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lonospheric Praediction
by
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3.1 History

The early history of exploration of the ionasphere was governed by the need
to understand the Teng distance propagation of radio waves, While the existence
of electric currents in the upper atmosphare had been postulated in the nineteenth
century it was the success of Marconi in 190%, in establishing radic connection
across the Atlantic, that led to a sustained interest in the icnosphere.

T should tike to point out that wany disceveries about the ionosphere have
been made in the face of errcneous gredictions. Thus, prior to 1801, the theorists
had predicted that radio waves could not cross the Atlantic. During the early
years of radio it was discovered that, for lenqg-distance prapagation, long waves
gave higher signal strengths than short waves so that the longer wavelengths were
coveted by government and commercial stations. Governments felt free, therefore,
to leave the short waves to amateur radin uperators for shori-range communications,
In the early 1920's the amateurs found that they could communicate acruss the
North Atlantic on wave-lengths around 100 mefers and discovered that the higher
the frequency the stronger the signal,

In the 1950s it was incorrectly predicted

that high frequency communications would shortly be superceded by other, more

reliable, frequency systems that would be free of disturbance: such as VHF for-
ward scatter from the D region, reflection of VHF from metecr trails, satellite
systems on VHF. The feeling always has been that we know enough about the iono-

sphere to adequately predict, or extrapolate, into another part of the radio

spectrum only to find that we were wrang.

High-frequency radio communications were found te be sensitive to time

*

of.ﬁay, srasan, to the 11 year sunspot cycle, see Figure 3.7, and to the occur-
rence of solar fiares (the Mogel-Dellinger effeci) and geomagnetic storms. Thus,
2 need arose to predict optimum radio frequencies that could be used to communi-
cate on HF. For a given circuit such optimum freguencies varied with time and a
set of frequencies were needed for adequate coverage, The predicticn of these
frequencies involved two distinct procedures: (1} a knowledge of the condition of
the ionosphere and (2) a method of converting vertical soundings to oblique para-
meters. Information on the fonosphere was available from vertical soundings at a
small number of stations and many assumptions were necessary for global interpoia-
tion. A basic prediction was that the maximum or critical frequencies depended on
the solar zenith angle. This prediction turned out to be reasonably good for the
E and Fi Tavers but fs generally unreliable for tne F2 layer which is by far the
most important layer from the viewpoint of radio transmission. Turning to the
second step, there are two methods of converting ‘rom vertical to oblique propa-
gation. The first is to assume a parabolic layer and calculate the height of
maximum density and the half-thickness of the parabola from vertical soundings
and then calculate the maximum frequency for appropriate ranges (e.g. 3000 km).
The second method is the use of transmission curves that are applied directly to
jonograms to give factors by which the critical frequency must be multiplied to
give the maximum frequency.

Horld War II provided a great impetus to develop ionospheric predictions
beth for planning and operational purposes. A much more extensive global
network was established and this revealed the important geomagnetic control of
the F2 layer dominated by the eguatorial ancmaly in maximum reflected frequencies

-~ Figure 3.2.



3.2 HNeeds for Ionespheric Fredictions

Society, in general, is concerned with the lonosphere because of its role
in radio communications, navigation (e.g. OMEGA), surveillance, early warning
(OTH) and others Tisted in Figure 3.3. A major societal concern is the effective
management of and efficient utilization of the limited radio frequency spectrum
(JATC, 1964). The high-frequency band is highly congested because its use is
stimulated by the relatively Yow cost of terminal equipment which is a major con-
sideration for new develaping countries. This band is alsc valuable for mobile
communications in sparsely populated areas such as in the Arctic and in Antarctica.
Basicaliy, while newer technologies have enabled more intensive use of the spec-
trum this has been more than offset by the increased demand. Society is particu-
larly concerned with the following three aspects of communications: {1) safety
(2) commercial and {3) personal. The value of jonospheric predictions in saving
lives is fnestimable, the commercial value is a trade-off betwesn costs and bene-
fits whereas the personal value is more a matter of convenience. |

In the utilization of the frequency spectrum the following consideraticns
are important:

(1) This resource is used, not consumed, and is wasted when not used.

{2} It has the dimensions of space, time and frequency that can be shared.

(3} It is an intermational resource.

(4) The spectrum is wasted when its characteristics are not utilized properly.

{5) It is subject to pollution and needs pelicing.

Probably the greatest social pressure is that resulting from the increasing
mobility of the world's population. There are more people on the move, at higher
speeds and radio provides the only efficient means of communication. Communications
insure more efficient business, public and private safety, and national security.

Thus any medium that affects radio propagation is of vital concern to society.

The main categories of users of jonospheric predictions are: (1) plan-
ners and designers of radic circuits whe require long term predictions for
the determination of system coverage and freguency allocation for communica-
tibns, broadcasting., early warning and surveillance systems, (2) users of navi-
gation and timing systems who depend on the stability of the reflecting layer
for reliable time and position determination, {3) researchers who study the
jonosphere e. g. with rockets and satellites and (4} those whoﬁe activities
are adversely affected by the jonosphere such as radio astronomers, satellite
geodesists, etc.
3.3 Morphological Predictions

The primary need for long-term (months to years) predictions is in the
planning of radio circuits: freguency allocations, antenna design, power re-
quirements ete. For this purpose the primary data concern the critical fre-
quencies of the £, F1 and F2 layers, the layer heights and the absorption of
radio waves in the D region as functiens of time and giobal positions. The para-
meters of the E and F1 layers are, relatively, well behaved and can be repre-
sented by simple formulas involving the solar zenith angle, the 12-month run-
ning average sunspot number and the layer critical frequencies for an overhead
sun and zero sunspot number. Measurements of D region absorption are few so
that, although the layer varies considerably with time and location, the ab-
sorption is usually determined from oversimplified formulas (Davies, 1965).

From the point of view of radio communications the F2 layer is by far the
more important of the ionospheric layers. It is also very variable and the
parameters cannot, in general, be described by simple analytical formulas.
From critical frequencies measured at about 150 fonospheric stations the
world-wide and temporal variations of foF2 have been expressed in terms of

mathematical functions (Jones and Gallet, 1962} and stored on computers (Haydon
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et. 2l 1976, CCIR 1978}. Such a representation of the F2 critical frequency magnetic field and of colilisions are either negligible or may be treated as per-

is often called a numerical map and a sample graphical output is-shown in turbations. As menticned before there are tws methods of converting from vertical

Figure 3.2 which is dominated by the equatcrial anomaly. Such maps are avail- to oblique propagation (A} models (B) transmissicn curves.
ab1e.for sunspot numbers zero and 100 and the critical frequencies for other ‘ A.  Madel
sunspot numbers are found by linear interpolation and/or extrapolation. The Here we shall consider only the parabolic layer which is the most
diurnal variations are represented by maps for different universal times. common model. Tts use is based on the fact that pear the maximum of a Chapman
The variation of the critical frequencies of the E and F2 layers over Wash- layer the distribution is parabolic viz .
ington, D. C. is shown in Figure 3.4. To a first approximation the critical fre- 2
quencies of the F2 layer can be represented by a formula of the form fNZ = fcz Z(h-hO) - th - :0) 3.2
foF2 = a (1 + bR) 31 ¥m Y

- - » ” L4 1 1 T )
Close inspection of Figure 3.4 shows that the gradient 'b' varies from one cycle where fN fs the plasma frequency {see equation 1.13) at a height h in a parabolic

to another, Both 'a' and 'b' vary with 1 ion, ] c el . 5
a’ an vary wi ocation., Near the geomagnetic equator layer with base height ho and semi-thickness Iy see Figure 3.5. The virtual

the dient 'b' is small. . :
e ™ height of reflection of a radio wave of freguency f in the absence of a magnetic

. Obligue Propagation
3.4 4 pag field and of collisions is given hy

Up to now we have discussed vertical preopagation but in practical communica- 1 f fc *f

o 1, T — 3.3
S ' _ . W' =hy* 2 Yae M TF
tions it is necessary to determine the relationship between vertical propagation c c
and oblique propagation. We have seen already that ionospheric absorption de- The parameters ho and ¥, can be determined from ionogram data and by plotting
creases with increasing frequency so that communications tends to be better on h' versus
f +f
higher frequencies. Hence, a communicator wants to use the highest frequency pos- %. ;-Jn 7 7
c c
sible. In this he is restrained by two facts: (a} the frequency allocation (2)
the maximum frequency reflected from the ionosphere. The former is partly an From Figure 3.5 we have that the ground distance
. R : h
administrative matter the second a technical matter. . dh
D=2h0tan¢u+251n¢o/r—2ﬁm_—2-— 3.4
While the conversion from vertical te cblique propagation is straightfor- h L L
o
ward fo i , with no netic field, no electron c¢olltsi , , . . : .
r 2 plane donosphere, wi nas et ron ¢ sions ete where hr is the height of reflection and the refractive index, u, is given by
such is not the case when the magnetic field, collisions and horizontal varia-
2 _ 2
tions especially are invaived. Fortunately, because higher frequencies can be W= a(h—ho) +b (h_ho) 3.52

used with oblique propagation than with vertical propagation the effects of the where

- 2 2 3.5b
a = 2 fc /ym f
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- 2 2 .2
and b = fc /_ym f 3.5

Substitution and integration gives

b = 2 h0 tan % * Q Yo 3.6a
f + f cos ¢
. f
where Q = sing, + In & — ¢ 3.6b
o f fc - f cos ¢0

[

Before proceeding further with the parabolic layer theory let us conSider what
happens to the range D as we increase the elevation angle {decrease ¢O} from a
small value (Figure 3.6). The range first decreases, reaches a minimum and then
increases very sharply. This is shown in the D versus ¢ plot in Figure 3.7 in
which we note that, for a given D, there are two rays with different é's and
there is a minimum distance, the skip distance, within which normal ray trans-
mission is not possible. In another way, for a given distance, there is a max-
imum usable frequency or MUF. The two rays, for a given D, are called the Iow-
angle ray and the high-angle or Pedersen ray. From equation 3.6 we see that

there is a lower limit b, of g given by
cos ¢c = fc/f 3.7

below which penetration occurs. Note that ¢C does not correspond to the skip

ray. The condition for the skip is d D/d¢0 = 0 which gives

2
Y u Y
i T+y - z m
pou In vt 2 = 2 tan b { 7 -1) 3.8a
0 -u" h
_ o
where u = fm cos ¢S/fc 3.8b

where fm is the MUF and by is the angle of incidence corresponding to the skip.
Equation 3.8 can be solved for ¢, for given u, from ¢ we can get fm.
The ratio fm/fc»= M{D) is the MUF factor for a distance D. For given values

of ym/h0 and fc the M factor can be plotted against D and, hence, against by

This theory has been extended to include the curvatures of the.earth and

ionosphere, e, g. see Appleton and Beynon (1940, 1947).

B. Transmission Curves
An alternative to the parabolic method is the use of transmission curves
developed in the USA. These are based on the following theorems:
The secant law which relates the frequencies f, and f_ reflected at the same
height with vertical propagation and at an incidence ¢0 viz
f = f sec o . . 3.9

o v
Breit and Tuve's theorem which states that the time t to traverse an

actual curved path s the same as that of the equivalent triangle TAR
in Figure 3.8

i.e. ct = TA+AR 3.10
Martyn's theorem states that the virtual heights of reflection of a ver-
tically reflected and an obliquely reflected wave are equal provided the

frequencies are related by equation 3.9

(TP} cos ¢, = h 3.1

'I L]
1 = —_
h = zcos ¢0 Pﬂb v

ob

Here Pobl is the group or virtual path.

Now sec ¢, = Q {0/2)2 + (h'v)2 /h'vl 3.72

To find the ub]iqﬁe frequency corresponding to a given fv we can solve equa-

tions 3.11 and 3.12 simultanecusly by a graphical technique called transmission
curves. One type of transmission curve plot is shown in Figure 3.9. Another type

is illustrated in Figure 3.10 in which sec ¢0 has been corrected for the curvatures
of the earth and the ionosphere. The transmissicn curves (Davies, 1965) are plotted
on the same virtual height scale as a vertical jonogram. At certain distances

the transmission curve will intersect the ionogram trace, for a given layer, at

two heights corresponding to the Tow angle and high angle rays.

e
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The curve corresponding to the skip distance will be tangent to the icnogram.

By recording the ioncyraem ang the transmission curve on the same logarithmic fre-
quency scale one can be s]id over the other until trangency occurs for a given
distance, Figure 3.10. The maximum usable frequency iz read off the frequency
scale at the 1.0 reading on the sec¢0 scale and the MU) factor found from the

sec¢0 scale at fc.

3.5 Vertical to Oblique Conversion

From the theorems of Section 3.3 it is possible to sketch the appearance
of an oblique ionogram where the transmitter and receiver are separated. For
a given fob there are two vaiues of h' and, hence, two values of P' the group
path., As the frequency is increased the twe values of P' approach and meet at
the MUF or junction freguency, JF, as shown in Figure 3.1%1. Experimental obligque
ionograms are shown in Figures 3.12 and 3.13. Figure 3.13 shows the extensicn of

the trace to very high frequencies by scatter propagation.

3.6 Circuit Predictions
3.6.1 MUF predictions

From the numerical maps of MUF{zero}F2 and MUF{4000)F2 it is possible
to interpolate numerically to find MUF{D]FZ. In earlier days this was done manu-
ally, using graphical overlays and nomograms, for each heur of the day, for each
menth of the year and for a whole range of sunspot numbers. In recent years the
whole procedure is dome by computer (see Haydon et. al. 1976}. The basic data re-
quired, such as; geographical and time variations of the jonosphere, radio noise,
the relationships between the ionospheritc characteristics ard the patk geometry,
signal attenuation, and the theoretical performance of common antenna systems,

are stored as part of the general data base.

For simpla predictions, such as the highest useful frequencies, only the geo-
graphical locations of the circuit terminals and the times of interest are re-
quired. For more complex predictions, e.g. reliability, additionral information
is needed such as: the frequency of operatian, the type of anterna, the trans-
mitter power, the type of service required, and man-made noise environment at
the receiver etc.

Because the MUF varies from hour to hour on a given day, from day to day at
a given hour, with season and sunspot number and because the D region absorption
also varies it is necessary to have several (at least two) frequencies for opera-
tion of a given circuit.

For prediction purposes monthly median MUFs are obtained but this implies
that on half the days the MUF is below this median so that communications on the
MUF is possible 50% of the days. To enable communication on 90% of the days a
rule of thumb is to use the optimum working frequency FOT which is

FOT = 0.85 MUF 3.13
A sample FOT plot is shown in Figure 3.14 which indicates that freguencies
near 6 MHz and near 15 MHz are required for 24 hour operation of this circuit.
3.6.2 Transmitter power

Having selected a set of frequencies the design engineer must
next calculate the transmitter power, P, required for his particular type of ser-
vice. The distance attenuation is calculated on the basis of Pr = dz. The iono-
spheric absorption can be obtained from the computer program which is based on a
formula of this type :

L = 615.5 n sec ¢ (1 + 0.0037R){cos 0.881X)I-3/{f+fH)"98 ds 3.14

The 0.88%1y is used to allow for the fact that the absorption does not go to zero
when the zenith angle y = 90° ~-- see Davies (1965), chapter 9. In equation 3.14
¢ is the angle of incidence on the D region and n is the number of hops. The

antenna gain, relative to an isotropic radiator, must be obtained from the



known antenna configurations or the reference antennas used n the programs.

The gyrofrequency fH is obtained from a numerical model of the geomagnetic
field. The ambient radio noise is obtained from worldwide numerical waps of
radio noise on 1 MHz such as that of Figure 3.15. From the frequency dependence
of the notse, such as is shown in Fiqure 3.16, the noise on a frequency f is de-
termined. To take into account the uncertainty in the noise level due to the
spread of the data a correction o is incliuded. In a computer program thése
curves are expressed as mathematical functions.

Calculation procedures can be divided into two distance regimes: (a) less
than 4000 km (b} greater than 4000 km. The 4000 km distance is about the max-
imum one-hop range for the F2 layer at 320 km altitude.

(a) Distances less than 4000 km

From the geographical cocrdinates of the terminals the circuit length
and midpoint coordinates are calculated. The appropriate UT at the midpoint is
determined. The critical frequencies, the M factor, the solar angle, layer
heights and the gyrofrequency are determined from the numerical models stored
in the computer. Hence we determine the MUF and, hence, the FOT.

Next we determine the effects of the E layer of which there are three pos-
sibitities:

(1) The normal E layer determines the MUF

{2} The sporadic E layer determines the MUF

(3) E layer cut-off is present

The procedure is: determine the radiation angle for one-hop E propagation
for the appropriate distance, if > 0 proceed to calculate the E layer MUF for
various hops to see if MUF {E) > < MUF {F2). Do the same for ES. To deter-
mine the E, or ES, cut-off find the one-hop E distance dE corresponding to the

F2 radiation, or elevation, angle and the coordinates of the ray at the E layer.

@

If MUF(F2) < MUF{E) for the distance dE’ cut of f will occur and E—]éyer propagaticn
dominates, otherwise F2-layer propagation only need be considere&. Note that E cut-
off essentially determines the low frequency 1imit because if the propagation in- M
volves several E-hops the signal suffers heavy D region absorption (see Davies
1965, Chapter 7).

The power loss is taken as the sum of the losses due to: the ionosphere,
distance, ground reflection (for multiple hops) antenna gain 6r Toss, all of
which are availabie in the program or must_be supplied (e.g. if & non-standard
antenna is used). The required carrier/noise ratio must be specified and the
naise power calculated for the appropriate bandwidth (Davies 1965, Chapter 7}
in order to determine the required power at the receiver and, hence, of the
transmitter. For more details the interested reader should consult the reports +
by Barghausen et al (1969) and Haydon et al (1976},

{b) Distances greater than 4000 km et

As the distance is increased beyond the one-hop F2 Tlimit (% 4000 km)

it has been found empirically that the propagation does not change discontinuously
from ane hop to two hops. Some reasons for this include: jongspheric scatter,
ground scatter, high-angle ray and jonospheric tilts. Experience has shown that
propagation fails only when the ionosphere cannot support the propagation at two
"eontrol points" on the great circle path at 2000 km from each end. In the prac- s
tical determination of the F2 MUF the control points 2000 km from each end are
found. The MUF for the path is the lower of the two MUFs, for a distance of
4000 km, with each control point as the center of a 4000 km path. When it is
desired to apply the procedure to the E, Es’ and F1 layers contral paints 1000

km each end may be used (see Davies 1965, Chapter 7}.



3.7 Choice of Operating Frequency

While the FOT, selected by calculations such as those described, may be

optimum from the point of maximum signal strength and number of‘dayslmonth re-

ception, it does not necessarily yield the best commumications e.g. minimum errors.

A major reason for this is the congested nature of the spectrum. Because the
world's population and wealth is concentrated in a few regions (e.g. Western
Europe, Eastern North America, India, East Asia) the FOT for mﬁst users tend to
be about the same value. Hence, interference from other users in these regions
is intense. In fact a freguency well below the FOT may be best for an indivi-
dual circuit because, although the signal is weaker, the man-made interference

is much less.
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Typical Users of the lonosphers

Primary custormer application areas and tires when their systems are
most affected by environmental atiomalies, primarily local.

customer

Civilian satellite communieation
Commercial aviation—mid-latitude
communication (VHF)

Commercial aviation—polar cap
communlcation (HF)

Commerclal aviation navigation {VLF)

Electric power companies
Long line telephone communication
High aititude polar flights,
radiation hazards

Civilian HF communlicadon
Coast Guard, GSA, commerical
companies, VOA

Geophy:ical exploration
Satelite orbital variation
military and civilian

DOD SATCOM communication
DD HF communication

DOD reconnalssance
DOT navigation

ERDA communication
prospective customers
International community
Scientiflc satelitte studles
IMS, Solar Maximum mission, Shuttle,
solar constant measurements,
stratospheric ozone

variation, interplanetary missions
Sclientific rocket studies

1MS, magnetosphere, ionosphere,
upper atmosphere, sun

Sclentific ground studies

IMS, sun, interplanetary,
magnetosphere, ionosphere, upper
atmosphere, stratosphere, troposphere,
seismological/geomagnetic

®at OF near solar maximum.

Fig. 3.3
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Magnetic storms
Solar radio emissions

PCA, magnetic storms

PCA, magnetic storms
Magnetic storms
Magnetic storms
Solar proton events

X-ray emission, UV
ermission, magnetic
storms

Magnetic storms

U.V. emissiomn,
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Magnetic storms
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magnetic storms,
X-ray emnission, UV,
emission, solar proton
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solar proton emission,
X-ray ernission
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ILLUSTRATING THE EQUIVALENCE THEOREM FOR
A PLANE IONOSPHERE AND PLANE EARTH

T = TRANSMITTER
R = RECEIVER

REAL PATH
————=VIRTUAL PATH

J

; J \
] / \\
I ,/ \\
B /BN
o \‘
IONOSPHERE
VERTICAL
¢>° OBLIQUE
EARTH
TR T R

Fig. 3.8 Illustrating the equivalence theorem
for a plane ionosphere and plane earth

FAMILY OF TRANSMISSION CURVES PARAMETRIC [N

FREQUENCY FOR A FIXED DISTANCE OF 2,000 km
SUPERIMPOSED ON AN h'f GRAPH
A FLAT EARTH AND FLAT IONOSPHERE ASSUMEDR
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Transmission curves superimposed on ionogram

Fig. 3.9
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