, 

the interarrival times show several prominent peaks at odd multiples of the 

small scale motion characteristic time of 16 minutes. Clearly, this is not 

the nature of the data and this model cannot be used to estimate R or the 

boundary thickness By comparing the results of the second and third models,
 

we conclude that any periodic motion of the boundary must have-random ampli

tudes in order to produce the observed form of the interarrival times histo

grams
 

6 Conclusions
 

1. The dawn magnetopause is more disturbed than the dusk magnetopause
 

The average observed amplitude of the datm boundary motion is approximately
 

twice that of the dusk boundary motion From the modeling procedure, tie see
 

that the ratio of the number of observed multiple crossings of the dawn
 

boundary to those of the dusk boundary iq consistent with the measured am

plitudes Thus, the larger number of observed multiple crossings is due to
 

the larger a-plituce of the dawn motion, which increases the total time the
 

spacecraft is in the boundary observation region
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2. The motion of both the dawn and dusk boundaries appears to consist of 

two superimposed components On the dawn side, the characteristic times of
 

these two motions derived from the data are "-15 minutes and -1 hour. From 

the modeling procedure, the second motion appears to have an amplitude - 3 

times the amplitude of the first motion On the dusk side, the characteris

tic time of the short time scale motion is -20 minites. The amplitude of 

the longer time scale motion appears, from the modelling procedure, to be at 

least comparable to the short time scale motion On both sides, the data 

are not detailed enough to distinguish between models in which the time 

scales refer to quasi-periodic or purely random motion of the boundary in 

time 

3 The thickness of the plasma boundary layer at the dawn magnetopause
 

obtained from the model fitting is approximately 2 R. at lunar distance
 

The dusk data are also consistent with a thickness of this order of magni

tude.
 

7 Discussion
 

The number of observed dawn and dusk magnetonause traversals is 183 

and 84, respectively This is consistent with a model in which the dawn 

magnetopause motion is more disturbed, i e , has a larger average amplitude, 

than the dusk magnetopause motion This amplitude asymmetry may be due 

either to different external solar wind conditions at the times of observa

tion or to an intrinsic difference in the variability of the magnetosheath 

flow on the dawn and dusk flanks of the magnetotail 

To examine the possibility that the differences in the boundary motion
 

amplitude may be due to different solar wind conditions, we examine the rela

tion between the measured solar wind magnetosheath velocities and the posi

tion of the moon about the earth We divide the lunar orbit into ten degree
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sectors in solar ecliptic longitude and, for each sector, average all plasma
 

velocities measured in that sector regardless of the time of the measurement
 

All 70,000 measurements made during the eleven months of observation are used
 

and this represents approximately 3,000 velocities for each 100 sector.
 

Velocity measurements in the solar wind and in the magnetosheath are averaged
 

separately The result is shown in figure 41 If the solar wind velocity
 

were a random quantity which varied on a time scale short compared with the
 

lunar period, then the sector averages would all be approximately equal
 

However, fast and slo7 streams which appear every 27 days, the solar rota

tion period, have been repeatedly observed (Neugebauer and Snyder, 1966) and 

since this period is close to the lunar period, the possibility exists that 

these streams will occur at the same longitude over several lunar rotations. 

Referring to figure 41, we see that this is what happens and that two high 

velocity regions are apparent. The dusk and dawn magnetopause traversals 

occur at average solar wind velocities of 430 and 480 km/sec, respectively 

Thus, the average external solar wind conditions are somewhat-different for 

the two sides and may contribute to the observed amplitude asymmetry If 

this were the case, we would infer that larger solar wind velocities cause
 

larger amplitude magnetopause motions at lunar distance. This inference is
 

consistent with the observed correlation between solar wind speed and geo

magnetic activity (Snyder, et al , 1963).
 

Although the difference in solar wind conditions for dawn and dusk tra

versals nay explain at least in part observed differences we cannot exclude
 

also the possible action of intrinsic differences Fairfield (1967) has in

vestigated the magnetosheath magnetic field orientation using data from IMP-I
 

and IMP-2. He found that when the interplanetary field was along the spiral
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direction, the dusk magnetosheath field was well ordered and, on the average,
 

was in the direction predicted by Spreiter et al (1966), while the dawn
 

magnetosheath field was fairly disordered. This difference between the
 

dawn and dusk fields may be related to the difference in orientation of the 

interplanetary field with respect to the bow shock on the two sides Thus, 

the dawn magnetosheath flow may be intrinsically more variable than the dusk 

flow, resulting in the observed larger amplitude magnetopause motion on the 

dawn side than on the dusk side
 

The two observed time scales of magnetopause motion are close to
 

characteristic times of motion which have been calculated for the magneto

tail or observed in the magnetosphere and solar wind Siscoe (1969) has
 

calculated eigenperiods of the tail under the assumption that the tail be

haves as a fixed-wall wave guide for magneto-acoustic waves. For the anti

symmetric mode, where the two sides of the tail move together, Siscoe cal

culated an eigenperiod of approximately 11 minutes. By treating the tail
 

as a cylindrical vortex sheet immersed in a streaming plasma, McKenzie
 

(1970) matched boundary conditions between the interior magnetotail and the
 

magnetosheath and found that boundary waves with a wavelength of the order
 

of the tail diameter have a period of approximately 13 minutes These times
 

are close to the observed small scale motion characteristic time of -17 min;
 

thus the small scale motion may be an intrinsic motion of the magnetotail
 

Using data from Mariner 5, Siscoe et al. (1968) found that the characteristic
 

time between discontmnuities in the interplanetary magnetic field was approx

imately one hour, which is close to the zharactermstic time of 63 min asso

ciated with the large scale motion of the dawn side Thus, the large scale
 

motion may be due to small changes in the solar wind These observations
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are consistent with the view that the boundary motion consists of a small
 

scale intrinsic motion superimposed on a larger time-scale and amplitude
 

notion xthich is related to the external magnetosheath or solar wind flow.
 

Anderson et al (1967) have also observed magnetopause motion from
 

IMP-2 data gathered in the forward magnetopause region. They found that
 

the motion consisted of two modes, one with a time scale of ro8 minutes and
 

another with a larger time scale of 20-60 minutes The short time scale
 

motion was attributed to intrinsic boundary instability, perhaps of the
 

Kelvin-llelmholtz type, while the larger time scale motion was assumed to be
 

the response of the boundary to solar wind changes These observations and
 

their interpretation agree well with ours and indicate that the two compo

nent motion of the boundary is not strictly a tail phenomenon but occurs
 

over the entire magnetopause.
 

Magnetic field variations with time scales of the order of the small
 

scale boundary motion have also been observed in the magnetosphere and on
 

the ground Modulation of energetic electrons in a neriod range centered
 

around 6 minutes observed on IMP-l and IMP-2 by Lin and Anderson (1966)
 

was attributed to hydromagnetic waves generated at or beyond the magneto

pause. Patel (1966), using magnetosphere magnetic field data from Explorer
 

14, found low frequency waves with periods between 3 and 30 minutes, with
 

a predominance of periods of approximately 10 minutes In one case, a
 

clear correlation was found between the satellite observations and ground
 

observations on the same field line. Using magnetometer data taken near New
 

York, Herron (1967) calculated a power spectrum of the observed magnetic
 

variations In addition to several peaks in the pc-3 to pc-5 range, he
 

found a broad peak centered at approximately 28 minutes. Atkinson and
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Watanabe (1966) concluded fro a study of the polarization of magnetic field
 

variations on the ground that such low frequency mrcropulsations may be
 

caused by waves on the surface of the magnetopause The agreement between
 

the time scales of forward magnetopause motion, magnetotail boundary motion,
 

magnetosphere and ground magnetic field variations, and theoretical magneto

tail calculations indicates that the various motions are probably related,
 

although cause and effect cannot be clearly established
 

Theoretical estimates of the magnetopause boundary layer thickness
 

have been made essentially in two ways Axford (1964) argued that the elec

tric potential observed between the dawn and dusk magnetopause must equal
 

the potential drop across a thin layer at the magnetopause If is the
 

magnetosphere potential and U, B and 6 are the plasma velocity, magnetic
 

field and thickness of the boundary layer, then Axford argued that
 

2 

and, using typical observed values, derived a thickness of 6 -' 400 km Im

plicit in this argument is the assumption that the plasma in the boundary 

layer is accelerated magnetospheric plasma, which has a density of the order 

of 1cm- 3 and would therefore not be observable with the instrument on Ex

plorer 35. Thus, this calculation probably does not apply to our results 

The other method of calculating the boundary layer thickness is that used 

by Eviatar and Wolf (1968), who calculated the effective viscosity (V) of a 

turbulent field mixing region at the boundary They derived an approximate 

value of )-i013 cm2/sec From classical boundary layer theory, the thick

ness of a boundary layer a distance X from the leading edge of a boundary 

.
emmersed in a flow of incident velocity U is =()f2 If we take
 
U
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representative values of X and U for Explorer 35 of X = 50 RE, U 400 km/
 

sec, then using the effective viscosity derived by Eviatar and Wolf, we find
 

6 = .2 RE Faye-Petersen and Heckman (1968) also calculated the effective
 

viscosity in the boundary layer by assuming that the particles are scattered
 

by irregular magnetic fields and derived a thickness of 6 = .86 RE at XSE
 

-20 RE Thus, the boundary layer thickness calculated from effective
 

viscosities appear to be consistent within an order of magnitude vith, though
 

less than, our observed layer thickness of -2 RE
 

Previous observations of boundary thickness at lunar distance (Mihalov
 

et al., 1970) were made on the basis of only a fewz boundary crossings and are
 

thus statistically unreliable However, the boundary crossing times used to
 

estimate the thicknesses are significantly shorter than our characteristic
 

crossing time and do indicate that the magnetic boundary may be thinner than
 

the plasma boundary. If this is the case, it is possible that the magnetic
 

field changes occur in a thin boundary region, the magnetopause proper,
 

while the plasma changes occur in the boundary layer adjacent to the boundary
 

This question will be answered only through the comparison of simultaneous
 

field and plasna data
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CHAPTER 4
 

MAGNETOSHEATH FLOW OBSERVATIONS
 

A. Theory
 

1 
 Introduction
 

The plasma flow characteristics in the magnetosheath have been calcu

lated by Spreiter et al. (1966) and by Dryer and Heckman (1967) and Dryer
 

(1971). For this calculation, the hydrodynamic fluid equations were inte

grated numerically along the streamlines to give the velocity, direction,
 

density, and temperature of the magnetosheath flow as multiples of the re

spective quantities in the solar wind The calculations, however, only ex

tend to Xsw = -20 RE and are for a restricted range of incident solar wind
 

Mach numbers In this chapter, we present measurements of the flow in the 

magnetosheath as far downstream as Xsw = -60 R Also, the measured solar 

wand Mach numbers corresponding to the plasma measurements are outside the 

range of Mach numbers for which calculations were made by the above authors. 

Therefore, we now present calculations which were made to allow us to com

pare our measurements with the predictions of the hydrodynamic flow equa

tions for magnetosheath flow
 

Two places in the magnetosheath where the plasma flow parameters may 

be expressed in closed form as a function of the upstream parameters are 

just inside the bow shock and along the magnetopause, i a., at the bound

aries of the magnetosheath This assumes that the shapes of the boundaries 

are already known Thus, we assume that the bow shock and magnetopaube 

shapes are well represented by the functions fit to the boundary crossings 

observed by Explorer 33 (see chapter 3) The values of the magnetosheath 

flow parameters inside the shock are derived by applying the Rankine
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Hugoniot jump conditions across the shock. The magnetopause values are
 

derived by first using the shock jump conditions at the sub-solar point to
 

find initial values for the flow and then using Bernoulli's equation to
 

follow the flow to the stagnation point. By using Bernoulli's equation,
 

the Newtonian pressure approximation (described below) and the shape of
 

the magnetopause, we then follow the flow from the stagnation point along
 

the stagnation streamline to find the plasma parameters at any point on
 

the magnetopause
 

To find the plasma parameters at any point (X,D) in the magneto

sheath (see figure 36), we first calculate the values of the parameters at
 

the magnetopause (position 1 in figure 36) and at the bow shock (pos3tion
 

2 in figure 36) at the position X We then interpolate linearly along the
 

dashed line in figure 36 to predict the value of the parameters at (X,D)
 

We will now present the solutions described above for the magneto

sheath plasma parameters along the bow shock and magnetopause. Explicit 

examples of the solutions for an incident Mach number of 10 will also be 

presented. Finally, we will compare our interpolated magnetosheath flow 

parameters with the exact calculations of Spreiter et al (1966) at Xsw = 

-10 RE to examine the accuracy of the extrapolation method. 

2 Bow Shock Plasma Parameters
 

Assume the upstream and downstream values (with respect to the bow
 

shock) of the plasma density, velocity and pressure are ( o,Vo,Po) and
 

(1IvIPI), respectively Further, let 0 be the angle between the incident
 

flow direction and the shock normal 0 is shown in figure 36 on the snock
 

curve Let c be the angle between the upstream and downstream flow dLrec

tions, as shown in figure 36 , then, is the angle of deflection of the
 

flow across the shock Assume the equation of state is
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2
 = 2nkT = 

where n is the number density, T the temperature and w the plasma thermal
 

speed The factor of 2 comes from the assumption of equal electron and
 

proton temperatures and number densities The conservation equations may
 

then be written as
 

S= Normal Mass Flux
 

p+ P0 -- Normal Momentum Flux 

-Li=1 0 Tangential Momentum Flux 

2 Normal Energy Flux
 
I - 2twere-

where the normal and tangential velocities are given by
 

t= V E+'V1, =\ eos (e+41 ) S rEn 

and I is the specific heat ratio.
 

If we define the incident Mach number (M) to be
 

M°0 = Vo0/ (I):/-Z
 

then the jump relations for density, velocity and thermal speed, and the
 

deflection angle 4 are easily derived to be 

) Density (2)
2
 

V + 2 Velocity (3) 

-i =M 2 Thermal 
T 2 V.? Speed (4) 
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+b=tr Deflection Angle (5 

The angle between the incident flow direction and the shock normal is de

rived directly from the shock function derived in chapter 3 and is
 

where ci. = 177 7 

'0= 56 7 

= 13 5 RE 

and x is the X coordinate of the position along the boundary
sw
 

We will see later that the average solar wind Mach number (as de

fined in equation 1) measured by Explorer 35 is M = 10 The equations 2,3a 

and 5 are plotted in figure 37 for M = 10 and = 5/3.O 

3. Magnetopause Plasma Parameters
 

The values of the plasma parameters along the magnetopause are de

rived in several steps. The first step is to derive the values of the para

meters just downstream of the bow shock at the sub-solar point If (RoVo,
 

M ) are the incident density, velocity and Mach number, then by setting 0 = 

0 in equations 2 to 4, the values of the density, velocity and thermal 

speed (C?,Vlwl)just behind the shock (see figure 36) are 

oVI v )- " 
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The next step is to derive the values of the pressure and density at
 

the stagnation point (Ps'Rs in figure 36), where the velocity is zero, in
 

terms of the upstream values The flow between the sub-solar bow shock and
 

the stagnation point obeys Bernoulli's equation, which may be written in
 

terms of the stagnation pressure (Ps) and density (R) as
 

V - (6) 

Further, we assume the flow is adiabatic, thus
 

(7)
p P 
PRS
 

If for P, R and V we take the values PlI'L and V, just inside the shock
 

(where P1 =i w ), then the stagnation pressure and density may be derived
 

and are given by
 

__R (8)(+l)I-1 

i ?-

The stagnation pressure and density are plotted for various Mach numbers 

and e = 5/3 in figure 38 For large Mach numbers and ' = 5/3, 

265/Mo2
~'88 + _o_-_-
0 

4 41 - ii 9/M 2 

0
 

To follow the flow along from the stagnation point downstream
 

along the boundary, we again use equations 6 and 7 Now, however, there
 

are three parameters (,V,w) to be specified and we need one more equation
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It has been shown (Spreiter et al , 1966) that the pressure along the bound

ary is well represented by the Newtonian pressure approximation, 

2 Cos2e (10)
P =Po+K~oVos
 

where (Po,oVo)are the upstream values of pressure, density and velocity
 

and 0 is the angle between the incident flow direction and the boundary
 

normal. 0 is illustrated on the magnetopause trace in figure 36. K is
 

chosen so that P = at the stagnation point (8=0) and P =P0 far down-
Ps 0 

stream where the boundary is parallel to the incident flow direction (0=900) 

From these two conditions and the value of P given above, K is given bys 

V+ A 
K = (11) 

K is plotted versus M for = 5/3 in figure 38 For large Mach numbers o 

and = 5/3, K"- 88 - 335/Me2.
 

From the boundary function derived in chapter 3, the value of e at
 

a position X = x along the magnetopause is
sw
 

0 = CO<00 [a (_ 1L) Ichi\ (12) 

where a = 15.9 RE, b = 23 88 R. 

From the Bernoulli equation (equation 6), the adiabatic assumption
 

(equation 7) and the Newtonian pressure approximation (equation 10 and
 

equation 11), the density, velocity, and thermal speed along the magneto

pause are given in terms of the upstream parameters by
 

fl +.43 14C (13) 
1'Qo (d-t)M a ('s ?- J-~-a L 
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S 7P (15) 

where K and 0 are given by equations 11 and 12, respectively.
 

The angle between the flow at the magnetopause and the incident
 

flow is
 

"--- e (16)
 

since the flow is assumed to be everywhere parallel to the boundary. In
 

figure 37 are plotted R/ o' V/V and ffor M = 10 and = 5/3.
° 


4. Comparison with Exact Calculations
 

As discussed above, the values of the plasma parameters between the
 

boundaries are calculated by interpolating linearly between the values of
 

the parameters calculated on the boundaries using equations 2 - 5 and 13 

16 To compare this approximate method with the exact calculations of
 

Spreiter et al (1966), let us consider the plasma parameters along the 

line A-A' in figure 36 This is a line at Xsw= - 10 R. and is in a re

gion where both the Spreiter calculation and our approximate solution are 

available Spreiter has calculated the magnetosheath flow parameters for 

M 8, = 5/3 From these calculations, the values of the magnetosheath 

density and velocity, normalized to the incident density and velocity, may
 

be found along the line A-A' These parameters are plotted in figure 39 as
 

a function of the distance from the X axis between the magnetopause and
 
sw 

shock In figure 39, the boundary distances calculated by Spreiter are
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marked as MP SPREITER and SHOCK SPREITER Between these boundaries, the
 

exact calculations show that the velocity is approximately constant and is 

on the order of 82% of the incident velocity The density rises from a
 

value at the magnetopause of slightly less than the external density to a
 

value about 3.5 times the external density at the bow shock
 

The positions of the boundaries at Xsw = - 10 R as derived from 

the Explorer 33 measurements are shown in figure 39 as MP HOWE and SHOCK 

HOWE The discrepancy between the Spreiter boundaries and the measured 

boundaries has been discussed earlier. The values of the normalized den

sity and velocity at the magnetopause calculated from equations 13 and 14
 

are 1 0 and 80, respectively, and the values at the shock calculated from
 

equations 2 and 3 are 3.5 and .84, respectively
 

The linear interpolations between these values are shown in figure
 

39. As is evident front figure 39, the agreement between the exact calcula

tion of Spreiter and the linear approximation is good; thus we are confi

dent that valid comparisons may be made between theory and measurements
 

using the results of the linear approximation method.
 

B. Explorer 35 Average Map
 

1. Introduction
 

During the months of operation of Explorer 35 for which plasma data
 

are available, the spacecraft made 11 complete traversals of both the dawn
 

and dusk magnetosheath at lunar distance. In addition, the spacecraft
 

spent over half of the 11 months in the solar wind; thus the solar wind con

ditions between the magnetosheath traversals were monitored continuously
 

In this section, the average magnetosheath flow measured by Explorer 35
 

during the 11 months of operation is compared with the average solar wind
 

flow Where possible, the measured magnetosheath flow is normalized to the
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measured average solar wind flow and compared with the linear theory dis

cussed above This comparison gives us a limited understanding of the
 

agreement between theory and mpasurement as pertains to magnetosbeath flow
 

at lunar distance. More importantly, however, the comparison demonstrates
 

the severe limitations of magnetosheath flow study using only one space

craft, where spacial and temporal variations in the flow cannot be separated.
 

2 Method of Analysis
 

To compare the Explorer 35 magnetosheath and solar wind data, the 

following averaging procedure is used The solar ecliptic plane is divided 

into 36 ten degree sectors in solar ecliptic longitude with the first sector 

starting at the XSE axis. A separate average is made of all data taken in 

each ten degree sector during the eleven months of observations That is, 

the average velocity measured in each ten degree sector represents the 

average of 11 distinct sets of observed velocities, where one set is meas

ured each month. Separate averages are made for magnetosheath and solar 

wind data. This averaging procedure is performed in an attempt to average 

out temporal variations in the plasma If this attempt is successful, the 

spacial magnetosheath flow structure may then be studied by comparing the 

averages from the magnetosheath sectors with each other and with the solar 

wind sector averages We will now examine the averaged Explorer 35 plasma 

measurements to see if this procedure successfully separates the temporal 

and spacial variations of the plasma parameters in the magnetosheath
 

3 
 Results
 

a) Flow Angle
 

The average flow angles are shown in figure 40 as a function of the
 

solar ecliptic longitude of the sectors The angles plotted are the solar
 

ecliptic longitude ( ) and latitude (X) of the direction from which the
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solar wind flows. Thus, and X are positive for flow from the east of the
 

sun and from the north, respectively Magnetosheath averages are indicated
 

by the points plotted as open circles. The solar wind averages of both an

gles have observed standard deviations of -3*. The magnetosheath standard
 

deviations are -5*.
 

For both flow angles, the solar wind averages vary little between 

sectors, indicating that temporal variations in these angles over the eleven 

months of observation have been successfully averaged away. The average 

longitude of the flow is SE = -4°' which is the typical aberration angle 

for radial solar wind flow. The average latitude of the flow iELXSE = 1 50 

and this may be due to a small instrumental bias 

The magnetosheath averages of the latitude show that the flow is de

flected very little, if at all, from the ecliptic plane. Because the mag

netosheath flow is deflected primarily in the solar-wind-directon-space

craft plane, then the small out-of-the-ecliptic deflection of the flow is 

consistent with the orbit of the spacecraft, which is within 50 of the 

ecliptic plane The magnetosheath averages of the longitude show that, on 

both sides of the magnetotail, the flow is deflected on the order of 15* 

at the bow shock. The deflection decreases monotonically toward the mag

netopause until, adjacent to the boundary, the flow returns to the incident 

flow direction The heavy line in figure 40 is the deflection calculated 

by the linear interpolation method described above for Me = 10,t = 5/3. 

The end points of the lines are the calculated deflections at the points on 

the averagp boundaries where the orbit of the moon intercepts the boundaries. 

The incident flow direction is assumed to be 40 from the west of the sun and 

both the average boundary locations and the calculated magnetosheath deflec

tion reflect this 40 tilt. As may be seen, the observed and calculated de

flections agree fairly well
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We conclude that the averaging procedure successfully separates tem

poral and spatial variations in the plasma flow angles in the magnetosheath 

Furthermore, the spatial structure of these angles in the magnetosheath 

agreeswellwith the predictions of gas dynamic theory 

b) Velocity and Density
 

The average velocities shown in figure 41 vary considerably between
 

solar wind sectors Since the period of the moon and the rotation period
 

of the sun are almost the same, then recurrent high velocity solar wind
 

streams which rotate with the sun appear in the same part of the moon's
 

orbit for several consecutive months. Thus, rather than averaging away,
 

these velocity fluctuations add from one rotation to the next, resulting
 

in the pattern in figure 41 The magnetosheath averages simply follow the
 

general solar wind pattern Clearly, then, the variations of the velocity
 

in the magnetosheath are temporal rather than spatial; thus these data may
 

not be used to study the structure of the magnetosheath velocity pattern
 

The density averages in figure 42 also show appreciable temporal
 

variations. Thus, the density structure may not be studied using these
 

data. However, one interesting point does appear in figure 42. The solar
 

wind sectors adjacent to the bow shock show unusually high average densities. 

These sectors are ones where only part of the measured data are from the 

solar wind and the rest are from the magnetosheath When the solar wind den

sity is high, the boundaries are compressed by the resultant high dynamic 

pressure. Thus, solar wind density measurements tend to be made in these 

sectors during high density periods, and magnetosheath measurements tend to 

be made during lower density periods This effect results in the high ob

served average solar wind densities in the sectors adjacent to the bow shock 

The sectors where 1200< <1300 and 2200< C 2300 show this effect most 
sc sc
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strongly This illustrates one more limitation to using single spacecraft
 

data to study magnetosheath flow
 

The study of Explorer 35 data shows that to map the flow of plasma
 

in the magnetosheath, simultaneous data from the magnetosheath and from the
 

solar Wind are necessary to uniquely separate spacial from temporal varia

tions in the flow We now proceed to a mapping of the flow in the magneto

sheath using simultaneous data from Explorer 33 and Explorer 35.
 

C. 	Dual Satellite Magnetosheath Map
 

1 	 Introduction
 

To map the plasma flow in the magnetosheath, we use 369 hours of
 

simultaneous data taken by both spacecraft when one spacecraft was in the
 

solar wind and the other spacecraft was in the magnetosheath For each
 

hour of data, the average parameters from both spacecraft are first formed
 

Using the average solar wind dynamic pressure and flow direction, the posi

tion of the magnetosheath spacecraft with respect to the boundaries is cal

culated. The average magnetosheath parameters are then normalized to the
 

average solar wind parameters Using the method described below, we are
 

then able to determine the flow characteristics at 369 positions in the
 

magnetosheath, i.e , to map the magnetosheath flow. This observed flow
 

pattern is then compared with the predictions of the linear approximation
 

to the theoretical flow, as described above. This method takes account of
 

the effect of temporal solar wind plasma variations on both the boundary
 

positions and the magnetosheath plasma parameters and allows a meaningful
 

comparison between the observed and calculated magnetosheath flow
 

2. 	Method of Analysis
 

a) Normalization of Magnetosheath to Solar Wind Flow
 

Parameters
 

In order to simplify the analysis, hourly averages of plasma para
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meters are used This accomplishes the dual purpose of smoothing the data
 

and allowing us to neglect the time delay for flow between the two space

craft The averages used are subject to several restrictions. First, any
 

hours during which either spacecraft crossed the bow shock are rejected
 

This criterion minimizes any effects of shock motion on the averages Se

cond, to assure the statistical reliability of the averages, only hours
 

which include at least 6 solar wind measurements and 11 magnetosheath meas

urements are used The maximum possible number of measurements per hour is
 

For hours of data which satisfy these criteria, the average magneto

sheath density and velocity are divided by the corresponding average solar
 

wind density and velocity to obtain values of the ratios between these
 

parameters. In the final comparison between the observations and the theory,
 

these ratios are compared directly with the ratios of and V/V calcu

lated by the linear approximation method presented above
 

The deflection of the solar wind is assumed to be entirely in the
 

plane containing the magnetosheath spacecraft and the incident solar wind
 

direction The flow may be deflected out of this plane as it crosses the
 

bow shock, due to the presence of the interplanetary magnetic field, but
 

the magnitude of the out-of-the-plane deflection is of the order of the 

ratio of the interplanetary magnetic field energy density (B2/81) to the 

solar wind flow energy density (1/2 oV 2 ) For typical solar wind para

meters, this deflection is on the order of 10, which is much less than the 

deflection in the plane. Thus, the deflection angle 4 is assumed to be 

simply the angle between the average solar wind and magnetosheath flow di

rections In the final comparison, this angle is compared directly with 

the magnetosheath flow angle calculated in the linear approximation theory. 
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The thermal speed averages are also available but are not used for
 

two reasons First, the magnetosheath thermal speeds derived from the Ex

plorer data are quite variable and may not be accurate The second reason
 

stems from our assumption that the effect of the interplanetary magnetic
 

field on the magnetosheath flow is second order. The macroscopic flow para

meters (density, velocity, and flow angles) are not greatly affected by the
 

presence of the interplanetary field These parameters reflect the directed
 

flow of the plasma and the energy density of this flow is much greater than
 

the energy density of the magnetic field The thermal energy density of the
 

flow, however, is comparable to the field energy density To completely
 

treat the thermal speeds theoretically, therefore, the magnetic field must
 

be included We have not included the field in our calculations because
 

the effect of the field is to render the theoretical treatment of magneto

sheath flow intractable in a closed form Thus, we do not study the thermal
 

speed structure in the magnetosheath because we do not have either accurate
 

thermal speed observations or a reliable theoretical treatment of the mag

netosheath thermal and magnetic field structure.
 

b) Location of the Magnetosheath Spacecraft
 

The location of the magnetosheath spacecraft (called the observer) 

with respect to the boundaries is determined in much the same way as was 

the observer position in the dual satellite boundary motion study above.
 

As the solar wind direction and dynamic pressure change, the boundaries move
 

and carry the magnetosheath flow pattern with them This changes the appar

ent position of the magnetosheath spacecraft with respect to the flow pat

tern. Other effects which cause the boundaries to move are discussed in
 

conjunction 1i1th the dual-satellite boundary motion study above These
 

effects are neglected here
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Solar wind coordinates are again employed to determine the observer
 

location The instantaneous X axis orientation for each hour is first
Sw
 

determined from the average solar wind direction as measured by the solar
 

wind spacecraft (called the monitor). The X and D coordinates of the
SW SW
 

observer are then determined by transforming the observer location from so

lar ecliptic to solar wind coordinates For the dual spacecraft boundary
 

motion study, the boundaries were then scaled to the solar wind dynamic
 

pressure For the magnetosheath flow study, however, the observer position
 

is scaled to the solar wind pressure In figure 43, the X and S coordinates
 

of the observer are given by
 

10 x0
 
D sw 
 D sw
 
nose nose
 

where D is the distance to the sub-solar magnetopause given by equanose
 

tion 1, chapter 3 This procedure gives the coordinates of the observer
 

with respect to boundaries of constant size The distance to the sub-solar
 

magnetopause for these boundaries is 10 RE Since the theoretical flow
 

pattern maintains a constant relation to the boundaries, then in the (X,S)
 

system of figure 43, the flow pattern is stationary The (X,S) coordinates
 

of the observer therefore enable us to place the measured plasma parameter
 

ratios with respect to the theoretical floT pattern We assume, then, that
 

as the observer position in the (X,S) system changes, due to changes either
 

in solar wind direction or dynamic pressure, the ratios measured are actual

ly indicative of the spacial structure of the magnetosheath flow pattern.
 

We have seen how spacial changes due to motion of the observer with
 

respect to the magnetosheath flow pattern are separated from temporal changes
 

in the incident solar wind Spacial variations are removed by rotating and
 

scaling the observer position with respect to the average boundaries. Tem

poral variations are removed by normallzing the magnetosheath data to the
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solar wind data Let us now examine the resulting map of magnetosheath
 

flow and compare this map with theory
 

c) Format of Results
 

The format used to plot the magnetosheath map is illustrated in fig

ure 43. The X axis is first divided into 10 RE sections, starting at the 

origin. For example, the values of X1 and X2 shown along the X axis in 

figure 43 might be -40 RE and -50 RE, respectively All plasma parameters
 

ratios calculated for hours when the observer X coordinate is between XI
 

and X2 are then plotted as shown in the bottom drawing of figure 43. In
 

this plot, the ordinate is S, the distance of the observer from the X axis,
 

and the abscissa is one of the plasma parameter ratios A separate plot
 

is made for each parameter As an example, consider a case where the cal

culated observer position is (X,S), as shown in figure 43. Since XI>X>X2,
 

then the value of the parameter ratio (ams/sw) is plotted in the lower
 

figure at a distance S from the origin Three such plots are made, one
 

each for a = velocity, density and flow angle These plots, then, repre

sent cross-sections of the magnetosheath flow, where each cross-sectional
 

cut is 10 RE wide.
 

Theoretical cross-sections of the parameters are calculated using
 

the linear approximation method described above The distance (S) to the
 

bow shock and magnetopause in the center of each 10 RE section are deter

mined from the average boundary shapes measured by Explorer 33. These posi

tions are marked BS and MP, respectively, on the ordinate of lower figure
 

in figure 43 The values of the velocity, density, and flow angle rarlos
 

at these two positions are calculated, using the equations derived previous

ly. For an assumed solar wind Mach number (Mo), the magnetopause and bow
 

shock ratios for each parameter are plotted on the respective ratio plots
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at the distance 1fP and BS These values are then connected by a line, giv

ing the linear interpolation for the values in the magnetosheath This is
 

done for several assumed Mach numbers (M1 , M2, M3 in figure 43) The agree

ment between the observed and calculated flow may then be ascertained by
 

noting the agreement between the plotted and theoretical ratios in the
 

various 10 RE plots.
 

d) 	Spatial Coverage
 

The spatial coverage of the magnetosheath during the 369 hours of
 

observation is not uniform. The total number of hours of observation in
 

each 10 R.bin are given in figure 44. The region -50 RF<X<-40 RE is ob

served extensively and our results will be derived primarily from studying
 

the data in this region However, good spatial coverage is obtained for 

all regions for which -60 R<X<-20 RE and we will discuss the flow within 

this entire region. Due to the high thermal speeds of the magnetosheath 

flow in the forward magnetosheath, the data gathered for X>-20 R. are too 

sparse and unreliable for a comparison between hourly averages and the 

theory.
 

3. 	Interplanetary Magnetic Field
 

a) Solar Wind Mach Number
 

The theoretical description of the flow is a function of the solar
 

wind Mach number. In the hydrodynamic theory used here, this number is 

simply the flow velocity divided by the gas sound speed, C - -_-


Histograms of solar wand Mach numbers observed by the monitor spacecraft
 

for 	those Lours during which the observer spacecraft was in each 10 RE Din 

for -60 RE<X<-20 PE are shown in figure 44. The Mach numbers tend to occur
 

with greatest frequency between 8 - 10 and range from a low of 5 to a high
 

of 	25.
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The hydrodynamic Mach number is an upper limit to the actual solar 

wind Mach number Due to the presence of the interplanetary field, the 

velocity of a fast wave in the solar wind is usually higher than the gas 

sound speed, CS . Thus, the actual Mach number is usually lower than the 

hydrodynamic Mach number. Since the magnetic fields-for the times of ob

servation are not utilized, we can only estimate the Mach numbers hich 

should actually be used in the theory. 

In the presence of an interplanetary magnetic field, one speed of
 

propagation of a disturbance is the fast wave velocity, Cf If Cs and CA
 

are the sound and Alfven speeds, respectively, and if e is the angle be-

B
 

tween the propagation direction and the magnetic field direction, then
 

In the shock jump relations, the relevant Mach number is the solar wind
 

velocity divided by the velocity Cf in the direction nornal to the shock
 

Thus, the Mach number is dependent upon the position along the shock con

tour For the interplanetary field in the average spiral direction, the 

dawn Mach number is derived for 0 B ' 0, while the dusk Mach number is de

rived for If we let C = C , then these two extreme cases result 

in the following Mach numbers
 

Dawn Side (0B =0) Mf M
 

Dusk Side (0 ) M 
B 2 f 'jM s 

where M and M
 
f Cf 
 s CS
 

Since the dawn and dusk flow are not separated in the analysis, then this
 

calculation allows us a rough feeling for the difference between the actual
 

Mach numbers (ff) and the measured Mach numbers (Ms).
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b) Method of Estimation of Effect of Magnetic Field
 

In addition to lowering the Mach number, the magnetic field also af

fects the jump conditions of the flow at the bow shock Since we assume 

B = 0 in our analysis, we wish to see how much effect B might have if it 

were included. To estimate the effect of the inclusion of the interplane

tary magnetic field on the calculated flow we use the complete Rankine-

Hugoniot relations to calculate the shock jump conditions along the shock 

contour derived from the Explorer 33 shock crossings. The complete R-H 

relations are given by Chao (1970) and will not be repeated here In these 

relations, we assume CA = C and, further, we assume the field is in the 

average spiral direction. The jump relations are then calculated for the 
dawn and dusk sides for various hydrodynamic Mach numbers (M. = V/Cs) and 

the results are included on the final cross-sectional data plots This
 

procedure allows us insight into how much our results might change if the
 

interplanetary field were included in both the data and theoretical anal

yses
 

4. 	Results
 

a) Velocity
 

The velocity cross-sections for -60 RE<X<-20 RE are shown in figures
 

45a to 45d. Since the largest number of observations were made for -50 RE
 

<X<-40 RE , we discuss the data plotted in figure 45c in detail. The point
 

marked SW in figure 45c is the average ratio of measured velocities between
 

the two spacecraft for all times during the operation of the Explorer 35
 

instrument vhen both spacecraft Were in the solar wind The average falls
 

near 1.0, which indicates that there is no significant offset in the veloc

ity measurements between the two spacecraft The error bar represents the
 

standard deviation of the measured ratios, and thus gives the experimental
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uncertainty in the measured velocity ratios
 

The observed velocity ratios plotted in figure 45c indicate that the
 

magnetosheath velocity is typically slightly less than the corresponding
 

solar wind velocity The lines in figure 45c represent the calculated
 

velocity ratios for assumed Mach numbers of 3, 4, 6, and 10. As is evident
 

from the plot, the theory also predicts that the velocity ratio is slightly
 

less than unity. Thus, Within the scatter of the observed ratios, we see
 

that the theory and the observation agree
 

The scatter of observed magnetosheath velocity ratios in figure 45c
 

may be due to several effects First, the scatter is of the order of the
 

solar wind scatter in the velocity ratio (shown by the error bar), thus
 

much of the magnetosheath scatter is probably due to experimental fluctua

tions Second, the histogram of solar wind Mach numbers (figure 44) which
 

correspond to the observed ratios sho-qsa large spread in Mach number The
 

calculated lines in figure 45c show a small dependence on Mach number, thus
 

some of the observed scatter in the ratio may be due to the variations in
 

the solar wind Mach number Finally, the interplanetary magnetic field may
 

cause variations in the magnetosheath flow. Using the complete Rankine-


Hugoniot relations as described above, the velocity ratio at the shock for
 

a Mach number of 10 is shown in figure 45c for both the dawn and dusk sides.
 

The effect of including the magnetic field is to increase the calculated
 

velocity at the dawn shock and to decrease it on the dusk side The dif

ference between the dawn and dusk ratios for M = 10 is of the order of the

0 

observed scatter in the observed magnetosheath ratios Thus, some of the
 

observed scatter may be due to the presence of the interplanetary magnetic
 

field.
 

The agreement between theory and observation shown in figure 45c is
 

also evident in the cross-sectional plots shown in figures 45a, 45b, and 45d
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From these plots, we conclude that the flow velocity in the magnetosheath
 

between X = -20 RE and X = -60 RE is, on the average, relatively constant
 

relative to and slightly less than the solar wind velocity
 

b) Deflection angle
 

The cross-sectional plots of the angle between the average solar
 

wind and magnetosheath flow directions are shown in figures 46a to 46d
 

The average value of this angle for times when both spacecraft were in the
 

solar wind is marked 'SW AVERAGE' in figure 46c. Since this angle is al

ways greater than zero, then the average solar wind value is a direct meas

ure of the experimental spread in the angle Thus, any scatter on the
 

order of 3' or less may be attributed to experimental fluctuations
 

Referring to figure 46c, we see that the average magnetosheath de

flection is much greater than 30; thus the deflection plot represents a
 

real deflection of the flow around the magnetosheath As is evident from
 

figure 46c, the deflection is greatest at the bow shock and decreases
 

closer to the magnetopause The theoretical lines indicate that this trend
 

is in complete accordance with hydrodynamic theory
 

The observed scatter of the deflection angles is due to three pos

sible mechanisms First, the experimental error of 30 is of the order of
 

much of the scatter Second, the scatter is of the order of the calculated
 

change in the deflection angle of the flow for changes in the Mach number
 

between 4 and 16. Third, the inclusion of the magnetic field produces
 

large changes between the dawn and dusk deflection of the flow at the shock.
 

These three effects may combine to prodce the observed amount of scatter
 

of the magnetosheath deflection angles
 

Near the magnetopause, the scatter in the deflection angle is much
 

larger than for the rest of the magnetosheath As we have seen, the mag
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netopause is in motion most of the time and the largest effect this motion
 

should have on the magnetosheath flow adjacent to the boundary is to per

turb the flow direction Thus, the large deflections observed near the
 

magnetopause are probably due to wave motion of the boundary
 

The cross-sectional plots shown in figures 46a, 46b, and 46d show
 

basically the same features as are evident in figure 46c. The boundary
 

motion perturbations adjacent to the magnetopause are particularly evident
 

in figure 46b The plot in figure 46d indicates that the flow is still
 

deflected by 10' - 150 at the bow shock at 60 RE downstream from the earth
 

This means the shock is still fairly strong and well defined at this dis

tance
 

Another feature of the deflection angle evident from a comparison
 

of the four cross-sectional plots is the decrease in average deflection
 

with increased downstream distance from the earth This simply shows the
 

downstream flow returning to the incident solar wind direction To examine
 

whether this decrease agrees with the hydrodynamic theory, we-make a plot
 

of the deflection angle as a function of the distance X (figure 43) for
 

those times when the observer is in the middle third of the magnetosheath.
 

This corresponds to observer positions S between the lines S1 and S2 in
 

figure 43 Thus, this plot represents a cut through the center of the mag

netosheath roughly parallel to the flow. The plot is shown in figure 47 

The line in figure 47 is the theoretical deflection midway between 

the magnetopause and the bo; shock for M = 10. As is evident, the ob0
 

served deflection compares well with thp calculated deflection between the
 

earth and "-70 R. downstream
 

We conclude that, within the experimental uncertainties and the
 

theoretical assumptions, the observed magnetosheath flow direction, between
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the earth and 60 RE downstream of the earth, is well described by the hydro

dynamic theory
 

c) Density
 

The cross-sectional plots of the observed density ratios are shown
 

in figures 48a to 48d From the solar wind average of the ratio shown in
 

figure 48c, we see that no large density offset exists between the two
 

spacecraft. Also, the scatter of the magnetosheath density ratios is much
 

larger than the experimental fluctuations indicated by the error bar on
 

the solar wind average point
 

Two characteristics of the observed density ratios are immediately
 

apparent Referring to figure 48e, we see that there is a clear agreement
 

between the observed trend in the density and the calculated trend between
 

the magnetopause and the bow shock That is, both theory and observation
 

indicate that the density rises from less than the solar wind value at the
 

magnetopause to 2-3 times the solar wind density at the bow shock. Second,
 

the scatter of the observed ratios also increases from the magnetopause to
 

the bow shock. Since the theoretical lines for different Mach numbers also
 

diverge between the magnetopause and the bow shock, this strongly suggests
 

that the observed scatter is due to fluctuations in the solar wind Mach
 

number
 

To examine the dependence of the measured density ratios on the solar
 

wind Mach number, we replot figure 48c in figure 49. In the latter figure,
 

the density ratios plotted as open circles were measured during hours when
 

the observed solar wind Mach number was greater than ten Conversely, the
 

ratios plotted as solid circles were measured during hours when the observed
 

solar wind Mach number was less than ten. From figure 49, we see that there
 

is a separation of the points, with the ratios measured during higher Mach
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number periods tending to be larger than the ratios measured during low Mach
 

number periods This is direct evidence for the Mach number dependence of
 

the magnetosheath density predicted by hydrodynamic theory
 

All the scatter observed in the ratios is not explained by the Mach
 

number dependence The interplanetary magnetic field may also affect the
 

density ratios. This is evident from the dawn and dusk ratios (shown in
 

figure 48c) computed at the bow shock in the presence of a magnetic field.
 

In figure 49, the line of separation for M = 10 is shown, but it appears 

that the actual line may be slightly below this. From the dawn and dusk 

shock density ratios for MS = MA = 10 which are shown in figure 49, it is 

apparent that the theoretical line would be lower if the magnetic field 

were included in the calculation Thus, some of the scatter in the observed 

density ratios may be due to the interplanetary magnetic field.
 

The other cross-sectional plots (figure 48a, 48b, and 48d) show the 

same general agreement between the observations and the theoretical calcu

lations as did figure 48c. Thus, we conclude that the magnetosheath den

sity between -20 R. and -60 RE downstream of the earth is well explained 

by the hydrodynamic theory 

One important point to notice in the density plots is that the den

sity adjacent to the magnetopause is less than the solar wind density This 

is due, in the hydrodynamic theory, to the irreversible nature of the flow 
P
 

across the shock The entropy of the gas is given by S = ln (kT), where P 

is the pressure and i Let the solar wind pressureis the mass density. 


and density be (Po, o) and let the value of these parameters well downstream
 

on the stagnation streamline be (P,). Then the change in entropy on the
 

stagnation streamline between the upstream solar wind and the downstream
 

magnetosheath as S = ( P/R - ( ?. /R! ) 
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As the downstream flow returns to the conditions of the upstream flow7, then
 

P -- P to balance transverse pressures in the flow Entropy is conserved
o 

everywhere along the stagnation streamline except at the shock Since the 

flow; across the shock is irreversible, then the entropy must increase; thus 

AS>0 Therefore, as P - P0, we must have V<Qo This is what is actually 

observed and the observations thus provide an example of the irreversible 

nature of the flow across the bow shock 
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CHAPTER 5
 

Summary and Conclusions
 

The magnetotail symmetry axis, as determined from the positions of 

magnetopause crossings observed at lunar distance by Explorer 35, is aligned 

with the average solar wind direction. Thus, any dawn-dusk asymmetry intro

duced into the magnetosheath flow by the interplanetary spiral field (Walters, 

1964, Hundhausen et al , 1969) does not result in a magnetotail alignment 

asymmetry of more than the measurement uncertainty of ±2'. The magnetopause 

below the ecliptic for -80 R < XSE < -40 RE is axisymmetric about the XSW 

axis The observed symmetry was determined from three years of Explorer 33 

data and contradicts the asymmetry found by Behannon (1968). The magneto

pause profile, determined from the Explorer 33 magnetopause crossing posi

tions, shows general agreement with the fluid calculations of Spreiter and 

Alksne (1969) However, the observed magnetopause flares out more than the 

predicted boundary in the dawn-dusk meridian This discrepancy may be due 

to the magnetospheric particle population, which was neglected in the theo

retical calculation 

The bow shock profile was obtained to 115 RE downstream of the earth.
 

The crossings observed at this distance showed that the shock is still well
 

defined in the plasma data at this distance This is in agreement with the
 

recent Pioneer 8 magnetic field observations of the bow shock between 100 RE
 

and 170 RE downstream from the earth (Bavassano et al., 1971).
 

The response of the bow shock to changes in the incident solar wind
 

pressure and direction was examined using dual satellite measurements. The
 

two examples studied indicate that the bow shock moves so as to align with
 

the incident wind direction In addition, the shock expands and contracts
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in response to upstream pressure changes These observed responses prob

ably represent motion of the shock in response to changes in the orienta

tion and size of the magnetospheric cavity.
 

A study of magnetopause motion using dual satellite observations
 

showed several examples of observed magnetotail boundary motion which were
 

caused by observed solar wind pressure and/or direction changes The delay
 

times observed between the solar wind changes and the resulting magneto

pause motion indicated that the magnetopause may require as long as an hour
 

to adjust to new solar wind flow conditions An example of magnetopause
 

motion in the presence of a quiet solar wind was also presented.
 

The average nature of the magnetopause motion at lunar distance was
 

studied further using Explorer 35 data The motion appears to consist of
 

two superimposed components tjith time scales of "-15 minutes and "'1 hour.
 

The results of a motion simulation indicate that the amplitude of the second
 

motion is - 3 times the amplitude of the first The dawn magnetopause mo

tion amplitude is twice that of the dusk motion This may be due to ob

served temporal velocity differences between the two sides. Alternately,
 

the dawn bow shock may be more effective in producing magnetosheath turbu

lence and this may be reflected in increased magnetopause motion
 

The magnetopause motion simulation indicates that a boundary layer 

thickness of - 2 RE is consistent with the observed boundary crossing dura

tion times This thickness is of the order of, though larger than, thick

nesses calculated using various theoretical assumptions 

The flow of plasma in the magnetosheath was examined using average
 

observations from one year of Explorer 35 operation General agreement was
 

found between the measured average magnetosheath flow angles and the predic

tions of hydrodynamics The velocity and density averages, however, served 
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only to demonstrate the necessity of dual satellite observations in mapping
 

magnetosheath flow
 

Dual satellite observations of the flow in the region -60 RE < XSE < 

-20 RE show general agreement between the observed velocity, density, and 

deflection angle, and the predictions of hydrodynamics The possible effect 

of the interplanetary magnetic field on the results was estimated and Was 

found to be large enough to explain much of the observed data scatter The
 

dependence of the calculated density ratios and deflection angles on the
 

upstream Mach number was also of the order of the scatter and the Mach number
 

dependence of the observed density ratios was demonstrated explicitly The
 

effect of the irreversibility of the flow across the bow shock on the down

stream stagnation line density was also shown
 

The general agreement between the observations and hydrodynamic theory
 

further confirms the applicability of fluid concepts to the magnetosheath
 

flow problem The observed sharpness of the bow shock indicates that the
 

plasma flow has a very small mean free path in the shock region. The results
 

of the above magnetosheath flow study, however, show that the general flow
 

away from the bow shock also has a mean free path short compared to magneto

spheric dimensions
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Appendix A 

Let 

((4x 

( 

Direction of solar wind coordinate axes in solar ecliptic co

ordinates 

f = earth's dipole direction, in solar ecliptic coordinates, 

\,)= solar ecliptic longitude and latitude of the direction 

from which the solar wind comes, 

=unit vectors along the three solar wind coordinate direc

tions, expressed in solar ecliptic coordinates, 

ZSE 

/.-

P 

Zsw 

XS 

XSE 

I, 

/ 

II 

I / YSW 
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then 
A A' 

=Cos \'W Cost4 )#-.Se 4- COS \wSin~ 
A 

A A
 
=.3 X4sw Yt S
 

A A 
-
where the sign of sw is chosen so that Zs.w Z O This assures 

that the -Zsvaxis lies in the northern solar ecliptic hemisphere. 

If a vector 'R, such as the spacecraft location, is specified in 

solar ecliptic coordinates, then the three components of the vector in 

solar wind coordinates are given by
 

= 4~A 

A 

R ~ZS= 



1 15 

Dipole direction in solar ecliptic coordinates 

The direction V in solar ecliptic coordinates is most directly de

rived in celestial coordinates, as shown in the following figure 

zo 

egee oGreenwich
Local .MeridianMidnight As 

- ': x 

Let
 

(C e = right ascension and declination of the sun at universal 

time T-, 

(+, ] = geographic coordinates of the magnetic dipole,
 

-C degrees of rotation ofGenihpast 0000 UTT
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Since both the vernal equinox (X,) and the direction of the sun ( r ) lie 

in the solar ecliptic plane as seen from the earth, then these two vectois 

define the ecliptic in celestial coordinates If we let 

A A 
(4, Z-J) = celestial unit vectors 

then the solar ecliptic coordinate unit vectors 
A A 
( s , 1 

A 
, Z~e) 

are given by
 

A Ags = s 

AAA
 

ISE= ZSC -A-sF 

where 

$ = CoS o ," 

The direction of the dipole in celestial coordinates , 

is given by 

A 

where = t 

The components of the dipole in solar ecliptic coordinates are obtained by 

A 
dotting J onto the three solar ecliptic unit vectors, thus 

rSEJ.X f4 &S 

A A 
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These three components arc the ones used in the determination of solar wind
 

unit vectors above The necessary constants are
 

A 78 54N 

Direction of the sun (S) in celestial coordinates
 

zc 

YC 

Perigee 

Let
 

P=sun true anomaly
 
=sun mean anomaly , 

t=time
 

ti 	mean angular velocity of sun
 

time of perigee passage
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r= longitude of perigee 
= eccentricity of sun's orbit 

S= inclination of earth's spin axis to the ecliptic 

then 

t no = t XV,(r-{, CaD Li 

Si n sit)n)S L 
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FIGURE CAPTIONS
 

Figure 

1 	 Relation between solar ecliptic coordinates and spacecraft co
ordinates ( $,'X) are the solar ecliptic longitude and lati
tude of the spacecraft spin axis B is the roll angle between 
the "see-sun" direction and the peak plasma flux direction, meas
ured positive in the direction of spacecraft rotation For the 
case shown, the current on plate B is larger than the current on 
plate A 

2 	 Locations of Explorer 33 and Explorer 35 at the times of the bow
 
shock (Sl-S6) and magnetopause (Ml-M5) crossing examples dis
cussed in chapter 2 The abscissa is the solar ecliptic X axis
 
and the ordinate is the cylindrical distance from the X axis
 

3-13 Examples of plasma data taken during magnetopause and bow shock 
crossings For all figures, the abscissa is the time, with ten 
minutes between tic marks For parts a and b of each figure, 
each hour is labelled with the decimal day and hour For parts 
c and d, each hour is labelled and the decimal day is given at 
the bottom of the figure The ordinates of part a to part d are 
as follows a) from top to bottom angle between solar direc
tion and largest flux measurement (positive in the direction of 
satellite rotation) phase (denoting which plate received the 

largest current), integral positive ion current measurement, in
tegral electron measurement, b) differential positive ion current 
measurements, with the lowest energy channel at the bottom, c) de
rived plasma flow velocity (V, km/sec) and proton number density 
(I , cm-3), d) derived solar ecliptic longitude and latitude 
of the direction from which the flow comes ( , X), and the derived 
plasma thermal speed (co) 

The date, the boundary crossed, and the spacecraft for each figure
 
are as 	 follows 

3 	 July 28, 1966, bow shock; Explorer 33
 

4 	 July 27, 1966, bow shock, Explorer 33
 

5 	 February 1, 1967, bow shock, Explorer 33
 

6 	 September 1, 1967, bow shock, Explorer 33
 

7 	 March 23, 1969, bow shock, Explorer 33
 

8 	 August 24, 1967, bow shock, Explorer 35
 

9 	 July 29, 1966, magnetopause, Exulorer 33
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10 	 August 3, 1966, magnetopause, Explorer 33
 

11 	 June 13, 1968, magnetopause, Explorer 35
 

12 	 February 15, 1968, magnetopause, Explorer 35
 

13 	 August 17, 1967, magnetopause, Explorer 35
 

14 	 Ysw-Zsw Explorer 33 trajectory for all times between July 1,
 

1966 and January 16, 1969 when -100 RE < X < -40 RE. The 

rotation of the XSW axis is -4* in the ecliptic plane. The
 

heavy and light portions of the orbits are the magnetosphere
 
and the magnetosheath portions, respectively. The heavy cir
cle has a radius of 28 RE
 

15a 	 The Explorer 33 orbits for all times between July 1, 1966, and 
January 16, 1969, when the spacecraft region could be deter
mined The abscissa and ordinate are the XSW axis and tht 

are
NY SW+zSW axis, respectively. The average boundary shapes 

also shown
 

15b 	 Same as figure 15a for all times between January 16, 1969, and
 
April 21, 1969
 

16 	 All Explorer 33 bow shock crossings observed between July 1,
 
1966 and April 21, 1969 The coordinates are identical to those
 
in figure 15 The subjective average shock shape is also shown.
 

17 	 All Explorer 33 magnetopause crossings observed between July 1,
 
1966 and April 21, 1969 The coordinates are identical to those
 
in figure 15 The subjective average shape (labelled AVERAGE)
 
and the theoretical curve of Spreiter and Alksne (1969) (labelled
 
THEORETICAL) are also shown
 

18 	 Illustration of the distances used in the dual satellite boundary
 
motion study
 

19 	 Locations of the monitor and observer spacecraft during dual
 
satellite observations of bow shock motion.
 

20 	 Bow shock motion observed by Explorer 35 on September 13, 1967
 

21 	 Bow shock motion observed by Explorer 35 on February 17, 1968.
 

22 	 Locations of the monitor and observer spacecraft during dual
 
satellite observations of magnetopause motion.
 

23 	 Magnetopause motion observed by Explorer 35 on February 11 and 12,
 
1968
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24 Magnetopause motion observed by Explorer 35 
1968 

on February 15 and 16, 

25 Magnetopause motion observed by Explorer 33 on September 5, 1967 

26 Histogram of displacement of observed magnetopause crossings from 
average boundary position, for the davqn and dusk sides 

27a,b Histograms of the times between observed magnetopause crossings 
the dawn (a) and dusk (b) sides The exponential fits are also 
shown. 

on 

28 Observed magnetopause crossing duration times versus the spacecraft 
YSE velocity for cases where the boundary and the spacecraft were 

moving in the same and in the opposite direction 

29a,b Histograms of the observed times required to cross the magnetopause 
on the dawn (a) and dusk (b) sides The exponential fit is also 
shown 

30 Illustration of the method used to simulate the boundary motion 

at lunar distance 

31 Simulated number of dawn and dusk crossings and the parameter rep
resenting the relative importance of large and small scale motion 
versus R, the assumed large-to-small-scale amplitude ratio. 

32 Simulated histograms of the displacement of the dawn and dusk 
boundary crossings from the average position Motion is assumed 
to be random in time and space R=2 on the dusk side and 3 on 
the dawn side. 

33a,b Simulated histograms of the time between crossings on 
and dusk (b) sides for the same model as in figure 32 

the dawn (a) 

34a,b Simulated histograms of boundary crossing duration times on the 
dawn (a) and dusk (b) sides for the same model as in figure 32 

35 Simulated histogram of the times between crossings on the dawn 
side for an assumed sawtooth boundary motion. 

36 Coordinates used in the calculation of magnetosheath parameters 

37 Calculated magnetosheath density, velocity, and deflection angle 
at the boundaries versus doinstream distance for M = 10. 

38 K, btagnation density, and stagnation pressure versus solar wind 
Mach number 

39 Comparison between exact and linear calculations of magnetosheath 
flow. 
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40 Measured average solar ecliptic longitude ( ) and latitude (X) 
of the direction from which the solar wind comes versus the 
solar ecliptic longitude of the moon The points plotted 
as open circles were measured in the magnetosheath The dashed 
lines are the theoretical angles. 

41 Same as in figure 40 for measured bulk flow velocity. 

42 Same as in figure 40 for measured number density 

43 Illustration of method used to compile cross-sections of mag
netosheath flow parameters 

44 Histograms of average solar wind Mach numbers measured during 
the hours used to compile the flow cross-sections for -20 RE > 
XSW > -60 RE 

45a-d Velocity ratio cross-sections for -60 RE < X < -20 RE The 

locations of the magnetopause (MP) and bow shock (BS) are marked 
on the S axis The results of the limear flow calculation are 
shown for various Mach numbers. The solar wind average and 
standard deviation are shown in part c, along with the computed 
shock jump on the dawn and dusk sides for M0 = 10 The points 

plotted with the symbols 0 and % were measured when the obser
ver was Explorer 33 and Explorer 35, respectively. 

46a-d Same as figure 45 for the deflection angle 

47 Deflection angle measured in the center third of the magneto
sheath versus downstream distance. Theoretical curve for M0 = 
is also shown. 

10 

48a-d Same as figure 45 for the density ratio. 

49 Cross-section of the density ratio for -50 RE < x < -40 RE show
ing the separation by Mach number. 
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