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1.0 INTRODUCTION

Several previous studies have been made to determine ionospheric
refraction corrections to range-rate observations in the tracking of low
orbiting space‘craft by a high altitude satellite acting in a relay capacity to
the ground tracking stations. A good ionospheric correction model based
on the NASA 3 -dimensional worldwide ionospheric model was developed'
by Atlantic Science Corporation for the Gravsat/Geopause configuration
satisfying the required tracking accuracies to the order of 0.02 meters in
range and 0.'003 cm/sec in range-rate. From many orbits simulated for
severe refraction conditions, the maximum ionospheric corrections to "fange
and range-rate to be expected along the satellite-to-satellite link were de-
termined as shown in Table 1 (1). The same model was also used to compute
corrections to actual tracking data for the ATS-6 to Apollo/Soyuz geometrical
configuration in cbnjunction with the geodynamic satellite experiments. The
results showed the ionospheric effects to be of significant magnitude compare'd
with the gravitational effects. Hence, adequate removal of ionospheric

effects by modeling proved necessary, and updating the range-rate corrections

with actual ionospheric measurements was performed in this study.

It became apparént in analyzing these data that the variations in the
ionospheric refractions were not easily interpreted and causes were difficult
to attribute in the complex orbit configurations with changing ionospheric
conditions. In order to understand the characteristics of the refraction errors
aﬁd to estimate residual errors that might remain due to short term iono-
spheric variations even after removing ionosphefic effects by use of a pre-
diction model, a study of the problem under simple well knp'wn conditions was
necessary and is presented here. With the NASA .3—di_mensional worldwide
modei fk;e invé-sii.gét-igr.l- was expanded.to examine how:the various parameters
of solar flux, season and diurnal variation effect the range-rate corrections.
Actual and simulated orbits of Apollo, Geos and Nimbus tracked by ATS-6

were used in this study.



Table 1. Maximum ionospheric refraction corrections expected along satellite link
with low satellite at . 307 km as in the Gravsat/Geopause configuration.

Refraction Type

Maximum refraction
corrections obtained for
selected orbits

AR (m) IARI (mm/sec)

Corrections possible under extreme
refraction conditions based on a
median [,F2 value of 16 MHz

AR (m) |Af{l£nm/sec)

Ionospheric
at 13,472 GHz

normalized to | GHz

1,17 9.21
212,35 1671,57

2,64 17,31
479,15 3142, 12



2.0 SIMPLE MODEL INVESTIGATIONS

2.1 Conditions Investigated

The two major causes of the sudden and sometimes large variations'
apparent in the ionospheric range and range-rate c_orrecfions along the
satellite arc are the geometric effects of.the raypath and the curved
ionosphere, a’nd the localized perturbations in electron density along the
satellite-to-satellite line of sight. The raypath may follow along the
region of maximum electron density for a considerable distance, it may
pierce the ionosphere at two separated locétions, pass through it once,
or only partially, or remain above it, allowing for a great range in the
magnitude of the effect. Conditions possible for a low altitude satellite
like Apollo-Soyuz are illustrated in Figure 1. Significant gradients in
the electron density, as occur in the equatorial anomaly, result in very

large perturbations.

Ionospheric tracking errors are greatly effected by the following
parameters, whose influences are investigated: satellite height, height of
maximum electron density, electron density variétions, and localized
ionospheric perturbations and gradients. Changes in these parameters
can produce large variations in the magnitude of errors as well as time

shifts of the peak errors along the satellite arc.

The orbits were generated for three low orbiting spacecraft at
different heights, to resemble the Apollo-Soyusg arc-s at 200 km, the
Geos arcs at 850 km, and the Nimbus arcs at 1100 km above the earth's —
surface. The high altitude satellite was stationary at a height of 35, 785 km
like ATS-6. To allow a clear undefstanding of ’éhxe geometri‘c, effects the
orbits were chosen coplanar, and each arc was s’carte;d where the high and
low satellites' were aligned with the earth's center, as shown in Figure 2.
In each case the arcs terminated when the low satellite disappeared from

the view of the high traéking satellite in the geometric sense being blocked

by the earth. Low satellite positions underneath the earth's horizon that

might still be visible from the high satellite, due to refractive effects on
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the raypath through the earth's atmosphere, were not considered.

To first investigate the purely geometric effects, the ionosphere was
considered uniform all over the globe with a density versus height profile
as in the Bent Ionospheric Model with five exponentially decaying topside
layers, a parabolic layer.just above the densest region, and a bi-parabolic
bottomside layer. The critical frequency £{F2 and the height at the maximum
electron density hm were chosen for different cases, while all other variables
were held fixed, to evaluate the effect of ionospheric variations on tracking |
observations. Values of {;F2 were chosen as 5, 10 and 15 MHz, and h, was
considered at 25 km steps during the Apollo-Soyuz orbits and at 50 km in-

crements for Geos and Nimbus arcs.

To investigate how severe ionospheric gradients influence the ra;nge-rafe
corrections, perturbations in density were superimposed on the worldwide
uniform ionosphere at selected locations. The perturbations were chosen
from gradients that are characteristic for severe equatorial anomalies or
sunrise effects as they actually occur, with an increase or decrease in
foF2 of 5 MHz tapering éff over a radius of about 1400 km (=755 nautical
miles) from the perturbation center. More severe ionospheric disturbances
as are possible during geomagnetic storms were modeled by a drop of

10 MHz in {,F2 at the perturbation center recovering to normal over 1400 km.

The decline of the perturbations with distance from the center was chosen
to best represent actual ionospheric variations. This was accomplished by

correlating with a study on updating ionospheric predictions with data observed
at various distances (2)._ Most improvement in the accui‘acy,éf corrections
was achieved through updating, when the distance weighting fuﬁction re-
sembled the decay of ionospheric variations. Hence th;e best weighting

function from the update procedure, e -(d/D )zwith D=400 nautical miles as

shown in Figure 3, was used to model the spacial decay of the perturbation

over the distance d.
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Fig. 3 Methods of Distance Weighting in the Update
Procedure of the Ionospheric Model




To summarize the results of the study on update weights, the size of
the area over which ionospheric values showed similar deviations from
normal was determined by performing manycomparisons with three or more
stations. When applying the same percent change to the ionosphere at an
evaluation site as was found at an update station, the results achieved with
data from nearby stations were excellent. However, where iarge distances
were involved and when the ionospheric disturbances were not consistent over
such distances, it had been observed that the basic predictions could be more
accurate than the updated values. For this reason, a distance weight had been
introduced in conjunction with the update. The possibilities considered in-
cluded as weights both linear and exponential functions of the distance.
Figure 3 shows the various weights along with the teét results obtained from
them. The best weighting function minimizing the residuals of measured minus
updated data is an exponential bell-shaped curve with a decay constant of D=400
nautical miles, that gives almost full effect to the update from stations nearby

and little effect to update over large distances.

The range-rate corrections are computed as one-way corrections along
the satellite-to-satellite link and are to be subtracted from the tracking
observations. They are computed by range differencing based on two con-
secutive range corrections 10 seconds apart; such a presentation best re-
sembles typical range-rate tracking observations. The results are all
normalized to 1GHz for easy conversion to any particular frequency of

interest; the range-rate correction at frequency f in GHz is,

AR=AR /£

1 61z



2,2 Effects of Satellite Geometry. and Ionoépheric Characteristics

A simple ionosphere uniform all over fhe globe was used with selected
characteristics of {,F2 and h;, and ionospheric corrections to range—‘réte
data were computed for ATS-6 tracking the simulated Apollo, Geos and
Nimbus orbits as depicted in Figure 2. The corrections along the arc from
the point underneath the high satellite to the point of disappearance are shown
in Figure 4 for all three low orb1t1ng spacecraft The results are clearly
explained by the geometric conf1gurat10n of the raypath through the curved
ionosphere as illustrated in Figure 1 with corresponding range and range-rate
corrections. At the zero crossing of the range-rate, the range correction
reaches its maximum with the satellite-to-satellite beam penetrating the iono-
spheres at a large slant angle and remaining in the vicinity of h, over a long
distance. The conditions are not as severe a bit earlier or later, the dietances
along the ray passing through the segments of maximum electron density are
shorter, and the range correction smailer. At the inversion points along the |
raﬁge correction curve the range-rate correction reaches its maximum or
minimum.

Only during the last few minutes of visiBility of the satellite arcs are the
correetions of significant value for high satellites, and orders of magnitude
greater than the effects of ground to satellite tracking for low satellites. In
actual tracking data the initial period after appearance above the horizon also
has to be considered, which however was not presented here, because the iono-
sphere was chosen as uniform, and the corrections during the first half of the
arc would be the identical mirror image of the one's shown for the second half.
The lower the satellite orbit is, the shorter is its a;rc;visible from ATS-6 and

the longer is the time period over which ionospheric corrections are important:

for Apollo-Soyuz at 200 km the last 13 minutes of its arc have to be considered
for corrections, for Geos at 850 km the last 7.5 minutes and for Nimbus af
1100 the last 5.5 minutes. Figure 5 shows a linear correlation between this

time interval and the satellite altitude.
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Figure 4, Ilonospheric range-rate corrections for three different satellite arcs from orbit points
underneath the high satellite to the points of disappearance computed at one minute
intervals, '
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Figure 5. Time intervals at end of arc for satellite
at different heights, during which ionospheric
corrections several orders of magnitude
greater than in ground to satellite tracking
have to be considered for tracking data from

ATS-6.
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The range-rate corrections ih Figure 4 were computed at one minute
intervals based on two consecutive range corrections ten seconds apart.
To gain a better time resolution and to not miss peaks in the data occurring
between even minutes, range-rate cc;)rrections were computed at ten second
intervals and only the last six to ten minutes of each arc are plotted, showing
all significant variations'in-the corrections. Figure 6 is a repeat of Figure 4.
on an expanded time scale. The data are lined up from the end of the arcs
for convenience, and higher values in the peaks bf the Apollo and Geos
corrections are observed due to increased accuracy through better time
resolution.  The range-rate correction curves have steeper slopes and larger
maxima the further out the satellite is. At l:lm =250 km and fpF2 = 15 MHz, the
maximum correction for Apollo is about 1.2 m/sec, for Geos 4. 2 m/sec and

for Nimbus 4.4 m/sec, all at normalized freq_uencies of 1GHz.

The effect of changes in the height of the maximum electron density was
investigated for the three low satellite orbits by recomputing the corrections
for the simple ionospheres at different heights, setting h, to values between
225 and 350 km. Variations in the height of the ionosphere, which often
changes by f 50 km per day, cause interference in the satellite-to-satellite
path. Over the whole globe h, ranges between 206 and 450 km resulting in

diverse geometric effects on the raypath at different geographic locations.

Figure 7 is the result of the first attempt of computing the range-rate
corrections along the Apollo-Soyuz arc for the selected ionospheric height
conditions. A problem uniqﬁe to the low satellite configuration shows up in
the irregular deviations and oscillations along the correction curve. Such
irreng'ularitie‘s are not caused by the uniform ionospilere, but Ey the
satellite-to-satellite correction model, which was thoréughl'y tested with

the Gravsat (300 km)/Geopause configuration for which the problem did not

show up. As seen in Figure 7, instabilities in the corrections occur only at’
the high values of h; for Apollo at 200 km; in similar graphs for Geos and
Nimbus the problem was not apparent. In the model, a stepsize of 3°in

earth central angle was used to sample the electron densities below h, along

12
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1
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\\\ Time intervals (min)
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-4

Figure 6. Range-rate corrections during last few minutes of various height
satellite arcs computed at ten second intervals. Expanded time
scale shows peak values more accurate than in Figure 4,
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Range-rate correction (m/sec)

1.5 —+

1.0

Ionospheric characteristics: /\
fbF2 = 15 MHz

. hy % 225km —

-0.5 A

25

Time (min)

-1,0

Figure 7. Range-rate corrections for the last ten minutes of Apollo-Soyuz
arc show irregular oscillations, not induced by the uniform
ionosphere, but by the model. A central angle step size of 3°
was used to sample the density below h,; along the high to low
satellite line.. Figure 8 shows that using a 1°step size in the
model removes the irregularities.. -

14



the high to low satellite line. This stepsize was too crude under the
special circumstances of the low Apollo arc in combination with certain
values of h,. It was reduced to a 1° stepsize which clearly removed the _
irregularities as shown in Figure 8. This finding suggests to review the
previously calculated corrections to the actual Apollo-Soyuz data for small

oscillations that might be model induced.

The effect oAf changes in height on the corrections along the Apollo arc
is very significant. A time shift of the peak value along the aré is ex-
perienced. A shift of 1 3 minutes in the occurrence of the peak exists

~between values of h, at 225 and 300 km, and of- 0.9 minutes for a 50 km height
difference with h; at 250 a.nd 300 km. In addition, large changes in the maxi-
mum range-rate values are apparent; the lower the ionosphere, the larger -
the peak values are. Range-rate corrections vary from about 1.5 to 0.6 m/sec
for h, between 225 and 300 km, showing an increase of about 0.3 m/sec in the
peak value for each 25 km drop in h,.

’i‘hé fesfs wefé fe?eat-ed fof fhe C_}éc;s and tﬁé ﬁlmbus satelhtes Wlth the
height of the maximum electron density at 250, 300 and 350 km. The results
are shown in Figures 9 and 10. A time shift of the maximum and minimum
corrections is again clearly evident, and is of similar order for both satellites,
about 0. 35 minutes for a 50 km change in h; and 0. 7 minutes for a 100 km change.
Even though some small variation exists in the size of the i)eak values, there

" is no definite trend, and it can probably be attributed to the chance of selecting
the ten second points along the arc along slightly denser ionospheric paths. The
large amplitude changes connected with different h, in Figure 7 are therefore
typical for the Apollo satellite at 200 km altitﬁde,= which alwéys remains below
hy - |

Effects of changes in ele.c:tron density on the fange-rate corrections along
the satellite arcs were examined by chobsing HLF2 at 5, 10 and 15 MHz for- the
uniform ionosphere. Such variations in {pF2 can be caused by localized iono-
spheric perturbations, diurnal variations, day-to-day changes, seasonal

effects and solar cycle patterns. The results are shown in Figures 11, 12 and

15
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= 225km \‘
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1
25
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Figure 8. Range-rate corrections during last ten minutes of Apollb-Soyuz
arc using uniform ionosphere at several different heights. The
effect of h; is obvious in great amplitude variations as well as in
a definite time shift of the peak corrections along the arc. A
central angle step size of 1° was used in the model to eliminate
model induced irregularities.
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Figure 9. Range-rate corrections during last few minutes of Geos
arc using uniform ionosphere at different heights. The
effect of hy is evident in a time shift of the peak corrections
along the arc.
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Figure 10. Range-rate corrections during last few minutes of
Nimbus arc using uniform ionosphere at different
heights... The effect of h; is evident in_a time .shift
of the peak corrections.
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13 for Apollo, Geos and Nimbus ;espectively. In all instances a considerable
increase in the absolute values of the range-rate corrections was achieved

“when increasing f,F¥2. The peak values for each satellite are approximately

in the samé—rativ's—as the~squares of the f5F2s——It is also-seen-when comparing
the figures for the three satellites that for each set of ionospheric characteristics
the peak range-rate corrections are larger and the slopes steeper, the higher

the satellite is, as was already evident in Figure 6 for another set of conditions.
For h, = 300 km and f,F2 = 15 MHz for example, peak values of about 0.6 m/sec
exist for Apollo, 3.9 m/sec for Geos and 4.7 m/sec for Nimbus. A time shift ‘
of the peak corrections along the satellite arc, as was associated with changes

in h,, 'is not apparent for chvanges in [yF 2,

19
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Figure 11. Effect of different ionospheric densities on range-rate
corrections during last ten minutes of Apollo-Soyuz arc.
The various foF2 produce significant variations in amplitude.
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Figure 12. Effect of different ionospheric densities on range-rate
corrections during last few minutes of Geos arc. The
various f,F2 produce significant variations in amplitude.
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Figure 13. Effect of different ionospheric densities on range-rate
corrections during last few minutes of Nimbus arc. The
various f,F2 produce significant changes in amplitude,
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2.3 Effects of Ionospheric Perturbations

The influence of steep ionospheric gradients on the satellite-to-satellite
range-rate corrections along the spacecraft arc needed to be investigated.
Such large gradients are observed in regions of the equatorial anomaly aﬁd
the sunrise region, and during the irregular occurrences of ionospheric
disturbances. 'I:hey were simulated by injecting into the previously uniform
ionosphere variations in electron density, which have maximum effect at the
perturbation center and gradually decrease with increasing distance from
the center. The distance weighting function is shown in Figure 3. The per-
turbation centers were selected at different geographic locations, co that at
times the satellite arc would pass through the center causing a maximum
chang‘e from the unperturbed range corrections. It was also arranged. at
times that the satellite arc would pass some distance from the center, where
the slope of the weighting function is the steepest, resulting in a fast changing
density as the satellite travels along its arc, and hence in great variation in

range-rate corrections.

The effects of perturbations were examinea on both the simulated
Apollo-Soyuz arc at 200 km and the Geos arc at 850 km. In Figure 14 the
range-rate corrections using a uniform ionosphere with a maximum density
of ,F2 = 15 MHz at height hy = 300 km are compared wi‘th the result when a
local perturbation is superimposed at 75° or at 80° latitude along or close to
the low satellite arc. The results from Apollo and Geés are plotted on the
‘same scales for easy correlation, showing the Geos corrections to be of
much larger amplitude, but the effects of the perturbations on the Apollo
arc to be of greater relative sevérit’y persisting ;)ve:r a longef period of time.
For both satellites the perturbations can cause drastic 5c:hanges in the
amplitudes of the peak range-rate corrections along the arc, and in the case
of the Apollo-Soyuz arc the range-rate corrections :even experience é change
in sign as is evident when injecting an i-onospheric perturbation at 80° latitude.
A shift in the peak amplitudes along the arc is possible for both satellites,

as well as the occurrence of additional maxima and minima. On the whole,
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the ionospheric gradients can greatly modify the smooth predictable

correction curves from the geometric effects.

Figure 15 illustrates-how the amplitude of the perturbation applied at
a fixed geographic location modifies the correction curves of the purely
geometfic effects aiong the Apollo-Soyuz arc. A drop of 5 MHz at the
perturbation center of 75 ° latitude causes a final peak amplitude to."be
modified from the unperturbed value and introduces an additional maxirnum
several minutes earlier. A drop of 10 MHz lowers the final peak even more
and causes a much larger early maximum with a single oscillation right at the
peak. The peaks for the cases of the 5 and 10 MHz drops coincide in time.
An increase of 5 MHz at the center produces a quite different pattern however,
creating significantly larger absolute values for maxima and minima as well

as a shift in peaks.

Shifting the center of perturbation to different latitudes along or close
to the Apollo-Soyuz arc mainly manifesté itself in a large time shift of the
additional extremum of roughly 1.5 minutes for each 5°latitude shift, as
shown in Figure 16. This spike is a maximum in Figure 16a for a drop of
10 MHz at the perturbation center, and a mihimum in Figure 16b for an
increase of 5 MHz. Much variation is evident in the final peak of the range-
rate corrections from 0.6 m/éec, which is larger than the unperturbed
peak, to the negative value of -0.05 m/sec. The center of the 70° latitude
perturbation is located at the piece point of the satellite-to-satellite beam
with the densest portion of the ionosphere at 17. 9 minutes into the arc, as
illustrated in Figure 17. For the 75° latitude perturba}:ion this situation
occurs 19.8 and 22.7 minutes into the arc, and the 80° perturbation always
remains 4°or more away from this piercepoint so that;the section of the
distance weighting function with maximum slope effect;s the cérfections along

the satellite line of sight.

While the Apollo-Soyuz corrections were relatively small for the
ionosphere at h, = 300 km in Figure 16, they more than double for the case

of a low height of maximum electron density, h, = 225 km,. as demonstrated
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Figure 15. Effect of ionospheric perturbations of different magnitude
on range-rate corrections along the Apollo-Soyuz arc. In
a) the result of 2 5 and 10 MHz drop in {,F2 below the uniform
15 MHz is shown, and in b) the result of a 5 MHz rise above
the uniform 10 MHz.
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Figure 16. The effect of the locatian of the ionospheric perturbation
center on the range-rate corrections along the Apollo-Soyuz
arc is demonstrated for h, =300 km. The perturbation is
characterized by a drop at the center of 10 MHz in a) and
5 MHz in b).
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Figure 17. Illustration of placement of perturbation centers in spéce and time along
Apollo-Soyuz type arc. The low satellite is at 200 km altitude in polar
orbit, and is tracked by a satellite at 36, 000 km altitude also in polar
orbit,

28



in Figure 18. The perturbation centers at 62°, 75° and 81°latitude were
selected to coincide with the intersection point of thé satellite connecting
ray and the height h, at 15 minutes, at 18.5 as well as 24. 2 minutes and

at 21.5 minu)c‘es along ;che arc respectiv.ely. Hence, perturbation centers
where chosen at times when the unperturbed range-réte correction were

at an extreme at 21.5 minutes, but also at times when the corrections were
low at 15 and 18.5 minutes, or changing most rapidly at 24. 2 minutes.

The perturbation-at 81° latitude causes the final peak of the geometric effect
“to diminish to a very small amplitude and introduces a double spiked
maximum some 4.5 minutes earlier. With the center at 75° latitude the
final peak is reduced by a smaller amount and a double spiked earlier peak
occurs 6 minutes before the final one. The 62°latitude perturbation creates
a final peak greater than that of the pure geometric effect and has an even |

earlier additional peak, which is off the scale to the left.

The results in Figures 16a‘and'18 both for a drop from 15 to 5 MHz
at the perturbation center, but for the different ionospheric heights show
quite similar patterns: modification of the geometry caused final peak |
amplitude, and introductic;n of an additional rnaxli.mum. The earlier the
perturbation center app'ears along the arc, shown in Figure 17, the earlier

does the extra peak occur. )

The large additional peaks caused-b’y the perturbations in the simulated
Apollo-Soyuz range-rate correction data were found as large as 500 mm/sec
at 1 GHz and f,F2 = 15 MHz. Converting to the tracking frequency of 2. 2 GHz .
used in the _actual ‘Apollo—Soyuzvexperiments for which ionospheric corrections
had been computed in an earlier contract, and .conyerting to a critical fre- -
quency of 7 MHz more typical for the July 1975 data, ‘Ehe amplitudes of extra
l peaks would be of the orde1~' of 22 mm/sec. Such corrlection maxima occur
6 to 12 minutes before the end of the arc in Figure 18, and therefore correlate
very closely in location and in size to the Indian Ocean gravitationai anomalies
that had been found in the range-rate tracking data, and hence these effects can

-

be explained by perturbations in the ionosphere.
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Figure 18. The effect of the location of the perturbafion center on the
range-rate corrections along the Apollo-Soyuz arc is
demonstrated for a low ionosphere with h; = 225 km.
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Figures 19 and 20 illustrate the effects.of steep ionospheric gradients
on the range-rate corrections along the higher Geos satellite arc. Figure 19
show's_hAowi,the size of the electron density perturbation effects the corrections
for several choices of locating the disturbance center. The unperturbed curve
due purely ‘Lo«the_;g.eomei:ric effect-through-a-uniform- ionosphere-with—-
fuF2 = 15 MHz can be colmparea with the cases, where a decfease of 5 MHz
and of 10 MHz occurs at the perturbation center. The perturbation can cause
lower or higher peak corrections, a shift in the peak,of-about one half minute,
as well as the occurrence of double peaks in place of the geometry caused
single peak. In all cases the deviations from the smooth unperturbed curve

are more severe, the greater the amplitude of the disturbance is.

The effects of'loéating the perturbation center at different latitudes close
to the Geos arc are investigated in Figure 20. Figure 21 illustrates the positions
of the perturbation centers in latitude and in time along the low s'atellite arc,
| and with respect to the low satellite latitude and the satellite-to-satellite beam
intersection points with the height of maximum electron density of the iono-
sphere. Cases for different size drop or rise in LF2 at the center are given
in Figure 20a-d. The position of the center of disturbance matters greatly
and can modify the smooth unperturbed curve in quite different manners.

The extreme values due to geometric effects can be increased or decreased
significantl‘y, the peaks may shift in time along the arc, and additional oscil-
lations of large amplitude may be introduced iﬁto the range-rate correction
curve as visible in Figure 20c, up to 4.5 minutes before the end of the arc.
 The variations in the curves are difficult to pr;,dict and interpret, and do not

show a pattern as regular as in the Apollo-Soyuz case.
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2.4 Simple Model Results

In satellite-to-satellite tracking the effects-of ionoépheric 'refraction
are difficult to predict because of complex orbit configurations with changing
ionospheric conditions. Evaluating the effects of a simple uniforrﬁ ionosphere
on coplanar satellite orbits at various altitudes clarified the size and duration
_of refraction errors incurred purely by the geometry of the slanted raypath
through the curved ionosphere. Modification of the ionospheric characteristics
of the maximum electron .density and the corresponding height illustrated the
variations that refraction errors will undergo for changing conditions. - The
height of the ionosphere often changes by M 50 km per day, and differences of
5 to 10 MHz in critical frequency can easily be caused by localized perturbations, .
diurnal variations, da’y—to—day changes, by seasonal effects and solar cycle
patterns. To further investigate the effects of local perturbations, steep iéno—
spheric gradients were injected into the otherwise uniform ionosphere, as they
are observed in the equatorial é.nomal'y region, the sunrise region and during

irregular occurring ionospheric disturbances.
The following are the results of major importance of this study:

1)  The ionospheric range-rate correcti;)ns due to the geometric effect
along the satellite arc are illustrate~d in Figure 4 for different
altitude satellites. The lower the satellite orbit is, the shorter is
its arc visible from the high tracking satellite, and the longer is
the time period over which ionospheric corrections are orders of
magnitude larger than in ground-to-satellite tracking; for Apollo-
Soyuz at 200 km the last 13 minutes of its arc show such large
corrections, for Geos at 850 km the last,‘7.A5 minutes, and for
Nimbus at 1100 km the last 5.5 minutes.con;ider'ing copl?nar orbits, ..
However, if low and high satellites are.moving.at ir.ight angles to each
other and are close to the point of disappearance, then such largg

effects can be observed for extended periods of time, see Section 3.

2) Range-rate correction curves as a function of time along the arc
have steeper slopes and larger positive and negative peaks the
higher the satellite altitude is. At h, = 250 km, {,F2 = 15 MHz

and a tracking frequency of 2. 2 GHz the maximum corrections are
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3)

4)

. 5)

25 cm/sec; 87 cm/sec, 91 cm/sec for Apollo, Geos and Nimbus
respectively. At a lower value of {,bF2 = 8 MHz the corrections
would still be about 7 cm/sec, 24 cm/sec and 26 cm/sec for the

three satellites respectively.

Changes in the height of the ionosphere which are typically ! 25 km,

produce very significant effects on the range-rate corrections, as

shown in Figures 8, 9 and 10. Time shifts of the peak values along
the arc are experienced; for a 50 km shift in h, they are of the order
of 0.9 minutes for Apollo and 0. 35 minutes for Geos and Nimbus.
Such time changes are significant when attempting to derive localized
gravitational effects. In addition, for the Apollo spacecraft which
always remains below h,, large changes in the maximum correction
values are apparent. Increases of about 62 ‘cm/sgc in the peai( value

occur for each 25 km drop in h, at £F2 = 15 MHz and a tracking fre-

"quency of 2.2 GHz. Such changes in peak values are, however, not

apparent from the higher satellite data from Geos and Nimbus.

Changes in electron density effect the amplitude of the range-rate
corrections such that the peak correction values for each satellite
are approximately in the same ratios as the squares of the £F2s.

Time shifts of the peak corrections along the satellite arc are not

associated with changes in {;F2. See Figures 11,12 and 13,

Ionospheric perturbations with associated steep gradients in electron
density can greatly modify the smooth range-rate correction curves

as predictable from geometric effects in satellif;e-to—satellite tracking,
The peak values may experience drastic increases or decreases in
amplitude -as well as shifts in time, and additional énaxirria and minima
can occur along the arc. As shown in Figure 14, the effects of the
perturbations on the Geos corrections are of larger amplitude, but

the effects on the Apollo arc are of greater relative severity per-

sisting over a longer period of time.
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6)

7)

8)

For different size disturbances under otherwise fixed conditions

the range-rate corrections sho‘w similar patterns. However, the
greater the amplitude of the electron density perturbation and the
steeper the slopes of the gradients are, the more severe are the
deviations from the smooth unperturbed correction curve. See

Figures 15 and 19.

Shifting the location of the perturbation center to different latitudes
close to the Apollo-Soyuz arc manifested itself mainly in a large
time shift, of the order of minutes, of the additional single or double

peak extremum. The earlier the perturbation center appears along

‘the arc, the earlier does the extra peak occur, see Figures 16 and 18.

An amplitude variation of the final unperturbed positive peak is also
experienced from a slight increase to a drop to negative values de-

pending on the location of the disturbance. Shifting the _pertur'bation
center has similar effects on the Geos tracking data, see Figure 20,

but the pattern does not appear as regular as in the Apollo case.

When converting to the appropriate tracking frequencies and '.foFZ,
and considering the effects of shifts in amplitude and location of
typical ionospheric disturbances, the perturbations -cause variations
in range-rate corrections that are closely correlated in location
and size to the Indian Ocean gravitational anomalies that were ex-

tracted from the Apollo-Soyuz tracking data.
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3.0 INVESTIGATION OF EFFECTS DUE TO IONOSPHERIC VARIATIONS
USING THE BENT MODEL

In this section the effects of actual variations and gradients in the iono-
sphere on satellite-to-satellite range-rate._corrections are investigated,
These-gradients occur-along-the -ar-c——of—-a—lo-w—-satellvite—ibeing——t—r—acked;'by a high
satellite. For this purposé the 3-dimensional worldwide Bent ionospheric
prediction model was used to show the effects of steep spacial gradients as
well as of short and long term temporal gradients, such as diurnal variations,
day-to-day deviations from the monthly mean, seasonal and solar cycle

variations.,

3.1 Simulated Orbits

To capture the ionospheric variations, the orbit configuration was chosen
quLite different from the coplanar orbits used for the simple model investigations
in Section 2. The satellite orbits were simulated perpendicular to each other,
the stationary high satellite in an equatorial orbit, and the low satellites at
various heights in polar orbits both prograde and retrograde. The angular
separation between the satellites was chosen in the proximity of the disap-
pearance points, and under such circumstances significant range-rate cor-
rections exist along most of the orbit. Tracking frequencies of 1GHz were
used in the simulations and conversions to an)} other frequency ére simply
done using the conversion formula in Section 2. 2. The range-rate corrections

are presented as the one-way values.

In Figures 22-24 several of the orbit configurations are shown. The low
satellites in prograde orbits disappear from the sight of the high satellite for
a portion of their orbits in Figure 22 and 'bec.onél*e' visible again as they cross
the equator. Three such cases were considered for lo;w altitude satellites
at 200, 300 and 850 km and the high tracking satellite at 35, 785 km. The
graphs show two of the orbits superimposed on a world map of the iono-
spheric chal;acteristic of fF2. Where the ftF2 equal value lines are con-
centrated, large ionospheric gradients exist, and it is indicated where the -

ionosphéric pierce point curve crosses these gradients. The intersection of
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the satellite-to-satellite line of sight with the region of maximum electron
density establishes the ionospheric pierce point. When two distinct inter-
section points exist, as is the case for satellites altitudes above the height
of maximum density, only the pierce points élong the high satellite leg are
traced. For the 850 km orbit the second pierce point, which is closer to

the low satellite, can be as much as 38 degrees separated from the first.

In Figure 23 the satellite separation is reduced by a few degrees so

. that the low satellite remains visible from the high altitude spacecraft
throughout the simulated half-orbit, The low polar orbit passing east of
the high satellite was chosen retrograde to provide better geometric con-
ditions, keeping the satellite distance fairly constant over the equatorial
anomaly region, assisted by the slight longitude shift due to the earth
rotation. The ionospheric pierce point curve shows that the satellite line
of s'ight, as it moves along the orbit, penetrates the ionosphere in the
equatorial anomaly region where the density, as well as the gradients,

are most severe,

Figure 24 shows another retrograde polar orbit, this time crossing
the equatorial anomaly west of the high satellite over some vefy dense
regions. The angular separation between the satellites is less than in the
previous case, and at the equator crossing the satellite line of sight is
practically perpendicular to the radius vector of the low orbit. Figure 25
illustrates the angular relationships betv&een low and high satellites for all

four of the displayed orbits.

3.2 Spacial Gradients

To examine the effect of the low'satellite altitude on the range-rate
corrections along the arc, the geometric conditions w;ere fixed, such as
the high satellite position and the ionospheric pierce point location at the
equator crossing and with that also the satellite line of sight, see Figure 25,
and only the height of the orbit was varied. The range-rate corrections for
the orbits depicted in Figures 22 and 23 and for two additional orbits are

correlated in Figure 26.°
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Figure 25 . Diagram of equator crossings of four low satellite orbits
showing angular separation from high satellite.
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Figure 26. Effect of satellite height on range-rate corrections
All three are polar orbits. In a) the

in April 1968,
orbits are prograde and constructed such that the low

satellite just becomes visible-fromthe ‘high equatorial
satellite as it crosses zero latitude at 6 UT. In b) the

orbits are retrograde and the satellite line of sight re-

mains just above the horizon.
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In Figure 26a there is an invisible portion for all satellite orbits, but
at 6 UT they become visible again as they cross the equator and the 200, 300
and 850 km satellites all lie along the same line of sight from the high satellite.
The very large deviations to both sides of the invisible region are_caused by the__
changing geometric conditions of the satellite raypath through the curved iono-
sphere as it disappears, which is illustrated in Figure 1. The higher the low
satellite orbit is, the iarger are the range-rate corrections caused -’by this
effect. “The reason for this is that for a low satellite at a relatively high
altitude the tracking raypath remains_above most of the ionosphere over large
segments of its orbit and penetrates significant electron density layers only
at the beginning and end of each arc. The higher the satellite is, the faster
it passes from the region where the satellite line pierces the ionosphere to
the point of invisibility. This faster rate of change produces larger amplitudes

in the range-rate corrections.

Superimposed on these geometric effects in Figure 26a are the iono-
spheric gradient effects, because the ionospheric density and height along the

line of sight changes as the low satellite travels along its orbit.

The geometric effects are minimized in Figure 26b by decreasing the high
to 16w satellite separation angle by about 3 degrees at the equator crossing and
maintaining visibility throughout the half-orbits. The difference between the
range-rate corrections along the 300 and 850 km orbits are now mainly due to
the gradients in ionospheric density and height. Again the higher altitude orbit
displays the larger amplitude refractive effects, but they are only about half

as large as those caused by the geometric conditions in Figure 26a.

To better understand how the variations in the refraction corrections
along the satellite path are caused by the ionospheric gonditions, the two
orbits in Figures 23 and 24, the ionospheric densities!depicted in the f4 F2
world maps, the ionospheric heights and the satellite angular separation
shown in Figure 27 were examined in detail and were correlated to the range-
rate corrections also shown in Figure 27. The circled numbers along the

time scale of Figure 27 tie up with the ones along the ionoépheric pierce point
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caused by ionospheric gradients of equatorial anomaly.
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ionospheric pierce point and of the separation angle be-
tween the satellites are superimposed.



curve on the orbit graphs in Figures 23 and 24. From the curve giving the
angular separation between the satellites it is apparent that while this
separation varies somewhat at the beginning and end of the arc, it is fairly
constant over the central region of the equatorial anomaly where most of
the large range-rate deviations occur. Hence, in the Tegion of interest the
corrections are mostly due to ionospheric gradients, because the geometric
configuration remains nearly fixed. Between points 2 and 4 of Figure 27a,
the angular separation between the satellites varies by only 2 degrees and in

Figure 27b between points 1 and 3 only by 1 degree.

The marked zero crossings of the range-rate corrections (Figure 27)
correspond very clearly to the maxima or minima of £xF2 shown on the world
maps (Figures 23, 24). This is to be expected since extrema in fxF2 cause
extrema in electron density and range corrections, hence zero crossings in
range-rate corrections, see Figure 1. The range-rate corrections give a
very clear picture of the gradients encountered as the satellite connecting

beam sweeps the equatorial anomaly.

As is indicated by the equatorial dip in the ionospheric pierce point
curve, (Figures 23, 24) not just the electron density but also the height at
the maximum undergoes steep gradients in the anomaly region. In Figure 27
it is shown that the height of the pierce point has a definite maximum at the
magnetic equator around which the equatorial anomaly is centered, and its
values vary between 314 and 456 km over the arc. The smaller variations
in the range-rate corrections toward the ends of the arc in Figure 27b might

be influenced by the ionospheric height changes.

It should be noted that different \./ertical scales are employed in Figure 27.
Maximum absolute amplitudes in b} are about se\;en times as large as in a).
The major reason for this lies in the satellite configurations shown in Figure 25.
The satellite with range-rate results in a) remains ‘barely a;bove the horizon
when crossing the equator, 97° away from the high satellite, and the line of
sight pierces the ionosphere at a slanted angle. The satellite with results in

b), however, is closer to the high satellite separated by 81° at the equator.
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The 300 km satellite used in both these examples is below the height of -
maximum density  which varies in b) between 350 and 456 km in the equatorial
region, 'and the line of sight between the satellites pierces the ionosphere at
extremely slanted angles, remaining in the vicinity of the maximum electron
density over very long distanc-es, 'hence the very large refraction effects.

In addition, slightly steeper gradients exist in ionospheric height and density
for b) than exist for a) which also contributes to the larger range-rate
corrections in b). The maximum pierce point of {s¥2in b) was 14. 2 MHz,

in a) 12. 9 MHz.

In using the April 1968 data, the spacial gradient investigations were
performed for average solar maximum conditions; the smoothed sunspot
number was 107. It should be recognized, };ov&‘/eveNr, that during a fnore
severe solar cycle the range-rate corrections could be significantly larger
than the 0.8 m/sec in Figure 27. During the maximum cycle recorded in

1958, the smoothed sunspot number went as high as 201 in March.

3.3 Temporal Gradients

The effects of short and long term ionospheric temporal gradients on
satellite-to-satellite range-rate corrections was investigated by comparing
the corrections along the orbits, which were obtained for ionospheric
situations where all conditions, except the one tested parameter, were held

constant,
.3.3.1 Diurnal effect -

The diurnal effect on range-rate cori‘ections was examined by computing
corrections for satellites crossing the equafor at 6 hours and at 14 hours
universal time to provide information with high and low graciients, and the
results show large differences in amplitude. In Figurse.ZSa_ the ionospheric
pierce point occurs at longitude 222° or 21 hours local time. At this time
very rapid changes in electron density are encountered as the satellite con-
necting ray sweeps across the equatorial anomaly while following the low
satellite orbit. The steep gradients are apparent along the pierce point curve

in Figure 22b, and the resulting range-rate corrections are large. -
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Figure 28. Diurnal effect on range-rate corrections of 300 km
orbit in April 1968. In a) at the equator crossing the
ionospheric pierce point along the low to high satellite
leg occurs at 21 hours local time, when large ionospheric
gradients exist along the low satellite orbit.(see Fig. 22b).
In b) the pierce point crosses the equator at 5 hours local
time, when the ionospheric gradlents along ‘the orbit are

very small. i
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In Figure 28b the satellite crosses the equator at 14 hours UT. Here the
ionospheric pierce point occurs at 5 hours local time, when the ionospheric
gradients along the pierce point curve and hence the corresponding range-
rate corrections are about as small as they can get for such an orbit-con=-

figuration.
3.3.2 Seasonal effeqts

Range-rate corrections were compared for April 1968 and July 1968 to
examine the effect of seasonal variations on range-rate corrections. The
solar activity did not influence the result significantly, because the smoothed
sunspot numbers were very similar, 107. 2 in April and 105. 2 in July., The
three polar orbits at 300 km altitude shown in Figure.s 22b, 23 and 24 were
examined, all having the equator crossing fixed at 6 hours UT. The corre-
sponding range-rate corrections are presented in Figure 29, .and in Figure 30
similar results for the 850 km high orbit of Figure 22a are shown. In each
caée, maximum ionospheric effects occur in April and minimum effects in
July. For other months the effects would be expected to be of intermediate
amplitude. Significant changes in peak amplitudes are apparent, as well as
time shifts of the peak correction values. In Figures 29b one of the spikes

disappears between April and July.
3.3.3 Solar cycle effects

The effect of the solar cycle on range-rate corrections was also con-
sidered., Three years were chosen to represent the extremes of solar
activity, and in all cases the month of April was selected to eliminate

seasonal effects.

Year - Smoothed Sunspot Number
1958 196.8 |
1968 107.2

1975 18.6

The 1958 solar cycle was the all-time maximum recorded. During 1968
and 1975, the maximum and minimum activity .occurred for the last solar

cycle. Figure 31 shows the results for two different orbits shown in
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Figure 30. Seasonal effect on range-rate corrections of 850 km
orbit in 1968 at about 6 UT. Maximum ionospheric
effects are found in April, minimum in July.
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Figures 22b and 24. The 1958 corrections are in.all cases significéntly
larger than the 1968 results by factors of 1.5 to 2.5. The 1968 results
in turn exceed the 1975 results by similar amounts. Shifts in the time
of the peak range-rate correction occur for several peaks but without

a simple pattern,

3.4 Temporal Gradient Tests with-Apollo-Soyuz Orbits

The effect of day—tb-da.y variations in the ionospheric density and
height on the range-rate corrections along the satellite link were
investigated using an orbit of the Apollo-Soyuz data. Revolution 8 on
16 July 1975, with the tracking frequency of 2.16 GHz was used, and the

ionospheric conditions of interest were simulated,

To examine the influence of the deviations in foF2 from the monthly
mean due to daily variations of solar flux, the month of February 1968
was chosen for the simulations; 1968 was the yeér of averaéé maximum
solar activity., The monthly mean of the solar flux was 173, and corrections
were computed for February lst when solar flux was at a monthly maximum
262, and for February 18th when the flux was at the minimum of 138. As
shown in Figure 32, the increased solar flux causes a sharp increase in
peak ionospheric range-rate corrections by a factor of 1.1 to 1. 8, while
the same pattern is maintained for the variations along the arc. This points
to the necessity to adjust the monthly mean ionospheric correction model for

daily variations as is done in the Bent model.

The height of maximum electron density was computed using the
iono spheric model, and then it was raised and lowered by 50 km during the
simulations. Such variations repreéent the poﬁSi’ble day-to-day changes
in the ionospheric height, and result in changes in the amplitude of the range-
rate corrections as well as in a time shift of the peaks, see Figure 33.
Lowering the ionosphere by 50 km causes an increase in the amplitude by
a factor of 1.4 and a shift of the peak in increasing time along the arc.
Raising the ionosphere by 50 km causes a decrease in amplitude and a 40

second shift of the peak in.decreasing time along the arc. .
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flux show large effect on the peak values of ionospheric
satellite to satellite corrections along arc.
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3.5 Nimbus Simulations

Ionospheric range-rate corrections along the satellite li.nk from
Nimbus to ATS-6 were computed using three simulated Nimbus orbits.
Retrograde orbits with an inclination of 100° were generated.with the..
sate'lite at a height of 1100 km. The high satellite was stationary over
the equator at longitude 159°. Because the low satellife, at 1100 km,
is above the densest part of the ionosphere, range-rate corrections are
significant only when the low satellite is near the point of disappearance
over the horizon with respect to the high satellite. At this point, the line
of sight between the high and low satellites passes through the densest

part of the ionosphere at two distinct points.

The orbit shown in Figure 34a was chosen so that the low satellite
becomes invisible to the high satellite above the equator and reappears
just as it crosses the equator. Corrections are la'.rge due to the dominant
geometric effect of disappearance which obscures the effect of the éteep
ionospheric gradients involved (Fig. 35). The equator crossing is at

longitude 2715 5.9 UT (24.0 local time).

In Figure 34b, the low satellite remains just barely visible to the
high satellite as it approaches and crosses the equator, hence geometric
effects are of minor importance. The matching range-rate corrections
in Figure 36 are not as large as in Figure 35, and are due mainly to the
steep ionospheric gradients. The equator crossing is at longitude 267°,

6 UT (23.8 local time).

The third orbit (not shown) crosses the equator at longitude 50, 9°,
6 UT (9.4 local time). Range-rate correct{ons .fox.' this orbit are shown
in Figure 37. The Nimbus.orbit is quite similar to thge previous case,
but it crosses the equatorial anomaly west of the high satellite instead of
east. Because of thé variations in ionospheric densities, gradients and
heights the spikes in the range-rate correction.curve along the low satellite

arc are of different shape and occur at different times than in Figure 36.
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The connections shown are for a one-way trip between ATS-6 and Nimbus

with a transmission frequency of 2.16 GHz.

3.6 Summary of Ionospheric Model Results

The 3-dimensional worldwide Bent ionospheric prediction model was
used to show the effects of steep spacial gfadients and of short and long term
temporal gradients in the ionosphere on satellite-to-satellite range-rate
corrections. The satellite orbits were simulated perpendicular to each other,
the stationary high satellite over the equator, the low satellites in polar orbits
at 200, 300 and 850 km altitude with the tracking raypath sweeping across the
equatorial anomaly and the satellite separation in the proximity of the dis-
appearing points. Such a configuration insures significant range-rate corrections
along most of the orbit. Tracking frequencies of 1GHz were used to enable
easy conversion to a user's frequency and one-way corrections are presented.
The impact of the variations in each tested parameter was determined while

holding all other conditions constant.

Variations in satellite altitude showed that the higher the satellite, the
larger are the range-rate corrections along the arc (Figure 26). This was the
case when the refractive effects were mainly due to the gradients in iono-
spheric density and height, and also when the geometric effect of the satellite
raypath disappearing through the curved ionosphere was dominant. The reason
for the latter is that the higher the satellite is, the faster it passes from the
region where the satellite line pierces the ionosphere to the point of invisibility,

and this angular rate is proportional to the ionospheric range-rate values.

The effects of the ionospheric spacial gradients on the range-rate
corrections along the satellite-to-satellite 1i1;1e .v'v‘as investigated, | while:
minimizing the geometric effect by holding the angular‘g separation between the
satellites fairly constant over the region of the equatorial anomaly, where
the largest spacial gradients occur. The range-rate corrections give a very
clear picture of the gradients encountered as the satellite connecting beam
sweeps across the equatorial anomaly. The spikes in the corrections occur

at different times for satellite orbits at different longitudes, because of the
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ionospheric variations (Figure 27), and the zero crossings in the refraction
corrections very clearly correspond to the maxima and minima in electron
density along the tracking beam. This type or range-rate effectis not linked
to the beginning or end of a tracking arc, but can occur anywhere in the middle
of the orbit. The variation by a factor of 7.in the maximum amplitude of the
range-rate corrections between the two selected orbits is mainly due to the
satellite configurations. In the first case the low satellite barely remains
above the horizon, " and the line'éJf sight to-the high satellite pierces

the ionosphere at a slanted angle. In the second case the satellite separation
is less, and the line of sight penetrates the ionosphere at an extremely slanted
angle, remaining in the vicinity of the maximum electron density over a very
long distance. The maximum one-way correction of 0.8 m/sec is for average

solar maximum conditions and could be larger by a factor of 2.5 during a more

severe solar cycle.

The effect of both short and long term temporal gradients were investigated,
including diurnal variations, day-to-day deviations from the monthly mean

seasonal and solar cycle variations.

Range-rate corrections along the satellite orbit can be very large or
small depending on the time of the day (Figure 28). At local times, for ex-
ample 21 hours, when very rapid changes in electron density are encountered
as the satellite connecting ray sweeps across the equatorial anomaly while
following the low satellite orbit, the resulting range-rate corrections are
large. However, at 5 hours local time the ionospheric gradients are about
as small as they can get, and the range-rate corrections are at a minimum.
If the low satellite has a small inclination, large effects would also occur as

the raypath sweeps across the ionospheric sunrise effect.

Data from April and July show how satellite-to-satellite range-rate
corrections vary with season (Figures 29, 30). Significant changes in peak
amplitude occur as well as time shifts of the peak correction values; the
correction curves show no close resemblance in shape. Maximum ionospheric
effects occur in April, between 2 to 10 times larger than the minimum effects

in July. For other months intermediate amplitudes would be expected.
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The solar cycle effects on range-rate corrections were investigated
with data from the 1958 solar cycle, the all-time maximum recorded, and
with data from 1968 and 1975, the maximum and minimum of the last solar
cycle, which represents an anverage cycle. The 1958 corrections, with a
maximum value of 1.4 m/sec, are in all cases significantly larger than the
1968 results by factors of 1.5 to 2.5 (Figure 31). The 1968 résﬁlts in turn
exceed the 1975 results by similar amounts. Shifts in the time of the peak

range-rate correction also occur,

The effects of the day-to-day variations in ionospheric density and height
were investigated using an Apollo-Soyuz orbit at 200 km altitude and a tracking
frequency of 2.16 GHz. The daily variations in {F2 from the monthly mean
are a function of the solar flux, which was 262 on the 1st and 138 on the 18th
day of February 1968, which was a period of average maximum solar activity.
The increased solar flux causes a sharp increase in peak ionospheric range-
rate corrections by a factor of 1.1 to 1.8, while the same pattern is main-

tained for the variations along the arc (Figure 32).

Possible day-to-day changes in ionospheric height were simulated by
raising and lowering the model computed height by 50 km. Lowering the
ionosphere caused an increase in amplitude by a factor of 1.4 and a small
shift of the peak range-rate correction in increasing time along the arc.
Raising the ionosphere caused a similar sized drop in amplitude and a 40

second shift -of the peak in decreasing time (Figure 33).

Simulations of a Nimbus satellite retrograde orbit at 100°inclination,
1100 km altitude and at a tracking frequency of 2. 16 GHz, illustrated severe
range-rate corrections during averaée solar maximum conditions (Figures
35-37). Maximum one-way corrections of 0.42 m/sec were due to the
geometric disappearance effect, and maximux"n corrections of 0.16 m/sec

were due to ionospheric spacial gradients.
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4. 0 UPDATE WITH ACTUAL IONOSPHERIC OBSERVATIONS
FOR THE APOLLO-SOYUZ/ATS-6 TRACKING DATA

The ionospheric range-rate corrections along the satellite link from
Apollo-Soyuz to ATS-6 presented an impact on the geodynamic satellite
experimenfs, as the ionospheric effects were of similar order as the
gravitational effects to be extracted. In view of these results it was
decided to repeat-the- computation-of these corrections to a higher degree
of accuracy by updating the predictions with actual measurements of

critical frequency taken by the ionospheric sounding stations.

All available hourly {,F2 data for the time period of the experiment
and in the regions of the Apollo-Soyuz arcs were purchas‘ed from the
World Data Center in Boulder, Colorado. Data from 56 stations were
prepared, as shown on the world map ianigure 38, and 38 of these
stations were close enough to the satellite arcs that the data were
act.ually used in the computer reduction. Further {,F2 data was taken
at additional stations, which is not yet availableé through the World Data
Center. These missing stations are primarily from the Indian network, "
which are the most critical for this work. If additional f{F2 data was -
made available, it would be useful to repeat the update for selected

arcs,

The model predicted values of f;F2 are computed for profiles at
selected points along the satellite-to-satellite connection line, and from
these in turn the ionospheric density distribution between the satellites
is determined. An update procedure.was. used, modifying the predicted.
fL,F2's by the distance weighted ratio of the measured \'/ersus.pr‘edicted v
fobF2 at the nearest-update station..- The distance weigh’sts applied were
those from the bell shaped exponential distance function shown in Figure 3.
For stations close to the satellite line of sight, the foF 2 update ratio has
nearly full effect, while for distant update stations the weight is so small

that there is hardly any difference between the predicted and the updated
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Ionospheric sounding stations used to update corrections to Apollo-Soyuz tracking data.



ionospheric results, For the update the closest station was always selected,
and the hourly L, F2 ratios were interpolated to the exact times. The update
procedure was very carefully incorporated into the satellite-to-satellite
correction technique, so as to avoid any inconsistencies and stepfunctions

in the electron density calculations which would immediately.introduce.exr-

roneous variations in the ionospheric range-rate corrections.

Updates were applied over major portions of most of the 30 satellite
tracking arcs. Much of the time the update stations were quite distant and
hence had only little effect, but at other times update stations were close
and significant variations from the predicted range-rate correction curves
were achieved. Examples of predicted versus updated range-rate corrections
for portions of several satellite arcs are shown in Figures 39 a-e, with
particularly large differences apparent along the steep slopes and in a one
minute shift of the minimum in Figure 39 b. The corrections are for the
one-way trip between ATS-6 and Apollo- Soyuz at the mean round trip fre-
quency of 2.16 GHz, and are to be subtracted from the range-rate tracking

observation.

Unfortunately, many of the orbits passed over India for which no update
data will be available for several months. This is the main region of
interest in analyzing the so-called Indian and Himalayan gravity anomalies,
and it is disconcerting that no better analysis with ionospheric update can be

achieved at this time.
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5.0 RANGE-RATE CORRECTIONS FOR GEOS

Two actual Geos arcs, revolutions 730 and 254, were provided for
ionospheric corrections. Geos was tracked by ATS+<6 which in turn was
tracked by ground stations. Considering the orbit configurations, it was
determined that with the several GHz tracking frequencies involved the
ionospheric effects on the range-rate tracking data would be significant
only during the first and last seven minutes of visibility of the Geos orbit

from ATS-6. Hence only these portions of the data were analyzed.

Table 2 . Frequencies used for tracking Geos-3 via ATS-6
from Rosman, N.C,

ATS-6 to Geos-3 uplink A . f,= 2069.1 MHz
Geos-3 to ATS-6 downlink fa = 2247.0 MHz
Computed for satellite link round trip f =2152.6 MHz

Rosman to ATS-6 uplink f,= 6144.1 MHz
ATS-6 to Rosman downlink fa = 3947.0 MHz
Computed for ground link-round trip f =4696.3 MHz

Table 2 shows the tracking frequencies along the ground and
satellite legs, and the computed frequencies used for the one-way iono-
sphere corrections, which when doubled give the round trip corrections
for the particular lin.k. The round trip frequencies are accurately computed

. . 1 _1 1 1 :
using the equation: =3 (f—z + -f—da). The only ground tracking station
u

2
involved was Rosman. The ionospheric corrections for the ground and for

the satellite link were computed separately, the one-way corrections for
the satellite link are shown in Figure 40 a,b, and groui’xd and satellite link

corrections for the end of revolution 730 are listed in Table 3 .

For both revolutions the tracking data did not start immediately when
Geos became visible from ATS-6, but about seven minutes later. From the

investigations of the geometric effects presented in Section 2, ionospheric
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effects should be significantly larger than in gound-to-satellite tracking
only during the first and last seven minutes of visibility. Accordingly,
no significant range-rate errors are apparent in Figure 40 a, b for the
start of the tracking data for revolutions 730 and 254. Data for the end
of revolution 730 was available all the way to the time of disappearance,
and large ionospheric range-rate corrections due to the geometric effect
are visible in Figure 40 a. Data fof revolution 254 stopped about four
minutes before disappearance, and the range-rate corrections just start
showing some deviations in Figure 40b, the large variations however

would occur later.

A listing of the ten second data for the end of revolution 730, for
which significant range-rate corrections exist, is given in Table 3.,
The one-way corrections for the ground link and the satellite link are
given, as well as the ground and satellite link round trip corrections. These
last total ionospheric range-rate corrections are correlated with the range-
rate residuals computed in the orbit determination program. An adjusted
residual is formed by substracting from the observed minus computed
residual the ionospheric range-rate correction. RMS values of the re-
s_iduals and the adjusted residuals are formed excluding the last geometrically
visible point, as its large residual might be due to tropospheric refraction
effects which should be significant for approximately the last twenty seconds

only before invisibility.

One would expect the residuals to be lowered when removing the ionos-

pheric refraction errors from the range-rate measurements, however the

RMS residuals do not reflect this, and the adjusted RMS residual is the

larger one. - Even considering model ﬁncertanties, it i§ unlikely tha.t the
ionospherig‘range-rate effects would deviate much in o;/erall slope, although
the magnitude may be slightly different. Such a magnitude effect would not

solve the dilemma, however.

The problem lies in the method of trying to correct an already adjusted

orbit, ancl'l applying the corrections only to the last six minutes of the arc.
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The last few minutes are ordinarily somewhat noisy and include mariy

points that are edited to be excluded from the final orbit adjustment.
Residuals are high during the last twenty seconds of the geometric satellite
visibility and below the geometric horizon because of tropospheric effects
that had not been removed. To correct for the troposphere along the satellite
link, a model different from the ground to satellite model would have to be
used, because the raypath is near horizontal above the earth's surface.

The iterative least square adjustment process used in the orbit determination
tries to minimize the range-rate residuals over the whole arc not just over
the last few minutes, hence considering just the end of the arc might distort
the picture significantly. Also, range-rate corrections should be applied
before the iterative process occurs; in this manner the corrected data for
the whole arc should, when adjusted for the minimum residual, reflect a
lower RMS residual. Hence, the abbreviated test performed on the Geos

data in this section is not conclusive.
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