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E A
SPATIAL CORRELATION OF TRANSIONOSPHERIC SIGNAL-TIME-DELAYS

INTRODUCTION

High precision in radar detection, in earth-satellite orbit
determination, and in satellite navigation necessitates that the
‘ signal data used be corrected for the errors imposed by the iono-
sphere. Signal-time-delays, or equivalently range errors, are
[ always encountered in transionospheric measurements because the
electromagnetic vropagation velocity in the medium is slightly
less than the free-space velocity. Tor frequencies at VHF and
above, an excess time delay is inversely propertional to the
square of the frequency and is directly proportional to the inte-
grated electron density along the propagation path (i.e., total
electron centent = TEC). Thus, if TEC 1s knewn, or is measured;
a perfect correction to ranging can be performed. The TEC may
be measured in real time, provided the user has dual-frequency
capabilities. Since the ionosphere is a dispersive medium, the
relative time delayvys (or phase differences) between the two fre-
quencies may be used to eliminate the error introduced by the TEC.
However, substantial simplification in user equipment could be
realized if only one frequency were utilized. Time delays would
then be determined by forecasting techniques based on media models.
Because of the spatial and temporal variability of the ionospheric
electron density, the time-delay errors vary with geographic lo-
cation, target (or source) altitude, and time. For improved
accuracy, the forecasting techniques should be supported by peri- |
i odic updating of data (preferably in real time) at specified
¥ | locations. The question arises as to the extent of the geographic
area, surrounding a station having real-time TEC-determination
capabilities, within which TEC values could be interpolated with
acceptable accuracy. In other words, could TEC be determined at
location A if a real-time measurement were taken at a different
location, B, and what would be the geographic constraints on A
and B.

| To this end, an investigation designed to determine the cor-

Ei relatéon between TEC values at Fort Monmouth, N. J. (40.18° X,
74.06° W), and at Richmond, Florida (25.60° N, 80.40° W), was
undertaken. Peacon transmissions from the geostationary Applica-
tions Technology Satellites ATS-6 ([1] - [3]) were used to deter-
mine the TEC at the two stations by means of the Faraday rotation
technique.

[1] H. Soicher, "The ATS-6 Radio Beacon Experiment," Nature,
vol. 256§, Jame 24, 1975, pp. Z25Z-254.

[2] K. Davies, R, B. Fritz, and T. B. Gray, '"Measurement of
columnar electron contents of the ionosphere and plasma-
sphere,' J. Geophya. Reeg.y vol. 81, June 1, 1876, p. 16.

[3] H. Soicher, '"lIonospheric and plasmaspheric effects in satel-
Tewn

[ lite navigation systems,'" IEEE Trans. Antennas & Propa-
gation, (in the press).
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The equivalent ionospheric signal-delayv-times normalized to a
frequency of 1.6 CGHz (in the satellite navigation frequency band)
are also indicated in these figures. The normal diurral variation

of TEC is evident, as is its day-to-day variability. On the

avepage, ‘thelFort dlaonmouth TEC varied Etrom ~ 2,5 TEC wpits (1 TEC
; ! 16 2 : : :

unit 10 elfm~) prior o dawn, to %12 TEC units in the early

afternoon, while the Richmond TEC varied from ~ 2.3 TEC units to

v 14.2 TEC units at similar times. The day-to-day variability of
TEC, as determined from the standard deviation of the daily TEC

from the monthly mean, ranged from ~ 0.55 to ~2.7 TIC units at

Fort Monmouth and from ~0.6 to »~ 3.0 TEC units at Richmond. The
standard deviation minimized and maximized at approximately the

same times as the TEC.

In the next sections, the correlatior technigue applied to
the two sets of TLC data will be described, and the results and
conclusions drawn from the correlation analysis will be presented
The analysis was performed for the first five months of 1875 (the
satellite drifted away from the U.S. horizons in late May 1975),
and, for additional seasonal comparison purposes, for the month
of Sepntember 1974.

CORRELATION ANALYSTS

The correlation analysis was done in the fellowirg manner.
The TEC data for Eert Monmouth  N.J., and Richmond, FElorida,
denoted the two correlated variables. A least squares regression
line was fitted to the two data sets with the time parameter

eliminated between them. The coefficient eof correlation, r, is
defined as:
: 2!
G B
=
by~ T5°
where Y represents the value of Y (TEC at Fort ‘lonmouth) for

est
a piven value of X (TEC at Richmond) estimated from the fitted
regression line: Y is the mean of Y.

The correlation coefficient for the data was conpleted in
two ways--in monthly intervals and in daily intervals. For the
former way, a full-month's TEC values for Richmond were corre-
lated with a full-month's TEC values for Fort !Monmouth. The
first calculation was performed for the two sets with no shift
in time tetween them (i.e., TEC values for a full month at Fort
‘fonmouth were correlated with TEC values for the same month and
same time at Richmond). The next calculation was performed with
the monthly Richmond data, relative to the monthly Fort Monmouth

U
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Fig. 3. Variation of the correlation coefficient of the Fort Monmouth,

N.J., and Richmond, Florida, monthly data sets with respect to
15-minute time shifts (first data point corresponds to no shift,
vhile Tast data point corresponds to cd4-hour forward shift
hetween data sets).
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the correlation coefficient, the negative maxima of the correla-
tion coefficient, and the corresponrnding time shifts for which
these were attained. These time shifts are plotted as daily
shifts, since the correlation coefficients maximize (positively
or negatively) at ~ 24-hour periods. Also indicated are the
time shifts that correspond with minimum correlation (<!0.03]).

For all indicated months, the positive maximum of the corre-
lation coefficient was highest (20.9) for correspending data sets
(i.e., no shift in time). The positive maximum of the coeffici-
ent for succeeding time shifts declined; however, not monotonically.
The maximum of the correlation coefficient for January and Feb-
ruary, in general, was higher than that for the other months. The
range of the coefficient for all reported time shifts (except
zero shifts) was between v 0.7 and ~0.9. The range of the cor-
responding time shifts was 96 + 2 shifts.,

In general, for @ll the indicated months, the negative maxi-
mum of the correlaticn coefficient was not the highest for the
fewer number of shifts. The lowest values were obhserved for Jan-
uary and February. For corresponding time shifts during September
1974, the ncgative coefficient exceeded the positive coefficient
in magnitude, but during January and Fektruary, the opposite was
true. During arch, April and May 1975, the magnitude of the
negative and positive maxima of the coefficients were comparable,
but their relative values alternated in magnitude. The range of
the negative maxima of the coefficient for all reported time
shifts was between ~ -0.6 and v -0.9. The range of the correspond-
ing time shifts was 48 £+ 2 shifts.

The minima of the correlation coefficient were reached at
time shifts which ranged between 21 and 27 and between 71 and 76.
For the former, a greater number of shifts was observed during
September, April and May than during the other months.

The monthly variation of the correlation coefficient for the
Richmond data during September 1974 correlated with itself is
shown in Fig. 5. The magnitude of the correlation coefficient
for the no-shift condition, of course, is +1.0, since the two
data sets are identical. The positive maxima of the correlation
coefficient varied between ~ 0.7 and ~ 0.84, while the time
shifts for their attainment ranged at 96 * 2 shifts. (In general,
these positive maxima of the correlation coefficient were higher
in value than the corresponding Fort Monmouth-Richmond coefficient
for the same month.) The negative maxima of the correlation
coefficient varied between -0.68 and -0.78, while the time shifts
for their attainment ranged between 43 and 48 shifts. (The
negative maxima of the correlation was always lower in value
than the corresponding Fort Monmouth-Richmond coefficient for the
same month.) Time shifts for the minima of the coefficient
varied between 21 and 24 and between 71 and 76 shifts,

The day-by-day (daily) maximum positive correlation coef-
ficients for September 1974 and January, February, March, April
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and May 1975 are shown in Fig. 6. These were arrived at kv com-
paring the Fort Monmouth and Richmond Jdata scts betweern 0000 and
2345 UT for each day of those months. The Richmond lata wa
shifted with respect to the Fort Monmouth data at 15-m
tervals in the forward (+) direction and in the backward
direction. The number of shifts for which the coefficients are
maximized is also shown in the figure, as are the shit
averages. In addition, the number of data pairs availatbl

the correlation analysis for each day (maximum of 96 data pairs,

. ' " + y
LS MonTNhly

since the data is available at 15-minute intervals) is als
shown in the figure.
In general, the correlation coefficients ranged tetween .

o

and ~ 1.0 with relatively few falling below 0.9. The lower val-
ues of the coefficients did not necessarily coincide with the
sparsity of the available data. On the average, the coef{icient
was maximum for no shifts in September, for ~1 shift in January,
and for > (-1) shift for the other months. While most maximum
coefficients occurred for * l-hour shifting (+4 fifteen-minute
shifts), shifts of two hours and more were observed occasionally.
In general, the maximum coefficients of the daily correlations
were higher than the corresponding maxima of the coefficient of
the monthly correlations. This was apparently caused by the
day-to-day variations throughout the different months which
tended to lower the correlation coefficient as the two data sets
were shifted with respect to each other.

The maximum cecrrelation coefficients for the daily Fort
Monmouth data sets correlated with one specific day for each of
the reported months is shown in Fig. 7 (e.g., the daily data
sets for September 1974 at Fort Monmouth are correlated individ-
ually with the daily data set for September 1, 1974 at Fort
Monmouth). Also shown in the figure are the 15-minute time
shifts for which the maximum correlations were attained, and the
maximwn data pairs available for the correlation analysis. The
maximum correlation coefficients ranged tetween n 0.85 and ~ 1.0,
with two exceptions. The deviation from the mean was least in
March; it was largest in September and April. On the average,
the time shifts for maximum correlation were <+ 2 for September,
January and April, 0 for March, and >-3 for February and May.
Individual shifts, however, reached 10. (The maximum correlation
coefficients were comparahle ir magnitude to those daily correla-
tions between Fort Monmouth and Richmond.)

The maximum correlation coefficients for daily Richmond data
sets correlated with one specific daily data set for Fort Mon-
mouth for September 1974 and January through April 1975 are shown
in Fig. 8 (e.g., the September 1974 daily Richmond Jdata sets are
correlated individually with the September 1, 1974, Fort Monmouth
data set). Also shown in the figure are the fifteen-minute time
shifts for which the maximum coefficients were attained, and the
maximum available data pairs for the corrclation analysis. The
maximum correlation coefficients ranged tetween ~ 0.7 and ~ 1.0
for September 1974 and January and April 1975, and between ~ 0.9

£
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and ~ 1.0 for February and March, 1975. The scatter of the cor-
' March and highest in

relation coefficients was again lowest in

September and in April. ‘n the average, the time shifts for
maximun correlation were < -2 for September, 0 for January and
tarch, > +1 for February, and -4 for April. Individual shifts

reached + 10

SUMMARY AND CONCLUSIONS

The data renorted indicates that TEC, or equivalently, ionc-
spheric signal time-delays,are highly correlatable in two loca-
tions,separated by ~13° in latitude and ~ 5¥ in longitude
(approximately 2000 ka).

The correlation analysis was performed for two localities
differing slightly in local time (or equivalently, in longitude)
during the quiet phase of the solar cycle. Additional analyses
should bte performed for two stations with a wider geographic
separation in latitude and longitude. Further, it should be done
with data taken during pericds af increasing solar activity, when
ionospheric effects maximize, to ascertain solar cycle effects on
the correlatahkility of TEC.

When the two monthly data sets were compared, a correlaticn
coefficient of 4 0.9 was obtained for identical times. Time
shifts of one data set with respect to the other of the order of
v 24 hours yield positive maxima of the correlation coefficient
whick were almost always > 0.7. Similarlv, time shifts of the
order of n~ 12 hours yield negative maxima of the correlation
coefficient of R (]-0.6|), while time shifts of v 6 and ~ 18 hours
yield minima of the correlation coefficient.

A seasonal variation in the correliation coefficient was
discerned. The positive maxima of the coefficient were lower
during the equinoctial periods and higher during the winter, while
the negative maxima of the coefficient were more negative during
the equincctial periods than during the winter period. When a
nonthly data set at one location was compared to itself (r = +1
for the no time-shift condition), the positive maxima of the
correiation coefficient were always > 0.7 and the negative maxima
of the correlaticn coefficient were always >(|-0.68|) for time
shifts of ~ 24 hours and ~ 12 hours, respectively. Minima of the
correlation coefficient were attained for time shifts of v 6 and
v 18 hours. The positive maxima of the correlation coefficient
at one location was higher than the corresponding two-location
coefficient obtained for the same time period, while the negative
of the maxima correlation coefficient was less negative than the
corresponding two-location coefficient.

It follows that the continuous TEC data at one of the locales
may be used to forecast a continuous Jata set at the cther locale
(provided some corresponding data is available at the other
locale) so that the two data sets will he correlated with a
coefficient of > C.7.
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