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SECTION 1

INTRODUCTION

This report evaluates models of HF ambient sky-wave propagation

used in the HFNET computer program. HFNET has been under development

since 1975 and, at present, represents an advanced capability in predict-

ing HF and VHF propagation in a nuclear burst environment. Improvements

to the program implemented during FY78 included an improved ionospheric

model for the auroral region, improved nuclear burst phenomenology, and

the addition of nuciear burst produced propagation paths at HF and VHF

frequencies (bomb modes).

In the evaluation of the ambient propagation models, the ques-

tion arises as to what data or information is to be used as the standard

or bench mark again which HFNET results are to be compared. Very little

measured data on ambient sky-wave propagation is available in the tech-

nical literature. However, a report on a link from Slough, England to

Cypress contains data in a form for use in the evaluation of the equa-

torial and mid-latitude ionospheric model. Another report summarizes

data on auroral links from Caribou, Maine to stations in Greenland and

Iceland and is used in an evaluation of auroral propagation models.

Whenever applicable, within non-auroral regions, comparisons of HFNET with

HFMUFES4, an extensively used equatorial and mid-latitude ambient HF prop-

agation program, will be made.

Section 2 will describe the ambient propagation models used in

HFNET and the two ionospheric models. Section 3 will compare predicted

values from HFNET with data and HFMUFES4 predictions. Section 4 will

5
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Ipresent conclusions drawn from this study. An appendix contains examples

1of predictions for hypothetical mid-latitude paths of 2,000 km and 4,000 km.
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SECTION 2

AMBIENT MODE CALCULATIONS

2.1 HFNET PROGRAM DEVELOPMENT

The HFNET computer program has been developed by MRC under DNA

sponsorship to study sky-wave propagation in a nuclear burst environment,

with particular emphasis on the evaluation of many communication links

subjected to the effects of a large nuclear burst scenario. A brief

review of the history of its development to its present form will show

the philosophy of design improvements and application to technical prob-

lems of specific interest to DNA.

The HFNET program was originally developed for application to

studies of the late time reconstitution of HF communications within CONUS

following the high altitude portion of the NICKEL PLATE scenario. For

that application, a much simplified model of late-time, nuclear burst ab-

sorption effects was developed in order to achieve decreased code running

time with little (if any) loss in computational accuracy. In that ver-

sion, the HF sky-wave parameters were generated externally to HFNET using

the HFMUFES4 computer program developed by ITS for general studies of sky-

wave propagation'. An evaluation of HFNET was made by comparing its pre-

dicted values to measured values of propagation from the 1962 U. S.

nuclear test series.

At that time, it was recognized that it was necessary to im-

prove the predictions of sky-wave propagation beyond that used in the

ilFMUFES4 program. HFMUFES4 was developed for very general studies of sky-
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wave propagation and was not intended to be used in very detailed evalua-

tions such as those of interest to DNA. Thus, MRC developed a more de-

tailed calculational model 2 of propagation to be included within HFNET

which would include ionospheric tilts, both in and perpendicular to the

great-circle plane, produced by ambient electron density gradients. Since
this model was constrained to be fast running, the virtual height techni-

que of calculating sky-wave reflection altitudes, as used in HFMUFES4, was

used along with a fast-running, analytic model of the global ionosphere3'.

The program in this form was applied to a DNA-sponsored analysis of the

Cemetery Net communication system performance in a nuclear burst environ-

ment.

During 1977, MRC began an evaluation of the proposed ITT adap-

tive HF/VHF communication system with the initial emphasis on developing

the methodology for evaluating the system and examining the propagation

models which would be required for these studies. Major improvements to

HFNET were proposed for these studies, including the use of an auroral re-

gion ionosphere, models of HF and VHF anomalous propagation from striated

regions produced by high altitude nuclear bursts (so-called "bomb" modes),

and other non-median ionospheric effects. These improvements have been

introduced into HFNET dui.ng FY78, and initial evaluations of the ITT

system are underway.

Bearing in mind that HFNET is designed to evaluate HF system

performance in a nuclear burst environment, the rationale for the ambient

propagation model is best stated in the following quotation from Reference

2.

"Anticipated nuclear effects which may conve-
niently be taken into account by alteration of normal
ionospheric parameters are changes in ambient layer

(i.e., F F or E-layer) electron density, thick-' 1i
ness, height, and tilt due to (1) propagation of acou-
stic gravity waves, (2) ducted waves, (3) burst region
disturbance (F-layer depletion, etc.), or (4) bomb or
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debris irradiation. Another set of effects exists
(M-modes, fireball modes, plume modes, etc.) which
are more conveniently calculated independently and
which will not concern us here. To calculate, even

crudely, effects of the above list on propagation
geometry, thus on existence and efficiency of ambient-
like modes and creation of new modes, the ambient mode
calculation must readily take into account ionospheric
variations all along the propagation path in terms of
variability of reflection height and ionospheric tilt,
both along and across the great-circle path. In fact,
non-great-circle propagation must be treated. The
current ITS78 code, the community standard, evaluates
ionospheric conditions only at the great-circle path
center, derives from that a single reflection height
and does not consider tilt or off-great-circle propa-

gation. This is satisfactory for long-term, average
predictions, the objective of that code, but does not
lend itself to situations similar to nuclear effects
where a portion of the path is strongly disturbed ....

"The method developed here to meet require-
ment, of nuclear effects studies is approximate but
more accurate than justified by predictability of
either the ambient or nuclear disturbed ionosphere.

It is more expensive in computer time than one would
prefer but still vastly cheaper than normal ray trace
techniques; sophisticated in that it accounts for iono-
spheric variation, tilt, and off-great-circle propaga-

tion; but in its present implementation rudimentary
in that only two modes can be calculated for a given
number of hops, no extraordinary ray modes are calcu-
lated, etc. The restriction to two modes per hop
number could be readily remedied and this, at least,
is hoped to be done soon. The basic technique is be-
lieved to be feasible. As reported here, the method
has been developed to a useful state, one that is

more realistic than others in many important respects,
as well as one that is reasonably inexpensive in ap-
plication."

2.2 GEOMETRICAL MODE CALCULATIONS

The model of HF sky-wave modes is described in detail in Ref-

erence 2 and is not expected to be changed in any future

9
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computer program revision. Although recent versions of HFNET include

an auroral ionosphere model, the mode calculations have not changed.

A brief outline of the model, extracted from Reference 2, is contained

below.

Mode geometry is specified in terms of the ends of a number of

straight line segments (passes) connecting reflection points. A one-hop

mode is specified by latitude, longitude, and altitude above the earth's

surface of three-line segment ends: (1) the transmitter coordinates;

(2) the equivalent triangular ionospheric reflection point; and (3) the

receiver coordinates. A two-hop mode requires specifications of coordi-

nates for five points-the two end points, two ionospheric reflection

points, and an intermediate surface reflection point. In general,

three space coordinates must be specified for 2n + 1 points for an n-

hop mode.

A mode fails to exist if (1) the F2 layer fails to reflect the

ray on any hop; (2) transmitted launch angle for the mode is below a

specified value; (3) received angle is below a specified value; (4) iono-

spheric tilt causes the ray to be reflected back upon itself; or (5)

ionospheric tilt causes the ray to be deflected forward at too great an

angle.

Steps in calculation of n-hop mode geometry are as follows:

1. The great-circle path is divided into n equal

segments, one for each hop.

2. For each segment, a one-hop mode is calculated

according to local ionospheric conditions as

follows:

a. Assume reflection occurs at the F2

layer; calculate the equivalent tri-

angular reflection altitude, hr, for a

parabolic layer by iteration.

10
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b. If successful, calculate refraction effect

due to the F1 layer. If the F1 layer

reflects the ray, carry out step a for the

F1 layer.

c. Calculate refraction effect due to the E-

layer. If the E-layer reflects the ray,

carry out step a for the E-layer.

At the completion of step 2, the situation is de-

picted in the sketch, provided all hops were

successfully reflected.

At this point, the mode is specified by the

latitude and longitude of the end points.

These are equally spaced along the great-

circle path but each ionospheric reflec-

tion height is different, a violation of

the laws of optics.

3. Adjust the pass ranges ri , so that inci-

dent and reflected angles are equal,

accounting for differences in hr

11
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4. Calculate ionospheric tilt angles both

along the great-circle and across the

great-circle at each ionospheric reflec-

tion point.

5. Adjust all pass coordinates (latitude,

longitude, altitude) to account for tilt

along the great-circle to first order in

tilt angle (that is, in the vicinity of

each reflection point, the tilt is con-

stant). If the ray is reflected back

upon itself at any point, or if the cumu-

lative effect of all tilts causes the ray

to land too far beyond the receiver, re-

ject the mode.

6. Calculate off-great-circle displacements

of all pass coordinates and new reflec-

tion altitudes due to across-great-circle

tilt.

7. Find launch and received ray elevation

angle relative to the horizon, and azi-

muth relative to the great-circle path.

If either elevation is below a specified

limit, reject the mode.

At the end of this process an approximation has been found to a

"good" propagation mode with specified number of hops, within the limita-

tions indicated above. The sketch below illustrates the situation in

the great-circle plane at the end of the calculation.

12
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Note that the only iterations occur in finding single-hop solu-
tions to reflection from a single parabolic layer in Step 2. With this

exception, the mathematical treatment runs "open loop" and could be made

more rigorous by iterating on each refraction correction, after range

correction for differing reflection heights, and after corrections for

tilt. Such a procedure would be prohibitively expensive in calculation

time and would produce numerical results significantly different from

the present technique only for cases where some reflection occurred very

near a critical point (e.g., almost or barely reflected off some layer).

Predictability of either natural or disturbed ionospheric conditions is

not sufficiently accurate to justify such fine tuning.

Of much greater importance is the fact that this method does

not calculate all possible "sensible" rays. This defect is illustrated

in the next sketch, done in plane geometry for illustrative purposes.

This technique first finds a tentative (low or Pederson) ray

which reflects off the highest available layer (the dashed ray of the

sketch which reflects in the vicinity of point A). Next the refraction

angle due to passage through the lower layer at point B is calculated.

13L
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If refraction is not large enough to reflect the ray at B, a correction

to the effective triangular reflection point A is introduced and the cal-

culation proceeds to the next step. At this point, our technique has ir-

retrievably missed a potential lower ray which reflects at C. Under almost

all ambient conditions, the lowest ray suffers greater absorption and also

is a more likely candidate for rejection due to low launch angle; thus,

is not likely to be useful or to cause multipath problems. It is unusual,

but possible, that nuclear effects could preferentially interfere with

the upper ray enough to make the ray at C the best mode.

2.3 COMPARISON OF CALCULATIONAL TECHNIQUE WITH HFMUFES4

Much of the HFNET ambient propagation formulation is similar to

that used in HFMUFES4. The virtual height model along with refractive

effects arising from a lower layer are identical in both cases. However,

HFMUFES4 evaluates ionospheric conditions at the great-circle path center

thereby using a uniform (horizontally) ionosphere. There is no considera-

tion of tilt in the great-circle or non-great-circle planes. This model

is satisfactory for long-term, average predictions-the object of the

HFMUFES4 program.
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2.4 IONOSPHERIC MODELS

The ionospheric model creates a data table of ionospheric parame-

ters for each desired transmitter-receiver link. Each such data table

consists of three sets (one for each ionospheric layer, E, F1, F2) of

three parameters describing parabolic ionospheric layers above several

points on the great-circle path at a number of times. The three-layer

parameters are (1) maximum electron density; (2) thickness of the layer;

and (3) altitude of the maximum electron density. The spatial points are

arbitrary in number and spaced equally along the great-circle path. The

number of times is also arbitrary and determines the number of equal seg-

ments of a 24-hour period at which each layer will be specified at each

point along the great-circle. Normally, 24 times are chosen, one for

each hour of the day (plus one repeated entry to allow the table to begin

at 0 hours and end at 24 hours), and seven space points, which yield six

equally spaced points along the path (both end points are included).

Normally, these great-circle points are separated by less than 150 of arc

each (that is, corresponding to less than an hour apart local time). With

ionospheric models at our disposal, one hour equivalent segments have

been found to be about twice as dense as necessary to allow interpolation

in both space and time to the limit of model fidelity.

The purpose of this array is to allow rapid interpolation in

space and time for ionospheric quantities without having to repeatedly

apply potentially complex ionospheric models for identical or similar

conditions. Heights and thickness are interpolated linearly and electron

density logarithmically between adjacent points.

2.4.1 Equatorial and Mid-Latitude Ionospheric Model

Y. T. Chiu of the Aerospace Corporation has developed a pheno-

menological model of ionospheric electron density on a global basis, with

specific dependence on diurnal, annual, and solar activity cycles4 .
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The model is constructed from monthly-averaged, hourly ionospheric sounding

data from about 50 stations during the epoch 1957-1970, as provided by the

World Data Center, Boulder, Colorado. The basic premise of the model is

that the average electron density at any point in space, time, and solar

condition is the sum of contributions from each of three layers whose

electron density is the product of a global amplitude constant, a vertical

profile function, and a layer peak density function. The profile func-

tions are of the standard Chapman forms while the layer peak density

function contains the greater part of the space-time variation. In HFNET,

an approximate analytic expression is used to convert the characteristic

form of the Chapman layer below the peak electron density to the parabolic

form used in the propagation model.

The ionospheric sounding data from the World Data Center, used

by Chiu in formulating his model, is also the data base from which world-

wide maps of ionospheric parameters are derived for use in HFMUFES4

(Reference 1). However, in this latter case, a two-layer ionosphere was

formulated.

Figure 1 shows a typical comparison of the three-layer parabolic

approximation used in HFNET with the Aerospace model, the two-layer

HFMUFES4 model, and with data taken at Arecibo, Puerto Rico. Cases can

readily be found resulting in better and worse agreement with data. The

figure illustrates a general result, appearing to be valid for all iono-

spheric models which might be used as a basis for the fit: The error

resulting from the three parabolic layer approximation is small compared

with the error due to daily fluctuations of the real ionosphere. In Sec-

tion 3, the variation in predictions of propagation due to uncertainties

in ionospheric parameters will be discussed in detail.
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Figure 1. Typical ambient ionosphere-Arecibo, Puerto Rico; local time
1200; smoothed Zurich sunspot number = 110..

2.4.2 Polar Ionospheric Model

An empirical model of the polar ionosphere has been developed by
the Rome Air Development Center s (RADC) and modified by Stanford Research

17
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Institute6 (SRI). The main features of this model, which will hereafter

be called the RADC model, will be described next.

Quoting from Reference 5, the RADC model "is intended primarily

to provide the information necessary to plan and implement systems, operat-

ing or planned to operate in the polar environment which make use of

radio waves propagated either via or through the ionosphere .... The pres-

ent model is largely empirical, since the complexity of the physical pro-

cesses in the polar ionosphere makes an accurate theoretical model im-

possible at present."

The data base of ionospheric parameters is the result of routine

sounding measurements from 45 stations most of which are located at lati-

tudes greater than 400 N. The model is, therefore, limited to applica-

tions for latitudes above this value.

A distinguishing feature of the polar ionosphere is the treat-

ment of effects produced by solar particles. Electrons and protons are

included in the solar wind which interacts in a complex manner with the

earth's magnetic field, resulting in energy deposition from low altitudes

characteristic of the D-region (140 km) to high altitudes at the top

side of the F-layer. The polar region ionospheric effects are generally

restricted to the auroral oval region which roughly corresponds with the

ionospheric projection of the boundary between open and closed field lines

in the magnetosphere. The oval remains fixed with respect to the sun

while the earth rotates beneath it. Because of the angle between the

earth's magnetic and spin axes, a complex variation of magnetospheric par-

ticle precipitation results, when viewed from a single geographic position.

The effect of varying solar particle radiation is accounted for

in the RADC model through dependence of ionospheric parameters on the K

geomagnetic activity index 7.

18



The K index, a quasi-logarithmic scale ranging from 0 to 9, isp

a 3-hour index of world-wide geomagnetic activity derived from the weighted

records of 12 standard magnetic observatories. At each station, the three-

hour range index, K, is derived from local three component magnetometer

measurements for three-hour intervals of universal time. For each time

interval, the maximum deviation, 6max, of the three components of magnetic

field is recorded, and it is on this measurement that K is based. Each

observatory has its own table for converting 6max to the quasi-logarithmic

index K, the values in the table being determined by the geomagnetic lati-

tude of the observatory. Values of K range from 0 (low activity) to 9

(strong activity); the ratio of 6max at strong activity to low activity is

a factor of 100.

Before the world-wide activity index K is derived, the localP

K values are converted to quasi-logarithmic Ks values, running through 28

values, from 0 to 9 in steps of 1/3, depending upon local time, position,

and season. This intermediate conversion from K to Ks provides for local

diurnal and seasonal variations in geomagnetic activity. The planetary

index K is an average of the Ks indices from the participating observ-

tories. The steps of 1/3 in K values are indicated by superscript + or -.

Thus, values of 2 1/3 and 2 2/3 are denoted by 2+ and 3-, respectively.

Although the RADC polar ionosphere model accepts a planetary

K value as input and as a convenience to the user, this K value is

converted to a local K value depending upon position, time, and season.

The local K value is used to scale ionosphere characterisitcs since it

was found that this local characterization of geomagnetic activity gave

a much better correlation among the various ionospheric sounding data

than did the world-wide index.

The characteristics of the various regions of the ionosphere

will be described briefly in order to indicate the dependence of various

19



features on the type of solar radiation. It is important to realize that,

although the response of the ionosphere to solar radiation is generally

understood, detailed models which correlate incident solar radiation with

specific ionospheric characteristics are not available.

2.4.2.1 E-Region. The E-region spans the altitude range from

about 85 km to 140 km. Ionization arises from two separate processes-

X rays and, in the polar region, particle deposition. The contribution

from solar X rays depends upon solar zenith angle, X, according to a law
nof the form N%(cos X) . The parameter n ranges from 0.6 to 0.8, depend-

ing on seasonal and latitudinal factors. The contribution from X rays

does not drop to zero at night because of atmospheric scattering of solar

X rays from the daytime to nighttime portion of the atmosphere.

The RADC polar model includes contributions to E-layer ioniza-

tion from deposition of charged particles. This contribution is coupled

to the K index and is, of course, independent of the effect of solarp

X rays. The auroral E-layer varies with magnetic activity, magnetic

time, and magnetic latitude. It resembles the X ray produced E-layer but

occurs on both day and night sides of the earth. It is different than

the sporadic E-layer (to be described next) by varying more slowly in

space and time, and being much thicker. However, as in the case of

sporadic-E, the auroral E-layer characteristics are essentially random

variables.

Sporadic E (E9) refers to regions of highly enhanced electron

density, often thin and patchy, causing abrupt, mirror-like reflection of

radio waves. These effects are observed at all latitudes, although the

physical origin within equatorial, mid-latitude, and auroral regions is

generally thought to be different. Equatorial E arises from irregulari-

ties produced by the unstable plasma of the electrojet. At mid-latitudes,

it is formed by natural wind induced compression of metallic ions resulting
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from meteoric ablation in the lower E-region. Within the auroral region,

it is produced by highly variable (in space and time) deposition of

charged particles. Examination of ionospheric sounder data indicates

that median lifetimes of E are of the order of three to four minutes
s

and that typical dimensions are of the order of 3 to 4 x 10 km . There

is a high correlation between Es and visible auroral features, and this

correlation is the basis for the assumption that the morphology of Es is

similar to the visible aurora. Thus, E5 is characterized by the auroral

oval and is assumed to occur, on the average, continuously around the

oval.

The RADC model sums the contribution to the E-layer from indi-

vidual components, i.e., solar X rays, auroral particles, and sporadic E.

2.4.2.2. F-Region. The F-region extends from about 140 to

several thousand kilometers. Soft solar X rays ionize the atmosphere in

this region. The lower F-region below about 200 km, known as the FI-

layer, behaves very differently from the upper (F2) region. In the F -

layer, where molecular ions predominate, the electron recombination rate

is high, and the ionization density follows a solar zenith angle depend-

ence similar to that of solar X rays produced in the E-region.

In the polar region, the F1 -layer shows an anomaly in that this

layer does not appear during winter months, despite the fact that the

solar zenith angle dependence shown earlier would indicate its existence

whenever the sun is above the horizon. One possible explanation is a

seasonal dependence of the composition of the neutral atmosphere which

gives rise to changes in the electron loss coefficients at F 1-layer

heights.

The F2 -layer is the upper portion of the F-region where atomic

species predominate. Slower recombination occurs than in the Fl-layer
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so that electron density values are determined primarily by diffusion and
convection, rather than by photochemistry.

A special feature of the polar ionosphere is the high latitude

trough which is a depression in the altitude of the peak electron density

in the F2-layer in going from mid-latitude to high latitude values.

The trough is a complex feature whose location roughly coincides with the

ionospheric projection of the plasmapause. Although the physical pro-

cesses which produce the trough are not fully understood, it is thought

to be due to a combination of effects from the solar wind, auroral parti-

cle precipitation, and thermal conduction from the magnetosphere.

Spread F is the term applied to certain observed behavior of

the F-layer. It is often found that the duration of return of an iono-

spheric sounder signal is much longer than the duration of the incident

pulse; hence, it is described as a spread-F echo. The spread of the echo

is associated with scattering in the F-layer caused by fluctuations in

ambient electron density. The physical basis for these fluctuations is

complex and not fully understood. Furthermore, as in the case of sporadic

E, the physical mechanism for its generation varies considerably with lati-

tude.

The RADC model does not include spread-F effects. However,

recent studies of the scintillation of transionospheric radio wave propa-

gation at VHF and higher frequencies8'9 have resulted in a global model

of F-layer electron density variations. This non-RADC model is used as

the model of electron density variations giving rise to spread-F effects.

2.4.2.3. Auroral D-Region Absorption. The D-region is the

lowest portion of the ionosphere extending from about 40 km to 8S km.

The principal sources of ionization are solar hydrogen Lyman alpha radia-

tion, hard X rays, and-at lowest altitudes-galactic and solar cosmic rays.
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Negative ions are important in D-region chemical reactions whereas they

are insignificant at high altitudes. The D-region electron density under-

goes a pronounced diurnal variation, with rapid recombination and attach-

ment to neutral molecules taking place after sunset. The high neutral

species density results in high electron collision frequencies in this

altitude range leading to absorption of radio waves passing through it.

At equatorial and mid-latitudes, ambient electron densities in

the D-region are essentially controlled by solar illumination. Models

of radio wave attenuation at these latitudes can be predicted by nominal

values of predicted ambient electron densities. However, at high lati-

tudes, there is a strong dependence of D-region electron densities on

magnetic substorm activity and the resultant deposition of charged parti-

cles. A model of auroral D-region absorption dependence on K has been
p

developed6 and is included in the RADC model.
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SECTION 3

RESULTS

This section will discuss predictions from several computer pro-

grams as well as experimental data from a variety of sources. First, re-

sults will be described from a study of the effect of naturally occurring

ionospheric variability upon predictions of propagation characteristics

for hypothetical paths. Then, in separate discussions of mid-latitude

and auroral regions, comparison of HFNET and HFMUFES4 predictions with

measured propagation characteristics will be made. The characteristics

to be compared include the mode type, elevation and azimuthal arrival angles,

and maximum propagation frequency.

One parameter which is convenient to compare is the maximum fre-

quency which propagates between a transmitter and receiver at an instant

in time; however, there is an inconsistency in nomenclature among all of

the data sources (experimental and predictive). Regarding the acronyms

MUF and MOF, the following usage will be made. MUF (maximum usable fre-

quency) will refer to predictions of the maximum propagating frequency,

and MOF (maximum observed frequency) will refer to experimentally measured

values of the maximum propagating frequency. In this sense, the terms

MOF and MUF can be considered interchangeable. A potential source of con-

fusion in usage within this report is the consideration of HFMUFES4 re-

sults because, in that program, the MUF is defined as the propagating fre-

quency with the probability of occurrence equal to 0.50. HFMUFES4 calcu-

lates other modes with frequencies greater than the MUF but with lower

probability. We will try to clarify the usage of terminology when neces-

sary.
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3.1 DAILY VARIABILITY OF THE IONOSPHERE

The results of a comprehensive study of the variability of the

ionosphere and its effect on HF radio propagation will be discussed in

some detail to illustrate this important process which, it will be seen,

has an important influence in the study of HFNET propagation modeling.

Reference 10 describes work in which models of the variability of two

important F-layer parameters-F 2 layer critical frequency, foF 2, and

altitude of the peak F2-layer electron density, hmF2 -were derived for

use in a three-dimensional ray tracing computer program. From the ray

tracing program, values of the maximum usable frequency (MUF) were ob-

tained for hypothetical paths of 2,000, 2,500, and 3,000 km and for median

and non-median ionospheric parameters.

In this work, the use of median val'-s of E-layer characteris-

tics was justified from the fact that the standard deviation of E-region

critical frequency, f0 E, about its monthly median is of the order of

5 percent-the E-layer is comparatively stable. The standard deviation

of f E is about two to five times smaller than that of f F2*

Relative deviations during 1966 of foF2 and hm 2 were derived

from 10 stations between 30' and 700 N. latitude where the density of

observations and data lead to the smallest uncertainty in reconstruction

of ionospheric behavior. It was seen that standard variations in hmF 2

ranged from S percent to 10 percent whereas variations in fo F were about

20 percent at night and 10 percent during daytime. It should be recalled

that the electron density is related to critical frequency as

N = 1.24 x 104 f2 (cm )
e

for the critical frequency f in MHz. Thus, electron density, the param-

eter of interest, is proportional to critical frequency squared, and
25



variability in critical frequency has a pronounced effect on electron

density variability. For example, typical values of foF 2 range between

4 MHz and 9 MHz. Table 1 lists values of electron density at various

critical frequencies. It is seen that a ± 25 percent variation in a 4

MNiz critical frequency; namely, ± 1 MHz, corresponds to a range of electron

density of about 1 x 10 The same relative variation at 9 Mz, + 2.25 MHz,

produces an electron density variation of about 5 x 10s.

Table 1. Electron density at several
critical frequencies.

Critical Electron
Frequency Density

(MHz) (cm-3)

3 1.1 x lO5

4 2.0 x 105

5 3.1 x l05

6.75 5.6 x l05

9 1.0 x 106

11.25 1.56 x 106

The changes in MUF at three times and for three ranges are listed

in Table 2 (from Reference 10).

Similar results were obtained by simultaneous variation in foF2

and hm F That is, when the change in one parameter is such as to in-

crease (decrease) the MUF, and the change in the other is to increase (de-

crease) the MUF, the combined effect is an even further increase (decrease).

Similarly, if one parameter increases the MUF while the other decreases it,

the effect of the combined change is for the MUF to fall between the two

extremes.
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Table 2. Changes in MUF produced by daily iono-
spheric variability.

GMT (hr) 0000 0600 1200

2000 km range

Median MUF 10.5 MHz 13.0 MHz 20.5 MHz

Med + F2 +* 12.5(+19)** 17.0(+31) 22.0(+7)

Med + F 2- 8.5(-19) 11.5(-12) 18.2(-ll)
Med + HM + 10.0(-5) 12.5(-4) 18.5(-ll)
Med + HM - 11.5(+10) 15.0(+16) 22.5(+10)

2500 km range
Median MUF 12.0 16.5 23.0
Med + F2+ 14.5(+21) 19.0(+15) 25.5(+6)

Med + F2- 9.5(-21) 14.0(-15) 21.5(-6)
Med + HM + 11.5(-4) 15.5(-6) 22.0(-4)

Med + HM - 13.0(+8) 18.0(+9) 26.0(+13)

3000 km range

Median MUF 14.0 18.5 25.5
Med + F 2+ 16.0(+14) 22.0(+19) 27.0(+6)

Med + F2- 11.0(-21) 16.0(-14) 23.8(-6)

Med + HM + 13.0(-7) 18.0(-3) 24.0(-6)
Med + HM - 14.5(+4) 21.0(+14) 27.5(+8)

*The notation Median + F2+ (Median + Fg-) refers to results derived
using ionospheric structure obtained Ey increasing (decreasing) the
median value of f0F2 by one standard deviation while hmF2 remained
unchanged. Similar notation is used to identify changes in hmF 2while f J 2 is held constant.

**Values in parenthesis are percentage change from the median.
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Reference 10 also presents results of the variations in eleva-

tion angle due to variations in ionospheric parameters. Typical varia-

tions in elevation angle of about 20 percent to 40 percent are reported

for frequencies near the MUF.

The conclusion drawn from Reference 10 is that HF propagation

programs using median data bases can yield values of MUF of the order of

20 percent to 30 percent different than measured daily values because of

normal daily variability of the ionosphere. This effect will be seen in

the next section which discusses observed data for the Slough, England to

Cypress communication link.

3.2 RESULTS AT EQUATORIAL AND MID-LATITUDES

3.2.1 Mode Characteristics

Reference 11 reports measurements over the 3260 km path from

Akrotiri, Cypress to Slough, England for 12 months during 1968-1969 at

sunspot maximum. Figure 2, taken from that reference, shows daily varia-

tion in hourly values of the MUF which is consistent with the previous

discussion of variations in ionospheric parameters. Monthly median values

derived from the data are also shown in Figure 2; this curve is also

shown in Figure 3 along with values of MUF derived from HFNET and HFMUFES4

for this link. It is seen that there is much better agreement between

the monthly averaged data and HFMUFES4 predictions than between monthly

averaged data and HFNET predictions except near UT = 12 hours.

In order to examine the discrepancy between measurements and

HFNET predictions, a special version of HFNET was prepared which allowed

use of the HFMUFES4 ionosphere. When HFNET was exercised with the HFMUFES4

ionosphere, at times of 2 hours and 10 hours, predicted values of MUF were

17.5 M4z and 24 MHz-essentially identical to the HFMUFES4 predicted values.

28

.............................................



30

25 ,f

0 s

eo ': '" o-'---

i,

Average of Data Point Data
S10 I I 0 I s

0 4 8 12 16 *0 2

Universal Time - Hours
Figure 2. Maximum observed frequencies for Slough-

Cypress path in July 1969.

30 0

V

25

20

15 U -Average from Figure 2

* * HFMLJFES4 value
• • • HFNET value

10 I I I I

Universal Time - Hours
Figure 3. Comparison of average measured MUF values

with those predicted by HF FES4 and HFNET.

29.hj



tI Thus, the HFNET discrepancy is due to the Aerospace ionospheric model.

Table 3 lists values of ionospheric parameters at the midpoint of the

Slough to Cypress link at two universal times (2 hours and 10 hours). The

characteristics at this position determine the one-F-hop which is essen-

tially the MUF.

Table 3. Ionospheric parameters at midpoint of
Slough-Cypress link.

(a) UT = 2 Hours (b) UT = 10 Hours

HFMUFES4 Aerospace HFMUFES4 Aerospace

foE 0.99 MHz 1.01 MHz 3.68 MHz 3.71 MHz

foFl 0.00 MHz 0.81 MHz 0.00 5.15 MHz

hmF - 180.00 km - 180.00 km

f0F2  6.16 MHz 4.37 MHz 8.29 MHz 6.99 MHz

hmF2  365.90 km 345.50 km 345.90 km 302.60 km

Table 3 shows that at UT = 2, the Aerospace foF2 is about 70

percent of the HFMUFES4 value. Since the electron density is propor-

tional to frequency-squared, the Aerospace electron density is only one-

half that of HMUFES4. At 10 hours time, the difference between model

critical frequencies is substantially less, giving rise to better agree-

ment between predicted values.

While the preceding discussion has been oriented toward compar-

ing predicted and measured values of MUF, recall that this parameter is

selected only as a convenience. Of higher importance for calculations

of communication system's performance are the ray's geometrical character-

istics at frequencies below the MUF. For this reason, we will next ex-

amine HFNET mode predictions with those of HFMUFES4 and data taken on the

Slough to Cypress link.
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Table 4 lists predicted values of mode type and elevation angle

at frequencies between 6 MHz and 30 MIz at times of 2 and 10 hours (univer-

sal time) for HFMUFES4 and HFNET with two ionospheric models. HFNET was

first run with its internal Aerospace ionospheric model. Then, the special

HFNET version with the HFMUFES4 ionospheric model was used. This latter

HFNET program was exercised in order to determine whether differences be-

tween HFNET and HFMUFES4 were due to the differing techniques of calculat-

ing mode geometry or due to the difference between the Aerospace and

HFMUFES4 ionospheric models. By comparing HFMUFES4 and HFNET results ob-

tained using the same ionospheric model, it was seen that essentially iden-

tical parameters (mode and elevation angle) were predicted. Further, the

HFMUFES4 predicted value of MUF at UT - 2 is 17.54 MHz. In HFMUFES4, the

MUF is defined as that frequency with a probability of 0.50. Thus, it

would not be expected that HFNET, using the HFMUFES4 ionosphere, would pre-

dict a propagation mode at 18 Mz.

Comparison of columns 2 and 3 in Table 4 show that HFNET and

HFMUFES4, with their individual ionospheric models, predict somewhat

different propagation mode characteristics. At UT = 2, the HFNET predic-

tions do not extend high enough in frequency due to the small value of

foF2 as described in the preceding discussion of MUF predictions. However,

at frequencies for which propagation is predicted, there is good agree-

ment between HFMUFES4 and HFNET modes and arrival angles. Note that in a

case for which HFMUFES4 predicts a mode with probability less than about

0.5, HFNET does not generally calculate this mode. At UT = 10, when

good agreement in MUF between HFNET and HFMUFES4 is obtained, good agree-

ment between mode and elevation angle is also obtained. However, the

HFNET elevation angles with the Aerospace model for one-hop F-layer propa-

gation (at 22 MHz and 20 MHz) are consistently smaller by about 40. Be-

low 12 MHz, where propagation occurs via E modes, very close agreement in

elevation angle is obtained. This would be expected by examination of

Table 3 which shows that essentially identical E-layer characteristics

are predicted by both models.
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Table 4. Slough-Cypress propagation mode
parameters, (a) UT = 2.

HFMUFES4 HFNET with HFNET with

(MUF = 17.54 MHz) Aerospace Model HFMUFES4 Model

Frequency Mode Angle Probability Mode Angle Mode Angle

20 MHz IF 7.5 .10 - - -

18 IF 7.5 .42 - - -

16 IF 5.0 .70 - _ IF 4.9

14 IF 4.2 .87 - - IF 4.0

2F 22.8 .04 - - -

12 IF 3.7 .94 IF 4.4 IF 3.5

2F 22.8 .49 - - -

10 IF 3.4 .98 IF 2.0 IF 3.2

2F 18.3 .83 - 2F 18.2

3F 34.7 .29 .-

8 IF 3.3 .99 IF 1 .3 IF 3.0

2F 17.1 .95 2F 16.2 2F 17.0

3F 29.0 .80 - - 3F 29.1

6 IF 3.6 .99 IF 1.5 IF 3.2
2F 16.5 .99 2F 13.3 2F 16.3

3F 27.0 .96 3F 26.0 3F 26.9

A dash (-) indicates that HFNET does not predict a propagation mode at
this frequency.
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Table 4 (Continued). Slough-Cypress propagation
parameters, (b) UT = 10.

HFMUFES4 HFNET with HFNET with
(MUF = 24.2 MHz) Aerospace Model HFMUFES4 MODEL

Frequency Mode Angle Probability Mode Angle Mode Angle

30 MHz IF 7.1 .13 -*

28 iF 7.1 .22 -

26 IF 7.1 .36 .-

24 IF 6.2 .51 - IF 5.2

22 IF 4.4 .67 IF 0.25 IF 3.6

20 IF 4.1 .80 IF 0.08 IF 3.1

18 2F 20.5 .30 - - -

16 2F 18.7 .53 - - 2F 17.3

2E 3.9 .99 .-

14 2F 16.0 .75 - - 2F 14.6

2E 3.5 .99 2E 0.24 - -

12 2F 15.6 .91 - - 3F 26.4

2E 3.2 .99 2E 3.1 2E 3.4

10 3F 24.7 .84 - - 3F 22.8

2E 3.0 .99 2E 2.9 2E 3.3

3E 7.5 .00 3E 7.3 3E 7.9

2E 2.9 .47 2E 2.8 2E 3.1

3E 7.2 .00 3E 7.1 3E 7.7

2E 2.8 .00 2E 2.7 2E 3.0

• A dash (-) indicates that HFNET does not predict a propagation mode at
this frequency. 33
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Figure 4, from Reference 11, shows measured values of median

angles of arrival via one- and two-hop F-layer modes for each month and

four-hour period at frequencies of 9.9 Miz, 17.5 MHz, and 23.0 MHz. Com-

parison of this with the data in Table 4 can be made, although it must be

kept in mind that Figure 4 contains yearly averaged data whereas Table 4

contains predicted values for the month of July. Table 5 lists values of

yearly average data from Figure 4 and some HFMFES4 and HFNET predictions.

In general, there is a few degrees discrepancy between measured and pre-

dicted values of arrival angle.

9.9 MHz 17.5 M4z 23.0 MHz

16 (4.5)* (4.0) (35)

12 -

U~3

0 Hl I L N I I ! I _ I (

0 4 8 120 4 8 12 0 4 8 12

a. IF2 Mode

12,

(16) (17.5) (16.5)

O-LaALL1mil 21,f9MLMMOU A
10 14 18 22 10 14 18 22 10 14 18 22

Elevation Angle, Degrees

b. 2F2 mode
* Values in brackets are overall medians for each

mode ana frequency.

Figure 4. Median Elevation angles.

It is interesting to note that both HFNET and HFMJFES4 predict

a hole in propagation at UT = 10 hours; that is, propagation will not

occur continuously between the MUF and the lowest operating frequency (LOF).
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Table 5. Comparison of measured and predicted elevation
angles for Slough to Cypress link.

(a) IF Mode at 9.9 MHz

Measured Yearly Average 4.50

10 MHz HFMUFES4 at UT = 2 3.40

10 MHz HFNET at UT = 2 2.00

(b) IF Mode at 17.5 MHz

Measured Yearly Average 4.00

18 MHz HFMUFES4 at UT = 2 7.50

16 MHz HFMUFES4 at UT = 2 5.00

No HFNET Mode

(c) 1F Mode at 23 MHz

Measured Yearly Average 3.50

22 MHz HFMUFES Mode at UT = 10 4.40

22 MHz HFNET Mode at UT = 10 0.250

(d) 2F Mode at 9.9 MHz

Measured Yearly Average 16.00

10 MHz HFMUFES4 Mode at UT = 2 18.30

No HFNET Mode

(e) 2F Mode at 17.5 MHz

Measured Yearly Average 17.50

18 MHz HFMUFES4 Mode at UT = 10 20.50

No HFNET Mode
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Although the MUF is around 22 MHz to 24 MHz, HFNET predicts no propagation

at 16 M1z or 18 MHz; the probability of the HFMUFES4 18 Kiz 2F mode is

0.30.

We conclude that HFNET and HFM FES4 algorithms for mode geometry

are in good agreement, but that their respective F-layer ionospheric

models may vary substantially. This variation in ionospheric models may

give rise to large differences in mode characteristics, or existence, at

higher frequencies. It was shown in Figure 1 that the Aerospace model

gave better agreement with data at Arecibo, Puerto Rico than did the

HFMUFES4 model. The poorer agreement of the Aerospace model with data at

UT = 2 on the Slough to Cypress lipk is insufficient evidence for auto-

matically considering this ionospheric model to be invalid. The need for

further evaluation of ionospheric models will be discussed in Section 4.

3.2.2 Azimuthal Arrival Angle

It is of interest to compare HFNET predicted values of azimuthal

arrival angles with measured values. Reference 12 discusses angle of

arrival data during the sunrise period on an HF link from Houston, Texas

to Urbana, Illinois. Beacons operating at 8 MHz and 12.2 MHz were moni-

tored and angle of arrival (AoA) measurements were made during a year's

time. In general, measured values of AoA deviation from great-circle

arrival were of the order of 0.50 to 1.50, values which are probably un-

important to the kind of problems to be studied using HFNET. A seasonal

dependence was noted with smallest deviations measured during winter

months. Of course, wide variability of daily measurements was evident-

a ubiquitous characteristic of ionospheric measurements. 11FNET values

of deviation of arrival angle from the great-circle paths were of the

order of 0.10 for June and 0.30 for March.
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Thus, the HFNET predicted values of non-great-circle arrival

angle for mid-latitudes are somewhat smaller than those observed, but the

entire phenomenon is relatively unimportant at these latitudes. The rea-

son for smaller HFNET values is undoubtedly due to the median-value nature

of the ionospheric model; the Aerospace model (and all others) do not

accurately represent the variability (spatial or temporal) of the real

ionosphere.

3.3 RESULTS IN THE AURORAL REGION

3.3.1 Mode Characteristics

Much work has been done to understand HF propagation in the

auroral region with application to communications and over-the-horizon

(OTH) radar. Reference 13 summarizes measurements from Caribou, Maine

to Keflavik, Iceland, Thule, and Narssarssuaq, Greenland. Figure 5 shows

the geometrical relationship between the transmitter and receiver sites,

and the auroral oval. This is truly auroral region propagation. Figures

6, 7, and 8 show measured and HFNET predicted values of MOF and LOF on

these paths for November 1972. It should be noted that the measurements

were limited to an upper limit of 26 MHz so that measured values of MOF

at 26 MHz may not represent the true MOF. The measured MOF's and LOF's

to the three receiver stations are averaged over between about three and

eight days of observations depending upon the particular location. Dur-

ing the observation period, the ionosphere remained relatively quiet with

the Kp index varying between I- and 3-. The HFNET values were obtained

with an assumed average value of K = 2-. When HFNET was run with K
P P

values of 1 and 3, little change in MOF (of the order of 0.5 MHz) was

noted. The RADC polar ionosphere model was used for these predictions.

The HFNET predicted LOF values were obtained in the following

way, which is substantially different than that used to get the MOF.
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The MOF is determined by the F2 critical frequency at the path midpoint.

The LOF is less clearly defined since it is generally determined by the

magnitude of D-region absorption along the entire path. The amount of D-

region absorption which causes an HF link to "black out" depends upon the

S/N ratio at the receiver and the receiver sensitivity. These parameters

are unavailable to us so we make the following assumption. We assume that

a particular value of D-region absorption is sufficient to produce link

outage at the lower frequencies. In this case, the value of 10 dB has

been used. Thus, HFNET mode and D-region absorption predictions are

examined and the LOF is arbitrarily selected to be that frequency at which

10 dB of D-region absorption is produced. Note that if a higher value of

absorption had been selected (i.e., 20 dB), a lower value of LOF is ob-

tained.

A further comment about the predicted LOF values should be

noted. The D-region absorption in the auroral region is controlled by

magnetic storm characteristics. This is in contrast to mid- and

equatorial-latitudes, where the atsorption is controlled by insolation.

It was mentioned earlier that the auroral region data shown in Figures

6, 7, and 8 were taken during a period in which the K value varied be-p

tween 1- and 3-. While this variation in K produced an insignificantp
variation in predicted values of MOF (insignificant in the sense of the

overall uncertainty in the entire HF link predictive capability), the D-

region absorption varies dramatically with this change in K value.
P

For example, Table 6 lists representative values of predicted D-region

absorption for various K values for a mode between Caribou and Keflavikp
at 8 MI-z. It is seen that a change in Kp value of two units produces a

change of more than 10 dB in absorption (at 8 MHz on this link). The

values of LOF were taken from HFNET predictions for a constant Kp value

of 2, whereas the LOF data is averaged over varying K values.
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Table 6. Dependence of predicted auroral D-
region absorption on K index; 8 MHz
link (iF2) between Carbou and Keflavik.

K
P Absorption (dB)

0 6.6

2 19.4

4 33.2

6 47.8

8 64.9

Predicted values of MOF on the Caribou-Narssarssuaq link were

also obtained using the Aerospace ionosphere. Figure 9 shows measured

MOF values and those predicted with the RADC and Aerospace ionosphere

models. The Aerospace MOF values are substantially lower than those mea-

sured as was the case in the mid-latitude links examined in Section 3.2.1.

3.3.2 Azimuthal Arrival Angle

As part of a high latitude propagation experiment azimu-

thal angle-of-arrival measurements and the amount of angular spreading

were made for auroral propagation between an aircraft operating at a range

of between 900 km and 3,000 km from a series of receiving antennas at Goose

Bay, Labrador. Two-way oblique ionograms were measured at both ends of

the path for frequencies between 6 MHz to 16 MHz. Complex data analysis

techniques were used because of the aircraft motion during the time over

which the oblique soundings were made. Most of the data consisted of E-

layer modes because they occurred most of the time and because, when other

modes were present, the E mode was generally the strongest. Although the

median value for the absolute angular deviation was 2' from the true bear-

ing to the aircraft, and well within the uncertainty of the aircraft posi-

tion, maximum deviations of 90 were seen. The median value of the angular
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spreading was 40; it varied between 20 and 60 and was essentially the

same value for E-or F-mode signals. They concluded that large arrival

angles were caused by a tilted ionosphere. At many times, multiple modes

with varying arrival angles were observed, and this is attributed to a

traveling ionospheric wave. They also observed positive and negative

deviations with equal overall probability but with different time depen-

dencies. Prior to 2200 UT, 82 percent of the deviations were to the west,

whereas after 2200 UT, 83 percent were to the east. Their explanation

for this is that higher critical frequencies lie to the west of the path

midpoint in the afternoon (before 2200 UT) as a result of effects of

solar control. The gradient to the west, increasing from about 2.5 MHz
at the midpoint to about 3 MHz some 700 km west, tends to make the arrival

angle deviate to the west of the true path. After 2200 UT, the approach-

ing auroral oval with a median nighttime critical frequency at 2 MHz to

3 MHz is thought to provide the mechanism for changing the gradient.

Calculations of predicted propagation characteristics were made

using HFNET for paths from 1,000 km and 2,000 km north of Goose Bay to

Goose Bay in order to compare predicted angles of arrival with the DAASM

data. Four frequencies, at 13.2 MIz, 11.2 MHz, 8.2 MHz, and 6.2 MHz, were

studied. In general, predicted angles of arrival were less than 0.2'

from the great-circle direction; a few deviations approaching 10 were ob-

tained. Thus, the predicted angles of arrival are substantially smaller

than those observed. This is, undoubtedly, due to the lack of realistic

non-uniformities in horizontal gradients obtained from the use of the

median ionosphere.
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SECTION 4

CONCLUSIONS

In the preceding sections, several types of comparisons have
been made. HFNET results were compared with results from HFMUFES4 and

with data representative of mid-latitude and auroral region propagation

links. Within HFNET, two elements-the geometrical model of propagation

and the ionospheric model-were shown to essentially determine the pro-

gram output parameters.

In evaluating the ambient mode predictions of HFNET, it is

necessary to keep in mind which predicted mode characteristics are most

important. The ultimate purpose of HFNET is to study propagation in a

nuclear burst environment. The effects of nuclear bursts on ambient

modes are, for the most part, limited to excess D-region absorption. The

characteristics of ambient mode predictions affecting predicted D-region

absorption are the position of the D-region crossing with respect to the

nuclear bursts and the path length through this region (related to the
angle of passage through the D-region).

Thus, the geometrical parameters at frequencies of interest are

of primary concern. Unfortunately, much of the data used for comparison

with HFNET results is in the form of MUF. This parameter is of limited

interest because most communications occur at frequencies substantially

below the MUF. Furthermore, selection of MUF for comparison is unfor-

tunate because of its sensitivity upon ionospheric characteristics

which, as was seen, are highly variable. Thus, although MUF is a con-

venient parameter to measure and is most often used to summarize
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propagation data, it is not of high importance (unless, of course, propa-

gation occurs at or near this frequency).

Verification of HFNET's geometrical models was made by comparing

its mode characteristics with data and also with those from HFMUFES4 for

the case in which an identical ionospheric model was used in both computer

programs. It was seen in Section 3.2.1 that essentially identical mode

characteristics were predicted by both programs over the Slough to Cypress

path when the HFMUFES4 ionospheric model was used. Furthermore, the com-

puter code predictions agreed well with experimental observations.

It was seen that substantial variation occurs in the character-

istics of the natural ionosphere and that this variability gives rise to

variability in predicted and measured parameters of ionospheric propaga-

tion. Figure 2 showed daily variations in MUF of from 10 percent to 20

percent on the 3,200 km Slough to Cypress link. The magnitude of this

measured daily variability of MUF is the same as that predicted using ray

tracing techniques and measured variations in ionospheric parameters.

Thus, Table 3 showed that changes on the order of 10 percent to 20 percent

in MUF were produced by normal daily ionospheric variability.

For the case of mid-latitude propagation, it was seen in Section

3.2 that predicted values of mode characteristics changed somewhat when

different ionospheric models were used. HFNET uses a fast running analytic

model of global ionospheric characteristics which yields smaller values

of F-layer critical frequency than the HFMUFES4 model for the Slough to

Cypress link, with the result, shown in Figure 3, that HFNET values of

MUF are between 5 percent and 20 percent smaller than those predicted by

HFMUFES4. The HFNET values still fall within the measured daily vari-

ability of MUF.

L::' 47 i



For the case of auroral region propagation, HFNET uses the RADC

polar ionosphere model, and in Section 3.3 it was seen that good agree-

ment between predicted and measured values of MUF were obtained.

However, since most communication links operate below the MUF

so as to avoid the daily ionospheric variations, the ability of a par-

ticular computer program to predict the MUF may not be important. Table
4 shows HFNET and HFMUFES4-predicted values of elevation angle of arrival

for the Slouth to Cypress link, and it is seen that agreement to within a

few degrees is generally obtained. Table 5, showing predicted and mea-

sured azimuthal arrival angles, illustrates that predicted values are

generally within a few degrees of measured values.

HFNET contains models of non-great-circle propagation arising

from horizontal gradients in the ionosphere. Comparison of predicted

and measured azimuthal angles, for both mid-latitude and auroral regions,

shows that predicted values are much smaller than measured values. The

reason for smaller predicted deviations from great-circle paths is

thought to be caused by the median nature of the ionospheric models. That

is, the horizontal fluctuations in the ionospheric parameters, which give

rise to the real but highly variable non-great-circle arrival angles, are

essentially averaged out in the process of forming median models of the

ionosphere. It should be noted, however, that the magnitude of the mea-

sured deviations from the great-circle are generally quite small-of the

order of 20 to So.
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APPENDIX

In June, 1978 and at DNA's direction, a version of HFNET was

delivered to Science Applications, Incorporated (SAI), La Jolla, Cali-

fornia for their use in studies supporting the Air Force Studies and

Analysis Group. That version did not contain the most accurate nuclear

burst effects since the inclusion of such effects into HFNET was under

vigorous development at that time. The fact that the June, 1978 version

of HFNET was soon to be superseded by a significantly improved program

was recognized by DNA, MRC, and SAI. While the newer versions of HFNET

include the auroral ionosphere, improved nuclear burst phenomenology, and

bomb modes, the earlier version contains the Aerospace ionosphere model

and ambient mode geometry model described in this report. This appendix

contains a few additional comparisons between HFNET and HFMUFES4 for

hypothetical links from Omaha to points 2,000 km and 4,000 km east of

Omaha.

Figures A-1 and A-2 show predicted values of MUF from the two

programs for conditions in March and a sunspot number of 120. It is

seen that HFNET values are somewhat smaller than HFMUFES4 as was seen in

section 3.2.1. As was described earlier, comparison of predicted values

of MUF is a convenience. In terms of predicting nuclear burst effects

on links operating at frequencies below the MUF, which is the objective

of HFNET, the geometric relationship between the D-region crossing point

and the location of the fission debris region is the major factor deter-

mining nuclear burst effects. The similarity between arrival angles
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predicted with the two programs, indicating essentially identical mode

geometries, was demonstrated in section 3.2.1 and is also true for these

cases.
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