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Abstract. A study has been made of electron density and total electron content in tubes
of force near the knee in magnetospheric ionization. It was based on whistler observations
made at Eights, Antarctica, in July and August 1963, under conditions of steady, moderate
geomagnetic agitation (K, = 24). During the period 0100-0400 LT, the electron density near
the equatorial plane at a geocentric distance of 4 Rz drops a factor of 30-100 within a dis-
tance of less than 0.15 Re. The corresponding change in tube content above 1 cm?® at 1000 km
is a factor of about 10 within less than a degree of latitude. The afterncon profiles are gen-
erally similar to the postmidnight results. In the afternoon the profiles are often well defined
outside the knee, falling smoothly to about 1 el/em® at 7 Re. Both the equatorial and tube con-
tent profiles show a definite repeatability between observations at a given local time and under
conditions of moderate, steady geomagnetic agitation. Diurnal effects are evident, with ampli-
tude differing from point to point on the profiles. The problem of the field-line distribution
of ionization has been studied with a view to minimizing error in the profiles. Experimental
and theoretical support has been found for using a diffusive-equilibrium distribution along
the field lines inside the knee and a ‘collisionless’ model, behaving approximately as N, o
R, along the field lines outside the knee. A study of error shows that the uncertainty in in-
dividual points on the knee profiles is everywhere less than a factor of +2, and on the con-

Fesruary 1, 1966

tent profiles less than a factor of *=1.5.

INTRODUCTION

The principal purpose of this paper is to de-
seribe details of electron density and total tube
electron content near the knee in magneto-
spheric ionization. The results are drawn from
the whistler data from which the companion
paper, K-1 [Carpenter, 1966], was prepared.
A part of this report will be devoted to dis-
cussion of the field-line electron-density models
used in the calculations and to error in the ex-
perimental results.

Introductory material on the knee phenome-
non and on the whistler experiment was pre-
sented in K-1, and we therefore move directly
to results’/on electron density and tube content.
Repeating the convention of K-1, we shall use
dipole coordinates and an equatorial radius
parameter, writing 4 R, or B = 4 to indicate
the geocentric equatorial distance 4 earth radii
and, when appropriate, the field line with that
distance to its equatorial crossing.

10n leave from Escola Politéenica, Universi-
dade de Sdo Paulo, Brasil.

EXPERIMENTAL RESULTS

Reference profile. As a reference for the re-
sults on the knee, we have caleulated equatorial-
density and total-tube-content profiles corre-
sponding to the whistler shown on the upper
record in Figure 1. This event was recorded
at about 0150 LT during extremely quiet plane-
tary magnetic conditions, when the equatorial
distance to the knee is expected to be large
(see K-1). Thus the many components in the
whistler represent a broad range of field-line
paths inside the knee. Figure 2 shows the cal-
culated equatorial profile of electron density;
Figure 3, the corresponding profile of total
electron content in a tube of force versus dipole
latitude at 1000 km. The latter profile is cal-
culated for a tube with cross section of 1 em®
at 1000 km altitude and extending from 1000
km to the equatorial plane.

In Figures 2 and 3, and in many of the fol-
lowing figures, there are three types of data
symbol, corresponding to three levels of pre-
cision in the measurements. The solid symbols
represent highest precision; isolated open sym-
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Fig. 1. Spectrograms of two whistlers recorded less than a minute apart at about 0150
LT on June 6, 1963, at Eights, Antarctica. Planetary magnetic conditions were extremely
quiet at this time. Two events are shown to emphasize the repeatability of whistler proper-
ties on a scale of minutes, The horizontal lines at the top of the records represent trans-

missions from VLF stations.

bols, and next highest. In the lowest category
are open symbols from which short lines ex-
tend to indicate the range of experimental
error.

The equatorial profile of Figure 2, though in-
tended as a reference, contains in itself some
new information. Near 3 Ry, the curve is rela-
tively flat. The slope increases between 3.5 and
4 Ry; from about 4 to 5.7 Ry the curve drops
off roughly as B~. Most previous reports on the
undisturbed profile have been based on aver-
ages from many events (see Carpenter and
Smith [1964]). The profile has been found to
fall between about R and R™, but the aver-
aging methods used may have tended to obscure
certain changes in slope that can exist within
a given profile.

The content profile of Figure 3 is also of
special interest. It shows a relatively steady in-
crease between 52° (By ~ 3) and 57° (By ~
4), after which it remains roughly constant to
the last measurement at 64° (B; ~ 6). Were
the content proportional to tube volume over
the higher latitudes, it would increase by a
factor of about 5 from 57° to 64°, following the
trend shown from 52° to 57°.

Electron density near the knee on the night-
side, 0100-0400 LT. Nightside data are of
special interest because of the particularly large
scale of the knee during the postmidnight hours.
Several examples from the July—August period
of 1963 are shown in Figure 4 in coordinates of
electron density versus geocentric equatorial
distance. Each example was found to be gen-
erally representative of conditions persisting
for several hours or more. (The August 5 re-
sults are a composite of two roughly similar
events recorded 3 hours apart.) For both events
the magnetic condition was one of steady but
moderate geomagnetic agitation, with the K,
index in the range 2—4. (Paper K-1 shows 'that,
for such conditions, the knee is typically ob-
served at about 4 Ry in the postmidnight
hours.) The reference profile of Figure 2 is
shown in Figure 4 as a continuous curve.

Two data points in a given multicomponent
whistler may represent conditions on paths
spaced several degrees apart in longitude. How-
ever, if the equatorial radius of the knee can
be measured over periods long in comparison
with the local-time spread in paths, it is fre-
quently possible to interpret the results in
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Fig. 2. Reference profile of equatorial electron
density versus geocentric distance in earth radii,
corresponding to the multicomponent whistler of
Figure 1. Extremely quiet planetary magnetic
conditions are represented. The various symbols
indicate three levels of precision in the measure-
ments, as described in the text.

terms of conditions on a given meridian. This
is particularly true of post-midnight observa-
tions. For example, it was found that on August
4, 1963, the radius of the knee was unchanged
for an hour before and an hour after the ob-
servation illustrated in Figure 4. (Such periods
of unchanging radius are common, although on
the average the radius decreases at night as de-
seribed in K-1.) This implies that at 0850 UT,
even with some longitude spread in the paths,
the profile on any given meridian of longitude
within several degrees of the meridian of Eights
must have had approximately the form indi-
cated by the data points in the figure.

From Figure 4 we draw the following con-
clusions, emphasizing that each set of points
represents many similar observations on the
same date.
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Fig. 3. Reference profile of total electron con-
tent in a tube of force (above 1 em?® at 1060 km)
versus dipole latitude at 1000 km, corresponding
to the whistler of Figure 1. Extremely quiet
planetary magnetic conditions are represented.
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1. At the knee, electron density drops by a
factor between 30 and 100 within a distance less
than about 0.15 R;. For the present, 0.15 R is
the limit of our resolution. (The two data points
at ~4.5 Ry for July 7 represent an unusual
case in which propagation was observed at an
intermediate level between the top and bottom
of the knee.)

2. The data points in the high-density re-
gion are distributed in a manner similar to that
of the reference profile, but with values below
the reference. This difference is tentatively at-
tributed to the difference in the magnetic ac-
tivity represented by the knee data and by the
reference curve.

3. There is a general tendency for the data
points to cluster at two well-defined levels
(again with the exception of the July 7 case).

4, Data points in the low-density region are
restricted to a fairly narrow region just outside
the knee.

Spectrographic records of the July 8 event
and of two other events recorded on July 8
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Fig. 4. Four profiles of equatorial electron
density near the knee during the period 0100-
0400 LT and for conditions of moderate, steady
geomagnetic agitation (K; = 2-4). The observa-
tions were made at Eights, Antarctica. The three
types of symbol indicate three levels of precision,
as deseribed in the text. The solid curve is a rep-
resentation of the reference profile of Figure 2.
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Fig. 5. Spectrograms of three whistlers observed within a period of about 3 minutes near
0200 LT on July 8, 1963, at Eights, Antarctica. The drastic knee effect is described in the
text. The fixed-frequency signal injected near 5.0 kHz represents transmission from NBA at

180 kHz.

between 0659 and 0702 UT (about 0200 LT)
are shown in Figure 5. In each of the three
similar events, the main group of traces ex-
hibits a pattern of descending nose frequency
with increasing travel time at the nose. In the
main group, nose frequencies range from above
10 to about 5.6 kHz, the travel time at the
5.6-kHz nose being about 1.8 seconds. The
main body of traces is followed at a travel time
of several seconds by a third-hop echo (some-
what obseured on the lower two records by
other events). The most striking feature of the
three whistlers is the single, somewhat diffuse
trace propagating just outside the knee and
showing a travel time of about 0.3 second. (Al-
though the upper part of this trace is not well
defined, partly owing to its near coincidence

with an impulsive sferic on the top record, ex-
amination by means of film techniques reveals
a nose in the range 53-6.0 kHz.) The travel
time of this component corresponds to a group
velocity of approximately ¢/2, far greater than
that customarily associated with whistlers.
Spectrograms of the event of August 4, 1963,
are shown in Figure 6. Here the details are
difficult to describe, owing to the presence of
additional events in the background. At the
right is a whistler with two closely spaced nose
traces at a travel time of about 1.6 seconds. A
strong, wide knee trace, limited in frequency
range, appears with nose frequency of 6.3
kHz and travel time of 0.4 second (compare
with Figure 5). At the left of the record is a
whistler in which the observed components are



WHISTLER STUDIES OF PLASMAPAUSE IN MAGNETOSPHERE, 2

restricted to the region inside the knee. In this
event, a trace with nose frequency at 12.6 kHz
and nose travel time of about 0.6 second is well
defined, as is a single trace with nose at 5.6
kHz, propagating near the inner edge of the
knee.

Total electron content in tubes of force near
the knee, 01000400 LT. The examples de-
scribed above in terms of electron density in
the equatorial plane are plotted in Figure 7 in
terms of total electron content in tubes of force
with cross section of 1 em® at 1000 km and
extending from 1000 km to the equatorial plane.
Total content is of particular interest be-
cause, as was recently pointed out by Geisler
and Bowhill [1965a], the caleculated value of
tube content is relatively insensitive to the
choice of field-line model used in the computa-
tions.

Our conclusions about tube content are simi-
lar to those made about the equatorial profile.
Within less than a degree at 1000 km, the total
content above 1 em? drops by a factor of about
20 (again excluding the July 7, event). Inside
the knee, the data tend to follow the reference
curve, but at a slightly lower level. The tend-
ency of points to cluster at two well-defined
levels is again clear.

The similarity between the equatorial and
tube-content profiles suggests that the knee
phenomenon is under strong geomagnetic con-
trol. Direct observations of a knee effect at
points well removed from the equatorial plane
have recently been made on Ogo 1 by Taylor
et al. [1965] through mass-spectrometer meas-
urements, and by Whipple and Troy [1965]
using an ion trap.

Electron density near the knee in the after-
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noon. Examples of equatorial profiles for the
afternoon hours are shown in Figure 8. Again
the magnetic condition represented is one of
moderate and steady agitation. The scale of
the knee, though apparently somewhat smaller
than that of the nightside, remains large, in-
volving a decrease by more than an order of
magnitude. Again, there is a clear tendency for
the data points to ecluster near well-defined
levels. The tenuous outer region is defined for
a distance of several earth radii, well beyond
the range of definition on the nightside (Figure
4). In the outer region, the profiles do not show
a return to higher levels, but instead fall off
steadily and with a smoothness (see August 4
and July 31) comparable to that of the refer-
ence profile for magnetically quiet conditions
inside the knee (Figure 2). Near 7 R, the elee-
tron density reaches 1 el/cm’, a factor of
roughly 4 less than the ion densities reported
for the region outside the magnetosphere bound-
ary [Wolfe et al., 1966].

The August 4 and July 31 profiles also ex-
hibit a relatively large overlap, or double-valued
condition, at the knee. Such an overlap, of the
order of 0.3-0.4 R; in extent, may be attributed
to the combination of a longitude spread of
paths in a multicomponent whistler and corre-
sponding longitude variations in the equatorial
radius of the knee. Many examples of large
overlap occur in the late afternoon, and ean
be clearly identified with the rapid radial shift
in the knee position deseribed in K-1. Many
others do not appear to be in that category, and
we therefore suggest that a longitude ripple
in the equatorial radius of the knee may some-
times occur on the dayside, with peak to peak
amplitude as great as 0.4 R..

(0350 LT)

Fig. 6. Spectrograms of whistlers observed at about 0350 I.T on August 4, 1963, at Eights,
Antarctica. Two closely spaced whistlers are shown, with times of origin as indicated. Qther
faint whistlers appear in the background of the two principal events. The drastic knee effect

18 described in the text.
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Fig. 7. Four profiles of total tube electron con-
tent versus dipole latitude at 1000 km during the
period 01000400 LT. The magnetic condition is
one of moderate, steady agitation (K, = 2-4).
The calculation is made for the volume extend-
ing from 1000 km to the equatorial plane and hav-
ing a cross section of 1 em? at 1000 km.

Because of the overlap effect, we make no
detailed estimate of the slope at the knee for
events recorded on the dayside. However, only
an abrupt decrease, like that of the nightside,
is easily reconciled with whistlers exhibiting
large overlap in nose frequency at the knee. If
the profile slopes relatively gradually, the spat-
ial period of the postulated longitude ripples
must be extended, the radial amplitude in-
creased, and very large longitude spreading
(~50°) of some whistlers assumed. These pos-
sibilities do not appear consistent with the
data, but a detailed study of the longitude
spread of whistler paths is needed to clarify
this point properly.

Spectrograms of knee whistlers recorded in
the afternoon are shown in Figure 9. The top
record, for August 4, shows a large overlap
effect and also indicates a smooth profile extend-
ing well outside the knee (see Figure 8). The
overlap is evident in a comparison of the high-
density trace (nose at ~6.0 kHz and nose
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travel time ~1.6 seconds) and the first low-
density trace (mose at ~9.5 kHz and nose
travel time ~04 second). (The two traces at
the right belong to other events). Details of the
profile near 6-7 R; were obtained through ex-
amination of the record illustrated and several
hundred similar events recorded in a continuous
run from 1700 to 2000 UT on August 4. The
descending burst of noise near 1.5 kHz and 1.3
seconds actually describes closely the locus of
nose frequency and nose travel time in this part
of the spectrum.

The middle and bottom records in Figure 9
provide clear examples of the knee effect. These
cases also exhibit some overlap in nose fre-
quency at the knee, but the effects is not easily
detected in this reproduction. Note, particularly
on August 4 and July 28, the presence of noise
triggered by traces propagating in the outer
region. The record of July 28 also shows evi-
dence of triggering just inside the knee, be-
ginning at ~3.5 kHz, 1.5 seconds.

Total electron content in tubes of force near
the knee in the afternoon. The total-content
information corresponding to the profiles in
Figure 8 is shown in Figure 10. The results are
again similar to those shown on the equatorial
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Fig. 8. Profiles of electron density versus geo-
centric distance in the equatorial plane, showing
examples of the knee near 4 Re during the after-
noon. The apparent overlap at the knee is dis-
cussed in the text.
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profile. The change in total content at the knee
is slightly less than an order of magnitude.
Comparison of day and night profiles. Scat-
ter plots including both day and nighttime data
provide a useful summary of the results de-
scribed above, as well as some specific informa-
tion on day-night variations. To obtain the
scatter plots of Figures 11 and 12, we present
all the data from the previous plots, as well as
additional data from the dayside for July 5,
1963, 2050 UT (1550 LT); July 28, 1963, 2150
UT (1650 LT); August 2, 1963, 1850 UT
(1350 LT); August 5, 1963, 1550 UT (1050
LT); and July 7, 1963, 1250 UT (0750 LT). In
the two figures, the open circles indicate day-
time events, and the solid circles nighttime
events from the period 0100 to about 0400 LT.
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The data represent 11 independent recording
periods, usually separated by 1 or more days
and at minimum by 6 hours.

The data, though not conclusive in this mat-
ter, suggest that, in the region just inside the
knee in the range 3.5-4 R, the total tube con-
tent and density level vary only slightly from
day to night. This condition may be related to
previous whistler research showing the diurnal
variation in magnetospheric electron density to
be small [Iwai and OQutsu, 1958; Rivault and
Corcuff, 1960; Allcock, 1962]. Well inside the
knee there appears to be a tendency for signifi-
cantly lower values on the nightside, but the
trend is not sufficiently well documented for
further comment. Just outside the knee, the
nightside values appear to be significantly lower
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Fig. 9. Spectrograms of knee whistlers recorded in the afternoon at Eights, Antarctica.
Several of the properties of these events are discussed in the text. The line at 5.0 kHz at the

upper left is part of a system calibration.
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Fig. 10. Profiles of total tube electron content
versus dipole latitude at 1000 km for afternoon
observations when the knee is near 4 Rs. The cal-
culation is made for a volume extending from
1000 km to the equatorial plane and having a
cross section of 1 em® at 1000 km.

than the dayside values. (Recall that in Figures
11 and 12 the two solid points at ~4.5 Rg
(~59°) represent paths at some intermediate
level on the knee profile.)

DiscussioN

The problem of the field-line model of elec-
tron density. Information on magnetospheric
electron density is obtained from whistlers
through an integral relation between whistler
travel time and the cleteron plasma frequency
(see Carpenter and Smith [1964] or Helliwell
[1965] and refercnees cited therein). In per-
forming an analysis it is customary to assume
a model of the distribution of electrons along
the field lines, and then from observational data
obtain two parameters: the equatorial radius of
the field-line whistler path, and the seale factor
of the clectron-density distribution.

Uncertainty in the field-line model of the
distribution of ionization has relatively little
effect on ealculations of total tube content, a
fact recently pointed out by Geisler and Bowhill
[1965a]. In the case of equatorial profiles, lack
of accurate knowledge of the model has rela-
tively little effect on determinations of slope,
while introducing an uncertainty of the order of
#0.15 Rr in equatorial radius and an un-
certainty by a factor of =2 in absolute value
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of electron density [Carpenter and Smith,
1964]. Error on this scale is of minor impor-
tance in the detection of the presence and ap-
proximate position of the knee, but for purposes
of investigating the details of the distribution of
ionization near the knee special efforts to re-
duce error are necessary. A study has therefore
been made with the object of finding models
that would both aecord with available experi-
mental data and have theoretical support. Par-
ticular emphasis was placed on agreement with
experimental data.

Results of the study of field-line models. For
the high-density region inside the plasmapause,
a diffusive-equilibrium distribution was found to
be appropriate. For the outer region, a collision-
less model behaving approximately as N, « R™
was selected. The models are illustrated in Fig-
ure 13, where the coordinates are electron
density, normalized to the value at the top of
the path, versus path length along the R = 4
field line from the 1000-km level.

The d.e. model is based on a caleulation by
Angerami and Thomas [1964]. In working with
this model we used the following parameters:

ion abundances at 1000 km [O*] = 002,
K)‘
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Fig. 11. Seatter plot including day and night-
time data on electron density in the equatorial
plane versus geocentric distance in earth radii.
The data from Figures 4 and 8 are included, as
well as the additional data from the dayside de-
seribed in the text. Conditions of moderate,
steady geomagnetic agitation are represented
(K, = 2-4).
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[He'] = 0.58, [H*] = 040; daytime tempera-
ture, 1600°K; nighttime temperature, 1200°K.
(Shawhan and Gurnett [1965] report the frac-
tional abundance of H* at 1000 km to be about
0.80 on northern-hemisphere winter nights.) As
the later discussion of error shows, these param-
eters are not critical for the determination of
equatorial density or tube content using whistler
data.

The collisionless model is based on the distri-
bution deduced by Ewviatar et al. [1964], who
considered an ion-exosphere boundary separat-
ing a collisionless hydrogen plasma above and a
Maxwellian hydrogen plasma below. In our cal-
culations we took the ion-exosphere boundary
to be at 1000 km and the temperature of the
Maxwellian plasma to be 3200°K. The col-
lisionless model is similar to the distribution
N, « R™, as Figure 13 indicates, and in what
follows we shall use the description ‘R and
‘collisionless’ interchangeably. For simplicity,
the calculations reported above for the low-
density region were performed using the R
distribution.

The d.e. and R models were chosen for the
following reasons:

1. If we postulate that the knee represents
a transition between an inner region where col-
lisions are important in determining the field-
line distribution, and an outer region where the
field-line distribution is primarily exospherie in
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Fig. 12. Scatter plot of day and nighttime data
on total tube content versus dipole latitude at
1000 km. The data are taken from Figures 7 and
10, and also include the additional data from the
dayside described in the text. Conditions of mod-
erate, steady geomagnetic agitation are repre-
<ented (K, = 2-4).
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Fig. 13. Comparison of three field-line models
of the distribution of ionization in the magneto-
sphere. The coordinates are electron density,
normalized to the value at the equatorial plane,
versus path length along the Rz — 4 dipole field
line from the 1000-km level.

nature, then both models have theoretical sup-
port. With respect to the d.e. model, see Dungey
[1955], Johnson [1960], Mange [1960], Hanson
and Ortenburger [1961], Bauer [1962], Anger-
ami and Thomas [1964]. For the collisionless
model, see Eviatar et al. [1964].

2. The knee in magnetospheric ionization is
more abrupt than the corresponding variation
with latitude of ionospheric parameters such as
ion density, electron temperature, and H*
abundance. (A possible exception is the latitude
variation of electron density near the F-layer
peak at nightime. See Muldrew [1965] and
Sharp [1966].) This is particularly true in the
daytime. Only a drastic model change at the
knee, particularly with respect to slope at great
heights, is compatible with conditions both high
and low along the field lines. For relevant in-
formation on electron density in the ionosphere,
see DRTE Alosyn [1965] report, or Thomas
and Sader [1964]. On H* abundance, see Shau-
han and Gurnett [1965] and Barrington et al.
[1965].

3. Comparison of Alouette 1 measurements
of electron density at 1000 km [DRTE Alosyn,
1965] and 1000-km electron densities calculated
from whistlers indicates relatively good agree-
ment when the d.e. and R~ models are used.
Examples of the agreement are shown in Fig-
ures 14 and 15 in coordinates of electron density
at 1000 km versus L value. Figure 14 shows the
data from the reference whistler (Figure 1) for
magnetically quiet nighttime conditions, and
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Fig. 14. Comparison of Alouette observations and 1000-km electron densities deduced
using whistler data and the diffusive-equilibrium field-line model. The L values are those
reported in the DRTE Aloysn [1965] report. The whistler data are from the reference whistler

illustrated in Figure 1.

Figure 15 data from a knee whistler (knee at
about 4 R;) in the afternoon. In both figures,
the Alouette data represent tracks near the
meridian of Eights Station and times within
roughly an hour of the whistler observations.
Figure 14 suggests that good agreement at 1000
km may be obtained using the d.e. model inside
the knee (a properly detailed study reconciling
whistlers and Alouette data has not yet been
made). Figure 15 shows agreement in slope but
a discrepancy in level. The disecrepancy may
be due to one of several factors not taken into
account in the field-line models, including the
possibility of departures from diffusive equi-
librium associated with the slow diffusion proc-
ess described by Geisler and Bowhill [1965b],
and also the possibility of a relatively high eon-
centration of oxygen ions at 1000 km. The im-
portant point is that, if the d.e. model were
applied on both sides of the knee, the whistler
calculations would show an abrupt decrease
near L = 4 by a factor of about 7, in distinct
contrast to the Alouette observations.

4. The change in high-altitude slope between
the d.e. and R™ models is compatible with a
special property of whistlers, an overlap in nose
frequency at the knee, in which the nose fre-
quency of a component propagating outside the
plasmapause is higher than the lowest nose fre-
quency inside. This is not the large overlap ob-

served on the dayside, but rather a smaller,
10-159% effect, found between 0100 and 0400
LT, in which longitude variations in the bound-
ary radius do not appear to be a governing
factor. The effect is shown schematically in
Figure 16a, where horizontal lines are drawn at
the relevant nose frequencies. If the d.e. model
is applied on both sides of the knee, the deduced
profile has the double-valued appearance shown
in Figure 16(b). When calculations are made
using the d.e. model inside the N, o« R™ outside,
the low-density point is shifted by about 0.2 Re
in the manner indicated. At the same time, the
calculated value of equatorial electron density is
decreased by a factor of about 3.

Having now outlined the arguments for the
choice of models, we present estimates of error
in the profiles. Because of the low electron
densities near 7 Ry on the afternoon profile,
special attention will be devoted to error in this
region.

Error in the profiles. Estimates of uncer-
tainty in the profiles shown earlier are presented
in Figures 17 and 18. The dashed line is intended
to indicate approximate position with respect
to the knee. For all parts of the equatorial
profile (Figure 17), the largest uncertainty con-
cerns the choice of field-line model used in the
calculations. Inside the knee, the error range is
determined by allowing wide variations in the
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temperature and fractional abundances of ions
used in the d.e. model, and also in the effect of
the regular ionosphere. Outside the knee, addi-
tional considerations are brought to bear, as
described below. In the case of the content
profiles (Figure 18), the largest uncertainty
lies in the effect of the ionosphere below 1000
km. Again, the error was estimated by allowing
wide variations in the model parameters and in
the ionospheric effect. In both figures there is a
trend toward increasing uncertainty with in-
creasing equatorial radius, but in general the
error is small with respeet to the scale of the
knee, remaining at or below a factor of =2
for the equatorial densities and 1.5 for the
tube content.

Discussion of the estimate of 1 el/cm® at 7 R.
A number of factors that may affect the calcu-
lations of equatorial electron density at 7 Rg
include: (1) inaccuracy in the field-line electron-
density model used in the calculations; (2) dis-
tortion of the field lines; (3) temperature effects
on the frequency-time properties of whistlers;
(4) corrections to the refractive index associated
with unusually low ratios of electron-plasma to
electron-cyclotron frequency. In regard to the
model uncertainty, only a distribution with a
very gradual slope near the top of the path,
such as the d.e. model, could be used to increase
significantly the estimate of electron den-

721

sity, to a value of, say, 3 or 4 el/cm® near 7Rs.
However, as previously explained, the d.e. model
is not compatible with conditions at both low
and great heights outside the plasmapause. Less
extreme variations around the R™ model, as
well as ionospheric variations, must be con-
sidered, but in these cases the range of calcu-
lated values falls within a factor of about ==1.5
of the R results.

The result of assuming a dipole field in the
presence of a compressed outer geometry is to
place points on the approximately correct equa-
torial profile, but at geocentric distances that
are too low (by about 1 B near 7 Rj). This is
because the two factors, changed equatorial
crossing of the field line and changed path
length, tend to have opposing effects. In a com-
pressed field, a field-line path crossing the
equator at 8 R, produces a whistler of nose fre-
quency assigned to about 7 Rg in the dipole
model (see, in this connection, Mead [1964]).
However, when the electron-density caleulation
is made, the path length assigned in the cal-
culations is too short, being the path length for
the dipole field line passing through 7 R, rather
than the distorted, longer line through 8 R..
The calculated value of equatorial electron den-
sity is then too high (for 8 R;), but it is plotted
for 7 Rg, and thus tends to fall near the correct
profile. There are additional matters of detail to
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Fig. 15. Comparison of 1000-km electron densities deduced from a knee whistler observed
in the afternoon and Alouette data recorded within about 1 hour of the whistler observation.
See text for details, including an explanation of the overlap in solid and open circles.
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be considered in this explanation, but they must
be deferred for a more thorough treatment.

The refractive index for whistler propagation
is modified when the thermal motions of the
electrons are taken into account. Once again,
however, there are effects that tend to cancel
one another. The thermal motion of the particles
tends to lower the effective gyrofrequency of a
significant number of the particles and thus to
slightly depress the nose frequency of the
whistler. However, the thermal effects also tend
to increase the travel time of the whistler
[Guthart, 1965; Scarf, 1962]. The result is that
a datum point on the equatorial profile is plotted
slightly too high in equatorial radius but too low
in density. Again, the profile is approximately
correct. This effect is probably somewhat
smaller than the effect introduced by the dis-
tortion of the earth’s field.
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Fig. 16. (a) Idealized frequency-versus-time

properties of a nighttime whistler exhibiting over-
lap in nosc frequency at the knee. (b) Calcula-
tions of equatorial electron density based on the
four components in (a). The effect of using two
different field-line models in making the caleula-
tions for trace C’ is shown.
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Fig. 17. Estimated uncertainty in the equa-
torial values of electron density calculated from
whistler data. The dashed line is intended only
to indicate the approximate position of the knee
at about 4 Rz. The principal contribution to the
uncertainty is not measurement error but un-
certainty in the field-line model of the distribu-
tion of ionization used in the calculations.

The expression for the refractive index at
whistler frequencies must be modified when the
ratio of electron plasma frequency to cyclo-
tron frequency becomes sufficiently low. That
is, the expression

n’ =1+ [,"/1(a — ]

1 1 ' !

H
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Fig. 18. Estimate of uncertainty in the values
of total tube electron content calculated from
whistler data. The principal contribution to the
uncertainty is not from measurement error but
from uncertainty in the contribution of the regu-
lar ionosphere below 1000 km to the observed
cffects.
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Fig. 19. Estimated average equatorial profiles
of electron density for the periods 01000400 LT
and 1300-1700 LT. The profiles are based on the
data described earlier in the paper. The dashed
curve is interrupted at the knee to take account
of the overlap ambiguity described in the text.
The geocentric range covered by the profiles is
intended to show the regions for which a signifi-
cant amount of data was examined. The magnetic
condition represented is one of steady, moderate
agitation, with X, in the range 2-4.

for the square of the phase refractive index
must be used in place of the approximation

n' = 17/ f(fe — 1)

This effect becomes of importance in the region
outside the knee, where the ratio f,/fx may ap-
proach unity. Some calculations using the full
expression showed that the nose frequency is
affected only negligibly but that in a tenuous
medium the calculated whistler travel time for
a given electron density is somewhat increased.
Thus, in the region outside the knee, the profiles
in Figure 8 represent an estimate that may be
high by a factor of 20 to 309%. Again, however,
the affect is relatively small.

In view of the foregoing, our conservative
estimate of uncertainty in the dayside profile
well outside the knee is a factor of =2 (see
Figure 17). A correspondingly conservative
estimate for the content profile (Figure 18) is a
factor of =1.5.

CoNCLUSIONS

The results on equatorial electron density and
on tube electron content are summarized in
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Figures 19 and 20. Recall that the observations
were made at Eights Station in July and August
of 1963, during conditions of moderate but
steady geomagnetic agitation (K, = 2—4). In
both figures, the continuous curve represents
the nighttime period 01000400 LT and the
dashed line represents afternoon observations.
The dashed line is interrupted at the knee in
order to take account of the overlap ambiguity
described above.

In performing the calculations we found it
appropriate to apply a model of hydrostatic
equilibrium for the distribution of electrons
along the field lines inside the plasmapause, and
a collisionless model (~N, « R™), adapted
from the report of Eviatar et al. [1964], for the
region outside. In choosing these models we
appealed to both theoretical and experimental
sources, making a particular effort to reconcile
the models with satellite measurements along
the topside ionosphere and with various relevant
properties of whistlers. The experimental data
provide particularly strong evidence that the
slope of the field-line distribution near the top
of the path varies significantly from one side of
the knee to the other.

In paper K-1 a remarkable repeatability was
found in the diurnal variation of knee position
for conditions of moderate and steady geo-
magnetic agitation. From the present paper it is

U] 4
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Fig. 20. Estimated average behavior of the
profiles of total electron content versus dipole
latitude at 1000 km during the periods 0100-0400
LT and 1300-1700 LT. The calculation is for a
tube volume extending from 1000 km to the equa-
torial plane, with cross section of 1 em?® at 1000
km. The curves are restricted to the region for
which a significant amount of data was examined.
The magnetic condition represented is one of
steady moderate agitation, with K, in the range
24,
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clear that, at least for 0100-0400 and 1300-
1700 LT, there is a corresponding repeatability
in the density and content profiles. During the
postmidnight hours and, quite possibly, in the
afternoon, the bulk of the equatorial density de-
crease takes place within 0.15 R, (the present
limit of our resolution). Both the scale of the
knee and the absolute levels of density are
roughly the same for postmidnight and for day-
side observations. Because of the persistence of
the knee both in equatorial radius (see K-1)
and in approximate shape over periods of the
order of 10 hours, we conclude that the profile
illustrated in Figure 19 represents a kind of
equilibrium state in the magnetosphere.

The reference profile of Figure 2 suggests that
for quiet conditions, when the equatorial dis-
tance to the knee is large, the slope of the night-
time equatorial profile may increase from a flat
characteristic near 3 Rz to an ~R™ variation
beyond 4 Rg. The corresponding reference for
tube content (Figure 3) shows that, beyond 57°
(Rg ~ 4), the content may remain at a constant
level over a range corresponding to 2 R at the
equator.

The knee profiles of Figures 19 and 20 pro-
vide some evidence on the diurnal variation of
protonospheric density and content. On the
equatorial profile, the variation appears small
just inside the knee but may increase with de-
creasing distance. Outside the knee, the night-
day variation is clearly evident, although the
nighttime data are restricted to the region near
the bottom of the knee. In the presence of an
upward flux of particles on the dayside, we
would expect the night-day variation in tube
content to be most pronounced at latitudes
where the nighttime content is relatively low.
The observed variation (Figure 20) is indeed
pronounced outside the knee, whereas the high-
content region near 57° remains relatively un-
affected. The variation may again be large
well inside the knee, but further study of this
point is required. (For the present, we exclude
discussion of the transition from day to night.
Its complexity is compounded by the peculiar
variation in the knee position between about
1700 and 0000 LT ; see K-1.)

The shape of the content profile in Figure 20
allows us to conclude that much of the tempo-
ral variation in the position of the knee can-
not be attributed to diffusion of ionization along
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field lines. As is indicated in paper K-1, the
equatorial distance to the knee may change sig-
nificantly in a period of the order of an hour.
If, for example, an inward movement were at-
tributed strictly to a downward flux depleting
certain tubes of ionization, the flux would have
to be at least of the order of 10° el/cm® sec
and also be highly restricted in its distribution
over latitude. Thus it seems evident that, al-
though the process giving rise to the knee may
profoundly influence the nighttime ionosphere,
the shape of the knee and its movements are
not directly controlled by the coupling between
the protonosphere and ionosphere.

The occasional presence of a large overlap in
nose frequency at the knee leads us to postulate
the existence of longitude ripples in the equa-
torial radius of the knee on the dayside. If, as
is possible, these ripples are the manifestation
of occasional wide longitude spreading in
whistler paths from a single source, the overlap
may be due simply to the type of regular
diurnal variation in the knee position described
in paper K-1.

Afternoon profiles have been found to be
extremely smooth over a range of several earth
radii outside the knee. On such profiles, electron
density drops below about 1 el/em® near 7 R;.
This value is a factor of about 4 lower than the
ion densities reported for the region outside
the magnetosphere boundary [Wolfe et al.,
1966], thus implying the presence of some kind
of boundary knee near the magnetopause, at
which the density returns to a higher level.
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