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Abstract

An analysis of magnetic field measurements in the geomagnetic
tail from Explorers 33 and 35 during 1967-1968 has shown that there
is a broad region of depressed field masgnitude approximately 12 RE
thick and centered on the neutral sheet. The solar magnetospheric
BZ component is proportionately larger within that region than
outside of it. By is found to decrease with distance from the earth
but to be positive on average within the depressed field region out
to a distance of 70 RE,'indicating that while for short periods of
tire the neutral line may be closer to the earth than the orbital
distance of the moon, on average it is beyond that distance. A
negative BZ component was found in.2/3 of the measurements outside
the depressed field region, This analysis has shown that the
magnetotail field diverges on the order of 5° from the tail axis.
This result together with the BZ observations supports a geometry in
which for large |Z,| the tail field is diverging inthe Zgy as well as
the Y, direction, but is converging slightly toward the neutral
sheet within the depressed field region. The observed divergence
produces an increase in the radius of the tail of approximately 3.8
Rg between distiances of 20 RE and 70 RE from the earth, The
combination of expanding tail and reconnection at the neutral sheet
can account for an inverse power law field magnitude gradient of the
form B « |X|'°’3. The Explorer 33 and 35 measurements also indicate

that the geomagnetic tail has an average aberration of 2.9:0.20.



Introduction

The initial mapping of the magnetic field in the geamagnetic
tail out to a distance of 31 RE by IMP 1 established the basic
structure of the tail, In addition to the generally steady, well-
collimated nature of the field in the tail, a radius of approximately
20 Ry was deduced and the existence of a relatively thin (s1 RE)
neutral sheet separating oppositely directed fields was established
(Ness, 1965; Speiser and Ness, 1967). Explorer lh measurements
showed a broad region of low field magnitude surrounding the field
reversal region at a distance of 10-12 Ry (Cahill, 1966). Observations
of electrons and protons with E > 100 eV by the Vela satellites at
geocentric distances betweern. 15.5 and 20.5 RE showed that the plasma
sheet surrounding the neutral sheet is often 4-6 Rg thick near the
midnight meridian, increasing to approximately twice that thickness
near the dusk and dawn boundaries (Bame et al., 1967).

Observations in the distant geomagnetic tail by Explorer 33
during 1966 showed that the tail is well-defined to a distance of
80 Ry (Ness et al., 1967a) and Pioneer 7 shuwed that it may extend
as far as 10° RE (Ness et al., 1967b). It was found that the field
magnitude decreases with distance from the earth, with a gradient that
can be described by an inverse power law (Behannon, 1968a; Mihalov
et al., 1968)., The initially observed gradient has shown no

statistically significant secular change (Mihalov and Sonett, 1968).
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It has been suggested that the tail gradient must be the result

of either reconnection of field lines across the neutral sheet or ' -
an increase in the radius of the tail with distance, or a combination E
of the two mechanisms (Behannon, 1968a; Mihalov et al., 1968). The
early Explorer 33 data further suggested that the tail may not be
circular in cross-section but rather is elliptical with the major
axis in the ZSm direction (Behannon, 1968a). All of these basic
features of the tail field topology have been reviewed in detail by
Ness (1969) and by Behannon and Ness (1969).

Explorer 35, in orbit about the moon since July 1967, spends
approximately 3.5 days in the magnetic tail each month., An analysis
of Explorer 35 magnetic field date has shown that no variations
due to an intrinsic lunar field are detected in the data when the
spacecraft is in the geomagnetic tail (Behannon, 1968b). The
Explorer 35 data have provided the most extensive mapping to date
of both the tail field in the plasma sheet region and the location
of the tail boundary at a constant distance down the tail from the
earth, This investigation combines the Explorer 35 tail field

measurements with those of Explorer 33 for the period July 1967-August

1968, Evidence is presented for the existence of:

G

1. A broad region of depressed field magnitude and

increased BZ component surrounding the neutral sheet;
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2. A slight divergence of tail field lines with distance
from the earth; and
3. An aberration of the tail axis.
The location of the neutral sheet relative to the solar magnetospheric
XY plane is discussed and the contributions of the expansion of the
tail and the reconnection at the neutral sh et to the observed

gradient are considered.



Data Distribution

The statistical portion of this investigation used a total of
2085 hours of combined Explorer 33 and Explorer 35 magnetic field
data in the formof hourly average magnitudes and direction angles.
The angles were computed from the hourly average solar magnetospheric
cartesian components of the field. Only those averages for which
=70 < xsm < =20 RE were used, For location of magnetopause and
neutral sheet traversals 81.81 sec averages of the total vector
measurements were utilized,

One third of the hourly averages used for the statistics
corresponded to values of Kp > 2. Of those for which Kp < 2,

72% were for Xsm < =50 RE due to the contribution of Explorer 35 at
the distance of the moon. A median tail field magnitude of 8.9y
was computed for all data for which Kp < 2; however, tnis average
is not very meaningful as an average for the entire tail because of
the distance bias in the data. A median magnitude of 11.8Y was
obtained from the data for which Kp > 2.

More meaningful are magnitude distributions for a limited range
of Xem, especially in the distant tail where the magnitude gradient
is small. Swuch distributions are shown in Figures 1 and 2 for
-65 < Xy $ =55 Rg. Figure 1 shows a partitioning of the data
by Kp * 2, > 2, and Figure 2 partitions the data by Z_, Tange for

Kp < 2, A difference of 2,3y in median magnitude was found for
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separation by Kp. In Figure 2 it is seen that a broad distribution

is found for an inner region 12 Rp thick in the Zsm direction and
centered at Zsm = +2 Rg, whereas a more peaked distribution is

found outside that region., The inner region had a median magnitude
vwhich was 1.7Y lower than that for the outer region. For the same
geometry the difference is 2.2y for the full range of -70 s Xsm s -20 Rg.
In the still smaller core region O < Zg < 5 Ry, within which 2/3

of the neutral sheet observations occurred, a median magnitude of

7.0y was found for 357 howrs of data with =70 < Xsm £ -20 R.E.
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Depressed Field Region

The region 0 < Zsm <5 RE is seen as the region of lowest average
field megnitude in Figure 3. This figure demonstrates the existence
of a broad region of depressed magnetic field magnitude in the
geomagnetic tail near the solar magnetospheric equatorial plane,

The date in Figure 3 consist of 1346 hourly averages for which
=70 < xsm < =20 RE and Kp < 2, Plotted in the top portion of the
figure are averages of the hourly magnitude values for each 2 RE
interval of zsm’ The RMS megnitude deviations corresponding to
each of the 2 RE magnitude averages are shown in the lower part of
the figure.

Vertical lines at Zsm =+8 RE suggest that the depressed
region is asymmetric with respect to Zsm = 0. Because Explorer 33
is in the tail only during the months May through October, more
than 2/3 of the data used for Figure 3 were from measurements
performed during those months., 1Indeed there is very little difference
between Figure 3 and a comparable figure for the summer data alone,
However, as will be shown, 11 out of 13 intervels of neutral sheet
observations by Explorer 37 during the winter months November to
January occurred at Zsm > 0.

The RMS values in Figure 3 show some tendency to decrease for
large values of lzsml' However, the distribution is in general

relatively flat, especially within the depressed field region, with
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the highest values near the boundaries of that region. This suggests
that the low magnitude portion of Figure 3 is not produced solely
by a thin low field region constantly in motion throughout the
broader region but rather by a physically real, broad depressed
region which itself exhibits motion at its upper and lower
boundaries. ''he average depressed region is approximately 12 RE
thick, which is consistent with the plasma sheet thickness near
the dawn and dusk boundaries of the tail (Bame et al., 1967).
Another feature of the depressed mesgnitude region is the
tendency for the By component of the field to be larger within the
region than outside, This is illustrated in Figure L where the
eleation angle of the field esm is shown as a function of the
Zom positior of the measurement. The figure summarizes 1120 hours
of data. The +90° range of Oy, hus been subdivided into 12 intervals
corresponding to equal ares latitude regions of a spherical surface.
The number of cases of hourly values of esm falling within each
angular interval as well as within 2 RE intervals of Zg, has been
tabulated, and the esm and Z., marginal distributions are also given.
Figure L illustrates not only the thickness of the region in
which the By compcnent of the field is a significant fraction of the
total field but also the essentially positive character of the

B, component for =70 s Xem 5 -20 Rg. Negative values of BZ are found



to predominate only fof |Zg,| large. This suggests that whereas
the magnetic field lines tend to converge toward the neutral sheet
in the plasma sheet region, at large values of |Z.,| the field
diverges slightly. This is consistent with a slight divergence
which is found to occur in the IYsm directions. This will be
discussed in a later section.

Seventy-five percent of the depressed field region data in
Figure 4 correspond to a positive B, component. Since 72% of the
data used in Figure 4 correspond to values of X < -50 R, the
predominance of positive BZ on the average in the plasma sheet
region as tabulated in the figure supports the conclusion that
the neutral line is generally beyond the region of the data, i.e.,

be yond Xsm = <70 RE.
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Tocation of the Neutral Sheet

Speiser and Ness (1967) suggested that because the neutral
sheet begins near the geomsgnetic equatorial plane, one might expect
to find that the change of tilt of the magnetic dipole between June
and December would shift the neutral sheet from above to below the
solar magnetospheric equatorisl plane., The Explorer 35 neutral
sheet traversal data were investigated for evidence of this seasonal
shift of position. Unfortunately during the summer when the neutral
sheet should be above the solar magnetospheric XY plane the moon is
generally located below that plane, and the opposite is true for
the winter months. However, traversals of the neutral sheet by
Explorer 35 did occur, and for random motions of the sheet and equal
numbers of hours of observations during the two seasons one would
expect approximately symmetrical distributions of traversal locations.

Figure 4 shows the locations of points on the Ysmzsm plane
where Explorer 35 observed at least one clear field reversal while
passing through the tail during both northern hemisphere summer
months (May-July 1967) and winter months (November 1967-January 1968).
During those periods there were 192 hours of winter data and 201
hours of summer data. Thus there were approximately equal numbers
of hours in each seasonal interval. Along the sides of the figure
are plotted the distributions of the data as functions of Zsm

position for the summer (left) and winter (right) periods. As can
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be seen, these distributions have similar profiles with pesaks
at approximately Z., =+ 5 RE'

Even though a high degree of symmetry existed in the sampling,
out of 18 clear occurrences of single or miltiple neutral sheet
traversals, only 5 such events were observed below the Ysmzsm plane.,
This implies that at the lunar distance during these periods the
neutral sheet tended to have a Zg, coordinate more positive than

negative on the average, even during the winter months.
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Divergence and Aberration of Tail Field

Mihalov et al. (1968) have reported that in 1966 the geomagnetic
tail field observed by Explorer 33 tended to have a component toward
the dawn side of the tail, both above and below the field reversal
region. This "skewing" of the tail field, which was found to be more
pronounced near the field reversal region, was attributed to a
twisting of field lines.

The results ol this present analysis of data from Explorers 33
and 35 are consistent with the view that angular deviations of tail
field lines from the sun-earth direction are produced both by a
spreading of the tail field with distance from the earth and an
aberration of the tail due to the earth's motion about the sun,

Shown in Figure 6 are 1262 hourly values of the field azimuthal
angle ¢ . as a function of Ysm across the tail. Data from both
below the field reversal region and above it are folded together
so that the angle between the field and the earth-sun line in the

X m plane is plotted whereas the polarity of the field, either

sm's
toward or away from the earth, is not considered. Thus hours for
which @, was 190° and 010° would have the same abscissa.

An appreciable number of cases are seen in which the field
made a large angle with the 360°/180° direction. These points

are from the plasma sheet region where the direction is found to

fluctuate widely. Even with the greater scatter due to those
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points being included, the general trend of the data is unmistakable.

When only data for which lzsml is large are used the trend of the )

dats is even mor.: obvious. :
A least squares fit to the plotted data is shown. It reveals

two significant features of the distribution. The negative-slope

tilt of the distribution can be interpreted as resulting from the

divergence of the field away from the tail axis with distance from
the earth, A line with positive slope would result from converging
field lines, whereas a configuration in which all the field lines
on- one side of the neutral sheet are deviated to the west and those
on the other side to the east would result in two separate distributions,
both parallel to the 360°/180° line. The data were separated into
measurements below the field reversal and those above it, and the
result was the same in each case as that shown in Figure 6 for the
combined data. Thus the distance of field lines from the xgﬁZSm
plane is increasing with distance from the earth on both sides of
that plane and both above and below the neutral sheet., The

divergence is found to be greater inside the plasma sheet region

than outside.
The second significant feature of the data is the tendency for

o
field lines with direction 360 /180o to be located at a negative

value of Ysm (the point where the linear fit to the data crosses the
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360°/180° 1line). This reflects the aberration of the tail axis
west of the antisolar direction as viewed from the earth. An average
aberration of 2.70 is obtained from this analysis. The divergence,
together with the aberration, results in an average solar-magnetospheric
azimuthal angle for the field of ¢, = 187° at Yon =-20Rg and
170° at + 20 Ry,

Another approach to obtaining a value for the average
aberration is through analysis of the tail boundary traversal data.
This also can yield information on the shape and size of the tail
cross-section, Figure " .- ymarizes sucl traversal data for
Explorers 33 and 35 during 1967-1968. The line segments plotted
represent periods during which a series of multiple crossings were
observed. They are projections of the trajectories on the Ysmzsm
plane. The single point on the positive Y, side of the tail
represents a case of only one traversal being seen. The two points
on the negative Ysm side are final traversals in series of multiple
traversals where the initial crossings were not clearly distinguishable
from neutral sheet effects,

A non-linear least squares fit of a circular cross-sectionto
the mean traversal points results in an aberration of 3.l° and a
radius of 23.8 RE at the distance of the moon. An eberration of

2.7° was obtained by the other independent method. Strong et al.,
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(1967) reported that from July 1964 to July 1965 the solar wind
velocity had an average component from l.ho east of the sun,
corresponding to an azimuthal velocity of 10 km/sec. When this
is added to a tail aberration angle of 2.9 + 0.2° one obtains a
value of 397 + 18 km/sec for solar wind velocity,

According to Burlaga (private communication) Explorer 34 solar
wind observations have not found the azimuthal component to be as
large as that reported by Strong et al., from the Vela 2A and 2B
observations., Brandt et al., (1969) state that an azimuthal
velocity of 2.5 km/sec in the vicinity of the earth is consistent
with quiet time comet data. Explorer 34 found the solar wind to
have an average velocity of LLO km/sec for eight months of
observations in 1967 (Burlaga, private communication). This
value together with an average aberration of 2.9° suggests an
average solar wind velocity from 1.0° east of the sun,

Although a circular cross-section was drawn to the boundary
traversal data in Figure 7, as can be seen there were multiple
traversals of the boundary by Explorer 33 at large negative values
of Zgy. As was noted in 1966 (Behannon, 1968a) the southern
boundary of the tail is generally encountered at values of Zsm
near =30 RE’ suggesting an elliptical cross-section for the tail

with greater breadth in the Zom than in the Ysm direction by
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approximately 3 to 2. This is consistent with a tail

consisting of two approximately circular bundles of flux from
the polar caps aligned adjacent to one another, It should be
noted, however, that one complete pass by Explorer 33 in 1968
just inside a radius of 30 RE failed to contact the tail a single

time .
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Contributions of Field Line Divergence and Reconnection to

the Magnitude Gradient.

It has been shown that the geomsgnetic tail field diverges
slightly with distance from the earth. If this results in an increase
in the radius of the tail with distance, then the divergence will
contribute to the observed magnitude gradient, in addition to any
contribution through loss of flux due to reconnection across the
neutral sheet or at the boundary. The tail radius has been shown
to be approximately 23.8 RE near a distance of Xsm = =60 Rg. This
is 3.8 RE greater than the average radius of 20 RE found near xsm=
=20 RE‘ An increase of that magnitude would result from an angle
of So between the tail boundary and the tail axis. This is not
inconsistent with the results of the Pgy analysis.

If one assumes that only the divergence of the tail is
effective in producing a magnitude gradient, than the average
magnitude B; at a given distance down the tail, where the radius
is Ry, is obtained in terms of the magnitude B; at a point where
the radius is R; (R; > R,) by using the invariance of the magnetic

flux. This gives

¢, =1

or ByA, = BiA,

1

where A, and A; are the cross-sectional areas at distances of X,

and X,, respectively, Hence
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R,?
(Ry + AX tana)®

or Bg =Bl

where AX = X;-X; and o is the angle between the tail boundary and
the tail axis. Using this relationship and = = 5° curve A in Figure
8 was computed. The solid curve in the figure is the inverse power
law B « |X|™©°2 found for the 1966 data (Behannon, 1968a). The
value from the observed gradient at Xom = =20 Rp was used as the
initial value for curve A, As can be seen, a 59 divergence of the
tail does not by itself cause the magnitude to decrease with distance
in a manner consistent with the observed gradient.

Curve B, which is a simple model of the reconnection gradient,
is also seen to be unable alone to account for the observed gradient.
Curve B was calculated using average solar magnetospheric BZ~
components observed in the range 0 < Zsm £5 RE for Kp < 2, Averages
of the hourly B, velues were computed for each 10 Ry interval of

xsm for -70 s xsm £ 20 RE' These averages were:

for X distance = 20-30: By = 3.52Y
30-ko: 1.87y
40-50 1.0ly
50-60: 0.69y

60-T0: 0.55y
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A calculation of ithe gradient was made using conservation

of flux:
er‘ QI-QZ

where §, and ¢, are fluxes through semi-circular cross-sections

of the tail at distances X; and X; (X, > X,) and §; is the flux

lost in reconnection at the neutral sheet between X; and X;.

Then for a tail of constant radius and hence constant cross-sectional

ares A,

en el
where Ayy is the area of the neutral sheet between X; and X, and
By is the average normal field component over that area. Using this
highly simplified model and the observed average By values,
gradient B was calculated.,
Since it is clear that both gradient-pro cing mechanisms
are contributing to the tail gradient, th: combined effect was

computed using

Ra
1 A
=B - B XY
ik (R, + OX tan @) 2 A(X)

In which the cross-sectional area A(X) is now increasing with

distance down the tail in accordance with the 5° divergence of the
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tail boundary, This celculation at 10 RE intervals along the

tail produced curve A+B in Figure 8, As can be seen, even this

simple approach can produce & gradient that is consistent with the

inverse power law B = |x|™°*%.
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Summary

An analysis of measurements in the geomagnetic tail during
1967-1968 has shown that there is a broad region approximately
1z RE thick centered on the neutral sheet in which the field
magnitude is deprccsed and the BZ component of the field is a
larger fraction of the tctal field than outside the region.

During the period of the data both the depressed magnitude region
and the neutral sheet were on the average centered above the

solar magnetospheric equﬁtorial plane, For all data for which

=70 < xsm < =20 RE and Kp < 2, the median magnitude inside such

a broad region centered at Z,, = it RE was found to be approximately
2y less than the median magnitude outside the region. The depressed
region agrees quite well with the region in which the plasma

sheet was detected by Vela spacecraft near 17 RE (Bame et al.,
1967).

This analysis also has revealed a slight spreading of the tail
field with distance down the tail, The existence of a field
component normal to the tail magnetopause has not yet been
established experimentally. If the tail field is generally tangent
to the boundary then the analysis suggests that the radius of the
tail increases with distance between xsm = =20 RE and X, = -70 Rg.
Boundary traversal observations at the distance of the moon indicate

that the increase is not greater than 3.8 RE' The data were
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investigated for a systematic variation of the field divergence
with distance down the tail, but none could be detected,

The average solar magnetospheric BZ component of the field
in the depressed field region was found to decrease with distance
from the earth. The average BZ component was negative only 25%
of the time within that region while outside the region it was
negative 67% of the time., These data support the view that in the
ZSm direction the field is converging and reconnecting within
the plasma sheet and diverging outside that region, with the neutral
line generally beyond the orbit of the moon. These results do not
support the suggestion by Dessler {1968) that the neutral line is
as near to the earth as 20 RE.

The expansion of the tail with distance and the reconnection
at the neutral sheet both contribute to the field magnitude gradient
in the tail. Simple flux corsiderations lead to a gradient from the
two mechanisms that is in good sgreement with a gradient proportional
to |X|™+®. Such a gradient was found to describe the 1966 Explorer
33 measurements (Behannon, 1968a). However, Mihalov and Sonett

(1968) reported gradients of B « [X|©°738 and B = |x|™0+798,

respectively, from analyses of 1966 and 1967 tail data. These

differ from the results reported by Behannon pradominantly in the

steepness of the gradient at the near-earth end of the tail. A

hisiatios
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gradient was not computed for the data used in this current analysis
because of the sparseness of the data near Xsm = «20 RE’ which is
the most critical region in accurately establishing the correct
exponent in the assumed power law variation.

If the gradient is much steeper than that shown in Figure 8
then it is obvious that the results used in this analysis would not
suffice to describe the magnitude decrease. Either a larger B,
component at a distance of 20-30 RE or a considerably larger
increase in the radius of the tail with distance, or again a
combination of both effects, would be required to account for such
a steep decrease, unless it is due to reconnection at the magnetopause.

This investigation has found an average aberration of the tail
of 2.9o * 0.2° based on two independent methods of analysis. An
average solar wind velocity of 4%0 km/sec is obtained from such an
sberration if the solar wind has a component from 1.0° east of the
sun,

The analysis of tail boundary traversal data supports previous
evidence that the tail is not actuelly circular in cross-section but
rather is elliptical with the semi-major axis oriented along the

solar magnetospheric Z axis.
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Figure Captions

Geomagnetic tail field hourly average magnitude
distributions in a 10 RE interval of the tail at the
distance of the moon for Kp < 2 and Kp > 2 during 1967~
1968. Median magnitude is indicated above each
distribution., The only magnitude value exceeding 20y
for Kp > 2 was in the interval 24-25y,

Field magnitude distributions at the lunar distance for
Kp < 2 and for measurements both inside a region

=4 < Zem S 8 Rp and outside that region. The
distribution for the inner region extends to both
higher and lower magnitudes than that for the outer
region,

Average variation of tail field magnitude with distance
from the solar magnetospheric XY plane (upper curve).
The lower curve shows the scatter in the hourly average
magnitude values which were averaged to obtain the upper
curve, The magnitude data show a broad region of
depressed fields centered above ZSm = Q.

Summary of tail field elevation angle in solar magnetospheric
coordinates as a function of distance Zoy from the XY
plane. The numbers of hourly values falling within each

of the indicated intervals of Pem and Z., are tabulated.
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The region of increased positive field component out
ot the XY plane coincides with the depressed magnitude
region shown in Figure 3.

Figure 5 Projections on the solar magnetosphere YZ plane of the
positions of Explorer 35 in the tail when either a single
isolated field reversal was observed or a discrete series
of multiple neutral sheet traversals were detected, A
separation of the data into summer (+) and winter (=)
observations is shown and the associated distributions
of all tail data during those months according to Zsm
position are shown along the sides.

Figure 6 Variation of the solar-magnetospheric azimuthal angle of
the tail field with distance from the XZ plane, with the
polarity of field lines suppressed. The tilted orientation
of the linear fit to the distribution and the displacement
of the point at which that line has a value of 360°/180°
to the negative side of Yoo=290 demonstrate both the
divergence of the tail field with distance from the earth
and the aberration of the field.

Figure 7 Projections on the solar-magnetosphere YZ plane of trajectory
intervals when Explorers 33 and 35 observed the magnetotail

boundary near the orbital distance of the moon., Reference



Figure 8
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circle shows aberration of the tail and the mean radius

at which traversals along the dewn and dusk flanks occurred.
Explorer 33 measurements near Zsm = 30 RE suggest an
elliptical cross-section for the tail.

Comparison of observed gradient of the tail field magnitude
with gredients computed using tail field divergence and

average solar magnetospheric B, component results., As

Z

can be .een only a combingtion of the two effects

adequataly descr.bes the measured gradient,
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FIGURE 7
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