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I. INTRODUCTION 

The Explorer 33 spacecraft was launched from the Eastern Test Range, 

Cape Kennedy, Florida on July 1, 1966 at 1602:25.375 Universal Time. The 

57.1 ldlogram satellite shown in Fig. 1 was the first of the Anchored Interplane-

tary Monitoring Platform (AIMP) series and had as its primary mission to be 

placed into a captive orbit about the moon. Thus anchored in the lunar gravita-

tional field, the spacecraft would be able to investigate the magnetic field, plasma 

and energetic particle environment of the moon, both in interplanetary space and 

for approximately 3.5 days every 29.5 days in the magnetic tail of the earth. 

Explorer 33 was boosted into a transfer orbit by a three-stage Thrust 

Augmented Improved Delta launch vehicle. Subsequent real time analysis of 

tracldng data showed that the injection velocity following third stage burnout 

was 0.2% above nominal. This excess velocity was sufficient to make it impos-

sible to achieve a stable lunar orbit since the spacecraft had no attitude control 

capability. The decision was made at 2100 UT to abort the primary mission and 

switch to the alternate mission. The alternate mission was planned in advance 

for the small number of possible lunar transfer trajectories in which a success-

ful lunar orbit could not be achieved. 



Figure 1-Explorer 33 spacecraft in flight configuration with booms and solar.paddles fully deployed. 
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By firing the fourth stage retrorocket at 2233 UT, a highly elliptical earth 

orbit was selected which would carry the satellite to a predicted apogee of ap-

proximately 450,000 km, well beyond the lunar orbital distance. The line of ap-

sides of this initial orbit would have a geocentric solar ecliptic longitude¢ sE 

of approximately 240°. The geocentric solar ecliptic coordinate system, shown 

in Fig. 2, is oriented so that the XsE axis points fromthe earth to the sun, the 

Z sE axis is normal to the solar ecliptic plane, and Y sE is chosen to form a 

right-handed coordinate system. Geocentric solar ecliptic longitude ¢ sE is 

measured counterclockwise from the XsE axis in the ecliptic plane and esE is 

the corresponding latitude or angular distance above or below the ecliptic plane. 

With the line of apsides initially 120° west of the sun, the earth's orbital 

motion about the sun would sweep the orbit of Explorer 33 across the magnetic 

tail of the earth during the first six months after launch. This would extend the 

investigation of that region of the geomagnetic field to beyond the orbital distance 

of the moon. 

The actual initial apogee was reached on July 7 at a geocentric distance of 

440,300 km and solar ecliptic longitude and latitude of¢ = 242° and e = -l O , · SE · SE 

respectively. Fig. 3 shows the projection of the first orbit onto the ecliptic 

plane. For .POmparison, the apogee distances of a number of previous high orbit 

satellites are shown, as well as the initial trajectories of three interplanetary 

probe::s. 
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The Explorer 33 spacecraft was spin stabilized at an initial rate of 26.5 

rpm with a spin axis orientation of ¢sE = 129° and e sE = -4°. The initial angle 

between the spin axis and a line from the satellite to the sun was approximately 

118°. The torque effects associated with solar radiation pressure on the spinning 

spacecraft and its solar paddles produced a subsequent precession of the spin 

axis in an inertial frame of reference and a continuous change in spin rate. 

Fig. 4 shows the variations in spin rate, spin axis-sun angle and apogee-

earth-sun angle during the first five months in orbit. As can be seen the spin 

rate increased until the spin axis-sun angle decreased to below 90° on August 

10. The spin rate then decreased for the remainder of this period of solar as-

i:ect between 0° and 90°. The orientation of the spin axis in solar ecliptic co-

ordinates at the end of November was ¢sE = 339.0 and e sE = -5°. It is to be noted 

then that the spacecraft spin axis was nearly parallel to the plane of the ecliptic 

throughout the period under discussion. It will remain so during the spacecraft 

lifetime. 

During the first 19 weeks of the lifetime of Explorer 33, the satellite com-

pleted eight orbits about the earth, with a mean orbital period of 16.6 days. In 

Fig. 5 is shown the projection of the initial eight orbits on the solar ecliptic 

plane. Also sketched in for reference are the collisionless magnetohydrodynamic 

Bow shock wave and the magnetosphere boundary or magnetopause. The bow 

shock is defined as the surface separating the interplanetary region, where the 

properties of the interplanetary medium are undisturbed by the presence of the 
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geomagnetic field, from the magnetosheath or transition region. The magneto-

pause separates the magnetosheath from the magnetosphere, or region of space 

containing the geomagnetic field. The magnetosheath is hence a boundary region 

formed by interaction between the streaming solar wind and the geomagnetic 

field. One consequence of this interaction is a deformation of the magneto-

sphere such as to produce a geomagnetic tail that extends away from the sun. 

The bow shock and magnetopause shown in, Fig. 5 are approximate bound-

aries for the case of cylindrical symmetry about the earth-sun line. The 

boundary topology actually observed by Explorer 33 is discussed in Section V. 

As can be seen in Fig. 5, the apparent precession of the Explorer 33 orbit by an 

average angle of 19° per orbit carried the spacecraft apogee across the magnetic 

tail from the western flank of the earth's bow shock to the eastern flank. The 

day numbers used in the figure are decimal-day-of-the-year numbers. In this 

system January 1 is day O and July 1 is day 181. Distances are in units of earth 

radii (1 RE = 6378.2 km). 

In Fig. 6 are shown the variations in ¢A, the solar ecliptic longitude of the 

apogee of the orbit, and in e A' the corresponding solar ecliptic latitude, during 

the first four months in orbit. Because of its high apogee the Explorer 33 orbit 

is highly sensitive to the gravitational attraction of the moon. The orbital motion 

of the satellite was strongly perturbed near apogee of the first orbit when the 

moon passed within 36,000 km of the spacecraft on July 8. This first lunar 
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encounter was the closest approach of the satellite to the moon that occurred 

during the first ten months in orbit. 

The line of apsides was rotated upward across the ecliptic plane, moving 

the apogee of the orbit to e sE = 2° for the second orbit. Fig. 7 shows the 

projection of the initial four orbits on the noon-midnight meridian (XsE, Z8E) 

plane. The effects of the lunar perturbation on July 8 are clearly seen. Less 

drastic orbital changes occurred when Explorer 33 was within 91,500 km of the 

moon on August 2 (orbit 3 - decimal day 213) and within 60,000 km of the moon 

on September 27 (orbit 6 - decimal day 269). 

As can be seen in Fig. 6, the line of apsides moved downward after orbit 2, 

shifting the apogee latitude e A southward to a minimum of -6 ° in orbit 7. On 

orbits 4 and 5 the apogee distance increased to 514,000 km, or greater than 80 

RE. During the first eight orbits the perigee distance was a minimum of 50,000 

km on July 13 (day 193) and a maximum of 96,500 km on October 23 (day 295). 

The Explorer 33 spacecraft was in interplanetary space 29 days out of the 

first 133 days in orbit. Solar-associated events monitored by the satellite dur-

ing the interplanetary phases of the initial eight orbits included the passage of a 

shock wave on July 8 propagating outward from a solar flare (Van Allen and 

Ness, 1967). Because of the extensive coverage of the geomagnetosphere and 

magnetosheath provided by the unique Explorer 33 orbit, much of the general 

topology of the outer magnetosphere during the period July 1 - November 10, 

1966, may be deduced from the observations made by this satellite. It is the 
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purpose of this thesis to discuss the initial results from the magnetosphere and 

magnetosheath measurements made by the Goddard Space Flight Center (GSFC) 

magnetic field experiment on board Explorer 33 during that time period. 

A review of previous investigations of the outer magnetosphere, magneto-

sheath, and bow shock is presented in Section II. The instrumentation of the 

Explorer 33 magnetic experiment is described in Section III, and the data re-

duction and analysis are discussed in Section IV. Initial experimental results 

for orbits 1-8 are presented in Section V. In addition to a general description 

of the topology of the outer magnetosphere and collisionless shock wave, mag-
' 

netopause and bow shock traversals are discussed in detail. 

Detailed results from measurements in the geomagnetic tail are also pre-

sented. Magnetic measurements by Explorer 33 have demonstrated that the 

earth's magnetic tail extends beyond the orbital distance of the moon (Ness et. 

al., 1967a). Moreover, the topology of the tail at that distance is similar to that 

found previously at half the lunar distance by IMP 1 (Ness, 1965). The neutral 

sheet-associated variations observed in the tail by Explorer 33 are discussed 

in detail. 

The gross geometry of the magnetic tail is described and significant spatial 

and temporal variations of the magnetic field in the tail are discussed. Magnetic 

disturbance or storm variations observed both in the magnetic tail and in the 

magnetosheath are correlated with variations seen in the horizontal component 

of the geomagnetic field at the surface of the earth and with the planetary 
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magnetic activity index K • These include the observation of a magnetic storm 
p 

during orbit 5 when Explorer 33 was near the midnight meridian plane in the 

tail beyond the lunar orbital distance. 

This thesis will follow the practice common in geophysics of using 1 gamma 

= 10 - 5 oersted as the basic unit of magnetic intensity. 
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II. HISTORICAL BACKGROUND 

A confined geomagnetic field was postulated more than 30 years ago (Chap-

man and Ferraro, 1931-32) in an attempt to account for certain observed features 

of terrestrial magnetic disturbances. It was proposed that a transient ejection 

of solar plasma would confine the geomagnetic field temporarily and electric 

currents would develop on the boundary surface, producing magnetic fields that 

would perturb the geomagnetic field. 

Twenty years later in an effort to explain observed characteristics of Type 

I comet tails, Biermann (1951) suggested that there must be a corpuscular flux 

of substantial intensity continuously flowing away from the sun. On this basis 

Parker (1958) developed the theory of the solar wind and concluded that a con-

tinual confinement of the geomagnetic field would exist. It was further asserted 

that the geomagnetic field would form an obstacle in the path of the streaming 

solar wind. In the interaction between the solar wind and the geomagnetic field 

a boundary layer would be created. The solar plasma would be "thermalized" 

in this layer and would flow downstream around the confined geomagnetic field, 

compressing it on the sunlit side and carrying away the outermost lines of force 

in the antisolar direction. 
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The formation of the geomagnetic tail was anticipated theoretically by 

Piddington (1960). Geomagnetic field line interconnection with the interplanetary 

field as a mechanism for extending the geomagnetic lines of force into the earth's 

tail was introduced by Dungey (1961, 1963). More definitive theoretical studies 

of the interaction between the solar wind and the geomagnetosphere and the for-

mation of the magnetic tail have been conducted by Beard (1960 a, b, 1962), Ax-

ford and Hines (1961), Levy, et. al., (1964), Axford (1964, 1966), Dessler and 

Walters (1964), Axford et. al., (1965), Piddington (1965), and Dessler and Juday 

(1965). 

In considering the steady-state existence of a geomagnetic tail, Axford et. 

al., (1965) concluded that a magnetically, neutral sheet centered in a region of 

hot plasma would be required to maintain a separation between the antisolar 

directed lines of magnetic flux extended into the tail from the south polar region 

of the earth and the oppositely directed lines connected to the north polar region. 

They deduced that the thickness of the sheet would be of the order of a few 

earth radii. 

Theoretical computations of the shape of the magnetospheric boundary have 

been carried out by a number of authors (reviewed by Beard, 1964). In addition, 

Spreiter and Jones (1963) computed the shape of a detached bow shock wave on 

the sunward side of the magnetosphere in the solar plasma, which is supersonic 

in the magnetohydrodynamic sense. From the classical gas dynamics analogy 

Zhigulev (1959), Kellogg (1962), Gold (1962), Axford (1962) and Rossi (1963) 
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all concluded that a standing shock wave must exist in the interplanetary medium 

a short distance upstream of the magnetosphere. 

An ionized gas is called a plasma if the Debye or shielding length is small 

compared with other physical dimensions of interest in the system. For the 

solar wind the Debye length is of the order of 10 meters (Levy et. al., 1964), 

which is small compared with significant dimensions in interplanetary space. 

Because of the extremely low density of the solar plasma (generally on the order 

of 10 protons/ cm 3 ) one would expect that an individual particle treatment would 

have to be used to describe the plasma dynamics. The condition for a fluid flow 

or mass transport treatment is that the mean free path be small compared to 

relevant lengths of importance in the system. The mean free path of a proton 

in the solar wind is of the order of 106 km. Parker (1958) pointed out that this 

is 10 times the radius of the magnetosphere at the earth. He concluded that 

many strictly hydrodynamical properties of the solar wind in the large would 

not be applicable to the details of flow past the magnetosphere. 

Levy et. al., (1964) justify the continuum treatment in the case of a rarified 

plasma on the basis of several mechanisms involving electric and magnetic 

fields which are not available in a flowing neutral gas but which can give rise 

to coherent phenomena in a plasma. There cannot be appreciable differences 

between the electron and ion densities over distances larger than the Debye 

length, which for the solar wind is very small compared to the radius of the 

magnetosphere. Further, it is known that several linear wave propagation 
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modes can exist in a collision-free plasma, evidence for the interdependence of 

particle motions. 

Over a period of approximately 2-1/2 months in 1963-64 an average inter-

planetary magnetic field magnitude of 5.1 gammas (Ness et. al., 1966a) and an 

average solar wind velocity of 378 km/sec (Wolfe et. al., 1966) were observed 

by the IMP 1 satellite. These values yield a proton cyclotron radius of 774 km, 

which is small compared to the radius of the magnetosphere. A more appropri-

ate cyclotron radius in the context of the interaction between the solar plasma 

and an obstruction in the flow stream would be obtained using the thermal velocity 

component. Since the thermal velocity is small compared with the streaming 

velocity, an even smaller gyroradius results. If the Larmor radius can be con-

sidered as an "effective" mean free path, then a fluid continuum approximation 

can be used in treating the interaction between the solar wind and the 

magnetosphere. 

According to Levy et. al., (1964)~ as long as flow properties only change by 

~mall amounts in a distance of the order of the gyroradius, detailed considera-

tion of the particle orbits does in fact lead to the isentropic continuum magneto-

hydroaynamic equations. These are the fundamental equations for the fluid 

dynamical treatment of a plasma (Pai, 1962). They are based on conservation 

laws of mass, momentum, energy and charge and neglect any dissipative effects. 

i\t least until thicknesses of the order of the gyroradius are reached, a com-

pression pulse will steepen to form a discontinuity or shock wave. The result 
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is that any object larger than a fewion gyroradii will create a magnetohydro-

dynamic shock wave when immersed in the solar wind. However, the tenuous 

nature of the plasma necessarily requires that the shock wave be of the collision-

free type in which the required randomization of particles is produced by non-

linear interactions of waves and particles rather than by particle-particle 

interactions. Detailed theoretical studies of the structure and properties of 

such collisionless shocks have been conducted by De Hoffman and Teller (1950), 

Fishman, et. al., (1960), Auer et. al., (1961, 1962), Petchek (1961), Morawitz 

(1961, 1962), Wilson (1962), Noerdlinger (1964), Corday (1965) and Tidman 
' 

(1967 a, b). 

Direct measurements of magnetic fields in space have been performed by 

satellites and deep space probes since 1958. A number of such measurements 

have verified the continuous existence of the solar wind and that the geomagnetic 

field is always to be found in a confined and distorted state. Measurements on 

Pioneers 1 and 5 (Sonett, 1960; Sonettet. al., 1960 a, b; Coleman et. al., 1960; 

Coleman, 1964) suggested termination of the geomagnetic field but no continuous 

traversal of the boundary was achieved because of intermittent satellite data 

transmission. In 1961 data from the Explorer 10 satellite, which transmitted 

useful information out to apogee on its first orbit, revealed the large scale 

distortion of the geomagnetic field on the night-time side of the earth (Heppner 

et. al., 1963; Bonetti et. al., 1963). In addition this spacecraft provided the 

first detection of the magnetopause or magnetosphere boundary. 
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It was also in 1961 that the first measurements of trapped particles, fields 

and plasmas were made at the magnetopause by Explorer 12 (Cahill and Amazeen, 

1963; Freeman et. al., 1963; Freeman, 1964). These data indicated a termination 

of the compressed geomagnetic field on the sunlit side of the earth coincident 

with a termination of the trapping region of energetic particles as well as the 

onset of thermalized solar plasma. Evidence was later found in the magnetom-

eter data that the earth's bow shock had been traversed on at least three orbits 

(Kaufmann, 1966). 

With an apogee of 13.1 RE, Explorer 12 was ideally suited for observing the 

day-side distortion of the geomagnetosphere by the solar wind (Mead and Cahill, 

1966). The results of magnetic measurements by Explorer 12 were further used 

to compute the vector normal to the magnetopause and hence to deduce the atti-

tude of the magnetospheric boundary at the traversal points (Sonnerup and Ca-

hill, 1967). In 1962-63 the Explorer 14 satellite also provided measurements 

of both particle and magnetic field phenomena, in this case out to a geocentric 

distance of 16.5 RE (Frank, 1965; Cahill, 1964, 1966). 

The first comprehensive survey of the confined geomagnetic field, including 

its boundary and bow shock on the sunward side and its magnetic tail in the 

antisolar direction, was performed in 1963-64 by the IMP 1 (Explorer 18) satel-

lite (Ness et. al., 1964, 1966a). The corresponding energetic particle and plasma 

observations have been described by Bridge et. al., (1965), Anderson et. al., 

(1965), Fan et. al., (1966), Wolfe et. al., (1966), and Serbu (1965). The 't'egion 
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of space mapped during the six months of continuous operation by IMP 1 was 

shown in Fig. 3. IMP 1 provided the first highly accurate measurements of the 

interplanetary magnetic field and the collisionless bow shock wave. 

Measurements performed in the earth's magnetic tail out to 30 RE by IMP 1 

established that the tail is a permanent appendage of the geomagnetosphere 

(Ness, 1965). An average tail field magnitude of 16 gammas was found. These 

measurements further provided the first experimental detection of the neutral 

sheet in the geomagnetic tail (Ness, 1965; Speiser and Ness, 1967). In a second 

inspection of Explorer 14 measurements in the magnetic tail, Cahill (1966) also 

found examples of field reversal undoubtedly associated with the neutral sheet. 

A broad region of low magnetic field magnitude rather than a sharp transition 

was generally found. Since the Explorer 14 measurements were made nearer to 

the earth than the IMP 1 observations, they suggested that the field reversal 

region becomes thinner with increasing geocentric distance, approaching a phy-

sically real "neutra_l sheet" at great distances. 

Large temporal field variations or "magnetic storms 11 were observed in the 

earth's tail by IMP 1 and were correlated with the corresponding disturbance 

variations recorded by magnetic observatories at the earth's surface (Behannon 

and Ness, 1966). A positive correlation was found between the tail field mag-

nitude and the planetary magnetic activity or three-hour-range index KP. The 

KP index is basically a summary of worldwide magnetic activity as measured by 

the range of fluctuations shown in individual observatory magnetograms. At a 
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single magnetic observatory the measure of the intensity of magnetic disturbance 

for a three-hour interval is the individual K index (see IGY Annals,.!, 227-236). 

For 11 high latitude observatories widely distributed in longitude these indices 

are standardized to eliminate local effects. K is the average of the 11 stand-
P 

ardized K indices. There are 28 grades of KP on an intensity scale of 0 to 9. A 

KP of 4 or greater is considered to be indicative of magnetically stormy 

conditions. 

A correlation of IMP 1 magnetic storm observations with measurements 

performed at an altitude of 1100 km by the APL satellite 1963 38C demon-

strated the collapse of the outer trapping boundary to lower latitudes following 

the onset of a magnetic disturbance (Ness and Williams, 1966). other satellite 

observations of the geomagnetic field during magnetic storms have been de-

scribed by Smith and Sonett (1962), Smith et. al. (1964) and Cahill and Bailey 

(1967). 

In analyzing the IMP 1 interplanetary measurements, Wilcox and Ness 

(1965) found that through three solar rotations the observed directions of the 

magnetic field in the interplanetary medium fell into a systematic pattern of 

quasi-stationary sectors that corotated with the sun. Within each sector the 

fl.eld _direction was generally near the ecliptic plane but predominantly either 

toward or away from the sun along the spiral angle inclined at approximately 

45° to the earth-sun line. The spiral interplanetary field configuration results 

from the magnetic lines of force remaining attached to the rotating sun as they 

are extended outward by the radially streaming solar plasma. 
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The interplanetary magnetic field direction was observed to reverse at each 

sector boundary. Within each sector a systematic behavior of field magnitude 

and solar wind flux was apparent. There was a pronounced tendency for both the 

interplanetary field magnitude and the solar wind flux to be enhanced near the 

leading edge of each corotating sector. These occurrences of enhanced fields 

and plasmas in the sectors were found to correlate well with the occurrences of 

high terrestrial magnetic activity index K and with the onset of geomagnetic p 

disturbances. An extrapolation of the sector boundaries to the later period of 

IMP 1 magnetic tail observations was in close agreement with the pattern of re-

current magnetic disturbances observed in the tail and at the earth's surface 

(Behannon and Ness, 1966). Such magnetic storms recurring in the magneto-

sphere with the 27-day solar rotation period over several to many solar rota-

tions have been studied for many years (Bartels, 1932; Allen, 1944; Saemundssen, 

1962; Dessler and Fejer, 1963; Mustel, 1964 and others). 

Anderson (1965) found from IMP 1 particle data that energetic particles 

(mostly electrons > 30 ke V) characteristically occur in the geomagnetic tail as 

isolated bursts with flux buildup times of the order of a few minutes or less and 

much longer decay times. To account for these observations, mechanisms in-

volving local acceleration of the particles or impulsive injection from outside 

the tail were suggested. Sharp decreases in the magnetic field magnitude were 

found to accompany these electron events (Anderson and Ness, 1966). Measure-

ments by the Explorer 14 satellite (Frank, 1965) had earlier revealed the formation 
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of an "electron tail" on the night side of the earth. Gringauz et. al. ( 1 %0), 

Freeman (1964), McDiarmid and Burrows (1965), Singer et. al., (1965) and 

Montgomery et. al., (1965) all have found enhanced particle fluxes in the anti-

solar region of the magnetosphere, and the plasma sheet associated with the 

magnetically neutral sheet has been detected (Bame et. al., 1966, 1967). 

During 1964-66 continued. mapping of the magnetopause and bow shock 

positions were provided by the Vela 2 satellites (Gosling et. al., 1967), IMP 2 

(Fairfield and Ness, 1966; Serbu and Maier, 1966), and OGO 1 (Heppner, et. al., 

1965; Heppner, 1965; Holzer, et. al., 1966). The Vela satellites extended mea-

surements of the boundary positions to solar ecliptic latitudes of ±60°. The 

measured positions were found to be highly variable in time. The IMP 2 mea-

surements showed that both the shock front and the magnetopause frequently 

moved back and forth past the satellites. Boundary motion also has been ob-

served by Explorer 10, IMP 1, OGO 1 and other spacecraft. 

Definitive mapping on the dawn side of the magnetosphere by IMP 2 demon-

strated the distortion of magnetic field lines in that region and the gradual for-

mation of the magnetic tail. The high field sampling rate· of OGO 1 permitted 

the identification of large amplitude rapid magnetic. field. oscillations near the 

bow shock in both the magnetosheath and in the interplanetary medium. Such 

magnetic fluctuations also were observed by Mariner 4 on its outbound pass 

(Siscoe et. al., 1967). 
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Some investigators have questioned the continuous existence of a feature 

that can properly be defined as a magnetohydrodynamic bow shock wave, Bern-

stein et. al., (1964), Fredricks et. al. (1965) and Scarf et. al., (1965) all have 

argued that only a broad disordered region exists upstream of the magnetosphere. 

However, both the frequently repeated observations of the shock on a long term 

basis by a number of the earth orbiting satellites and single pass traversals by 

interplanetary probes such as Pioneer 6 (Ness et. al., 1966b) and Mariner 4 

(Siscoe et. al., 1967) have found what must be called a well-defined shock on 

the basis of sudden discontinuous changes in the character of both the plasma 

and the magnetic field as this thin layer upstream from the magnetosphere is 

traversed. These many observations of the bow shock have indicated that its 

thickness is on the order of tens of kilometers. Its distance from the center of 

the earth has been found on the average to be approximately 13 RE along the 

earth-sun line. The average geocentric magnetopause distance along the earth-

sun line, or stagnation point distance, has been established as approximately 

10.5 RE. 

An east-west asymmetry of the magnetopause and the bow shock about the 

earth-sun line was anticipated theoretically on the basis of both the small (2° - 5°) 

aberration of the solar wind direction caused by the earth's motion about the 

sun and the effect of the oblique interplanetary magnetic field (Walters, 1964). 

The existence of an asymmetry of both the magnetopause and the bow shock haE 

been experimentally verified by the Vela 2 measurements (Bame et. al., 1964; 
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Coon, 1966; Gosling et. al., 1967) and by OGO 1 (Heppner, 1965; Holzer et. al., 

1966) and IMP 3 (Ness, 1966a). The center of symmetry was observed to lie 

approximately 2-4° west of the earth-sun line. 

The three-dimensional shape of the magnetopause has not yet been completely 

determined by space measurements. Some theories of the shape of the magneto-

sphere indicate that it should be slightly flattened toward the poles near the bow 

of the magnetosphere and perhaps elongated in a north-south direction further 

downstream (Beard, 1964). Although the Vela observations have extended mea-

surements to much higher latitudes than reached by previous experiments, those 

results only have permitted a conservative limit to be set on the amount of 

flattening of the day-side magnetopause at high latitudes (Gosling, et. al., \1967). 

Widely different estimates have been advanced concerning the length of the 

earth's magnetic tail. Dessler (1964) has calculated that the shortest possible 

length for the magnetospheric tail would be of the order of 100 RE. He has 

argued, however, that hydromagnetic wave radiation pressure will keep the 

tail open to a distance as great as 20-50 astronomical units. On the basis of 

the length of time that terrestrial lines of force being swept back into the tail 

will remain attached to interplanetary field lines, Dungey (1965) has estimated 

a much more conservative geomagnetic tail length of approximately 1000 RE. 

The first opportunity to detect the tail far downstream in the solar wind 

experimentally was provided by Mariner 4, which spent seven days of flight 

within a geocentric angle between 1 ° and 5 ° from the presumed center line of 
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the tail at a radial distance of approximately 3300 RE (Van Allen, 1965). The 

Geiger tube detectors on board failed to detect any effects of a magnetospheric 

tail during that week of favorable trajectory orientation. The Pioneer 7 space-

craft passed through the downstream region of solar wind interaction with the 

geomagnetic field at a geocentric distance of approximately 1000 RE in September 

1966. Detailed magnetic field measurements by Pioneer 7 (Ness et. al., 1967b) 

suggest that magnetic lines of force connecting to the earth through the geomag-

netic tail were observed. However, this preliminary inspection of the data did 

not reveal a coherent, well-defined tail at that distance. 
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III. EXPERIMENT INSTRUMENTATION 

The GSFC magnetic field experiment on board Explorer 33 utilizes a tri-

axial fluxgate magnetometer to detect the ambient magnetic field. In general 

in a fluxgate or saturable core magnetometer a sample of magnetic core ma-

terial is driven alternately positive and negative through saturation magnetiza-

tion by an AC input signal which is applied to a primary winding about the core. 

When the hysteresis curve is symmetrical, the waveforms of the positive and 

negative half-cycles are identical. The flux variation, therefore, contains only 

odd harmonics. This is because in this case the hysteresis function is an anti-

symmetric function satisfying the condition 

(1) 

where T is the period of the function. The Fourier series for a function of this 

kind contains only odd-harmonic components. This fact can be proved by showing 

that the odd harmonic components satisfy equation (1) but the even harmonic 

components do not and hence cannot exist if the function itself satisfies the equation 

(M.I.T. Electrical Engineering Staff, 1943). 
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A shift of the center position of the hysteresis curve such as would be 

caused by the instrument being immersed in an external magnetic field in addi-

tion to the flux generated by the AC input signal will result in the addition of 

even harmonic components into the spectrum. The mechanical configuration of 

the GSFC fluxgate instrument is such that only the even harmonics are detected. 

The second harmonic is much larger in amplitude than the other even harmonics. 

For this reason a relatively broad band filter will effectively pass only the 

se~ond harmonic component. 

The second harmonic saturable core magnetometer is designed to be linear 

over the desired operating range. Within the selected range of applied magnetic 

field magnitudes a change in field strength parallel to the core axis produces a 

proportional change in the magnitude of the second harmonic output voltage. 

Thus with calibration the output of the secondary coil provides a measurement 

of the instantaneous ambient magnetic field along the axis of the instrument. By 

using a triaxial magnetometer, in which three separate fluxgate sensors are 

arranged in an orthogonal configuration, an unambiguous measurement of the 

instantaneous vector magnetic field can be obtained. In Explorer 33 the three 

sensors are mounted together as a single physical unit. 

The fluxgates used in this instrument were designed for maximum stability 

and minimum permanent field retention. Partial feedback of the secondary 

output contributes to the stability of the sensors. Each sensor is cyclically 

saturated at approximately 10 KC. There is a maximum frequency at which 
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the core material can be driven without generating significantly large eddy cur-

rents. This constraint together with the need to use the smallest possible elec-

tronic components is the determining factor in the selection of the AC input 

signal. 

The sensor solenoids must respond to field changes produced by the spin of 

the spacecraft at frequencies comparable to the spin rate. A spin rate of 24 

rpm modulates the ambient magnetic field at a frequency of 0.4 cps. The band-

pass of the electronics was chosen so that a frequency between 0 and approxi-

mately 5 cps is passed without attenuation and all frequencies beyond are at-

tenuated at a rate of approximately 20 db per decade. The upper limit is above 

major frequencies to be expected for significant physical phenomena in inter-

planetary space and interaction of the solar wind with the geomagnetic field 

(Ness, 1966b). 

The frequency response out to 10 cps and the phase shift are shown in Fig. 

8 for one of the Explorer 33 fluxgates. The corresponding characteristics of 

the other two sensors are almost identical. As can be seen the response of the 

sensors is essentially flat over the passband containing the frequencies of 

physical interest. Since the phase shift is not entirely negligible at the spin 

frequency, it is compensated for in the analysis (see Section IV}. 

The fluxgate sensing elements can present zero scale offsets associated 

with sensor drift which must be determined in-flight. The unique way in which 

the sensors are mounted and reoriented aboard the spin-stabilized spacecraft 
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solves this problem. In order to determine the zero level of a sensing element, 

it is necessary to reverse its directional sense by exactly 180° while the ambient 

field is stationary. This experiment takes advantage of the spin stabilization of 

· the spacecraft by mounting two of the sensors perpendicular to the spin axis as 

well as perpendicular to each other. Thus the basic rotation of the spacecraft 

reorients and thereby calibrates the zero level for two of the three axes without 

additional equipment. 

A 90° rotation of the sensor system about an axis through one of the sensors 

normal to the spin axis is equivalent to a 180° rotation of the spin axis sensor 

because it interchanges the sensor initially parallel to the spin axis with one of 

the sensors initially in the equatorial plane of the satellite. Thus a thermo-

mechanical "flipper" device which reorients the triaxial sensor set by 90° pro-

vides periodic reversal of the spin axis sensor. This permits continuous moni-

toring and calibration of the zero level along that axis over the lifetime of the 

spacecraft. On Explorer 33 this reorientation is commanded once each 24 hours 

by the spacecraft encoder. 

Stationary spacecraft magnetic fields perpendicular to the spin axis are 

cancelled out in the determination of the zero level shift of the two sensors which 

are normal to the spin axis. Thus the final accuracy of the experimental meas-

urements are limited only by time-varying spacecraft magnetic fields for the 

field component perpendicular to the spin axis. However, any spacecraft field 

parallel to the spin axis is not cancelled out in the calibration of that sensor's 
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zero level since the spacecraft is not inverted 180° by the flipper. The only 

solution to this final limitation on the accuracy of the experiment is to place the 

sensors at a remote distance from the spacecraft on a boom support. In Fig. 1 

the booms and instrument canisters are shown deployed. On Explorer 33 the 

triaxial sensor set is 2.1 meters from the spin axis. Since this spacecraft is 

extremely clean magnetically already, the contamination field at the position of 

the sensors is reduced to the noise level of the magnetometer (:;; 1/4 gamma) 

(Harris, 1966). 

A block diagram of the experiment is shown in Fig. 9. The three sensor 

data channels are sequentially gated to an analog-to-digital converter. By 

means of voltage comparison the 0-5 volt analog output of each of the three 

sensors is digitized. Following the conversion, each of the three resulting 8 bit 

words is stored in a 32 bit buffer register which also stores an 8 bit statu.s or 

housekeeping word. The contents of the register are commutated to the output 

lines during readout period. The three axes are sampled, digitized and buffer 

stored in less than 15 milliseconds (10 ms for the two sensors in the plane of 

rotation, which corresponds to 1.2 ° of spacecraft rotation for a spin period of 3 

seconds). These stored values (24 bits for all three axes) are read out four bits 

at a time by the telemetry data system at the scheduled times in the 81.808 second 

telemetry sequence. 

For reasons of format simplification the magnetic field sampling was 

chosen to be synchronous with the telemetry rate rather than with the spin rate 
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of the spacecraft. Because of this a measurement of the vector field is performed 

once every 5.11 seconds (16 measurements per telemetry sequence). This gives 

a sampling frequency of 0.195 cps, or for spectral analysis considerations a 

folding frequency of 0.0975 cps. A comparison with a typical spin modulation 

frequency of 0.4 cps shows that the sampling rate is less than the spin rate, so 

that if there are zero level errors aliasing of the spin frequency is possible, 

along with any other frequency between 0.0975 and 10 cps. The effects of alias-

ing in the data will be investigated further in Section IV. 

For this experiment the sensitivity level of the instrument was matched with 

the noise level of the quantization error. Extensive investigations have shown 

the noise level to be less than ±1/ 4 gamma. There is a maximum precision of 

8 bits per axis in the analog-to-digital conversion. Since decimal numbers from 

0 to 255 can be represented by 8 binary digits, the maximum possible number 

of magnetic field steps is 256. With ±1/4 gamma per step the resulting dynamic 

range of the instrument is ±64 gammas along each axis. 

The sensitivity and linearity of each axis is checked each.12 hours by the 

addition of a known magnetic field parallel to the sensor axis. A special sole-

noidal coil carrying an accurately known current provides the field for the 

sensitivity checks. The performance of the magnetic field experiment for the 

first five months of operation was completely consistent with preflight calibra-

tions of accuracy and precision. 
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IV. EXPERIMENTAL DATA REDUCTION AND ANALYSIS 

The Explorer 33 'spacecraft employs a pulse frequency modulation (PFM) 

telemetry system (Rochelle, 1962) to transmit experimental data back to earth. 

In this system the outputs from the various experiments on the satellite are 

commutated to the appropriate oscillator, depending on whether the output is 

digital or analog, for conversion to a pulse frequency output. A pulsed digital 

oscillator accepts four bits of information at a time from the magnetic field ex-

periment and encodes this as one of 16 discrete frequencies. The oscillator 

output phase modulates the transmitter carrier wave. 

The continuous telemetry stream is built up of individual telemetry se-

quences. A telemetry sequence is in general the smallest segment of telemetry 

output which is uniquely identified and which contains data readouts from all the 

experiments on the spacecraft. These readouts are commutated and time multi-

plexed according to a specific repetitive sequence format. 

In the telemetry stream unique identification of each telemetry sequence to 

modulo 2 16 is provided by the spacecraft clock, which is a 16 bit accumulator 

that is updated once each sequence. Besides identification, this serves as a 

stable, independent clock against which ground station time can be compared. 
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Acquisition of the data from the satellite is accomplished through a world-

' wide system of Satellite Tracking and Data Acquisition Network (ST ADAN) sta-

tions. Telemetry data signals and time data are recorded on separate tracks on 

analog magnetic tapes, which are subsequently shipped to the Information 

Processing Division (IPD) at Goddard Space Flight Center (GSFC). Range and 

range rate tracking data are also returned to GSFC for use in computation of 

spacecraft orbital parameters. 

Within the IPD facility the telemetry data signals are decoded into digital 

form. The output raw digital data tapes are then processed through the AIMP 

Edit Program, the Time and Statistical Analysis Program, and the Decommuta-

tion Program (Mish and Haney, 1966) on an IBM 1410 computer. These passes 

generate diagnostic information on data quality, tag each telemetry sequence 

uniquely for the life the spacecraft, smooth and correct the ground time data 

using the satellite sequence clock, and generate individual experimenter tapes. 

The time smoothing and correction process corrects the Universal Time of each 

sequence recorded at the tracking stations for propagation delay time between 

WWV and the stations and then uses the corrected times and the sequence clock 

counts to generate a linear smoothing equation. The resulting adjusted time is 

written on the experimenter tapes. 

The experimenter tapes provide each experimenter with the measurements 

performed by his experiment on board Explorer 33 as a function of Universal 

Time, as well as solar aspect and spin period data, data quality indicators or 
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flags, and experiment housekeeping information. Separate trajectory tapes are 

generated from the tracking data and are also provided to the experimenters. 

These contain spacecraft position and orientation as functions of Universal Time 

at five minute intervals. 

Upon receipt from the IPD the GSFC magnetic field experimenter tapes are 

initially subjected to a calibration analysis. A data tape is scanned for calibra-

tion and sensor reorientation (flip) events. These occur at uniform multiples of 

telemetry sequence clock counts. Calibrations occur at intervals of 512 se-

quences (twice daily) and reorientation or flips at intervals of 1024 sequences 

(once daily). Around these events the 16 data values in each telemetry sequence 

from each of the sensors in the plane of rotation are fitted by a least squares 

technique, and the DC level, amplitude and phase of the fitted cosine wave as 

well as the root-mean-square error of the best fit are obtained. This technique 

is described in detail in Appendix A. 

The DC levels for each sensor are averaged to provide a daily zero level 

for that sensor. This information is used in the subsequent analysis of the mag-

netic field data. The zero levels determined in this manner are accurate to 

within ±0.2 gammas. 

The least squares method breaks down when the sampling period is an 

integral multiple of the spin period of the satellite. During the week of 

October 22-28 the spin period passed through a value of 2.5566 seconds which 

is exactly half the sampling period. The least squares fit results were completely 
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spurious for that week and for the week on each side the RMS deviations of the 

fit were on the average greater than those computed prior to that three week 

interval by as much as an order of magnitude. Interpolated zero levels were 

used for those three weeks. The zero levels changed by no more than 0.2 

gamma across that interval. 

A check oli the sensitivities of the sensors is obtained from the fit to the 

data around the time when the calibration currents are on at the sensors. The 

difference in the DC level when the current is on provides an incremental mag-

netic field and hence a measure of the sensitivity. 

Both the magnetic field experimenter tapes and the trajectory tapes are 

inputs to the Phase I Data Analysis Program (PDAP) which runs on the IBM 

7040/7094 Direct Coupled System (DCS) at the GSFC. This program performs 

the following operations on the data: 

(1) The zero levels and the slopes of the calibration curves for each sensor 

are used to convert the data from engineering units to magnetic field 

units (gammas). 

(2) Magnetic field magnitudes are computed from each of the set of outputs 

(D 1 , D 2 , D 3 ) from the three sensors using 
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(3) The field component data are transformed from the triaxial sensor 

frame of reference to a reference frame ( X, Y, Z) A that rotates with 

the spacecraft but is stationary with respect to sensor reorientation 

(see Fig. 10). 

(4) The data are further transformed from the rotating frame of reference 

to a fixed, payload reference frame (X, Y, Z)P. The payload frame is a 

right-handed coordinate system defined such that the ZP axis is colinear 

with the spin axis of the satellite and positive above the spacecraft. The 

mutually perpendicular XP and Y P axes lie in the equatorial plane of 

the spacecraft, with the X axis always in the plane defined by the 
p . 

satellite-sun vector and the spin axis. 

(5) The next transformation rotates the data from the payload reference 

frame into the previously defined (see Fig. 2) solar ecliptic frame, 

which is the most meaningful coordinate system for studying inter-

planetary phenomena. 

(6) The payload field components are also rotated into the solar magneto-

spheric coordinate system; which is useful in studies of the geomag-

netic tail. This earth-centered right-handed system of coordinates is 

defined such tha.t the X5M axis always points toward the sun, the ZsM 

axis is directed so that the X SM Z SM -plane always contains the geomag-

netic dipole axis, and thus Y sM is always orthogonal to both the earth-

sun line and the geomagnetic dipole axis. 
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NORMAL POSITION 

FLIPPED POSITION 

TRIAXIAL SENSOR REORIENTATION 
Figure 10-0rientation of magnetometer sensors 
relative to spacecraft spin axis before and 
after reorientation. 
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The rotation matrices utilized in each of the above transformations are given in 

Appendix B. The computation of the angle of rotation from spinning to fixed co-

ordinates is also described, including the compensation for phaseshift (see 

Fig. 8). 

The PDAP further computes sequence averages of the magnetic field mag-

nitude and of the vector components in each of the reference frames. These are 

linear averages over the 16 or less individual magnitude or component values 

present in each 81.808 second telemetry sequence. Occasionally data values 

are missing because of telemetry signal noise. These are replaced by 9999 on 

the experimenter tape. For each average value that is computed for the total 

field or field component, the corresponding root-mean-square deviation over 

the telemetry sequence period is also computed, using the average and the N 

good data values, according to the relation 

BRMS t (B, - B)' , 
i = 1 

These deviations are measures of the high frequency fluctuations of the field. 

other diagnostic quantities which are computed are: 

(1) Total field ratio, 

FRATIO = sequence total field RMS deviation 
sequence average total field magnitude 
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(2) Component ratio, 

BRMS(X5 E) + BRMS (Y SE) + BRMS(Z5 E) 
CRATIO = 

3yBXSE2 + BYSE2 + BZSE2 

BXsE is the sequence average of the solar ecliptic X component of the field and 

BRMS (XsE) is the corresponding sequence root-mean-square deviation. More 

will be said about these ratios in the discussion of experimental results. 

The sequence average solar ecliptic field components are also used to 

compute the orientation of the magnetic field vector in terms of the solar eclip-

tic azimuthal and latitudinal angles ¢sE and e sE. These are given by 

-1~ BZsE e = tan 
yBXSE 2 + BY SE 2 

The Explorer 33 trajectory tapes include spacecraft positions in both solar 

ecliptic and solar magnetospheric coordinates at five minute intervals. The 

PDAP linearly interpolates between these five minute positions to obtain the 

corresponding position of the satellite for each set of sequence average data. 

The final function of the program is to generate binary summary tapes con-

taining all of the computed 5.11 second and sequence average data. These tapes 
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then serve as inputs to all other analysis programs as well as to plot programs 

which write tapes for E.A.I., Gerber and Calcomp Automatic Data Plotters. 

An error analysis has been performed to investigate the propagation of 

errors through the series of transformations used in the PDAP. The details of 

this analysis are presented in Appendix C. As stated in Section III, the quanti-

zation error of measurement of the field is ±0.25 gamma on each axis. This is 

the initial error in each component in the rotating frame of reference. 

It is found that, on the average, the error in the field magnitude is no 

greater than that in each individual component (±0.25 gamma). When the data 

are rotated into the fixed payload reference frame, the errors in the equatorial 

plane components then also include the effect of the small uncertainty in the ro-

tation angle and in addition are directly proportional to the field strengths being 

measured. For the range of magnetic field magnitudes observed by Explorer 33, 

from less than one gamma on each axis to nearly 64 gammas on each axis, the 

errors in the payload equatorial plane components BXP and BY P range from ±0.25 

gamma to ±0.40 gamma. Because it is not effected by the transformation, the 

error in the spin axis component BZ remains a constant ±0.25 gamma. p 

It is further found in the error analysis that the additional transformation 

into solar ecliptic or solar magnetospheric coordinates does not introduce any 

significantly large additional errors if the spin axis orientation angles in those 

reference frames are accurate to within ±0.1 degree. Then the errors in the 

solar ecliptic components (BX, BY, BZ)8E are approximately equal to the errors 
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in the BXP and BY P components over the observed range of field intensities, and 

hence for initial component errors of ;:1:0 .25 gamma the solar ecliptic and solar 

magnetospheric field components are accurate to within ±0.5 gamma, even in the 

strongest fields encountered by Explorer 33. 

Up to this point it has been assumed that no errors are introduced into the 

data in the conversion from engineering units to magnetic field units. For the 

ith component this conversion has the form 

where Z i is the zero level for the ith component in engineering units and Si 

is the slope of the linear part of the calibration curve for that sensor (which is 

valid over the range of field magnitudes being measured). 

As can be seen an error in the slope would produce an error in the con-

verted data which is directly proportional to the component magnitude being 

converted. An example of the generally good agreement between the results of 

the in-flight calibration checks and the laboratory and test coil facility calibra-

tion of the sensors is shown in Fig, 11. The difference between the output of 

one of the sensors when the calibration current is on and when it is off is shown 

as a function of the component of the field being measured, In this case it is the 

component parallel to the spin axis. The component magnitudes are in units of 

counts ( engineering units) and are sequence averages. The constant value of 

the difference over the range of observed field strengths is seen to justify the 

assumption of a linear sensitivity. 
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Figure 11-Example of magnetometer sensor in-flight sensitivity calibration results. 
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For a 10 gamma calibration field the pre-flight difference measured was 

18.2 counts for the spin axis sensor. The average difference for 86 in-flight 

calibration events was 17 .9 ±0.7 counts. This leads to an error in slope of 

±0.022 gammas/count. Similar results are obtained for the other two sensors. 

It can be seen that the pre-flight difference falls well within the in-flight differ-

ence limits. The pre-flight slopes have been used in the conversion of all of the 

measurements performed during the period discussed by this thesis. 

An uncertainty in the zero levels of ±0.2 gamma has been stated previously. 

The zero level and slope errors combine to produce a resultant error of con-

version that ranges from ±0.3 gamma to ±2.8 gammas for fields ranging from 6 

gammas to 64 gammas. The errors in the payload components and hence also 

in the solar ecliptic components are then determined almost entirely by the ±5% 

conversion uncertainty and will increase as the ambient field magnitude in-

creases. However, since Explorer 33 spends better than 90% of its time measur-

ing magnetic fields of total magnitude 15 gammas, the errors in the solar 

ecliptic and solar magnetospheric components generally will be within ±0.5 gamma 

for at least 90% of the data. 

An error in zero level results in not being able to remove all of the spin 

modulation from the data values after the conversion. This may be seen as 

follows: 

Let B1 be the component of the ambient magnetic field in the equatorial 

plane of the satellite, separated from the XP axis by an angle \JI. Then if 
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at a given time t there is an angle wt between the (X, Y) P axes and the rotating 

(X, Y)A axes and there aresmallerrors\8x and 8y in the zero levels of the sen-

sors in the plane of rotation, then the transformation to the payload reference 

frame has the following result: 

or 

fc~s wt 
Ls 1n wt 

fcos wt 
= Lsin wt 

-sin w~ 
cos Ct)~ 

-sin w~ f131 cos ('P - wt)+ 8x7 
Co S w l_B l s in ('P - wt) + 8 y J ' 

BX P = B 1 cos \JI + 8 x co s wt - 8 y s in wt 

BY P = B 1 s in 'P + 8 x s in wt + 8 y co s wt . 

This demonstrates that time-varying components may exist in the payload and 

other fixed magnetic field components if either or both of 8x and 8y are non-

zero. Further, this variation will be at the spin frequency of the satellite. 

The sampling theorem of information theory (Goldman, 1953) states that if 

a function G(t) contains no frequencies higher than W cycles per second, then 

it is completely determined by giving its ordinates at a series of points spaced 

1/ 2 w seconds apart, the series extending throughout the entire time domain. 

Conversely any frequencies in data sampled at a given rate that are greater than 

half the sampling frequency will produce a stroboscopic phenomenon referred to 



56 

in digital data sampling as aliasing. Hence any periodic variation in the field 

measurements beyond the cutoff or Nyquist frequency, defined by 

F c = F s/2 = 1/ 26T' 

will be aliased down into the portion of the spectrum below the cutoff frequency. 

The zero levels can be determined to better than ±0 .2 gamma. This is be-

low the digitization noise level of ±0.25 gamma and hence in the time domain 

this nonrandom oscillation in the data is not detectable. If frequency spectra 

are computed using these data, then even with a very minute amount of energy 

in this oscillation it may produce a peak above the noise. For example, a spec-

tral peak of width (3 spectral estimates) (,01 cps) = 0.03 cps produced by a total 

zero level error of 0.1 gamma would reach a power level of 

(. 1)2 = . 33 gamma 2 

.03 cps 

which is well above the noise level of between 10- 2 and 10- 3 gamma 2/cps to be 

expected in these spectra. 

During the first 19 weeks that Explorer 33 was in orbit the spin period 

ranged from 2.29 seconds to 2.58 seconds. The corresponding aliased 

frequencies were computed from the relation 

F k = 2k F C ± F O ' 
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where for a cutoff frequency of F c' F O is the alias (0:::;; F O < F c) of all higher 

frequencies F k, k ranging over all positive integers. These aliased frequencies 

ranged from 0.0455 cps down to zero in week 18 and back up to 0.0036 cps five 

months after launch. Thus at least during the early weeks when the aliased 

frequency was closest to the cutoff frequency, spectra computed from the mag-

netic field data will provide a sensitive measure of any small errors in the 

sensor zero levels. 
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V. RESULTS AND CONCLUSIONS 

A. GENERAL TOPOLOGY 

As stated in Section I, it is the purpose of this thesis to present an analysis 

of the initial results from magnetic field measurements performed by Explorer 

33 as it repeatedly traversed the earth's bow shock wave, magnetosheath, and 

magnetic tail during the five month period after launch. Specifically, the results 

will be concerned with the topological and temporal characteristics of the mag-

netic fields observed in those regions. Investigations of such details as internal 

shock structure and frequency spectra in the different regions are still in progress 

and will not be discussed. 

Fig. 5 has shown that the extensive coverage of the regions of interest by 

Explorer 33, out to geocentric distances of greater than 80 RE, make it well 

suited for investigating the topology of the geomagnetosphere and bow shock 

wave at large distances. This spacecraft has demonstrated that the geomagnetic 

tail remains well defined at geocentric distances of greater than 80 RE down-

stream in the solar wind (Ness et. al., 1967). In addition it has been revealed 

that the earth's bow shock wave remains a well-defined surface far downstream, 

at least to geocentric distances as great as 75 RE. One such distant shock wave 

traversal will subsequently be discussed in detail. 
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A shock wave is characterized by a discontinuity of plasma density and by 

the fact that the plasma moves through the discontinuity (neither of the plasma 

velocity components v nl and v n 2 normal to the shock surface on each side of 

the surface are zero) (Landau and Lifshitz, 1960). No change in the normal 

component of the magnetic field would be expected with any approximately planar 

discontinuity. The radius of curvature of the bow shock surface is large so that 

any small region of the surface is approximately planar. The theory of hydro-

magnetic shock fronts further requires no change in the field direction in the 

plane of discontinuity. 

If B1 and B2 are the total vector fields on each side of the shock and n is 
.... .... 

the normal to the surface, then the tangential components B t 1 and B t 2 are 

parallel and thus the three vectors B 1 , B2 and n are coplanar. One would ex-

pect to observe a discontinuous change in both the total field magnitude and 

direction across the shock surface. 

Identification of the bow shock in the magnetic field data is based principally 

on the observation of the discontinuity in field magnitude and an increase in 

higher frequency fluctuations. This change in magnitude generally occurs over 

an interval of time of between two and three telemetry sequences ( on the order 

of 150-250 seconds). This traversal time reflects the combined effects of the 

thickness of the shock layer and the component of relative velocity (between 

spacecraft and shock) normal to the shock surface. 
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It will be shown that the shock and magnetopause boundaries move in and 

out due to variations in solar wind characteristics. Thus the relative velocity 

is determined by both the satellite velocity and the boundary velocity. The mean 

velocity of the boundaries in their in and out motions is greater than the normal 

component of spacecraft velocity, and hence multiple traversals are observed 

when the satellite is in the vicinity of either surface. The fluctuations always 

seen in the magnetic field near the shock indicate that it is a source of high 

frequency waves. 

Fig. 12 illustrates multiple traversals of both the bow shock and the mag-

netopause near the bow of the magnetosphere on day 193 (July 13). The 

AIMP D designation in Fig. 12 is an alternate designation for Explorer 33. This 

figure consists of a full day of sequence average data. The two top panels show 

the solar ecliptic field orientation angles e SE and ¢sE. As previously defined, 

they are the angle between the field vector and the ecliptic plane and the azi-

muthal angle in the ecliptic plane, respectively. 

In the lower two panels F is the 82 second sequence average field magnitude 

in gammas and RMS is the root-mean-square deviation of the total field magni-

tude over each 82 second sequence period. The magnitude scale in Fig. 12 has 

three ranges: 0-32 gammas, 32-64 gammas and 64-96 gammas. Universal 

Time (UT) is given under each panel. At the bottom of the figure the position 

of the spacecraft in solar ecliptic coordinates is given in units of earth radii. 
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YEAR 66 DAY 1 93 CL,OCK 55682 

" ,,_!l .·. t'M,; '\,,:.,;.,,.,,,_ ,- .. ·-. A • • -·-. •~},. ' . ,... ~~~~,--· ' 

1,.,. ~:, n,t,f"'~ V 

6 1 2 1 8 
MP 52 ,....-------.........------7-·--
" ""i 

F i 6 i---...,s-~~---' __ .,,..c.....vf'_• ----

1 2 

:~_, __ 
Xsf'' 7.9 {RE) 
YSE= -16.0 
ZSE= -5.8 

1 2 1 8 
7.9 
2.4 
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Dashes have been sketched in to delineate the field magnitude discontinuity at 

the shock, indicated by S • 

The bow shock was traversed three times on day 193 and six times on the 

previous day. A magnitude jum~ of 9 gammas is seen at the final shock cross-

ing. The azimuthal field orientation angle ¢sE is seen to become steadily 

aligned along a direction of 240 ° inside the shock. In a statistical investigation 

of IMP 2 magnetosheath data Fairfield (1967) has found that there is a decided 

preference west of the noon meridian plane for ¢sE values near 50° and 230°. 

This corresponds to field alignment tangent to the magnetopause as the incoming 

lines of force become draped around the bow of the magnetosphere. The orien-

tation of 230° corresponds to field lines that were directed toward the sun along 

the spiral angle (negative sector) when in the interplanetary medium. The 

interplanetary magnetic field direction observed ahead of the bow shock by 

Explorer 33 on day 192 was that corresponding to a negative sector. Thus in 

this one case the observations are consistent with the IMP 2 results. 

The field magnitude in the bow magnetosheath is seen to increase as the 

magnetopause is approached, accompanied by a steady increase in the RMS 

deviation of the magnitude, indicative of increasing high frequency fluctuation. 

The field magnitude ratio FRATIO, defined in Section IV, also increased across 

the magnetosheath, which means that the magnitude RMS increased at a faster 

rate than did the total field magnitude. The component ratio CRA TIO remained 

relatively steady throughout the pass, however. CRATIC characterizes the level 

of vector field component, and hence directional, fluctuation. 
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Because of its motion the magnetopause was observed once briefly for ap-

proximately seven minutes some 20 minutes before the final traversal occurred. 

At the magnetopause the field magnitude is seen in Fig. 12 to increase to a 

magnitude that is approximately twice the theoretical magnitude of the undis-

torted geomagnetic field just inside the boundary. As can be seen the field 

magnitude folded over into the second magnitude range as it jumped to approxi-

mately 40 gammas at the magnetopause. 

Inside the magnetopause the magnitude RMS and both ratios dropped sharply 

in one sequence. Then for the next 16 sequences an intermediate region was 

observed in which the RMS deviations and the ratios gradually dGcreased down 

to their low and steady magnetospheric levels. This is interpreted as being a 

region in which high frequency fluctuations inside the magnetopause are being 

damped out. 

Large amplitude magnitude oscillations of approximately 20 minute 

periodicity are seen during the five hours following magnetopause traversal. 

This suggests that long period hydromagnetic waves were being observed in 

the outermost region of the dayside magnetosphere. The largest total field 

magnitude observed on this pass was 76.8 gammas. Although the upper limit 

on each sensor is 64 gammas, none of the sensors became saturated during 

the pass because the field was oriented at an angle of 133° to the spin axis. 

After traversal of the magnetopause, e SE and ¢sE show the characteristic 

orientation of the magnetospheric field at the position of the spacecraft for the 

remainder of the day. 
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Figure 13 illustrates multiple shock traversals observed by Explorer 33 on 

day 225 (August 14) along the western flank of the bow shock. Once again the 

characteristic sharpness of magnitude change is seen, accompanied by an in-

crease in the root-mean-square deviation of the magnitude at the shock surface. 

The intervals of interplanetary data marked I correlate precisely with intervals 

during which solar wind plasma was observed by the Massachusetts Institute of 

Technology (MIT) plasma detector onboard Explorer 33 (Bridge and Binsack, 

1967). 

The large scale variations seen in the field orientation angles correlate 

with angular variations observed in the interplanetary field at this time by IMP 

3. This was also found on other similar passes. Thus the general directional 

characteristics of the magnetosheath field near the flanks of the bow shock are 

determined by the interplanetary field orientation. 

Multiple shock traversals along the eastern flank of the bow shock on day 

307 (October 4) are shown in Fig. 14. As can be seen the spacecraft was more 

than 26 further downstream and was further below the ecliptic plane than in 

the case shown in Fig. 13. The total field magnitude in the magnetosheath is 

approximately 4 gamms lower than that seen in Fig. 13, although on the average 

the interplanetary field is only approximately 2 gammas lower than the inter-

planetary field in Fig. 13. In addition the RMS deviation of the magnitude is at 

a low level in the magnetosheath except near the shock. 
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Figure 13-Magnetic field data from August 14, 1966 illustrating multiple traversals 
of dawn flank of bow shock. 
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Figure 15 shows predominantly magnetosheath data for day 291 (October 19). 

The spacecraft was even further downstream than in Fig. 14 and was more than 

20 RE below the ecliptic plane. During the first half of the day it was more than 

25 RE east of the noon-midnight meridian plane. The magnetosheath field is 

seen to be generally characterized by e SE large and negative and ¢sE roughly 

parallel to the interplanetary field azimuthal angle of 330° (negative sector). 

Embedded in these magnetosheath data are intervals of from 1/2 hour to 

2 hours of geomagnetic tail data. Thus Fig. 15 illustrates multiple magnetopause 

traversals along the earth's magnetic tail. As can be seen, the direction of the 

magnetic field vector changes relatively sharply at the magnetopause to the 

below-the-neutral sheet orientation of e SE approximately 0° and ¢sE approxi-

mately 180 °. The field magnitude is seen to be approximately 5 gammas larger 

inside the tail. 

Altogether 195 bow shock traversals and 136 magnetopause traversals similar 

to those shown in Figs. 12-15 have been found in the Explorer 33 magnetic field 

data between day 181 and day 342. The positions of as many of those traversals 

as could be plotted are summarized in Fig. 16. The traversal positions have 

been rotated into the ecliptic plane, and average boundary positions have been 

sketched in. At the bow, west of the earth-sun line, these boundaries coincide with 

the average IMP 1 boundary positions. Pioneer 6 and 7 traversal positions are 

also shown. Magnetopause traversals occurring during times when the boundary 

is compressed by an enhanced solar wind are marked. On the eastern flank of 
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the bow shock (lower edge of the figure) an interplanetary shock wave passage 

that correlates with a storm sudden commencement at the earth's surface has 

been labeled SC. 

It is immediately apparent from Fig. 16 that a much larger asymmetry of 

the boundaries is suggested by these data than has been found previously by other 

spacecraft with much more restricted coverage (Ness, 1966a). However, it 

must be taken into consideration that many of the eastern flank traversals were 

made near the time of the maximum inclination of the geomagnetic dipole axis 

to the noon-midnight meridian plane (autumnal equinox), as well as at increas-

ingly greater distances below the ecliptic plane. 

Viewing the geomagnetic tail from the earth, the segments of orbits 1-8 

lying downstream of the earth are shown in Fig. 17, where they have been pro-

jected into a plane perpendicular to the tail axis. Also shown is a reference 

circle of radius 20 RE, which would be the average position of the tail magneto-

pause for the case of cylindrical symmetry. The shaded region is that swept out 

by the estimated neutral sheet in its daily and seasonal motion during the period 

July through November. The lower end of each of the segments of orbits 6-8 is 

the inbound portion, and the large southerly latitude of those passes is clearly 

seen. It is significant that Explorer 33 was entering the magnetic tail on 

Sept~mber 29-30, October 19-20, and November 7-8. 

In an effort to understand the traversal data, the boundary positions were 

replotted in solar magnetospheric coordinates since the geomagnetic tail should 
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Figure 17-View from the earth of the downstream segments of orbits 1-8 and the cross section of a cylindrical magnetic tail. 
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have the highest degree of symmetry in that frame of reference. Shown in Fig. 

18, again looking down the tail, are cross-sectional views of boundary traversals 

for four different distance intervals down the tail. It is evident from this figure 

that the boundaries move in and out by as much as 10 RE in response to solar 

wind variations. In two instances the magnetopause was compressed to within 

15 RE of the tail axis. 

Ignoring those points representing large scale deformation of the tail during 

sudden commencement (SC) storms, the average magnetopause positions suggest 

a lack of cylindrical symmetry. They suggest that the tail cross-section is 

elongated in the direction perpendicular to the solar magnetospheric equatorial 

(X5M Y SM) plane. The distance from the tail axis to the magnetopause in that 

perpendicular direction is greater than the corresponding distance in the equa-

torial plane by a factor of roughly 3 to 2. Since the lines of force in the mag-

netic tail connect to the polar cap regions of the earth, it is not unreasonable to 

find that the tail is broadest in the direction parallel to the dipole axis. The 

shock traversal positions also suggest a lack of circular symmetry. 

The average topology of the geomagnetic tail field during orbits 1-8 is 

shown in Fig. 19. Hourly averages were linearly computed from the 82 second 

sequence averages of the magnetic field components. The average solar mag-

netospheric components were used to plot the projection of the tail field vectors 

on the X Z -plane. As many of the hourly vectors are shown as could be 
sm sm 

plotted without excessive overlapping. 
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The constant antisolar orientation of the tail field below the neutral sheet 

with the opposite orientation above the sheet is clearly seen. The neutral sheet 

was generally found to lie approximately 3 RE above the solar magnetospheric 

equatorial plane. Because the base of the neutral sheet lies near the geomag-

netic equatorial plane (Speiser and Ness, 1967), the sheet would be expected to 

lie above the SM equatorial plane at the time of year that the neutral sheet was 

observed by Explorer 33 (August 18-26). 

B. THE BOW SHOCK 

The most distant bow shock traversals were observed on day 201 (July 21), 

when the shock surface swept past Explorer 33 a total of seven times. July 21 

was classed as a magnetically disturbed day, with the planetary index KP chang-

ing from 3- to 4- at 1800 UT (Lincoln, 1966). Fig. 20 shows one of the tra-

versals of the shock on day 201 in detail. The spacecraft positions in solar 

ecliptic coordinates are given at the top. Again the two top panels are the solar 

ecliptic latitude and longitude angles of the 82 second sequence average field 

vector. IFI = Fis again the linear average of the field magnitude over each 

telemetry sequence. In the bottom panel are plotted individual 5 second magni-

tudes for a time interval of approximately 8 minutes. The time interval ·of the 

other panels is approximately one hour. 

In the case of this shock the magnitude jump is very sharp, going from 7.2 

gammas to 15.0 gammas in 10.2 seconds. A very thin shock is suggested. The 

average total field vector undergoes changes of direction by approximately 16° 

in both e SE and ¢ 5E across the shock. 
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Changes in vector components were investigated using the shock model de-

fined by the previously discussed coplanarity theorem. Assuming that the normal 

component of the magnetic field does not change as the shock is crossed and that 

the tangential component changes in magnitude but not in direction, then for B 1 

and B2 the field vectors on the two sides of the shock (B2 inside), the vectors 
-+ -+ -+ -+ -+ -+ 
C = B 1 X B 2 and D = B 1 - B 2 are both in the shock surface. Then the normalized 

cross product 

i5 X C 
n=--- (1) 

\ i5 X CI 

defines a unit vector normal to the shock. 

Assuming that this model is valid for the bow shock, the average total field 

vector on each side of the shock surface can be used to compute the unit normal 

according to relation (1). Then the components parallel to the unit normal are 

given by 

and the tangential components by 
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For the shock on day 201 the tangential component was found to increase by 

a factor of 2.3 across the surface. The shock normal was found to be 

n = 0.55 i + 0.84 j - 0.05 k gamma 

in solar ecliptic coordinates. This is not in the direction expected from the 

orientation of the average shock shown in Fig. 16. This can be due to any or all 

of the following causes: 

(1) the total vector field averages used did not appropriately describe the 

actual field vectors on each side of the discontinuity; 

(2) the shock model used for computation did not accurately describe the 

observed shock; 

(3) the shock surface was locally deformed due either to flapping or to 

surface waves. 
) 

This same type of shock surface analysis was applied to 40 more bow shock 

traversals, using total field vectors computed from components averaged over 

from 5 to 12 sequences. The number of sequences of data used in each case 

was determined by the duration of relatively steady sequence average fields on 

each side of the surface. The direction of the shock normal was sometimes 

found to be reasonably consistent with the average orientation expected for the 

surface. When the results were ordered according to the ~E coordinate of the 

traversal, a relatively steady increase in the ratios 
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and 

with increasing X8E was found. A sample of the results typically found in this 

investigation are tabulated in Table 1. 

Though some of the individual computed vector normals were roughly in 

the required direction for the expected orientation of the shock surface, many 

of them were not. The directions of shock normals computed for sets of mul-

tiple traversals were averaged, and in some cases this average direction was 

more than 30 ° from the required direction. Thus it is concluded that the 

classical "fast shock" model may not be valid for the earth's bow shock wave, 

although it is difficult to establish that this is so from magnetic field data 

alone. 

It was previously stated that high frequency field fluctuations are always 

observed near the shock surface. A very high level of deviation was generally. 

observed by Explorer 33 in only one telemetry sequence of data. This sequence 

contained the measurements made through the shock layer in each case. For 

17 shock surface traversals on day 225, an average field magnitude of 11.6 

gammas and an average magnitude RMS deviation of 5.16 gammas were observed 
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at the shock. Average values of FRA. TIO and CRA. TIO were 0.45 and 0.35, re-

spectively. For 18 multiple traversals along the eastern flank on day 307, an 

average magnitude of 10.2 gammas and an average RMS of 2.88 were found. 

The corresponding average ratios for magnitude and components were 0.31 and 

0.25, respectively. In the second case Explorer 33 was more than 30 RE further 

downstream. It is seen that FRATIO > CRA. TIO in both cases, although they are 

of comparable magnitude. 

TABLE 1 

MAGNETIC FIELD CHARA.CTERISTICS AT THE BOW SHOCK 

DAY TIME XSE y SE 2 sE RM RT n n n 
X y z 

201 1543 -60.3 -45.6 2.8 1.47 1.58 0.38 -0.92 -0.01 

201 2300 -59.6 -46.5 2.3 1.63 2.69 0.18 -0.92 0.34 

204 0701 -49.4 -49.1 - 2.2 2.04 2.12 0.99 -0.02 -0.13 

205 1047 -41.1 -47 .6 - 4.3 2.06 2.07 0.31 -0.94 -0.13 

206 0802 -33.1 -44.9 - 5.8 2.42 2.84 0.32 -0.94 -0.13 

206 1744 -28.8 -42.9 - 6.3 2.25 2.34 0.52 -0.16 -0.84 

243 1246 -11.7 -22.6 -13.7 3.lE 3.29 -0.51 0.fO 0.31 

225 0302 - 8.1 -25.9 -14.1 2.62 2.83 -0.41 0.79 0.46 

225 0623 - 5.5 -24.2 -13.4 2.71 3.12 -0.68 0.62 0.40 

225 0825 - 3.9 -23.1 -13.0 3.13 4.15 -0.58 O.b~· -0.01 

225 1020 - 2.4 -21.9 -12.5 3.90 4.40 -0.45 0.f.•9 -0.02 

193 0211 9.6 - 7.8 - 4.5 5.44 13.66 -0.83 0.23 -0.50 
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C. THE MAGNETOSHEATH 

Magnetic measurements by Explorer 33 have shown that even far downstream 

the magnetosheath is characterized generally as a region of large amplitude 

low frequency magnetic fluctuations and small amplitude high frequency fluctu-

ations. During magnetically quiet days (low Kp index), however, there are 

periods when the downstream magnetosheath is relatively quiet in terms of high 

frequency fluctuations. This is supported by observations of a very low level of 

magnitude RMS deviation for hours at a time. The magnitude ratio FRA TIO is 

also found to be low at such times, of the order of between 0.05 and 0.08, where-

as the component ratio CRA TIO is often larger than FRA TIO by a factor of from 

2 to 4. This suggests that the high frequency fluctuations at such times are 

almost totally directional, and thus transverse and not longitudinal waves are 

present. 

An example of the magnetosheath on a quiet day is shown in Fig. 21. In-

dividual Kp indices ranged between O + and 1 on day 290 (October 18), with the 

daily sum equal to 8 (Lincoln, 1967b). The spacecraft was well downstream on 

the dusk side of the magnetosphere. Both the magnitude and the longitudinal 

angle are seen to be relatively steady throughout the day, with ¢sE roughly equal 

to the interplanetary negative sector azimuthal angle of 330°. e SE is seen to 

vary alternately between large positive and negative angles. 

Fig. 22 shows the magnetosheath on a day when there was an inter-

mediate level of magnetic activity. The spacecraft was nearer to the earth 
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AIHP-D FLUXGATE EXPERIMENT 
YEAR 86 DAY 290 CLOCK 158127 
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Figure 21-Magnetic field dato from October 18, 1966 illustrating a quiet mognetosheath. 
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but again on the dusk side and well below the ecliptic plane. On day 308 

(November 5) the individual Kp values ranged from 1 to 3, with the daily sum 

equal to 17+ (Lincoln, 1967c), or more than double the sum for day 290. A 

moderate level of high frequency fluctuation is suggested by the magnitude RMS. 

From 1200 to 1800 the angle ¢sE is seen generally to lie in the positive sector 

direction of 150°. At other times it was along the spiral angle but toward the 

sun. e SE was generally large and negative throughout the day. 

Fig. 23 shows data from the dawn side magnetosheath, closer to the bow, 

on day 277 (October 5). That day was classified as a disturbed day (Lincoln, 

1967b). The Kp index ranged between 3 and 5+, with the daily sum up to 35-. 

This is once again double the previous value. Large amplitude fluctuations at 

both low and high frequencies are observed in this case. e SE is once again seen 

to alternate between large positive and negative values, each time remaining in 

one of the two directions for. approximately two hours. This behavior is found 

to be characteristic of the downstream magnetosheath field orientation and 

suggests that the filamentary bundles of field lines being swept past the mag-

netosphere are alternately draped above and below the geomagnetic tail. 

In Fig. 24 is shown the horizontal component of the geomagnetic field at the 

earth's surface as recorded at seven :magnetic observatories on August 30 (day 

241). At 1112 UT a sudden commencement magnetic storm began at the surface, 

and for the remainder of the day the surface field is seen to be highly dis-

turbed. The Kp index increased from 3 to 5 for the 3-hour interval beginning at 
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AIMP-D FLUXGATE EXPERIMENT 
YEAR 66 DAY 277 CLOCK 144398 
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Figure 23-Magnetic field data from October 5, 1966 illustrating o 
highly disturbed magnetosheath. 
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0900 and continued to increase to a maximum of 7 + during the last six hours of 

the day (Lincoln, 1967a). The daily sum was 45+. 

The onset of that same magnetic storm in the magnetosheath is shown in 

Fig. 25. The field magnitude is seen to increase by approximately 28 gammas. 

The level of high frequency fluctuation is seen to increase with the onset of the 

disturbance, and large very low frequency variations are seen in the magnitude 

for the remainder of the day. 

D. THE GEOMAGNETIC TAIL 

The IMP 1 satellite established the permanent existence of the earth's 

magnetic tail as an important feature of the geomagnetic field (Ness, 1965). 

This conclusion has been substantiated by all spacecraft which have subsequently 

traversed the antisolar region of the distant magnetosphere. These results are 

supported and extended by the Explorer 33 measurements. During the first five 

months in orbit Explorer 33 observed a well-defined magnetic tail on each pass 

through that region of space, even at distances greater than the lunar orbital 

distance (Ness, et. al., 1967a). The average geomagnetic tail topology observed 

by Explorer 33 during that period was shown in Fig. 19. 

During times when conditions are relatively quiet in the solar wind (as 

measured by Kp ), the geomagnetic tail field is the steadiest magnetic field ob-

served in space by Explorer 33. This is illustrated in Fig. 26. On day 293 

(October 21) the magnetic activity index Kp ranged between O and 1, with a 

daily sum of 3- (Lincoln, 1967b). It is to be noted that the spacecraft traversed 
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Figure 25-MQgnetic field data illustrating commencement of 
August 30, 1966 magnetic storm in magnetosheath. 
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the midnight meridian plane on day 293 but remained at distances greater than 

20 below the ecliptic plane throughout the day. 

The major types of variations observed in the geomagnetic tail field by 

Explorer 33 during five months in orbit were the following: 

(1) temporal variations during magnetic disturbances; 

(2) spatial variations associated with field reversal at the neutral sheet; 

(3) a general decrease in the tail field magnitude with di.stance down the 

tail due to a magnitude gradient in the -X 8E direction. 

Each type of variations will be discussed and illustrated in turn. 

Three magnetic storms occurred while Explorer 33 was in the earth's mag-

netic tail. These were all sudden commencement disturbances, beginning at 

1500 UT on July 15, at 0003 UT on August 1, and at 1510 UT on September 14. 

In all cases there was a positive correlation between variations observed in the 

tail field magnitude and in the horizontal component of the field at the earth's 

surface during the compressional phase of the storms. A positive correlation 

was also found between the tail field magnitude and the Kp index in each case. 

These results are in agreement with the IMP 1 magnetic storm observations 

(Behannon and Ness, 1966). 

The geomagnetic storm of September 14, as observed at the earth's surface, 

is shown in Fig. 27. Once again the horizontal component magnetogram traces 

from seven magnetic observatories are shown. The sudden commencement (SC) 

time of the disturbance onset at the surface was 1510 UT. This storm is of 
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particular importance because of the unique position of Explorer 33 at the time 

of the storm. Figure 28 shows the projection of orbit 5 on both the noon-

midnight meridian plane and the solar ecliptic plane. It can be seen that on 

September 14 the spacecraft traversed the midnight meridian plane at a geocen-

tric dis~ance down the magnetic tail of approximately 7 5 RE and a distance below 

the ecliptic plane of approximately 14 RE. Thus the satellite was in the magnetic 

tail, well beyond the lunar orbital distance of approximately 60 RE, at the onset 

of this storm. 

The satellite magnetic field data for September 14 (day 256) are shown in 

Fig. 29. The sudden commencement occurred at 1522 ± 2 UT at the spacecraft, 

giving a delay time of 12 ± 2 minutes. The satellite coordinates were X8E = 

-73.8, Y SE= -0.8 and Z8E = -14.6. Thus the impulse propagation velocity 

parallel to the earth-sun line must have been 654 ± 109 km/sec. An increase of 

10 gammas in the tail field magnitude occurred at the commencement of this 

storm. Note the magnitude fluctuations with a period of approximately 20 min-

utes following the SC at the satellite. 

Large field variations were also observed by Explorer 33 prior to the 

storm sudden commencement. As can be seen in Fig. 29, the magnetic tail 

field was relatively steady and characteristically oriented parallel to the earth-

sun line in the antisolar direction until 1009 UT. At that time a disturbance 

began which was characterized magnetically by angular excursions and steep 

magnitude decreases of between 4 and 8 gammas. The solar ecliptic coordinates 
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of the spacecraft at that time were XsE = -74. 7, Y SE= o.o and ZsE = -14.2. In 

addition the solar magnetospheric coordinates were Y SM.= -8.1 and ZsM = -11. 7. 

Thus Explorer 33 was in the midnight meridian plane but well below the solar 

magnetospheric equatorial plane, precluding any possible neutral sheet effects. 

However, the time at which the magnetic field variations began corresponds to 

the onset time of the detection of electrons by the MIT plasma detector 

(Bridge and Binsack, 1967 ). 

The final magnetic field variation of interest on day 256, as shown in Fig. 

29, occurred approximately two hours following the sudden commencement. At 

that time a sharp change in the direction of the field was observed. This event 

is interpreted as being a sudden traversal of the magnetopause. At that time 

the spacecraft had reached a point approximately 15 RE from the axis of the 

magnetic tail. Thus the enhanced solar wind had compressed the tail boundary 

inward to that radius. The interpretation of the observed field variation as a 

magnetopause traversal is supported by the detection of magnetosheath plasma 

by the MIT detector (Bridge and Binsack, 1967) following the abrupt change in 

field direction. Also the magnitude RMS is seen to increase at that time. 

The magnetopause was crossed a total of eight times during a period of 

approximately 12 hours before the field relaxed back to its undisturbed topology. 

The magnetic field data for day 257 is shown in Fig. 30. As can be seen, three 

shorter intervals of magnetosheath field orientation and magnitude were ob-

served during the first six hours. Explorer 33 was inside the geomagnetic tail 
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for the remainder of the day. Throughout the day the field continued to show the 

effects of the disturbance. Higher levels of both high and low frequency fluctua-

tions than are normally seen in the tail at large distances from the neutral sheet 

were observed. 

The next class of geomagnetic tail field variation to be discussed is the 

spatial variation associated with field reversal at the neutral sheet. The neutral 

sheet has been defined as a region of abrupt directional change in the earth's 

magnetic tail field, where the magnitude decreases to a small value (Ness, 1965). 

Since the minimum of the field magnitude is not identically zero, the neutral 

sheet is not ideally "neutral"; however, since the field magnitude does decrease 

in the sheet, the field reversal region does not represent a purely rotational 

discontinuity in the magnetic field (Speiser and Ness, 1967). 

It is not possible to uniquely determine the thickness of the neutral sheet 

for a particular traversal unless the relative velocity normal to the sheet be-

tween the spacecraft and the sheet is known. A lower limit of approximately 

600 km was determined for the thickness from several traversals of the sheet 

by IMP 1 by neglecting the velocity of the sheet (Ness, 1965). The observed 

diurnal wobble of the sheet about its axis due to the daily 11. 7 ° nutation of the 

earth's magnetic axis and the observations of multiple sheet traversals due to 

"flapping" of the sheet both establish that the sheet is always in motion. The 

results of an analysis of 42 IMP 1 neutral sheet traversals suggest that the sheet 

is probably less than 1 RE thick, though evidence for an increase in thickness 
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toward the dawn magnetopause was found (Speiser and Ness, 1967). Thus the 

neutral sheet is a relatively thin region of field reversal embedded in a plasma 

sheet that is often 4-6 times as thick (Bame et. al., 1967). 

The general flow pattern of current in the sheet deduced from the IMP 1 

magnetic data is across the tail from dawn to dusk with a significant component 

down the tail for those sheet crossings near the earth and toward the dawn side 

(Speiser and Ness, 1967). 

Figure 1 7 shows that the only times that Explorer 33 was in close proximity 

to the neutral sheet region were when outbound on orbit 1, during the orbit 4 

pass through the tail, and during the first day of the orbit 5 pass through the 

tail. The orbit 1 outbound pass did not provide any complete traversals of the 

neutral sheet, nor is such a traversal clearly evident in the orbit 5 magnetic 

data. 

A complete traversal of the neutral sheet by the spacecraft on orbit 4 be-

yond the lunar orbital distance has already been discussed in some detail (Ness 

et. al., 1967a). That traversal occurred on day 233 (August22), and the sequence 

average magnetic field data for that day are shown in Fig. 31. Effects due to 

the flapping motion of the sheet are seen. Each time the spacecraft is immersed 

in the sheet the magnitude is seen to decrease, variations in the field orientation 

angles are observed with 0 SE generally increasing, and the RMS deviation of the 

magnitude is seen to increase. 
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Because of the motion of the sheet, other complete traversals for short 

periods of time were observed during the orbit 4 pass through the tail. One 

such sheet crossing by Explorer 33 is shown in detail in Fig. 32. Once again 

the top three panels are the sequence average field orientation and magnitude 

for approximately one hour. The lower panel shows the variation observed in 

the 5.11 second magnitude measurements during the traversal. This is an example 

of what might be called a "sharp" traversal, in which the magnitude drops sharply 

to near zero accompanied by a sharp change in the azimuthal angle <PsE· The 

corresponding sequence average solar magnetospheric component data are shown 

in Fig. 33. 

Fig. 34 illustrates a second type of neutral sheet traversal that was ob-

served. In this case the field magnitude decrease is broad and shallow, with the 

5.11 second magnitude data never falling below approximately 3 gammas. The 

fluctuating nature of the reversal of ¢ 8E suggests that the motion of the sheet 

past the spacecraft was not steady. The corresponding solar magnetospheric 

component variations are shown in Fig. 35. These show that when BX8M was 

zero, BYsM was also approximately zero but BZsM had a positive value of ap-

proximately 1 to 2 gammas. In the previous example all components were near 

zero simultaneously. 

These results are consistent with the view that the neutral sheet was 

thicker in the second case, with a northward perpendicular component of several 

gammas observed throughout the reversal of the component of the field that is 
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normally parallel to the tail axis. Thus the neutral sheet may undergo local 

variations in thickness. Whether these are spatial, temporal or both is still 

under investigation. 

The simplest model of the neutral sheet that can be used for computational 

purposes assumes that the neutral sheet is two dimensional and stationary in 

time except for possible spatial motion. In terms of this model it can be argued 

that the resulting simplification of the expressions for the time rate of change of 

the field components, together with Ampere's law, lead to the following expres-

sions for the components of the linear current density in the sheet (Speiser and 

Ness, 1967): 

J = 0. z 

Initial inspection of the Explorer 33 data revealed six really complete 

traversals that were suitable for computation of equivalent current density 

from the magnetic field component variations. The resulting linear current 

densities are tabulated in Table 2. Also listed are the changes in the field 

components that were used, the distance X8M = X8E of the spacecraft down the 

tail, the distance Y SM of the spacecraft from the tail axis at the time of the 
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TABLE 2 

NEUTRAL SHEET EQUIVALENT CURRENT DENSITIES 

DAY TIME XSM y SM 2 sM 6.Bx 6.By Jx (Xl0- 2 amps/m) JY (Xl0- 2 amps/m) 

229 0945 -50.6 17.0 3.1 19.6 3.6 0.3 1.6 

1003 -50.7 16.9 3.0 -23.2 1.2 -0.1 1.8 

1218 -51.8 16.5 3.2 28.2 2.8 0.2 2.2 

234 0847 -79.4 - 7.5 1.9 32.0 1.2 0.1 2.5 

1817 -79.8 - 9.6 -0.9 26.0 7.5 -0.6 2.1 

235 1129 -79.7 -12.8 1.6 26.0 0.0 o.o 2.1 

traversal, and the distance Z5M from the solar magnetospheric equatorial 

plane. 

As stated by Speiser and Ness (1967), errors of ±10-20% in the determina-
-+ 

tion of J result from the uncertainty involved in the straight line fitting of the 

component data to obtain the changes across the sheet. Also of course the 

validity of using the two dimensional model in a given case is limited by the 

magnitude of the observed perpendicular field component in the sheet. 

The third major type of magnetic field variation observed by Explorer 33 

in the geomagnetic tail is a general decrease in tail field magnitude with increas-

ing geocentric distance down the tail. This magnitude decrease was evident in 

the summary plot of hourly average vectors in Fig. 19. Fig. 36 shows 256 

hourly average field magnitudes as a function of distance along the earth-sun 

line down the tail. Only data corresponding to Kp 2 (i.e., quiet data) and data 
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for which the spacecraft was :2: 2 RE away from the neutral sheet have been 

plotted. 

Data from 740 hours during which Explorer 33 was clearly in the tail were 

subjected to a multiple correlation and regression analysis. The formulation 

used in this analysis has been described by Efroymson (1965). In this particular 

application the hourly average field magnitude was the dependent variable, while 

three independent variables were used. These were the earth-sun line distance 

X8E of the spacecraft down the tail, the magnetic activity index Kp, and the per-

pendicular distance Z SM of the satellite from the solar magnetospheric equatorial 

plane. The formulation is such that functions of the independent variables can 

also be correlated with the dependent variable. Various powers of the X8E dis-

tance were tested, and the best correlation was obtained using lxsEl-0 · 3 ± 0 · 2 • 

The results of the analysis are tabulated in Table 3. 

The expressions used to compute the multiple and partial correlation co-

efficients are listed in Appendix D. As can be seen in Table 3, the best cor-

relation among the three independent variables used was between field magnitude 

and the inverse power of distance down the tail. The lack of a better correlation 

between magnitude and planetary index Kp is at least in part due to the lack of 

better resolution in Kp. The hourly average tail field magnitude can respond to 

the commencement of a magnetic disturbance before the 3-hour index Kp is 

effected by the disturbance. The data points that are circled in Fig. 36 are 
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TABLE 3 

MULTIPLE CORRELATION AND REGRESSION COEFFICIENTS FOR 
MAGNETIC TAIL FIELD MAGNITUDE VARIATIONS 

DEPENDENT VARIABLE = Magnetic Field Magnitude F 

INDEPENDENT PARTIAL CORRELATION REGRESSION 
VARIABLE COEFFICIENT COEFFICIENT 

IX I - o. 3 
SE r FX"KZ = 0.66 69.13 ± 2.88 

kp r FK"XZ = 0.46 1.30 ± 0.09 

2 sM rFZ"XK = 0.14 0.07 ± 0.01 

Constant = -13. 72 

MULTIPLE CORRELATION 
" COEFFICIENT 

r F'XKZ = 0.69 

examples of a large increase in field magnitude preceding a correspondip.g in-

crease in Kp by one hour. 

The lack of a good correlation between field magnitude and ZsM was ex-

pected since the tail field magnitude is observed to be reduced by the neutral 

sheet only at points very close to (within 1 RE) or within the sheet. In addition 

there is generally a nonzero difference between Z SM and the actua1 perpendicular 

distance to the neutral sheet. 

The regression coefficients obtained in the case of the "best" correlation 

provided a fit to 740 hourly average field magnitudes with a standard error of 

±3.06 gammas. Limiting case best fits to the 256 data points shown in Fig. 36 
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Ix I _o. 1 I I o s were obtained from the regression equations for SE and X8E - · and 

are represented by the dashed curves in Fig. 36. The curve that is highest at 

X 8E = -10 RE illustrates the variation of F with lxsEI -O. 5 • The field magnitudes 

predicted by the regression curves in the interval between -10 RE and - 30 RE 

are consistent with the median tail field magnitude of 16 gammas found by IMP 1 

in that region (Beha1U1on and Ness, 1966). From the 740 hours of Explorer 33 

observations in the tail out to 80 RE, a median magnitude of 10 gammas was 

found. 

The observed field magnitude gradient in the tail can result either from an 

increase in the cross sectional area of the tail with distance down the tail or 

from reco1U1ection of field lines across the neutral sheet or possibly from a 

combination of the two effects. If no magnetic field lines cross the neutral sheet, 

then the total number of tail field lines above the neutral sheet that pass through 

a cross section A(x 1) is equal to the total number passing through A(x 2), when 

there is a field magnitude decrease with distance, only if A(x 2 ) > A(x 1). 

In general the magnetic flux through a cross sectional area A is given by 

q:, = J B · ;:; da, 
A 

where ;:; is the unit vector normal to the area A. Consider for simplicity a 

general two dimensional model of the tail in the XZ-plane where the X-axis is 

the neutral plane and the tail boundary occurs at Z = ±Z' (x ). The field is in 

general given by 
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- - -B = Bx (x, z) i + B z (x, z) j 

and therefore 

- -B · n = Bx ( x, z). 

Because of the oppositely directed fields in the two halves of the tail, the total 

flux through a cross section is 

z'(x) 

<l>(x) = { 
1 

Bx(x, z) dz = O J.z (x) 

Thus for purposes of investigating the field magnitude gradient, consider only 

the half of the tail lying above the neutral sheet. Then the flux through a cross 

section is given by 

f z' (x) 

<l>(x) = 
0 

Bx (x, z) dz. 

In general the variation in flux with distance will be given by 

l z' (x) clB (x z) 
d<l>(x) = dZ' (x) B [x, Z' (x)] + n x clx' dz. 

dx dx x 

The component of the tail field normal to the cross section has not been 

observed to vary with distance from the neutral sheet. In this case clB /cZ = 0 
X 

and thus B = B (x ) only, and 
X X 



or 

Thus if 

then 
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Iz' (x) 
dcf>(x) = dZ' (x) B (x) + dBx (x) dz 

dx dx x dx 
0 

_ dZ' (x) dBx (x) 
dx Bx (x) + dx Z' (x), 

dBx (x) 
dx 

= _1 _ [dcf>(x) _ B (x) dZ' (x)] . 
Z'(x) dx x dx 

dBx (x) 
dx 

def> (x) = O, 
dx 

Bx (x) dZ'(x) 
Z'(x) dx 

(2) 

and hence the reduction in the normal (X) field component will simply be due to 

a change in the cross sectional area. 

If on the other hand the area remains constant, i.e., Z' /:-Z' (x), then 

dZ' dBx (x) _ 1 dcf>(x) 
dx = O 8nd dx - Z' (3) 

In this case there must be a decrease in flux with distance (through a cross 

section of constant area) to produce a decrease in the normal component. In 

case (2) since B does not vary with Z the field lines will remain parallel unless 
X 

the total field B increases toward the boundary due to an increase toward the 

boundary in the component parallel to the Z-axis. Such a magnitude increase 

has not been observed in the earth's magnetic tail. 
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The rate of change in the cross sectional area at a given distance X can be 

computed from (2) if the field gradient and component magnitude in the X-direc-

tion and the area at that distance are known: 

If the total field vector is in the X-direction, i.e., 

then the total field magnitude gradient is the appropriate gradient to consider. 

This is the case to a good approximation in the earth's tail where in general 

B » B 
X Z 

If the cross sectional area of the tail remains constant, then according to 

(3) the total number of field lines in the tail must diminish with distance to 

produce a magnitude gradient. This can occur if there is reconnection of field 

lines across the neutral sheet. Consider now the case where the tail boundary 

remains at a constant distance from the neutral sheet (no field lines cross a 

boundary at a constant distance). Then a simple consideration of conservation 

of flux through cross sections at X5E= -10 RE and at XSE = -80 RE and through 

the neutral sheet shows that an average 2 gamma field component perpendicular 

to the neutral sheet would account for the total decrease in field magnitude that 

occurs in that distance. 
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However, in the interval between -10 RE and -30 RE where the greatest part 

of the magnitude decrease occurs, an average 7 gamma component perpendicular 
. ' 

to the neutral sheet would be required and nothing that large is seen on the aver-

age in that region. During the 230 hours of orbit 4 that Explorer 33 was near 

the neutral sheet an average northward component of 1 gamma was observed. 

However, it was northward in the sense of being in the direction of the positive 

Z SM axis, and the real neutral sheet may not be coplanar with the solar magneto-

spheric equatorial plane. Thus it appears that both a small amount of increase 

in the tail cross section (as yet undetected) and a small amount of reconnection 

at the neutral sheet may combine to produce the observed magnitude gradient. 

If one extends the computed regression curves shown in Fig. 36 beyond 80 

RE it is found that the tail field magnitude will have decreased to a value of 4 

gammas at a geocentric distance between 125 and 175 RE during times of low 

Kp. ~!though the magnetic field lines in the tail are probably stretched out much 

further than that (Ness et al., 1967b), the tail may be less well defined beyond 

some distance $ 200 RE if the field magnitude decreases to the quiet time inter-

planetary level at that distance. 
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VI. SUMMARY OF RESULTS 

During the first five months in orbit, the Explorer 33 satellite made detailed 

measurements at the earth's bow shock, in the magnetosheath and in the geo-

magnetic tail. This extensive survey has confirmed and substantially extended 

the results of previous investigations of those regions. 

Explorer 33 has found that the earth's bow shock is a well-defined surface 

of discontinuity at geocentric distances as great as 75 RE down the flanks. The 

average shock surface orientation computed using the classical "fast shock" 

model generally does not accurately describe the observed average orientation 

of the shock surface, although in some individual cases the model is in relatively 

good agreement with the expected orientation. 

The magnetosheath is generally found to be a region of low frequency, large 

amplitude fluctuations and high frequency, small amplitude fluctuations, with the 

magnetosheath field magnitude generally decreasing with distance away from the 

bow region until the interplanetary field magnitude is reached, During times of 

low magnetic activity index Kp, the magnetos heath down the flanks is relatively 

steady in both magnitude and solar ecliptic azimuthal angle, with most of the 

fluctuations produced by transverse waves. However, as Kp increases, the 

levels of both low and high frequency fluctuations increase and a larger 

percentage of the fluctuation is found to occur in the longitudinal mode. 
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The magnetosheath fields along the flanks are generally characterized by a 

large component perpendicular to the ecliptic plane. This component is observed 

to be alternately positive and negative, suggesting that filaments are observed 

which are alternately draped above and below the magnetospheric tail. 

Explorer 33 has generally observed a large discontinuity in magnetic field 

direction across the tail magnetopause., In addition, traversals of that boundary 

have shown that the geomagnetic tail is probably not cylindrical in shape. The 

cross section of the tail appears to be elongated in the direction perpendicular 

to the neutral sheet. The average bow shock also may not be circular in cross 

section. The shock and magnetopause boundaries move in and out by 10 RE or 

more in response to solar wind variations. The tail magnetopause is compressed 

to within 15 RE of the tail axis during magnetic storms. 

Explorer 33 has shown that the geomagnetic tail is still well defined beyond 

the lunar orbital distance. During times of low Kp the magnetic field in the tail 

is the steadiest field observed in space by Explorer 33. At various distances 

down the tail out to 80 RE the neutral sheet has been observed to be a relatively 

thin region which may undergo variations in thickness which are either spatial, 

temporal or both. Sudden commencement magnet:ic storm variations observed 
I 

in the magnetic tail beyond the lunar orbital distance are similar in character 

to the storm variations observed in the tail nearer the earth. 

A general decrease in tail field magnitude with distance down the tail has 

been found. The observed magnitude gradient is best described by an inverse 
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power of the geocentric distance along the earth-sun line. This magnitude de-

crease can be produced either by a gradual increase in the cross section of the 

tail with distance or by a reconnection of field lines across the neutral sheet. 

It may result from a combination of both mechanisms since there is no experi-

mental evidence to support the view that either effect is sufficiently large to be 

solely responsible. lf the tail field magnitude continues to decrease at the 

observed rate beyond a geocentric distance of 80 RE, then the geomagnetic tail 

may be less well defined beyond a distance from the earth of several hundred 

earth radii. 
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APPENDIX A - LEAST -SQUARES FIT ROUTINE 

The output of HU equatorial plane sensor is spin modulated about some 

base level of counts (DC level), which must be the zero level of the sensor. 

The ith sample of the output of the sensor in a given telemetry sequence may 

be expressed by 

Yi= A cos (wt-'11)+ DC. 

The error is 

E= t ei 2 = t (Y 0 -Y) 2 = t [Y 0 -(A cos (wti -'11) +DC)] 2 . 

i=l i=l i=l 

To minimize the deviations set 

and 

N ! ! = - 2 L [ y i - A CO s (wt i - '11) - DC] CO s (wt i - '11) = 0' 
i = 1 

N 

= - 2 )' [Yi - A cos (wt i - '11) - DC] = O. 
8DC L 

i = 1 

These expressions can be rewritten 



134 

N 

DC cos (wt i - lJI) +AL cos 2 (wt i - lJI) = cos (wt i - lJI) (1) 
i = 1 i = 1 

N 

N(DC) + A L cos (wt i - lJI) = Y .. 
1 

i = 1 i = 1 

Given q, k at 4° intervals from 0° to 360° (91 values) as well as w, ti and 

Yi, (1) and (2) can be solved for Ak and DCk for each Wk. In each case Ek is 

computed from 

N 

Ek= L [Yi -Ak cos (wti-111) +DCk] 2 • 

i = 1 

(2) 

The "best" values of A, DC and II' will be those corresponding to minimum Ek. 

Hence because the output from a sensor is linear in A and DC, then assuming w 

is known tables (DCk' Ak and Ek, k = 1, 91) can be constructed from table ('I\, 

k = 1, 91) and arrays of times and corresponding sensor outputs. The Ek can be 

scanned for a minimum value, Ek (min.). Then for each sensor the correspond-

ing amplitude A, DC level, and phase angle IJ1 will be the best choice for a cosine 

wave fit to the output for the given sequence. The root-mean-square error of 

the "best fit" will be 

Ek (min) 
RMSE = 

N 
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APPENDIX B - DATA TRANSFORMATIONS 

The transformation from the triaxial sensor frame of reference to the 

frame which rotates with the spacecraft but is stationary with respect to sensor 

reorientation is given, for sensor outputs (D 1 , D 2 , D 3 ), by 

BX 0 

BY = +1 

BZ A 0 

-1 

0 

0 

if the sensors are in the normal position, and by 

BX 0 

BY = 0 

BZ A +1 

-1 

0 

0 

0 

-1 

0 

if the sensors are in the "flipped" position (see Fig~ 11). 

The transformation from (X, Y, Z )A to the fixed payload (X, Y, Z )P co-

ordinates is given by 
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I:~ [cos DELTA -sin DELTA 

= sin DELTA cos DELTA 

0 0 p 

where for the kth field measurement in a telemetry sequence 

DELTA= 2n 
T . spin 

Here t s and t oA are sample time and time that the optical aspect (OA) sensor 

on the spacecraft sees the sun, respectively •. SA is the angle from the OA 

sensor axis to the GSFC magnetometer boom in the direction of satellite rota-

tion, and PSHFT is the instrumental phaseshift defined in Section IV. It has 

been determined experimentally that for 2 sec. $ T spin $ 3 sec. The phase-

shift for all three sensors is given to within ±1 ° by 

PSHFT = 5° + 1. 5 (2 - T . ) . spin 

The transformation to solar ecliptic (SE) coordinates is accomplished by 

rotating the XP axis through an angle A into the X8E axis and then rotating the 

ZP axis through an angle D into the Z8E axis. Sin A, cos A, sin D and cos D may 

be expressed in terms of the SE coordinates of a unit spin axis. These coordi'.'" 

nates can be computed from the right ascension RASE and declination DECSE of 

the spin axis in SE coordinates, which are provided on the Explorer 33 trajectory 

tape, using 
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SAXE = cos RASE cos DECSE 

SAYE= sin RASE cos DECSE 

SAZE = sin DECSE. 

cos A= f SAYE2 + SAZE 2 

sin A= SAXE 

cos D = SAZE/cos A 

sin D = SAYE/cos A. 

By combining the A and D rotations in the transformation, the SE field compo-

nents can then be computed from the payload components using 

[BY [ cosA 
0 

BY = -sin A sin D cos D 

BZ SE -sinAcosD -sin D 

sin A l 
cosAsinD 

cos A cos D 

BX] 
BY 

z p 

The transformation to solar magnetospheric (SM) coordinates is accomplished 

at the same time as the transformation to SE coordinates. Since by definition 

X8M = X8E, the only difference in transforming from payload to the SM reference 

frame from transforming to the SE frame is rotation through a different angle 

tn the YZ-plane. Using the right ascension RASM and declination DECSM of the 
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spin axis in solar magnetospheric coordinates, which are also provided on the 

Explorer 33 trajectory tape, and making use of the already computed cos A and 

sin A, the procedure is analogous to what is done in the SE computations. 

Computing 

then 

SAYSM = sin RASM cos DECSM 

SAZSM = sin DECSM 

cos DM = SAZSM/cos A 

sin DM = SAYSM/cos A, 

= [sin A sin DM 

sinAcosDM 

cos DM 

-sin DM 

cos A sin DJ l~J 
cos A cos DM ~J .. 
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APPENDIX C - ERROR ANALYSIS 

(1) Error in magnitude: 

The magnetic field magnitude is computed from 

The A subscript will be dropped for simplification of notation. Small variations 

dBi in the components Bi will change F by the amount 

clF 
dF - - dB. 

- i clB. i 
1 

= BX dBX + BY dBY + BZ dBZ. 
F F F 

Letting the error in the ith quantity be represented by s i, squaring the error 

gives 

1 
[BX2 s 3 + BY2 s 2 + BZ 2 s 2 + 2(BX·BYs s +BX·BZs s +BY·BZs s )] x y z xy xz yz 

In this case assuming that s = ±0.25 gamma, s = ±0.25 gamma and s = ±0.25 
X y Z 

gamma then 2 = s 2 = s 2 = (0 25) 2 gamma 2 and • Sx y Z • , 
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F 2 2 (BX · BY s s + BX · BZ s s + BY · BZ s s ) _ (0, 25)2 + X Y X Z y z 

F2 F2 

This error has its largest value when the signs of the components and compo-

nent errors combine so as to make all of the cross product terms positive: 

s, = Vco.25)' + (BX-BY+ :~·BZ + BY·BZ) (0.25)' gamma. 

It has its smallest value when all of the cross product terms are negative: 

s, = V (0.25)' - ~X-BY + ::· BZ + BY ·BZ) (0. 25)' gamma. 

On the average, assuming a component error is as likely to the negative as 

positive, 

s -F - -Y (0.25) 2 = 0.25 gamma. 

Thus on the average the error in the total field is equal to the error in each 

components. 

In general, according to Wilson (1952), if the variations dx 1, ••• , dx 0 = s 1 

•.. , s O can be assumed to be independently distributed and symmetrical with 

respect to positive and negative values, then s i s i ( i -1-- j ) will vanish on the 

average, so that for y = f (x 1, x 2 , ••• , x 0 ), 



141 

s.2. 
1 

This general formulation will be used to determine errors throughout this analy-

sis. As shown above, application to magnitude F yields SF 2 = 0.0625 gamma 2 • 

(2) Error in rotation angle: 

Hence 

where ss, s 0 A, sT, s 5Aand sP are the errors in sample time,OA time, spin 

period, OA sensor-boom angle, and phaseshift, respectively. If 

s s = s 0A = ±0.001 seconds 

sT = ±0.00001 seconds 

and 

s = +l 00 p - • 

then typically sw = ±0.245° = ±0.00436 radians. 



(3) Errors in payload components: 

BX = BX cos '11 - BY sin '11 p 

BY = BX sin 'P + BY cos '11 p 

BZ = BZ p 

Hence 

142 

s 2 = cos 2 '11s 2 + sin 2 '11s 2 + (BX 2 sin 2 W+BY2 cos 2 '11+2BX ·BY sin'l1cos'l1)s 1~1 BXP X y '1' 

or, since 

s~XP = (0.25) 2 gamma 2 + (BX 2 sin 2 '11 + BY2 cos 2 '11 + 2BX·BYsin'Pcos'l1)si. 

Similarly, 

s~YP = (0.25) 2 gamma 2 + (BX 2 cos 2 '11+BY2 sin 2 '11-2BX·BYsin'l1coslJl)si-

Because the Z component is not effected by the payload transformation, 

s~ZP = (0.25) 2 gamma 2 (assuming sz = ±0.25 gamma). 

Using the value found in (2) for sq,, then sBXP and sBYP typically range from 

±0.25 gamma to ±0.40 gamma for component magnitudes ranging from Oto 64 

gammas. 
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(4) Errors in solar ecliptic components: 

BX · = CA · BX + SA · BZ SE p p 

BY SE = - SA · SD · BXP + CD · BY P + CA · SD · BZP 

BZ SE = - SA · CD · BX - SD · BY + CA · CD · BZ , p p p 

where 

SA= EPX 

CA= VEPY 2 + EPZ 2 

SD= EPY/CA 

CD= EPZ/CA, 

and 

EPX = cos RASE cos DECSE 

EPY = sin RASE cos DECSE 

EPZ = sin DECSE. 

Then 

SEP/ = COS 2 DEC SE S iiECSE , 



and 

EPY 2 + EPZ 2 

2 
SEPY 

s2 = -- + SD 
CA2 

(EPZ)2 
2 

-- SCA 
CA2 

(EPY) 2 

CA2 
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In terms of all of these individual errors the total errors in the solar ecliptic 

components are given by 

2 _ BX 2 2 CA2 2 BZ 2 2 SA 2 2 
S BXE p S CA + s BXP + p s SA + s BZP 

s 2 =(SA· BX ) 2s 2 +(SD· BX ) 2s 2 +(SA· SD) 2s 2 + CD2s 2 +BY 2s 2 
BYE p SA · p SA BXP BYP p CD 

+ (SD · BZ ) 2 s 2 + ·(CA · BZ ) 2 s 2 + (CA · SD) 2 s 2 
p CA p SD BZP 

s. 2 = (SA · BX )2 s 2 + (CD · BX ) 2 s 2 + (SA · CD)2 s 2 + SD 2 s 2 · BY 2 s 2 
BZE p SA p SA BxP BYP + . p SP 

+ (CD · BZ ) 2 s 2 + (CA · BZ ) 2 s 2 + (CA · CD)2 s 2 . p CA p CD BZP 

The errors in the solar ecliptic field orientation angles ¢ SE and e SE can 

then be computed also. 

_8ince ¢SE = tan- 1 /BYS!\ and 0 SE = tan - l 
\BXsd 

( 
BZSE 

fBXSE 2 + BY SE2J' 
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then 

and 

s 2 -e - __ 2 ____ 2 ---2-

(BX SE +BYSE + BZ 8E) 

1 

If sRASE = sDECSE = ±0.1 ° and the payload component uncertainties range from 

±0.25 gamma to ±0.40 gamma, then the solar ecliptic component uncertainties 

typically range from ±0.26 gamma to ±0.43 gamma and the angular uncertainties 

from ±1 ° to ±2 °. Hence for small uncertainties in spin axis orientation, there 

is only a slight additional increase in magnetic field component uncertainty when 

the data are transformed to the solar ecliptic frame of reference. Because of 

its similarity to the solar ecliptic transformation, the errors produced by the 

rotation from payload to solar magnetospheric coordinates are of the same 

magnitude as those produced by the solar ecliptic transformation. 
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APPENDIX D -
MULTIPLE AND PARTIAL CORRELATION COEFFICIENTS 

The simple correlation coefficient between the variables F and X is given 

by 

In terms of simple correlation coefficients, the multiple correlation coefficient 

between the dependent variable F and the independent variables x1, 

is given by 

X , • · • , X 2· n 

where R is the determinant of the simple correlation coefficients r ii and R11 

is the cofactor of the element r 11 (Kenney and Keeping, 1951). 

The partial correlation between the variables F and X, independent of the 

effect on F of a third variable Z, is expressed by 

where rFx is the simple correlation coefficent between F and X. If F is a 

function of three variables X, F and Z , then the partial correlation between F 
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and X, independent of the effects on F of the variables K and Z, is expressed 

by 

where rFx .z is the previously defined partial correlation coefficient for two 

independent variables. This formulation can be extended to higher levels for 

any number n of independent variables. However, in each case this requires 

computations of n - 1 levels of partial correlation coefficients. 



INITIAL MAPPING OF THE EARTH'S BOW SHOCK, MAGNETOSHEATH 

AND MAGNETIC TAIL BY EXPLORER 33* 

by 

Kenneth Wayne Behannon 

ABSTRACT 

The Explorer 33 satellite was launched July 1, 1966 and was 

injected into a h_ighly elliptical earth orbit. The Goddard Space 

Flight Center magnetic field experiment on board the spacecraft 

consists of a triaxial fluxgate sensor with a maximum dynamic range 

of ±64_ gammas and a sensi ti vi ty of ±0. 25_ gammas along each axis. 

Because of the initial ap_ogee-earth-sun angle of 118° west of the 

sun, the first 8 orbits of Explorer 33 (July-November 11, 1966) mapped 

the earth's magnetosheath and magnetic tail from the western flank.of 

the bow shock to the eastern flank. This mappi_ng_ of the geomagnetic 

tail out to 80 earth radii established that the tail extends beyond 

the lunar orbital distance. Explorer 33 has also found that the 

earth's bow shock is still a detectable boundary between the inter-

planetary magnetic field and the downstream magnetosheath at a geo-

centric distance of 75.7 earth radii. This spacecraft has further 

revealed that the cross section of the geo~agnetic tail is probably 

not cylindrical, and that the m_agnetic field magnitude in the tail 

decreases with distance down the tail from the earth. This magni-

tude decrease can be due both to a gradual expansion of the tail 

with distance and to a reconnection of m_agnetic field lines across 

the tail neutral sheet. 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148

