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A procedure is described for using the Faraday-rotation fading of a satellite radio signal
to measure the ionospheric electron content per unit column up to the height of the satellite.
At frequencies as low as 20 Me the rotation of the plane of polarization cannot be assumed
to be proportional to /"N B cos 0 dl along the line of sight. The simplifying assumptions
implied by this expression are avoided, and full account is taken of ionospheric refraction,
using the collision-free form of the Appleton-Hartree equation. Results based on observa-
tions of 1958 Delta 2 are presented. The subsatellite electron contents have been derived
throughout the satellite passes for heights both above and below the F-peak; the latter
compare well with values derived from simultaneous ionograms. The method also permits
the study of large-scale irregularities in electron content. Such irregularities, having lateral
dimensions of a few hundred kilometers and fractional deviations in subsatellite electron

content of about 0.01, have been detected.
tion studies offer important advantages
irregularities.

1. Introduction

The study of the ionosphere by means of the
Faraday rotation of the plane of polarization of a
radio wave has developed from the early moon-radar
work of Murray and Hargreaves [1]. These and
other authors have shown that, after making certain
assumptions, one may write
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NB cos 6dl (1)
where

d—=the rotation of the plane of polarization,
A=a constant,
f=frequency of radio wave,
N=number density of electrons,
B=magnetic field strength,
6=angle between magnetic field and direction of
propagation,
dl=element of path along the line of sight /.

It has been customary to rewrite eq (1) in the form
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where 7 is the zenith angle of the line of sight, and a
mean or ‘“‘effective” value of B cos 6 sec 4 is taken
along the ionospheric part of the path.

1 Presented at COSPAR First International Space Science Symposium, Nice,
France, January 11 to 15, 1960.

2 Contribution from Central Radio Propagation Laboratory, National Bureau
of Standards, Boulder, Colo.

Our observations suggest that satellite polariza-
over

other methods of investigating these

Equation (2) shows that, within the limits of
accuracy imposed by the approximations used in
its derivation, an experimental measurement of ®
permits calculation of the electron content infa
vertical column of the ionosphere. In practice, ® is
usually indeterminate by nr, and additional informa-
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tion is normally required before the value of

can be derived unambiguously.

The approximations implicit in eq (2) are as
follows:

(1) The observing frequency, f, is very much larger
than the maximum plasma frequency, f., along the
line of sight.

(2) The observing frequency is very much greater
than the gyromagnetic frequency, fz.

(3) The quasi-longitudinal approximation of the
Appleton-Hartree equation may be used.

(4) The zenith distance, 4, is small and the iono-
spheric thickness is very small compared with the
radius of the earth. (These conditions restrict the
variation of B, cos 6 and sec 7 along the line of sight
and permit the use of an average value of each quan-
tity along the ionospheric part of the path. They
also minimize the errors which arise due to the neglect
of ionospheric refraction. In the presence of such
refraction, the radio energy does not traverse the
single straight line assumed in eq (2); instead the
ordinary and extraordinary waves traverse two
different refracted paths.)

(5) The ionospheric electron density contours are
spherically stratified.

In view of the above limitations, the moon-radar
studies of ionospheric electron content have usually
been made at frequencies in excess of 100 Mc and at
fairly high angles of elevation.
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The advent of satellite-borne radio transmitters
has offered a new opportunity for Faraday-rotation
studies of the ionosphere [2]. Tt is important to note
that satellite studies, in principle at least, have the
advantage that the electron content of the ionosphere
can be measured over a wide range of latitudes from
a single observing site, within the course of the few
minutes duration of a satellite passage. In order to
make full use of this advantage, however, it is neces-
sary to remove the restriction to low zenith angles;
it 1s also desirable to use frequencies relatively close
to the ionospheric critical frequency in order to im-
prove the sensitivity of the observations.

The failure of eq (2) at low frequencies and at large
zenith angles is strikingly demonstrated by simul-
taneous observations of the 20- and 40-Mec signals
from the Soviet satellites. Equation (2) predicts
that the ratio of the Faraday rotation rates on the
two frequencies shall be 4.0; in fact ratios of up to
5.0 have been observed, and on occasion, for a short
period of time the sense of rotation has even been
opposite on the two frequencies.

The purpose of this paper is to present a method
of analysis whereby the assumptions implicit in eq
(2) are eliminated. The method permits the deduc-

tion of accurate values of J N dh throughout a satel-

0
lite pass, at frequencies as low as 20 Me.

The main part of the paper opens with a desecrip-
tion of the techniques used in recording the Faraday-
rotation data. This is followed by an outline of the
method of analysis; results of the application of the
method to a low and a high pass of 1958 Delta 2
(Sputnik III) are given. The accuracy and limita-
tions of the method are then examined. The paper
concludes with a discussion of the large-scale iono-
spheric irregularities revealed by the analysis, and of
the sensitivity and value of the Faraday-rotation
technique for such studies.

2. Observational Methods

The satellite-observing facility at the Table Mesa
field site (lat. 40°7.7" N, long. 105°14.3" W) of the
Central Radio Propagation Laboratory was con-
structed in the spring of 1958. Interferometer,
Doppler, and polarization measurements have been
made each day since May 15, 1958, on the close
passes of 1958 Delta 2, using a variety of antennas,
baseline lengths, and baseline orientations.

The Faraday rotation records which form the
observational data for this paper were taken using
horizontal, linearly polarized 20-Me dipoles mounted
A\/3 above the ground. The antennas were connected
via coaxial transmission lines to standard commercial
communication receivers which were operated with
the receiver AVC on. The AVC voltages were
recorded on multichannel Sanborn pen recorders at
chart speeds of 1 cm/sec. In the absence of AVC
the receiver output would have varied quasi-sinus-
oidally as the plane of polarization rotated relative
to the antenna. AVC was used in order to obtain
an essentially logarithmic input-output receiver

characteristic; the normal quasi-sinusoidal output
waveform was thereby replaced by a waveform
having broad maximums and very narrow, well-
defined nulls. These nulls were often sufficiently
well defined to permit their timing to an accuracy of
0.1 sec.

An alternative receiver output presentation has
also been used. Two receivers having equal gain
were connected to two similar antennas, one oriented
N-S, the other E-W. The AVC outputs of the two
recelvers were subtracted and the resultant voltage
recorded on the pen recorder. Since the receiver
outputs for the two orthogonal antennas may be
(approximately) expressed as log sin ot and log cos
wt respectively (where w=angular rate of rotation
of the plane of polarization), their difference is equal
to log (sin wt/cos wt)=log (tan ot). The resultant
waveform is nearly triangular, with equal positive
and negative slopes and cusps at the null-times on
each antenna. This form of presentation was found
advantageous when the satellite signal was fading
irregularly, or when the fading rate was so fast as to
merge with the beeping of the satellite signal.

A third method, used occasionally, was to record
the relative phase of the radio signals received on
circularly polarized antennas of opposite sense of
rotation. This method has the advantage of pro-
viding continuous mformation on the orientation of
the plane of polarization, rather than information on
null-times only. The technique was not found useful
on 1958 Delta 2, primarily owing to the intermittent,
beeping character of the signal.

3. Method of Analysis

Our method for the quantitative interpretation
of the observed Faraday-rotation data is described
below. The essential feature is the computation of
the expected time variation of the specific rotatory
power, C(t), of the electrons along the line of sight,
as the satellite moves along a known path through
a model ionosphere. C(¢) is defined by

0<t>=‘f;’—((fj 3)

and is a measure of the efficiency of the electrons
below the satellite in producing Faraday rotation.
®,,(t) is the variation, with time, of the total Faraday
rotation of the satellite signal as it traverses the
model ionosphere en route to the observer, and
1,,(t) is the variation with time of the subsatellite

electron content, fN dh, in the model. ®, () is
0

computed by a ray-tracing program, and 7, (f) is
readily obtained by an integration of the model
ionosphere, hence C(t) can be computed.

In order to derive C(t) correctly, a moderately
accurate ionospheric model is desirable, although as
shown in section 5, high accuracy is not required.
This fortunate feature arises from the fact that
reasonable changes in the model affect ®,(t) and
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I (t) in almost the same proportion, and their ratio
is therefore essentially unchanged.

Having determined C(f) for the model i this
manner, we make use of the observed values of
Faraday rotation, ®(¢) to determine the true iono-
spheric electron content by writing

10
O(t)

A= (4)

The observed values of ®(¢) are, in general, uncertain
by an additive constant, nr; the manner by which
this uncertainty may be reduced is discussed in
section 4.

The method is now examined in greater detail; the
reader will find it helpful to refer to figure 1 as each
new step is discussed.

Orbital elements of the satellite were used to
compute its position, relative to the observing
station, at each of several selected times during the
passage. The elements used were based on those
of the Smithsonian Astrophysical Observatory or
upon predictions made by the Vanguard Computing

Center. The latter, being predictions, were much
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Ficure 1. Method of analysis of satellite Faraday rotation
records.
The circles or ovals represent processes carried out with a digital computer; the
rectangular boxes represent input or output data for these processes.

|

less accurate than the former but, if the time of
closest approach is adjusted to agree with local
observations, the remaining errors have been found
to have slight effect on the derived values of /.

For heights up to F-peak, spherically stratified iono-
spheric models were used, based upon true-height
analysis of local ionosonde data. The profiles above
F-peak were obtained by assuming them to be those
of a Chapman layer. This approach is a convenient
one, as the Chapman function has the proper slope
at the F-peak and asymptotically approaches a
decaying exponential function at great heights.
After fitting the function at F-peak, only one adjust-
able parameter remains, the asymptotic exponential
decay constant.  We shall refer to this constant as
the “electron scale height.” Tt should be noted that
the Chapman function is here used only as a con-
venient mathematical model, without any regard to
its physical basis. If the values of 7 obtained from
a satellite which is above the F-peak differ signifi-
cantly from the corresponding values of 7,, the
electron scale height may be adjusted until agreement
1s reached.

The assumption of spherical stratification can be
removed by the inclusion of a horizontal gradient in
the ionosphere model. One method for the deter-
mination of such a gradient from spaced ionograms
is illustrated in figure 2. Here values of f,/2 have
been plotted from simultancous observations over a
wide area, and contours of fi#2 drawn. The values

| of eritical frequency thus deduced along the satellite

track (and assumed to be at the same true height)
provide factors by which the electron-density profile

| at Boulder must be multiplied to approximate the

actual ionosphere along the track. The necessity for
including horizontal gradients adds no particular
difficulty to the ray-tracing procedure, but it pro-
vides another adjustable parameter which must be
determined, and thus it weakens the determination of
electron scale height above the F-peak.

Ficure 2. Geographical variation of fiF2, used to estimate the
horizontal ionospheric gradient, September 17, 1958, 1330
m.s.t.
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The geomagnetic field is commonly represented by
the field of a dipole of appropriate strength and
orientation at the center of the earth. When, as in
the present application, the field is needed over only
a limited portion of the earth, a significant improve-
ment can be made by adjusting the strength and
orientation of the dipole to best fit the observed field
in that region. Such a “modified dipole” field has
been used for some of the results presented here.
A more accurate, but much more laborious method is
to add higher-order terms to the spherical-harmonic
representation of the field. This method has been
used with terms up to order six, but only for com-
parison with the modified dipole results because it
mvolves an impractically long calculation. When
used in ray tracing, the 48-term polynomial for the
magnetic potential must be solved four times to
calculate the vector magnetic field. For each posi-
tion of the satellite, this entire operation is repeated
at dozens of points along each ray, and must be done
not only for the final rays but for all the trial rays
which fail to connect the satellite and the observer.
The relative accuracy of results based on the modified
dipole field and the complete spherical-harmonic
representation is discussed in a later section.

Once the satellite motion is known and models have
been chosen for the ionospheric electron-density
profile and for the geomagnetic field, the specific
rotatory power, C(t), of the ionosphere can be
obtained by ray tracing. Since ' depends upon the
direction of the geomagnetic field relative to the ray
and on the zenith angle of the ray, it obviously varies
with time during the passage of the satellite. In
obtaining ®,,, and hence C'(t), we have used a variety
of ray-tracing programs.

The simplest program we have used evaluates

f N B cos 6 sec i dh along the straight line from the

0
observer to the satellite. This is an improvement
over the use of eq (2) in that it eliminates the as-
sumption of a thin ionosphere and, to some extent,
permits the use of larger zenith angles and horizontal
ionospheric gradients.  The high-frequency and
quasi-longitudinal approximations remain, however,
and the effects of refraction are ignored.

A second program, designed to overcome the
difficulties of the high-frequency approximation,

$

evaluates the integral 2m/\ f (uo—p.) dl along the
0

straight line from observer to satellite. Here u, and
ue are the local refractive indices of the ionosphere
for ordinary and extraordinary waves traveling
along the line of sight. Half of this integrated
difference between the ordinary and extraordinary
phase path lengths gives ®,. I is determined by
simple integration of N dh along the straight line.
Since this second program uses the complete collision-
free form of the Appleton-Hartree equation (see for
example, ref [3]) to evaluate w, and g, the high-
frequency approximation is removed. For nearly
transverse propagation the Faraday rotation is
critically dependent upon 6, so it is meaningless to

speak of removing the quasi-longitudinal approxima-
tion as long as refraction is neglected.

A third program, involving considerably more
computer time, includes most of the effects of refrac-

tion. This program evaluates 27r/)\J (po— o) dl
0

along the refracted path which the radio ray would
follow in the absence of the geomagnetic field.
This program assumes that the ordinary and extraor-
dinary rays traverse the same refracted path. It
works well in the quasi-longitudinal part of the sky
but is quite unsatisfactory near the quasi-transverse
region, where the Faraday rotation is ecritically
f-dependent. :

A final program has been developed for use in this
critical portion of the sky. It is a complete ray-
tracing program which evaluates separately the
phase paths, P, and P,, of the ordinary and ex-
traordinary rays, along their independent refracted
paths. This full ray-tracing is accomplished by
using Snell’s law at the interfaces of a series of
elementary spherical shells, each considered to
possess constant refractive index. Referring to
figure 3, let O; be the intersection of the ray with the
interface between spherical shells 7 and 7+1. Ni is
the unit vector normal to the interface and W;
is the unit vector in the direction of the wave nor-
mal in shell 7. B; is the geomagnetic field. The
electron densities, N; and N, are known in
each shell. The refractive index, u; is known,
but u,: is not known since it depends upon
0;01. A first approximation to w;; may be ob-
tained by setting 6,,,=60;. Snell’s law then
gives a second approximation to 6., and hence
to wi1. Two or three iterations are required to
determine p,.; and 6, with sufficient accuracy, and
thus to determine the direction Wity of the new wave
normal. As discussed by Bremmer [4], the new ray,
Rit1, does not coincide with Wiy but is separated
from it by an angle «. Riyq lies in the plane of N
and B and so is not necessarily in the plane of
incidence. An extension of Riy; through the shell
defines 0;,; at the second interface and completes
the ray tracing through shell 74-1.

Nj

Bj

Wi

Niy f

Nigl Hit

\

Detail of ray tracing through one spherical shell.

/ Ois1

Figure 3.
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When a ray has been traced from the satellite to
the ground it will not, in general, arrive at the ob-
server. [t is then necessary to make a correction to
the direction of departure from the satellite, and trace
another ray. Four to eight such attempts, depending
upon the zenith angle, are usually sufficient to dis-
cover the ray which, with sufficient accuracy, con-
nects the satellite to the observer. The accuracy
required is such that the small difference in phase
paths, P,—P,, is known to an accuracy of one per-
cent. (This typically requires the determination of
each phase path length to about one part in 10°%)
Shell thicknesses as small as 10 km are generally re-
quired. In extreme cases, the IBM 650 computer
may require from 30 to 60 min to complete the
process for a single position of the satellite. Accord-
ingly, this full ray-tracing program is used only near
the quasi-transverse regions of the sky, or to evaluate

the accuracy of the faster, more approximate
programs.
The ray-tracing procedure just described is

strictly accurate only when the surfaces of constant
refractive index coincide with the spherical shells.
In fact, it has proved to be sufficiently accurate in
'the case of all reasonable horizontal gradients in the
ionosphere. In these cases, the electron density of
each shell must be given in terms of the geographical
location of the ray, but comparison with a more
rigorous method has shown that the interfaces be-
tween shells may still be considered to be normal to
the radius vector from the center of the earth. A
detailed description of the ray-tracing program is in
preparation.

Byproducts of the ray-tracing procedure are the
Doppler frequency shift and the angle of arrival. The
observed Doppler shift depends not only upon the
radial velocity of the satellite, but also upon the local
electron density and upon the rate of change of
integrated electron density along the ray path. These
ionospheric effects are automatically included in the
results of the ray tracing. Similarly, the ray-tracing
program evaluates the difference in angle of arrival
between the ordinary and extraordinary rays, the
total bending of each, and the spatial separation
between each ray path and the line of sight.

It 1s clearly impractical to evaluate C(t) at the time
of each observed Faraday-rotation null. Since its
variation depends only on the geometrical position of
the satellite and upon the geomagnetic field along the
ray, C(t) is a smoothly varying function of time and
can be represented very well by a simple polynomial.
Typically, C(t) has been evaluated by ray tracing at
nine equally spaced times throughout the satellite
passage, and the method described by Anderson [5]
has been used to fit, by least squares, a fifth-degree
polynomial to these nine points. In every case the
polynomial has agreed with the nine given values to
within a small fraction of one percent.

Onece a polynomial expression has been obtained
for C(t), any given value of ®(¢) is readily converted
to a corresponding value of / by means of eq (4).
Successive Faraday-rotation nulls which appear on
the recordings of the satellite signal correspond to
values of ® which differ by = radians. It is necessary

only to observe the times at which such nulls occur,
and then to assign to some one null an assumed value
of ®, in order to obtain a list of values of ®(¢). The
initial value of @ is usually selected to be equal to the
corresponding ®,, from the ray-tracing program. A
method of improving this initial estimate is demon-
strated in the next section.

In some records the direction of rotation of the
plane of polarization is found to reverse, i.e., d®/dt
changes sign. It is important to recognize such
events on the record, and this can be done most
easily by noting the abrupt change in relative phase
of the fading on two orthogonal linearly-polarized
antennas.

Details of the relatively small fluctuations which
occur in /(t) become evident only by separating
them from the gross value of I. [(t) was therefore
smoothed by a running average of suitable duration,
to give I,(t). The duration of this smoothing
interval was chosen to equal the time required for
the portion of the ray which is 300 km above the
eround to move through a distance of 400 km. The
exact duration of this interval is therefore a function
of the height of the satellite and of its velocity.
The fractional irregularities in Z(¢) are given by

This process of taking the difference from a
smoothed value is in fact a spatial filter. It has
the property of rejecting all Fourier components
with wavelengths much above 400 km and has
relatively little effect upon the amplitude of com-
ponents smaller than the smoothing mterval.

4. Some Preliminary Results of the Method

Figure 4 is a plot of the derived subsatellite
electron content of the ionosphere during the north-

bound pass number 1073 of 1958 Delta 2. This
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Ficure 4.  Comparison of Iy with Faraday rotation data for

five values of D.
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pass took place on the afternoon of August 1, 1958;
perigee occurred with the satellite near the southern
horizon, so the satellite was rising slowly as it
passed almost overhead at a height of about 232 km.

The model of the ionosphere used in the analysis
of figure 4 was obtained by a linear interpolation
between the true-height electron profiles deduced
from ionograms taken at Boulder at 1600 and 1700
m.s.t. The available orbital elements have been
adjusted to give the correct time of closest approach
to better than 1 sec. In the ray tracing for this
particular pass, the 48-term expansion of the mag-
netic field was used, in order to ebtain maximum
accuracy. The derivation of C(f) was made as
described in section 3 above, using the full ray
tracing program. The ray tracing program. permits
an estimate of the total number, [, of half rotations
existing at the time of the first Faraday rotation
null; in order to further refine this value, a family
of curves differing only in value of D was plotted.
The derivation of the most probable value of D
was made as follows.

In a fixed, spherically stratified ionosphere, the
rate of change of the subsatellite electron content is

a1 r dh
dt 2 ¥dt’

where N is the electron number density at the
satellite, and dh/dt is the rate of increase of height
of the satellite. For given orbital elements, dh/dt is
known and it is therefore possible to compute observa-
tional values of NV, for each value of D) as a function
of time throughout the satellite passage. When
this is done, very large differences in N, are obtained
for different values of 1), particularly near the quasi-
transverse region of the sky. Thus, the values of
N, deduced for the last nine points of each D curve
of figure 4 vary from negative values (D=82), to
approximately zero (1)=83), a value approximately
equal to the expected NV, (D=84) and values roughly
1% and 2 times greater than expected (D=85 and
86 respectively). For this reason, one can state
the value of D almost certainly lies in the range
83 to 85.

Taking a value of D=84, one obtains a value of
1=3.62X10" electrons per square centimeter column
at the time of closest approach. The corresponding
value of 7 deduced from the model (itself based on
the ionosonde data) is 3.46 10", a discrepancy of
4.5 percent. The difference between I and I, is
roughly constant throughout the satellite pass, and
can very readily be explained by the effect of errors
in D, in the magnetic field, in the ionospheric model
used, in the assumed height of the satellite, and/or
in the neglect of satellite spin and ionospheric
gradients.

One striking feature of the I(#) values derived in
this way is that the values do not lie on a smooth
curve. Figures 5, 6, and 7 are plots of AI/I, for
three passes at heights of the order 230, 300, and
1250 km. Asindicated in section 3, the irregularities
are relative to running smoothed values of 7, the
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Ficure 5. Irregularities in subsatellite ionospheric electron

content, 1620 m.s.t., August 1, 1958, as observed on three inde-
pendent equipments.
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Ficure 6. Irregularities in subsatellite ionospheric electron
content, 0830 m.s.t., September 4, 1958.
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Ficure 7. Irreqularities in subsatellite ionospheric electron
content, 1330 m.s.t., September 17, 1958.

smoothing interval being adjusted for each pass to
correspond to a 400-km running average at a height
of 300 km.

Figure 5 is a mass plot of the values of AT/I ve-
sulting from the Faraday-rotation data taken simul-
taneously on three separate receivers coupled re-
spectively to dipoles oriented N-S, E-W, and from
NW to SE. The excellent agreement of the points
strongly indicates that the irregularities in polariza-
tion rotation which gave rise to the irregularities in
I are real and are not due to such effects as scaling
errors, or satellite signals scattered by objects near
the antennas.
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Figures 6 and 7 are of interest in that the irregu-
larities observed on two very different passes are
similar in fractional deviation and in size. Figure 6
refers to a south-north pass at a height of 290 km on
September 4, 1958, and figure 7 to a 1,250-km height,
north-south pass on September 17, 1958. Also of
interest is that a pass observed by Dr. Owen Garriott
of Stanford University, and analyzed by our method,
shows similar irregularities. This fact would ap-
pear to confirm that the phenomenon is real, and is
not introduced by our equipment.

5. Discussion of Accuracy

The accuracy with which 7, the total electron con-
tent per unit column to the height of the satellite,
can be derived by the Faraday-rotation method de-
pends upon many factors, although the accuracy of
measurement of the irregularities in 7 is primarily
limited by scaling errors. The magnitude of typical
scaling errors is illustrated by the scatter of the
points in figure 5. It is quite small compared to the
magnitude of the ionospheric irregularities them-
selves.

In contrast to angle-of-arrival studies, the Faraday
method does not require extremely accurate know-
ledge of the position of the satellite. For example,
the low pass illustrated in figure 4 was analyzed in-
dependently with two different sets of orbital ele-
ments. These were Vanguard predictions issued
respectively 1 day before and 6 days after the pas-
sage of the satellite. They gave apparent minimum
zenith angles at Boulder of 7° and 10°, and heights
at closest approach of 236 and 232 km, respec tlv(\l\
In each case an arbitrary time correction of ne: arly
a minute was needed to obtain agreement with the
observed time of closest approach at Boulder. De-
spite the definite disagreement between the two sets

of elements, the resulting values of 7 differed by less
than 3 pmcvnt in all 1).uts of the sky except the far
north, where transverse propagation and the result-
ng critical dependence upon # increased the difference
to 15 percent.

It has already been mentioned that C'(t), and there-
fore I(t), are nearly independent of the ionosphere
model used in the analysis. The extent to which
this is true is illustrated in figure 8, where the analysis
has been carried through for two ionospheric models
differing by a factor of two in electron density at
each height. The resulting values of 7 differ by
only 3 percent near the Aemth, and by less than 10
percent at the ends of the recorded passage. As
pointed out earlier, this fortunate behavior results
from the fact that a change in 7, causes a nearly
proportional change in ®,,.

In figure 9 we demonstrate, using the passage of
August 1, 1958, the 1mportan((\ of Utlll/l]l(" an accu-
rate model for the geomagnetic field. The lowest
curve shows the 7(¢) which results from the use of the

~complete spherical-harmonic expansion of the field.
The Gaussian coefficients used here are those pub-
lished by Finch and Leaton [6]. In the absence of
better knowledge of local geomagnetic anomalies,
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including ionospheric currents, these coeflicients
represent the most accurate means we have available
for estimating the geomagnetic field in the iono-
sphere.  Figure 9 shows, for comparison, the result
of using the standard centered dipole field, and the
field of our “modified dipole.” The modified dipole,
adjusted to agree with the field at Boulder, removes
about two-thirds of the total error caused by the
standard centered dipole. Although an accurate
magnetic model is necessary for estimating /, there
1s no such requirement for Al/I,. The modlﬁed
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dipole or, if we except the transverse-propagation
region near the northern horizon, even the standard
dipole, would suffice for the study of the irregularities,
since these are measured relative to the corresponding
smoothed values.

Figure 10 illustrates the importance of including
ionospheric refraction. Here the correct value of
I(t), including all refractive effects, is compared
with another which neglects only refraction. Thislat-

ter curve results from evaluation of (27/\) J (mo—pe)dl
0

along the straight line joining the observer and
the satellite. The complete Appleton-Hartree equa-
tion (excluding absorption) is used to evaluate pu,
and u, so the high-frequency approximation is
avoided. As might be expected, neglect of refrac-
tion has no effect near the zenith but becomes serious
near the horizon. At the northern horizon the effect
is more pronounced than in the south, and it is of
opposite sign. These differences result from the
dependence of Faraday rotation upon cos 6, a factor
which varies rapidly near the northern horizon.
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Ficure 10. Effect of including and omitting <onospheric

refraction wupon the derived subsatellite electron contents.

The preceding discussion of accuracy assumes the
existence of a spherically stratified ionosphere upon
which irregular fluctuations may be superposed.
Most of the remarks, particularly those concerning
Al/I; continue to be valid in the presence of sys-
tematic horizontal gradients, but there is one notable
exception. The determination of I, and therefore
of the absolute value of 7, may be seriously influenced
by such gradients. The implications of this effect
are discussed in some detail in the next section.

6. Discussion and Interpretation of the
Results

The discussion and interpretation of the results
of analyses presented in earlier sections may be
divided into (a) those dealing with the 7(¢) values

directly and (b) those dealing with the observed
irregularities in [(%).

6.1. Total Content

In view of the excellent agreement (for passes
below #,..:) between the derived /(f) curves and those
based on the corresponding ionosonde data, it may
be claimed that the method is an accurate one and
is capable of deriving the subsatellite electron con-
tent with relatively little uncertainty. It should
be emphasized that the agreement shown in figure 4
is in no way exceptional and in fact is not as good
as that obtained on at least one other pass. This
excellent agreement may be taken as confirmation
of the absence of any deep valley in the electron
profiles between the £ and the F regions, since the
1onosonde profiles were derived assuming the absence
of such valleys.

The main limitation to the accuracy is in the
determination of ) by the comparison of the slope of
the model 7,,(t) and the derived I(¢) curves. This
method is unfortunately sensitive to horizontal
gradients in the electron content, and without prior
knowledge of these gradients, it is apparent that
significant errors could be made in selecting D. It
should be realized that this difficulty applies also to
the Faraday ‘“fading-rate” method used by several
authors [7, 8, 9].

Investigation of the change in d//dt with D shows

"N dh of 2 percent per 100 km

0
along the pass would change the fading rate in the

zenith, and hence the deduced value of fsNdh,
0

that a gradient of

by about 12 percent. Such gradients of f N dh
0

must be expected, since even if they existed from
pole to equator they would produce only a four-fold
variation of total 1onization. Over such distances
the foF2 values typically vary by a factor of 3,
implying, for low passes at least, a nine-fold variation
in subsatellite electron content.

It should also be realized that, once D has been
determined unambiguously, (for example, by simul-
taneous polarization measurements on two closely
spaced frequencies) then the present method will
become a sensitive one for investigating ionospheric
gradients.

When the satellite is at a height well above the
F-peak it is not possible to base the model ionosphere
upon ionograms alone. Some assumption must be
made concerning the shape of the upper portion of
the electron density profile. As mentioned previ-
ously, the Chapman function is a convenient one to
use. Its adjustable parameter, the electron scale
height, must be given some arbitrary trial value. If
there 1s reason to suspect that horizontal gradients
may exist, it 1s, in addition, necessary to make some
assumptions concerning them. Figure 11 illustrates
the result of such an analysis of the record from a
high satellite. The passageis the one shown in figure
2, from which it is obvious that some horizontal
gradient should be included in the ionospheric model.
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Froure 11.  Diagram illustrating the failure of the experimental
data to fit the monspherical ionosphere deduced from the
fok2 data of figure 2.

The simplest assumption is that the electron density
varies with geographical position in the same way
at all heights, and that f,/2 can be used as an indi-
cator of this variation. Acting upon this assumption
we obtain for /,,(¢) the three curves shown in figure
11, for assumed values of electron scale height at
Boulder of 200 km, 94 km, and zero. Zero scale
height means, of course, that no electrons exist above
the F-peak. The other three curves in the figure
illustrate the resulting values of 1(¢) for various values
of D. The I(t) curves shown were calculated with
the ionospheric model which has an electron scale
height of 200 km; the corresponding I(#) curves for
the other models are essentially the same.

A self-consistent picture demands that 7(t) agree
with 7,,(¢), and in this case it is obvious from figure
11 that no combination of scale height and ) can
produce such agreement. A change must be made
m the ionospheric model, in such a sense as to reduce
the rate of increase of subsatellite electron content
with time. The f,/2 values increased markedly
along the track, and we have assumed an equivalent
increase in electron density at all heights. Figure
11 shows that this assumption cannot be valid, and
that the gradients must become relatively smaller
above F-peak. In other words, the electron density
at levels well above the F-peak must be less depend-
ent upon geographical location than at F-peak.

The quantitative introduction of a new parameter,
the rate of change of the horizontal gradient with
height, is clearly unwarranted without additional
data, though it may become possible to estimate this
parameter after a large number of satellite records
have been analyzed.

6.2. Irregularities

The irregularities in electron content shown in
ficures 5, 6, and 7 are of considerable interest, pri-
marily because of their large size. These irregulari-
ties are, of course, derived from polarization-rotation

data, and before discussing their significance one
should first consider the validity of their derivation.
As discussed in section 4, the excellent agreement
between the values of AI/I derived from three com-
pletely independent observing systems precludes the
possibility that the irregularities are introduced by
scaling errors, or by scattered signals.  One is there-
fore forced to conclude that the incident polarization
vector did indeed rotate irregularly. Such irregular
rotation could be introduced by an irregular motion
of the satellite, by spatial or temporal irregularities
in the magnetic field, and by spatial or temporal
irregularities  in  the electron content of the
1onosphere.

The effect of the rotation of the satellite upon
the observed polarization is dependent upon the
nature of the spin. A rapid, irregular tumble of
the satellite can be ruled out, owing to the almost
complete absence of external forces. The non-
existence of such an irregular motion was demon-
strated by certain of the radio observations, which
showed a regular sequence of nulls, superimposed
upon the normal Faraday rotation, and occurring
simultaneously on all polarizations. These nulls
are interpreted as due to satellite rotation, the
signal fading each time the rotating dipole was
directed toward the observer. The time interval
between these nulls was approximately 45 sec,
implying a full rotation period of about 90 sec.

The effect of a regular rotation of the satellite
upon the observed polarization is dependent upon
the relationship between the orientations of the
spin axis and the satellite antenna. In the case
where the spin axis is parallel to the dipole, no effect
will be observed. For orthogonal spin and dipole
axes, the satellite spin will add to or subtract from
the Faraday rotation, the correction reversing in
sign as the observer passes through the plane of the
rotating dipole. In the case where the angle between
the spin and the dipole axes is neither zero nor 90°,
it is convenient to differentiate between two condi-
tions (a) where the observer lies inside the cone
formed by the rotating antenna and (b) where the
observer lies outside this cone. In general, there
will be a transition between case (a) and case (b)
as the satellite moves across the sky. In the region
of sky defined by case (a), the satellite spin will add
to or subtract from the Faraday rotation; for case
(b) the observer will see the normal Faraday rota-
tion plus a sinusoidal rocking of the polarization
vector, of amplitude equal to the angle between the
spin and the dipole axes, and period equal to the
full rotation period of the satellite. In the former
case the satellite rotation will introduce a cumulative
error to the derived values of 7(f); for the latter
sase, quasi-sinusoidal oscillations of Z(¢) of amplitude
not greater than that introduced by a -90° shift in
polarization rotation will be observed.

The derived irregularities of figures 5, 6, and 7
are not consistent with the suggestion that they
are due to a regular satellite rotation. The irreg-
ularities are not sinusoidal, as would have been
expected if they were due to satellite rotation. In-
stead of a period of about 90 sec, the irregularities
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of figures 5 and 6 had periods of the order 40 to 50
sec, while those of figure 7 had periods considerably
greatm than 100 sec. Although the amplitude of
the polarization flutter responsible for the irregu-
larities of figures 5 and 6 was less than 90°, and was
therefore consistent with the satellite-rotation hy-
pothesis, the polarization irregularities observed
during the pass of figure 7 were several times too
large to be due to a regular satellite rotation. In
addition, the amplitude of the irregularities in
Al/IL, it due to satellite rotation, would be inversely
proportional to the total amount of Faraday rotation
existing at any time. A four- or five-fold increase
in the amphtude of the irregularities should therefore
have been observed in figures 5 and 6 as the satellite
moved from the southern horizon toward the quasi-
transverse region; no such increase was observed.
For these reasons, therefore, we conclude that the
observed irregularities in polarization angle were
not due to satellite rotation.

Owing to the magnitude of the phenomenon
(roughly -1 percent variation in total amount of
polarization rotation), it does not seem possible that
the observed irregularities could be due to temporal
variations in the magnetic field or in the subsatellite
electron content. For the same reason, it does not
seem likely that they were due to spatial irregulari-
ties in the magnetic field. For this to be the case,
the longitudinal component of the geomagnetic field
would have had to vary irregularly, relative to our
magnetic model, by roughly 4-1 percent in distances
of the order of 300 km. Since maps of the surface
magnetic field do not show such irregularities in the
central United States, it would seem unlikely that
they could exist at heights of the order of several
hundred kilometers. It should be possible to test
for such an effect by correlating the irregularities
deduced from similar satellite passes, but as yet
this test has not been carried out due to lack of
fully analyzed data.

There remains one final alternative explanation
of the deduced irregularities. The values of CO(t)
are derived by a curve-fitting process, and any irreg-
ular variations in the computed C(t) relative to the
true C(t) for a spherically stratified ionosphere
would show up as irregularities in the electron con-
tent. The curve fitting process has therefore been
tested. An analytical expression having a variation
similar to that of C(t) was obtained, and nine points
along it were determined. The curve fitting pro-
gram was then used to derive the best fitting 5th
degree polynomial for these nine points. The
agreement between values derived from the poly-
nomial expression and from the original analytical
expression was always within 0.1 percent, indicating
that irregularities in the derived C(¢) curves were
not responsible for the deduced variations in electron
content.

On the basis of the above discussion, we conclude
that the observed irregularities are correctly ascribed
to variations in subsatellite electron content. We
proceed now to discuss the properties of the irregu-
larities; to relate our observations to other observa-

tions of large scale ionospheric irregularities, and to
evaluate the Faraday-rotation method relative to
other methods for observing such irregularities.

The following points may be made concerning
these observed variations in subsatellite electron
content:

(a) They have spatial extent of the order 300 km.

(b) Their intensity is such as to modulate the
subsatellite electron content by roughly 41 percent.

(¢) They are not limited to a narrow height range
(otherwise the fractional deviation would be con-
siderably less for high passes than for low passes).

(d) On occasion, at least, they were present for
heights as low as 230 km.

(e) They are of common daytime occurrence at
latitude 40 deg. The four passes analyzed in detail
to date all show their presence; a cursory examina-
tion of the observational data suggests that they
are present on many, perhaps even the majority, of
the records.

(f) Their intensity apparently is limited to maxi-
mum values of fractional deviation of the order of a
few percent.

(g) There is no evidence as yet concerning their
diurnal, seasonal, or magnetic storm dependence,
though information concerning these is presumably
available in the numerous, as yet unanalyzed,
records.

Several authors have given experimental evidence
of the existence of large-scale ionospheric irregular-
ities. The observations of large-scale traveling dis-
turbances in the ionosphere by Munro [10] suggest
that the irregularities he observed are related to our
own observations. From Australian studies of the
virtual height of reflection of HF radio waves, he
was able to deduce the frequent occurrence, during
daytime hours, of traveling disturbances in the F
region having dimensions up to several hundred kilo-
meters. Br amley and Ross [11] using angle of arrival
measurements, and Whitehead [12], “and Jones et al.
[13] from studies of the “bursts” in amplitude of
ground-based transmissions have been able to confirm
the existence of similar irregularities in the northern
hemisphere. In general, however, quantitative data
on the intensity of the irregularities is lacking, and it
is therefore not possible to be certain that the irreg-
ularities we observe are of the Munro type; in par-
ticular, our observations to date do not permit the
study of their motion.

Evidence of large-scale ionospheric irregularities
has also been obtained by Vitkevitch and Kokurin
[14, 15] using radio astronomical sources. These
authors made measurements of the angle of arrival of
radio waves from the celestial radio sources and found
evidence of slow oscillations in the apparent source
position relative to the true source position. They
estimate that the irregularities in total electron con-
tent of the ionosphere have lateral dimensions of the
order 300 to 400 km and intensity of up to several
percent, in good agreement with our observations of
the variations in subsatellite electron content.

Unlike the satellite data, the nonsatellite methods
described above have not given more than rough

344



estimates of the irregularities in ionospheric electron
content; and in particular the nonsatellite methods
do not readily permit the rapid study of the irreg-
ularities over wide geographical areas from a single
site. It is of interest to consider whether the other
parameters of a satellite radio wave (amplitude, fre-
quency, and direction of arrival) may also be useful
in the study of these large-scale irregularities. IEx-
amination shows that these alternative methods are
unlikely to prove effective. The recordings of ampli-
tude “bursts” of satellite signals, analogous to the
amplitude studies of Whitehead, and Jones et al.,
would not appear to be a suitable method, owing to
difficulties arising from the very great variations of
signal strength due to the changing satellite range,
and the changing efficiencies of the polarized trans-
mitting and receiving antennas along the (moving)
line of sight. A second effect of the ionospheric
irregularities is that they will modify the ionospheric
distortion of the free-space Doppler curve of a moving
satellite. Any Doppler method for studying these
large-scale irregularities, however, suffers from the
fact that the Doppler technique, which is based on
the rate of change of phase, is inherently insensitive
to weak, large-scale irregularities. Thus, it can be
shown that the irregularities of figures 5 and 6 would
produce an irregular distortion of the Doppler curve
of magnitude about 0.1 eps and period roughly 40 sec.
Since the rate of change of the 20-Mec signal is typ-
ically several cycles per second per second, it would
be difficult to measure such distortions accurately.
The angle-of-arrival measurements, which are based
on the rate of change of phase across the ground, are
also insensitive to weak, large-scale irregularities. In
this case, it can be shown for the passes of figures 5
and 6 that the apparent position of the radio satellite
would have varied irregularly, relative to its true
position, by about 1 min of arc and with period
about 40 sec. Such irregular refractions would be
difficult to measure accurately in an object which is
moving through as much as 100 min of arc per second.
We conclude, therefore, that the Faraday rotation
method is likely to prove the most advantageous
satellite method for the study of large-scale iono-
spheric irregularities, and that it offers important
advantages over previous nonsatellite methods.

7. Conclusions

The interpretation of the Faraday rotation of the
plane of polarization of a satellite radio signal is at a
relatively early stage of development. At the mo-
ment, the accuracy of measurements of subsatellite
electron content is chiefly limited by uncertainty as
to the total number of rotations. In the special case
of a spherically stratified ionosphere, or an 1onosphere
whose gradients are known, this ambiguity can be
largely removed. The technique is of considerable
value for the study of large-scale irregularities, the
interpretation of which is largely independent of am-
biguities in the total number of rotations.

It may beexpected that the Faraday-rotationmeth-
ods will be developed still further. In particular, it
would be extremely valuable if a satellite specifically

designed for the purpose could be launched. Such a
satellite should include two transmitters on rather
closely spaced frequencies in order to permit resolu-
tion of the rotation ambiguity. The satellite should
be designed so that the plane of polarization is unaf-
fected by the rotation of the satellite, and some sensing
mechanism should be available to define the orienta-
tion of the transmitting antenna. With such a sat-
ellite, it should be possible to measure the subsatellite
electron content to an accuracy of about 1 percent,
the accuracy being limited primarily by uncertainties
in the magnetic field within the ionosphere. Further-
more, the sensitivity of the method to irregular
variations in electron content could be considerably
enhanced, particularly in the case of a satellite in a
geostationary orbit. For such a satellite, it should
be possible to observe variations in the polarization
rotation of (say) 0.01 rotation; if this were done at

frequency of 20 Me, it should be possible to measure
changes of AZ/1; as small as 1.0>(107*.
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