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THEME

High-performance current and planned military and civilian systems operating in the
aerospace environment require propagation media characterization to meet reliability and
accuracy goals. The atmosphere, ionosphere, and the space environment constitute the
media within which waves propagate. The users of communication, navigation and
surveillance systems must have continuous background information regarding the state of
these media as well as their variability and their response to natural disturbances.

Ideally, such information is available through sophisticated forecasting techniques based on
media models and supported by periodic (or real-time) updating of data at specified locations.
Modelling, and consequently forecasting, can and must be improved significantly through a

better understanding of the governing processes of all the interrelated parts of the space
environment.

The purpose of this symposium is to stimulate discussion of techniques to improve
media characterization models, and to bring together scientists and engineers who are
developing modelling techniques, and those who need and use them, so that they might
understand each others problems.
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EDITOR’S COMMENTS

It is hoped that these proceedings will constitute the state-of-the-art document on aerospace electromagnetic wave
propagation models based on media characterization. These proceedings represent the totality of the AGARD/EPP
symposium on “Operational Modelling of the Aerospace Propagation Environment” held in Ottawa, Canada, 2428

April 1978.

The papers appearing in the proceedings of this symposium have been printed from copies furnished directly by the
authors. For the most part, the question-and-answer comments which followed individual presentations, were written
by the discussors for inclusion in these proceedings. This procedure gave the discussors the opportunity to rephrase and
possibly re-think their comments. Wherever a written record of these comments was not available, the editor interpreted
the comments from the taped transcription of the discussion periods. The session summaries, which highlight the subject
matter presented and discussed during the session, were musily prepared by the session chairmen. The editor wishes to
thank them for their efforts here and for ably directing the presentation and discussion periods during the symposium.
The general discussion portions of these proceedings were summarized by the editor from taped transcriptions. Quite
often the coherency of thought is lost in the transcription, and the editor used considerable freedom in the interpretation
of the comments. The editor apologizes for any changes in meaning or style that may have been made in preparing a

printable version of the discussions.

The success of the symposium was assured by the collective support afforded by menibers of the program committee

whose names are given elsewhere in these proceedings.

The editor wishes to thank the EPP Chairman and Deputy Chairman for their interest and support in the preparation
and execution of the symposium. Further, he wishes to acknowledge the support of the EPP Executive and his staff in

the preparation of these proceedings.
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SUMMARY OF SESSION I

REVIEW/IONOSPHERIC E* VIRONMENT
by

Dr H.Soicher
Session Chairman

This introductory session focused on four main topics: lonospheric predictions, user propagation requirements,
real time dissemination of propagation environment data to a specific system user, and geophysical disturbance conditions
which may be detrimental to EM propagation.

Davies surveyed the state of the art in ionospheric predictions across the RF spectrum. While current lonospheric
prediction techniques are adequate for the long term propagation planning of communication, navigation and surveillance
systems, short term predictions (forecasts) for system operation are far from adequate. The state-of-the-art in ionospheric
predictions has been achieved not through a better understanding of the physical processes of the ionospheric medium,
but through global data acquisition, processing and dissemination. Future improvements, however, will have to come
from a better understanding of ionospheric Physics.

Thompson described the scope of capabilities and types of support offered by the Air Weather Service to users of
military systems which operate in, through, or use the upper atmosphere and nearby space. The requirements include
predictions with lead times from hours to months, real-time notification of solar and geophysical events within minutes,
forecasts tailored to specific user requirement, and detailed post-event analysis.

Rothmuller outlined the PROPHET real-time environmental assessment terminal, which uses models to translate
data from satellite and ground-based sources into performance predictions for specific systems in the frequency range of
ELF to UHF. Current propagation conditions are given to an operator. When solar activity (as manifested by solar
X-Ray flux) rises to levels which might affect propagatiorf, PROPHET warns the operator of impending effects and
advises him of z/ternatives. The normal tendency to blame “faulty” equipment for propagation outages is thus averted.

Thrane discussed the different types of disturbances in the upper atmosphere which cause anomalous propagation
effects at the various bands of the RF spectrum. These include sudden lonospheric disturbances, solar cap absorption,
magnetic storms, auroral absorption, relativistic electron precipitation, travelling Ionospheric disturbances, winter
anomaly, stratospheric warming, and man-made effects. The emerging understanding of the main physical mechanisms
triggered by the disturbance sources, should result in usable prediction schemes for propagation effects in the future.
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IONOSPHERIC PREDICTION AND EXTRAPOLATION

Kenneth Davies
Space Environment Laboratory
NOAA Environmental Research Laboratories
Boulder, Colorado 80302

E; INTRODUCTION

The ionosphere is defined as ''that part of the Earth's atmosphere, above about 50
km, which contains sufficient ionization to affect the propagation of radio waves."
The importance of the ionosphere to NATO follows directly from this definition because
radio is a primary means of communications especially when one or both terminals is
mobile (e.g. airplane, ship, land vehicle). The ionosphere affects radio signals in two
ways: (a) advantageously by enabling communication (e.g., reflection) and (b) adver ly
by scattering, absorbing, producing multipath, etc., that interfere with optimum tratcic
requirements.

The radio frequency spectrum is a very valuable natural resource. It is available
to be used and abused. 1ts efficient use is of vital importance to both military and
civilian communities and it is here that modeling of the aerospace environment is
important :n effective planning for future utilization of the radio spectrum. Models of
the radio unvironment are essential for prediction of radio conditions (both in the
ionized- and nonionized parts of the atmosphere) to erahle effective circuit planning.
Such models include climatological maps of: ionospheric penetration frequencies and
heights, radio signal strengths, atmospheric radio noise, etc. These maps are of great
value in circuit desi%n such as frequency allocation, antenna design, transmitter power
requirements, etc., all of which will be discussed, to some extent, at this meeting.

In addition to the communications uses of the ionosphere there are several other
important aspects of human involvement with the ionosphere as, for example: (a) its
role in producing disturbances in the geomagnetic field, (b) auroral excitation, and
(c) scientific studies, etc. A list of some typical civilian and military users is
given in Table 1. Geomagnetic disturbances induce large voltages in long electrical
conductors such as: electrical power distribution systems (Slothower and Albertson,
1967; Albertson and Van Baelon, 1969), the 1,100 km Alaska pipeline (EOS, 1977), and
also they affect geophysical prospecting and the prediction of volcanic activity based
on magnetic detection (Decker, 1978).

There are, in general, two types of ionospheric predictions: (1) long term (years
in advence) predictions required for the design of radio circuits, e.g. selection of
radio frequencies, power requirements and antenna design, and (2) short term (days to
weeks in advance) forecasts intended for use of station operators. The present iono-
spheric prediction systems are easentiallg adequate for the long term planning of
frequency allocation on an international basis, and for the design of mang long-distance
communications circuits on high frequencies. They are also adequate for broad planning
of navigation systems on very low frequencies and for the design of broadcasting ser-
vices on medium frequencies.

On the other hand, short term predictions (usually called forecasts) are far from
adequate. Both civilian and military communicators require improved forecast services
that would enable them (a) to provide for alternative means of communication, (b) to
initiate or delay rescue operations, and (c) to inform users of the cause of their
transmission problems. At the present time, prospects fo:_imgrovement must be con-
sidered moderate. Indeed financial cutbacks in recent years have resulted in a deterio-
ration in forecasting services. The biggeat impr:v-ments in recent years, in both long-
term predictions and short-term forecasts have resulted largely from technological
advances in data acquisition, processing and distribution.

z, SOCIETAL CONCERNS

Society in general, and the NATO community in particular, is vitally concerned with
the ionosphere because of its role in radio communications, navigation and surveillance
as well as the various other aspects given in Table 1: By far, the major societal
concern with the ionosphere is the effective management and efficient utilization of
radio for these purposes. Radio is important for: (1) mobile communications with high
frequency waves reflected from the ionosphere, (2) communications in lpnrlelK populated
areas where alternative methods are uneconomical, and (3) communications in high lati-
tudes where the ionosphere is frequently disturbed and which may include (1) and (2).
Ionospheric communications are particularly important in Alaska, for example, where the
Federal Communications Commission has assigned a special frequency of 4383.8 kiloHertz
for statewide emergency use only.

Society is concerned with a number of aspects of communications, among which are i
the following three: (1) safety, (2) commercial, and (3) personal. In the case of i
safety, the value of an accurate communications forecast in saving lives can be of great
importance. On the other hand, commercial usage is basically a matter of economics, and
gotlonnl communications are, in general, a matter of convenience or recreation in which
orecasting is of less value.
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In the utilization of the radio spectrum, we must be concerned with the following

characteristics (see Radio Spectrum Utilization, 1964):

| (1) This resource is used--not consumed; it is wasted when not in use,

(2) 1t has the dimensions of space, time and frequency that can be shared,

(3) It is an international resource--available to © %,

(4) The resource is wasted when assigned to tasl.. chat can be done better in other
ways,

(5) The resource is wasted when its characteristics are not correctly applied (e.g., AM
broadcast band),

(6) It is subject to pollution and, therefore, needs policing.

Perhaps the greatest social pressure is that resulting from the increasing mobility
of the world's population, in both business and recreation. There are more people on
the move at higher speeds and radio is about the only means of communication. Communi-

cations insures more efficient business, public and private safety and national security.
Thus any medium that affects radio propagation, both advantageously and adversely, is of
vital concern to society.

The efficient use of the spectrum is a primary concern of radio circuit planners Vi
and operators and of national and international regulatory agencies both civilian and //
military. An enormous investment exists in radio equipment and this has, in several /
cases, geen based on inadequate performance predictions, particularly when new parts of /
the spectrum have been newly opened. For example, the discovery of the ionosphere arose //
because of a wrong prediction. In 1901 Marconi successfully established radio communi-
cation between England and Newfoundland in the face of theoretical predictions that
radio waves could not possibly bend around the Earth. About World War I, the prevailing
prediction, based on the Austin-Cohen formula, was that for long distance transmission,
long waves were superior to short waves. This prediction was upset in 1923 when the
American Radio Relay League (amateurs) showed that the higher the frequency (shorter th
wavelength) the higher the signal strength (see Davies, 1969, Chapter 1). In the 19°./s8
it was incorrectly predicted that high frequency communications, which tend to be un,<e-
liable in high latitudes, would shortly be superseded by other ionospheric mechan;{ﬂgs
that would not be affected. For example, it was predicted that the JANET system w«ipera-
ting on radio echoes from meteor trails was free of these disturbances. The syjétem was
blacked out in its first week of trials by a polar cap absorption (see FolkestMdd, 1968,
pages 173 and 440). With the advent of satellites it was predicted that, sijAce the
radio waves were transmitted through, rather than reflected from, the ionosfhere, iono-
spheric effects would diminish as the square of the frequency and, thercf,Jre, be negli-
gible on frequencies near 136 MHz. The occurrence of scintillation on r/fese, and much
higher, frequencies again showed our inability to predict correctly thy € characteristics
of the ionosphere. Thus over and over again the feeling has been th we know enough
about the ionosphere to adequately predict (or extrapolate) the behdvior of an unex-
plored part of the spectrum only to find that we were wrong.

4

The state of the propagation environment is one of a numb #r of geophysical quan-
tities that require predictions for planning and utilization / The improvement of these
predictions is of considerable importance to those involved,“and efforts are underway to
improve the predictions by data collection and increased j4hderstanding of the Earth's
atmosphere. In assessing the effort that should go intc/such improvements society has
to keep its relative priorities in perspective. Con:ider the field of geophysical
predictions which include, for example: earthquakes ,‘volcanoces, landslides, hurricanes,
tornadoes, floods, tsunamis, etc.; it is important, to balance improvement in one area
against the demands of others and 'cost effcc::;;z. analyses are required. For illus~

rel
6

tration, ionospheric storms have resulted in tively small loss of human lives
whereas the July 28, 1976 earthquake took some /600,000 lives in Tangshan, the May 8,
1902 eruption of Mount Pelee, Martinique kii)«éd around 30,000 and some 200,000 persons
were drowned in Bengal floods (Landsberg, 1 78).

In assessing the value of a ptedi;?/(;n. we need to know how accurate the prediction
needs to be. There is no advantage in, refining a prediction beyond the stage at which a

user can take advantage of it. l/f/
T 3. THE PHYSICAL PROBLEM S
3.1 The Data Base

The normal 1ononpherr,4/::oduced by solar extreme ultraviolet (EUV) and X-radia- :
tions, is multilayered =6 depicted in Figure 1. The layers are labeled alphabetically :
(due to Sir Edward App feton) ltntting with the C layer and §°in§ uE to the F layer which !
sometimes splits inr » the Fl1 and F2 layers. About two thirds of the total ionization in ;
the ionosphere 1c-~ above the peak of the F2 layer, so that the topside is rtant in
the propagation o/t radio si 8 between high orbit satellites and ground. e E region
is sometimes .t fracterized by the presence of intense partially reflecting ionization
called Spor.i,£c-E that can reflect radio waves on very hifh frequencies. The F region
sometimes ¢ #Mtains small scale intense irregularities (called spread F from its appear-
ance on r;‘ﬂio reflections) that are responsible for rapid fluctuations of radio signals.

'.d$0ttlnt ionospheric parameters for radio communications are the maximum electron
t{, which 1is rcgntcd to the maximum radio frequency reflected from the overhead
er

e, and the height of each layer. When the electron density is low a radio
gnal may be transmitted through the layer, if the density is sufficiently high, the
signal is reflected. Alternatively, the radio power may be absorbed in the D region
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/ because of friction between electrons and neutral molecules. These three radio effects
// are illustrated in Figure 2 for some sample radio frequencies.
,// The structure of the ionosphere and its spatial and temporal variations have been
// explored since 1926 using the radio pulse or ionosonde technique. The number of sound-
V4 ing stations have steadily increased and the distribution during the International
Geophysical Year (1957-58{ is shown in Figure 3. These soundings have shown that the
/// layer densities and heights vary markedly with time of day, season, epoch of the sunspot
/; cycle and with disturbances on the Sun.
V4 The network of sounding stations revealed that the morphology of the ionosphere was

a much more complicated function of time, geographical location, etc., than had been
previously predicted. World maps of man{ monthly median parameters of the ionosphere
were constructed from the data. One such map of the F2 layer is given in Figure 4 and
shows the marked geomagnetic control of the ionosphere. These (mcnthly median) climato-
logical maps have been constructed for maximum densities, layer heights, D region
absorption, probabilities of sporadic E, refions of spread F, etc., and they have served
an invaluable role in predicting the general state of the ionosphere. One of the prob-
lems with global ionospheric prediction is evident in Figure 3, namely the uneven dis-
tribution of sounding stations. Whereas there is a surfeit of stations in Western
Europe there is a paucity in the ocean areas. Since 1962 these ground-based data sources
have been supplemented by satellite-borne instruments such as the Canadian Alouette
topside sounder. Radio beacons on board satellites observed on the ground enable the
measurement of the total number of electrons along the raypath called the total electron
content. There are also a small number of incoherent scatter radars (see Farley, 1970).

3.2 Spatial Variations

The ionosphere can be conveniently described in terms of four sets of geographical
zones: the equatorial zone, two middle latitude zones, north and south auroral zones
and the two polar caps.

Under normal (quiet) conditions the ionosphere in middle latitudes is relatively
well behaved and some parameters, e.g. the maximum frequencies of the E and Fl layers,
are simple functions of the sunspot number and the solar zenith angle (see Davies,

1965). As seen in Figure 4, in the equatorial zone the F2 layer is dominated by the
geomagnetic anomaly, i.e. two maxima on either side of the magnetic equator. In the
evening hours, especially near the equinoxes, the intense small scale (10 to 1000 meters)
irregularities, or spread F, develop in the equatorial zone that disrupt radio communi-
cations. -

The most pronounced disturbances to radio communisations occur in the ausoral zones
which are two, approximately circular, annulii about 3~ wide located near +68~ of magne-
tic latitude in which visible aurorae are most frequently observed overhead. The aurorae
result from excitation of the atmosphere by energetic electrons and protons precipita-
ting from the magnetosphere by a triggering action of the solar wind (see White, 1977),
i.e. the ionized gas flowing out from the Sun. The auroral ionosphere is characterized
by: (a) high D region abcorption of radio waves, (b) enhanced sporadic E and (c) spread
v

The polar caps are the circular areas lying within the two (northern and southern)
auroral zones. Generally, in the polar caps the ionosphere is less disturbed than in
the auroral annuli except during polar cap absorption (PCA) events. These result from
intense D region ionization by energetic protons that are guided to the polar caps by
the geomagnetic field and cause "po%ar blackout'" of radio signals. PCAs are essentially
daylight phenomena and last up to 2 to 3 days.

3.3 Long Term Variations

As mentioned above, the ionosphere is created by solar radiations and the most
salient variations are those associated with the Sun's position (diurnal and seasonal
variations), the eleven year sunspot cycle, and the prevailing state of solar flare
activity. The diurnal, seasonal and sunspot variations have been mapped in the manner
illustrated in Figure 4. The sunspot cycle control of the F2 and E layers for a middle
latitude location can be seen in Figure 5. For sunspot numbers between 0 and about 120
there is an approximately linear relationship and above 120 the F2 penetration or criti-
cal frequencies are essentially independent of sunspot number.

Thus long term predictions of the ionosphere depend on prediction of the sunspot
cycle. The magnitudes and periods of the cycles over the past 250 years, shown in
Figure 6, have been so irregular that there is no reliable method of predicting a future
cycle before it starts. When a new cycle is established, the predictor can extrapolate
the rate of increase.

Another periodicity of the Sun, that is reflected in the ionosphere, is the approx-
imately 27 day east-to-west rotation of the Sun. Enhanced solar radiations come from
localized regions on the disc and can last for several solar rotations consequently
there is an approximately 27 day variation of geomagnetic and ionospheric phenomena.
This recurrence is particularly evident in the declining parts and minima of the sunspot
: cycles when the recurrence is not obscured by the random occurrence of new active
5 regions (e.g., flares). This periodicity provides a welcome tool for prediction pur-

poses.
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3.4 Short Term Variations

The major short term variations, i.e. up to a few days, are associated directly or
indirectly with solar flares that are large explosions on the surface (see White, 1977).
The optical flare is normally observed in red H-alpha (Ha) light. Generally, the larger
a flare the longer the duration which may last from 3 or 4 min. to 2 or 3 hr, the aver-
age lifetime being about one-half hour. In addition to the optical enhancement, flares
emit enhanced electromagnetic radiation (X-rays and EUV), particles (electrons, protons,
etc.) and radio noise. Solar flares are assigned an optical "importance' based on area
S, 1, 2, 3, where S denotes a subflare, and brightness (faint F, normal N, bright B).
The soft X radiation in the 1 to 8A wavelength range is also used to classify flares as
C, M and X according to their peak emission. This flare classification gives a much
be;ter indicntion of the ionospheric importance of a flare than does the optical clas-
sification.

Sclar flares are responsible for a variety of ionospheric effects, both immediate
and delayed, some- of which are given in Figure 7 and Table 2. The immediate effects of
solar flares are grouped under the term sudden ionospheric disturbance (SID). Although
they can be quite severe, fortunately they are of relatively short duration. Class X
flares usually result in complete loss of an HF signal, class M flares cause minor
enhancement in HF radio absorption whereas class C and smaller flares produce negligible
effects on ionospheric radio waves.

Two delayed effects, viz. the polar cap absorption and the ionospheric storm, that
produce the most disruptive effects on radio communications are also given in Figure 7.
Flares which result in polar cap absorption are often called "proton" flares. The
phases and amplitudes of very low frequency waves are particularly sensitive to PCA
events. Polar cap absorptions start within a few hours of the responsible flares and
decay over a few days. They are essentially daylight phenomena.

Ionospheric storms are the most disruptive of flare effects. They originate in the
auroral zones, from one to three days after a large flare, and spread to other lati-
tudes, although not all large flares are followed by storms and some storms cannot be
identified with specific flares. In general, there are two ltages to an F2-layer storm:
(i) an enhancement of the F2 maximum density on the afternoon of the first day of the
storm followed by a depression on the next few days during which recovery phase the
layer returns to normal. There s also an increase in D-region ionization.

A common phenomenon in the midlatitude ionosphere is the passage of wavelike dis-
turbances with periods ranging from about one minute to several hours. These are thought
to be manifestations of acoustic-gravity waves in the neutral atmosphere and often
consist of a few, one, two or three, crests and troughs. They have wavelengths _of the
order of a few hundred (200-400) km and speeds of the order of 100 to 600 m sec '
Ionospheric disturbances originating in earthquakes (Yuen et al., 1969) and severe
thunderstorms (Davies and Jones, 1972) have also been identified. The ionospheric waves
from severe thunderstorms over the central USA have periods near 4 min and travel with
speeds near 1 km sec™!. It is sometimes possible to predict their presence in the
ionosphere from the surface radar weather charts.

Another class of short term ionospheric phenomena is that of man-made or artificial
modification. This was first noticed in 1933 when it was found that the programs of one
broadcasting station were sometimes impressed on a second. This is the result of the
heating and cooling of the D region by the radio signals from the first station (Bailey
and Martyn, 1934). Modification of the F region with powerful radio waves (Utlaut,
1975) have shown that the radio absorption in the F region increases rather than de-
creases as had been predicted. Another example of artificial modification includes
atomic explosions (Georges, 1968) that black-out radio communications for a short time
and affect the ionosphere for several days. The reaction products of rocket launches
(Mendillo et al., 1975) produce holes in the F region and there are possible ionospheric
effects produced by power line radiation (Helliwell et al., 1975) and very low frequency
transmitters (Helliwell and Katsufrakis, 1974).

4. IONOSPHERIC PREDICTIONS
4.1 The Radio Spectrum

The relevant radio lgectrum is given in Table 3. While frequencies lower than
3 kiloHertz are affected by the ionosphere, they do not have a major societal impact.
The fragucnciol of importance to society that are affected by the ionosphere, range from
around 3 KHz to about 10,000 MHz. For an understanding of the importance of the iono-
sphere in radio transmission, it is necessary to review briefly the properties of the
radio spectrum. We shall do this in terms of increasing radio frequency.

The lower frequency bands (VLF) have the disadvantage of limited bandwidth, high
cost of installations and high ambient noise levels. The phases and amplitudes of these
waves tend to be stable (under quiet conditions) and are, therefore, suitable for navi-
f.tion, c.t. OMEGA navigation system. Hishar frequencies have more bandwidth but are

ncreasingly subject to phase and amplitude fluctuations, particularly those that depend
on the position of the Sun (diurnal) and solar activity, e.g. sudden phase anomalies,
polar cap absorptions, storms, etc.
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One of the more used parts of the entire radio spectrum is the medium frequency
range because of the presence of the amplitude modulated broadcast band. The operation
of the broadcast band depends mainly on the reception of a dominant ground wave and this
state of affairs obtains during the day when the ionosphere absorbs the sky wave. At
night, when the absorption practically disappears, the sky wave is enhanced and the
result is interference between stations operating on the same channel. This is an
example where lack of information on the ionosphere in the early days led to a poor use
oi thﬁ spectrum but the enormous financial investment has prevented correction of the
mistake.

The advantages of the high frequency band are: (a) the world-wide coverage and

(b) the relatively low installation costs. For many years HF was the main means of long
distance communication but nowadays this role is being eroded by geostationary communi-
cations satellites. The propagation of HF signals is limited on the high frequency side
by the maximum electron density and on the low frequency side by radio absorption that
varies inversely as the square of the radio frequency. The usable frequency range lies
between the lowest usable frequency (LUF) and the maximum usable frequency (MUF). To
obtain maximum signal, one should use a frequency as close as possible to the MUF. The
median MUF would allow communication only 50 per cent of the time, and the radio pre-
dictors recommend an optimum working frequency (FOT from the French) of 0.85 MUF which
allows communication about 90 per cent og the time at a particular hour. The MUFs and,
hence, the FOTs are obtained for a given path midpoint and hour from maps such as that
of Figure 4. The prediction of the optimum working frequency, while logical in prin-
ciple, has turned out to be less than optimum in practice. This arises because the
world's population distribution tends to be localized and the predicted MUFs and, hence,
FOT are essentially the same for a large number of users. The result is spectrum con-
%estion and radio operators often find that freouencies near the LUF give better per-
ormance; for, although the received signal is weaker, the interference is lower. The
diurnal, seasonal and sunspot variations of MUF and LUF require the allocation of a set
of radio frequencies for a given radio circuit. This is where ionospheric prediction is
important in the planning of a major communications network. A minimum of two fre-
quencies is necessary for 24 hour communications as illustrated in Figure 8.

The principal effect of the ionosphere on ground-to-ground communication in the

lower part of tge VHF band is one of providing occasional skywave interference to ex-

isting communications by one of several propagation modes via F2 and sporadic E. Spo-

radic E propagation is occasionally observed as high as 150 MHz. It is a common occur~

rence during summer mornings and evenings on the low-band TV channels (channels 2-6:

32688 MHz) where the viewer may find a local station suddenly replaced by one in a city
km away.

Propagation between a ground station and an orbiting or geostationary satellite can
be affected by the ionosphere up to frequencies as high as 6 GHz. This came as quite a
shock as the predicted ionospheric effects fell off as inverse frequency squared and
should be negligible on 100 MHz or slightly higher. That ionospheric scintillations
could occasionally produce significant effects at SFF (see Table 3) was discovered in
the late sixties and is found to be particularly prevalent during equinoctial evenings
for propagation paths transiting the ionosphere within +20° of the geomagnetic equator.
In high latitudes scintillations are observed on SHF, while in middle latitudes iono-
spheric scintillation is less troublesome. Needless to say, considerable research is
needed in this area.

A different concern in transionospheric telecommunications comes about in connec-
tion with precision navigational satellites where the group delay of ground-to-satellite
signals needs to be known to a high order of accuracy. The frequency variation of the
de%ay leads to signal distortion. Thus a knowledge of the total electron content along
the radio raypath is vital to prediction of ionospheric effects.

4.2 Long Term Predictions

Long term predictions of D-region radio absorption, E, Fl and F2 penetration fre-
quencies and layer heights are needed for the design of radio circuits. From the data
base of ionospheric soundings, the world-wide and temporal variations of the ionospheric
parameters have been expressed in analytical terms and stored in computers--see, for
example, Haydon et al. (1976), (CCIR, 1967). For a fiven input, e.g. path terminals,
date, time, the computer determines the maximum usable frequencies and, hence, the opti-
mum frequencies for the various layers, angles of elevations, strength of signal, natu-
ral noise level and several other parameters of interest to the radio communicator.

This type of numerical model is used extensively for applications ranging from broadcast
coverage to time sharing on geographically spaced circuits. Other models for predicting
vertical ;%eg;ton density profiles have been developed (e.g., Nisbet, 1971; Jones and
Stewart, 70).

Systems for predicting radio propagation, 0.5. signal strength, have been adopted
by the Consultative Committee on International Radio of the International Telecommuni-
cations Union. These include predictions for very low frcauoncics. low frequencies
(CCIR, 8G-6, 1975, p. 123) and medium frozucncicl (CCIR, SG-6, 1975, p. 186). The
latter encompass the AM broadcast band which is the most ho.vil{ used part of the radio
spectrum, field strengths depend on time of day, magnetic latitude of the path mid-
point, path length, frequency and so on. Because of the congestion of the radio spec-
trum in this range, accurate measurements of signal strength are difficult to make and
universal agreement is difficult to achieve. Indeed, we have the peculiar situation in
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which our knowledge of ionospheric propagation is least on frequencies which are used
most. Much of the data for the MF prediction methods was gathered in Europe and in the
U.S.A. When these predictions were applied to the magnetic equatorial zone they were
found to be erroneous. One reason for this is that, %or efficient radiation, vertical
antennas are used for AM broadcasting, these excite the ordinary wave in middle and high
latitudes, whereas, near the eguator the extraordinary wave is excited which at these
frequencies is heavily absorbed in the D region.

Above the high frequency band lies the very high frequency band (30-300 MHz) over
which the ground wave dominates. Not infrequently, however, intense sporadic E can
result in long distance propagation of VHF signals that can produce unwanted co-channel
interference. A prediction method for estimating the field strength on VHF due to
sporadic E reflections is given in the Annex to Report 259-3 (CCIR, SG-6, 1975, p. 223).
It pertains to temperate latitudes and offers a means of estimating signal strength from
world-wide levels of sporadic E. Frequencies above about 100 MHz are rarely reflected
from the ionosphere, but ionospheric irregularities can produce undesirable effects on
signals transmitted through the ionosphere as in ground to satellite communication. The
quantities of interest here are: (a) total electron content, (b) polar cap absorption--
see CCIR, SG-6, 1975, p. 223; CCIR, SG-6, 1976, p. 86--and (c) areas of scintillations
(Fremouw and Rino, 1973).

As signal-to-noise ratio is the primary parameter of interest in telecommunica-
tions, prediction of atmospheric and man-made noise are also needed. Atmospheric noise
is treated in the CCIR (1964). Noise charts at VLF may be found in Watt (1967). Man-
made noise is treated in Report 258-2, 3 (CCIR, SG-6, p. 68; CCIR, SG-6, 1976, p. 133).

The question often arises '"How accurate are these predictions?" There is no simple
answer to this question since the accuracy depends on the parameter involved, e.g.
maximum F2 frequency. It also depends on the accuracy of the prediction of sunspot
number which is not an ionospheric parameter, the geographical location, season, etc.
The E and F1 layers are relatively well behaved and, for an accurate sunspot number,
their predicted monthly median maximum electron densities are accurate to a few (= 5)
per cent. The predictions of more variable parameters such as the maximum F2 density,
sporadic E, D-region absorption are less accurate. However even at Churchill, Canada,
in the highly variable auroral zone, the predicted monthly median F2 maximum frequency
were only 8 per cent hi%het than the observed median values for June 1960 (Folkestad,
1968, 257). Probably of greater practical importance than the accuracy of the medians
is the variability. The normal variations of F2 maximum frequencies in middle latitudes
can easily reach + 20% of the monthly median. The largest departures occur during
magnetic disturbances. Median predicted critical frequencies of sporadic E are within
0.7 MHz of the observations. With a median value of around 3 MHz the lower decile runs
around 2 MHz and the upper decile is about 6 MHz. As will be discussed later, the value
of a prediction depends more on the usage than on statistics.

Some improvement in predictions can be achieved in real time by using data from
selected sounding stations to update the numerical (monthly median) maps. This approach
has had only limited success because the structure of the ionosphere on any one day
bears only sight resemblance to the median maps. For example, a mid-latitude trough may
always have a sharp latitudinal gradient of electron density, but because of its day to
day movement, the gradient is smoothed out in the median maps.

4.3 Ionospheric Forecasting

Predictions for periods equal to and less than one (27 day) solar rotation are
called forecasts, especially those ionospheric phenomena associated with solar flares
and magnetic disturbances. Another important and useful service is ionospheric dis-
turbance warning which is a notification that a disturbance is in progress. Forecasting
and warning essentially require the same solar observation program, the main difference
being in the customer requirements and the rapid communications facilities required for
notification.

The first attempts at systematic forecasting of high frequency (HF) disturbances in
the U.S.A. were undertaken in 1941 by the National Bureau of Standards (Agy, 1970,
Chap. 2) in collaboration with the Department of Terrestrial Magnetism of the Carnegie

'Advance Forecast of Radio Propagation Conditions."

These forecasts were initially designed for the North Atlantic area. In 1951, this work
was expanded by the Central Radio Propagation Laboratory to include the North Pacific
and these forecasts were continued under the new Environmental Science Services Adminis-
tration and then the Institute for Telecommunications Sciences where they were finally
terminated on September 30, 1976 because of insufficient funding.

There are two preliminary data gathering stages in the preparation of these fore-
casts viz: solar and geophysical. e solar data include optical observations of the
structure, evolution, and locations of solar active regions (plages, filaments, etc.),
radio bursts, X-rays, extreme ultraviolet and where possible, particle fluxes measured
by deep space probes. Essentially all solar X-ray flares observable by satellites from
near the Earth are being detected. Because of the high time resolution (= 3 sec) and
intensity resolution the early rise in emission can usually be detected minutes before
the flare intensity is high enough to produce significant terrestrial effects.
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From information of this nature the forecaster prepares a largely subjective eval-
uation of the future course of solar flare activity. Practice has shown that suffi-
ciently experienced forecasters have been able to predict the solar activity with a
surprising accuracy (between 807% and 90%) and have been able to announce in advance a
number (between 50{ and 70%) of the more outstanding events (Agy, 1970, Chap. 5). In
the present state of the forecasting art it appears that while forecasters can predict
that a moderate c¢r large flare will occur in the next several days, they cannot accu-
rately predict when the flare will erupt nor its duration. Predictors have demonstrated
skill in predicting the size of flares, i.e. large and medium. Some large flares rise
and fall impulsively in Xrays while others rise and fall gradually; we are unable to
predict which.

Geophysical monitoring include observations of the geomagnetic field, ionospheric
radio soundings, measurements of signals from radio stars and monitoring of radio cir-
cuits over a wide frequency range. For many applications a knowledge that a disturbance
is imminent or in progress is all that a user needs. When quantitative estimates are
required the estimated radiation enhancement, e.g. X-rays and/or energetic particles, is
used to calculate the enhanced D-region ionization and, hence, the increase in radio
absorption (e.g. Morfitt, 1971; Bleiweiss, 1972).

PCAs are the results of proton flares. Because they are delayed effects (20 min to
20 hours) the forecaster has the advantage of being able to examine optical and radio
data from a flare and assessing whether it will produce a PCA. Good forecasting appears
to be achieved by combination of X-ray observations and the occurrence of radio noise
bursts (see Agy, 1970, Chap. 11). Real-time data on energetic proton fluxes, measured
by ;agellite instrumentation, and radio star signal strengths provide a good warning
method.

By far the most important of the short term disturbances is the ionospheric storm.
Since the onset of an ionospheric storm is later than that of the associated flare by
between 24 hours and 72 hours, a forecaster has a relatively good opportunity to fore-
cast it from the flare characteristics. Ionospheric storms are fairly closely related
to geomagnetic storms which may last from a few hours to several days. They are also
associated with auroral activity and the D-region effects associated with storms are
often ieferred to as auroral absorption events because they are most intense near the
auroral zone.

From a climatological viewpoint storm occurrence follows the sunspot cycle, with
some phase lag, and exhibits a marked 27-day recurrence. This recurrence provides a
successful prediction technique eagecially at sunspot minima. The most probable time of
occurrence is in the morning and the least probable occurrence in the evening. The
intense absorption leads to radio blackout on HF. The total time of occurrence of radio
blackout in the northern hemisphere shows two peaks, one near Alaska, the other near
Scandinavia, with about 8 per cent blackout (Davies, 1965, Chap. 6). The blackout
pattern and the region of depressed F2 critical frequency tends to move around with the
sun and, once recognized, the progress of the storm can be forecast. On the afternoon
following a magnetic sudden commencement the F2 critical frequency, over North America,
may rise to exceptionally high values (positive phase) and this is often followed on the
next day by severely depressed critical frequencies and, hence, a constricted usable
frequency spectrum.

Although the climatological (average) picture of ionospheric storms has been estab-
lished with reasonable confidence it is of little value in forecasting the detailed
history of an individual storm. It is now clear that at a given geographical location
no two storms are exactly alike and a given storm, at two different locations, rarely
produces identical responses.

Turning to forecasting procedures, the primary solar forecasting centers in the
U.S.A. are the U.S. Air Force operation located at Global Weather Central in Omaha,
Nebraska, and the NOAA Space Environment Forecast Center in Boulder, Colorado. The
solar part of the Air Force forecasting is carried out jointly with NOAA, with Air Force
personnel stationed in Boulder. As of 1971, Simon and McIntosh (see McIntosh and Dryer,
1972, p. 343) report that there were about 14 centers issuing short term forecasts of
solar activity and/or ionospheric parameters. Of the fourteen, twelve are grouped into
the International Ursigram and World Days Service (IUWDS) for the exchange of data and
cooperation in solar geophysical observations. The IUWDS provides a means of exchange
of data information within 48 hours of its collection for the preparation of short-term
forecasts. Once a day the regional centers exchange summaries on solar-geophysical
data.

Disturbance warning and/or forecasting is achieved via four stages: (1) observa-
tions and data transmission, (2) data processing and display, (3) evaluation and fore-
cast, and (4) dissemination (see Williams, 1976?. This involves the use of satellites:
(a) to acquire data and (b) to transmit in real time data from ground-based sensors to a
central data base. Additional data are taken in pictorial form and transmitted on
facsimile systems similar to those used for satellite weather pictures. A sample
nolnr-googhylical forecast is given in Figure 9. Normal data dissemination procedures
include direct computer-to-computer links with real-time systems, user terminals, tele-
phones, teletype reports and forecasts, a weekly summary of solar-terrestrial activit
issued by the Space Environment Services Center (SESC), and special requests. The solar
and geomagnetic data are converted by the Global Weather Central of the U. S. Air Force
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into a plain language HF Radio Propagation Report, an example of which is shown in
Figure 10.

Several studies have been made to establish the quantitative verification of solar
flare forecasts (e.g. McIntosh and Dryer, 1972, p. 343, p. 429) and the statistics show
that, given the active solar centers, the one day forecasts are about 80% successful
(Agy, 1970, Chap. 5). These success scores do not necessarily imply their usefulness
because of the wide variety of user needs. Most users are more concerned with the
catastrophic events than in minor disturbances so that the statistics may be misleading.
Thus a forecaster may err in 98 small events but if he correctly forecasts the two major
storms, his statistical performance will be poor but his reputation good. This argument
may apply to the unconventional method of flare prediction gased on planetary conjunc-
tions (e.g. Gassmann, 1963, p. 293, and Agy, 1970, Chap. 7).

Various systems have been devised to ascertain the usefulness and reliability of
short term ionospheric disturbance forecasts (see CCIR, 1963). Tests made in the United
Kingdom lead to the following: (1) The 27 recurrence cycle is good enough to use in
radio traffic handling decisions. (2) For nonrecurrent storms the forecasts are essen-
tially that which would be expected by chance. (3) The short term (1 to 6 hour) fore-
casts are accurate enough to justify their use.

L F CONCLUDING REMARKS

It has been seen that major errors have been made in predicting the role of the
ionosphere in radio telecommunications several of which have resulted in major economic
consequences. With the advent of submarine cables, tropospheric microwave links and
satellite transmissions, predictions that "HF communications will soon be dead" have
been common. Such predictions have not been realized because world conditions have
changed and especially the demands of new nations for places in the short-wave band,
with its relative economy, have led to unprecedented congestion of the HF band.

In spite of many shortcomin%s the various methods of predicting maximum usable
frequencies have proven invaluable over the past 30 or 40 years in optimum circuit
design and efficient frequency utilization of the high frequency radio spectrum. It is
often argued that more accurate ionospheric data are needed for this type of prediction
but this is only partly true. There is little point in predicting parameters to an
accuracy that the user is incapable of applying, e.g. predicting sunspot numbers above
120 for the determination of critical frequenc%es. The radio frequency allocation
system tends to be inflexible and, once an operator has received his (her) frequency
allocation his ability to use accurate ionospheric predictions is severely circum-
scribed. Ionospheric predictions are of value, however, in alerting the operator so
that transmitter frequency changes can be made with the minimum of disruption to circuit
operation. The present frequency prediction systems are, therefore, sufficient for many
user purposes and future progress is likely to come not by increased accuracy but by
more intelligeat application.

Turning now to the value of short term forecasts, these are of considerable value
to certain users especially those in isolated high-latitude locations at which iono-
sgheric communication is the only contact with the outside world. Some ways in which
the forecasts have been of value are: (a) the priority material can be passed before
the radio channel closes, (b) the operator can switch to an alternative more expensive
link such as cable, satellite, low latitude relay if any of these are available, and
(c) the operator is warned his equipment is not malfunctioning and it is not necessary
to call a service man. It goes without saying that educated operators are essential for
effective utilization of ionospheric predictions and forecasts.
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TABLE 1

Typical Users of the lonosphere

Primary customer application areas and times when their systems are
most affected by environmental ahhomalies, primarily local.

day or night type of activity
customer effects* producing effect
Civilian satellite communication night Magnetic storms
Commercial aviation—mid-latitude day Solar radio emissions
communication (VHF)
Commercial aviation—polar cap day & night PCA, magnetic storms
communication (HF)
Commercial aviation navigation (VLF) day & night PCA, magnetic storms
Electric power companies day & night Magnetic storms
Long line telephone communication day & night Magnetic storms
High altitude polar flights, day & night Solar proton events
radiation hazards
Civilian HF communication day & night X-ray emission, U.V.
Coast Guard, GSA, commerical emission, magnetic
companies, VOA storms
Geophysical exploration day Magnetic storms
Satellite orbital variation day & night U.V. emission,
military and civilian magnetic storms
DOD SATCOM communication night . Magnetic storms
DOD HF communication day & night X-ray emission, U.V.
emission, PCA,
magnetic storms
DOD reconnaissance day & night . PCA, magnetic storms
DOD navigation day & night X-ray emission, U.V.
. emission
ERDA communication day & night X-ray emission, U.V.
prospective customers emission, magnetic storms
International community day & night All
Scientific satellite studies day & night Optical solar flares,
IMS, Solar Maximum mission, Shuttle, magnetic storms,
solar constant measurements, " X-ray emission, U.V.
stratospheric ozone emission, solar proton
variation, interplanetary missions events, solar features
Scientific rocket studies day &> night Optical solar flares,
IMS, magnetosphere, ionosphere, solar features,
upper atmosphere, sun magnetic storms,
solar proton emission,
X-ray emission
Scientific ground studies day & night Optical solar flare,
IMS, sun, interplanetary, magnetic storms,

magnetosphere, ionosphere, upper
atmosphere, stratosphere, troposphere,

seismological/geomagnetic

®at or near solar maximum.

solar proton emission,
X-ray emission, U.V.
emission, solar
features
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TABLE 2 )
Sudden lonospheric Disturbances !
PHENOMENON FREQUENCY BANDS '
INVOLVED
Sudden Frequency Deviation (SFD) HF
Short-Wave Fadeout (SWF) HF and Lower VHF
Sudden Phase Anomaly (SPA) VLF
Sudden Enhancement of Atmospherics (SEA) LF
Sudden Enhancement of Signal (SES) VLF
Sudden Cosmic Noise Absorption (SCNA) HF and Lower VHF
TABLE 3
The Radio Spectrum
Frequency Primary
Name Range Propagation Modes Primary Uses
Very Low Frequency (VLF) 3 - 30 kHz Waveguide (between Ground and Navigation, Communications
Lower lonosphere) and Ground Wave Standard Frequency and Time
Low Frequency (LF) 30 - 300 kH- Waveguide and Ground Wave Maritime, Loran C, Broadcasting
Medium Frequency (MF) 300 - 3000 kHz E Region Reflection (Night) Maritime, Aeronautical, 1
and Ground Wave International Distress 4
AM Broadcasting, Maritime
and Land Mobile
High Frequency (HF) 3 - 30 MHz Refiection from E and F Regions Maritime and Aeronautical
Fixed Services, Broadcasting,
Amateurs, Citizens
Very High Frequency (VHF) 30 - 300 MHz Line of Sight, Scatter from Television, FM Broadcasting
lonospheric lrregularities, E Public Safety, Mobile, Aeronautical
Uitra High Frequency (UHF) 300 - 3000 MMz Line of Sight, Atfected by Space Communications, Television,
lonospheric Irregularities Reder, Broadcasting, Navigation
Fixed, Mobile
Super High Frequency (SHF) 3000 - 30,000 MHz  Line of Sight, Tropsspheric, Space Communications, Television,
Affected by lonospheric irregularities  Rader, Broadcasting, Navigation !
Fixed, Mobile i
&
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¢ -n INCREASES, THE WAVES PENETRATE DEEPER INTO THE IONOSPHERE, UNTIL A MAXIMUM
'REFLECTION IS MPOSSIBLE BECAUSE THE ELECTRON DENSITY IS INSUFFICIENT.

), THE WAVE SUFFERS GREATER ABSORPTION IN THE D" REGION, WHERE THE WAVE ENERGY 1S

A LOWER FREQUENCY LIMIT BELOW WHICH THE REFLECTED WAVE IS TOO WEAK TO BE OF USE.
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Fig.2 Radio reflection, absorption and transmission
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FROM SPACE ENVIRONMENT SERVICES CENTER BOULDER COLO

SDF NUMBER 200 »

JOINT AFGWC/SESC PRIMARY REPORT OF SOLAR AND GEOPHYSICAL ACTIVITY ISSUED
2200Z 19 JULY 1974

IA. SOLAR ACTIVITY HAS BEEN VERY LOW WiTH THREE NON-ENERGETIC SUBFLARES
REPORTED DURING THE PAST 24 HOURS. REGIONS 438 (S08W72) AND 443 (S12E06)
HAVE BEEN STABLE. MINOR INTENSITY FLUCTUATIONS HAVE OCCURRED IN REGIONS
442 (S10W34) AND 445 (S04W37). AN ACTIVE PROMINENCE (S13E90) PARTIALLY
ERUPTED, AND THEN TOTALLY DISSIPATED, BETWEEN 0715-0840Z. NO OTHER ACTI~

VITY HAS BEEN REPORTED TO SUBSTANTIATE AN ACTIVE RETURN OF OLD REGION 435.

IB. SOLAR ACTIVITY IS EXPECTED TO REMAIN LOW.

(. THE GEOMAGNETIC FIELD HAS BEEN QUIET. T (S EXPECTED TO BE QUIET TO
UNSETTLED. :
{11, EVENT PROBABILITIES 20 - 22 JULY

CLASS M 03/03/03

CLASS X 01/01/01

PROTON 01/01/01

PCAF GREEN

IV. OTTAWA 10.7 CM FLUX

OBSERVED 19 JULY 84

PREDICTED 20 ~ 22 JULY 83/85/85

90-DAY MEAN 19 JULY 90

V. GEOMAGNETIC A INDICES

OBSERVED FREDERICKSBURG 18 JULY 06

ESTIMATED AFR/AP 19 JULY 04/06

PREDICTED AFR/AP 20 = 22 JULY 07/08 - 09/10 - 11/12

Fig.9 Sample report of solar and geophysical activity.




AIR FORCE GLOBAL WEATHER CENTRAL

DAILY PRIMARY HF RADIO PROPAGATION REPORT

PART I. DESCRIPTION OF GENERAL HF RADIO PROPAGATION CONDITIONS
FOR THE 24 HOUR PERIOD ENDING 12240Z JAN 77.

HF PROPAGATION CONDITIONS WERE GENERALLY FAIR TO GOOD IN MOST
AREAS EARLY IN THE RADIO DAY, BECOMING GENERALLY GOOD DURING
THE LATTER HALF. MUFS ON LOW LATITUDE CIRCUITS CONTINUED TO

BE SOMEWHAT LOWER THAN SEASONAL NORMALS, GENERALLY NEAR 20 TO
30 PERCENT. THE PREDAWN DIP IN MUFS WAS LESS PRONOUNCED
HOWEVER, SOME AREAS WERE STILL ENCOUNTERING DIFFICULTIES

IN LOCATING SUITABLE WORKING FREQUENCIES DURING THE TRANSITION
PERIOD. MUFS TENDED TO REMAIN SLIGHTLY ABOVE NORMAL AFTER
LOCAL SUNSET ON MID LATITUDE PATHS, RESULTING IN

THE DAYTIME FREQUENCIES OPERATING LATER THAN HAS BEEN THE CASE
DURING THE PAST FEW DAYS. CONDITIONS OVER THE HIGH LATITUDES
WERE GENERALLY GOOD, ALTHOUGH SHORT PERIODS OF INTENSE
ABSORPTION, AND CONSEQUENTLY REDUCED SIGNAL STRENGTHS AND
ELEVATED NOISE LEVELS OCCURRED BETWEEN LOCAL MIDNIGHT AND
DAWN. THE GEOMAGNETIC FIELD WAS UNSETTLED TO ACTIVE UNTIL
1500Z, BECOMING QUIET FOR THE REST OF THE DAY.

PART II. SUMMARY OF POSSIBLE HF RADIO PROPAGATION DISTURBANCES
ON SUNLIT PATHS FOR THE 24 HOUR PERIOD ENDING 122400Z JAN 77.
BEGIN END  CONFIRMED FREQUENCIES AFFECTED

13152 13412

17462 18252

19247 19447

21447 22207 YES UP TO 11 MHZ
PART III. OUTLOOK FOR GENERAL HF RADIO PROPAGATION CONDITIONS
FOR THE 24 HOUR PERIOD BEGINNING 130400Z JAN 77.
HF PROPAGATION CCNDITIONS WILL CONTINUE TO SHOW IMPROVEMENT
OVER MOST AREAS. MUFS WILL REMAIN GENERALLY BELOW SEASONAL
NORMALS OVER THE LOWER LATITUDES, BUT WILL BE NEAR.NORMALS
ELSEWHERE. THE GEOMAGNETIC FIELD SHOULD BE GENERALLY
QUIET, ALTHOUGH SOME SLIGHTLY UNSETTLED PERIODS ARE LIKELY
FOR BRIEF PERIODS DURING THE NIGHTTIME HOURS. THE CHANCE OF
A SOLAR FLARE INDUCED SHORT WAVE IS MODERATE.

Fig.10 Sample HF radio propagation report
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DISCUSSION

H.Soicher, US
Would you describe the Bottomside Sounder Program at NOAA? What is the current number and geographic

spread of lonosondes used?

Author’s Reply
NOAA is developing new computer-controlled sounders, which may be programmed to do different types of
soundings. Data analysis is facilitated by digital techniques. The number of lonosondes in the world network has
stayed fairly constant, although the lonosondes are getting older and are increasingly difficult to operate.

E.R.Schmerling, US
With 50 years of background lonospheric data:

(1) Under quiet solar conditions, do we have sufficient information so that we can make one spot calibration
measurement (either radiation from the sun, or lonosonde Profile), get the map that approximately corresponds
to those conditions and have a pretty fair picture of what the lonosphere looks like?

(2) Under sporadic conditions (flares, substorms) can we again search for a background map that approximates the
average lonosphere occurring under those conditions, and superimpose on that theory based on measuring solar
activity within the past few days?

Author’s Reply
Maps are fine for long-term purposes (monthly medians etc.). If one makes a spot measurement at, say, Ottawa and
discovers the MUF to be 1 MHz above the average, one cannot say that the MUF at, say, Boulder will be similarly
1 MHz above the average, there.

The thing that has changed the lonospheric prediction picture is not what we have learned about the physics of the
lonosphere, but rather Technology: Data acquisition, processing and dissemination.

L.W.Barclay, UK : 3
Dr Davies has indicated that long-term lonospheric predictions are possible now while short-term predictions need
to be improved and depend on the subjective interpretation of the man who is doing the forecast. How can the

L forecaster be trained to be objective in his predictions?
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USER REQUIREMENTS OF AEROSPACE ,
PROPAGATION-ENVIRONMENT
MODELING AND FORECASTING

RICHARD L. THOMPSON, Major, USAF !
HQ AFGWC |
Ooffutt AFB, Nebraska ’

ABSTRACT

The Air Weather Service provides both broadscale and mission tailored support to military electromagnetic
communications, surveillance, and warning systems which operate in, through, or use the upper atmosphere
and nearby space. The Space Environmental Support System, a component of the Air Weather Service, pro-
vides environmental forecasting and specification services in these major technical areas: (1) forecasting [
and specification of ionospheric variability, (2) forecasting and specification of solar flare and solar
particle events, and (3) providing geomagnetic and solar indices to users for determining density variabil-
ity. Customer requirements for support include forecasts with lead times ranging from hours to months,
real-time notification of solar and geophysical events within minutes, forecasts tailored to specific user
requirements, and detailed post-analysis studies. Specification and prediction models currently in opera-
tional use, the worldwide solar and geophysical observing network, and the data handling and processing
system are described. The development and present status of operational forecasting and skills in the areas
of High Frequency propagation, vertical electron density profiles, total electron content, solar and geo-
physical indices, and solar radiation are discussed. Future military applications and use of space en-
vironment support are also discussed along with selected technologically deficient areas.

1. INTRODUCTION

The United States Air Force has been active in space environment forecasting activities for the past
fourteen years. The Space Environmental Support System (SESS) of the Air Weather Service (AWS) was char-
tered to provide environmental support to military space and communication systems whose operation was
affected by either the sun or the near earth environment. Fulfillment of this mission requires a variety
of data, techniques, models, specially trained personnel, and large computer resources. This paper will
trace the development of SESS, present the present capabilities and models, and look toward future research
requirements.

2. HISTORY

Although earlier pioneers in space forecasting were active shortly after World War II, the only Air
Force interest in the sun was manifested by the construction of the Sacramento Peak Observatory in New
Mexico. After launch of the Soviet Sputnik in 1957, the Air Force asked the Air Weather Service to form
an organization to provide support to space operations, much as lower atmospheric meteorological support
is provided to aircraft by meteorologists. The system began to take shape in the early sixties and by
October 1962, the USAF issued its first solar forecast from Scott Air Force Base, Illinois. The operation
expanded rapidly and moved to Ent Air Force Base, Colorado, where it began continuous operation in September
1965. Shortly thereafter, the operation moved into the newly constructed Cheyenne Mountain Complex where it
stayed for the next eight years. During this time, a worldwide solar optical observing network was estab-
lished along with two radio observing sites (Sagamore Hill, Massachusetts and Manila, Republic of the
Philippines). Solar x-radiation and proton data were observed by the VELA satellite system. The center
operated during the solar maximum conditions of solar cycle 20, and provided support to North American Air
Defense Command (NORAD) radar surveillance systems, Strategic Air Command (SAC) high frequency (HF) radio
circuits, and a variety of the space systems.

In 1973, the production center of SESS was moved from Cheyenne Mountain to the Air Force Global Weather !
Central (AFGWC), Offutt AFB, Nebraska. This allowed the SESS to grow by significantly increasing the use of
computers to assist the forecasters. One of the first undertakings was to convert the manual processing of
VELA data at Sunnyvale, California, to computer processing and detection of solar events at AFGWC. This
task was accomplished by utilizing a great deal of assistance from the Air Force Geophysical Laboratory
(AFGL) (formerly Air Force Cambridge Research Laboratory). VELA data are still processed but are now i
severely limited due to spacecraft age. The Space Environmental Support Branch at AFGWC continues the trend
toward automation and now automatically processes data from a variety of sources to support its DoD commit-
ments.

As in any other endeavor, SESS is no better than its people. Generally, one of the forecasters on
duty at AFGWC has an advanced academic degree in an area of the space sciences. The other two members of
the production team are trained to use and handle the diverse data flowing into AFGWC. These data, gathered
from ground based optical and radio telescopes, vertical incident ionosondes, polarimeters, neutron monitors,
riometers, magnetometers, plus space data on solar x-rays, high and low energy protons, visual aurora, pre-
cipitating electrons, electron density, and a passive ionospheric monitor make up what can truly be called
a complex data set. Many of these data are computer processed and sorted, but many analyses and nearly all
forecast decisions are still the responsibility of the personnel who make this system function.

3. DATA SOURCES
3.1 Background

As has been reported in earlier papers to AGARD (Damon, 1970; Packnett and Doeker, 1970), the ¢onference
on theoretical Ionospheric Models (Thompson, 1972), the Sixth Conference on Aerospace and Aeronautical
Meterology (Snyder, 1974), and the Ionospheric Effects Symposiums (Flattery and Ramsay, 1975; von Flotow,
1978), the Air Weather Service has been an active user of scientific community research efforts in the space
sciences. AWS has also been an active contributor of data to the scientific community.
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3.2 Solar Data

The data received at AFGWC are constantly changing. We presently are replacing our Razdow telescopes
with a new generation telescope, the Solar Observing Optical Network (SOON). These new computerized tele-
scope systems are currently in operation in Hawaii, New Mexico, and Puerto Rico. During 1979, Australian
and Middle East sites will complete the worldwide network. Each of these sites will be connected to AFGWC
by high-speed data links. The solar radio observing network is also upgrading to computerized equipment
and the first site in Hawaii is operational. Additional radio sites will be in Australia and the Middle
East. We also receive solar x-ray data from the Geostationary Operational Environmental Satellites (GOES)
through the NOAA computers at Boulder.

3.3 Ionospheric Data

The Northern Hemisphere ionosphere data set consists of approximately 45 ionosondes and 11 polarimeters.
Just recently, data became available from special sensors flown on the Defense Meteorological Satellite
Program (DMSP) satellites. These satellites are polar orbiting sun-synchronous at an altitude of 840 km.
We have been monitoring and analyzing auroral information for years from these satellites. A special
sensor for measuring the plasma density, temperature, and mean ion mass is currently being flown on the
DMSP spacecraft. Unfortunately, the sensor on the latest launch prior to the writing of this paper, is
only providing limited data so information from this sensor has not been incorporated into operational use.
However, this Air Force Geophysics Laboratory developed sensor is scheduled to fly on additional DMSP
spacecraft during the next 5-8 years. Another important sensor is a passive ionospheric monitor. This
sensor is a high frequency reciever which passively monitors the ionospheric noise breakthrough frequencies.
These are some of the major steps being taken by the Air Force to improve the space environment data set.
The data received from these sensors are available to the scientific community through the World Data
Center-A in Boulder, Colorado.

4. NOTIFICATION AND ALERT FORECASTING SERVICES
4.1 Event Notification

Since the state-of-the art in accurately forecasting solar and geophysical events is poor, we have
concentrated on providing rapid notification to system operators of conditions which could degrade the
performance of their systems. Rapid event notification is provided for decision assistance to all levels
within the military chain of command.

Typical types of notification include; (1) solar events which cause disruptions to high frequency
communications on sunlit paths, (2) solar radio bursts which may cause disruptions to communication systems
and/or interference to radar systems, (3) solar proton events which can produce radiation hazards to both
men in space and spacecraft, (4) ionospheric disturbances which can cause degradation to HF and satellite
communication systems, and (5) magnetospheric disturbances which affect the orbital parameters of low
altitude satellites. AFGWC notifications of solar events are usually provided within five minutes, and
are specifically tailored for each system operator.

Rapid event notification requires a responsive data acquisition and communication system. Worldwide
high speed data links speed data to AFGWC from the solar and radio observatories within minutes of event
detection. These data are analyzed by the duty forecaster along with space data obtained from satellites
to identify which DoD systems could be affected. Notification is provided either by telephone or a direct
computer link to the user.

"4.2 Forecasting Ionospheric Variability

AFGWC is probably the only full time 24-hour per day ionospheric forecasting unit providing a broad
spectrum of ionospheric forecasts. An lonospheric forecaster is on duty at all times to monitor the state
of the ionosphere in conjunction with the sun and magnetosphere to provide a variety of ionospheric dependent
systems notifications and forecasts of irregularities that would affect system performance. A more detailed
description was presented by von Flotow (1978). These services consist of real-time and quasi long range
forecasts.

(a) HF service can be provided in real-time, along with specification and forecasting of electron
density profiles and total electron content. Large scale fields of parameters such as foF2 are also avail-
able. The present capability for specification and forecasting is shown in Table 1. AFGWC provides real-
time specification and forecast of HF propagation conditions every six hours. An example of our HF propaga-
tion message is found in Figure 1, less detailed messages are transmitted at 00002, 1200z and 1800Z.

(b) The primary long-range forecasting requirements are for HF propagation. AFGWC uses the !
latest ITS-78 (Barghausen, et al, 1969) program on our computers. It has been modified for direct interface |
to the AUTODIN (Automatic Digital Network) both for receiving requests and for transmitting its output to
our worldwide military users. Approximately 300 requests are processed each month.

4.3 PFPorecasting Magnetospheric and Neutral Density Parameters.
AFGWC monitors variation of the magnetosphere through use of ground based magnetometers. Currently,

AWS has access to magnetometers in Alaska, Canada, England, and the United States. Information from these
8 are pr d at AFGWC to develop a pseudo A sub p, which is transmitted to users for real-time

use in their density models. Recently, APGWC has expanded its magnetospheric monitoring by using real-

time low energy particle data from operational DoD geostationary spacecraft. Preliminary results are !
extremely encouraging in using data observed in the mid night sector to identify magnetospheric disturbances. |
This information will be used as a supplement to the ground based magnetometers, and has great potential

to improve our ability to specify and forecast parameters which affect orbital characteristics of low

altitude satellites and can cause charging to spacecraft flying near geostationary altitudes.
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AFGWC also provides short and long term forecasts of A sub p and F10 (the 10.7 cm solar radio flux).
The daily forecast (See Figure 2) consists of a three day forecast of each of these parameters. In
addition seven and 27 day forecasts are provided to several military users.

5. MODELS
5.1 Solar Flare Forecasting

The Air Force SOON was specifically designed to provide consistent, rapid flare observations and
data for reliable short term solar flare forecasting. Currently the actual work on exploitation of the
SOON data by applying advanced modeling techniques is being accomplished by the Air Force Geophysics
Laboratory and the Space Environmental Laboratory (SEL) located at Boulder, Colorado. The Air Force has
three people assigned at the SEL in Boulder. This exploitation of the SOON will continue to receive great
emphasis during the foreseeable future.

5.2 Solar Proton Prediction Models

AFGWC presently uses the latest published versions of the Proton Prediction Study (Smart and Shea,
1977 and 1977a) on our computers. The model was developed by AFGL from empirical data, and incorporates
all available technology. The forecaster can activate the program through a real-time computer device in
the SESS work center using, as initial inputs, any radio and x-ray data available. The program output
includes a time envelope for particles greater than 50 MeV and approximately 10 MeV, expected riometer
absorption at high latitudes, and proton fluxes for approximately 15 channels monitored on the GOES and
Defense Support Program (DSP) satellite systems. When accurate radio data are available, this model is
relatively accurate. For example, it performed well during the September 1977 solar proton events.

5.3 HF Propagation Models

The ITS-78 (Barghausen, et al., 1968) is the primary HF propagation model used at AFGWC. This model
has been modified over the years by the Institute of Telecommunications Service (ITS) and the AFGWC version
incorporates all known changes. The maximum usable frequencies from the ITS-78 program are modified by
field units using information in the AFGWC HF Propagation Reports to provide assistance in real-time
frequency management.

5.4 Ionospheric Specification

The model used by AFGWC to process ionospheric data was reported earlier by Flattery and Ramsay (1975).
This method involves using spectral techniques to modify the ITS coefficient fields with observed data to
give a more representative description of the ionosphere. One attribute of this method is complete
compatibility with all programs that use the ITS coefficients. This feature makes the technique extremely
versatile and incorporates "quasi-real-time" ionospheric features into the ITS programs.

The Flattery-Ramsay model has some serious deficiencies which include 1) non-orthogonal functions;
2) the inability to handle strong gradients such as those encountered near sunrise and the auroral oval,
3) it is only continuous in three dimensions (latitude, longitude and time); and 4) it is unable to easily
integrate a variety of ionospheric data. ;

The vertical electron density profile (EDP) model used by AFGWC is a modified version of the Damon
and Hartranft model (1970). This model incorporates three Chapman layers for E, F ,» and F, and uses a
variable scale height for the topside of the ionosphere. This model, combined vit}i ITS or updated ITS
coefficiente, makes up one of the current AFGWC capabilities for ionospheric specification.

During operational use of the Flattery - Ramsay model, it was noted that as the abserved data varied
from monthly ITS median values when updated over the land areas the ocean areas remained at the ITS median
value. This caused artificial gradients to be developed along the coastal areas of the northern hemisphere.
A solution was developed to account for the variation due to solar ionizing flux by deriving the input
sunspot number used by ITS from world-wide ionospheric observations. The first-guess field now has in-
telligence from observed data applied worldwide, so when the spectral fit of observed data is made, no
systematic coastal gradients appear. This model has been in production at AFGWC for approximately two
years and has verified well.

5.5 Four-Dimensional Ionospheric Model

The Four-Dimensional (4D) model was developed to correct some of the deficiences of the earlier
spectral analysis model. The ITS coefficients are generated in spherical harmonics which is mathematically 3
efficient. This representation of the ionosphere can adequately handle much sharper gradients in latitude, §
longitude and time. The fourth dimension, the vertical, is represented by four eigenvectors which can be
modified to incorporate electron density data from polar orbiting Defense Meteorological Satellite Program ]
(DMSP) satellites. Data observed at 840 km have the necessary information to calculate scale height.
This provides a more representative value when it is integrated for total electron content (TEC) than the
previously used Chapman layers of the Damon-Hartranft model. The 4-D ionospheric model description was
presented at the 1977 summer URSI meeting by Flattery and Davenport (1977).

The 4-D ionospheric model is presently used at AFGWC for certain functions. We feel the model will
be able to accommodate an advanced polar model and has possibilities of more efficient ray-tracing,
especially in reducing computer time. Three dimensional ground to satellite ray-tracing is a promising
area if the computer costs are as low as expected. This portion of the model is several man-years from
completion.

P Y




6. FUTURE ’ 1
6.1 Solar 4

The proliferation of space systems and advanced state of electronic systems since the last solar cycle
have resulted in increasingly stringent requirements for predictive capabilities of solar events which affect )
these systems. The USAF Scientific Advisory Board (1977) recommended methods which could decrease the
degradation to these systems. Considerable research is in progress to exploit the data from the new SOON {
and radio systems to improve space environmental support to our DoD customers. It is important to note
that AFCWC has a full appreciation for the importance of vigorous solar research and actively supports the
efforts of the Air Force Geophysics Laboratory and the Space Environmental Laboratory in Boulder. Several
SEL developments are currently used as a basis for direct support to many DoD systems.

6.2 Ionosphere

AFGWC supports many DoD systems dependent on, or affected by, the ionosphere. We expend considerable
in-house technique development to improve support. Many areas of ionospheric specification and prediction ]
have serious deficiencies. The global dimension of our mission currently requires extensive data sets and
models. The immediate need is to understand and specify the large-scale irregularities of the ionosphere
during storm time, with a follow-on natural extension to a forecast capability. Longer term goals
include global capability for specification of much smaller irregularities which affect coherent wave
fronts, e.g., phase and amplitude scintillations. This will include the development and expansion of
methods to observe parameters which can be applied to advanced operational models.
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CURRENT AFGWC IONOSPHERIC SPECIFICATION }

Fof2 Northern Hemisphere + .5 MHz ’

MUF/FOT Northern Hemisphere + 3.0 MHz ‘
TEC Northern Hemisphere + 25% 4 *
Electron Density Profile (EDP) 25% RMS Error ' :
"
FUTURE AFGWC IONOSPHERIC SPECIFICATION* L

*Assumes a morning and noon DMSP satellite with Ionospheric sensors:

Fof2 Northern Hemisphere + .5 MHz

MUF/FOT Northern Hemisphere + 3.0 MHz h
TEC Northern Hemisphere + 15%
EDP 15% RMS

TABLE 1

. -




UNCLAS
DEFSMAC SIZ PASS TO SHOE
SUBJ: HF RADIO PROPAGATION REPORT
SPACE ENVIRONMENTAL SUPPORT BRANCH
AIR FORCE GLOBAL WEATHER CENTRAL
PRIMARY HF RADIO PROPAGATION REPORT ISSUED AT 070L00Z FEB 78.
PART I. SUMMARY 070000Z TO 070L00Z FEB 78/
FORECAST 070600Z TO 071200Z FEB 78.

QUADRANT

I II III Iv
07O 90w 90w TO 180 180 TO 90E S0E TO O
REGION POLAR NG us NS N&/+30
AURORAL us Uy Nb N&/+30

MIDDLE N& N7 N? N?

LOW N?/+30 N? N? N?

EQUATORTAL N? N? N? N?

PART II. GENERAL DESCRIPTION OF HF RADIO PROPAGATION CONDITIONS
OBSERVED DURING THE 24 HOUR PERIOD ENDING 05/2400Z FEB 78 AND
FORECAST CONDITIONS FOR THE NEXT 24 HOURS.

THE GEOMAGNETIC FIELD WAS QUIET TO UNSETTLED. WITH BRIEF ACTIVE
PERIODS. THE FIELD SHOULD REMAIN QUIET TO UNSETTLED.

EQUATORIAL THROUGH MID LATITUDES. . . HF PROPAGATION WAS GENER-
ALLY GOOD. REPORTED SUNRISE TRANSITIONS WERE MILD. MUFS WERE
ENHANCED 25 PCT AT MID LATITUDES FROM SUNRISE TO NOON. OTHER
MUFS WERE NEAR SEASONAL NORMALS.

AURORAL AND POLAR LATITUDES. . . PROPAGATION WAS GENERALLY GOOD
DURING LOCAL DAYTIME HOURS AND GOOD TO FAIR DURING NIGHT HOURS.
MUFS WERE ENHANCED 30 PCT DURING MIDDAY HOURS. OTHER MUFS WERE
GENERALLY NORMAL. SHORT PERIODS OF FAIR OCCASIONALLY POOR PROP-
AGATION WERE REPORTED AT NIGHT DUE TO FADING~ SPORADIC E+ AND
ENHANCED NOISE. SPREAD F WAS ALSO PREVALENT AT ALL HOURS IN
SOLAR LATITUDES AND GAVE SOME FAIR TO POOR PROPATAION.

PART III. SUMMARY OF SOLAR FLARE INDUCED IONOSPHERIC DISTURBANCES
WHICH MAY HAVE PRODUCED SHORT WAVE FADES IN THE SUNLIT HEMISPHERE
DURING THE 24 HOUR PERIOD ENDING Ob/2400Z . . . NONE.
PROBABILITY FOR THE NEXT 24 HOURS....STRONG.

PART IV. OBSERVED/FORECAST F10 AND K/AP.

THE OBSERVED 10.7 CM FLUX FOR Ob FEB 78 WAS 1lbl. THE PREDICTED
10.7 CM FLUX FOR 0?7+ 08+ 09 FEB 78 ARE 1b3+ 1lb2+ AND 1b0.

THE OBSERVED K/AP VALUES FOR Ob FEB 78 ARE 02/09. THE FORECAST
K/AP VALUES FOR 07 08+ 09 FEB 78 ARE 03/12. 03/10. AND 02/08.

FIGURE 1

UNCLAS

DEFSMAC SIZ PASS TO SHOE

JOINT AFGWC/SESC PRIMARY REPORT OF SOLAR AND GEOPHYSICAL ACTIVITY
ISSUED 2200Z 08 FEBRUARY 1978

IA. SOLAR ACTIVITY HAS BEEN MODERATE. REGIONS 998 {N2?W11} AND
1001 {NL7E30} HAVE BEEN HIGHLY FLARE PRODUCTIVE. SIGNIFICANT
FLARES INCLUDE. FROM REGION 998. A 1-B{M-1} AT 08/071bZ. AND-
FROM REGION LO0l~ A 2-B{M-2} AT 08/0359Z. THESE SAE FLARES WERE
CLASSED AS SUB-NORMALS BY CULGOORA. BOTH REGIONS CONTAIN WEAK
DELTA'S AND ARE MORE COMPLEX THAN YESTERDAY AND 1001 CONTINUTES
TO GROW IN WHITE LIGHT. NEW REGION 1004 {S22E?3} IS THE RETURN
OF OLD 981 AND IS AN H-TYPE SPOT WITH WEAK PLAGE. OTHER REGIONS
ARE GENERALLY QUIET.

IB. SOLAR ACTIVITY SHOULD REMAIN MODERATE. FURTHER ENERGETIC
ACTIVITY CAN BE EXPECTED FROM REGIONS 998 AND 100).

II. THE GEOMAGNETIC FIELD HAS BEEN QUIET TO SLIGHTLY UNSETTLED.
THE FIELD IS EXPECTED TO BE GENERALLY UNSETTLED THRU THE PERIOD.
III. EVENT PROBABILITIES 09 FEBRUARY - 11 FEBRUARY

CLASS M 90/90/90

CALSS X 40/40/40

PROTON 40740740

PCAF YELLOW

IV. OTTAWA 10.7 CM FLUX

OBSERVED 08 FEBRUARY lbb
PREDICTED 0911 FEBRUARY Lb5/Mb5/1b5
90-DAY MEAN 08 FEBRUARY 109

V. GEOMAGNETIC A INDICES
OBSERVED FREDERICKSBURG (07 FEBRUARY 05

ESTIMATED AFR/AP 08 FEBRUARY 10/10 ;
PREDICTED AFR/AP 0911 FEBRUARY 10/10 - 10/10 - 10/10
FIGURE @
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DISCUSSION

N.G.Gerson, US
If the system described is implemented, what effect would it have on HF communications practice? Would the

information supplied to the communication station be of sufficient help and reliability to be used by the operators?
Would implementation be worth the cost?

Author’s Reply
The system described was specification of TEC and electron density profiles (EDP) to 15 percent RMS error.

Agreed that HF forecasting (or specification) is probably not needed within 10%, but for certain applications TEC
and EDP within 15% is required. So, it is felt that it is worth the effort and costs.

H.Soicher, US

How are the measurements (at 840 km) of particles and temperatures (scale heights) applied to the aims of AFGWC
modelling? How do the data outputs compare with results obtained by other methods?

Author’s Reply

One of the requirements of AFGWC is the specification and forecasting of total electron content (TEC). We had no
method to observe the ionospheric topside in quasi-real-time. AFGL proposed a sensor to be flown on Defense
Meteorological Satellite Program at 840 km to measure electron density and temperature. AFGWC has devised
modelling methods to incorporate the data. Until continuous data are received, the last question cannot be
answered. AFGL fee!s it will compare very well.

A
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REAL-TIME PROPAGATION ASSESSMENT

Ilan J. Rothmuller
EM Propagation Division
Naval Ocean Systems Center
San Diego, CA 92152

SUMMARY

The performance of a wide variety of Naval electromagnetic systems depends on ionospheric condi-
tions. For example, solar disturbances of the ionosphere can interrupt communications, render surveillance
systems useless and cause navigation system inaccuracies. Real-time propagation assessment is a technique
to optimize system performance by allowing knowledge of current ionospheric conditions to be used to mini-
mize detrimental effects of an unknown or disturbed propagation environment. An environmental prediction
and assessment system (EPAS), comprised of a variety of real-time sources of solar/geophysical data and a
center which collects, processes and selectivity disseminates these data to regional propagation assess-
ment terminals, can provide real-time knowledge of propagation conditions. The US Naval Ocean Systems
Center is developing a terminal called PROPHET (for propagation forecasting), a key element of the EPAS
that uses real-time solar/geophysical data to make regional assessments which are tailored to specific sys-
tem useage. PROPHET uses models to translate data from satellite and ground based sources into performance
predictions for specific systems. PROPHET is presently being evaluated at a Naval Communication Statjion
and has proved to be useful to operational personnel.

1. INTRODUCTION

To obtain high performance from a wide variety of Navy electromagnetic systems, the effects of
the propagation channel - the aerospace environment or ionosphere - must be accounted for. An environment-
al prediction and assessment system (EPAS) provides this capability. An EPAS is an integration of three
elements: (1) a variety of real-time solar/geophysical data sources; (2) a center collecting, processing
and selectively disseminating these data to; (3) propagation assessment terminals where real-time regional-
ized and tailored products are issued.

The US Naval Ocean Systems Center is developing a real-time assessment terminal called PROPHET,
a key element of the EPAS. PROPHET "products" are designed to be used to optimize specific system perform~
ance. Optimization may be achieved, for example, by real-time corrections to navigation systems affected
by variations in ionospheric parameters, or frequency selection advice, or other user oriented information.

This paper describes development of operational environmental mcdels used in PROPHET, PROPHET
products, and results of testing the terminal and the EPAS concept in an operational environment.

2, MODELING SOLAR EFFECTS ON SYSTEMS

The chief influence on the near-earth space environment is the sun. Variations in solar emis-
sions cause variations in this environment which, in turn, cause variations in performance of many electro~
magnetic systems. Large solar disturbances such as flares can affect ionospheric conditions so that com-
munication links may be interrupted, surveillance systems rendered useless and navigation systems made in-
accurate. Examples of solar disturbance related outages are: short wave fade (SWF) in the HF band due to
flare x-rays, phase errors and deep fades in VLF signals due to solar proton impact on the polar ionosphere,
deep fades in VHF/UHF satellite communication systems due to ionospheric scintillations.

An important aspect of models developed at NOSC is that they are tailored to a specific system

application and that the output is in easily used terms (e.g. navigation correction in miles, lowest use-
able frequency, etc.). The NOSC model development approach is illustrated by the following chart.

Cause Environment System Effects

Solar
Effl

Ionospheric
Reaction

HF: Comm. Outage -~ SWF
VLF: Nav. Error - PCA, SPA
VHF: Comm. Outage - Scintillation

Three approaches can be taken to develop models assessing the propagation environment: phenome~
nological, statistical, and semi~empirical. The phenomenological is based on an understanding of the physi-
cal processés relating cause and effect. The statistical approach is based on synoptic studies and assumes
that predictions can be made based on historic data. The semi-empirical method (presently used most often
by the NOSC modeling group) combines knowledge of the basic physical causes with observational data to gens
erate simplified models which obviate modeling the complicated processes between the basic driving cause
and final effect.

An illustration of a semi-empirical model is the effect of high energy solar proton emission on
the Omega VLF navigation system. The physics of the process is that the polar D-region of the ionosphere
(50-90 km) is anomalously ionized by high energy (E >10 MeV) protons. This anomalous ionization causes
more than normal phase advance of signals crossing the affected regions and thus, if unaccounted for,
cause navigation errors. This also causes high absorption in the HF (and VHF) band which has given rise
to the term polar cap absorption or PCA.

The Omega correction model developed by NOSC (Argo, 1975) translates solar proton flux measured
at satellite altitudes into phase error corrections. These corrections are in form similar to those now
routinely used to account for time of day, season, etc. The model has as parameters integrated proton
flux (E> 10 MeV), time of day and path length through the "polar cap" (defined to be greater than 63 geo-
magnetic latitude). Pigure 1 shows both corrected and uncorrected positional information for a PCA event.
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The model is thus seen to correct back to the nominal 2 km accuracy of Omega. An important point to note
is that a PCA event, unlike some other flare related events, can last two to three days.

Another model developed by NOSC is the effect of an x-ray flare on HF communications. This
model has two "components". One models the time history of the flare. The other models the effect of the
1—82 x-ray flux on the HF spectrum. The flare duration model predicts the duration once the flare has
reached its peak. The prediction technique uses the discovery by NOSC that flares decay with one of a
small set of definite decay rates. The risetime and peak amplitude are used to estimate the decay rate
(Argo, et al., 1978). The model adjusts itself in case of multiple flares and can update the decay esti-
mate. Figure 2 illustrates these and other aspects of the prediction model's capabilities. The figure
shows data taken by SOLRAD-9 and how the model's predictions follow recurring flares and changes in decay
slope. The vertical lines in the figure indicate times of updating, This figure also illustrates how,
when operationally implementing such a model, care must be taken to strike a balance between number of up-
dates and accuracy of predictions. It also shows the difference between a theoretical model and its appli-
cation as a real-time aid using real-time data which can have gaps and other difficulties. During periods
of continuous, smooth data the model does extremely well. However, when data gaps appear, the fit is not
as good.

The flux thus predicted is converted to lowest observable frequency (LOF) in the HF band with a
model deduced from the relationship between x-ray flux and LOF illustrated in Figure 3 (Rose, et al., 1974).
This displays the propagation characteristics of the HF spectrum over a 24 hour period containing two
bursts of solar x-rays during the daytime portion. Frequency is plotted versus time with vertical deflect-
ions indicating signal strength. The 1-8% solar x-ray flux peaks at 1840 and 2100 GMT making the entire
HF spectrum unuseable by causing two SWFs.

The NOSC model thus can continually in real-time calculate the LOF and, once a flare has reached
its peak, also predict the duracion of the outage.

This semi-empirical approach has yielded several other models relating space-environmental data
to systems effects. Argo and Hill (1976) have developed a model relating absorption of transpolar HF and
polar region VHF/UHF satellite communications during a PCA event.

To perform predictions of HF propagation characteristics on a daily basis, a model developed by
the Air Force (1973) is used. This is an hourly update to a statistically based model - the updating done
by refitting to data obtained from an HF ionospheric sounder network. To make longer range predictions,
NOSC has developed a model also based on a statistical model.

Another statistical model adapted for Navy use, is the scintillation depth of fading model
(LaBahn, 1974). This is an adaptation of the model developed by Fremouw and Rino (1973) and modified by
Pope (1974).

Present work is aimed at modeling the effects of geomagnetic storms on a variety of systems and
a phenomenological basis for a scintillation model.

3. A REAL-TIME ASSESSMENT TERMINAL: PROPHET

To implement the models discussed earlier, NOSC has developed a real-time propagation assess-
ment terminal called PROPHET. The object of the NOSC effort was to develop a terminal to be used by opera-
tional personnel. PROPHET products were designed to be understood and applied easily. This requirement
motivated the earlier described modeling of system effects rather than modeling only environmental effects.

The PROPHET terminal consists of a stand alone minicomputer with an interactive graphic display
and hard copy unit. An example of a PROPHET product is shown in Figure 4 illustrating the concept of re-
gionalized tailored assessments. The graphic display shows the area of concern for the communications con-
troller. For the Naval communication Station (NAVCOMMSTA) at Stockton, CA (near San Francisco, CA) this
is the eastern Pacific Ocean. The map shows the current position of ships and (on the left) the maximum
useable frequency (MUF), lowest useable frequency (LUF), and frequency of optimum transmission (FOT) for
each ship. The communications controller uses this information to guide his frequency selection. The
current and past hour satellite measured solar x-ray flux, a measure of solar activity, is also displayed.
When the x-ray flux rises to levels such that propagation is affected, PROPHET warns the circuit control
officer and produces updated frequency advice. Such a warning not only alerts communication personnel that
it is an environmental disturbance causing an outage rather than equipment failure, but also allows some
flexibility to alleviate problems.

A very important PROPHET capability is the ability to produce ray traces which depict the path
of the electromagnetic wave fronts. Figure 5 is an example of a 3000 km path. A number of important propa-
gation features are evident from this presentation. No communication is possible for ranges out to approx-
imately 1200 km. This so-called skip zone may be of advantage if an unwanted receiver is located within
this range. Focusing, i.e. several rays concentrating in a small area, occurs between 1230-1330 km and,
because of different wave travel times along the rays, signal degradation through interference may be ex-
pected. A similar interference must be expected at larger ranges (2500-2700 km) where rays reflected once
from the ionosphere and rays reflected twice (after being reflected from the ocean's surface) are super-
imposed. Another application of the ray trace picture is the selection of specific antennas having launch
angles favoring desired rays and suppressing undesired rays for a particular optimm coverage situation.
The model ionosphere used here is a statistically derived one.

Implementation and PROPHET presentation of the fade model described earlier is illustrated in
Pigures 6 and 7. Subsequent to a solar flare, PROPHET issues a warning and displays a list of all active
circuits with predicted recovery times (under columnse headed "RCVR MIN") (Pigure 6). This prediction can
be examined on a circuit by circuit basis as shown in Figure 7. 1In this example, the MUF is 15 MHz where
the predicted fade is only 10 minutes. This kind of display shows not only how to shorten the effect of a
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SWF but also allows the recognition that the SWF was caused by a solar flare rather than an equipment mal- ’
function.
!
4. REAL-TIME PROPAGATION ASSESSMENT: A TEST
NOSC conducted a field test of the PROPHET assessment terminal at the Naval Communication Sta- ‘

tion, Stockton, CA. The general test objectives were to test the utility (and reliability) of real-time,
tailored and regic .2lized propagation assessments in an operational environment and to specify the needs
and uses of various components of an environmental prediction and assessment system (EPAS).

As noted earlier, a real-time environmental prediction and assessment system is an integration
of three elements. These are: (1) a variety of solar/geophysical data sources; (2) a facility which col-
lects, processes and selectively disseminates chese data to; (3) a propagation assessment terminal where
real-time, regionalized and tailored "products" are issued.

Figure 8 illustrates the conceptual information flow in an EPAS. Figure 9 shows the information
flow for the NOSC field test. A variety of solar/geophysical data flow into La Posta Astrogeophysical
Observatory (LPAO) where the data were sorted and combined with local data. Selected data were sent on to
the PROPHET terminal. Data sources included SOLRAD 11B, GOES-1, SMS-1, GOES-2, NOAA-5, as well as other

« data from SELDADS (Williams, 1976) and the Air Force Global Weather Central (AFGWC, 1973).

The field test was evaluated by analyzing the log tapes (which contain useage information as
well as commentary by COMMSTA personnel) and questionnaires filled out by the users. Thus both qualitative
and quantitative results were obtained.

Analysis to date has shown that: (1) COMMSTA personnel made frequent use of PROPHET - terminal
access averaged once per nine minutes (during each 24 hour period); (2) using PROPHET predictions, QSYs
(number of frequency shifts) and outages due to propagation were veduced by 15% with duration of outages
reduced by 15%-20%; (3) COMMSTA personnel gave a qualitative general "usefulness" rating to PROPHET of
eight on a scale of ten.

The ray tracing capability provided some unexpected returns. It not only was useful as an edu-
cational tool providing insight to the operational personnel into the process of HF propagation, but was
found to give personnel an added (and previously unused) flexibility to perform antenna selection. For
example, a 6 MHz transmission from Stockton was not heard by a ship despite the fact that this frequency
was within the MUF/LUF envelope. A PROPHET ray trace was called and showed the ship to be in the skip zone
for the antenna in use. The ray trace was redone using an antenna with a different take off angle so that
rays would reach the ship. The transmitting antenna was shifted and the frequency/antenna combination pro~
vided six hours of solid communications.

56 CONCLUSIONS
The initial field test in an operational environment of a prapagation assessment terminal has
shown that such information can be useful and will be used if it is tailored to the users needs. This
points out the need to continue model development beyond only a description of the environment. A knowl-
edge (or awareness) of environmental dependencies of systems is thus useful in development of operational
models. ;
Another important test result is the realization that a terminal such as PIbPHET provides a use-
ful vehicle for modelers of the propagation environment. Present modeling capabilities are limited by lack
of phenomenological pictures of some ionospheric processes. Future work must be aimed at removal of these
limitations.
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DISCUSSION

J.Aarons, US
While advances have been made in forecasting, the effect of soft X-rays and solar protons in the 1-20 MeV range,
what has been done about dealing with the great variability in foF2 in middle latitudes during magnetically quiet
periods? Perhaps, factors such as neutral winds and the solar wind have important global effects that we still do not
understand.

Author’s Reply
We are presently working on a model that predicts/assesses foF2 or MUF based on Solar EUV and other factors such
as neutral winds as you noted. However, we are also assessing the accuracy requirements of the operational HF
systems.

K.Davies, US
The PROPHET system appears to be valuable in two respects:

(1) Resolving the dilemma of supplying the user with information he can use rather than what the predictor thinks
the user needs.

(2) Valuable educational tool.

N.G.Gerson, US
Would this system be used by the operators if implemented? Are there not other simpler systems available? What
communications are required to support the system? The present practice, I believe, in Navy circles is to radiate the
same information at a number of frequencies simultaneously or periodically; the ship copies at the frequency
providing the best ratio of signal/noise. This latter method, although wasteful of frequency space, provides a reason-
able low-cost operational answer to the outage problem. Will it be replaced?
Author’s Reply
The PROPHET terminal is designed to provide personnel with environmental advice for a variety of Navy systems
from ELF to UHF. This will consist of real-time as well as predictive advice. Our present experience is that Navy
personnel will use the products issued by PROPHET. An advantage of PROPHET is, by the way, that it provides
the reason for a short wave fade, thus saving efforts trying to re-establish communications by repairing “faulty”
equipment.

J.S.Nisbet, US
" This is a very exciting system in that it allows very sophisticated models to be used simply by unskilled operators.
In the use of models, it is desirable to get feedback on how well they predict so that they can be improved. What
arrangements do you make for this feedback?

Author’s Reply
The accuracy of predictions is actually difficult for us to check precisely. We do check with the personnel on a
regular schedule for comments on accuracy, timeliness and appropriateness of the predictions.

J.S.Belrose, Canada
I must say I am somewhat overwhelmed by the shear magnitude of the undertaking, viz. to provide real-time propa-
gation assessment for a variety of users employing sensors widely-located. I am somewhat pessimistic, however,
about the real value of such a centralized system for HF propagation assessment particularly at high latitudes, because
of the rapid time variation of the propagation media and the limited correlation distance for such disturbances. In
Canada we have recognized this as a problem many years ago, and we opted for a system that we have called CHEC,
which is a code name for channel evaluation and calling. This system can be as simple or as complex as the user
desires, and it does provide real-time assessment over the particular path of concern to each operator. The system
does not predict, it provides evaluation right up to the present, and background knowledge because today's assess-
ment can be compared with yesterday’s. A special sounding transmitter is not required; channel sounding can be
accomplished by using the communications transmitters, which in the case of fleet broadcast are all being keyed in
any case. An alternative for correcting VLF navigation errors is ‘‘differential Omega”, in which a mobile is corrected
using data recorded by a nearby fixed monitor. Your evaluation of PROPHET has to be judged against these, and
other alternatives which your paper did not address.

Author’s Reply
The PROPHET idea is to provide real-time advice as well as long-term forecasting advice using whatever methods
are available for the region anc; system to be helped. Sounding the path to be used at HF (either actively or passively)
certainly can work and could be used in high latitudes where propagation is so highly variablc. However a sounding
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system by itself will not help during a flare where prediction of outage duration and recovery profile is presently
available. Thus, at high latitudes a “‘data source” to PROPHET should be a sounder as well as satellite x-ray and
particle data.
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GEOPHYSICAL DISTURBANCE EFFECTS AND THEIR PREDICTABILITY

E V Thrane
Norwegian Defence Research Establishment
P 0 Box 25 - N-2007 Kjeller, Norway

ABSTRACT

Different types of disturbances in the upper atmosphere can change its properties as a propagation
medium for electromagnetic waves. The paper reviews the most important of these disturbances, and discus-
ses the possibility of predicting, not their actual occurrence, but rather their effect on the atmosphere
once they have occurred. The review is based upon current knowledge of ionospheric and upper atmosphere
physics, and concentrates on effects of importance to radio wave propagation. Both natural phenomena, such
as magnetic storms, and man-made disturbances are discussed.

1. - INTRODUCTION AND OUTLINE

Different types of geophysical disturbances influence the state of the upper atmosphere and change
its properties as a propagation medium for electromagnetic waves. This paper discusses the problem of
predicting these changes. The prediction of the actual occurrence of a certain disturbance will not be
dealt with here. I shall start by assuming that the occurrence of a disturbance with certain characteris-
tics has beesn (correctly) predicted, and then discuss the possibilities we have at present for estimating
the atmospheric changes, relevant to wave propagation, that will result.

A definition of a geophysical disturbance in the context of this paper is not straightforward, and
will of necessity be somewhat arbitrary. The upper atmosphere has certain regular variations that repeat
from day to day and from year to year. Superimposed on this regular pattern are changes that do not re-
peat themselves in a systematic manner. These irregular changes are, to the extent that they influence
wave propsgation, the disturbances that are of interest in this discussion. When the irregular changes are
frequent and pronounced it may not be easy to establish a regular background pattern. Such is the case at
high latitudes, particularly in the auroral zones, where strongly irregular behaviour of the medium is

the rule, rather than an exception. Although it is difficult to give an exact definition of what we mean
by a disturbance, certain typee of major disturbances may usually be identified, and these are discussed
in the following sections. Section 2 briefly describes the important types of disturbances and their
effect on radio wave propagation. The remaining sections deal with these types of disturbance one by one,
discussing their csuses and the possibility of predicting their effects on propegation.

2. THE MOST IMPORTANT TYPES OF DISTURBANCE

There are many ways of classifying upper atmospheric, or ionospheric disturbances, none of them

very satisfactory. Most, but not all disturbances of importance for radio wave propagation are part of the
sequence of very complicated phenomena called a magnetic storm. Time does not permit a discussion of all

aspects of magnetic storms, and I choose to list and discuss a few selected important types of disturbance,
without any attempt at systematic classification according to cause. Table 1 gives this list.

TABLE 1

IONOSPHERIC DISTURBANCES (Rishbeth and Garriott, 1969)

Disturbance

Propagation effects

Time and durstion

Possible cause

Sudden Ionospheric
Disturbance (SID)

(PCA)

Magnetic Storm

Auroral Absorption
(AA)

Relativistic
Electron Precipi-
tation (REP)

Travelling Ionos-
pheric Disturbances
(TID)

Winter Anomaly (WA)

Btratospheric
Warming

Polar Cap Absorption

In sunlit hemisphere, strong
absorption, anomalous VLF-
reflection, F-region effects

Intense radiowave absorption
in magnetic polar regiors.
Anomalous VLF-reflection

F-region effects; increase
of foF2 during first day,
then depressed foF2, with
corresponding changes in
MUF

E-region effects, storm Eg
D-region effects, enhanced
absorption, VLF-anomalies

Enhanced absorption along
suroral oval in areas hundred
to thousand kilometers in
extent, Sporedic E may

give enhanced MUF

Enhanced absorption VLF-
anomalies at sub-auroral
latitudes

Changes of foF2 with cor-
responding changes of MUF
sometimes periodic

Enhanced absorption at
midlatitudes

Changes in absorption,
VLF-anomalies

All effects start
approx simultaneously.
Duration ~3 hour

Starts a few hours after
flare. Duration one to
several days

May last for days with
strong daily variations

Complicated phenomena
lasting from hours to
days

Duration 1-2 hours

Typically a few hours

One to several days

Days or weeks, in
late winter

Enhanced solar x-ray
and EUV flux
from solar flare

Boler protons 1-100 MeV

Interaction of solar low
energy plasma with earth's
magnetic field, causing
energetic electron preci-
pitation

Precipitation of elactrons
with energies a few tens
of keV

Precipitation of electrons
with energies of a few
hundred keV

Atmospheric waves

Probably many causes, such
as changes in concentra-
tion of minor species,
temperature changes, par-
ticle precipitation

Changes in global
circulation pattern
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We are interested in the propagation effects of the disturbances. Propagation is determined mainly 1
by the spatial and temporal variations of the electron density in the ionosphere. For extremely low fre-

quencies ions may also be important. Our primary concern is therefore to predict the changes in plasma i
density resulting from a disturbance. Once these changes are known, the propagation effects can normally

be estimated with reasonable certainty. ’

3. - SUDDEN IONOSPHERIC DISTURBANCES (SID's)

It is well established that SID's are associated with solar flares and are caused by enhanced X-ray
and EUV emissions. Whereas the X-ray intensity may increase by orders of magnitude during such a flare,
the EUV flux normally only increases by a few tens of per cents. The main propagation effects are pro-
duced in the lower ionosphere by radiation with wavelengths in the range 0.05 - 102.7 nm, and extend over
the sunlit hemisphere. They are: HF-absorption, sudden frequency deviations (SFD) of HF-signals, sudden
phase anomalies (SPA) of VLF-signals (See Figure 1). The capability of a flare to produce an SID depends
upon the flux level as well as on spectral composition. Bain and Hammon (1975) find that SPA's are the
most sensitive indicators of an SID, and report on the observed percentage of optical (Ha) flares of
various classes associated with SPA's. The percentage increases from 12% for subflares to 100% for class 3
flares. Fluxes greater than 6:107 Jn~2g™1 in the 0.05 - 0.3 nm band will always give an SPA. Detailed
studies of SID effects by for example Rowe et al. (1970), Montbriand and Belrose (1972) and Desphande

* and Mitra (1972) have shown that the X-rays not only cause enhanced ion production, but that they also

influence the ion chemistry and produce changes in the ionization loss rate. Figure 2 shows electron den-
sity profiles Ng(h) measured during a flare of moderate strength (Montbriand and Belrose, 1972). From
satellite measurements of X-ray and EUV flux, the ion production profiles q(h) may be determined, provided
that the height variations of the density of the major neutral atmospheric constituents are known. Using
a simple form of the continuity equation

aN
= = a(m) - ¥(n)Ni(n) | (1)

the effective recombination rate y(h) may be determined.

There are several problems involved in estimating the ionospheric effects of a flare. First, very
accurate knowledge of the spectral composition is required to compute an accurate ion production profile.
The usual satellite instrumentation, such as the Vela satellites, did not provide sufficient spectral
resolution, particularly at the shortest wavelengths, and model spectra have had to be fitted to the
observed X-ray intensities. New satellites have brought the evaluation of SID's to a turning point, how-
ever. The EUV and X-ray fluxes over the full wavelength region are now avnlable with high time resolu-
tion and in near real time (Donnely, 1976).

Secondly, the ion production profile will be quite sensitive to the state of the neutral atmosphere,
and accurate information on atmospheric density and composition is necessary.

Thirdly, accurate knowledge of the ion chemistry in the lower ionosphere is required to predict the
changes in effective ionization loss rate during an SID. Figure 3 shows experimental evidence that the
loss rate decreases during a flare, and that the decrease depends upon the strength of the flare. Thus
the changes in loss rate will enhance the effects of an increase in ion production. Studies of the lower
ionosphere. by means of mass spectrometers have given us very detailed knowledge of the positive ion
chemistry. In terms of this chemistry a decrease in loss rate between TO and 85 km may be explained *y a
decrease in the concentration of hydrated cluster ions with large recombination rates, relative to the
concentration of the molecular ions 05 and NO* which recombine rapidly. The reaction chains leading to
cluster ion formatiou are not completely mapped, however, and modelling is still bound to be uncertain.
This is even more true for modelling of the negative ion formation, that is important below about 75 km.
The effective loss rate derived during a moderately strong flare by Montbriand and Belrose (1972) shows a
very large decrerse relative to normal conditions near TU km and below. This indicates that the negative |
ion population may have been depleted during the flare, but no models of the negative ion chemistry have
as yet been developed to explain such observations. We must conclude that the effects of an X-ray flare
can only be predicted in gross terms at the lowest heights in the ionosphere.

L, POLAR CAP ABSORPTION EVENTS (PCA)

The energetic particle bombardement of the polar cap ionospheres during a PCA cause long-lasting
and large changes of plasma density, particularly in the lower ionosphere. Severe disruptions of HF-com- !
munication as well as large errors in positioning by means of VLF-navigation systems result. The frequency
of occurrence of PCA events varies from a few events per year during sunspot minimum conditions to one or
more per month in sunspot maximum years. A PCA covers the entire polar caps down to about 60° magnetic
latitude and lasts for a few to several days per event. The intense ionization in the lower ionosphere is
caused mainly by solar protons. Figure 4 (Reagan, 1977) shows the ion production profile for the August
1972 event, one of the strongest ever recorded. In the region below 80 km the ion production is enhanced
by a tutor of 103-10* relative to quiet daytime conditions. From a knowledge of the proton energy spec-
trum the ion production profile may be computed, but such events are also believed to have profound in-
fluence on the chemistry of the region, and therefore on the electron loss rate. Figure 5 (Reagan, 1977)
shows results of a neutral and ion chemistry analysis during the August 1972 event based on incoherent |
scatter measurements of ionization densities. Note the large decrease in electron loss rate near 80 km :
relative to quiet conditions and the increase near 60 km.

The effects on propagation of a PCA event of this magnitude are dramatic. Large absorption may com-
pletely wipe out ordinary HF communication, although the decrease in signal strength over a communication
link is partly compensated for by a decrease in noise level, Absorption at riometer frequencies (-~30 MHz)
may be 10-20 4B above normal, corresponding to 100-200 dB at 10 MHz. An empirical relationship between
proton flux and riometer 30 MHz absorption is quoted by Reid (1972)

J(>20 MeV) = 60 A2 (2)
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vhen J is the 2n omnidirectional flux in em™2s™l and A the absorption in desibels. Although it is derived
for a particular event (February, 1965), (2) is nevertheless a useful approximate guide.

In the lower frequency bands VLF (30-30 kHz) and LF (30-300 kHz) both phase and amplitude changes
are observed on transpolar paths during PCA's.(Westerlund et al., 1969). Amplitude changes, particularly
.for paths crossing the Greenland ice cap, seem to be erratic and difficult to predict, but the major
effect on all paths is a phase advance, corresponding to a lowering of the reflection height. Theory pre-
dicts an approximately linear relationship between phase shift and the loglog of the proton flux. Figure 6
shows that this assumption is reasonably accurate (Westerlund et al., 1969). The phase shifts during PCA
events are important for navigation systems such as Omega, and tests with a partially deployed Omega sys-
tem show that errors in position fixes by as much as 10 km may occur (Swanson, 1971). It should be noted
that, due to the configuration of the earth's magnetic field, there is a marked longitudinal variation in
the particle precipitation, the fluxes being greatest in the American sector.

5. MAGNETIC STORM EFFECTS IN THE F-REGION

Magnetic storms have a profound influence on the F-region, particularly at high latitudes. The cri-
tical frequency in the F2-layer may decrease significantly and the F-layer becomes thicker. The total
electron content normally decreases. Figure T shows typical behaviour of an2 for strong and weeak storms,
for various latitudes (Matsushita, 1959). F-region storm effects present many problems and are probably
due to several different causes, such as heating causing thermal expansion of the atmosphere, storm in-
duced composition changes, acceleration of the neutral atmosphere due to ion drag. Considerable progress
has been made in recent years in understanding how energy is deposited in the ionosphere during a magnetic
storm, and in particular how electric fields can influence composition, density and movement, both of ions
and neutral atmospheric gases.

Models have been developed (Mayr and Hedin, 197T; Roble, 1977) to predict the effects on thermos-
pheric circulation and composition of storm induced heating, and these show reasonable agreement with
observations. Near the daytime F2-layer peak, observations during a storm show (Hedin et al., 1977; PrSlss
and von Zahn, 19Tk; Chandra and Spencer, 1976) that there is a close correlation between the electron den-
sity Nq and the ratio {0]/(N2 ]. Examples are shown in Figures 8 and 9. The results fit with theoretical
predictions that the ionosphere at these heights (3200 km) is in photochemical equilibrium, the ion pro-
duction from atomic oxygen being balanced by charge transfer to molecular constituents. It is also clear
from Hedin et al. (1977) that, at the same invariant latitude, the storm effects are different at diffe-
rent longitudes. : :

During storms it is well established that electric fields are a common feature of the high latitude
ionosphere. Generally the magnitude of these fields are of the order 25-150 mV m™1, but fields larger than
200 mV m™1 have been observed. It has been pointed out (Benks, 197k) that such fields can significantly
influence the ion composition and thereby the electron density in the E- and F-regions. Recently, Schunk
et al. (1977) have estimated the effect of electric fields on the daytime high latitude ionosphere.

Figure 10 shows that substantial decreases of F-region electron densities may occur. The effect is mainly
due to the reactions O*+N, + NO*+N and 03+0, + 03+0, the rates of which depend strongly on ion energy.

The electric fields will increase these reaction rates through Joule heating and through the dependence of
the reactions upon the relative speeds of ion and neutral gases. The ratio of atomic ion density to mole-
cular ion density will decrease and electron loss rates increase as a consequence.

Much work remains to be done before an understanding of F-region storm effects satisfactory from a
prediction point of view is reached. However, recent advances in theory and in observational evidence
have uncovered several important mechanisms that seem to govern the state of the upper ionosphere during
storms., 4

6. STORM EFFECTS IN THE LOWER IONOSPHERE

The magnetic storm effects in the lower ionosphere are caused by complex global patterns of energe-
tic particle precipitation that cause enhanced ionization, as well as changes in loss rate and ion and
neutral composition. Both increased radio wave absorption in the D-region and improved reflection proper-
ties from sporadic E-layers may result. We have already discussed PCA events caused by solar protons,
arriving within hours of certain types of solar flares, and in this section we shall discuss the effects
of electrua precipitation. These depend strongly upon geomagnetic latitude, and also longitude, and may
somewhat arbitrarily be divided into three classes; a) auroral absorption and Eg, b) mid-latitude after-
storm effects, and c¢) relativistic electron precipitation events.

6.1 Auroral Absorption

Auroral phenomena are often associated with radio blackouts. While the aurora itself is caused by
soft electrons (1~10 keV), the enhanced absorption is caused by electrons with energies in excess of
10 keV penetrating into the D- and lower E-region. Although the general morphology of the auroral zone is
well mapped on a statistical bases, the auroral structure is exceedingly complex, and anyone who has wit-
nessed an auroral break-up will appreciate the difficulty in predicting ite detailed behaviour. The auro-
ral particle precipitation occurs in two zones as shown in the now classical Figure 11 by Hartz and Brice
(1967), a diffuse zone with drizzle type precipitation and a zone with discrete, splash type precipitation.
Figure 12 shows the occurrence pattern of auroral absorption (Hartz et al., 1963) expressed as the per-
centage of time the absorption exceeded 1 dB at 30 MHz, As will be seen the absorption has maximum occur-
rence rate along the auroral oval and shows a strong dependence on local geomagnetic time with greatest
values in the morning hours, corresponding to the behaviour of the diffuse zone. In general auroral ab-
sorption at any one location will have time scales of hours and spatial extent of a few hundred kilo-
meters., A great number of ionization density profiles have been measured during auroral events by rocket
techniques. Figure 13 shows some examples with labels indicating the associated riometer absorption
(Jespersen et al., 1968). The great variability in the profiles reflects the variability in time and space
of the spectrum of precipitating particles. As discussed earlier (section 3) large ionization rates may
also influence the ion chemistry in the lower ionosphere and change the ionization loss rates. These pro-
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cesses are not fully understood, which makes the prediction of the effect of a disturbance on radio wave
propagation all the more difficult.

Radio communication may also be favoured in auroral conditions by formation of strongly reflecting
Eg layers produced by soft particles not penetrating below 100 km. Figure 14 shows the percentage occur-
rence rates of Eg and illustrates that the time variation corresponds to the behaviour of the discrete
auroral zone. This type of Eg (fEg > 7 MHz) is thus most frequent at a time of day when absorption is
least probable.

6.2 The mid-latitude storm after effect

It is well established that radic wave absorption at mid-latitudes may be enhanced a few days after
the onset of a magnetic storm (Belrose and Thomas, 1968). This storm after effect has recently been
studied in detail by Larsen et al. (1976) who used simultaneous observations of particle spectra in satel-
lites and ground based observations of electron density to study the response of the lower ionosphere to
the storm particles. Figure 15 shows the latitudinal variation of electron flux (>130 keV) before and
after the storm, illustrating the enhanced precipitation down to lower latitudes after the storm. Fi-
gure 16 shows the corresponding values of electron loss rates at Ottawa. There is a strong variebility in
the height range 75-90 km, and no simple relation between the intensity of ion production and electron
loss rate is evident from this study. One must conclude that even when a detailed particle spectrum is
available and hence the ion production is known, the electron density profile and the radio propagation
effects cannot yet be predicted with reasonable accuracy in the lower ionosphere. We obviously lack suffi-
cient knowledge of the photochemistry of this region.

6.3 Relativistic electron precipitation events

Bailey and Pomerantz (1967) first noted a type of ionospheric disturbance affecting the very lowest
part of the D-region causing radio wave absorption, enhanced VHF forward scatter and large phase changes
of VLF waves. The disturbances are closely correlated with substorms and are usually restricted to sub-
auroral latitudes. It is clear that the effects are caused by precipitation of relativistic electrons
(Matthews and Simons, 1973) with energies 2500 keV. Rosenberg et al. (1972) and Thorne and Larsen (1976)
have studies such events. They conclude that substorm activity is a necessary condition for REP events,
but that not all substorms lead to the intense precipitation causing REP's. Apparently the absolute inten-
sity of the substorm is not a good indicator of whether or not a REP event will occur. An interesting
feature is the absence of REP events in the early morning hours (local time) as observed in Alaska. Day-
time events are often delayed by several hours relative to the onset of a substorm, whereas nighttime
events are directly correlated with substorm activity. Thorne and Kennel (1971) Thorne (197k) suggest
that REP events are triggered by ion cyclotron waves in the magnetosphere causing parasitic electron
scattering. A definite test of this theory is still lacking, and the prediction of REP events and their
effect on propagation can only be made on a statistical basis. Large absorption (>10 4B at 30 MHz) and
large phase edvances at VLF (for short paths 50-100 us) are common features of REP events. As discussed
in earlier sections, strongly enhanced ion production in the lower D-region will change the ion and
neutrel composition end thereby influence the ionization loss rate.

T. THE WINTER ANOMALY IN IONOSPHERIC ABSORPTION

At middle latitudes, 35-60°, ionospheric radio wave absorption in winter does not follow the simple
solar zenith angle dependence to be expected from averaged summer observations. The general background
of winter absorption is enhanced relative to summer values at the same zenith angles, and in addition
days or groups of days occur in winter when HF-absorption is greatly enhanced and seriously affects radio
communication. The frequency of occurrence of such events increases with increasing latitude. No doubt
this is partly due to the influence of particle precipitation, such as the.:storm after effects discussed

earlier. However, ‘. uow seems clear that at least at the lower latitudes, the main winter anomaly effect
is due to inter. . ‘s of the ionosphere with the neutral atmosphere at and below ionospheric heights.
This "meteorolog': .. type" of winter anomaly was recently studied during the "Wester Europe Winter Anomaly

Campaign" conducte( from Southern Spain during the winter 1975-76 (Offermann, 1977). The enhanced absorp-
tion was due to inci-uscd electron densities in the height region 75-95 km. These enhanced electron den-
sities were, hovever, not caused by increesed ionizing radiation, in the form of solar electromagnetic
rndiatiog)or energetic particles, but appeared to be due to at least three different factors (Thrane et
al., 1978):

a) Enhanced density of mesospheric nitric oxide NO causing increased ionization by solar H-Lyman-a
radiation.
b) Decreased electron loss rate in the range, 75-85 km., This decrease coincided with a depletion of

heavy positive water cluster ions with large recombination rates.

e) Enhanced density of mesospheric excited molecular oxygen Op (lAB) causing increased ionization by
solar UV r adiation. :
The period of enhanced absorption in January 1976 was associated with wavelike structures giving
marked deviation of the atmosphere from the reference atmosphere (CIRA 1972). Figure 1T shows the noon A3
absorption and Figure 18 shows rocket measurements of atmospheric temperature clearly demonstrating a
temperature wave distorting the normal stratospheric~ and mesospheric temperature profile (Offermann,
1977, Becker et al., 1978). The disturbance could be traced all the way to the ground. The new results
promise better understanding of ionosphere-atmosphere coupling and show the way towards possible predic-
tion of such events. A further indication of the possible role of transport processes was given by Geller
et al, (1976 who showed a connection between D-region electron densities at Urbana, Illinois and meteor
radar drift observations. Drifts from the north was correlated with enhancements of electron density.
Buch observations could be explained by southward transport of nitric oxide produced by particle precipi-
tation in the auroral zone. ’
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8. STRATOSPHERIC WARMINGS

The coupling between the ionosphere and stratosphere was first clearly demonstrated in studies of
the correlation between ionospheric absorption and stratospheric warmings (Shapley and Beynon, 1965) who
showed that ionospheric absorption increased a few days after a temperature increase in the stratosphere.
Stratospheric-mesospheric midwinter warmings are synoptic scale events associated with a reversal or
"breakdown" of the polar circulation at altitudes at least as low as 30 km (Labitzke, 1977). A major
warming may result in temperature increases in the upper stratosphere and lower thermosphere of more that
50 K. The events occur in late winter and last for days or weeks. They are apparently forced from the
troposphere, but no complete explanation has been given.

In view of the recent results from studies of the winter anomaly it seems clear that changes in the
state of the neutral atmosphere, such as changes in composition and temperature, can influence ionospheric
parameters. A better understanding of the coupling mechanisms may lead to reliable synoptic prediction of
the lower ionosphere based partly on the meteorological situation at lower levels.

9. TRAVELLING IONOSPHERIC DISTURBANCES (TID)

Radio communications are sometimes disrupted by moving ionospheric irregularities that may alter
the characteristics of the wave (phase, amplitude, polarization, direction of propagation) on time scales
ranging from seconds to hours. Extensive studies have been made to identify the sources and map the be-
haviour of such travelling disturbances. A review of the results has been given by Georges (1967). He
identifies three distinct types of travelling disturbances:

a) Very large disturbances retaining a wavelike structure over large distances. An example is shown in
Figure 19. Such disturbances are closely correlated with magnetic storms, an almost one-to-one corres-
pondence is observed between this kind of disturbance and storms with Kp indices greater than 5. The
source is believed to be Joule heating by the auroral electrojet. Typical speeds are >300 m/s and typi-
cal periods 30 minutes to more than one hour.

b) ‘A second type of TID is the "medium scale" events which travel at speeds less than the speed of sound
and have periods from 10 to 40 minutes. These TID's do not retain their shapes over a more than 100 km
and are not well correlated with known geophysical phenomena. They have the characteristics of internal
atmospheric waves and may originate in the lower atmosphere.

¢) A third type of disturbance seems to be directly associated with severe weather systems such as large
thunderstorms, and show oscillations of the order of 3 minutes.

Prediction for communication purposes of TID's would seem difficult until their behaviour is better under-
stood. A possible exception are the very large disturbances that are clearly correlated with severe mag-
netic activity.

10.  MAN-INDUCED IONOSPHERIC DISTURBANCES

Man may, inadvertently or on purpose, alter the state of the upper atmosphere and produce distur-
bances of importance for radio propagation. Such disturbances fall into three different categories.

a) Changes induced by heating the ionosphere from the ground by powerful radio waves.

b) Release of chemically active substances in the atmosphere that alter the composition and photochemical
properties of the medium.

¢) Nuclear detonations releasing ionizing radiation and producing shock waves that significantly change
the state of the upper atmosphere.

Effects of all three kinds of disturbance have been observed and are now reasonably well understood.
The first category includes the classical cross modulation, or Luxembourg effect, and the creation of ir-
regularities or spread F conditions. Since appreciable power is needed for the "heating" transmitter, the
affected areas have limited geographical extent, of the order of 100 km in the F-region (Bailey and Martyn,
1937; Utlaut and Cohen, 1971).

Releases of chemically active substances also have transient and limited effects unless very large
amounts of material are released. For example an ionospheric effect was observed after the release of
water into the ionosphere during the launch of Skylab (Mendillo et al., 1975). There is, however, the
possibility that man's activity over longer periods may change the state of the upper atmosphere through
releases of long lived species that are transported from the lower atmosphere to greater heights.

Undoubtedly nuclear explosions in the upper atmosphere have produced the strongest and most exten-
sive changes in the propagation medium. Radiation from a nuclear charge has produced ionospheric effects
such as black-outs, phase deviations and TID's over areas many thousande of kilometers in extent. With
present day knowledge of the atmospheric response to radiation, effects of a known type of nuclear weapon
discharged at & known height should be predictable with reasonable accuracy.

11. CONCLUSIONS

Geophysical disturbance effects in the upper atmosphere present a very complex and sometimes bewil-
dering picture to the scientist as well as the user. Predictions of conditions relevant to radio communi-
cations have been greatly improved in recent years as far as short time forecasts of certain kinds of dis-
turbances are concerned. However, our knowledge of the propagation medium is far from complete, and pre-
dictions of the response of the medium to an imposed stimuli such as particle precipitation, increased
temperature etc are as yet bound to be uncertain and qualitative in nature. A picture is nevertheless
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made in the field should result in usable prediction schemes in the future.
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Figure 1 Time variation of X-ray flux and various SID's for a flare on
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Figure 2 Electron density versus height profiles for a large flare
on July 8 1969 (Montbriand and Belrose, 1972).
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Figure 7 Dst variations of NyF2 in each of eight latitude zones for
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Figure 10 Altitude profiles of electron density for several effective
electric field strengths (mV m™1) (Schunk et al., 1975).

Figure 11 An idealized representation of the two main zones of auroral
particle precipitation in the northern hemisphere, where the
average intensity of the influx is indicated very approximate-
ly by the density of symbols and the coordinates are geomag-
netic latitude and geomagnetic time. The "discrete" events
are represented by triangles (which closely correspond to the
undisturbed "suroral oval") and the "diffuse" events are indi-
cated by the dots (Hartz and Brice, 1967). (Geomagnetic time
is local solar time measured with respect to geomagnetic
longitude,)
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Figure 12 The percentage of the time that. auroral radio wave absorption
of 1.0 dB or more occurred at 30 MHz., The data were obtained
in the northern hemisphere during the period 1959-1961, and
are plotted as a function of geomagnetic latitude and mean
geomagnetic time, “(After Hartz et al., 1963).
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Figure 13 Average electron density profiles for different amounts of
auroral absorption (Jespersen and Landmark, 1968).
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ral-zone stations: the data are the average of 5 years' data
at Point Barrow (68.4°N), Churchill (68.7°N) and Ft-Chimo
(69.6°N) (Hartz, 1968).
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Figure 15 Latitudinal flux profiles of the locally-trapped (HEES) and
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ber 17 1971 (Larsen et al., 1976).
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DISCUSSION }

E.Montbriand, Canada !
The Discussion concerning the rocket experiments during the winter anomaly event did not mention if any energetic .
particles were precipitating. In our cooperative work with Lockheed, we established a position relationship between
past magnetic storm effects and precipitating particles. During the winter anomaly event studied, could precipitating
particles be positively ruled out as being a contributor to the anomalous absorption? &

Author’s Reply 1
The rockets did carry energetic particle spectrometers (40 keV - | MeV, for electrons) and for the winter anomaly
day, 21 January 1976, these instruments showed very small particle fluxes. The ion production from these fluxes
could not have caused the enhanced ionization in the height range 70100 km. It seems, therefore, that the absorp-
tion event was truly of a “‘meteorological™ type, not caused by enhanced particle precipitation. The solar X-ray flux
was also monitored and showed only a minor increase relative to normal.
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SUMMARY OF SESSION 11
REVIEW/IONOSPHERIC ENVIRONMENT
by

Dr C.M.Rush
Session Chairman

The session opened with an invited talk by Professor Nisbet of the Pennsylvania State University entitled
“Operational Physical Models of the lonosphere™. The talk focused on the current state of knowledge of the physical and
chemical mechanisms responsible for the formation, as well as the changes in the structure, of the ionosphere. The impor-
tance of the dynamics of the neutral atmosphere in the determination of the ionospheric structure was stressed. Professor
Nisbet pointed out the various types of approaches to ionospheric modeling and the strengths and weaknesses of each.
The state-of-the-art of ionospheric modeling is such that the average ionospheric structure can be well modeled but the
day-to-day variability can not.

The intentions and the approach to developing the International Reference Ionosphere (IRI) was next described in
a paper by Rawer et al. Professor Rawer was unable to attend the meeting and the paper was read by Dr Albrecht. The
IRI is a joint URSI and COSPAR effort. The IRI is a computer-based ionospheric model that yields the following para-
meters: electron density, electron and ion temperature, and relative ion composition. The model relies quite heavily on
measured data and the areas where the model is lacking in accuracy because of a scarcity of observations were described
in full. The utilization of satellite data to supplement ground-based observations has proved to be viable means for
obtaining a realistic ionospheric model, particularly over ocean areas.

The propagation of VLF signals from one hemisphere to another along lines of force of the geomagnetic field was
described by Bernhardt and Park. Using a model of the ionosphere and magnetosphere charged particle populations, they
were able to model the ducting of VLF waves in the natural environment. The modeled results were consistent with
direction finding measurements of VLF waves observed in the plasmasphere.

Following this paper, a general discussion period was undertaken. The comments resulting from this discussion
period are given elsewhere.

The last two papers of the session were devoted to correcting for ionospheric induced errors in satellite systems.
Tomljanovich and Long described a methad to update in real-tfime the range correction for a space surveillance radar. The
method relies on the adaptation of measur:ments of total electron content (TEC) made using the TRANSIT satellites to !
provide a correction to the TEC estimate over the entire radar coverage area. Methods to extrapolate the observations
were developed and described in full. [he results of on-site measurements at Clear, Alaska, were presented to illustrate
the improvement in radar accuracy.

Dr Rodney Bent presented the last paper dealing with ionospheric correction in satellite-to-satellite tracking. It was
pointed out that the tracking of satellites were subjccted to errors such as: satellite height, localized ionospheric perturba-
tions and electron density changes. The use of a sophisticated model to reduce these errors was described. This model
of electron density provides for a global representation of the electron density as is particularly appropriate for
representing the electron density in the ionosphere above the F-layer -peak.
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