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data was not availoble near to solar maximum, electron density probe data was obtained

com the Arial 3 satellite over the period Mey 1967 to April 1968 from 70 degrees norin

to 70 degrees south geographic latitude and finked in real time to foF2 valves obtained

s ' ~

To satisfy military needs for precise navigation of many different vehicle types,
operating over wide ranges of speeds and environments, the Air Force Space and/ Missile

Systerns Organization is investigating a new navigation satellite system concept (System

N n > .
6218). An orea of prime consideration is the navigation error resulting from radio signal
propagation through the fonosphere. The total navigation system must be capacie of

nredicting and cerrecting for the excess grou delay associatsed with ranging signal
i o

B

.

propagation through the fonosphere. Accordingly, as a part of the System

-
£

e

O~

levelopment program, an operationally useful ionospheric model must be develioped fo
predict these fonospheric delays. The ob ective of this study is to assess the prediction

accuracy of one such model under cped? ic evaluation conditions.

The following diagram shows the flow and the separate steps of the data

reduction for the ionospheric model evaluation.
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2.0 DESCRIPTION CF THE EENT IONOSPHERIC PREDICTION MODEL

In order to anaiyze the vast amount of data that was obtained a number of
3 jons had to b i In the fi ase the fopside sounding data did not
assumptions had to be made. In the first cuse the fopside sounding ¢4ia 4ia no

eographically cover the entire glebe and the bottom side data was only available

sianificant than o longitude effect, the data was analyzed as a function of latitude
and local time. Geographic longitude was, however, taken into account for the

» . 3 - o * ”y
determination of maximum electron density by using the ITS coefficients for foF2
which are a function of latitude, longitude, time and solar activity. Secondly

I

theoretical profile was determined to which the data would fit, This profile which

s used in the evaluation discussed later, iz shown in Figure 1 and is the result of

—

earlier work by Kazantsev (1956) and unpublished work of Eent (1967) while at the
Radio & Snuce Research Station in England and requires the knowledge of the parameters

k k kv, ,v., foF2, and h . The equation of the upper topside is exponential, namely,

o
oV
[

N = N, (1-—],
Ya

and the top and bottom side are fit together with a parabola,

b\
N = N {1- 2],
vs /

where,
N is the electron density

N, is the maximum value of eleciron density

3

N, is the maximum electron density for each exponential layer

a and b are vertical distances

y.  is the half thickness of the lower layer
y.  is the half thickness of the upper parabolic layer
k is the decay constant for an exponential profile.

—dm



The upper parabola extends from the height of the maximum electron density
up fo the point where the slope of the parabola matches the slope of the exponential

layer. The data investigated included over 50, 000 topside soundings, 6,000 satellite

electron density and related i,F2 measurements, and over 400, 000 bottom side soundings.

2.1 Topside lonosphere

The initial approach was to take the topside soundings and break them down
into zones 5 degrees of laritude by 40 minutes of local time eliminating data in the
same zones that have similar times and profiles, and therefore are duplicated, This
resulted in over 1,200 different areas in the northern and southem hemisphere with @
reasonably constant density of data in each area. By these means it was possible to
investigate the decay constant k in the exponential topside profile as a function of
local time, latitude, solar flux, sunspot number and season. One of the major concerns
was whether the decay constant k would be uniform for each sounding over the range -

1,000 km to the minimum height, and investigations showed that such an exponential

profile does not exist. The layer was therefore divided into three equal height sections

N i

rom )00 km to the minimum recorded height and the exponent k computed for the
f 1,000 km to th ded heig! d th onent k
center point in each section. Figure 1 shows such a division where the values under
investigation are the decay constants k , k , k . In most cases the topside soundings
do not reach the height of maximum electron density and therefore the gradient at this

g 7
ower point was mathematically equated he point where the gradien he 'nose
! t thematically ated to the point where th dient of tt :
parabola was the same. Extensive analysis of the acquired dota showed these gradients
to be similar, on average, at a height y_/4 above the maximum electron density. At

i

this point the value of f.F2, which defines the lowest point of the topside sounding,

is 0.93 f_F2. (N

o in Figure 1 is the equivalent electron density to the frequency f|.F2).

For an initial test the decay constants k for each of the three layers, upper,
middle and lower topside were plotted as a function of magnetic latitude and f, F2.

Values from the northern and southern hemispneres were treated independently at



¥

first, but the analysis showed that there was excellent correlation between the two.
Figure 2 shows the relationship between the three decay constants k and magnetic
latitude for all local times, solar activity and season. The equatorial anomaly and @
40 degree trough show in the lower topside layer. Tne 65 degree trough is not as
evident as it iks when the same analysis is doen for various local times which suggests

the physical variances of these anomalies should be investigated in more detail.

It was found that correlations in k for specific fi F2 did not bear any further
local time correlation, but bore a significant variation with solar activity and magnetic
latitude. However, the correlation with solar flux was considerably better than that
with sunspot number, even allowing for the delay in the effect reaching the ionosphere,
so all further correlations were with the Ottawa 10.7 e¢m  solar flux. All these correlations

were then plotted in graphical form to enable final interpolation.

Unfortunately the Alouette data did not cover the period at the peak of the
solar cycle, but the Director of the U.K. Radio & Space Research Station made available
electron density data from the Ariel 3 satellite to cover this pericd. The data had
already been reduced thoroughly and the satellite electron density at about 550km was
provided with the sub-satellite f, F2 value obtained from 13 stations around the world.
If the satellite was not directly over an ionosonde at the time of cbservation, the £,F2
values from two or three transmitters in the general area had been interpolated in time
and position to give the sub-satellite value. These interpolations had been carried out
teking care to modify the values for uneven ionospheric gradients. Data that was in
doubt was eliminated. While these values did not give the three exponential decay
constants at each point, it was found that for similar conditions of solar flux and
position, the Ariel 3 data fit very closely to the profiles deduced from Alouette 1.

The profile equations developed for the lower solar activity period related to the top~
side sounders could therefore be extended to the larger solar flux values and still be
in good agreement with the Ariel 3 data. Typical results from this analysis are shown
in the graphs of Figure 3. The original data curves were less regular, andsince the
variations were mainly caused by the relctively low data density in each greup after
division of Vrhe large data base, the data was smoothed by the fitting of straight lines.

In order to interpret these graphs and obtain a profile, we need the value of £, F2

-
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and the magnetic latitude position. These vdlues will indicate which graph relates
the 10.7 em flux fo the decay constants k for the upper, middle and lower portions of
the topside ionosphere. Figure 3, therefore, shows the basis of obtaining the 3
independent slopes of the topside ionosphere as a function of £,F2, latitude and

solar flux.

A further correlation to investigate the seasonal effects on k was carried out
with some 15,000 totally different Alouette soundings and fluctuations in the k values
of 15% were noted from the average spring and autumn values. The seasonal variation
is monitored by observing the changs in the daily maximum solar zenith angle from
the equinoctial mid-day value. Figure 4 shows the seasonal fluctuation in k for each
of the three layers in the topside profile, There is cansiderable evidence that this seasonal
relationship nas an added local time factor and this point will shortly be under investi-

gation.

Examination of the upper part of the 'nose’ of the N=h profile is diff
pPper p p

i

cult

because - fopside sounding infermation rare ty-gives any values in this region. Evidence

from many leading scientists also implies that the topside profiles have about o +4%

. .

error in the effective distance from the sounding sateliite indi cating the obtained

topside profiles are too low near the peak. This evidence is based on comparisons

with two-frequency data, buckscatter results, Faraday rotation and overlap tests, etc.
Preliminary results in this empirical mode! showed that o parabelia in this region gave

the beiter comparison with integrated total electron content when compared with two-
frequency and Faraday rotation data. A simple parabola having a half thickness Ye

was fitted between the bi-parabola and the exponential layer. Upen initial tests y,

was set equal fo the half-thickness of the bi-parabola y. for §,FZ values below 10.5 Mhz,

and y, increases with f, F2 values rising above 10.5 Mhz. Further investigations of this

problem are planned in future work.

The final step in predicting the shape of the ionosphere is arranging for the
gradient in the upper parabolic layer to be the same as the gradient in the lowest part
' &
of the topside exponential layer. This is the case at o distance d = 1/k[(0+y2k2)=-1]

above the height of the maximum eleciron density.

iy



2.2 Bottom Side lonoschere

Modeling the bottom side ionospheric profile was a somewhat easier task
because for each profile the value of f,F2 was known and the electron density versus
height erofile from hy,  to h_,, was also known. Once more the geographic effect
of longitude was eliminated and replaced with the more simpie local time correlation.
From Figure 1 we see that the equation of the lower layer is a parabola squared or a
bi-parcbola. This was found in general to fit the real profile somewhat better than
a simple parcbola. The unknown in this equation is the half thickness of the layer
y, and in the reduction of the data the y, value was treated in a similar way to a

topside k value.

The irregularities in the ionosonde data due to the lower layers of the
ionosphere were smoothed out because the prime objective of the work was to simplify
the model but keep the total content as accurate as possible. The sounding data was
therefore integrated up to the peak electron density (N_) and forced to fit the bi-
parabolic equation along with the value of N_ obtained from the sounding. In each

instance the value of y_ was computed ready for further correlation.

A number of real profiles from various stations at different local times were
compared with the computed profile and exceilent agreement found. A further 12,000
soundings frem all 14 stations were analyzed and the computed value of y, compared to
the actual measured value. These results are shown in Figure 5 clong with the RMS errors.
The two tests indicate that the bi-parabolic profile is, on average, in clese agreement to
the real profile. Investigations, similar to those carried out for the topside decay constants,
correlated y_ with solar flux,f; F2,local time and season. Surprisingly, no direct correlation
was found between y_ and solar flux, but a definite correlation existed in local time and
also in the solar zenith angle at local ncon which represents the season. Earlier work by
Becker (1971) showed significant correlation between the product of solar flux and cosine

of the solar zenith angle with the half layer thickness, but it appeared that no attempt

' had been made to separate these. Carrying out such tests on our vast data bank we

showed beyond any doubt that there was almost no correlation with solar flux and that

all the effect was in the solar zenith angle.



Figure 6 indicates how y, can be determined from local time and f 72, and

Figure 7 shows the seasoncl update as a function of local time for the sunrise, sunset,
N - . e i

night and daytime period. In the cases where f F2 was larger than 10 Mhz the local
time curve fluctuated very little from the 10 Mhz curve. All of the curves disployed

have not been hand smoothed; due fo the large data base the average of all values taken

every hour fit precisely on the lines shown.

The remaining unknowns which are needed to compute the profile are f, F2

and the height of that value; by far the most important of these being the value of f,F2.

2.3 Predicting f,F2

Severe horizontal gradients in £, F2 exist within the ionosphere as can be seen
by examining Figure 8. In fact even if the value of f,F2 is known directly above a

station, n‘ can change constdercbly over fhe whele 'visible! ionosphere from that site.

Figure 8 is a predicted status of f,F2 over the world at 6.0am during August 1968 and
two types of severe gradients are immediately noticeable, one due to sunrise causes
rapid changes in f,F2 in an east to west direction and the other situated around the
equatorial anomaly occurs primarily during the afterncon and early evening and causes
severe gradients in the north to south direction. Two hypothetical stations, A and B,
are marked on Figure 8 along with the fonosphere 'visible' from those sites. In case A
the value of f,F2 changes from 11.5Mhz directly overhead to 5Mhz on the southern
horizon. This change must be squared when converting to electron content hence a
difference of a factor of over 5 in the vertical content arises before correcting for
elevation angle effects. Similar gradients exist over half the earth's surface at some

time of the day and it is therefore imperative to mode! these gradients in any icnosphere

model.




For many years NOAA (formerly CRPL and ITSA) have been engaged in the
development of numerical methods and computer programs for mapping and predicting
characteristics of the ioncsphere used in %e}eéommunicafionsg The most advanced method
for producing an foF2 model undoubtedly comes from their work. Jones, Graham & Leftin
(1969) describe their techniques on how a monthly median of the F2 layer critical frequency
(f F2) was developed from an exireme ely large worldwide data base. In fact the gradient
map shown in Figure 8 is a resulf of this work. We have already shown that it is important
to include the horizontal gradients of £ F2 in any analysis and the work by Jones et al

is undoubtedly the only satisfactory approach to this problem.

The document by Jones et al descfibing this work includes a Fortran program
which, with monthly coefficients obiainable from NOAA, enables the monthly median
value of T5F2 to be computed above any point in the world at-any time. This program was
orimarily written to accept monthly coefficients using an average sunspof number, but
more recent work by Jones & Obitts (1970) has described a more generalized sef of
coefficients which *«rov*de more annual continuity and uses more extensive analysis.
These generalized coefficienis can be obtained from the lonospheric Prediction Services;
NOAA, Boulder for a sunspot number or a solar flux approach. The value of a monthly
median foF2 can be computed on a woridwide basis centralized around the specific day
in question rather than the 15th of the month; it can clso be based on a 12-month running
average of solar flux or sunspot number. Private communication with Mrs, Leftin at
NOAA indicates that the solar flux approcch is likely to provide more accurate values

of f_F2 than the use of the sunspot number.

For the ionospheric profile under discussion it was decided fo use the generalized
foF2 coefficients from NOAA incorporating solar flux thereby eliminating any need to
1t : ) : |
purchase monthly data from them. The program was made self-contained and enabled «

monthly median f_F2 to b= produced above any surface position for any time of day or

-10-



season and any twelve month running average of solar flux.

- The question now arises as to how good these monthly median values are and how
much error is introduced by day to day fluctuations. Many daily soundings were analyzed
and the monthly median value computed; these were compared with the monthly median
predicted values and the actual day to day fluctuations. Some typical results are shown
in Figure 9. It is seen that the monthly median predicted values are indeed very close
to the actual measured value, but the day to day fluctuations can be as large as £ 75%.
A technique therefore had to be derived to bring the &ompufed monthly median value

closer to the actual value.

It would be pointless to use the daily value of solar flux in the generalized coefficient
set which had been built up using a twelve month running average, but it was thought possible
that there may be a relation between the difference in f_F2 from monthly median to daily

value and the difference in the 12 month running average of solar flux to the daily value.

Approximately 6,000 real values of f,F2 from 13 stations widely spread in latitude,
longitude-and solar eycle we«refeem%ﬁred«wi?h« the-predicted-values using the NOAA solar
flux method. A very surprising result emerged and can be explained by referring to
Figure 10. Eliminating the data from stations close to the magnetic poles which did not
quite follow the trend of the other stations a comparison between the difference in daily
and 12 month flux value and the percentage difference of computed and measured f_F2
showed all stations having a very similar bias. Figure 10 shows this comparison where the
stations having similar latitude were averaged quoting their mean magnetic latitude. The
fact that the lines did not pass through the zero points in the graph undoubtedly indicates
an erroneous bias in the NOAA predictions, but results help one to update substantially
the monthly median f,F2 value on a daily basis. Further comparisons were carried out
with two years of hourly f_F2 values obtained near solar maximum from Hawaii and the

results fit perfectly in the latitude position expected in Figure 10. By these means it is
possible to come somewhat nearer the actual daily value of foF2. Further accuracy can

be derived by update from stations within the general area if this is available and the

investigation of this approach will now be explained,

In order to investigate the size of an area from which ionospheric values would

show similar deviations from nermal, many comparisons of three or more stations were

-11-



investigated for random dates. It is well known that magnetic disturbances can affect
the fonosphere above one station in one direction and a nearby station in an opposite
direction. For this reason investigations of disturbances were not carried out near to the
magnetic poles. Over 100 groups of stations from various continents and having similar
longitudes were compared in similar ways. Figure 11 is a typical result of such a fest
and shows f,F2 disiurbances being recorded simultaneously at sites 1,000km apart. The
percentage error in the predicted f, F2 value when compared to the real value was noted
to be similar in 90% of the cases where stations were within 2, 000km of one ancther in
a lengitudinal direction and investigations over the 'quiet' North American continent
show improvement in 9 out of 10 cases when f,F2 was updated with information from
across the continent; or 3,000 to 4,000km. - However, in general the update procedure

is restricted to information from within 2,000km of the evaluating station.

2.4 Predicting the Height of the Maximum Layer

In order to predict the real height of f,F2 the M(3000)F2 predictions from

NOAA were used. To explain the terminclogy:
M(3000)F2 = M FACTOR = MUF(3E000)F2+ £ F2,

where MUF (3000)F2 is the maximum usable frequency to propagate by reflection from
the F2 layer a distance of 3,000km. The M(3000)F2 predictions can be calculated on
a monthly basis from a generalized set issued by NOAA and provide the monthly median

value as a function of sunspot number.

Knowledge of this factor along with the f; F2 value enables the height of the
layer to be calculated using the equations of Appleton & Beynon (1940). If M is the
M(3000)F2 factor and cne assumes that y, divided by the height of the bottom edge

of the lower layer is greater than 0.4, then it is possibie to derive the following

polynomial,
h, = 1346.92 - 526.40M + 59.825M3,

where h, is the required height.

(Text continues on page 24)
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NQNn Electron Density N

The Exponential Parabolic & Bi-parabolic Profile

1
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Magnetic Latitude (degrees)
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Fig. 2 The mean fluctuation of the decay constant k with magnetic

latitude for the upper (U), middle (M) and lower (L)
portions of the topside ionosphere.
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Average minus Daily Value of
Solar Zenith Angle (Degrees)
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Fig. 7 The seasonal variation of predicted yy, as a function of
local time.
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Fig. 8 The predicted global status of a monthly median £F2 at 6.0 a.m. UT
August 1948 showing areas of visibility for two hypothetical ground stations.
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foF2 (MHz)

H— 1 ‘Extreme day to day fluctuation
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Fig. 9 The predicted and actual monthly median values of f_F2
for Ibadan June 1962 showing the extreme day to day fluctuations.
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3.0 PROGRAMMED MODEL EQUATIONS

The units in the equation of this section are all kept in meter, radians, seconds
9 1% s

and Mhz.

3.1 Sub~ionospheric Peint

The vertical electron content is obtained by integrating through the electron density

N versus height h profile. The N-h‘ profile is computed for that latitude ¢ and lengitude A

at which the radtowcve from fhe cbserving station to the sa%e”l‘re penetrates :‘he ionosphere.

This is caHed fhe sub-ionospheric pomf and is computed as a funcﬂon of the station latitude

¢, longitude X, , elevation (EL) and azimuth (Az) to the satellite:

¢ = arcsin (sind cosa + cosd sina cos Az)
| . sin Az sing

X = A, +arcsin |————— |,
s cosé

where ¢ is the earth central angle between the station and the sub=fonospheric point,

R, E)
= cosEl]},
Refh

o

- E{ = arcsin (

Q2
1
E

R, is the earth radius and h_ is the height of the icnosphere at the maximum electron density
above the surface of the earth. On first try for this caleulation the assumption h, = 300km
is made. After the h_ computation in Section 3.3, the difference between the computed h,
and its first estimate of 30Ckm is calculated. If the difference is less than 50km its effect
is negligible, if it is greater than or equal to 50km, eguaticns in Sections 3.1 through 3.3

are iterated upon for the new value of h_.

3.2 f.F2 and M(3000)F2

The critical frequency f,F2 and the M~factor M (3000)F2, required for the profile
calculation, are computed from monthly US,Z{ coefficient sets for f5 F2 and M(3000)F2

using equations based on Fourier series expansions and spherical harmonics analysis, which

were developed by ITS in Boulder (now NOAA, Boulder).
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The values of f,F2 and M(3000)F2 are functions §2(%, 1, T) of gecgraphic latitude @,
longitude A, and time T. The function (2, A,T) can be expressed by a series of products

of time dependent functions D(T) and position dependent geographic functions G(&,A):

K

Qe 2, T) = QID(), G N)] = 2 D) G, (¢1),

k-4 £
k=0

where K is the cutoff point for the approximate representation of (3. K =75 when Q = F2,
and K = 48 when {y = M(30C0)F2; these cutoff points were originally determined using a
Student's t test.

The time dependent functions can be expanded in their Fourier series representation

with the coefficients A" and 89

]
a

(x .

D,(T) = A ) + 2 (Ag“) cos T +8(;€) sin jT).

=1

¥ ¥ ~ . » » * . N @ ) »
The number of harmonics retained in the series is H, higher harmonics are not considered

since they are produced more by noise than by real physical variation. For the f; F2 computation

H = 6 and for the M(300Q)F2 compufcfioﬁ H = 4 are sufficient.

The Fourier coefficients Agk) and BE}:) are numerically mapped as predicted or fincl

coefficients Us,k, which are the foF2 or M(3000)F2 coefficient sets to be used for the f,F2
or M(3000)F2 computation respectively,

(=) _ o
A7 = Uy o 1 =01,...H

309 =y P = 1,2,...H.

21-1,%
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Thus we get for the function

¥ H : X ) K
Q&A1) = 2 Us G (&r + 2, {cosz -, Uz, o Gy (&) +5sin iT. > Uz oy Gk(o',/\)},

r=0 3=1 =0 k=0

The geographic functions G, (&, A) are linear combinations of the surface spherical
harmonics. Extensive investigctions to find the best arguments for the harmonic functions
resulted in the use of the modified magnetic dip x = x(#,1), since for this case smaller
residuals between the measured and computed test data values for f,F2 were obtained
than for any other case. Thus G, (¢,A) is an explicit and implicit function of latitude &

and longitude X:

G, {#,A) = sin ~x

Q3 1 B
G, (,1) = sin  x » cos® &« sinkx, k=1,2,...K.

q, » k=0,1,...K denotes the highest power of sin x for the k th order harmonic in longitude.

The modified magnetic dip x is an explicit function of latitude and the magnetic dip I.

| is computed from the magnetic field components X(¢,1), Y(¢,A), Z(#A):

| -1 -Z

= —— | = tan

St cos s I+ v

sin x

X,Y,Z are the north, east and vertical components of the magnetic field vector. They are
computed following the spherical harmonic analysis of the magnetic field by Chapman and

Bartels, cs discussed in detail in the report by Jones, Graham and Leftin (1969).
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: R
Defining ¢ =90° -4 and R = _—%};"'
2

Re = earth radius

h_, = height of F2 layer

o - d z z . stz
X = 2 P Pn,m(COSCP)[gn cosmi +h,sinmaJR
=1 -0 T

-]
;]

3 m Pn’a (cos )

2

3 . 2 nt+2
[ghsinma = h7 cosma IR
=, sin @

<
i
i Mo

[y
=]

8 n R N -
Z =2 2 -(n+D P.,s (cose) N cosmz\+hisinm)\]Rnﬂ.

nas i m =G

Values tabulated from the analysis of the magnetic field for Epoch 1960 are used for the

coefficients g and h} . P _ (cos®) is a multiple of the associated Legendre function.

3.3 Profile Parameters

The N-h profile at each sub-ionospheric point (¢,)) is modeled as having a bi-
parabolic bottom side layer and 3 sections fo a fopside exponential layer, as shown in
Figure 1. The bottom side and topside are fit together with a parabolic layer extending
from the height of the maximum electron density up to the point where the slopes of the
parabola and the lower exponential layer are equal. Thus the profile is defined by the
following parameters: the critical frequency f.F2, the height at the maximum electron
density'h_, the half thickness of the bottom side layer y_, the half thickness of the topside
parabolic layer y, , and the decay constants k; for the lower, middle and upper third of

the topside exponential layer.

The predicted value of the critical frequency is updated for day to day fluctuations
using the daily solar flux and the 12 month running average of the solar flux for the partic-

ular month on which the computation of the coefficient set for fsF2 was based.
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The height at the maximum electron density is a function of the M-factor M (30C0)F2

and computed as a second order polynomial,

h, = [1346.92 - 526.40 x (M-factor) + 59.825 x (M~factorf® ] x 102,

The half thickness of the bottom layer y, is interpolated from tables in which y_
is modeled as function of £F2, local time and season. The half thickness of the topside

parabolic layer y, is derived from y, and f,F2.

The three topside decay censtants k, vary with f,F2, magnetic latitude,daily solar
flux and season, and are also obtained by interpolating constant tables. The magnetic

latitude of the sub-ionospheric point is given by,

¢, = arcsin (sinésingd, + cosé cosd_ cos ()\—k?),

where (ép,xn) are the latitude and longitude of the magnetic north pole.

3.4 Integrated Electron Content

The maximum electron density N_ is given by:

N, = 1.24x 10% x ((F2)2.
The total vertical electron content N. is obtained by integrating the electron density profile

from zero to the height of the safellite h,. For a satellite below the bi-parabolic layer of

the ionosphere:

P B



For a satellite in the bi-parabolic layer:

th,-hy)? (h,-ho®
ST L
Ya > Ya

For a satellite in the lower exponential layer of the topside with decay constant k;:

-k, (hy~ho)
N, =<-f->N{—L<1—e o >}+NB,
il otk

and the height of the bottom of the lower exponehﬁcl layer where the slopes of the

exponential and parabolic layer are equal is determined as:

ho = hatd, d = =[(l-y2ke)P-11,

For a satellite in the middle exponential layer of the topside with decay constant kg :

-k (h “‘h) n (h —h) SRV
_ ® 1 11117 [ - Ko g =hy
(g e fj-n.

t
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and the height of the bottom of the middle exponential layer is,
hy = hy + 3 (1L012x 10° - hy).

For a satellite in the upper exponential layer of the topside with decay constant ky:

: =k, thy=hs) -k, (hy - h,) -k, (hs —h,)
£ 1 SR I O T T T
NT = (—;§> Nm{-&-—'{'e {-'{(—;-!‘E—%‘e ; —E;-+T(:——k:e 4+N

and the height of the bottom of the upper exponential layer is,

he = ho + 2 (1012 10° - hy).

In the data reduction the upper integration limit was set to hg=2000 km to yield electron
—e

content comparable to the Faraday rotation measurements.

3.5 Update ProcesS

DBA's progmm has the option of updating the predicted electron content at any
evaluation station with observations of critical frequenéy £, F2 or with electron content
N, reduced from Fardday rotation measurements from other stations. Several measurement
entfries separated by different amounts in time and space from the evaluation time and
station can be accepted. The predictions for N; or f, F2 are computed cccordi'ng to the
observation type, and the ratios r of measured/predicted N, or f,F2 are formed for each
update condition. A weighted mean technique combines all n ratios r, to a final ratio

R, using as weighis the time differences At, between observation and evaluation times

and the earth central angles o, between cbservation and evaluation stations.

-30-
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where At = |t- t, [, and cosa = sine sind, + cosd  cosd, cos (A=A, ), t, ¢, A; s b0 s Ao
are time, latitude and longitude for evaluation and observation condition respectively. The
final ratio R indicates the overall percentage by which the predictions deviate from the
ionospheric observations. [f measured electron content values are available at the update
stations, the preaicfed eleciron content at the évclucﬁon station is multiplied by the fvinci.
ratio, giving an updated value for N; . In the case of f, F2 observations at the update
stations, the predicted f;F2 value at the evaluation station is multiplied by the final

ratio. The resulting updated £,F2 is used in the reevaluation of the profile parameters of
the half thickness of the bottom layer y_ and the topside decay constants k, . Integration

through this new profile yields the updated electron content for the evaluation station.
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A0 GENERAL BACKGROUND

The proposed navigation system employs constellations of ecrfh-synchronous (but
not stationary) satellites with altitudes varying from 10,000 - 30,000 nautical miles. The
safe}li%es transmit synchronized UHF ranging signals, which the user analyzes to determine
his positicn and velocity in three dimensions. The user must receive signals from at least

four satellites in order to make his position fix. System accuracy is projected to be on

the order of fens of feet in position and less than a foot per second in velocity.

The UHF ranging signals will also transfer information to system users at a low data
rate (10 biis per second). This information will consist of satellite ephemeris data, ranging
signal time synchronization data, and input or update information for estimating the
jonospheric group delay. A master ground station, located in the central continental
Unitad States (CONUS) will transmit this information to the satellites for retransmission

to the users.

The master station and three signal monitor stations, all located on United States
territory, will provide ionospheric input/update information for the prediction model.
These stations will qc%uc”y measure the ionospheric group delay using dual frequency
fransmissions from those System 6218 satellites which are within their field of view. Other

sources of ionospheric information may also be used for updating if required.
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5.0 EVALUATION REQUIREMENTS

This effort consists of describing a way of incorporating the Bent lonospheric
Prediction Model into System 621B and evaluating the model to determine its accuracy

in predicting total electron content (N;).

DBA was asked to evaluate the Bent lonospheric Prediction Model to determine
the accuracy with which it can predict group delay at 1600Mhz. The mode! was used
to predict group delay at certain locations (evaluation stations) and for certain time
periods. These predictions were compared with the actual group delay as computed
from Faraday rotation data. The residuals, or differences between the predicted and

observed values of the group delay, were then statistically analyzed as specified below.

5.1 Evaluation Schemes (see Table 1)

‘The model was evaluated using each of the following updating schemes. The

geographic locations of the stations used in the reduction are marked in Figure 12.

5.1.1  No Updating

The Bent model initially generated predictions using no inputs other than position,

time and 10.7 cm solar flux values. This scheme applied to all five evaluation conditions.

5.1.2  With Updating

For the update situations Faraday rotation data was obtained for various stations
through SAMSO and ionospheric critical frequency measured by ionosonde techniques was
purchased from NOAA, Boulder. Single, double and triple station update was performed
for the total electron content data and single station update from the critical frequency
data. Table 1 summarizes all these conditions. The time of the update observation was
at least one hour prior to the prédicﬁon, and for certain evaiucﬁ@n conditions the
prediction was determined using update information 2, 3, 5, and 9 hours prior. Table 1
summarizes all these situations and shows that a total of 81 update conditions were applied

to the original 11 cases.
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5.2 Residual Statistics

For the evaluation stations listed in Table 1 and the updating schemes described
above, DBA determined, to the extent permitted by the availability of update data, the

uantities described below.
que

A. The mean, standard deviation, and root mean square (RMS) value of the
residuals for the entire evaluation period, the number of residuals used in computing these

values, and the cumulative probability distribution of the residuals.

B. The mean, standard deviation, and RMS value of the daytime-only residuals
ot the evaluation station (sunrise to sunset) for the entire evaluation period, the number of
residuals used in computing these values, and the cumulative probability distribution of

the residuals.

C. The mean, standard deviation,and the RMS value of the residuals for each
one-hour interval UT) during the day for each calendar month of the evaluation period
and the number of residuals used in computing these values.

5.3 Correlation Coefficients

For each evaluation station pair listed in Table 2, DBA computed the correlation
coefficient for the entire evaluation period and the number of residual pairs used in
computing this value. Residuals separated by time intervals of up to 10 minutes were used
when residuals computed for the same universal time were not available. However, no

residual was used in more than one residual pair for a specific evaluation pair.
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6.0 RESULTS

6.1 Theoretical Approach

Preliminary tests were conducted to determine what effect the frequency of the
data samples would have on the statistical reduction of the Faraday rotation data. Sets of
Honolulu data for January, March, and December 1968 were evaluated for samples faken
every 15 minutes and for samples every 60 minutes. The differences between each of the
two data cases for each month proved to be negligible and in general, less than 1% of the
resultant values. For example all of the Necember data resulted in the following mean,
standard deviation and RMS value of the vertical content residuals (TC’15 e/mz}: Mean (15)=
4.45, Mean (60) = 4.4¢, STD (15) = 15.47, STD (60) = 15.51, RMS (15) = 16.10,

RMS (40} = 16.13. For this reason it was decided to base the entire statistical reduction

on hourly data samples alone.

The only time the results of the 2 tested sample frequencies would show significant

differences is when frequent data point dropouts occur such that the hourly distribution of
the overall 60 minute data contains considerably less values during certain hours than
during others, while the 15 minute data distribution might still be quite even throughout
the days. Upon closer examination of the Faraday rotation data from different stations over
the entire evaluation periods it was found that sometimes during certain hours significantly
more observations existed than during the remaining hours. Since the objective of the task
was to evaluate the performance of the Eent ionospheric model under general conditions
representing the diurnal variation of the ionosphere, the results for each hour of the entire
eval uation period were weighed evenly for the computation of the overall values. Table 3
demonstraies the differences between the percent errors based on even and uneven data
distribution. For many of the cases evaluated though, the hourly distribution was quite

even and the results for both distributions essentially the same.

The quantities mean, standard deviation, root mean square and correlation
coefficients are evaluated separately for each hour using the standard formulas, and are
then combined as shown in the working equations below giving equal weight to the values
of each hour. The residual of each entry is defined as R, = measured-predicted quantity,

n is the number of data points for each hour i.
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ol

Standard Deviation =

In the correlation coefficient computation for the station pair A/B, X is the residual

(measured-predicted quantity) for station A, and Y is the residual for station B. The

intermediate sums S_ , S _, S _ are computed individually for each hour and are then

xx 7 vyl Yxy

combined to hourly and total correlation coefficients,

.. = n Xz - ('Z xk>g

k=1

g
“«
i
=
i~ 1
o
'
TSN ’
M=
i
%

Hourly correlation coefficient r, =
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Correlation coefficient for entire period,

5 ()

1=1

()5 ()
1=1

1

Wl

{

|

In oddition,correlation coefficients were computed for the daytime periods by summing

il

4

only over the hours for which the local time at both stations A and B lies between 7 and 16

hours.

Mean, standard deviation and RMS are expressed in electron content as well as
group delay . In additien pércenf errors are computed fo; each individual data entry. The
mean, standard deviation and RMS of the percent error are computed by setting percent
error = R = 100 (measured-predicted)/measured values in the above equations and by
summing over the daytime period only, defined as 7-18 hours local time. Combining
the nighttime and daytime percent errors does not give any useful information, since
negligible small prediction errors in the low nighttime electron content result in large
percent errors. The actual point of interest lies in the daytime percent errors, expressing

how accurate the ionosphere can be predicted for the worst conditions, the daytime peaks.

Range errors, 4R, for a particular observing station can be reduced from the
vertical electron content, N;, if the elevation angle, EZ, is known. To obtain range rate

errors, AR, the elevation rate, E, must also be known.

For 1600mhz frequency:

1.57 x 10 Nr

AR = , where, AR Is in meters
V1 - .905 cos® E2 N; is in electronymeter®
A};\ = -905 AR E sin E4 cos B4 , where, AR is in meters/second
1 - .905 cos® E4 E s in radians/second.
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Both terms are expressed for an average height of the ionosphere, hy, = 325 km

and ( R _\2=.905. The corrections . AR and ‘R are along the angular path and are
R+hm |

reduced from their vertical components; the horizontal gradients in the ionosphere are

taken into account by computing the vertical electron content for the location where the

ray passes through the densest part of the ionosphere.

For the statistical reduction all Faraday rotation angle data was converted to
vertical electron content using the Faraday rotation factors listed in Table 4. These
conversion factors were obtained using ionospheric profile predictions and earth magnetic

field computations. The equations relating the Faraday rotation angle Q to the vertical

total electron content N; is,

h

u

h, ,
Q:E—f Bcos@secXNdh=-§5i\7\f N dh = '\-’{NTZFNr
o o

H(Gi?:

1

= rotation angle in radians

= 2.36 = constant

= frequency in hertz

= magnetic field strength in gauss

angle between directionof propagation and magnetic field
= zenith angle

= electron density in e/m3

= height above surface of earth inm

|7 Z X @ @ =+ x B
H

= mean value of (B cos 8 sec X)

vertical total electron content in e/m2 column

m 7z x
il

= Faraday rotation factor in m® radians

The upper limit of the integral corresponds to the height above which the
remaining amount of rotation is less than the absolute experimental error, and was used

as hu = 1000km. : h

u

J Bcos8secX Ndh

K= K .
F=gM=%"*1
f N dh
Q
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The frequency for the Faraday rotation date was f=137MHz. The integrals were
evaluated by generating the electron density N and the function B cos 6sec XN) at
small height increments between 0 and 1000km and integrating numerically. The
electron density at each height h was computed by the Bent ionospheric profile model.
The components of the magnetic field strength were obtained by the spherical harmonic
analysis as described in Section 3.2. The zenith angle at each height h is a function of
the ground elevation angle, and the angle 6 was calculated using station and satellite
positions and the direction of the magnetic field. For each station observing the ATSI
or Syncom 3 satellites monthly conversion factors were calculated as the diurnal means
of monthly average ionospheric conditions. This method though was not sufficient for
the stations observing the ATS3 satellite, since its position frequently shifted rapidly
between 90° west and 45 west longitude during the fwo.‘yecrs under investigation.

For these stations the conversion factors were re-evaluated as the diurnal mean on a
daily basis whenever the satellite shifred by more than 3 degrees in longitude from its

last evaluated position.

6.2 Comparison with Other Results

Care should be exercised when comparing the residuals described here with those
of the earlier coniractors because of different update conditions. For the update conditions
in this report, the update is considered for the whole of the 24 hours and not for a short

daytime only period, as was done by Stanford University.

6.3 Model Weaknesses

During these investigations it became evident that certain weaknesses existed in
the mode! but the resulting improvements have not yet been incorporated. The model usé&"
was the latest model that existed prior to the contract commencement and the same model "
was used throughout. The real weakness of the model is in the immediate layer above the
height of maximum electron density where the fopside sounding data was insufficient. One
of the better ways to model this region is by integration and comparison with total content
data from Faraday rotation or two frequency data. Evidence from linking topside and

bottom side profiles, taking account of the probable 4% distance error from topside sounders,
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indicates that a slightly thicker layer exists immediately above the peak than below it.
Supposing that a bias in the mean residucls obtained in this present analysis comes mainly
from this assumed parabolic region above the peak, the results strongly indicate that the
constant of this parabola is a function of magnetic latitude, time and solar flux, and not

a simple number as used in this analysis. i is safe to assume that any large difference that
exists between standard deviation and root mean square values listed here will shortly be
removed by improved modeling of this narrow region. Experiments have aiready shown this
to be the case and that the parabolic constant needed to eliminate the mean residual bias
has definite relationships for different stations as functions of time and solar flux. Further
weaknesses of the model showing large update problems for a brief period in the local morning
also occurred. This problem is not yet completely understood but its characteristics indicate

it can easily be tracked down.

6.4 Discussion of Analysis of Residuals

It is impossible in the few days allowed for investigating the results and writing
the report to cover all significant aspects of the analysis, but it must be emphasized that
conclusions cannot safely be drawn from the summary for the entire evaluation periods.
Thorough investigations of the monthly and hourly residuals are very necessary. An
example of this data will later be examined in detail as an indication of the problems
needing further thought. A summary of the residuals for the entire evaluation period is
shown in Table 5. In these tables the mean, standard deviation and RMS values of the
residuals are given for each evaluation and update condition, for the entire period of
evaluation and for the daytime only period. These results also show the update conditions
basedon 1,2,3,5 and 9 hours prior to the evclucﬁqn time and give the residuals in terms
of group delay time and electron content. It is emphasized once more that these results

can be extremely misleading and reference to the more complete tables is necessary.
Y

A further summary of these results is given in Table 6 where the RMS residual
and standard deviation are quoted for the whole period of evaluation. The largest RMS
taken from the monthly-diurnal (1 hour) tables are also given and i’ndiccfe the p(ébiems
that the 621B system has to contend with. The value of the updated RMS residual is

given but without deeper investigation this number is deceptive. The most striking feature
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may be that on average the RMS and standard deviation agree reasonably well, indicating
little bias from the mean in the model. However, on invastigating some of the larger
residuals a considerable reduction in the standard deviation over the RMS value is shown.
This mean bias indicates a mode| weakness that undoubtedly can be improved. Before
proceeding further info what these numbers mean it will be worthwhile studying one of the
periods in more detail in order to bring out any significant features. This same reasoning
should thén be applied to all the data. For such an investigation, it is wise to choose
probably one of the most unpredictable periods of the analyzed data and discuss the problems
in more detail. The data from Honolulu in January, 1968, is by far the most erratic analyzed
under this contract and Table 7a-e shows the average diurnal values for this period. This
evaluation station is situated near the equatorial anomaly and in 1968 the solar cycle was

at its peak. January is also the most ionospherically 'unstable’ month for such a station.

It is seen from Table 7a that the RMS values for the residuals in the prediction alone vary
from 19.55 nanoseconds in the local afternoon to 0.45 nanoseconds just before sunrise.

The standard deviation ranges from 11.61 to 0.36 nanoseconds and shows very little bias

in the mode! from the mean except during the hours 22.00 to 02.00UT when considerable,
and hopefully, temporary bias occurs. During these periods in the local afterncon the
vertical electron com‘enf rose often to values greater than 102 electrons/m? column,

and the results show that about 34% (17 nanoseconds) of RMS residual remain unpredicted,

but only about 19% (10 nanoseconds) in standard deviation remain.

Considering update circumstances with Stanford ATS-1 data (1 hour prior) in Table
7b, the RMS value is reduced a significant amount during fhese‘aﬁernoon hours (17 to 13
nanose conds) but the standard deviation changes little. This implies the update has removed
a considerable portion of the bias in the model but not improved the overall standard deviation
very much. The update method often makes the nighttime values much worse and really
should not have been used this way. The method suggested in the Stanford report would
“probably have produced better results here; namely updating for all the nighttime \}ciues with

the update conditions recorded just prior to sunset. Assuming that the model can be easily



im;proved in terms of the bias from the mean, decfe from Stanford does not appear to improve
the overall accuracy of the model. In fact during the summer months such an update gives

a deterioration. Now considering Table 7c showing f, F2 update from Maui (1 hour prior) a
considerable improvement all-around is ncticed. The predicted model RMS residuals for the
local afterncon period are reduced from 17 to 7.7 nanoseconds and the standard deviation
from 10 to 6.5 nancseconds. The improvement is mqinfdined during the summer months,
particularly in standard deviation. Maui is some 121 km distant from the sub-ionospheric
point looking at ATS-1 from Honolulu. One question to be raised here is over what distance
will this considerable improvement in the predicted 'disturbed’ ionosphere be maintained?
We will see later that such great improvements are not typical for the more stable U.S.
region but perhaps the large improvement in model predictions over equatorial zones will be
maintained elsewhere in the world. Tables 7d and 7e show the predictions using Stanford
and Maui data 2 hours prior to evaluation time. Comparing these with the original predictions
still shows an improvement in the RMS value during the local afternoon from the Stanford
data and, as expected, still an extremely good improvement using the Maui data. The over-
all statistics imply that no update improvement can be made during this evaluation condition.
However, by scrutinizing the data in more detail it appears that useful improvements can

be made during the times of the day when it really matters, and these improvements can be

as great as 12 nanoseconds in the average residual for an hour during one bad month.

This brief d’iscussion on a small part of the data indicates the close scrutiny
that must be applied to the following results. Such a scrutiny, that is impossible in the
time allowed in this contract, should help formulate ideas on whether a simple model would
be sufficient for the more 'quiet' zones of the world, even without update. It should also
indicate to what level, and at what times and seasons, update is necessary for the equatorial
zones. Further analysis of the model for other equatorial and disturbed zones s probably

necessary, however, before final conclusions could be made.
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Table 8 gives a brief summary of the overail siatistics for updating certain cases
with data 1,2,3,5 and 9 hours prior to evaluation time. Again this data is deceptive and
'+ can often be shown from diurnal curves that considerable improvement occurs, during

the times when the jonosphere is dense, with update data taken from 3 to 5 hours prior

to evaluaiion time.

As we have pointed out earlier the fine structure of the data must be investigated
in detail. A halfway approach to this problem is to analyze the diurnal results averaged
over the whole evaluation period. Figures 13a to 13v show the RMS and standard deviation
of the residuals as a function of UT for the entire evaluation period, for the basic prediction
and for updating with data from various stations taken 1 hour prior. The curves marked '0'
indicate the predicted values. Any curves to the 'left' of this '0' curve therefore indicates
a situation where the update has improved the predicted value. Nighttime is indicated by
the 10 or so hours where the '0' curve is low; during this time update improvement is difficult
but not as :mpoﬁanf because of the low values. Much greater success is apparent during the
afremco*: pencd when the 6218 pro;ect requires more accurate predlchons due to the denser
ionosphere. During these times improvements of 20-50% in the RMS of the residuals is not
uncommon. Again, however, close exomination of the comprehensive results show a strong

seasonal trend in all this data, indicating update is better where the ionosphere is thicker.

Examination of Figures 13a,b,c,d,l,m,n, o indicates very large residuals between
14 and 18 hours UT when Honolulu is included in the update condition. These discrepancies
are due o erratic nighttime values of total content observed at Honolulu on February 4th and
11th, 1968. At 14 hours UT on these days (4a.m. LT) the observed total content was about
7 times larger than average. These large enhancements were also observed in the foF2 data
recorded at Maui. At these times it was already daytime at the evaluation stations and the -
update procedure we used weighted the predicted content at the evaluation station by the
enormous percentage at the update station, causing large excursions in the residuals
at these times. These two Honolulu values alone will also considerably effect the overall
residuc! for these update conditions again pointing to the caution required in analyzing
the residuals. A better update solution may have been to use the last daytime update
value throughout the nighttime periods, thereby, ef,eminc:“ing these large nighttime excursions

affecting daytime updates some thousands of Kilometers distant.
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Excmincﬁon of these curves indicates a weakness in the model with update for a
brief period during the first hours of daylight. The error causes high values of RMS residual
during this time which rapidly changes to a reduction in RMS residual during the denser
afternoon ionosphere. No great difficulty is expected in correcting this error and the -
abundance of data analyzed here will be used towards achieving this goal. In orderAfo
point out problems in the update capability,reference should be made to Figures 14a,b.

The first of these figures shows good update capability for the whole of May, 1969. It

is seen that the measured value of f,F2 was higher than predicted and the updated value of
total content agrees extremely well with the measured value. The next figure shows similar
monthly mean diurnal curves for December, 1968, where the measured and predicted values
ot t,+Z are in close agreement. However, the predicted and updated total content has large
errors during local morning conditions. Further investigation of the RMS and standard

deviation of the residuals for this month, shown in Figures 15q and b,also indicate a large

bias in the mean residual at that time. It appears that further study of the seasonal-local

time update routine is necessary. -

6.5 Update with Data Taken 1,2,3, Sand 9 Hours Prior to Evaluation

Four cases were investigated with update capability from data taken up to 9 hours
prior to evaluation time and whereas the overall residuals were not necessarily greatly
improved the diurnal trend showed certain interesting results. Figures 1éa to 16h give the
RMS and standard deviation of the residuals as a function of time for the four evaluation
periods. The numbers on the curves are the same as the delay time in hours of the update
data. One of the cases also indicates the residuals where the model is updated with zero
hours delay. Comparison with the basic prediction ('0' curve) from Figures 13q to 13v
shows over what periods of time of day improvement to the predictions occurs and also by
how many hours previous the update data shows such an improvement. In general 3to 5
hours delay means the updated mode| and predicted model give similar results particularly
in local afterncon. In evaluation condition 5, however, a significant improvement in the
RMS residual is cbtained for a long period of the day with update from Wallops f,F2 taken

9 hours earlier.
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When the existing mode! update problem has been cured it will be advisable to
investigate curves such as these in detail and devise a scheme which would indicate when
and where a significant and necessary improvement in the mode!l would be given by updating

with data from a specific number of hours earlier..

6.6 Summary of Findings from Analysis of Residuals

" The RMS and standard deviation of the residual group delay for the entire period
and the percentage of the daytime ionosphere eliminated by the Bent model are graphically
displayed in Figures 17 and 18 for each of the evaluation conditions. The RMS values for
the predictions alone and the standard deviations for the predictions and for the best update
condition are presented. Some of the updates give worse results than the ‘predicﬁons
alone because of weak update station configurations or large distances between update
and evaluation station. The graphs should be viewed with caution though, since it was
found that by eliminating a single disturbed day out of the entire evaluation period, the
total results could show significant improvement. On 24 March 1969, Stanford observed
a daytime ionosphere a factor of 2 higher than on adjacent days; excluding these few hours

from the reduction resulted in a 4.2% improvement of the overall RMS value.

Some important conclusions drawn from briefly investigating the residuals obtained

during the contract analysis are now summarized.

a) Daytime residuals are higher than nighttime values.
b) Diurnal curves indicate a very wide range of rasiduals.

¢) Seasonal trends are very large and may increase or decrease the maximum
residual by a factor of 5. This can be validated by examining the data in
volumes 2 and 3.

d) The diurnal data shows large differences in RMS and standard deviation of
the residuals whereas the full data summary hides this fact. See Figure 19.

&) During local afterncon at an equatorial station under maximum solar cycle
conditions, 17 nanoseconds (34%) in RMS residual remain or 10 nanoseconds
(19%) in standard deviation from the mean. (Evaluation condition 4, Honolulu).
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k)

m)

n)

These high values are seasonally and diurnally dependent .

The Stanford ATS-1 and Stanford ATS-3 predictions give very similar results
indicating a stable model.

Update of the model often gives significant improvement during local
afternoon with dense ionospheres. This could assist in improving dense
equatorial ionospheric predictions. Such an example is shown in Figure 19.

Update at night in general gives little improvement and often gives larger
residuals than direct prediction. See Figure 13s.

Little advantage of updating with total electron content is shown over updating
with f F2; the most significant feature being distance. See Figure 19 for
nearby update.

In general, improvement in prediction is obtained by updating with data up to
3 or 5 hours old, but mainly this occurs during afterncon conditions. At times
data 9 hours cld give an improvement; such as local afternoon between 22 and
1 hours UT condition 5, Urbana ATS3. Comparison of Figures 13v and 16h
demanstrate this point.

Nighttime update is reasonable only for nearby stations. See Figure 15a.

If the update stations are close to the evaluation station, the RMS and standard
deviation are similar. However, if the update stations are far away, the RMS
value is much iarger than the standard deviation.

In 1969 the Wallops and Point Arguello foF2 update is good. In 1968 the
Maui and Point Arguello update is alsc good, but that from Wallops is bad
during local morning hours probably due to the weakness in the model
update as mentioned in the text. '

If one update staticn is close then single station update is better than
multiple station update. See Figure 13t.

If the update stations are far away in a triangle with good N~S and E-W
coverage then multiple update is better than the predictions or a single
station update. See Figure 13v.

6.7 Probability Distributions

The cumulative probability distributions were computed for all the cases listed in

Table 1. This included the update cases cbtained with data up to 9 hours prior as well
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as for the entire period and the daytime only period. A typical distribution is shown in
Table 9. This table indicates very little skewness in the model but other cases indicate
varying degrees of bias. These results need no explanation and will not be discussed

further in this report.

6.8 Correlation Coefficients

The evaluation station pairs discussed earlier and listed in Table 2 were used in
computing the correlation coefficients. The results of this analysis are shown in Table 10.
These numbers are extremely deceptive particularly for cases where the stations differ in
local timg as the correlation has been performed, as requested,in terms of universal time.
In other words the rapid sunrise changes occurring at Urbana 2 hours prior to Stanford,inject
large errors into achieving good cerrelation. The daytime only (9-16 hours LT) correlation
is therefore likely to be of more interest for the 6218 system as no erratic changes occur

during these hours.

Figures 20a to 20e indiccte the diurnal correlation and show that the sunrise

riod ic often denoted by reduction in the correlati oefficie e more
period is often denoted by a large reduction in fhe correiaiion coe fcient. nce more

pattern of correlation.

(Text continues on page 126)
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TABLE 9. CUMULATIVE PRSBARTILITY DISTRIRUTIBN 8r
RESTDLALS BYVER ENTIRE FVALUATIBN PERIBD
1 JANUARY 1965 T8 31 LECEMBER 1965

EVALUATISN CHNDITIaN NUMBER 3
EVALUATISN STATISN: HENBLULU SyN=3
UPCATE CBNDITIEN: NENE

RMS 8F RESIDUALS! 2483 NANESFCHBNDS
NUMBER BF RESIDUALS: 8241
NUMBER BF RESINDUALS EXCEEDING 25 NANBSECENDS 13 0

GrREUP NELAY PERCENT GRBUP DrFLAY PERCEN

NANBSECENDS  PREBASILITY NANBBECENDS  PRSRABILITY
0] 5221 0 5221
i 7778 -1 24479
3 92.02 =3 12434
& S5.C2 -4 8472
B 86068 ) Db/
& 8772 -5 3:+53
7 98+28 »7 214
8 98475 -8 120
4 93404 =9 v66
10 99.31 =10 ¢34
11 99.51 =11 218
12 93071 =17 °12
13 939.78 =13 «Q7
14 59483 ‘ =14 +01
15 SCe94 -15 " w00
16 938.94 14 : 0 00
17 99.398 -17 + 00
18 10000 -18 v 00
19 100+00 =19 + 00
20 10CCO =20 +00

21 100+C0 =21 «00
2z 100+C0 22 200
23 10C.00 -23 K - +QQ
24 100400 24 : « 00
25 100.CO «25 . «00
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Cerrelution Coefficients for Station Pair Stonford ATS1/Stanford ATS3 and Condifion 1 & 2

1.0

E«/M“ﬁ e Prediction Alone
.8 % \\‘x /

| AN ¢

i K/\’:\\ o~ /'ﬁ\\\\/»_f/< Updc:.*edi with 3 N, %S;‘E:zﬁons,
0.81 ~ . Arec ATS3, Hono. ATS1,

Saga,ATS3

O T ¥ T ¥ ¥ 7 T T T ¥ T

0 4 8 12

Updated vith 2 N, Stations,

16 20
0.8 ‘JK\W}’\\ ‘ e Arec,ATS3, Hono ATS1

0.6 1
0.4 -

0.2

1.0

0'8/«\‘/\ VAN

Updated with Pt.Arguello
foF2

0.6 -

L/

0.2 -

O s T ¥ T 1 T ¥ H ¥ T ¥ ’
0 4 8 12 16 20 Universal Time (Howrs)
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Correlation Coefficients for Station Pair Urbana ATS3/Sagamore ATS3 and Condition 1 & 2
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ATS1/Stanford ATS3 and Condition 5

a.

- Correlation Coefficienis for Station Pair Stanfo

1.0,

T e e e
Ny . e rediction Alone
0.8 TR Vand )
pONy 7//»-\"\%\\_\”,/ -

0.&

0.4

0,2

O - T —— hafsntinnirSadeih eSS A S -

0 4 8 12 6 20

s s AN > P — ~ f
0.8 e \\H% f‘\\/ﬁ/ﬁ ST e Updated with 3 N Stations,
N f Edmo.ATST, Hono ATST,
0.6 R / Saga  ATS3
. N
0.4 -
0.2-
I8}
O -

0 4 g 12 — 16 20
1.0- ‘

o /(M«,—\\ A~ '/,,r‘f*“*wj-'“*ﬂ»f\y_,w-,ﬁUpdczi"ed with T Ny Station,
o TR o A
0.6 - N e )// > Edmo. ATS1

0.6
0.4 -

0.2

- % |
0.8 \\ {/ /\\VM\/ Updated with Pt.Argueilo

AN ‘/"\‘“\\ | | /f\\ / f F2

0 : . : . : , , . ; ’
0 4 8 12 16 20 Universal Time (Hours)

-

Figure 20d. Diurmal Variation of Correlation Coeffi
~194-

cienis



Correlation Coefficienis for Station Pair Stanford ATS3/Urbana ATS3 and Condifion 5
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7.0 UGGESTIONS FOR FURTHER STUDY

cheric profile is the value of f,F2.
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Preliminary tests have shown a large bias in the ITSA predicted value of {,F2 as a function of
latitud ] " int an imporove t of thi ] H ing to be the Iy factor that will
atitude. In cur opinion an improvement of this value is going to be the only factor that wil

change the model to give significantly better residucls in standard deviation. Much work

needs fo be performed on this topic so that correlations of predicted f, F2 and the daily

updated value of solar flux give much improved values as a function of local time, latitude
P = i I

and season. Hopefully such work would bring about o noticeable Improvement in the standard

It has already been suggested that the mean bias in the model can be improved

to a point where the standard deviation and RMS values are similar. Preliminary improvements

O

in the mode! have already been investigated and the RMS value for the entire period of

jon

evalustion condition 4 (Honelulu, 1968) was reduced to €.35 nancseconds. A short study

§ -

should therefore be performed to improve this feature.

=
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<
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o

wn that update of the model works well of the times when the

icnosphere is thick and o weakness in the model during morning hours has also been discussed.

his problem should be alleviated without much difficulty. Again, however, the error is

<

e}
O’”

probably in the mean bias and very little improvement in the standard deviation will vesult.

Undouktedly further study of the model over woridwide equaterial region stations
should be performed along with f,F2 or Faraday update. Affer these worldwide studies have
been performed a thorough investigation of all the data analyzed should point out the errors

11 .

the 6218 system will have to contend with. A plan could then be devised to indicate when

i

and where it is necessary to update the icnosphere, how this shouic be achieved and by
how many hours prior the update data is required. A plan along these lines could be
rawn up with the data analyzed to the present but it would need considerable study of the

existing results which, as we know, exists in abundance.
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A major problem for the 4218 system may be the height of the ionosphere. We
know that normal worldwide changes in the height of maximum eleciron density differ

~ . s . P . 0O
by a factor of 2. Llet us consider an earth based observer monitoring a satellite 5

w“
o
c
Q
bl
[0}
(.
(:1
m

above the horizon. If he i ome point in the world where the height of
H ala fafal [ PR ! le befwee: hi d #
maximum electron density is, say, 450km the earth cenfral angie between nim and ine
b che e meynd f$fer b or 3° H hse : ion where the
sub=~lonosphertc poinf may cirer by over to asimitar coserver in ¢ regicn wnere the

height is a normal 325km. This 37 in earth central angle can mean a change in total

content of 20% due to the herizontal gradients at sunrise and near the ecuatorial anomaly.

.

These are the places where dense ionospheres occur and so even if we could predict the
< i

~ H
ionospheric delay exactly for known positions, this 3” uncertainty would add errors of
perhaps 20 nanoseconds. During this investigation for computing the sub-ionospheric
point, the ionospheric height was kept constant at 325km in order to simplify the
computation and enable correlations with the other contractors results to be more

meaningful. The ionospheric height, however, must be an important consideration for

the 621B system.

An exomple of the monthly median diurnal variation of ionospheric height fer

a specific equatorial point is shown in Figure 21.
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8.0 DBA'S SUGGESTIONS FOR INCORPORATING THE BENT MODEL IN THE

g
[o]
=
Q.
putnt
o

One of the majer problems of this system is arranging for o user to cb
ionospheric data he needs in order to eliminate a large proportion of the ioncspheric delay.
The user may have with him o scphisticated computer, as in the case of a large ship, or he

may be a soldier in the field carrying only the simplest electronic units. He must, however,

be able to map the ionospheric de!cy to a reasoncble cccuracy and in parficular be aware
of the severe foncspheric gradients that will exist above him at some time of the day. We

have already demonsirated that the total electron content along different line of sight paths

'

from an observer to several satellites, will ofren differ by o factor greater than 5 at the

o,

d
same instant of time. These numbers therefore indicate the care that must be taken in

i

deciding en the method used to transmit ionospheric data to the 621B system users.

If the user has a small computer, the ionospheric coefficients for <e=vem§ days

o

could be put in the memory by land line prior to departure, or, if his computer is very
smatl he can input time related grids of total electron content in his zone of interest for
a complete day. Update infermation for this grid could then rapidly be transmitred by
satellite and the user will need only to interpolate in time and direction. However, at
certain times of day interpolating in time may not be linear and significant errors may

result.

The ideal situation for all users would be to obtain the necessary ionospheric data

periodically transmit ionospheric data for a region directly beneath it. [f we refer to th
diagram shown in Figure 22 the situction can be explained in detail. Consider o satellite
S at some 36, 000km cbove the earths surface and consider an observer at point A on the
earths surface. Al some specified time the satellite S fransmits ionospheric data for point B
followed by the data for the points on circle C that are separated by 5 degrees earth central

angle. Data is then transmitted for circle D and so ori until the pre-computed fixed arecs

are complete. The angles between B and C as well as C and D etc. also differ by 5degrees

-



earth central engle at the closest points.

These'pre-computed fixed areas' are arrangsd so that ot any one time the areas
covered by all the satellites cover the earths surface. In effect each satellite will be
providing fonospheric delay times for every 5 degrees earth central angle in its area.

An observer would therefore be able fo obtain a grid of ionospheric delay points in his

visible sky from which he could easily interpolate in position to obtain the required delay

from any satellite.

In the drawing of Figure 22 we will consider the user at position A. He selects

elevation angle of the sateliites he uses is 8 and this is in the direction shown, he must
wait until satellite S transmits ionospheric date in increasing circles up to the poir{% X.
In the worst case B will be at 5 degrees elevation but in ali probability this elevation
angle will not be 180 degrees in azimuth different from sateilite S.

1 k]

I+ is understood that 10 bits per second are allowed for ionospheric data to be
transmitied from each safeilite. A seven bit number (127) would be needed to transmit
ionsspheric data, which means that at 10 bits per second, 85.7 numbers can be transmifted

each minyte.

To explain how we compute the time of transmission to cover a particular zone
with fonospheric delay time daia let us assume that the maximum elevation angle of the
satellites used is af 50 degrees. In order to compute the time needed for this satellite to
tramsmit all ionospheric data to the point X we first find the earth angle o for a 8 of 5
degrees. This is shown in the table of Figure 18 fo be, on average, 13 degrees. To a
first, but close approximation, the value of « is subtracted from E and compared with the
graph of ngure 22, In this case therefore, 507 - 137 = 37° which relates, on a 5 degrees
grid basis, to a value of 280 numbers, or 3.25 minutes. In other words the satellite could re~
cycle its fonospheric data every 3z minutes and this would also be the maximum time an

observer would need to obtain ali the delay times he requires. The following table gives
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an indication of this re=cycling time under the worst conditions with o satellite o 5degrees

d
elevation and displaced 180 degrees in azimuth from the high elevation satellite. Values

for a 5 degrees and a 7 degrees grid en the earths surface are given.

Elevation of P 5P 40° & o

. . 45 { {‘v\d‘ »j c ']

high satellite o / 80
Minutes

5° grid 4.55 3.25 2.22 1.52 .99

79 grid 3.27 2.45 1.69 .99 .53

The accuracy of interpolating from these gricds needs to be determined for voricu

@]

positions and times. Obviously the greatest errors will occur where the ionospheric gradients

are large and it is difficult to-estimate the approximate errors without a detalled comouier

-5

.

investigation. However, because the re~cycling time is less:than 5 minutes, nec time

interpolation is necessary and wz can concentrate curely on distance interpolaticn. The
"J

errors with o 5 degrees grid may apprcach 6 to 8% in delay time and 8 tc 10% with a 7
degrees grid,but errors of this size may occur only over small areas where a cradient reversal

QCUCUrs.

We have already indiccted that the height of the ionosphere can be major
source of error in oreas where severe horizontal gradients exist. It may be possible to input
_simple coefficients into a small computer to enable height to be computed to an adequate
accuracy of, say, 15km, but further research would be necessary to investigate these
possibilities. If we assume the ionospheric height is to be fransmitted from each satellite
along with the ionospheric delay data and that the height accuracy is to be 15km then
4 bits (15) of data will be required for each height. A minimum height of 225km could be
used as a base and each number up to 15 would add 15km to this height giving o maximum

~

of 450km. The extra time needed for this transmission would be 4/7 of that needed for the

ionospheric delay alone.
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