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OBJECTIVE

Develop and demonstrate the feasibility of an operationally useful
ionospheric propagation assessment system that provides Navy operations
personnel with information on the current state of the environment as it
relates to electromagnetic propagation; assess the effectiveness of sup-
porting such a system with real-time satellite-borne solar-emission sen-
sors; and provide forecasts of future conditions so that appropriate
actions may be taken to mitigate or circumvent solar disturbances.

RESULTS

9 Ionosphere-dependent systems (hf, vlf, SATCOM) can be provided
with timely and accurate propagation forecasts by means of a

distributed computation network driven by a real-time environ-
mental sensor complement, including satellite-borne solar activ-
ity monitors.

o Navy operations personnel are well aware of environmental
limitations on electromagnetic systems performance and will
readily accept and use new propagation forecasting tools as soon
as they perceive that these tools will reliably improve their
ability to manage such systems.

o Computer-assisted propagation forecasting has a role in Naval
operations under both quiet and disturbed solar/ionospheric
conditions.

o Practical propagation forecasting is facilitated through the
development of "minimal models" tailored to specific end-user
requirements and simplified to the maximum degree consistent
with the inherent predictability of the propagation itself.

o PROPHET's demonstrated success in improving Naval hf communica-
tions in Eastpac and elsewhere, coupled with diminishing practi-
cal Naval hf expertise (because of increased reliance on
FLTSATCOM), argues for early deployment of a PROPHET-type system
at CAMs and COMMSTAs.

RECOMMENDATIONS

* Conduct a design study to reconfigure the PROPHET terminal by
using a modern high-performance disk-based minicomputer in place
of the AN/UYK-20.

e Develop highly compact propagation forecast and disturbance mod-
els capable of extending PROPHET capabilities to other opera-
tional areas, including the North Atlantic and Indian Oceans.

o Demonstrate, test, and evaluate PROPHET terminals for applica-
tions other than hf communications.

* Develop shipboard and airborne versions of PROPHET.

1+
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INTRODUCTION

Navy systems relying upon beyond-the-horizon radio propagation in
the vlf (10 - 30 kHz) and hf (10 - 30 MHz) bands are critically influenced
by the state of the ionosphere, since it is the ionosphere that provides
the reflection mechanism required to support such long-range propaga-
tion. To a lesser, though still significant degree, ionospheric
processes also impact on surface-to-satellite links operating in the
higher frequency (vhf, uhf, shf) bands. These are specific examples of
the general sensitivity of electromagnetic systems to environmental
effects, as summarized in table 1.

The composition and structure of the ionosphere are primarily
influenced by solar emissions which are themselves subject to marked -
though largely predictable - diurnal and seasonal variations caused by
the Earth's orbital motion. Superimposed on these variations are the
somewhat less predictable 11-year solar sunspot cycle (figure 1) and the
virtually unpredictable occurrences of solar flares.

Operations personnel responsible for the effective management of
Navy electromagnetic systems must take appropriate actions to compensate
for this variability. Operators of hf communications and surveillance
networks must shift frequencies and/or antennas to maintain a high
degree of circuit continuity and area coverage. Navigators using vlf
systems such as OMEGA must apply appropriate corrections to compensate
for the errors induced by variations in signal propagation velocity.
Operators of SATCOM links must know when to expect degradation as a
result of scintillation, so that communications schedules can be planned
accordingly.

To a limited extent, these requirements are presently met by pub-
lishing voluminous tables of propagation predictions for use by opera-
tions personnel. For point-to-point hf radio operators at Naval
Communications Stations (COMMSTAs), for example, NAVTELCOM generates a
set of tables designated NTP-6 that provides forecasts of usable fre-
quencies and antennas for links terminated at a given COMMSTA. OMEGA
navigators apply phase corrections derived from tables published by the
Defense Mapping Agency Hydrographic Center. The widely recognized limi-
tations of these methods are as follows: (1) they do not reflect the
actually occurring present state of solar activity and the ionosphere -
only its statistical expectation - and therefore can be in error; (2)
they are limited to the specific propagation paths for which the tables
have been generated; and (3) they are time-consuming to use and other-
wise logistically inconvenient. While means exist for disseminating
prompt notification of in-progress solar/ionospheric disturbances to
operations personnel, no useful guidance is provided on remedial actions
or the expected duration and severity of the event and its performance
Implications for specific electromagnetic systems. Consequently, during
strong solar flares hf and vlf systems are - for the most part -
severely degraded.

" A
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Thus there exists an evident need to provide more effective assist-
ance to operations personnel for optimizing their performance in the
face of environmental variability. When the sun is "quiet", it would be
desirable to replace manual recourse to tables with on-site automated
computation based on the actual state of the ionosphere and tailored to
the specific operational requirements of the user. During solar/
ionospheric disturbances, assessments of the expected impact on systems
performance should be provided, together with guidance on how best to
operate while the disturbance is in progress.

The technology required to meet these objectives has become availa-
ble in the past few years, just in time for the 1980 - 81 maximum of the
current 11-year solar cycle. NOSC has developed a propagation assess-
ment and forecasting terminal (dubbed PROPHET) that accepts space envi-
ronmental data from a variety of sensors and provides real-time,
quantitative forecasts of systems performance under operational condi-
tions. The history of effort leading up to and deriving from this
development is outlined in table 2.

8



Table 2. Project history.

PERIOD PROGRAM SPONSOR DESCRIPTION

PREDECESSOR:

1962 - 1966 SS267 NAVELEX Formulated requirements and devel-
oped techniques for a Radio Frequen-
cy Propagation and Prediction System
utilizing ground-based observations of
solar radio emissions.

MAIN PROGRAM:

1969- 1972 SOLRAD NAVAI R Investigated potential of SO LRAD

APPLICATIONS satellite data for assessment and pre-
diction of solar activity effects on
ionosphere-dependent systems.

1972 - 1976 SOLRAD-HI NAVAIR (AIR 370C1) Hardware/software development of
Environmental NAVELEX (PME 106-3) PROPHET hf propagation forecasting

Prediction System terminal.

1976 - 1979 SOLRAD/PROPHET NAVELEX Development Test and Evaluation
DT&E of PROPHET terminal at

NAVCOMMSTA/Stockton and NOSC
Real-time Geophysical Laboratory.

SPINOFFS:

1977 - Present CLASSIC PROPHET COMMNAVSECGRU Application of PROPHET propagation
forecasting models to HFDF.

1978 - Present Polar Communication FAA Develop microprocessor version of
Prediction System PROPHET for hf resources manage-

ment in Alaska/North Pacific opera-
tion area.

1979 - Present Tactical NAVMAT 08T23, Advanced mobile PROPHET
Prediction NOSC Code 532 system for hf communications,
Module frequency management and

tactical emission control

SOLAR EFFECTS ON THE IONOSPHERE

Figure 2 illustrates the diurnal propagation characteristics for
the hf frequency band for a path from Guam to Hawaii under undisturbed
ionospheric conditions. Frequency is plotted versus a 24-hour time
period. Vertical deflections of the traces in the frequency - time plane
indicate that communications over this path are possible; no deflections
signify the contrary. The lowest observed frequency (LOF) follows very
closely the secant of the midpath solar zenith angle. During the day-
light hours, increased ionization in the ionosphere D-region (50 - 90-km
altitude) results in increased absorption for hf frequencies. Frequen-
cies above the maximum observed frequency (MOF) penetrate the ionosphere
and are not reflected back to the desired receiver.
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Figure 3 shows propagation conditions for this same path a few days
later during a solar-flare period when the sun emitted large bursts of
x-ray radiation. The 1 -8-A solar x-ray flux (in erg/cmz.s) plotted in
figure 3 shows two large peaks (at 1940 and 2100 GMT) during and after
which the entire hf spectrum is unusable (so-called short wave fades or
SWFs). At vlf, the enhanced D-region ionization leads to an effective
lowering of the ionosphere with consequent decrease in the width of the
earth - ionosphere waveguide responsible for propagation over large dis-
tances. This, in turn, leads to a vlf phase advance that causes a navi-
gation receiver to appear to move suddenly towards the transmitter if
the transmission path is sunlit (so-called sudden phase anomaly or SPA).
Position errors as large as 10 nmi can occur with respect to a single
station, although the hyperbolic position fixing used with OMEGA naviga-
tion usually reduces this error considerably as a result of vectorial
cancellation of SPA-induced errors on different stations.

The various emissions during a solar flare and their effects on the
ionosphere are schematically indicated in figure 4. Ultraviolet and
x-ray radiation reach the ionosphere a few minutes after the eruption of
a flare, to cause increased D-layer ionization with resulting SWFs and
SPAs. With a delay of up to several hours, high-energy protons and
alpha particles also cause increased D-layer ionization -mostly in the
polar regions -which is why this phenomenon is called polar cap absorp-
tion (PCA). One or two days after a flare, low-energy plasma reaches
the ionosphere to cause magnetic storms, aurorae, increased D-layer ion-
ization, and enhanced ionization in the E-layer of the ionosphere (near
105-km altitude) - the so-called "sporadic E".

UNDISTURBED PROPAGATION
29-3 JUY 172' ,K * LOWEST OBSERVED29-30 JULY 1972 : 7;, FREQUENCY (LOF)

GUAM TO HAWAII *. ... REQUENCY(LOF)
OBLIQUE-INCIDENCE SOUNDER PATH .

MAXIMUM OBSERVED-
FREQUENCY (MOF) 2

,~~ S ,DATsuSE

MIDPATH SUNRISE

10'44,' ,; X = SOLAR ZENITH ANGLE

Figure 2. Undisturbed propagation, 29-30 July 1972.
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HF SHORTWAVE FADE DISTURBANCE
2 AUGUST 1972 ' ', ,

. -," . .LOF i "10" 1

.: ,,>:, < t GUAM TO HAWAII

NOBLIQUE-INCIDENT SOUNDER PATH

Figure 3. Hf short-wave fade disturbance, 2 August 1972.

e FLARE

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

ELECTROMAGNETIC SOLAR COSMIC RAYS MAGNETIC STORM

RADIATION DELAY: 15MIN PARTICLES

DELAY: 8.3 MIN TO SEVERAL HOURS [DELAY: 20-40 HRS

HIGH-ENERGY PROTONS LOW-ENERGY PROTONS
ULTRAVIOLET AND X-RAYS AND a PARTICLES AND ELECTRONS

D-LAYER INCREASE (WF) D-LAYER INCREASE (PCA) I ANEORA IMAGOR INCREASE

L_.__.J _.___J ABSORPTION)I

Figure 4. Flare emissions and ionosphere effects.
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PROPHET CONCEPT AND IMPLEMENTATION

All the solar flare emissions need to be known if one wants to cal-
culate and forecast their effects on the ionosphere and the resulting
communication, surveillance, electronic warfare, or navigation systems
performance. However, most of the radiation or particles never reach
the surface of the earth; they have to be measured before they are
absorbed in the ionosphere. This is being done operationally by a num-
ber of satellites, as shown in figure 5. While the higher (19-earth
radii) orbit of the SOLRAD HI satellites - which extends well beyond the
boundary of the magnetosphere (shaded structure) - does not convey any
particular advantage over the NOAA SMS/GOES satellites in solar x-ray
emission measurements, there are definite advantages in measurements of
the solar wind and the delayed flare-induced particle emissions dis-
cussed earlier. Thus the existing complement of satellite-borne sensors,
when taken together with ground-based measurements, provides sufficient
real-time environmental monitoring resources to drive a radio propaga-
tion forecasting system.

ITOS, T IROS N

SOLRAD H I

Figure 5. Orbits of dedicated real-time satellites,
illustrating spatial coverage obtained.
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The system concept which has been developed at NOSC is illustrated
in figure 6. On the left, various inputs are depicted which range from
on-site ground-based sensors (such as solar radiometers and ionospheric
sounders), to satellite sensors, to data and support that are available
from the Air Force and NOAA. The input data are sorted, converted, and
relayed to various propagation forecast (PROPHET) terminals. On the
right side of figure 6, a few applications are illustrated. They cover
hf and vlf communications, ionospheric scintillations affecting satel-
lite communication, vlf navigation, command and control advisory, and
many others.

A PROPHET terminal itself (figure 7) consists of a stand-alone
minicomputer system with an interactive graphic display and a hard-copy
unit. In the initially implemented version, the (MIL-SPEC) minicomputer
used is an AN/UYK-20 supported by magnetic tape mass storage. The unit
also interfaces to a teletype for orderwire communications as well as to
a paper-tape punch for the automatic generation of Fleet Broadcast mes-
sages (disturbance alerts) with proper headers for direct submission via
the AUTODIN system.

The actual data flow in the initial implementation of PROPHET is
shown in figure 8. The solar/space environmental data measured by the
SOLRAD HI satellites and telemetered to the NRL ground station at
Blossom Point, Maryland, are relayed to the NOAA Space Environmental
Services Center at Boulder, Colorado. There it is combined with comple-
menting data from the SMS/GOES satellites and sent on to the NOSC La
Posta Astrogeophysical Observatory (figure 9). At La Posta, additional
data are received over the Astrogeophysical Teletype Network, including
specially generated hf forecasts from the Air Force Global Weather Cen-
tral at Offutt AFB, Nebraska. All such information is sorted, decoded
if necessary, and converted into a format directly usable by the remote
PROPHET terminals.* Only those elements of the real-time environmental
data stream which are specifically needed by a PROPHET terminal are
transmitted to it. The first of these terminals was installed - for
development test and evaluation purposes - at the Naval Communications
Station, Stockton, CA, in December 1976.

*Note: Effective 1 October 1979, all real-time PROPHET support functions

performed by the La Posta Observatory have been transferred to the new
Real-Time Geophysics Laboratory at the NOSC Point Loma Complex.

13
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AN/UYK-20
~~A4 MINICOMPUTER

ORDERWIRE

Figure 7. SOLRAD-PROPHET terminal.
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ENVIRONMENT PREDICTION
AND ASSESSMENT SYSTEM (EPAS) TEST

S SOLRA HI SIR

PREDICTION TERMINAL OBT

TTY D

NRL
BLOSSOM PT, MO

NOSC LAPOSTA

Figure 8. SOLRAD-PROPHET data links for hf conmunications
N test and evaluation.
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Figure 9. General view of the NOSC La Posta Astrogeophysical Observatory.
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PROPHET PRODUCTS

The distinguishing feature of the PROPHET system is its use of
distributed data processing. By putting a powerful minicomputer at the
end-user's site, a wide variety of output products can be generated in
formats specially tailored to the user's operational requirements. In
typical operation, the PROPHET terminal is equipped with radio propaga-
tion forecast models that are applicable to normal (ie, undisturbed)
environmental conditions. The environmental data stream coming from La
Posta is then used to adjust these forecasts to the actually occurring
conditions. This has been made possible through the development of
special "minimal" propagation models which are highly compact and suit-
able for minicomputer implementation. Economies of storage and execution
time are achieved by tailoring the accuracy goals of the models to both
user requirements and the inherent predictability of the propagation
itself within the limitations imposed by the environmental data. The
"minimal" models developed for use in the PROPHET terminal are listed in
table 3.

One major objective in the development of the PROPHET products was
simplicity in presentation and ease in operation and understanding.
"igure 10, a hard copy of an actual PROPHET display, is an example of
Now these objectives were met. On the display, a map depicts the area
of concern for the communications controller. For the Navy Communications
Station at Stockton, California (shown by an asterisk on the map), this is
the eastern Pacific. At the upper left corner, a smaller graph is labeled
SOLAR ACTIVITY. This graph displays the solar 1 - 8-1 x-ray flux received
during the preceding hour from SOLRAD HI or alternate (SMS/GOES) satellites.
The communications controller enters the geographic coordinates of the ships
with which he wants to communicate, and the computer displays these posi-
tions on the map. The computer also generates a table that shows, for each
ship, the frequency band and optimum frequency to be used for communication,
based on the real-time space environmental data stream input into PROPHET.
From the display in figure 10, for example, the controller can see that he
has to use a frequency between 2 MHz and 11.2 MHz to communicate with the
USS RANGER. The frequency of optimum transmission (FOT) is 8.9 MHz. The
map and its information are updated every few minutes.

A more complete display of circuit information - useful wher, ieveral
communication circuits are being controlled at once - is available in the
form shown in figure 11. Here the range and bearing to the ship, as well
as the (operator-entered) current send/receive frequencies, are also
displayed.

18
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A 24-hour forecast of propagating band and optimum frequencies
based on the current values of solar activity - is another PROPHET
product. Figure 12 shows the corresponding display for the circuit
between the USS DURHAM and Stockton ("SAN FRAN"). Without PROPHET, the
communications controller would have to generate such forecasts labor-
iously by interpolating (in space in time) in the NTP-6 tables. PROPHET's
forecasts have the additional advantage of being adjusted to the current
value of solar activity.

A very important PROPHET capability is the production of raytraces
that depict the path of the electromagnetic wave fronts. Figure 13 is
an example of a raytrace over a 3000-km path. A nuner of important prop-
agation features are evident from this presentation. No (skywave) communi-
cations are possible at the given 12.55-MHz frequency out to approximately
1400 km. This so-called skip zone may be of advantage if an unwanted re-
ceiver is located within this range. Focusing (ie, several rays concen-
trated in a small area) occurs between 1400-1500 km and, because of the
different travel times of the rays, signal degradation through inter-
ference may be expected. A similar interference may be expected at about
2750 km. The USS DURHAM, indicated by the triangle below the horizontal
axis, is seen to lie just at the edge of the zone of single ionospheric
reflections, and thus is in a marginal propagation configuration that dic-
tates the use of a somewhat higher frequency. Another application of the
raytrace picture is the selection of specific antennas with launch angles
that favor desired rays and suppress undesired rays for a particular opti-
mum coverage situation.

The correlation between 1 - 8-A x-ray flux and the LOF evident in
figure 2 led to the development of an empirical model which permits the
prediction of the LOF as soon as the peak x-ray flux has been reached dur-
ing a solar flare. This capability has important applications. Figure 14
is an example of a PROPHET product which can be used to predict the time
to recover from a short-wave fade blackout as a function of operating fre-
quency. In this example, a flare is shown to have peaked about'4 minutes
previously, as indicated by the solar activity graph, and recovery fore-
casts are being generated for the USS CORAL SEA. The slanting line gives
time to recovery versus frequency. Thus the current send frequency of 14
MHz is predicted to be blacked out for close to 100 more minutes while the
receive frequency and other send frequencies -both below 6 MHz -will be
blacked out for over 3 hours. If, however, these frequencies are moved up
close to the 20-MHz MUF, service could be restored in 10 - 15 minutes. The
recognition that a solar flare (and not equipment failure) was the cause of
the outage, and the knowledge of when to resume communications as a function
of frequency, are of critical operational importance.

To alert Fleet units promptly of impending difficulties in hf communi-
cations and vlf navigation during a solar flare, PROPHET generates a paper
tape of a disturbance alert message suitable for direct transmission over
Fleet Broadcast via the AUTODIN system. Figure 15 shows actual examples of
such messages.
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OTTUZYUW RUWNSAA80OI 1902035-UUUU--RUHPSAA RHWZMKK.
ZNR UUUUU
0 092035Z JUL 7B
FM NAVCOMMSTA STOCKTON CA
TO RUHPSAA/NAVCAMS EASTPAC HONOLULU HI
INFO RHWZMXK/ALL SHIPS COPYING PMK)
PT
LJeLAS //N02300//
M,716UNICAT ION ALERT
FOR SUNLI PATHS DUE TO SOLAR FLARE AT 2035 GMT.
HF FADE AND OMEGA ERRORS POSSIBLE UNTIL 0222 GMT.
HISHER FREQS WILL RECOVER SOONEST.
FT

W; N N

OTTUZYUW RUWNSAA0002 1902054-UUUU--RUHPSAA RHWZMKX.
ZNR UUUUU
0 092054Z JUL 78
FM t4AVCC!SMSTA STOCKTON C&
TO RUHPSA,/NAVCAS EASTPAC HONOLULU HI
INFO RHWZMKK/ALL SHIPS COPYING PMKK
ST
LNCLAS //NO230//
CO'",UNICATION ALERT
CANCELLAT ION

FULL RECOVERY FROM SOLAR FLARE AT 2047 GMT.

FT
LA 221 2

4NNNN

Figure 15. Standard disturbance alert message generated
by PROPHET for Fleet Broadcast transmission.
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In addition to the foregoing hf assessment capabilities, PROPHET
also provides products useful for other types of electromagnetic systems.
Figure 16, for example, shows a statistically-based forecast of SATCOM
scintillation fade depth for a 24-hour period. The down links are from
the GAPPAC satellite to the USS CONSTELLATION and to NAVCOMMSTA Stockton.
In this case, the links are predicted to be free of scintillation. Figure
17 shows PROPHET predictions of phase corrections to be applied to OMEGA
navigation signals received at the indicated position. These could be re-
layed to the ship over the orderwire if required. In the absence of solar
flares, such corrections - although somewhat less accurate than those avail-
able from tables -would be sufficient for navigation on the open sea. Dur-
ing a flare, the PROPHET predictions change in proportion to the flare x-ray
intensity and would thereby be more accurate than the (statistical) predic-
tions obtained from tables.

Other PROPHET products are under development which will greatly extend
the usefulness and scope of the terminal. They are listed in table 4. The
column headed FOTACS refers to another NOSC-developed system designed pri-
marily to handle the administrative details of telecommunications resource
management, rather than for disturbance forecasting/assessment. It is equip-
ped with a few of the PROPHET models but, as seen from the table, it is not
equipped for practical real-time propagation forecasting.
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SOLAR ACTIVITY

R -1 .. 22 JAN 21.00.00 GMT

-2 I . . .- - .... - - .- SOLAR ACTIVITY. QUIET
- . . LA POSTA DATA LINK. UP

F -3 . . ..L. -4-U ; -5 ".-..... .. 4 ... . ...........
u -6o * ---- - ---' -.... .... .... -! .......... .......... •:...........

-60 -50 -40 -30 -20 -10 0

TIME, MIN

SCINTILLATION PREDICTIONS FOR SATELLITE GAPPAC
LONGITUDE 183 WEST, FREQUENCY 254 MHZ

UNITS ARE EXPECTED FADE DEPTH IN DB

DOWN LINK TO DOWN LINK TO
CONNIE SAN FRAN

HR 15,115 38,122

0 0 0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
7 0 0
8 0 0
9 0 0

10 0 0
11 0 0
12 0 0
13 0 0
14 0 0
15 0 0
16 0 0
17 0 0
18 0 0
19 0 0
20 0 0
21 0 0
22 0 0
23 0 0

Figure 16. PROPHET scintillation forecast.

28

ad1



SOLAR ACTIVITY
x 0 ........... .,........... : ..................... ............. :............

R - p.......... ............ ! .......... .......... 4 ........... ........... 29NOV 20'25 17GMT
2 ,........... .................... SOLAR ACTIVITY'QUIET

F -3i -LA POSTA DATA LINK UP
L -4 .......... ........... . ............. ...........

U -5?.................... . .......... I .......................

x 6 ......................................-t0 -50 -40 -30 -20 -10 0

TIME, MIN

PHASE CORRECTIONS IN CEC AT LAT 31. LON 118

STATION 10 2 KHZ 11 3 KHZ 13 6 KHZ

NORLAY A -56 -g8 -161
LIBERIA B -58 -113 -194
HAWAII C 11 -10 -40
NORTH DAKOTA D 3 -g -27
LA REUNION E -22S -321 -477
ARGENTINA F 17 -37 -111
TRINIDAD G 9 -23 -66
JAPAN H -so -99 -173

Figure 17. PROPHET OMEGA display.
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Table 4. Present and future PROPHET capabilities.

Present Future

Model Systerri AdIon Vol AVS PROPHI T PROPHFT

Flare deteclown All It. ir %arrlrIng opraional
navigit roi
and collni

Flare derc ....... All hI. Oit It ¢,'1n) 11 q .u IhIrl IlOn'alIl
Ilir 1,irir re 1ie l i

Sil) (,11,10 All i.ll kll . llr Ir.. .%-I 'I'm ail al

ihreratlllt ,I
SPA 1 l ll %I I r,r Inra f IDei ep'd

( I Wll.ri . l, I, a. lSPA m1 [) l .. llh .l ... AlllIl{ it f11 1t p-pgess

PC A alt SIt nI y Phiw -rt ectllon Developed
laclI hi frTrans.
polar cats

PtA lI All pilar lit Cllnll-adn.e [). ehpeld
Eli %li11 l ¢lli r

ll~s, e1 sh)1l

alelilr rlII nal

AO \ll hi Il I...lll-. l "llo (IpCI al". i IXx

, r irisl. , l 1[ q

LOF" split (Inerl lit (Ipi tle 1 c tleorl I lpealrlral x
"INt1illn ig ln't ll itl k 5.11

SiNiM I~ F All Ill iI colnlllnornal ops Oirerllnal X x
hleq lnalagetnent

Is min urpdate All lit (orrect Ml I er1 S
Io MINIMI F h'? Ieal lone I rttrrrrnrre
means il auroiral e sill I I Mil)
F fields Ileeds MNIMLFi

Rayltace All Ill lif c,,m-trral ops Operattnal x
antenna selection

Launclh angle All hi Hf conlm-nornal ops Near clnpletorl x
multipath by antenna selectimn

means (f quasi
parabolic

Polar and auro- All hit Hf cnmm. auroral & In progress X
ral imosphere lhf satellite prlar circuits

Earth's magnet- ASW & any Correctiorns or In progress x

ic field varia- magnetically field changes

tiens iground) sensitive

Mixing shrck All lit Hf icomm-midlatitude In progress x
front from (leeds MINIMUF)
autirral dis-
turbances

Scintillation Vhf/uht Advisory-diB fade Operational X X

grid satellite probability based

comm on location

OMEGA cor- OM.GA vit Correct ion factors Operational x x
rectional factors

DMSP topside Hf & satel (orrect MUF est In conception x
sounder ionos- lite comm (real time)
pheric updates
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DEVELOPMENT TEST AND EVALUATION

The deployment of a PROPHET terminal at NAVCOMMSTA Stockton was for
the purpose of evaluating the accuracy of the propagation forecasts and
the practical impact of the PROPHET products on COMMSTA operations, The
chronology of the test is summarized in table 5. Phases III and V were
used to obtain detailed profiles of terminal usage for hf forecasts under
quiet solar/terrestrial conditions; important solar activity was virtually
absent in this period. Phase VI provided results on hf performance during
solar disturbances, while phase VII permitted tests of PROPHET vlf fore-
casts by means of a separate real-time terminal located at NOSC. Overall,
the nearly 3-year period of continuous PROPHET usage at Stockton has pro-
vided a good assessment of performance under the full spectrum of opera-
tional conditions.

Table 5. Chronology of DT&E events.

PHASE I. (October 1975 - October 1976): Design implementation of PROPHET products to assist
hf communications management procedures of the COMMSTA. Accomplished via liaison
visits which allowed COMMSTA personnel to participate actively in the design of the
terminal "products".

PHASE II. (October 1976 - December 1976): Initial PROPHET installation at Stockton. Shakedown
period for terminal deployment, installation/checkout, operator training and familiarization,
and general hardware/software debugging.

PHASE II1. (December 1976 - February 1977): Three-month continuous use of PROPHET at Stockton.
System and operational evaluations of PROPHET products aiding communications manage-
ment under quiet solar/terrestrial conditions.

PHASE IV. (March 1977 - April 1977): Forty-day standdown for hardware/software upgrades sug-
gested by PHASE III experience.

PHASE V. (April 1977 - August 1977): Continuation of PHASE III hf evaluations.

PHASE VI. (September 1977 - August 1979): Ongoing terminal deployment at Stockton. System
and operational evaluations of PROPHET hf products under both quiet and disturbed
solar/ionospheric conditions. Use of terminal as testbed for implementation of SATCOM
scintillation and OMEGA phase-correction forecast products. Evaluation of experience of
Fleet use of PROPHET via dissemination of PROPHET forecasts by NAVCOMMSTA
Stockton.

PHASE VII. (December 1978 - March 1979): Deployment of PROPHET validation system at NOSC
to test vlf forecasts under both quiet and disturbed ionospheric conditions.
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The methodology used in the DT&E is evident from the data flow
diagram shown in figure 18. The PROPHET terminal at Stockton maintains
a data base on magnetic tape that records all entries to the terminal
as well as periodic dumps of the propagation forecasts and active cir-
cuits. This is used to reconstruct comparisons between PROPHET fore-
casts and the frequencies actually used, such as that shown in figure 19.
Here it is seen that the two frequencies received at Stockton from the
USS TARAWA track the PROPHET-predicted MUF/LUF envelope over the 24-hour
period. Also indicated on the plot are the times and modes of access to
PROPHET with specific reference to the TARAWA. Between 0300 and 0400 UT,
for example, the operator requested two raytraces - presumably one for
each frequency in connection with the sunset frequency shifts.

The additional data bases accumulated at the NOSC Real-Time Geo-
physical Laboratory (the successor to La Posta for real-time environmental
data coordination and dissemination) are very useful in providing complete
reconstructions of solar/ionospheric disturbances. For example, figure 20
shows the processed Hawaii-San Diego oblique hf sounder data for 29 April
1978. A large (class X3) solar x-ray burst was produced in connection with
a flare that began at 1815 UT and ended at 1945 UT. The consequent short-
wave fade is indicated in the figure by the absence of propagating fre-
quencies at these times. Prior to this x-ray event, three ships had hf
terminations with NCS Stockton. At 1902 UT, the x-ray flux had crossed
the threshold level and an alert was issued by the PROPHET terminal. The
chronology of events associated with one of the ships, the USS CONSTELLATION
(NNUL), is shown in figure 21.

At 1904, 2 minutes after the audible alert had been sounded by PROPHET,
a COMMSTA operator requested a "fade" display (see figure 14) for the cir-
cuit NNUL to gauge the outage time and plan remedial action. PROPHET indi-
cated that the flare had not yet peaked, so that later updates of the FADE
forecasts would be required. (Such updates were in fact requested at 1918,
1921, and at the flare peak at 1928). Next, at 1905, the operator requested
a scintillation forecast for that circuit, presumably to determine whether
any difficulties were anticipated on the satellite link to the ship. Then,
at 1907, the operator requested PROPHET to punch a tape of the SWF alert
message (see figure 15) for transmittal over Fleet Broadcast to the ships
in the Eastpac area. Shortly thereafter, an outage was noted on the NNUL
hf circuit. Similar actions were taken for the other two ship-shore hf
circuits (NWDX and NGDV).

When PROPHET indicated that the flare had peaked, the operator (at
1927) requested a MUF/FOT/LUF forecast ("24 HR"), presumably to plan the
frequency shifts as the flare decayed. These shifts started at about 2015
as shown in the figure; a fade recovery message was sent to the CONSTEL-
LATION at 2018. It is interesting to note that the SWF would have lasted
at least 30 minutes longer if the operator had not shifted frequency as
directed by PROPHET. Furthermore, a frequency shift executed too pre-
maturely - at 1950, for example -would have failed to restore communica-
tions. Therefore, the value of PROPHET forecasts was to indicate both
where and when to shift frequencies.
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11

A - USS TARAWA (NLHA)

10 B 4 FEB 1977

MUF - - SHORE STATION RECEIVE

9 FOT ........ /

A LUF '-
8- /........

PROPHET . .. /
2PREDICTED

wz6 MUF

0
w5

3L
00I 0 0 0 0 10 2 4 1 1

L- ,-J ACTUALLY
2LUF o USED

TERM INAL L, >- 3: 3: X 3: "
z~ < L UJ *o UJ

USAGE )kc z z z Z 64 z

00 02 04 06 08 10 12 14 16 18 20 22 0

TIME (UT)

Figure 19. Comparison of predicted and actual frequencies
versus time.

This example is also indicative of a high degree of sophistication
in the operator's use of PROPHET capabilities. Precisely the proper
products were called for at just the appropriate times, with little or
no wasted motion or avoidable delay.

Operationally, the PROPHET terminal and associated data links were
extremely reliable, with downtime averaging less than 3%. User acceptance
was very good and on-the-job training requirements for PROPHET use were
minimal - averaging less than one-half hour. COMMSTA personnel accessed
the terminal about every 9 minutes and rated its usefulness at 8 on a scale
of 10. The consensus was that the number of frequency shifts and outages
resulting from propagation conditions were reduced by PROPHET by about 15%,
and that the duration of outages when they occurred was reduced by 15 - 20%.
Fleet units for which PROPHET forecasts had been generated to assist them in
the selection of their transmitting frequencies were similarly favorable in
their evaluation. The USS CONSTELLATION, for example, now uses PROPHET - in
place of the NTP-6 tables - as the first guide to frequency selection, and
quote an average accuracy for PROPHET of 77% versus a 69% accuracy for NTP-6.
In the words of the Commanding Officer, NAVCOMMSTA Stockton: "Today, the
NAVCOMMSTA Stockton Technical Controllers consider the PROPHET terminal to be
one of the most valuable real-time frequency prediction equipments made avail-
able to technicians since radio communications first began."
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NCS STOCKTON (NPG)

SHORE /SH IP SEND RECE IV E NNUL
FREQUENCIES DURING A SV4P

29 APRIL 1978

20 LUF

LIF 

MUF

N 15
-- PROPHET COMMANDS

LSEN 2~~TIME COMMAND

1907 TAPE TAPE MSG SENT
1918 LIST
1918 FADE NNUL
1918 FADE NGDV
1921 LIST
1 921 FADE NNUL
1922 FADE NWXD

1SWIFoutae 1 923 FADE NODV
41925 LIST

UYK 20 I1925 DEL NNUL
alert 1925 DEL NWXD

1 1925 DEL NGDV

1819 20 21 22 1925 LIST
1925 NEW NNUL

TIME (UT) 1928 NEW NAXD
1926 NEW NGDV
1927 LIST
1927 24HR NNUL
1928 LIST
1928 FADE NNUL

Figure 21. Effects of 29 April 1978 on hf comiunications
between NPG and NNUL.
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RECOMMENDATIONS AND CONCLUSIONS

Prior to PROPHET, it was not known whether solar/terrestrial environ-
ment data could be brought in real time to Navy personnel in a form that
would help them to better meet their operational requirements. In the
particular applications area of frequency/antenna management for hf com-
munications, it has now been demonstrated that this is both feasible and
useful. One should not get the impression, however, that all the Navy's
hf propagation forecasting requirements have therefore now been met, nor
should one lose sight of PROPHET's broader objectives to assist the Navy
in operation of systems across the whole radio spectrum. Rather, the
present situation may be summarized by saying that PROPHET has laid the
foundation for a bolder approach to Navy electromagnetic systems manage-
ment in the face of environmental uncertainties and variabilities.

NEAR-TERM UPGRADE CAPABILITIES

An obvious first step is to build on the experience gained thus far
with PROPHET to get the most out of the environmental sensors currently
available to the Navy. The hf communications management functions already
developed for PROPHET, although far from complete for reasons to be dis-
cussed presently, nevertheless constitute a useful package as is and it
has been suggested that they should be made availabie to the four NAVCAMs
(Honolulu, Guam, Norfolk, and Naples) and to those NAVCOMMSTAs which termi-
nate an average of five or more ships at a time. On the other hand, the
specific hardware implementation of the PROPHET terminal should be upgraded
to reflect the current computer technology. In particular, the PROPHET
terminal should be reconfigured as a disk- (or "floppy" disk-) based system
rather than as a stand-alone core-resident system (its present form).
Therefore, once the end users have been identified and budgets have been
established, a system design study should be performed to recommend a cost-
effective configuration. Once this has been done, it is a relatively
straightforward matter to implement the hf communications by assisting in
the software packaging of the present terminal. In this way, the existing
PROPHET capabilities -by now use-tested over a 3-year period - could be
made broadly available to Navy shore stations in a time frame on the order
of 1 year.

PROPHET, even when thus reconfigured, will still be limited to the re-
quirement for a real-time environmental data link. Obviously, one would
like to make PROPHET capabilities available on mobile platforms as well.
One approach to this objective would be to link a mobile PROPHET terminal
to the Fleet Broadcast system, over which environmental data could be
periodically transmitted with suitable headers for activating PROPHET
recognition. This could be accomplished by directly linking the central
PROPHET computer through an automatic dial-up modem to the Autodin system.
Indeed, with this readily implemented modification, PROPHET terminals could
access the required real-time environmental data at any installation world-
wide that has Autodin access.
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A second approach is suggested by the experience with the PROPHET
Validation System, with which it was demonstrated that solar flares
could be detected automatically in real time from the sudden phase anomalies
which they produce on OMEGA vlf signals. Thus one can envision a PROPHET
system that consists of a disk-based minicomputer, interfaced with both an
OMEGA navigation receiver and a Fleet Broadcast teletype, which -would be
capable of both hf frequency selection and OMEGA navigation correction
under both quiet and disturbed solar/ionospheric conditions. It is there-
fore recommended that this PROPHET variation - dubbed PROPHET AFLOAT - be
developed for shipboard use.

Another near-term application of the tools already developed for
PROPHET would be to implement the highly compact models for forecasting
normal diurnal hf MUF/LUF and vlf phase variations in an inexpensive
microcomputer. This would - in many situations - free the shipboard radio
operator and navigator from time-consuming reliance upon volininous tables
such as NTP-6 and the OMEGA PPC tables. The algorithms and hardware exist
"off the shelf" and it would be simply a matter of packaging and documenta-
tion to bring these tools - dubbed MICRO PROPHET - to widespread use.

On a longer-term basis, the success achieved thus far with PROPHET
should motivate a new look at future sensor resource planninq. In particu-
lar, by working backwards from the anticipated end-user applications, it
should be possible to identify the key environmental data elements required
for given propagation forecasting objectives. Appropriate sensors can then
be specified to supply such data. This approach, in which the environmental
sensor is designed as an integral part of a total propagation forecasting
system, would be far simpler than deploying comprehensive sensor packages
capable of providing very detailed environmental characterizations and then
using only a small subset of the available data for driving the propagation
forecasting algorithms.

Such considerations, in turn, underscore one of the main lessons learned
from PROPHET, viz, that model development must be closely integrated with both
sensor design and end-user applications. In the past, sensor platforms such
as SOLRAD HI were configured to meet the requirements of gaining a fundamental
understanding of solar/terrestrial interaction phenomenology. Model develop-
ment tended to be similarly complex. Yet experience has now shown that more
modest modeling/propagation forecasting objectives can be identified that
sidestep much of the real-world complexity and yet, nevertheless, are quite
useful most of the time. PROPHET has proven the value of identifying those
propagation forecasting techniques which are: (1) amenable to simple -
albeit approximate -modeling; (2) directly useful to Navy operations per-
sonnel; and (3) modest in their input data requirements. Having identified
such tasks, it is possible rapidly to develop forecasting hardware and put
it in the hands of operations personnel. Then, as the fundamental under-
standing of solar/terrestrial interactions gradually grows, newer models
and capabilities can be added to those already in place.
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NAVAL PROPAGATION FORECASTING REQUIREMENTS BEYOND CURRENT CAPABILITIES

Unfortunately, the Navy must operate in propagation environments
that do not always conform to the simplified models thus far developed.
Both of the (geomagnetic) polar regions and the equator have anomalous
features, even in the absence of solar disturbances. Thus, while current
PROPHET capabilities should be applicable (for example) to most of the
Pacific of tactical interest to the Navy and to the Mediterranean, there
exist important operations areas such as the North Atlantic and the Indian
Ocean/Arabian Sea where PROPHET-type modeling is either still in progress
or yet to be initiated.

Since each geographical region has its own peculiarities as regards
propag.tidn and environmental vulnerability, it is recommended that over
the longer term, PROPHET be developed on a region-by-region basis. PROPHET
for Eastpac and Westpac can be considered fairly well along (ie, within one
hardware/software iteration of a usable product). For the Mediterranean,
the existing PROPHET models, tuned for this region and supplemented by an
hf surface-wave propagation model, should provide an initial approach. It
is therefore recommended that liaison with NAVCAMS Naples be initiated with
the objective of beginning a PROPHET DT&E program for the Mediterranean.
This would involve, in essence, a repetition of the steps followed at
Stockton and described in the present report, and would begin with a review
of existing communications/navigation capabilities and problems and an analy-
sis of where PROPHET could help, as well as what environmental data resources
would be required.

Propagation forecasting models for the North Atlantic are currently
under development at NOSC, and will require validation under operational
conditions before they can be confidently applied. Since it is felt that
the Stockton tests have provided sufficient data for design of PROPHET
for the Pacific, it is recommended that the current system (with minor
modifications) be redeployed at Norfolk in order to (1) provide a test bed
for exercise of new propagation forecasting models as they become available
and (2) immediately begin compiling a data base from which the inadequacies
of the existing models can be catalogued.

For the Indian Ocean, it is recommended that PROPHET modeling studies
be initiated as soon as possible in view of the emerging strategic impor-
tance of this region. Fortunately, an extensive data base of hf and vlf
propagation on the Indian subcontinent already exists and provides initial
guidance in modeling. However, it will undoubtedly be necessary to supple-
ment these data by examining recent Navy experience on Diego Garcia -

Persian Gulf circuits.

SUGGESTED APPROACH BASED ON PROJECT EXPERIENCE

PROPHET has emerged as an offspring of the SOLRAD project and, with
the termination of SOLRAD at the end of FY79, PROPHET necessarily moves
into a new and more independent phase of existence. A de facto (but not
yet de jure) operational requirement for such propagation forecasting tools
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has now been clearly established in the arena of hf communications, and -

through related efforts - for HFDF as well. The considerable success and
unequivocal acceptance of PROPHET during its 3-year DT&E deployment at
NAVCOMMSTA Stockton argue strongly for its expanded use.

To facilitate this future development, it is worthwhile to conclude
this project report with a concise summary of the lessons learned from
PROPHET and the recommended course of future action derived from such
lessons. These are given in table 6, and should be viewed (with some
degree of urgency) in the context of minimizing the impact on Naval opera-
tions of the solar/ionospheric disturbances which will become an almost
daily reality as we move towards solar maximum in 1980-1981.

Table 6. Suiimary of conclusions and recommendations.

CONCLUSIONS:

Ionosphere-dependent systems (hf, vlf, SATCOM) can be provided with timely and accurate
propagation forecasts by means of a distributed computation network driven by a real-time
environmental sensor complement including satelliteborne solar activity monitors.

* Navy operations personnel are well aware of environmental limitations on electromagnetic systems
performance and will readily accept and use new propagation forecasting tools as soon as they
perceive that these tools will reliably improve their ability to manage such systems.

* Computer-assisted propagation forecasting has a role in Naval operations under both quiet and
disturbed solar/ionospheric conditions.

a Practical propagation forecasting is facilitated through the development of "minimal models"
tailored to specific end-user requirements and simplified to the maximum degree consistent
with the inherent predictability of the propagation itself.

* PROPHET's demonstrated success in improving Naval hf communications in Eastpac and elsewhere,
coupled with diminishing practical Naval hf expertise (because of increased reliance on FLTSATCOM),
argues for early deployment of a PROPHET-type system at CAMs and COMMSTAs.

RECOMMENDATIONS:

* Conduct a design study to reconfigure the PROPHET terminal using a modern high performance
disk-based minicomputer in place of the AN/UYK-20.

* Develop highly compact propagation forecast and disturbance models capable of extending
PROPHET capabilities to other operational areas, including the North Atlantic and Indian
Ocean.

" Demonstrate, test, and evaluate PROPHET terminals for applications other than hf communications.

* Develop shipboard and airborne versions of PROPHET.
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